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�<�u�i�h�e�g�_�g�b�_�� �h�k�g�h�\�g�u�o�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �b�� �l�j�Z�g�k�i�h�j�l�g�u�o��
�h�i�_�j�Z�p�b�c�� �i�j�_�^�i�h�e�Z�]�Z�_�l�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �d�h�e�_�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o��
�k�j�_�^�k�l�\���� �W�n�n�_�d�l�b�\�g�h�k�l�v�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �d�h�e�_�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o��
�k�j�_�^�k�l�\�� �\�h�� �f�g�h�]�h�f�� �a�Z�\�b�k�b�l�� �h�l�� �k�h�k�l�h�y�g�b�y�� �b�o�� �[�_�a�h�i�Z�k�g�h�k�l�b����
�I�h�\�u�r�_�g�b�_���[�_�a�h�i�Z�k�g�h�k�l�b���w�d�k�i�e�m�Z�l�Z�p�b�b���d�h�e�_�k�g�u�o���l�j�Z�g�k�i�h�j�l�g�u�o��
�k�j�_�^�k�l�\���\�h�a�f�h�`�g�h���a�Z���k�q�_�l���i�j�b�f�_�g�_�g�b�y���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c����
�g�Z�i�j�Z�\�e�_�g�g�u�o�� �g�Z�� �m�e�m�q�r�_�g�b�_�� �m�k�e�h�\�b�c�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�h�\����
�W�n�n�_�d�l�b�\�g�h�k�l�v�� �l�_�o�g�b�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c�� �i�h�� �m�e�m�q�r�_�g�b�x��
�m�k�e�h�\�b�c�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�h�\�� �d�h�e�_�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �k�j�_�^�k�l�\ 
�h�p�_�g�b�\�Z�_�l�k�y�� �k�� �i�h�f�h�s�v�x�� �j�Z�a�e�b�q�g�u�o�� �f�_�l�h�^�b�d�� �>4,8,15]. �B�a�\�_�k�l�g�h����
�q�l�h���l�_�o�g�b�q�_�k�d�b�_�� �f�_�j�h�i�j�b�y�l�b�y�� �i�h�� �i�h�\�u�r�_�g�b�x�� �[�_�a�h�i�Z�k�g�h�k�l�b��
�w�d�k�i�e�m�Z�l�Z�p�b�b�� �d�h�e�_�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �k�j�_�^�k�l�\�� �i�h-�j�Z�a�g�h�f�m��
�\�e�b�y�x�l�� �g�Z�� �m�k�e�h�\�b�y�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�Z�� �>8,12,13�« 5,17,18�@���� �L�Z�d��
�\�g�_�^�j�_�g�b�_�� �g�h�\�h�]�h�� �l�_�o�g�b�q�_�k�d�h�]�h���f�_�j�h�i�j�b�y�l�b�y�� �[�_�a�� �_�]�h��
�i�j�_�^�\�Z�j�b�l�_�e�v�g�h�c�� �k�j�Z�\�g�b�l�_�e�v�g�h�c�� �h�p�_�g�d�b�� �f�h�`�_�l�� �h�d�Z�a�Z�l�v�k�y��
�f�Z�e�h�a�g�Z�q�b�f�u�f���k���l�h�q�d�b���a�j�_�g�b�y���_�]�h���\�e�b�y�g�b�y���g�Z���m�e�m�q�r�_�g�b�_���m�k�e�h�\�b�c��
�l�j�m�^�Z�����I�h�w�l�h�f�m���\�Z�`�_�g���g�_���l�h�e�v�d�h���k�Z�f���n�Z�d�l���\�g�_�^�j�_�g�b�y���d�Z�d�h�]�h-�e�b�[�h��
�f�_�j�h�i�j�b�y�l�b�y�� �i�h�� �i�h�\�u�r�_�g�b�x�� �[�_�a�h�i�Z�k�g�h�k�l�b�� �w�d�k�i�e�m�Z�l�Z�p�b�b��
�d�h�e�_�k�g�u�o���l�j�Z�g�k�i�h�j�l�g�u�o�� �k�j�_�^�k�l�\���� �g�h�� �b�� �_�]�h�� �a�g�Z�q�b�f�h�k�l�b�� �k�� �l�h�q�d�b��
�a�j�_�g�b�y�� �\�e�b�y�g�b�y�� �g�Z�� �m�k�e�h�\�b�y�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�h�\�� �>4,8,15�@���� �K�l�h�b�l��
�h�l�f�_�l�b�l�v�����q�l�h�����d �i�j�b�f�_�j�m�����d�h�j�_�c�k�d�b�f�b���m�q�_�g�u�f�b���>�����@���m�k�l�Z�g�h�\�e�_�g�Z��

�q�_�l�d�Z�y�� �d�h�j�j�_�e�y�p�b�y�� �f�_�`�^�m�� �l�_�f���� �q�l�h�� �h�g�b�� �g�Z�a�u�\�Z�x�l�� �©�w�l�b�d�Z��
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�g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �k�m�s�_�k�l�\�m�_�l�� �i�j�h�l�b�\�h�j�_�q�b�_�� �k�� �h�^�g�h�c�� �k�l�h�j�h�g�u��
�g�_�h�[�o�h�^�b�f�h�k�l�v���h�p�_�g�d�b�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �l�_�o�g�b�q�_�k�d�b�o��
�f�_�j�h�i�j�b�y�l�b�c�����Z���k���^�j�m�]�h�c���± �h�l�k�m�l�k�l�\�b�_���h�[�t�_�d�l�b�\�g�h�c���f�_�l�h�^�b�d�b���b�o��
�h�p�_�g�d�b���� �k�� �m�q�_�l�h�f�� �m�k�e�h�\�b�c�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�Z���� �G�Z�e�b�q�b�_��
�i�j�h�l�b�\�h�j�_�q�b�y���\�u�^�\�b�]�Z�_�l���i�j�h�[�e�_�f�m���h�[�h�k�g�h�\�Z�g�b�y���f�_�l�h�^�b�d�b���h�p�_�g�d�b��
�w�n�n�_�d�l�b�\�g�h�k�l�b�� �l�_�o�g�b�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c���� �i�h�� �m�e�m�q�r�_�g�b�x��
�m�k�e�h�\�b�c�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�h�\�� �d�h�e�_�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �k�j�_�^�k�l�\����
�J�_�r�_�g�b�_�� �k�m�s�_�k�l�\�m�x�s�_�c�� �i�j�h�[�e�_�f�u�� �\�h�a�f�h�`�g�h�� �a�Z�� �k�q�_�l�� �j�_�r�_�g�b�y��
�a�Z�^�Z�q�� �i�h�� �j�Z�a�j�Z�[�h�l�d�_ �f�_�l�h�^�b�d�b�� �b�� �i�j�h�\�_�^�_�g�b�y�� �k�j�Z�\�g�b�l�_�e�v�g�h�c��
�h�p�_�g�d�b���w�n�n�_�d�l�b�\�g�h�k�l�b���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c�����i�h�a�\�h�e�y�x�s�b�o��
�m�e�m�q�r�b�l�v�� �m�k�e�h�\�b�y�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�h�\�� �d�h�e�z�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o��
�k�j�_�^�k�l�\���� �J�Z�a�j�Z�[�h�l�d�Z�� �f�_�l�h�^�b�d�b�� �h�p�_�g�d�b�� �w�n�n�_�d�l�b�\�g�h�k�l�b��
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�i�j�h�\�_�^�_�g�b�_�� �k�j�Z�\�g�b�l�_�e�v�g�u�o�� �b�k�i�u�l�Z�g�b�c�� �k�m�s�_�k�l�\�m�x�s�b�o�� �b��
�i�j�_�^�e�Z�]�Z�_�f�u�o�� �l�_�o�g�b�q�_�k�d�b�o�� �m�k�l�j�h�c�k�l�\���d�h�e�_�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o��
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�W�n�n�_�d�l�b�\�g�h�k�l�v�� �l�_�o�g�b�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c�� �i�h�� �m�e�m�q�r�_��
�g�b�x�� �m�k�e�h�\�b�c�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�h�\�� �d�h�e�z�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o��
�k�j�_�^�k�l�\�� �f�h�`�_�l�� �[�u�l�v�� �h�p�_�g�_�g�Z�� �i�h�d�Z�a�Z�l�_�e�_�f���� �m�q�b�l�u�\�Z�x�s�b�f��
�b�o���k�m�f�f�Z�j�g�m�x���a�g�Z�q�b�f�h�k�l�v�����I�j�_�^�e�Z�]�Z�_�f�u�c���i�h�d�Z�a�Z�l�_�e�v�������������\��
�h�l�e�b�q�b�_���� �g�Z�i�j�b�f�_�j���� �h�l�� �b�a�\�_�k�l�g�u�o�� �b�g�l�_�]�j�Z�e�v�g�u�o�� �i�h�d�Z�a�Z�l�_��
�e�_�c���>1,���«�� ,5,12�@���� �g�_�� �i�j�h�k�l�h�� �k�m�f�f�b�j�m�_�l�� �k�l�_�i�_�g�v�� �\�e�b�y�g�b�y��
�n�Z�d�l�h�j�h�\�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�c�� �k�j�_�^�u���� �Z�� �i�h�^�k�q�b�l�u�\�Z�_�l�� �k�m�f��
�f�Z�j�g�m�x���a�g�Z�q�b�f�h�k�l�v���\�g�_�^�j�_�g�g�u�o���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c��
�g�Z�� �_�^�b�g�b�p�_�� �d�h�e�_�k�g�h�c�� �l�_�o�g�b�d�b�� �g�Z�� �h�k�g�h�\�_�� �]�j�Z�^�Z�p�b�b�� �d�e�Z�k�k�Z��
�m�k�e�h�\�b�c���l�j�m�^�Z��(WCC �± working conditions class)�����I�h�^���a�g�Z�q�b��
�f�h�k�l�v�x�� �\�g�_�^�j�y�_�f�h�]�h�� �f�_�j�h�i�j�b�y�l�b�y��K �i�h�g�b�f�Z�_�l�k�y�� �_�]�h�� �i�j�h��
�]�g�h�a�b�j�m�_�f�Z�y���k�i�h�k�h�[�g�h�k�l�v���k�g�b�a�b�l�v���d�e�Z�k�k���m�k�e�h�\�b�c���l�j�m�^�Z���b�e�b��
�k�l�_�i�_�g�v���_�]�h���\�j�_�^�g�h�k�l�b���>8,9]: 
�� �� ��������

�]�^�_��M is (Measures of industrial safety) �± �i�h�d�Z�a�Z�l�_�e�v���w�n�n�_�d�l�b�\��
�g�h�k�l�b�� �l�_�o�g�b�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c���� �[�Z�e�e����K i �± �a�g�Z�q�b�f�h�k�l�v��
�\�g�_�^�j�y�_�f�h�]�h�� �l�_�o�g�b�q�_�k�d�h�]�h�� �f�_�j�h�i�j�b�y�l�b�y����n �± �d�h�e�b�q�_�k�l�\�h��
�\�g�_�^�j�y�_�f�u�o���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c�����_�^�� 
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�B�a���n�h�j�f�m�e�u�����������\�b�^�g�h�����q�l�h���k�m�f�f�b�j�m�y���a�g�Z�q�b�f�h�k�l�v���\�g�_�^��
�j�y�_�f�u�o�� �l�_�o�g�b�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c���� �f�h�`�g�h �i�h�e�m�q�b�l�v�� �\�_�e�b��
�q�b�g�m���i�h�d�Z�a�Z�l�_�e�y��M is�����d�h�l�h�j�Z�y���^�Z�_�l���\�h�a�f�h�`�g�h�k�l�v���k�^�_�e�Z�l�v���\�u��
�\�h�^�� �h�[�� �b�o�� �w�n�n�_�d�l�b�\�g�h�k�l�b���� �P�_�e�_�k�h�h�[�j�Z�a�g�h�� �k�l�j�_�f�b�l�v�k�y�� �g�_��
�l�h�e�v�d�h���d���m�\�_�e�b�q�_�g�b�x���q�b�k�e�Z���\�g�_�^�j�y�_�f�u�o���f�_�j�h�i�j�b�y�l�b�c�����g�h���b��
�d���i�h�\�u�r�_�g�b�x���b�o���a�g�Z�q�b�f�h�k�l�b�����l�h���_�k�l�v���\�u�[�b�j�Z�l�v���^�e�y���\�g�_�^�j�_��
�g�b�y���l�_�o�g�b�q�_�k�d�b�_���f�_�j�h�i�j�b�y�l�b�y�����i�h�a�\�h�e�y�x�s�b�_���f�Z�d�k�b�f�Z�e�v�g�h��
�k�g�b�a�b�l�v��WCC���� �W�l�h�� �i�h�a�\�h�e�b�l�� �i�h�e�m�q�b�l�v�� �f�Z�d�k�b�f�Z�e�v�g�m�x�� �w�n��
�n�_�d�l�b�\�g�h�k�l�v�� �l�_�o�g�b�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c�� �i�j�b�� �f�_�g�v�r�_�f�� �b�o��
�d�h�e�b�q�_�k�l�\�_�� 

�H�k�g�h�\�h�c���^�e�y���h�i�j�_�^�_�e�_�g�b�y���a�g�Z�q�b�f�h�k�l�b���\�g�_�^�j�y�_�f�u�o���l�_�o��
�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c���k���i�h�f�h�s�v�x���i�h�d�Z�a�Z�l�_�e�y��M is �y�\�e�y�_�l�k�y��
�b�a�\�_�k�l�g�u�c���i�h�d�Z�a�Z�l�_�e�v��WCC���� �m�q�b�l�u�\�Z�x�s�b�c�� �\�k�_�� �w�e�_�f�_�g�l�u��
�m�k�e�h�\�b�c�� �l�j�m�^�Z���� �\�� �l�h�f�� �q�b�k�e�_�� �l�j�Z�\�f�h�[�_�a�h�i�Z�k�g�h�k�l�v�� �j�Z�[�h�q�_�]�h��
�f�_�k�l�Z���b���k�h�k�l�h�y�g�b�_���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�c���k�j�_�^�u���>���«�������@�����D���\�h��
�i�j�h�k�m�� �h�i�j�_�^�_�e�_�g�b�y�� �a�g�Z�q�b�f�h�k�l�b�� �l�_�o�g�b�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c��
�f�h�`�g�h���i�h�^�h�c�l�b���k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�����g�Z�i�j�b�f�_�j�����_�k�e�b���i�j�_�^��
�e�Z�]�Z�_�f�h�_�� �l�_�o�g�b�q�_�k�d�h�_�� �f�_�j�h�i�j�b�y�l�b�_�� �k�g�b�`�Z�_�l��WCC �g�Z�� �_�^�b��
�g�b�p�m�����l�h���a�g�Z�q�b�f�h�k�l�v���f�_�j�h�i�j�b�y�l�b�y���Di �f�h�`�g�h���h�p�_�g�b�l�v���h�^�g�b�f��
�[�Z�e�e�h�f�����Z���_�k�e�b���g�Z���^�\�_���_�^�b�g�b�p�u�����l�h���a�g�Z�q�b�f�h�k�l�v���Di �h�p�_�g�b�\�Z��
�_�l�k�y���^�\�m�f�y���[�Z�e�e�Z�f�b���b���l���^�� 

�F�h�`�_�l���g�Z�[�e�x�^�Z�l�v�k�y���b���h�[�j�Z�l�g�Z�y���k�b�l�m�Z�p�b�y�����d�h�]�^�Z���\�g�_�^�j�y��
�_�f�h�_���l�_�o�g�b�q�_�k�d�h�_���f�_�j�h�i�j�b�y�l�b�_���i�h���d�Z�d�b�f-�e�b�[�h���i�j�b�q�b�g�Z�f���g�_��
�m�e�m�q�r�Z�_�l�����Z���m�o�m�^�r�Z�_�l���m�k�e�h�\�b�y���l�j�m�^�Z�����L�Z�d�����\���i�j�h�b�a�\�h�^�k�l�\�_�g��
�g�h�f�� �i�h�f�_�s�_�g�b�b�� �^�e�y�� �k�g�b�`�_�g�b�y �i�j�_�^�_�e�v�g�h�c�� �^�h�i�m�k�l�b�f�h�c��
�d�h�g�p�_�g�l�j�Z�p�b�b �i�u�e�b�� �[�u�e�b�� �m�k�l�Z�g�h�\�e�_�g�u�� �\�h�a�^�m�r�g�h-�l�_�i�e�h��
�\�u�_���a�Z�\�_�k�u�����I�j�b���w�l�h�f �^�e�y���h�^�g�b�o���j�Z�[�h�l�Z�x�s�b�o���m�e�m�q�r�b�e�b�k�v 
�m�k�e�h�\�b�y���l�j�m�^�Z�����Z���^�e�y���^�j�m�]�b�o���j�Z�[�h�l�Z�x�s�b�o�����d�h�l�h�j�u�_���g�Z�o�h�^�b��
�e�b�k�v�� �[�e�b�`�_�� �\�k�_�]�h�� �d�� �a�Z�\�_�k�Z�f���� �m�o�m�^�r�b�e�b�k�v���� �l�Z�d�� �d�Z�d�� �m�q�Z�k�l�b��
�e�b�k�v���i�j�h�k�l�m�^�g�u�_���a�Z�[�h�e�_�\�Z�g�b�y��[6,7,9]. �<���l�Z�d�b�o���k�e�m�q�Z�y�o �a�g�Z��
�q�b�f�h�k�l�v�� �f�_�j�h�i�j�b�y�l�b�y�� �f�h�`�_�l�� �i�j�b�g�b�f�Z�l�v�� �h�l�j�b�p�Z�l�_�e�v�g�u�_��
�a�g�Z�q�_�g�b�y�����Z���w�n�n�_�d�l�b�\�g�h�k�l�v���\�g�_�^�j�_�g�b�y���k�l�j�_�f�b�l�v�k�y���d���g�m�e�x�� 

�J�Z�k�k�f�h�l�j�b�f���\�h�a�f�h�`�g�u�_���k�h�k�l�h�y�g�b�y���w�n�n�_�d�l�b�\�g�h�k�l�b���l�_�o��
�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c�� 

�± �l�_�o�g�b�q�_�k�d�h�_�� �f�_�j�h�i�j�b�y�l�b�_�� �w�n�n�_�d�l�b�\�g�h���� �a�g�Z�q�b�l����WCC 
�k�l�Z�g�h�\�b�l�k�y�� �g�b�`�_���� �Z�� �_�]�h�� �a�g�Z�q�b�f�h�k�l�v�� �\�u�r�_���� �g�Z�i�j�b�f�_�j���� �_�k�e�b��
WCC �k�g�b�`�Z�_�l�k�y���g�Z�������_�^�b�g�b�p�m�����l�h���Di = 1 �b���l���^���� 

�± �l�_�o�g�b�q�_�k�d�h�_���f�_�j�h�i�j�b�y�l�b�_���g�_���b�a�f�_�g�y�_�l���m�k�e�h�\�b�y���l�j�m�^�Z����
�a�g�Z�q�b�l���� �d�e�Z�k�k�� �m�k�e�h�\�b�c�� �l�j�m�^�Z�� �h�k�l�Z�_�l�k�y�� �i�j�_�`�g�b�f���� �Z�� �_�]�h�� �a�g�Z��
�q�b�f�h�k�l�v���j�Z�\�g�Z���g�m�e�x�����g�Z�i�j�b�f�_�j�����_�k�e�b��WCC = const�����l�h���Di = 
0; 

�± �l�_�o�g�b�q�_�k�d�h�_�� �f�_�j�h�i�j�b�y�l�b�_�� �g�_�w�n�n�_�d�l�b�\�g�h���� �a�g�Z�q�b�l����
�d�e�Z�k�k���m�k�e�h�\�b�c���l�j�m�^�Z���k�l�Z�g�h�\�b�l�k�y���\�u�r�_�����Z���_�]�h���a�g�Z�q�b�f�h�k�l�v���f�h��
�`�_�l�� �i�j�b�g�b�f�Z�l�v�� �h�l�j�b�p�Z�l�_�e�v�g�u�_�� �a�g�Z�q�_�g�b�y���� �g�Z�i�j�b�f�_�j���� �_�k�e�b��
WCC �i�h�\�u�r�Z�_�l�k�y���k�h�h�l�\�_�l�k�l�\�_�g�g�h���g�Z�����_�^�b�g�b�p�m�����l�h���Di = -1; 
�g�Z�������_�^�b�g�b�p�u�����l�h���Di = -2 �b���l���^�� 

�K���m�q�_�l�h�f���\�h�a�f�h�`�g�u�o���k�h�k�l�h�y�g�b�c���w�n�n�_�d�l�b�\�g�h�k�l�b���l�_�o�g�b��
�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c�� �b�� �\�u�j�Z�`�_�g�b�y�� �������� �k�h�\�h�d�m�i�g�h�k�l�v�� �m�k�e�h��
�\�b�c�� �^�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �i�h�d�Z�a�Z�l�_�e�y�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �l�_�o�g�b�q�_��
�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c���i�h���i�h�\�u�r�_�g�b�x���[�_�a�h�i�Z�k�g�h�k�l�b���w�d�k�i�e�m�Z�l�Z��
�p�b�b�� �d�h�e�_�k�g�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �k�j�_�^�k�l�\���i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c��
�]�j�Z�^�Z�p�b�x��WCC �g�Z�� �h�k�g�h�\�_�� �b�a�f�_�g�_�g�b�y�� �d�h�e�b�q�_�k�l�\�Z�� �b�� �a�g�Z�q�b��
�f�h�k�l�b���f�_�j�h�i�j�b�y�l�b�c�� 

�G�Z�i�j�b�f�_�j�����_�k�e�b���d�Z�`�^�h�_���b�a���^�\�m�o���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y��
�l�b�c�� �k�g�b�`�Z�_�l��WCC �g�Z�� �_�^�b�g�b�p�m���� �l�h�� �\�� �p�_�e�h�f�� �i�h�d�Z�a�Z�l�_�e�v�� �b�o��
�w�n�n�_�d�l�b�\�g�h�k�l�b��M is � ���������Z���^�j�m�]�h�_���f�_�j�h�i�j�b�y�l�b�_�����d�h�l�h�j�h�_���k�g�b��
�`�Z�_�l��WCC �g�Z���l�j�b���_�^�b�g�b�p�u�����k�h�h�l�\�_�l�k�l�\�_�g�g�h����M is � ���������L�h���_�k�l�v��
�\���^�Z�g�g�h�f���k�e�m�q�Z�_���h�^�g�h���l�_�o�g�b�q�_�k�d�h�_���f�_�j�h�i�j�b�y�l�b�_���[�m�^�_�l���w�n��
�n�_�d�l�b�\�g�_�_���^�\�m�o���k�h�\�f�_�k�l�g�u�o���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c�� 

�B�a�� �b�e�e�x�k�l�j�Z�p�b�b�� �l�_�h�j�_�l�b�q�_�k�d�h�c�� �a�Z�\�b�k�b�f�h�k�l�b�� �i�h�d�Z�a�Z��
�l�_�e�y���w�n�n�_�d�l�b�\�g�h�k�l�b���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c�����j�b�k�������������^�Z��
�x�s�b�o�� �i�h�e�h�`�b�l�_�e�v�g�u�c�� �w�n�n�_�d�l���� �\�b�^�g�h���� �q�l�h�� �i�j�b�� �\�g�_�^�j�_�g�b�b��

�l�j�_�o�� �f�_�j�h�i�j�b�y�l�b�c�� ���\�� �k�e�m�q�Z�_�� �k�g�b�`�_�g�b�y�� �d�Z�`�^�u�f�� �f�_�j�h�i�j�b�y��
�l�b�_�f��WCC �g�Z���h�^�g�m���_�^�b�g�b�p�m�����a�g�Z�q�_�g�b�_��M is � ���������Z���i�j�b���\�g�_�^��
�j�_�g�b�b���l�j�_�o���f�_�j�h�i�j�b�y�l�b�c�����i�j�b���k�g�b�`�_�g�b�b���d�Z�`�^�u�f���f�_�j�h�i�j�b��
�y�l�b�_�f��WCC �g�Z���l�j�b���_�^�b�g�b�p�u�����a�g�Z�q�_�g�b�_��M is � ���������B�a���w�l�h�]�h���k�e�_��
�^�m�_�l�����q�l�h���i�j�b���\�g�_�^�j�_�g�b�b���j�Z�\�g�h�]�h���d�h�e�b�q�_�k�l�\�Z���f�_�j�h�i�j�b�y�l�b�c��
�[�h�e�_�_���w�n�n�_�d�l�b�\�g�u�f�b���[�m�^�m�l���f�_�j�h�i�j�b�y�l�b�y�����b�f�_�x�s�b�_���[�h�e�_�_��
�\�u�k�h�d�m�x���a�g�Z�q�b�f�h�k�l�v�� 

 

 
�J�b�k. 1. �B�e�e�x�k�l�j�Z�p�b�y���l�_�h�j�_�l�b�q�_�k�d�h�c���a�Z�\�b�k�b�f�h�k�l�b���i�h�d�Z�a�Z��
�l�_�e�y���w�n�n�_�d�l�b�\�g�h�k�l�b���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c���i�h��M is �h�l��
�b�o���d�h�e�b�q�_�k�l�\�Z��n �k���m�q�_�l�h�f���a�g�Z�q�b�f�h�k�l�b���Di: 1 �± �i�j�b���\�g�_�^�j�_��

�g�b�b���f�_�j�h�i�j�b�y�l�b�c�����k�g�b�`�Z�x�s�b�o��WCC �g�Z���h�^�g�m���_�^�b�g�b�p�m���������± 
�i�j�b���\�g�_�^�j�_�g�b�b���f�_�j�h�i�j�b�y�l�b�c�����k�g�b�`�Z�x�s�b�o��WCC �g�Z�������_�^�b��
�g�b�p�u���������± �i�j �b���\�g�_�^�j�_�g�b�b���f�_�j�h�i�j�b�y�l�b�c�����k�g�b�`�Z�x�s�b�o��WCC 

�g�Z���l�j�b���_�^�b�g�b�p�u 
 

�>�e�y�� �h�p�_�g�d�b�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �d�h�f�i�e�_�d�k�Z�� �i�j�_�^�e�Z�]�Z�_�f�u�o��
�l�_�o�g�b�q�_�k�d�b�o���m�k�l�j�h�c�k�l�\���i�h���f�_�l�h�^�b�d�_�����b�a�e�h�`�_�g�g�h�c���\���j�Z�[�h�l�_��
[9�@���� �g�_�h�[�o�h�^�b�f�h�� �h�i�j�_�^�_�e�b�l�v�� �d�e�Z�k�k�� �m�k�e�h�\�b�c�� �l�j�m�^�Z��WCC �b����
�g�Z���_�]�h���h�k�g�h�\�_�����\�_�e�b�q�b�g�m���i�h�d�Z�a�Z�l�_�e�y��M is �^�e�y���j�Z�[�h�q�_�]�h���f�_�k�l�Z��
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�b�e�b���g�_�k�d�h�e�v�d�b�o���b�a���g�b�o���g�Z���h�^�g�h�c���d�h�e�z�k�g�h�c���f�Z�r�b�g�_�����<���w�l�h�f��
�k�e�m�q�Z�_���f�h�`�g�h���k�m�^�b�l�v���h���a�g�Z�q�b�f�h�k�l�b���d�Z�`�^�h�]�h���l�_�o�g�b�q�_�k�d�h�]�h��
�f�_�j�h�i�j�b�y�l�b�y�����g�Z�i�j�b�f�_�j�����i�h���k�j�Z�\�g�_�g�b�x���k���f�Z�r�b�g�h�c�����g�_�h�[�h��
�j�m�^�h�\�Z�g�g�h�c�� �^�h�i�h�e�g�b�l�_�e�v�g�u�f�b�� �k�j�_�^�k�l�\�Z�f�b�� �m�e�m�q�r�_�g�b�y��
�m�k�e�h�\�b�c���b���[�_�a�h�i�Z�k�g�h�k�l�b���l�j�m�^�Z���b�e�b���k�j�_�^�k�l�\�Z�f�b�����b�f�_�x�s�b�f�b��
�k�j�Z�\�g�b�l�_�e�v�g�h���f�Z�e�m�x���w�n�n�_�d�l�b�\�g�h�k�l�v�����Z�g�Z�e�h�]�Z�f�b�������:���l�Z�d�`�_��
�h�i�j�_�^�_�e�b�l�v�����d�Z�d�h�_���b�a���i�j�_�^�e�Z�]�Z�_�f�u�o���l�_�o�g�b�q�_�k�d�b�o���f�_�j�h�i�j�b��
�y�l�b�c���b�e�b���b�o���k�h�\�h�d�m�i�g�h�k�l�v���g�Z�b�[�h�e�_�_���w�n�n�_�d�l�b�\�g�u���^�e�y���m�e�m�q��
�r�_�g�b�y���m�k�e�h�\�b�c �l�j�m�^�Z���h�i�_�j�Z�l�h�j�Z���d�h�e�z�k�g�h�c���f�Z�r�b�g�u�����>�e�y���k�h��
�i�h�k�l�Z�\�e�_�g�b�y���j�_�a�m�e�v�l�Z�l�h�\���h�p�_�g�d�b���m�k�e�h�\�b�c���l�j�m�^�Z���h�i�_�j�Z�l�h�j�h�\��
�d�h�e�z�k�g�u�o���f�Z�r�b�g���i�j�b�� �i�h�^�k�q�z�l�_���i�h�d�Z�a�Z�l�_�e�y��M is �b�k�i�h�e�v�a�m�_�f��
�d�j�b�l�_�j�b�b���]�b�]�b�_�g�b�q�_�k�d�h�c���h�p�_�g�d�b���n�Z�d�l�h�j�h�\���j�Z�[�h�q�_�c���k�j�_�^�u���b��
�l�j�m�^�h�\�h�]�h���i�j�h�p�_�k�k�Z���>��1]. 
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�k�l�\�Z�� �Z�\�l�h�f�Z�l�b�q�_�k�d�h�c�� �[�e�h�d�b�j�h�\�d�b�� �^�b�n�n�_�j�_�g�p�b�Z�e�Z���l�j�Z�g�k��
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�K�j�Z�\�g�b�l�_�e�v�g�u�_�� �b�k�i�u�l�Z�g�b�y�� �m�k�l�j�h�c�k�l�\�Z�� �Z�\�l�h�f�Z�l�b�q�_�k�d�h�c��
�[�e�h�d�b�j�h�\�d�b���^�b�n�n�_�j�_�g�p�b�Z�e�Z���l�j�Z�g�k�i�h�j�l�g�h�]�h���k�j�_�^�k�l�\�Z���b���f�_��
�o�Z�g�b�a�f�Z�� �i�h�e�m�Z�\�l�h�f�Z�l�b�q�_�k�d�h�c�� �[�e�h�d�b�j�h�\�d�b�� �^�b�n�n�_�j�_�g�p�b�Z�e�Z��
�\�_�^�m�s�_�]�h���f�h�k�l�Z���Z�\�l�h�f�h�[�b�e�y���A�B�E-�������������g�Z�i�j�b�f�_�j�����b�a�]�h�l�Z�\��
�e�b�\�Z�_�f�h�c�� �b�� �m�k�l�Z�g�Z�\�e�b�\�Z�_�f�h�c�� �i�j�_�^�i�j�b�y�l�b�_�f�� �H�H�H���©�G�Z�r��
�I�j�h�n�b�e�v�ª���� �]���� �G�h�\�h�k�b�[�b�j�k�d���� �k�_�j�b�c�g�u�c�� �g�h�f�_�j�� �m�a�e�Z����
�‹���������������������������� �[�u�e�b�� �h�p�_�g�_�g�u�� �i�j�_�^�e�Z�]�Z�_�f�u�f�� �i�h�d�Z�a�Z�l�_��
�e�_�f���F�h�l�����I�j�_�^�\�Z�j�b�l�_�e�v�g�h���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�b���b�k�k�e�_�^�h�\�Z��
�g�b�y�f�b�� �m�k�l�Z�g�h�\�e�_�g�h�� �>9�@���� �q�l�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �m�k�l�j�h�c�k�l�\�Z�� �Z�\��
�l�h�f�Z�l�b�q�_�k�d�h�c���[�e�h�d�b�j�h�\�d�b���^�b�n�n�_�j�_�g�p�b�Z�e�Z�����j�b�k������) (�i�Z�l�_�g�l��
�‹���������������J�N���������������]���� �i�h�a�\�h�e�y�_�l���a�g�Z�q�b�l�_�e�v�g�h�����h�l���������^�h������������
�k�g�b�a�b�l�v���[�m�d�k�h�\�Z�g�b�_���]�j�m�a�h�\�h�]�h���Z�\�l�h�f�h�[�b�e�y���A�B�E-�����������g�Z���i�h��
�\�_�j�o�g�h�k�l�y�o���k���f�Z�e�h�c���g�_�k�m�s�_�c���k�i�h�k�h�[�g�h�k�l�v�x�����K�g�b�`�_�g�b�_���[�m�d��
�k�h�\�Z�g�b�y�� �i�j�h�b�k�o�h�^�b�l�� �a�Z�� �k�q�z�l�� �i�h�\�u�r�_�g�b�y�� �k�p�_�i�g�u�o�� �d�Z�q�_�k�l�\��
�\�_�^�m�s�b�o�� �d�h�e�_�k�� �k�� �^�h�j�h�`�g�u�f�� �i�h�d�j�u�l�b�_�f���� �q�l�h�� �i�j�b�\�h�^�b�l�� �d��
�m�e�m�q�r�_�g�b�x�� �m�k�l�h�c�q�b�\�h�k�l�b�� �i�j�y�f�h�e�b�g�_�c�g�h�]�h�� �^�\�b�`�_�g�b�y����
�m�f�_�g�v�r�_�g�b�x���l�h�j�f�h�a�g�h�]�h���i�m�l�b�� �b���d���k�g�b�`�_�g�b�x���\�_�j�h�y�l�g�h�k�l�b��
�\�h�a�g�b�d�g�h�\�_�g�b�y���^�h�j�h�`�g�h-�l�j�Z�g�k�i�h�j�l�g�u�o���i�j�h�b�k�r�_�k�l�\�b�c�� 
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�j�b�Z�g�l�h�\�� �[�e�h�d�b�j�h�\�h�d�� �m�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �k�l�_�i�_�g�v�� �\�j�_�^�g�h�k�l�b��
�d�e�Z�k�k�Z�� �m�k�e�h�\�b�c�� �l�j�m�^�Z���� �h�i�j�_�^�_�e�_�g�g�Z�y�� �i�h�� �f�_�l�h�^�b�d�_�� �b�g�l�_��
�]�j�Z�e�v�g�h�c���h�p�_�g�d�b�����k�g�b�`�Z�_�l�k�y���g�Z���h�^�g�m���_�^�b�g�b�p�m�����k��WCC =3.3 
�^�h��WCC � �����������^�e�y���m�k�l�j�h�c�k�l�\�Z���i�h�e�m�Z�\�l�h�f�Z�l�b�q�_�k�d�h�c���[�e�h�d�b��
�j�h�\�d�b�� �^�b�n�n�_�j�_�g�p�b�Z�e�Z�� �b�� �g�Z�� �^�\�_�� �_�^�b�g�b�p�u�� ���k��WCC � �������� �^�h��
WCC � �����������^�e�y���i�j�_�^�e�Z�]�Z�_�f�h�]�h���Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h���f�_�o�Z�g�b�a�f�Z����
�I�h�e�h�`�b�l�_�e�v�g�u�c�� �w�n�n�_�d�l�� �i�j�h�y�\�e�y�_�l�k�y�� �a�Z�� �k�q�_�l�� �m�f�_�g�v�r�_�g�b�y��
�\�e�b�y�g�b�y���n�Z�d�l�h�j�h�\���l�y�`�_�k�l�b���l�j�m�^�h�\�h�]�h���i�j�h�p�_�k�k�Z���h�i�_�j�Z�l�h�j�Z����
�h�[�s�Z�y���g�Z�]�j�m�a�d�Z�����k���m�q�Z�k�l�b�_�f���f�u�r�p �j�m�d�����d�h�j�i�m�k�Z�����g�h�]�������d�h�e�b��
�q�_�k�l�\�h�� �\�h�k�i�j�b�g�y�l�u�o�� �k�b�]�g�Z�e�h�\�� �\�� �_�^�b�g�b�p�m�� �\�j�_�f�_�g�b�� ���i���i����

�������������� �J�m�d�h�\�h�^�k�l�\�Z�� �J����������������-�������� �l�Z�[�e���� �����«�������� �>��1]. �>�_��
�l�Z�e�v�g�u�_���a�Z�f�_�j�u���m�d�Z�a�Z�g�g�h�c���Z�d�l�b�\�g�h�k�l�b���d�h�g�_�q�g�h�k�l�_�c���i�j�h�\�h��
�^�y�l�k�y���d�Z�d���j�h�k�k�b�c�k�d�b�f�b�����l�Z�d���b���a�Z�j�m�[�_�`�g�u�f�b���>��6�@���m�q�_�g�u�f�b����
�g�Z�i�j�b�f�_�j���� �i�j�b�� �b�a�m�q�_�g�b�b�� �[�b�h�f�_�o�Z�g�b�d�b�� �j�m�d�����I�j�b�� �w�l�h�f�� �i�j�b��
�b�k�i�h�e�v�a�h�\�Z�g�b�b�� �i�h�e�m�Z�\�l�h�f�Z�l�b�q�_�k�d�h�c�� �[�e�h�d�b�j�h�\�d�b�� �^�b�n�n�_��
�j�_�g�p�b�Z�e�Z�� �i�h�d�Z�a�Z�l�_�e�v�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �f�_�j�h�i�j�b�y�l�b�c�� �i�h��
�h�o�j�Z�g�_���l�j�m�^�Z��M is�����i�h�^�k�q�b�l�Z�g�g�u�c���\���k�h�h�l�\�_�l�k�l�\�b�b���k���k�b�k�l�_�f�h�c��
�����������[�m�^�_�l���j�Z�\�_�g���^�\�m�f����M is � ���������Z���i�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�b���m�k�l�j�h�c��
�k�l�\�Z���Z�\�l�h�f�Z�l�b�q�_�k�d�h�c���[�e�h�d�b�j�h�\�d�b���^�b�n�n�_�j�_�g�p�b�Z�e�Z���k�h�h�l�\�_�l��
�k�l�\�_�g�g�h���± �l�j�_�f����M is � ���������W�l�h���h�[�m�k�e�h�\�e�_�g�h���l�_�f�����q�l�h���\���i�_�j�\�h�f��
�k�e�m�q�Z�_�� �h�i�_�j�Z�l�h�j�� �a�Z�l�j�Z�q�b�\�Z�_�l�� �\�j�_�f�y�� �g�Z�� �h�p�_�g�d�m�� �f�h�f�_�g�l�Z��
�\�d�e�x�q�_�g�b�y���f�_�o�Z�g�b�a�f�Z���b���^�_�c�k�l�\�b�y���i�h���i�j�b�\�_�^�_�g�b�x���_�]�h���\���j�Z��
�[�h�l�m�����Z���\�h���\�l�h�j�h�f���w�l�b�o���^�_�c�k�l�\�b�c���g�_���l�j�_�[�m�_�l�k�y�� 
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�M�\�_�e�b�q�_�g�b�_���k�p�_�i�g�h�]�h���\�_�k�Z���l�j�Z�d�l�h�j�Z���^�e�y���k�g�b�`�_�g�b�y���[�m�d��
�k�h�\�Z�g�b�y���a�Z�q�Z�k�l�m�x���i�j�h�b�k�o�h�^�b�l���k���i�h�f�h�s�v�x���j�Z�a�e�b�q�g�u�o���k�i�h��
�k�h�[�h�\�����a�Z�i�h�e�g�_�g�b�_���r�b�g���\�h�^�h�c�����b�k�i�h�e�v�a�h�\�Z�g�b�_���m�k�l�Z�g�h�\�d�b �g�Z��
�\�_�^�m�s�b�_���d�h�e�_�k�Z���f�_�l�Z�e�e�b�q�_�k�d�b�o���]�j�m�a�h�\�����^�b�k�d�h�\�������m�k�l�Z�g�h�\�d�b��
�]�j�m�a�h�\���g�Z���k�i�_�p�b�Z�e�v�g�u�_���i�e�Z�l�n�h�j�f�u���\���i�_�j�_�^�g�_�c���b���a�Z�^�g�_�c���q�Z��
�k�l�b�� �l�j�Z�d�l�h�j�Z�� �>9�@���� �Z�� �l�Z�d�`�_�� �m�k�l�j�h�c�k�l�\�Z�� �Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h�� �^�h��
�]�j�m�`�Z�l�_�e�y�� �k�p�_�i�g�h�]�h�� �\�_�k�Z�� ���j�b�k���� ���������i�Z�l�_�g�l�� �‹�������������� �J�N����
2011 �]������ 

  
�J�b�k. 3. �I�j�b�g�p�b�i�b�Z�e�v�g�Z�y���k�o�_�f�Z���l�j�Z�d�l�h�j�Z�����h�[�h�j�m�^�h�\�Z�g�g�h�]�h��
�\�_�k�h�\�u�f���^�h�]�j�m�`�Z�l�_�e�_�f���k���Z�\�l�h�f�Z�l�b�q�_�k�d�b�f���i�_�j�_�f�_�s�_�g�b�_�f��
�f�Z�k�k�u���������± �a�m�[�q�Z�l�Z�y���j�_�c�d�Z���i�_�j�_�^�Z�l�h�q�g�h�]�h���f�_�o�Z�g�b�a�f�Z���]�b�^��

�j�h�p�b�e�b�g�^�j�Z���������± �i�j�b�\�h�^�g�Z�y���r�_�k�l�_�j�g�y���i�_�j�_�^�Z�l�h�q�g�h�]�h���f�_�o�Z��
�g�b�a�f�Z���������± �a�m�[�q�Z�l�Z�y���j�_�c�d�Z���k�t�z�f�g�h�]�h���[�Z�d�Z���������± �k�t�z�f�g�u�c �[�Z�d��
�k���`�b�^�d�h�k�l�v�x��������- �h�[�j�_�a�b�g�_�g�g�u�_���j�h�e�b�d�b���������± �j�Z�f�Z���k���d�j�h�g��
�r�l�_�c�g�Z�f�b���^�e�y���d�j�_�i�e�_�g�b�y���g�Z���l�j�Z�d�l�h�j�_���������± �d�h�j�h�g�Z���������± �b�g��

�^�m�d�l�b�\�g�u�c���^�Z�l�q�b�d 
 

�I�j�h�\�_�^�z�g�g�u�_���k�j�Z�\�g�b�l�_�e�v�g�u�_���b�k�i�u�l�Z�g�b�y���l�j�Z�d�l�h�j�h�\���i�j�b��
�m�k�l�Z�g�h�\�d�b���g�Z���g�b�o���]�j�m�a�h�\���g�Z���k�i�_�p�b�Z�e�v�g�u�_���i�e�Z�l�n�h�j�f�u���\���i�_��
�j�_�^�g�_�c�� �b�� �a�Z�^�g�_�c�� �q�Z�k�l�b�� �b �i�j�_�^�e�Z�]�Z�_�f�h�]�h�� �Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h��
�^�h�]�j�m�`�Z�l�_�e�y���k�p�_�i�g�h�]�h���\�_�k�Z���k���p�_�e�v�x���h�p�_�g�d�b���m�k�e�h�\�b�c���l�j�m�^�Z��
�i�h�d�Z�a�Z�e�b���� �q�l�h�� �\�� �i�_�j�\�h�f�� �k�e�m�q�Z�_�� �k�l�_�i�_�g�v�� �\�j�_�^�g�h�k�l�b�� �k�g�b�`�Z��
�_�l�k�y���k���\�_�e�b�q�b�g�u��WCC � ���������^�h��WCC � ���������Z���\�h���\�l�h�j�h�f���k�h�h�l��
�\�_�l�k�l�\�_�g�g�h���k�g�b�`�Z�_�l�k�y���g�Z���^�\�_���_�^�b�g�b�p�u���k��WCC � ���������^�h��WCC 
=3.1. 

�<�� �i�_�j�\�h�f�� �k�e�m�q�Z�_�� �g�_�[�h�e�v�r�h�_�� �k�g�b�`�_�g�b�_�� �k�\�y�a�Z�g�h�� �d�Z�d�� �k�h��
�k�g�b�`�_�g�b�_�f���i�j�h�p�_�k�k�Z���[�m�d�k�h�\�Z�g�b�y�����l�Z�d���b���k���m�\�_�e�b�q�_�g�b�_�f���l�j�m��
�^�h�z�f�d�b�o���h�i�_�j�Z�p�b�c���i�h���g�Z�\�_�k�d�_���b���k�g�y�l�b�x���]�j�m�a�h�\�����q�l�h���f�h�`�_�l��
�i�j�b�\�h�^�b�l�v���b���d���\�h�a�g�b�d�g�h�\�_�g�b�x���l�j�Z�\�f�����L�Z�d�b�f���h�[�j�Z�a�h�f�����i�h�d�Z��
�a�Z�l�_�e�v�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �f�_�j�h�i�j�b�y�l�b�c�� �i�h�� �h�o�j�Z�g�_�� �l�j�m�^�Z��M is, 
�i�h�^�k�q�b�l�Z�g�g�u�c���\���k�h�h�l�\�_�l�k�l�\�b�b���k���k�b�k�l�_�f�h�c�����������������[�m�^�_�l���j�Z�\�_�g��
�_�^�b�g�b�p�_����M is =1).  
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�<�h���\�l�h�j�h�f���k�e�m�q�Z�_���i�j�b���i�j�b�f�_�g�_�g�b�b���Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h���^�h��
�]�j�m�`�Z�l�_�e�y���k�p�_�i�g�h�]�h���\�_�k�Z�����l�j�m�^�h�z�f�d�b�o���h�i�_�j�Z�p�b�c���i�h���g�Z�\�_�k�d�_��
�b���k�g�y�l�b�x���]�j�m�a�h�\���g�_���l�j�_�[�m�_�l�k�y�����Z���i�h�^�k�q�b�l�Z�g�g�u�c���i�h�d�Z�a�Z�l�_�e�v��
M is �b�f�_�l�v���a�g�Z�q�_�g�b�_�����j�Z�\�g�h�_���l�j�_�f����M is =3). 

�H�P�?�G�D�?���W�N�N�?�D�L�B�<�G�H�K�L�B �M�K�L�J�H�C�K�L�<�:���>�E�Y���I�J�?�>�I�M�K�D�H�<�H�=�H��
�I�H�>�H�=�J�?�<�:���>�<�K �L�J�:�G�K�I�H�J�L�G�H�=�H���K�J�?�>�K�L�<�: 

�H�i�_�j�Z�l�h�j���l�j�Z�g�k�i�h�j�l�g�h�]�h���k�j�_�^�k�l�\�Z���f�h�`�_�l���h�k�m�s�_�k�l�\�e�y�l�v��
�i�m�k�d���>�<�K���k���i�h�f�h�s�v�x���b�f�_�x�s�b�o�k�y���\���j�Z�k�i�h�j�y�`�_�g�b�b���k�j�_�^�k�l�\����
�l�Z�d�b�o���d�Z�d���a�Z�\�h�^�g�Z�y���j�m�d�h�y�l�d�Z�����I�m�k�d �^�\�b�]�Z�l�_�e�y���Z�\�l�h�f�h�[�b�e�y���k��
�i�h�f�h�s�v�x���a�Z�\�h�^�g�h�c���j�m�d�h�y�l�d�b���g�_���y�\�e�y�_�l�k�y���[�_�a�h�i�Z�k�g�u�f���b���f�h��
�`�_�l�� �[�u�l�v�� �f�Z�e�h�w�n�n�_�d�l�b�\�_�g�� �i�j�b�� �^�h�\�h�e�v�g�h�� �g�b�a�d�b�o�� �l�_�f�i�_�j�Z��
�l�m�j�Z�o����-�����ƒ�K���b���g�b�`�_�������q�l�h���h�[�m�k�e�Z�\�e�b�\�Z�_�l���g�Z�o�h�`�^�_�g�b�_���\�h�^�b��
�l�_�e�y���^�e�b�l�_�e�v�g�h�_���\�j�_�f�y�����^�h���h�^�g�h�]�h���q�Z�k�Z�����\���g�_�[�e�Z�]�h�i�j�b�y�l�g�u�o��
�m�k�e�h�\�b�y�o�� �l�j�m�^�Z�����<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �g�Z�� �f�g�h�]�b�o�� �k�_�e�v�k�d�h�o�h��
�a�y�c�k�l�\�_�g�g�u�o���i�j�_�^�i�j�b�y�l�b�y�o���r�b�j�h�d�h���j�Z�k�i�j�h�k�l�j�Z�g�_�g�h���i�j�b�f�_��
�g�_�g�b�_�� �b�g�^�b�\�b�^�m�Z�e�v�g�u�o�� �b�� �]�j�m�i�i�h�\�u�o�� �n�Z�d�_�e�v�g�u�o�� �i�j�_�^�i�m�k��
�d�h�\�u�o�� �i�h�^�h�]�j�_�\�Z�l�_�e�_�c���� �H�g�b�� �i�h�a�\�h�e�y�x�l�� �k�h�d�j�Z�l�b�l�v�� �\�j�_�f�y��
�i�m�k�d�Z�� �>�<�K���� �g�h�� �i�m�k�d�� �^�\�b�]�Z�l�_�e�y�� �l�Z�d�b�f�� �k�i�h�k�h�[�h�f�� �a�Z�q�Z�k�l�m�x��
�i�j�b�\�h�^�b�l���d���\�h�a�]�h�j�Z�g�b�x���f�h�[�b�e�v�g�h�c���l�_�o�g�b�d�b���b���l�j�Z�\�f�b�j�h�\�Z��
�g�b�x���j�Z�[�h�l�g�b�d�h�\���>5,8,9]. 

�I�j�_�^�e�Z�]�Z�_�f�h�_�� �m�k�l�j�h�c�k�l�\�h��(�i�Z�l�_�g�l�� �g�Z�� �b�a�h�[�j�_�l�_�g�b�_��
�‹�����������������J�N���������������]�������^�e�y���i�j�_�^�i�m�k�d�h�\�h�]�h���i�h�^�h�]�j�_�\�Z���>�<�K��
�l�j�Z�g�k�i�h�j�l�g�h�]�h���k�j�_�^�k�l�\�Z�����j�b�k�����������b�k�d�e�x�q�Z�_�l���\�u�r�_�m�d�Z�a�Z�g�g�u�_��
�g�_�^�h�k�l�Z�l�d�b���� 

 

 
�J�b�k�� 4. �I�j�b�g�p�b�i�b�Z�e�v�g�Z�y���k�o�_�f�Z���]�Z�a�h�\�h�]�h���b�g�n�j�Z�d�j�Z�k�g�h�]�h��

�i�j�_�^�i�m�k�d�h�\�h�]�h���i�h�^�h�]�j�_�\�Z�l�_�e�y���>�<�K�� 1 �± �n�b�]�m�j�g�u�c���i�Z�l�j�m��
�[�h�d���������± �]�Z�c�d�Z���������± �m�i�e�h�l�g�b�l�_�e�v�g�Z�y���r�Z�c�[�Z���������± �d�h�j�i�m�k���i�h��
�^�h�]�j�_�\�Z�l�_�e�y���������± �d�j�u�r�d�Z���i�h�^�h�]�j�_�\�Z�l�_�e�y���������± �i�Z�l�j�m�[�h�d���]�h��
�j�y�q�_�]�h���\�h�a�^�m�o�Z���������± �r�Z�j�g�b�j���d�j�u�r�d�b���i�h�^�h�]�j�_�\�Z�l�_�e�y���������± 

�k�_�l�d�Z���b�g�n�j�Z�d�j�Z�k�g�h�c���]�h�j�_�e�d�b���������± �d�g�h�i�d�Z���i�v�_�a�h�i�h�^�`�b�]�Z����������
�± �r�l�m�p�_�j���^�e�y���k�h�_�^�b�g�_�g�b�y���k���]�Z�a�h�\�u�f���j�_�^�m�d�l�h�j�h�f�����������± �d�_��

�j�Z�f�b�q�_�k�d�b�c���g�Z�]�j�_�\�Z�l�_�e�v�g�u�c���w�e�_�f�_�g�l 
 

�D�j�h�f�_�� �l�h�]�h, �]�Z�a�h�\�u�c�� �b�g�n�j�Z�d�j�Z�k�g�u�c�� �i�j�_�^�i�m�k�d�h�\�h�c�� �i�h��
�^�h�]�j�_�\�Z�l�_�e�v�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �[�h�e�_�_�� �[�u�k�l�j�u�c�� �a�Z�i�m�k�d�� �>�<�K�� �d�h��
�e�z�k�g�h�c�� �f�Z�r�b�g�u�� ���M�:�A-�������������� �q�l�h�� �k�h�d�j�Z�s�Z�_�l�� �\�j�_�f�y�� �i�j�_�[�u��
�\�Z�g�b�y���\�h�^�b�l�_�e�y���i�j�b���g�b�a�d�b�o���l�_�f�i�_�j�Z�l�m�j�Z�o���^�h�������«�������f�b�g�m�l����
�d���l�h�f�m���`�_���_�]�h���i�j�b�f�_�g�_�g�b�_���i�j�Z�d�l�b�q�_�k�d�b���i�h�e�g�h�k�l�v�x���b�k�d�e�x��
�q�Z�_�l�� �l�j�Z�\�f�h- �b�� �i�h�`�Z�j�h�h�i�Z�k�g�h�k�l�v�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �n�Z�d�_�e�v��
�g�u�f���i�j�_�^�i�m�k�d�h�\�u�f���i�h�^�h�]�j�_�\�Z�l�_�e�_�f�� 

�I�j�h�\�_�^�z�g�g�u�_���k�j�Z�\�g�b�l�_�e�v�g�u�_���b�k�i�u�l�Z�g�b�y���l�j�Z�d�l�h�j�h�\�����d�h��
�l�h�j�u�_���[�u�e�b���h�k�g�Z�s�_�g�u���m�k�l�j�h�c�k�l�\�h�f���n�Z�d�_�e�v�g�h�]�h���i�j�_�^�i�m�k�d�h��
�\�h�]�h�� �i�h�^�h�]�j�_�\�Z�� �b�� �m�k�l�j�h�c�k�l�\�h�f�� �]�Z�a�h�\�h�]�h�� �b�g�n�j�Z�d�j�Z�k�g�h�]�h��
�i�j�_�^�i�m�k�d�h�\�h�]�h�� �i�h�^�h�]�j�_�\�Z�l�_�e�y�� �>�<�K�� �k�� �p�_�e�v�x�� �h�p�_�g�d�b�� �m�k�e�h��
�\�b�c�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�Z�� �i�h�d�Z�a�Z�e�b���� �q�l�h�� �k�l�_�i�_�g�v�� �\�j�_�^�g�h�k�l�b�� �\��
�i�_�j�\�h�f���k�e�m�q�Z�_���k�g�b�`�Z�_�l�k�y���g�Z���h�^�g�m���_�^�b�g�b�p�m�����k��WCC � ���������^�h��

WCC � �������������Z���\�h���\�l�h�j�h�f���k�h�h�l�\�_�l�k�l�\�_�g�g�h���± �g�Z���l�j�b���_�^�b�g�b�p�u��
���k��WCC � ���������^�h��WCC � �������������G�Z�b�[�h�e�v�r�Z�y���w�n�n�_�d�l�b�\�g�h�k�l�v���]�Z��
�a�h�\�h�]�h�� �b�g�n�j�Z�d�j�Z�k�g�h�]�h�� �i�j�_�^�i�m�k�d�h�\�h�]�h�� �i�h�^�h�]�j�_�\�Z�l�_�e�y�� �>�<�K��
�i�j�h�b�k�o�h�^�b�l���a�Z���k�q�z�l���m�f�_�g�v�r�_�g�b�y���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h���h�[�m�k�e�h�\��
�e�_�g�g�h�c�� �a�Z�[�h�e�_�\�Z�_�f�h�k�l�b�� �j�Z�[�h�l�g�b�d�h�\�� �g�Z�� �h�k�g�h�\�_�� �k�g�b�`�_�g�b�y��
�\�e�b�y�g�b�y���e�b�[�h���b�k�d�e�x�q�_�g�b�y���^�_�c�k�l�\�b�y���\�j�_�^�g�u�o���n�Z�d�l�h�j�h�\���i�j�h��
�b�a�\�h�^�k�l�\�_�g�g�h�c�� �k�j�_�^�u����WCC �i�h�� �i�h�d�Z�a�Z�l�_�e�x�� �l�_�f�i�_�j�Z�l�m�j�u��
�\�h�a�^�m�o�Z�����l�Z�[�e�������«�������J�m�d�h�\�h�^�k�l�\�Z���J����������������-05) [9].  

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �\�� �i�_�j�\�h�f�� �k�e�m�q�Z�_�� ���b�k�i�h�e�v�a�h�\�Z�g�b�_�� �n�Z��
�d�_�e�v�g�h�]�h���i�h�^�h�]�j�_�\�Z�l�_�e�y���� �i�h�d�Z�a�Z�l�_�e�v���w�n�n�_�d�l�b�\�g�h�k�l�b���f�_�j�h��
�i�j�b�y�l�b�c���i�h���h�o�j�Z�g�_���l�j�m�^�Z��M is�����i�h�^�k�q�b�l�Z�g�g�u�c���\���k�h�h�l�\�_�l�k�l�\�b�b��
�k�� �k�b�k�l�_�f�h�c�� ���������� �[�m�^�_�l�� �j�Z�\�_�g�� �_�^�b�g�b�p�_�� ��M is � �������� �Z�� �\�h�� �\�l�h�j�h�f��
�k�e�m�q�Z�_�����i�j�b���i�j�b�f�_�g�_�g�b�b���i�j�_�^�e�Z�]�Z�_�f�h�]�h���g�Z�f�b���m�k�l�j�h�c�k�l�\�Z���g�Z��
�h�k�g�h�\�_���b�g�n�j�Z�d�j�Z�k�g�h�]�h���b�a�e�m�q�Z�l�_�e�y�������i�h�^�k�q�b�l�Z�g�g�u�c���i�h�d�Z�a�Z��
�l�_�e�v��M is �[�m�^�_�l���b�f�_�l�v���a�g�Z�q�_�g�b�_�����j�Z�\�g�h�_���l�j�_�f����M is =3).  

�H�P�?�G�D�?���W�N�N�?�D�L�B�<�G�H�K�L�B �M�K�L�J�H�C�K�L�<�:���>�E�Y���I�H�>�H�=�J�?�<�:��
�I�H�E�:���D�:�;�B�G�U���L�J�:�G�K�I�H�J�L�G�H�=�H���K�J�?�>�K�L�<�: 

�W�n�n�_�d�l�b�\�g�h�k�l�v�� �j�Z�[�h�l�u���i�j�_�^�e�h�`�_�g�g�h�]�h �w�e�_�d�l�j�h�g�Z�]�j�_��
�\�Z�l�_�e�v�g�h�_���g�Z�i�h�e�v�g�h�_���i�h�d�j�u�l�b�_���^�e�y���i�h�^�h�]�j�_�\�Z���i�h�^�h�r�\�� �g�h�]��
�h�i�_�j�Z�l�h�j�Z�����j�b�k�������������[�u�e�Z �i�h�^�l�\�_�j�`�^�_�g�Z���j�_�a�m�e�v�l�Z�l�Z�f�b���w�d�k�i�_��
�j�b�f�_�g�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c���>9].  

 
�J�b�k. �������Z�����± �I�j�b�g�p�b�i�b�Z�e�v�g�Z�y���k�o�_�f�Z���m�k�l�j�h�c�k�l�\�Z���i�e�z�g�h�q�g�h�]�h��
�e�m�q�b�k�l�h�]�h���w�e�_�d�l�j�h�g�Z�]�j�_�\�Z�l�_�e�y����������- �^�\�m�o�k�e�h�c�g�h�_���i�h�e�h�l�g�h��
�b�a���i�h�e�b�w�l�b�e�_�g�l�_�j�_�n�l�Z�e�Z�l�h�\�h�c���i�e�z�g�d�b���������± �j�_�a�b�k�l�b�\�g�u�_��
�w�e�_�f�_�g�l�u���������± �l�h�d�h�i�h�^�\�h�^�y�s�b�_���i�j�h�\�h�^�Z����a �± �j�Z�k�k�l�h�y�g�b�_��

�f�_�`�^�m���\�_�l�\�y�f�b���j�_�a�b�k�l�b�\�g�u�o���w�e�_�f�_�g�l�h�\����b �± �r�b�j�b�g�Z���e�_�g�l�u��
�j�_�a�b�k�l�b�\�g�h�]�h���w�e�_�f�_�g�l�Z�����[����- �j�Z�k�i�h�e�h�`�_�g�b�_���k�l�m�i�g�b���h�i�_�j�Z��
�l�h�j�Z���\���h�[�m�\�b���g�Z���i�h�\�_�j�o�g�h�k�l�b���g�Z�i�h�e�v�g�h�]�h���i�h�d�j�u�l�b�y: 1 �± 
�k�l�m�i�g�y���q�_�e�h�\�_�d�Z���������± �g�h�k�h�d�����o���[�����������± �d�h�`�Z�g�u�c���f�Z�l�_�j�b�Z�e��
�h�[�m�\�b���������± �k�l�_�e�v�d�Z���������± �i�h�^�h�r�\�Z���h�[�m�\�b������- �k�e�h�c���j�_�a�b�g�u��

�d�h�\�j�b�d�Z���������± �g�Z�]�j�_�\�Z�l�_�e�v�g�u�c���w�e�_�f�_�g�l���������± �f�_�l�Z�e�e�b�q�_�k�d�b�c��
�i�h�e���d�Z�[�b�g�u 

 
�M�k�l�j�h�c�k�l�\�h���a�Z���k�q�z�l���Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h���l�_�j�f�h�j�_�]�m�e�y�l�h�j�Z���\��

�m�k�l�Z�g�h�\�b�\�r�_�f�k�y�� �j�_�`�b�f�_ �h�[�_�k�i�_�q�b�\�Z�_�l�� �a�g�Z�q�_�g�b�y�� �l�_�f�i�_�j�Z��
�l�m�j�u���i�h�\�_�j�o�g�h�k�l�b���i�h�e�Z���d�Z�[�b�g�u���\���i�j�_�^�_�e�Z�o���\�u�[�j�Z�g�g�u�o���]�j�Z��
�g�b�p���������«�������q�K�������q�l�h���m�^�h�\�e�_�l�\�h�j�y�_�l���l�j�_�[�h�\�Z�g�b�y�f���^�_�c�k�l�\�m��
�x�s�b�o�� �g�h�j�f�Z�l�b�\�g�u�o�� �^�h�d�m�f�_�g�l�Z�o�� ���l�Z�[�e���� �I�����������J�m�d�h�\�h�^�k�l�\�Z��
�J����������������-05). 

�K�l�_�i�_�g�v���\�j�_�^�g�h�k�l�b���d�e�Z�k�k�Z���m�k�e�h�\�b�c���l�j�m�^�Z���i�j�b���\�g�_�^�j�_�g�b�b��
�i�h�d�j�u�l�b�y���\���d�Z�[�b�g�_���Z�\�l�h�f�h�[�b�e�y���A�B�E-�����������k�g�b�`�Z�_�l�k�y���g�Z���^�\�_��
�_�^�b�g�b�p�u�����k��WCC � ���������^�h��WCC � �������q�l�h���i�h�i�Z�^�Z�_�l���\���d�e�Z�k�k�b��
�n�b�d�Z�p�b�x���^�h�i�m�k�l�b�f�u�o���m�k�e�h�\�b�c���l�j�m�^�Z�����M�e�m�q�r�_�g�b�_���m�k�e�h�\�b�c��
�l�j�m�^�Z�� �i�h�^�l�\�_�j�`�^�Z�_�l�k�y�� �b�� �m�\�_�e�b�q�_�g�b�_�f�� �i�j�_�^�e�Z�]�Z�_�f�h�]�h�� �h�p�_��
�g�h�q�g�h�]�h���i�h�d�Z�a�Z�l�_�e�y���F�h�l�����i�h�^�k�q�b�l�Z�g�g�h�]�h���^�h���b���i�h�k�e�_���\�g�_�^�j�_��
�g�b�y���f�_�j�h�i�j�b�y�l�b�y���g�Z���Z�\�l�h�f�h�[�b�e�_���A�B�E-4331. �I�j�b���j�Z�k�k�f�h�l�j�_��
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�g�b�b���i�h�d�Z�a�Z�l�_�e�y���w�n�n�_�d�l�b�\�g�h�k�l�b���f�_�j�h�i�j�b�y�l�b�c���F�h�l �^�e�y���r�l�Z�l��
�g�h�]�h�� �Z�\�l�h�f�h�[�b�e�y���� �_�]�h�� �\�_�e�b�q�b�g�Z�� ���i�h�� �d�j�b�l�_�j�b�y�f�� �h�o�e�Z�`�^�Z�x��
�s�_�]�h�� �b�� �g�Z�]�j�_�\�Z�x�s�_�]�h�� �f�b�d�j�h�d�e�b�f�Z�l�Z�� �g�Z �j�Z�[�h�q�_�f�� �f�_�k�l�_������
�i�h�^�k�q�b�l�Z�g�g�Z�y�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �k�b�k�l�_�f�h�c�� ���������� �[�m�^�_�l�� �j�Z�\�g�Z��
�_�^�b�g�b�p�_����M is =1). 

�<�� �k�e�m�q�Z�_�� �\�g�_�^�j�_�g�b�y�� �w�e�_�d�l�j�h�g�Z�]�j�_�\�Z�l�_�e�v�g�h�]�h�� �g�Z�i�h�e�v��
�g�h�]�h�� �i�h�d�j�u�l�b�y�� �i�h�^�k�q�b�l�Z�g�g�u�c�� �i�h�d�Z�a�Z�l�_�e�v��M is �[�m�^�_�l�� �b�f�_�l�v��
�a�g�Z�q�_�g�b�_�����j�Z�\�g�h�_���^�\�m�f����M is =2). 

�<�_�e�b�q�b�g�Z�� �i�h�d�Z�a�Z�l�_�e�y�� �F�h�l �\�� �^�\�Z�� �j�Z�a�Z�� �[�h�e�v�r�_�� �\�� �k�e�m�q�Z�_��
�\�g�_�^�j�_�g�b�y�� �i�j�_�^�e�Z�]�Z�_�f�h�]�h�� �g�Z�f�b�� �m�k�l�j�h�c�k�l�\�Z���� �q�l�h�� �i�h�^�l�\�_�j��
�`�^�Z�_�l�����l�_�f���k�Z�f�u�f�����_�]�h���w�n�n�_�d�l�b�\�g�h�k�l�v���^�e�y���m�e�m�q�r�_�g�b�y���m�k�e�h��
�\�b�c���l�j�m�^�Z���h�i�_�j�Z�l�h�j�Z�� 

�I�h�k�e�_���h�p�_�g�d�b���w�n�n�_�d�l�b�\�g�h�k�l�b���\�g�_�^�j�_�g�b�y���i�j�_�^�e�Z�]�Z�_�f�u�o��
�l�_�o�g�b�q�_�k�d�b�o�� �m�k�l�j�h�c�k�l�\�� �>9�@�� �[�u�e�Z�� �k�h�k�l�Z�\�e�_�g�Z�� �k�\�h�^�g�Z�y�� �l�Z�[��
�e�b�p�Z���i�h���b�o���\�e�b�y�g�b�x���g�Z���m�k�e�h�\�b�y���l�j�m�^�Z���h�i�_�j�Z�l�h�j�h�\�����l�Z�[�e������). 

�L�Z�[�e�b�p�Z���� 
�J�_�a�m�e�v�l�Z�l�u���k�j�Z�\�g�b�l�_�e�v�g�u�o���b�k�i�u�l�Z�g�b�c���l�_�o�g�b�q�_�k�d�b�o��

�f�_�j�h�i�j�b�y�l�b�c���i�h���m�e�m�q�r�_�g�b�x���m�k�e�h�\�b�c���l�j�m�^�Z���h�i�_�j�Z�l�h�j�h�\ 

�G�Z�b�f�_�g�h�\�Z�g�b�_��
�l�_�o�g�b�q�_�k�d�h�]�h 
�f�_�j�h�i�j�b�y�l�b�y 

�J�_�a�m�e�v�l�Z�l�u���h�p�_�g�d�b���w�n�n�_�d�l�b�\�g�h�k�l�b���l�_�o�g�b�q�_��
�k�d�b�o���f�_�j�h�i�j�b�y�l�b�c���i�h���h�o�j�Z�g�_���l�j�m�^�Z���i�h�d�Z�a�Z�l�_��

�e�_�f��M is  �^�h���b���i�h�k�e�_���\�g�_�^�j�_�g�b�y 
�>�h���\�g�_�^�j�_�g�b�y �I�h�k�e�_���\�g�_�^�j�_�g�b�y 

�:�\�l�h�f�Z�l�b�q�_�k�d�h�_��
�m�k�l�j�h�c�k�l�\�h���^�e�y��
�[�e�h�d�b�j�h�\�d�b��
�^�b�n�n�_�j�_�g�p�b�Z�e�Z 

1 3 

�:�\�l�h�f�Z�l�b�q�_�k�d�b�c��
�^�h�]�j�m�`�Z�l�_�e�v��
�k�p�_�i�g�h�]�h�� �\�_�k�Z��
�d�h�e�z�k�g�h�]�h��
�l�j�Z�d�l�h�j�Z 

1 2 

�M�k�l�j�h�c�k�l�\�h�� �^�e�y��
�i�j�_�^�i�m�k�d�h�\�h�]�h��
�i�h�^�h�]�j�_�\�Z���>�<�K 

1 3 

�W�e�_�d�l�j�h�g�Z�]�j�_�\�Z�l�_
�e�v�g�h�_�� �g�Z�i�h�e�v�g�h�_��
�i�h�d�j�u�l�b�_ 

1 2 

�A�:�D�E�X�Q�?�G�B�?�����<�U�<�H�>�U) 

�J�_�a�m�e�v�l�Z�l�u�� �i�j�h�\�_�^�z�g�g�u�o���k�j�Z�\�g�b�l�_�e�v�g�u�o�� �b�k�i�u�l�Z�g�b�c 
�i�h�a�\�h�e�y�x�l�� �a�Z�d�e�x�q�b�l�v���� �q�l�h�� �i�j�_�^�e�Z�]�Z�_�f�Z�y�� �f�_�l�h�^�b�d�Z�� �h�p�_�g�d�b��
�w�n�n�_�d�l�b�\�g�h�k�l�b�� �l�_�o�g�b�q�_�k�d�b�o�� �f�_�j�h�i�j�b�y�l�b�c���f�h�`�_�l�� �[�u�l�v��
�b�k�i�h�e�v�a�h�\�Z�g�Z�� �^�e�y�� �\�u�[�h�j�Z �g�Z�b�[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�u�o 
�l�_�o�g�b�q�_�k�d�b�o �j�_�r�_�g�b�c �^�e�y�� �m�e�m�q�r�_�g�b�y�� �m�k�e�h�\�b�c�� �l�j�m�^�Z��
�h�i�_�j�Z�l�h�j�h�\���d�h�e�z�k�g�u�o���l�j�Z�g�k�i�h�j�l�g�u�o���k�j�_�^�k�l�\�� 

�E�B�L�?�J�:�L�M�J�: 

�������:�\�_�j�v�y�g�h�\���X���B�����I�h�\�u�r�_�g�b�_���[�_�a�h�i�Z�k�g�h�k�l�b���i�j�h�p�_�k�k�Z��
�m�[�h�j�d�b���a�_�j�g�h�\�u�o���d�m�e�v�l�m�j���g�Z���h�k�g�h�\�_���k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�y���k�b��
�k�l�_�f�u�� �©�H�i�_�j�Z�l�h�j-�F�Z�r�b�g�Z-�K�j�_�^�Z�ª���� �Z�\�l�h�j�_�n���� �^�b�k����� �̂h�d�l����
�l�_�o�g�����g�Z�m�d. �± �K�Z�g�d�l-�I�_�l�_�j�[�m�j�]�����������������± �������k�� 

�������:�g�^�j�h�k���<���:�����H�[�h�k�g�h�\�Z�g�b�_���b�k�o�h�^�g�u�o���i�h�e�h�`�_�g�b�c���^�e�y��
�Z�g�Z�e�b�a�Z�� �i�j�b�q�b�g�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�]�h�� �l�j�Z�\�f�Z�l�b�a�f�Z�� ������ �L�J����
�<�B�F�����± �F�h�k�d�\�Z�����b�a�^�����<�B�F�����������������± �L���������� 

������ �:�g�^�j�h�k�� �<���:���� �L�_�h�j�_�l�b�q�_�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �^�_�c�k�l�\�b�y��
�n�Z�d�l�h�j�h�\���h�i�Z�k�g�h�k�l�b���g�Z���q�_�e�h�\�_�d�Z���h�i�_�j�Z�l�h�j�Z. �± �F�h�k�d�\�Z�����A�g�Z��
�g�b�_�����������������± �������k�� 

�������;�h�]�^�Z�g�h�\���:���<�����I�h�\�u�r�_�g�b�_���[�_�a�h�i�Z�k�g�h�k�l�b���b���k�h�\�_�j�r�_�g��
�k�l�\�h�\�Z�g�b�_�� �h�p�_�g�d�b�� �m�k�e�h�\�b�c�� �l�j�m�^�Z�� �h�i�_�j�Z�l�h�j�h�\�� �f�h�[�b�e�v�g�u�o��
�d�h�e�z�k�g�u�o���f�Z�r�b�g���\���Z�]�j�h�i�j�h�f�u�r�e�_�g�g�h�f���i�j�h�b�a�\�h�^�k�l�\�_�����^�b�k����
�^�h�d�l�����l�_�o�g�����g�Z�m�d. �± �K�Z�g�d�l-�I�_�l�_�j�[�m�j�]-�I�m�r�d�b�g�����������������± ���������k�� 

������ �;�h�j�b�k�h�\�Z�� �?���<���� �F�Z�l�_�j�b�Z�e�v�g�h-�l�_�o�g�b�q�_�k�d�Z�y�� �h�[�_�k�i�_�q�_�g��
�g�h�k�l�v���b���w�n�n�_�d�l�b�\�g�h�k�l�v���Z�]�j�Z�j�g�h�]�h���i�j�h�b�a�\�h�^�k�l�\�Z�����g�Z���f�Z�l�_�j�b��
�Z�e�Z�o�� �J�h�k�k�b�c�k�d�h�c�� �N�_�^�_�j�Z�p�b�b������ �Z�\�l�h�j�_�n���� �^�b�k���� �«�d�Z�g�^���� �w�d�h��
�g�h�f�����g�Z�m�d. �± �F�h�k�d�\�Z�����������������± �������k�� 

�������=�Z�\�j�b�q�_�g�d�h���:���B�����H�o�j�Z�g�Z���l�j�m�^�Z���g�Z���k�h�\�j�_�f�_�g�g�h�f���w�l�Z�i�_��
������ �K�h�k�l�h�y�g�b�_�� �b�� �g�Z�m�q�g�u�_�� �i�j�h�[�e�_�f�u�� �j�b�k�d�Z�� �l�j�Z�\�f�Z�l�b�a�f�Z�� �b��
�i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�c�� �a�Z�[�h�e�_�\�Z�_�f�h�k�l�b�� �j�Z�[�h�l�g�b�d�h�\�� �:�I�D �J�h�k��
�k�b�b�����K�[�����g�Z�m�q�����l�j�����± �H�j�_�e�����<�G�B�B�H�L�����������������±�K��������-16. 
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Abstract.  The article considers the issue of assessing the effec-
tiveness of technical measures aimed at improving the working 
conditions of wheeled vehicle operators. A problem is caused by a 
contradiction between the need to assess the effectiveness of tech-
nical measures, on the one hand, and the lack of an objective meth-
odology for their assessment which would take into account the 
operator working conditions, on the other hand. The paper pro-
poses a solution to the existing problem, which is based on an orig-
inal method for comparative assessment of the effectiveness of 
technical measures that contribute to the improvement of working 
conditions for wheeled vehicle operators. The methodology for as-
sessing the effectiveness of technical measures is based on the jus-
tified assumption that technical devices do not equally influence 
the safety level and conditions of wheeled vehicle opera-tors. The 

proposed methodology was approved based on comparative test-
ing of the existing and newly-developed technical devices of 
wheeled vehicles. We assessed the effectiveness of the proposed 
technical devices and compared it with that of their analogues. The 
implementation of the proposed methodology for assessing the ef-
fectiveness of technical measures for the improvement of working 
conditions of wheeled vehicle operators will improve their safety 
in the operational process. 

Keywords: wheeled vehicles, operator working conditions, 
safety, comparison testing, assessment methodology. 
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�:�g�g�h�l�Z�p�b�y. �J�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y�� �g�_�h�k�_�k�b�f�f�_�l�j�b�q�g�h�_ �^�_�n�h�j��
�f�b�j�h�\�Z�g�b�_�� �b�� �m�k�l�h�c�q�b�\�h�k�l�v �k�`�Z�l�u�o���h�[�h�e�h�q�_�d�� �d�h�j�i�m�k�Z���e�_�l�Z��
�l�_�e�v�g�h�]�h�� �Z�i�i�Z�j�Z�l�Z�� �k�� �m�q�_�l�h�f�� �i�h�i�_�j�_�q�g�u�o�� �e�h�d�Z�e�v�g�u�o�� �\�h�a�^�_�c��
�k�l�\�b�c. �H�k�g�h�\�g�h�_���\�g�b�f�Z�g�b�_�� �m�^�_�e�_�g�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�x�� �d�h�g��
�l�Z�d�l�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �h�[�h�e�h�q�_�d�� �k�� �i�h�y�k�Z�f�b�� �i�h�i�_�j�_�q�g�h�c��
�Z�f�h�j�l�b�a�Z�p�b�b���� �>�e�y�� �Z�g�Z�e�b�a�Z�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y�� �h�[�h�e�h�q�_�d�� �b�k��
�i�h�e�v�a�m�_�l�k�y�� �i�j�h�p�_�^�m�j�Z�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�o�� �i�j�b�[�e�b�`�_�g�b�c�� �k��
�m�q�z�l�h�f�� �g�_�e�b�g�_�c�g�h�]�h�� �b�a�f�_�g�_�g�b�y�� �j�_�Z�d�p�b�b�� �i�h�y�k�Z�� �Z�f�h�j�l�b�a�Z�p�b�b��
�i�j�b�� �k�f�_�s�_�g�b�y�o�� �d�h�g�k�l�j�m�d�p�b�b���� �M�j�Z�\�g�_�g�b�y�� �m�k�l�h�c�q�b�\�h�k�l�b�� �h�[�h��
�e�h�q�d�b�� �^�b�k�d�j�_�l�b�a�b�j�m�x�l�k�y�� �f�_�l�h�^�h�f�� �;�m�[�g�h�\�Z-�=�Z�e�z�j�d�b�g�Z�� �k�� �b�k��
�i�h�e�v�a�h�\�Z�g�b�_�f�� �j�y�^�h�\�� �N�m�j�v�_�� �K�� �i�h�f�h�s�v�x�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�c�� �f�h��
�^�_�e�b�� �b�k�k�e�_�^�m�x�l�k�y�� �h�k�h�[�_�g�g�h�k�l�b�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y�� �d�h�g�k�l�j�m�d��
�l�b�\�g�h- �b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�� �h�j�l�h�l�j�h�i�g�u�o�� �h�[�h�e�h�q�_�d�� �i�h�^�� �^�_�c��
�k�l�\�b�_�f�� �e�h�d�Z�e�v�g�u�o�� �g�Z�]�j�m�a�h�d�� �h�l�� �i�h�y�k�h�\�� �Z�f�h�j�l�b�a�Z�p�b�b���� �J�Z�k�q�z�l��
�g�u�_�� �f�h�^�_�e�b�� �\�_�j�b�n�b�p�b�j�m�x�l�k�y�� �i�h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �b�k�i�u�l�Z�g�b�c 
�f�h�^�_�e�v�g�u�o���b���g�Z�l�m�j�g�u�o���h�[�h�e�h�q�_�d��   

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�����h�j�l�h�l�j�h�i�g�Z�y �h�[�h�e�h�q�d�Z�� �g�_�j�Z�\�g�h�f�_�j�g�h�_��
�^�Z�\�e�_�g�b�_���� �d�h�g�l�Z�d�l�g�Z�y�� �g�Z�]�j�m�a�d�Z�����g�_�k�b�f�f�_�l�j�b�q�g�h�_��
�^�_�n�h�j�f�b�j�h�\�Z�g�b�_���� �m�k�l�h�c�q�b�\�h�k�l�v�� �h�[�h�e�h�q�d�b���� �k�j�Z�\�g�_�g�b�_�� �k��
�w�d�k�i�_�j�b�f�_�g�l�h�f. 

�<�<�?�>�?�G�B�? 

�<�� �j�Z�[�h�l�_���h�[�k�m�`�^�Z�_�l�k�y���j�Z�k�q�_�l�g�Z�y �f�h�^�_�e�v�� �^�_�n�h�j�f�b�j�h�\�Z��
�g�b�y�� �p�b�e�b�g�^�j�b�q�_�k�d�b�o�� �h�[�h�e�h�q�_�d�� �d�h�j�i�m�k�Z �e�_�l�Z�l�_�e�v�g�h�]�h�� �Z�i��
�i�Z�j�Z�l�Z�� ���E�:�� �i�j�b�� �\�h�a�^�_�c�k�l�\�b�b�� �g�Z�]�j�m�a�h�d���^�\�b�`�_�g�b�y���� �D�j�h�f�_��
�l�j�Z�^�b�p�b�h�g�g�u�o�� �g�Z�]�j�m�a�h�d���± �h�k�_�\�h�]�h�� �k�`�Z�l�b�y��N �b�� �\�g�_�r�g�_�]�h��
�^�Z�\�e�_�g�b�y��p �\���w�l�h�f���k�e�m�q�Z�_���g�Z���d�h�j�i�m�k���^�_�c�k�l�\�m�x�l���k�b�e�u���j�_�Z�d��
�p�b�b�� �i�h�y�k�h�\�� �i�h�i�_�j�_�q�g�h�c�� �Z�f�h�j�l�b�a�Z�p�b�b��zR �b�� �g�Z�i�j�Z�\�e�y�x�s�b�o��
�m�k�l�j�h�c�k�l�\ [1]. �<�h�a�^�_�c�k�l�\�b�_���w�l�b�o���j�_�Z�d�p�b�c���g�Z���h�[�h�e�h�q�d�m �d�h�j��
�i�m�k�Z���g�_�h�k�_�k�b�f�f�_�l�j�b�q�g�h���b���g�h�k�b�l���d�h�g�l�Z�d�l�g�u�c���o�Z�j�Z�d�l�_�j�����W�l�h��
�h�[�k�l�h�y�l�_�e�v�k�l�\�h���i�j�_�^�k�l�Z�\�e�y�_�l���h�k�g�h�\�g�m�x�� �l�j�m�^�g�h�k�l�v�� �n�h�j�f�b��
�j�h�\�Z�g�b�y�� �f�h�^�_�e�b�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y�� �h�[�h�e�h�q�d�b�� �b�� �h�k�h�[�_�g�g�h��
�i�h�l�_�j�b���m�k�l�h�c�q�b�\�h�k�l�b�� 

�J�_�r�_�g�b�_�� �d�h�g�l�Z�d�l�g�u�o�� �a�Z�^�Z�q�� �l�_�h�j�b�b�� �h�[�h�e�h�q�_�d�� �h�[�k�m�`�^�Z��
�_�l�k�y���\���j�Z�[�h�l�Z�o���>��-���@�����I�j�b���h�l�g�h�k�b�l�_�e�v�g�h���f�Z�e�h�c���r�b�j�b�g�_���h�[��
�e�Z�k�l�b���d�h�g�l�Z�d�l�Z���j�Z�k�k�f�Z�l�j�b�\�Z�x�l���d�h�g�l�Z�d�l���l�h�e�v�d�h���\�^�h�e�v���h�[�j�Z��
�a�m�x�s�_�c�� �b�e�b�� �f�_�j�b�^�b�Z�g�Z���� �D�h�g�l�Z�d�l�g�Z�y�� �a�Z�^�Z�q�Z�� �k�l�Z�g�h�\�b�l�k�y��
�h�^�g�h�f�_�j�g�h�c�� �b�� �h�[�u�q�g�h�� �j�_�r�Z�_�l�k�y�� �f�_�l�h�^�h�f�� �b�g�l�_�]�j�Z�e�v�g�u�o��
�m�j�Z�\�g�_�g�b�c�����<���l�Z�d�h�c���i�h�k�l�Z�g�h�\�d�_���j�_�r�_�g�u���a�Z�^�Z�q�b���d�h�g�l�Z�d�l�g�h��
�]�h���\�h�a�^�_�c�k�l�\�b�y���`�_�k�l�d�b�o���e�h�`�_�f�_�g�l�h�\���i�h���^�m�]�Z�f���h�d�j�m�`�g�h�k�l�b��
�i�h�e�m�[�_�k�d�h�g�_�q�g�h�c�� �h�[�h�e�h�q�d�b���� �A�Z�^�Z�q�b�� �d�h�g�l�Z�d�l�g�h�]�h�� �\�a�Z�b�f�h��
�^�_�c�k�l�\�b�y�� �p�b�e�b�g�^�j�b�q�_�k�d�b�o�� �h�[�h�e�h�q�_�d�� �k�� �m�i�j�m�]�b�f�� �h�k�g�h�\�Z�g�b��
�_�f�� �j�Z�k�k�f�h�l�j�_�g�u�� �\�� �j�Z�[�h�l�_�� �>���@���� �J�Z�k�k�f�h�l�j�_�g�u�� �k�e�m�q�Z�b�� �m�a�d�b�o��
�h�i�h�j�����d�h�]�^�Z���h�[�e�Z�k�l�v���d�h�g�l�Z�d�l�Z���^�h�i�m�k�l�b�f�h���k�q�b�l�Z�l�v���h�l�j�_�a�d�h�f��
�e�b�g�b�b���� �Z�� �l�Z�d�`�_�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �i�h�� �^�\�m�f�_�j�g�h�c�� �h�[�e�Z�k�l�b��
�d�h�g�l�Z�d�l�Z���� �>�e�y�� �j�_�r�_�g�b�y�� �b�k�i�h�e�v�a�m�_�l�k�y�� �f�_�l�h�^�� �l�j�b�]�h�g�h�f�_�l��
�j�b�q�_�k�d�b�o�� �j�y�^�h�\���� �H�l�f�_�q�Z�_�l�k�y�� �\�Z�`�g�h�k�l�v�� �\�u�[�h�j�Z�� �f�h�^�_�e�b��
�m�i�j�m�]�h�]�h�� �h�k�g�h�\�Z�g�b�y���� �H�[�u�q�g�h�� �b�k�i�h�e�v�a�m�_�l�k�y�� �i�j�h�k�l�_�c�r�Z�y��

�e�b�g�_�c�g�Z�y���f�h�^�_�e�v���<�b�g�d�e�_�j�Z���k���h�^�g�b�f���b�e�b���^�\�m�f�y���d�h�w�n�n�b�p�b��
�_�g�l�Z�f�b�� �i�h�k�l�_�e�b���� �D�h�w�n�n�b�p�b�_�g�l�u�� �h�i�j�_�^�_�e�y�x�l�k�y�� �b�a�� �i�j�b��
�[�e�b�`�_�g�g�u�o���f�h�^�_�e�_�c���m�i�j�m�]�h�]�h���l�_�e�Z���b�e�b���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h����
�H�l�f�_�q�_�g�h���� �q�l�h�� �`�_�k�l�d�h�k�l�g�u�_�� �i�Z�j�Z�f�_�l�j�u�� �h�k�g�h�\�Z�g�b�y�� �a�g�Z�q�b��
�l�_�e�v�g�h�� �\�e�b�y�x�l�� �g�Z�� �j�Z�k�i�j�_�^�_�e�_�g�b�_�� �d�h�g�l�Z�d�l�g�u�o�� �m�k�b�e�b�c���� �H�k��
�g�h�\�g�u�f�b�� �g�_�^�h�k�l�Z�l�d�Z�f�b�� �l�Z�d�b�o�� �f�h�^�_�e�_�c�� �y�\�e�y�x�l�k�y�� �k�e�h�`��
�g�h�k�l�v�� �j�_�r�_�g�b�y�� �a�Z�^�Z�q�b���� �h�k�h�[�_�g�g�h�� �i�j�b�� �\�u�j�Z�`�_�g�g�h�c�� �g�_�e�b��
�g�_�c�g�h�k�l�b�� �`�_�k�l�d�h�k�l�g�h�c�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �m�i�j�m�]�h�]�h�� �h�k�g�h�\�Z��
�g�b�y���� �W�l�h�� �h�[�k�l�h�y�l�_�e�v�k�l�\�h�� �g�Z�j�y�^�m�� �k�� �g�_�k�b�f�f�_�l�j�b�_�c�� �\�h�a�^�_�c��
�k�l�\�b�y�� �a�g�Z�q�b�l�_�e�v�g�h�� �m�k�e�h�`�g�y�_�l�� �b�� �Z�g�Z�e�b�a�� �m�k�l�h�c�q�b�\�h�k�l�b�� �^�_��
�n�h�j�f�b�j�h�\�Z�g�g�h�]�h�� �k�h�k�l�h�y�g�b�y�� �h�[�h�e�h�q�d�b���� �I�h-�\�b�^�b�f�h�f�m����
�\�i�_�j�\�u�_ �j�_�r�_�g�b�_�� �a�Z�^�Z�q�b�� �m�k�l�h�c�q�b�\�h�k�l�b�� �p�b�e�b�g�^�j�b�q�_�k�d�h�c��
�h�[�h�e�h�q�d�b�� �i�h�^�� �^�_�c�k�l�\�b�_�f�� �g�_�h�k�_�k�b�f�f�_�l�j�b�q�g�h�]�h�� �^�Z�\�e�_�g�b�y��
�j�Z�k�k�f�Z�l�j�b�\�Z�e�h�k�v���O���F���� �F�m�r�l�Z�j�b���\�� �j�Z�[�h�l�_�� �>���@���� �H�^�g�Z�d�h����
�q�b�k�e�_�g�g�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �[�u�e�b�� �i�h�e�m�q�_�g�u�� �i�h�a�^�g�_�_�� �>���@�����I�j �b��
�q�_�f���� �\�� �h�l�e�b�q�b�_�� �h�l�� �d�e�Z�k�k�b�q�_�k�d�h�c �i�h�k�l�Z�g�h�\�d�b�� �j�Z�[�h�l�u�� �>���@����
�^�h�d�j�b�l�b�q�_�k�d�h�_���k�h�k�l�h�y�g�b�_���h�[�h�e�h�q�d�b���h�i�j�_�^�_�e�y�e�h�k�v���b�a�� �m�j�Z�\��
�g�_�g�b�c�� �e�b�g�_�c�g�h�c�� �f�h�f�_�g�l�g�h�c�� �l�_�h�j�b�b���� �O�Z�j�Z�d�l�_�j�g�u�_�� �h�k�h�[�_�g��
�g�h�k�l�b���i�h�l�_�j�b���m�k�l�h�c�q�b�\�h�k�l�b���p�b�e�b�g�^�j�b�q�_�k�d�b�o���h�[�h�e�h�q�_�d���i�j�b��
�g�_�h�k�_�k�b�f�f�_�l�j�b�q�g�h�f�� �d�h�k�b�g�m�k�h�b�^�Z�e�v�g�h�f�� �b�� �e�h�d�Z�e�v�g�h-
�j�Z�\�g�h�f�_�j�g�h�f�� �^�Z�\�e�_�g�b�b�� �b�k�k�e�_�^�h�\�Z�e�b�k�v�� �\�� �j�Z�[�h�l�Z�o�� �>������ �����@����
�D�Z�q�_�k�l�\�_�g�g�u�_�� �b�a�f�_�g�_�g�b�y���� �\�u�y�\�e�_�g�g�u�_�� �\�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�b��
�b�� �m�k�l�h�c�q�b�\�h�k�l�b�� �h�[�h�e�h�q�_�d�� �i�j�b�� �l�Z�d�b�o�� �g�Z�]�j�m�a�d�Z�o���� �h�d�Z�a�Z�e�b�k�v��
�k�l�h�e�v�� �j�Z�a�g�h�h�[�j�Z�a�g�u���� �q�l�h�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �b�o�� �i�j�h�^�h�e�`�Z�x�l�k�y����
�<�Z�`�g�u�_���j�_�a�m�e�v�l�Z�l�u���i�h�e�m�q�_�g�u���\���j�Z�[�h�l�Z�o���>����-14]. 

�:�g�Z�e�b�a�� �m�`�_�� �i�h�e�m�q�_�g�g�u�o�� �j�_�a�m�e�v�l�Z�l�h�\�� �i�h�d�Z�a�u�\�Z�_�l���� �q�l�h��
�g�_�k�f�h�l�j�y�� �g�Z�� �e�h�d�Z�e�v�g�u�c�� �o�Z�j�Z�d�l�_�j�� �^�Z�\�e�_�g�b�y���� �\�h�� �f�g�h�]�b�o��
�k�e�m�q�Z�y�o�� �f�_�l�h�^�� �W�c�e�_�j�Z�� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�Z�l�v�� �a�g�Z�q�_�g�b�_�� �d�j�b��
�l�b�q�_�k�d�b�o���g�Z�]�j�m�a�h�d���k���^�h�k�l�Z�l�h�q�g�h�c���^�e�y���i�j�Z�d�l�b�d�b���l�h�q�g�h�k�l�v�x����
�I�j�b�� �w�l�h�f�� �j�_�r�_�g�b�_�� �\�u�i�h�e�g�y�_�l�k�y�� �a�g�Z�q�b�l�_�e�v�g�h�� �i�j�h�s�_���� �q�_�f��
�j�_�r�_�g�b�y�� �f�_�l�h�^�Z�f�b�����\�� �d�h�l�h�j�u�o�� �i�j�b�o�h�^�b�l�k�y�� �h�[�j�Z�s�Z�l�v�k�y�� �d��
�]�_�h�f�_�l�j�b�q�_�k�d�b�f�� �g�_�e�b�g�_�c�g�u�f�� �m�j�Z�\�g�_�g�b�y�f�� �l�_�h�j�b�b�� �h�[�h�e�h��
�q�_�d���� �H�l�f�_�l�b�f�� �l�Z�d�`�_���� �q�l�h�� �\�� �b�a�\�_�k�l�g�u�o�� �j�Z�[�h�l�Z�o�� �n�m�g�d�p�b�y��
�j�Z�k�i�j�_�^�_�e�_�g�b�y�� �i�h�i�_�j�_�q�g�h�c�� �g�Z�]�j�m�a�d�b�� �i�h�� �i�h�\�_�j�o�g�h�k�l�b�� �h�[�h��
�e�h�q�d�b�� �i�h�e�Z�]�Z�_�l�k�y�� �g�_�b�a�f�_�g�y�x�s�_�c�k�y�� �\�� �i�j�h�p�_�k�k�_�� �g�Z�]�j�m�`�_��
�g�b�y���� �B�k�k�e�_�^�h�\�Z�g�b�y�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y�� �b�� �m�k�l�h�c�q�b�\�h�k�l�b�� �h�[�h��
�e�h�q�_�d�� �i�j�b�� �g�Z�]�j�m�a�d�Z�o�� �d�h�g�l�Z�d�l�g�h�]�h�� �o�Z�j�Z�d�l�_�j�Z���� �g�_�e�b�g�_�c�g�h��
�b�a�f�_�g�y�x�s�b�o�k�y�� �\�� �i�j�h�p�_�k�k�_�� �g�Z�]�j�m�`�_�g�b�y���� �g�Z�o�h�^�y�l�k�y�� �g�Z��
�g�Z�q�Z�e�v�g�h�f���w�l�Z�i�_�����g�_�k�f�h�l�j�y���g�Z���b�o���i�j�Z�d�l�b�q�_�k�d�m�x���\�Z�`�g�h�k�l�v�� 

�<�� �j�Z�[�h�l�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y�� �j�Z�k�q�_�l�g�Z�y�� �f�h�^�_�e�v�� �^�_�n�h�j�f�b��
�j�h�\�Z�g�b�y�� �h�j�l�h�l�j�h�i�g�h�c�� �h�[�h�e�h�q�d�b�� �i�j�b�� �g�Z�]�j�m�`�_�g�b�b���� �\�d�e�x�q�Z��
�x�s�_�f���i�h�i�_�j�_�q�g�u�_���\�h�a�^�_�c�k�l�\�b�y���d�h�g�l�Z�d�l�g�h�]�h���o�Z�j�Z�d�l�_�j�Z�����?�z��
�^�h�k�l�h�\�_�j�g�h�k�l�v�� �i�h�^�l�\�_�j�`�^�_�g�Z�� �g�Z�� �h�k�g�h�\�_�� �k�j�Z�\�g�_�g�b�y�� �k�� �w�d�k��
�i�_�j�b�f�_�g�l�Z�f�b�� �b�� �k�� �b�a�\�_�k�l�g�u�f�b�� �j�_�r�_�g�b�y�f�b�� �a�Z�^�Z�q�b�� �i�j�b�� �i�h��
�i�_�j�_�q�g�h�c���g�Z�]�j�m�a�d�_���[�_�a���m�q�_�l�Z���h�k�h�[�_�g�g�h�k�l�_�c���d�h�g�l�Z�d�l�Z�� 
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�H�j�l�h�l�j�h�i�g�Z�y�� �p�b�e�b�g�^�j�b�q�_�k�d�Z�y�� �h�[�h�e�h�q�d�Z�� �j�Z�^�b�m�k�h�f��R, 
�l�h�e�s�b�g�h�c��h���� �^�e�b�g�h�c��L���� �g�Z�]�j�m�`�_�g�Z�� �h�k�_�k�b�f�f�_�l�j�b�q�g�u�f�b��
�h�k�_�\�h�c���b���j�Z�^�b�Z�e�v�g�h�c���g�Z�]�j�m�a�d�Z�f�b�����Z���l�Z�d�`�_���g�_�j�Z�\�g�h�f�_�j�g�u�f��
�^�Z�\�e�_�g�b�_�f��qz = q0z1(�[, �T���� �i�h�� �q�Z�k�l�b�� �[�h�d�h�\�h�c�� �i�h�\�_�j�o�g�h�k�l�b����
�]�^�_���[ = x/R �b���T = �m/R �± �i�j�h�^�h�e�v�g�Z�y���b���h�d�j�m�`�g�Z�y���h�l�g�h�k�b�l�_�e�v��
�g�u�_���d�h�h�j�^�b�g�Z�l�u���g�Z���j�b�k�����������<���i�h�e�h�l�g�_���h�[�h�e�h�q�d�b���i�Z�d�_�l���k�e�h��
�_�\�� �d�h�f�i�h�a�b�l�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �\�� �p�_�e�h�f�� �h�j�l�h�l�j�h�i�_�g�� �b�� �h�k�b��
�m�i�j�m�]�h�c���k�b�f�f�_�l�j�b�b���i�Z�j�Z�e�e�_�e�v�g�u���d�h�h�j�^�b�g�Z�l�g�u�f���h�k�y�f�� 

 

 
�J�b�k�����������J�Z�k�q�_�l�g�Z�y���k�o�_�f�Z���h�[�h�e�h�q�d�b���b �\�b�^�u���e�h�d�Z�e�v�g�u�o��

�g�Z�]�j�m�a�h�d�������Z�����±�d�h�k�b�g�m�k�h�b�^�Z�e�v�g�h�]�h���\�b�^�Z�������[�����± 
�e�h�d�Z�e�v�g�h�j�Z�\�g�h�f�_�j�g�Z�y�������\�����± �i�Z�j�Z�[�h�e�b�q�_�k�d�b���j�Z�k�i�j�_�^�_�e�_�g�Z�y����

���]�����± �^�Z�\�e�_�g�b�_���g�Z���g�_�k�d�h�e�v�d�b�o���i�e�h�s�Z�^�d�Z�o 

�I�h�^�d�j�_�i�e�y�x�s�b�_�� �j�_�[�j�Z�� �h�^�g�h�g�Z�i�j�Z�\�e�_�g�g�h�� �Z�j�f�b�j�h�\�Z�g�u��
�b�� �j�Z�k�i�h�e�h�`�_�g�u�� �\�^�h�e�v�� �e�b�g�b�c�� �]�e�Z�\�g�u�o�� �d�j�b�\�b�a�g�� �h�[�h�e�h�q�d�b����
�F�_�o�Z�g�b�q�_�k�d�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���d�Z�`�^�h�]�h���k�e�h�y���i�h�e�h�l�g�Z���h�[�h��
�e�h�q�d�b�� �b�� �j�_�[�_�j�� �h�i�j�_�^�_�e�y�x�l�k�y���� �d�Z�d�� �^�e�y�� �h�^�g�h�g�Z�i�j�Z�\�e�_�g�g�h��
�Z�j�f�b�j�h�\�Z�g�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �>�����@���� �D�h�f�i�h�g�_�g�l�u�� �f�Z�l�j�b�p�u��
�`�_�k�l�d�h�k�l�b�� �^�e�y�� �f�g�h�]�h�k�e�h�c�g�h�]�h�� �i�Z�d�_�l�Z�� �h�i�j�_�^�_�e�_�g�u�� �i�j�b��
�m�k�e�h�\�b�b�� �k�h�\�f�_�k�l�g�h�c�� �j�Z�[�h�l�u�� �k�e�h�_�\�� �[�_�a�� �k�d�h�e�v�`�_�g�b�y�� �>�����@�� �k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �]�b�i�h�l�_�a�� �D�b�j�o�]�h�n�Z-�E�y�\�Z�� �^�e�y�� �h�i�b�k�Z�g�b�y��
�^�_�n�h�j�f�Z�p�b�b�� �h�[�h�e�h�q�d�b���� �M�j�Z�\�g�_�g�b�y�� �m�i�j�m�]�h�]�h�� �j�Z�\�g�h�\�_�k�b�y��
�h�[�h�e�h�q�d�b�� �\�� �p�b�e�b�g�^�j�b�q�_�k�d�h�c�� �k�b�k�l�_�f�_�� �d�h�h�j�^�b�g�Z�l���[, �T, z �a�Z��
�i�b�r�m�l�k�y���\���f�Z�l�j�b�q�g�h�f���\�b�^�_�� 
�� ���� ��������
�]�^�_��W = {u0, v0, w0} T �± �\�_�d�l�h�j-�k�l�h�e�[�_�p�� �i�_�j�_�f�_�s�_�g�b�c�� �h�[�h��
�e�h�q�d�b���^�h���i�h�l�_�j�b���m�k�l�h�c�q�b�\�h�k�l�b���i�h���h�k�y�f���[, �T, z; ZH = {qx, qy, 
qz} T �± �\�_�d�l�h�j���\�g�_�r�g�_�c�� �g�Z�]�j�m�a�d�b����L  = {Lij}, ( i, j = 1, 2, 3) �± 
�f�Z�l�j�b�p�Z���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o���h�i�_�j�Z�l�h�j�h�\�� 
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�� ��������

�]�^�_���^�e�y���f�g�h�]�h�k�e�h�c�g�h�]�h���i�h�e�h�l�g�Z���h�[�h�e�h�q�d�b���k�h�]�e�Z�k�g�h���>�����@�� 

�� ��i, j��� ������������ ��

E1p �b��E2p �± �i�j�b�\�_�^�_�g�g�u�_���f�h�^�m�e�b���m�i�j�m�]�h�k�l�b���k�h�h�l�\�_�l�k�l�\�_�g�g�h��
�i�j�h�^�h�e�v�g�u�o���b���h�d�j�m�`�g�u�o���j�_�[�_�j�����D�h�w�n�n�b�p�b�_�g�l�u���m�i�j�m�]�h�k�l�b��
Bk

ij �^�e�y��k �± �l�h�]�h�� �w�e�_�f�_�g�l�Z�j�g�h�]�h�� �k�e�h�y�� �k�� �l�h�e�s�b�g�h�c��hk �i�h�e�m��
�q�Z�x�l�k�y�� �\�� �j�_�a�m�e�v�l�Z�l�_�� �j�Z�a�j�_�r�_�g�b�y�� �k�b�k�l�_�f�u�� �r�_�k�l�b�� �m�j�Z�\�g�_��
�g�b�c�� �h�[�h�[�s�_�g�g�h�]�h�� �a�Z�d�h�g�Z�� �=�m�d�Z�� �i�j�b�� �k�b�f�f�_�l�j�b�q�g�h�f�� �j�Z�k�i�h��
�e�h�`�_�g�b�b�� �k�e�h�_�\�� �h�l�g�h�k�b�l�_�e�v�g�h�� �k�j�_�^�b�g�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �i�h��
�e�h�l�g�Z���h�[�h�e�h�q�d�b�� 

�I�j�b���m�k�e�h�\�b�b���r�Z�j�g�b�j�g�h�]�h���h�i�b�j�Z�g�b�y���l�h�j�p�h�\���h�[�h�e�h�q�d�b��v0 
= 0; w0 = 0; N0

11 = 0; M0
11 = 0; (�� = 0, L/R�����j�_�r�_�g�b�_���m�j�Z�\�g�_��

�g�b�c�����������f�h�`�_�l���[�u�l�v���g�Z�c�^�_�g�h���\���k�e�_�^�m�x�s�_�f���\�b�^�_�� 

�� ����������

�]�^�_�� �����P��� �������������������«�����Q��� �����������������« 

�� ����������

 - �d�h�w�n�n�b�p�b�_�g�l�u��

�j�Z�a�e�h�`�_�g�b�y�� �\���j�y�^���N�m�j�v�_���\�g�_�r�g�_�c���g�Z�]�j�m�a�d�b���k�� �b�g�l�_�g�k�b�\�g�h��
�k�l�v�x��qz���� �j�Z�k�i�j�_�^�_�e�_�g�g�h�c�� �\�� �i�j�_�^�_�e�Z�o�� �h�[�e�Z�k�l�b��S0 �[�h�d�h�\�h�c��
�i�h�\�_�j�o�g�h�k�l�b���h�[�h�e�h�q�d�b���i�h���a�Z�d�h�g�m��z1(�[, �T); �/n � �������i�j�b��n = 0; 
�/n � �������i�j�b��n �•������ 
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�H�K�H�;�?�G�G�H�K�L�B���D�H�G�L�:�D�L�G�H�=�H���<�A�:�B�F�H�>�?�C�K�L�<�B�Y���I�H�Y�K�:��
�:�F�H�J�L�B�A�:�P�B�B���K���H�;�H�E�H�Q�D�H�C 

�A�g�Z�q�b�l�_�e�v�g�m�x�� �k�e�h�`�g�h�k�l�v�� �j�_�r�_�g�b�y�� �a�Z�^�Z�q�b�� �^�_�n�h�j�f�b�j�h��
�\�Z�g�b�y�� �h�[�h�e�h�q�d�b�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �m�q�_�l�� �d�h�g�l�Z�d�l�g�h�]�h�� �\�a�Z�b�f�h��
�^�_�c�k�l�\�b�y���i�h�y�k�h�\���Z�f�h�j�l�b�a�Z�p�b�b���k���_�z���i�h�\�_�j�o�g�h�k�l�v�x�����J�_�Z�d�p�b�y��
�i�h�y�k�Z�� �Z�f�h�j�l�b�a�Z�p�b�b�� �h�[�j�Z�a�m�_�l�k�y�� �b�a�� �h�l�^�_�e�v�g�u�o�� �m�k�b�e�b�c�� �i�h�^��
�`�Z�l�b�y�� �Z�f�h�j�l�b�a�b�j�m�x�s�b�o�� �w�e�_�f�_�g�l�h�\���� �j�Z�k�k�l�Z�\�e�_�g�g�u�o�� �i�h��
�h�d�j�m�`�g�h�k�l�b�� �h�[�h�c�f�u�� �i�h�y�k�Z�� �\�� �h�i�j�_�^�_�e�_�g�g�h�f�� �i�h�j�y�^�d�_�� �d�Z�d��
�i�h�d�Z�a�Z�g�h�� �g�Z�� �j�b�k���� ���Z���� �=�_�h�f�_�l�j�b�q�_�k�d�b�_�� �h�k�b�� �d�h�j�i�m�k�Z���E�: �b��
�h�[�h�c�f�u�� �i�h�y�k�Z�����a�Z�d�j�_�i�e�_�g�g�h�c���� �g�Z�i�j�b�f�_�j�� �g�Z�� �k�l�_�g�d�_���h�[�h��
�e�h�q�d�b���� �i�j�b�� �h�l�k�m�l�k�l�\�b�b�� �\�g�_�r�g�b�o�� �\�h�a�f�m�s�_�g�b�c�� �k�h�\�i�Z�^�Z�x�l����
�I�j�b�� �i�_�j�_�f�_�s�_�g�b�b���E�:�� �\���h�[�h�e�h�q�d�_ �\�� �i�j�h�p�_�k�k�_���^�\�b�`�_�g�b�y 
�j�Z�k�i�j�_�^�_�e�_�g�b�_�� �j�_�Z�d�p�b�c���i�h�y�k�h�\���i�h�� �[�h�d�h�\�h�c�� �i�h�\�_�j�o�g�h�k�l�b��
�h�[�h�e�h�q�d�b�� �d�h�j�i�m�k�Z�� �h�i�j�_�^�_�e�y�_�l�k�y�� �b�a�� �j�_�r�_�g�b�y �d�h�g�l�Z�d�l�g�h�c��
�a�Z�^�Z�q�b���� �I�h�� �m�k�e�h�\�b�y�f�� �w�d�k�i�e�m�Z�l�Z�p�b�b�� �`�_�k�l�d�h�k�l�g�Z�y�� �o�Z�j�Z�d�l�_��
�j�b�k�l�b�d�Z���Z�f�h�j�l�b�a�Z�l�h�j�h�\�����d�Z�d���\�b�^�g�h���i�h���j�b�k�������Z�����k�m�s�_�k�l�\�_�g�g�h��
�g�_�e�b�g�_�c�g�Z�����Q�Z�k�l�v���_�z���i�h�q�l�b���i�Z�j�Z�e�e�_�e�v�g�Z���h�k�b���i�_�j�_�f�_�s�_�g�b�c����
�W�l�h���a�g�Z�q�b�l�_�e�v�g�h���\�e�b�y�_�l���g�Z�� �i�_�j�_�j�Z�k�i�j�_�^�_�e�_�g�b�_�� �d�h�g�l�Z�d�l�g�h��
�]�h�� �^�Z�\�e�_�g�b�y�� �i�h�� �i�h�\�_�j�o�g�h�k�l�b�� �h�[�h�e�h�q�d�b�� �\�� �i�j�h�p�_�k�k�_�� �g�Z�]�j�m��
�`�_�g�b�y�����>�e�y���j�_�r�_�g�b�y���g�_�e�b�g�_�c�g�h�c���d�h�g�l�Z�d�l�g�h�c���a�Z�^�Z�q�b���i�j�_�^��
�e�Z�]�Z�_�l�k�y�� �Z�e�]�h�j�b�l�f���� �i�j�_�^�k�l�Z�\�e�y�x�s�b�c�� �k�h�q�_�l�Z�g�b�_�� �r�Z�]�h�\�h�c��
�i�j�h�p�_�^�m�j�u �i�h�� �g�Z�]�j�m�a�d�_�� �b�� �b�l�_�j�Z�p�b�h�g�g�h�c�� �i�j�h�p�_�^�m�j�u�� �^�e�y��
�h�i�j�_�^�_�e�_�g�b�y�� �a�h�g�u�� �d�h�g�l�Z�d�l�Z�� �b�� �\�_�e�b�q�b�g�u�� �d�h�g�l�Z�d�l�g�h�]�h�� �^�Z�\��
�e�_�g�b�y�� 

�<�k�e�_�^�k�l�\�b�_�� �f�Z�e�h�k�l�b�� �j�Z�a�f�_�j�h�\�� �d�h�g�l�Z�d�l�g�h�c�� �i�e�Z�g�d�b�� �i�h��
�k�j�Z�\�g�_�g�b�x�� �k�� �j�Z�a�f�_�j�Z�f�b�� �h�[�h�e�h�q�d�b���� �j�Z�k�i�j�_�^�_�e�_�g�b�_�� �d�h�g��
�l�Z�d�l�g�h�c���g�Z�]�j�m�a�d�b���\���i�j�_�^�_�e�Z�o���_�z���i�e�h�s�Z�^�d�b���i�j�b�g�b�f�Z�_�f���j�Z�\��
�g�h�f�_�j�g�u�f���� �D�Z�k�Z�l�_�e�v�g�u�_�� �m�k�b�e�b�y���� �\�h�a�g�b�d�Z�x�s�b�_�� �a�Z�� �k�q�_�l��
�d�m�e�h�g�h�\�k�d�h�]�h�� �l�j�_�g�b�y�� �k�d�h�e�v�`�_�g�b�y���� �k�q�b�l�Z�_�f�� �i�j�h�i�h�j�p�b�h��
�g�Z�e�v�g�u�f�b�� �g�h�j�f�Z�e�v�g�h�f�m���^�Z�\�e�_�g�b�x�� �g�Z�� �i�e�Z�g�d�m�����L�h�]�^�Z���j�Z�^�b��
�Z�e�v�g�Z�y��ql

R �b�� �d�Z�k�Z�l�_�e�v�g�Z�y���2lR �k�h�k�l�Z�\�e�y�x�s�b�_�� �i�h�\�_�j�o�g�h�k�l�g�h�c��
�g�Z�]�j�m�a�d�b���g�Z���h�[�h�e�h�q�d�m���h�l���d�Z�`�^�h�]�h���Z�f�h�j�l�b�a�Z�l�h�j�Z�����d�h�g�l�Z�d�l�b��
�j�m�x�s�_�]�h���k���g�_�c�����a�Z�i�b�r�m�l�k�y���k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�� 

��

�� �� ��������

�A�^�_�k�v����1 = L1/R �b����l �± �[�_�a�j�Z�a�f�_�j�g�u�_�� �h�k�_�\�Z�y�� �b�� �h�d�j�m�`�g�Z�y��
�d�h�h�j�^�b�g�Z�l�u���i�e�Z�g�h�d���Z�f�h�j�l�b�a�Z�l�h�j�h�\������l0 = l0/R �b����l0 - �h�l�g�h�k�b��
�l�_�e�v�g�u�_�� �j�Z�a�f�_�j�u�� �i�e�Z�g�d�b�����ûl

0 = �û0 cos ��l - �i�h�^�`�Z�l�b�_�� �Z�f�h�j��
�l�b�a�Z�l�h�j�Z�� �i�j�b�� �i�_�j�_�f�_�s�_�g�b�b�� �h�[�h�c�f�u�� �i�h�y�k�Z�� �h�l�g�h�k�b�l�_�e�v�g�h��
�h�[�h�e�h�q�d�b�� �d�Z�d�� �`�_�k�l�d�h�]�h�� �p�_�e�h�]�h �g�Z�� �\�_�e�b�q�b�g�m���û0; wl - �j�Z��̂b��
�Z�e�v�g�u�c�� �i�j�h�]�b�[�� �h�[�h�e�h�q�d�b�� �i�h�^�� �p�_�g�l�j�h�f�� �Z�f�h�j�l�b�a�Z�l�h�j�Z�� ���i�h��
�e�h�`�b�l�_�e�v�g�u�c�� �\�� �g�Z�i�j�Z�\�e�_�g�b�b�� �\�g�m�l�j�_�g�g�_�c�� �g�h�j�f�Z�e�b�� �d�� �i�h��
�\�_�j�o�g�h�k�l�b�� �h�[�h�e�h�q�d�b�������ûl = �ûl

0 + wl - �i�h�e�g�h�_�� �i�h�^�`�Z�l�b�_��
�Z�f�h�j�l�b�a�Z�l�h�j�Z�� zl

R - �k�b�e�Z���j�_�Z�d�p�b�b���Z�f�h�j�l�b�a�Z�l�h�j�Z�����a�Z�\�b�k�b�l���h�l��
�i�h�^�`�Z�l�b�y���ûl�����b���h�i�j�_�^�_�e�y�_�l�k�y���i�h���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�c���o�Z�j�Z�d��
�l�_�j�b�k�l�b�d�_���g�Z���j�b�k�������D����f �± �d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y���k�d�h�e�v�`�_�g�b�y����
�d�h�l�h�j�u�c���k�q�b�l�Z�_�l�k�y���g�_���a�Z�\�b�k�y�s�b�f���h�l���k�d�h�j�h�k�l�b���k�d�h�e�v�`�_�g�b�y�� 

�I�h�e�g�Z�y�� �k�m�f�f�Z�j�g�Z�y�� �j�_�Z�d�p�b�y���� �^�_�c�k�l�\�m�x�s�Z�y�� �g�Z�� �h�[�h�e�h�q�d�m��
�\���i�h�i�_�j�_�q�g�h�f���g�Z�i�j�Z�\�e�_�g�b�b�����j�Z�\�g�Z�� 

�� �� ��������

�]�^�_��lc - �d�h�e�b�q�_�k�l�\�h���Z�f�h�j�l�b�a�Z�l�h�j�h�\�����g�Z�o�h�^�y�s�b�o�k�y���\���d�h�g�l�Z�d��
�l�_���k���h�[�h�e�h�q�d�h�c�����i�j�b���ûl, > 0. 

�M�j�Z�\�g�_�g�b�y�� �j�Z�\�g�h�\�_�k�b�y�� �������� �^�e�y�� �h�[�h�e�h�q�d�b�� �k�� �m�q�_�l�h�f�� �d�h�g��
�l�Z�d�l�g�h�c���g�Z�]�j�m�a�d�b���f�h�`�g�h���a�Z�i�b�k�Z�l�v���\���f�Z�l�j�b�q�g�h�c���n�h�j�f�_���k�e�_��
�^�m�x�s�b�f���h�[�j�Z�a�h�f�� 
�� �� ��������
Q�k = (�2Rx, �2Ry, qR) - �\�_�d�l�h�j���d�h�g�l�Z�d�l�g�u�o���g�Z�]�j�m�a�h�d���g�Z���h�[�h�e�h�q��
�d�m�� �k�h�� �k�l�h�j�h�g�u�� �i�h�y�k�Z���� �g�_�e�b�g�_�c�g�u�f�� �h�[�j�Z�a�h�f�� �a�Z�\�b�k�y�s�b�c�� �h�l��
�i�_�j�_�f�_�s�_�g�b�c�� �h�[�h�e�h�q�d�b�� �b�� �m�j�h�\�g�y�� �\�g�_�r �g�_�]�h�� �\�h�a�^�_�c�k�l�\�b�y��
zR�W �g�Z�� �i�h�y�k����L c �± �h�i�_�j�Z�l�h�j���� �o�Z�j�Z�d�l�_�j�b�a�m�x�s�b�c�� �w�l�m�� �a�Z�\�b�k�b��
�f�h�k�l�v�� 

�:�e�]�h�j�b�l�f�� �j�_�r�_�g�b�y�� �a�Z�^�Z�q�b�� �i�h�k�l�j�h�_�g�� �\�� �k�e�_�^�m�x�s�_�c�� �i�h��
�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b�� 

�Z���� �i�m�k�l�v�� �a�Z�^�Z�g�� �\�_�d�l�h�j�� �\�g�_�r�g�b�o�� �g�Z�]�j�m�a�h�d��Z�G �b�� �m�j�h�\�_�g�v��
�\�g�_�r�g�_�]�h�� �\�h�a�^�_�c�k�l�\�b�y�� �g�Z�� �i�h�y�k�� �Z�f�h�j�l�b�a�Z�p�b�b��zR�W ���_�]�h�� �i�h�e��
�g�Z�y���k�m�f�f�Z�j�g�Z�y���j�_�Z�d�p�b�y�������<���g�Z�q�Z�e�v�g�h�f���i�j�b�[�e�b�`�_�g�b�b���m�j�Z�\��
�g�_�g�b�y�����������j�_�r�Z�x�l�k�y���i�j�b���d�h�k�b�g�m�k�h�b�^�Z�e�v�g�h�f���j�Z�k�i�j�_�^�_�e�_�g�b�b��
�i�h�i�_�j�_�q�g�h�c���g�Z�]�j�m�a�d�b���[�_�a���m�q�_�l�Z���_�z���d�h�g�l�Z�d�l�g�h�]�h���o�Z�j�Z�d�l�_�j�Z�� 
�� �� ��

�[�����i�j�b �a�Z�^�Z�g�g�h�c�� �k�m�f�f�Z�j�g�h�c�� �j�_�Z�d�p�b�b��zR�W���� �k�q�b�l�Z�y�� �h�[�h��
�e�h�q�d�m�� �Z�[�k�h�e�x�l�g�h�� �`�_�k�l�d�h�c���� �h�i�j�_�^�_�e�b�f�� �k�f�_�s�_�g�b�_�� �i�h�y�k�Z�� �g�Z��
�i�_�j�\�h�f���r�Z�]�_���û01�����i�j�h�[�g�m�x���a�h�g�m���d�h�g�l�Z�d�l�Z��lc1 �b���d�h�g�l�Z�d�l�g�m�x��
�j�_�Z�d�p�b�x�� �g�Z�� �d�Z�`�^�h�f�� �Z�f�h�j�l�b�a�Z�l�h�j�_�� ��zl

R������ �>�e�y�� �w�l�h�]�h���� �i�j�b��
�g�Z�q�Z�e�v�g�h�f�� �k�f�_�s�_�g�b�b�� �i�h�y�k�Z���û01���� �h�i�j�_�^�_�e�y�_�f�� �i�h�^�`�Z�l�b�_��
�Z�f�h�j�l�b�a�Z�l�h�j�h�\���û1

01 = �û01 cos ��l���� �I�j�h�\�_�j�y�y�� �^�e�y�� �d�Z�`�^�h�]�h�� �b�a��
�g�b�o�� �d�h�g�l�Z�d�l�g�u�_�� �m�k�e�h�\�b�y�� ���������� �g�Z�o�h�^�b�f�� �i�h�� �`�_�k�l�d�h�k�l�g�h�c�� �o�Z��
�j�Z�d�l�_�j�b�k�l�b�d�_�����j�b�k�������Z�����^�_�c�k�l�\�m�x�s�b�_���m�k�b�e�b�y����zl

R)1�����d�h�e�b�q�_��
�k�l�\�h���Z�f�h�j�l�b�a�Z�l�h�j�h�\�����g�Z�o�h�^�y�s�b�o�k�y���\�� �d�h�g�l�Z�d�l�_���k���h�[�h�e�h�q�d�h�c��
lc1 �b���k�m�f�f�Z�j�g�m�x���j�_�Z�d�p�b�x��zR1 �i�h���n�h�j�f�m�e�_�������������W�l�Z���i�j�h�p�_�^�m��
�j�Z���i�h�\�l�h�j�y�_�l�k�y���i�j�b���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�f�� �m�\�_�e�b�q�_�g�b�b���k�f�_�s�_��
�g�b�y�� �i�h�y�k�Z�� �k�� �g�_�d�h�l�h�j�u�f�� �r�Z�]�h�f���/�û0 �§�� �����������û0 �^�h�� �l�_�o�� �i�h�j����
�i�h�d�Z���g�Z���h�q�_�j�_�^�g�h�f���r�Z�]�_����k���������a�g�Z�q�_�g�b�_����zR)k+1 �g�_���i�j�_�\�u�k�b�l��
zR�W���� �A�Z�l�_�f�� �a�g�Z�q�_�g�b�y���ûl, zl

R �b��lc �m�l�h�q�g�y�x�l�k�y���� �g�Z�i�j�b�f�_�j���� �f�_��
�l�h�^�h�f���i�h�e�h�\�b�g�g�h�]�h���^�_�e�_�g�b�y���r�Z�]�Z���/�û0; 

�\�����^�e�y���h�i�j�_�^�_�e�_�g�b�y���\�_�d�l�h�j�Z���i�_�j�_�f�_�s�_�g�b�c���b�a���m�j�Z�\�g�_�g�b�y��
�������� �b�� �d�h�j�j�_�d�l�b�j�h�\�d�b�� �d�h�g�l�Z�d�l�g�h�c�� �g�Z�]�j�m�a�d�b�� �k�� �m�q�_�l�h�f�� �w�l�b�o��
�i�_�j�_�f�_�s�_�g�b�c���n�h�j�f�b�j�m�_�l�k�y���b�l�_�j�Z�p�b�h�g�g�u�c���i�j�h�p�_�k�k�� 

�� �� ��������

�G�Z�� �d�Z�`�^�h�c�� �b�l�_�j�Z�p�b�b�� �������� �i�j�h�\�h�^�b�l�k�y�� �i�j�h�\�_�j�d�Z�� �\�k�_�o�� �\�h�a��
�f�h�`�g�u�o���a�h�g���d�h�g�l�Z�d�l�Z���i�h���m�k�e�h�\�b�y�f�����������b���h�i�j�_�^�_�e�_�g�b�_���d�h�g��
�l�Z�d�l�g�h�c�� �j�_�Z�d�p�b�b�� �Z�f�h�j�l�b�a�Z�l�h�j�h�\��zl

R �\�� �w�l�b�o�� �a�h�g�Z�o�� �i�h�� �`�_�k�l��
�d�h�k�l�g�h�c�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�_�� �j�b�k���� ���Z���� �B�l�_�j�Z�p�b�b�� �i�j�_�d�j�Z�s�Z�x�l�k�y��
�i�h���m�k�e�h�\�b�x�� 
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��  �0 �± �a�Z�^�Z�g�g�Z�y���l�h�q�g�h�k�l�v���\�u�q�b�k�e�_�g�b�c���� ��

�]���� �l�Z�d�� �d�Z�d�� �j�_�Z�d�p�b�y�� �i�h�y�k�Z�� �Z�f�h�j�l�b�a�Z�p�b�b�� �a�Z�\�b�k�b�l�� �g�_�e�b��
�g�_�c�g�h�� �h�l�� �k�f�_�s�_�g�b�c�� �k�b�k�l�_�f�u���� �l�h�� �_�_�� �a�g�Z�q�_�g�b�_��zR1���� �\�u�q�b�k��
�e�_�g�g�h�_�� �k�� �m�q�_�l�h�f�� �^�_�n�h�j�f�Z�p�b�c�� �h�[�h�e�h�q�d�b�� �g�Z�� �i�_�j�\�h�f�� �r�Z�]�_��
�j�Z�k�q�_�l�Z���� �[�m�^�_�l�� �h�l�e�b�q�Z�l�v�k�y�� �h�l�� �a�Z�^�Z�g�g�h�]�h��zR�W���� �H�i�j�_�^�_�e�b�\��
�g�_�\�y�a�d�m���/z1 = zR�W �± zR1���� �i�h�� �_�_�� �\�_�e�b�q�b�g�_�� �b�� �a�g�Z�d�m�� �f�h�`�g�h�� �k�m��
�^�b�l�v���� �\�� �d�Z�d�h�c�� �k�l�_�i�_�g�b�� �©�i�_�j�_�]�j�m�`�_�g�Z�ª�� �b�e�b�� �©�g�_�^�h�]�j�m�`�_�g�Z�ª��
�h�[�h�e�h�q�d�Z���g�Z�]�j�m�a�d�h�c���i�_�j�\�h�]�h���r�Z�]�Z�����K�� �m�q�_�l�h�f���\�u�q�b�k�e�_�g�g�h�c��
�g�_�\�y�a�d�b�� �g�Z�c�^�_�f�� �g�Z�]�j�m�a�d�m���k�e�_�^�m�x�s�_�]�h���r�Z�]�Z��zR1 = zR�W + �/z1, 
�b���� �i�h�\�l�h�j�y�y�� �\�u�q�b�k�e�_�g�b�y�� �k�� �i�m�g�d�l�Z�� ���[������ �i�h�e�m�q�b�f�� �g�h�\�u�_�� �a�g�Z��
�q�_�g�b�y�� �d�h�f�i�h�g�_�g�l�� �\�_�d�l�h�j�Z�� �i�_�j�_�f�_�s�_�g�b�y�� �:2 �b�� �j�_�Z�d�p�b�b��zR2. 
�<�u�q�b�k�e�_�g�b�y�� �i�h�\�l�h�j�y�x�l�k�y�� �^�h�� �l�_�o�� �i�h�j���� �i�h�d�Z�� �g�_�\�y�a�d�Z�� �i�h��
�k�m�f �f�Z�j�g�h�c�� �d�h�g�l�Z�d�l�g�h�c�� �j�_�Z�d�p�b�b�� �g�Z�� �h�q�_�j�_�^�g�h�f�� �r�Z�]�_�� �g�_��
�k�l�Z�g�_�l���f�_�g�v�r�_���i�j�b�g�y�l�h�c���l�h�q�g�h�k�l�b���\�u�q�b�k�e�_�g�b�y���g�Z�]�j�m�a�d�b�� 

�<�� �j�_�Z�e�v�g�u�o�� �m�k�e�h�\�b�y�o�� �d�Z�k�Z�l�_�e�v�g�u�_�� �d�h�f�i�h�g�_�g�l�u�� �d�h�g��
�l�Z�d�l�g�h�]�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���2R �a�g�Z�q�b�l�_�e�v�g�h���f�_�g�v�r�_���j�Z�^�b�Z�e�v��
�g�h�c���k�h�k�l�Z�\�e�y�x�s�_�c��qR �b���b�f�b���f�h�`�g�h���i�j�_�g�_�[�j�_�q�v�����L�h�]�^�Z���d�h��
�w�n�n�b�p�b�_�g�l�u�� �j�Z�a�e�h�`�_�g�b�y�� �\�� �j�y�^�� �N�m�j�v�_�� �d�h�g�l�Z�d�l�g�h�c�� �g�Z�]�j�m�a��
�d�b���������� 

�� �� ��

�b�f�_�x�l���k�e�_�^�m�x�s�b�c���\�b�^�� 

�� �� ��

�� �� �� ��

�]�^�_��lc - �d�h�e�b�q�_�k�l�\�h���i�e�Z�g�h�d�����Z�f�h�j�l�b�a�Z�l�h�j�h�\�������g�Z�o�h�^�y�s�b�o�k�y���\��
�d�h�g�l�Z�d�l�_���k���h�[�h�e�h�q�d�h�c���g�Z���^�Z�g�g�h�f���r�Z�]�_���b�l�_�j�Z�p�b�b�� 

�I�j�h�]�j�Z�f�f�g�u�c�� �\�u�o�h�^�� �b�a�� �p�b�d�e�h�\�� �k�m�f�f�b�j�h�\�Z�g�b�y�� �\�u�q�b�k��
�e�_�g�b�y���j�y�^�h�\���d�h�g�l�Z�d�l�g�h�c���g�Z�]�j�m�a�d�b�����Z���l�Z�d�`�_���i�_�j�_�f�_�s�_�g�b�c���b��
�g�Z�i�j�y�`�_�g�b�c�� �h�[�h�e�h�q�d�b�� ��w, u, v, �11, �12���� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �i�j�b��
�^�h�k�l�b�`�_�g�b�b���a�Z�^�Z�g�g�h�c���l�h�q�g�h�k�l�b�����h�[�u�q�g�h���������������i�j�b���k�j�Z�\�g�_��
�g�b�b�� �k�m�f�f�u�� �^�_�k�y�l�b�� �q�e�_�g�h�\�� �h�k�l�Z�l�d�Z�� �j�y�^�Z�� �k�� �\�_�e�b�q�b�g�h�c�� �m�`�_��
�g�Z�d�h�i�e�_�g�g�h�c���k�m�f�f�u�� 

�>�e�y�� �i�h�^�l�\�_�j�`�^�_�g�b�y�� �^�h�k�l�h�\�_�j�g�h�k�l�b���j�Z�k�q�_�l�g�h�c �f�h�^�_�e�b��
�i�j�h�\�_�^�_�g�u�� �b�k�i�u�l�Z�g�b�y�� �\�Z�n�_�e�v�g�h�c�� �h�[�h�e�h�q�d�b�� �k�� �i�j�h�^�h�e�v�g�h-
�i�h�i�_�j�_�q�g�u�f���g�Z�[�h�j�h�f���j�_�[�_�j���i�j�y�f�h�m�]�h�e�v�g�h�]�h���k�_�q�_�g�b�y���� �F�h��
�^�m�e�v�� �m�i�j�m�]�h�k�l�b�� �k�i�e�Z�\�Z��E = 4,5�î104 �F�I�Z������ � �� ���������� �=�_�h�f�_�l��
�j�b�q�_�k�d�b�_�� �i�Z�j�Z�f�_�l�j�u�� �h�[�h�e�h�q�d�b�� �b�� �j�_�[�_�j����R/h = 575; L/R = 
1,4; �% = 1+h�j/h = 6,5; h1 = h2 = h�j; �31 = 2�Œ�V/a = 0,396; �32 = 
2�Œ�F/b � �����������������G�b�`�g�b�c���l�h�j�p�_�\�h�c���r�i�Z�g�]�h�m�l���h�[�h�e�h�q�d�b���`�z�k�l��
�d�h�� �a�Z�d�j�_�i�e�z�g�� �g�Z�� �i�e�b�l�_�� �b�k�i�u�l�Z�l�_�e�v�g�h�]�h�� �k�l�_�g�^�Z���� �H�k�_�\�Z�y��
�k�`�b�f�Z�x�s�Z�y�� �k�b�e�Z��N1 �i�_�j�_�^�Z�\�Z�e�Z�k�v�� �g�Z�� �\�_�j�o�g�b�c�� �r�i�Z�g�]�h�m�l��
�q�_�j�_�a�� �`�_�k�l�d�m�x�� �d�j�u�r�d�m���� �I�h�i�_�j�_�q�g�Z�y�� �g�Z�]�j�m�a�d�Z��zR�W �i�j�b�d�e�Z��
�^�u�\�Z�e�b���i�h�k�_�j�_�^�b�g�_�� �h�[�h�e�h�q�d�b�� ��L1 � �� �������� �f�f�����i�j�b���i�h�i�_�j�_�q��
�g�u�f���k�f�_�s�_�g�b�_�f���h�[�h�c�f�u���i�h�y�k�Z�����:�f�h�j�l�b�a�b�j�m�x�s�b�_���w�e�_�f�_�g��
�l�u���a�Z�d�j�_�i�e�_�g�u���\���h�[�h�c�f�_���k���j�Z�\�g�h�f�_�j�g�u�f �r�Z�]�h�f�����ƒ�����J�Z�a�f�_��
�j�u�� �d�h�g�l�Z�d�l�g�u�o�� �i�e�Z�g�h�d�� �Z�f�h�j�l�b�a�Z�l�h�j�h�\����0R�î��0R � �� �������î��������
�f�f���� �I�_�j�_�f�_�s�_�g�b�y�� �h�[�h�e�h�q�d�b�� �b�� �h�[�h�c�f�u�� �i�h�y�k�Z�� �b�a�f�_�j�y�e�b�k�v��
�^�Z�l�q�b�d�Z�f�b���k���i�h�]�j�_�r�g�h�k�l�v�x 6%. 

�G�Z�� �j�b�k���� ���� �i�h�d�Z�a�Z�g�h�� �i�h�e�_�� �j�Z�a�[�j�h�k�Z�� �k�b�e�h�\�h�c�� �o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�b�� �Z�f�h�j�l�b�a�Z�l�h�j�h�\�� ���Z���� �b�� �j�Z�k�i�j�_�^�_�e�_�g�b�_�� �j�Z�k�q�_�l�g�u�o�� �d�h�g��
�l�Z�d�l�g�u�o���m�k�b�e�b�c���i�h �h�[�h�e�h�q�d�_ ���[�����\���h�d�j�m�`�g�h�f���g�Z�i�j�Z�\�e�_�g�b�b����
�A�^�_�k�v�� �`�_, �^�e�y�� �k�j�Z�\�g�_�g�b�y, �i�m�g�d�l�b�j�h�f�� �b�� �l�h�q�_�q�g�h�c�� �e�b�g�b�_�c��
�i�j�b�\�_�^�_�g�h�� �d�h�k�b�g�m�k�h�b�^�Z�e�v�g�h�_�� �b�� �j�Z�\�g�h�f�_�j�g�h�_ �j�Z�k�i�j�_�^�_�e�_��
�g�b�_�� �m�k�b�e�b�c�� �g�Z�� �Z�f�h�j�l�b�a�Z�l�h�j�Z�o�� �i�j�b�� �h�^�b�g�Z�d�h�\�h�c�� �j�Z�\�g�h�^�_�c��
�k�l�\�m�x�s�_�c�� �j�_�Z�d�p�b�b�� �i�h�y�k�Z��zR�W. �<�b�^�g�h���� �q�l�h �j�Z�k�i�j�_�^�_�e�_�g�b�_��
�d�h�g�l�Z�d�l�g�h�c�� �g�Z�]�j�m�a�d�b�� �\�� �k�_�q�_�g�b�b�� �h�[�h�e�h�q�d�b�� �i�h�� �d�h�k�b�g�m�k�h�b��

�^�Z�e�v�g�h�f�m�� �a�Z�d�h�g�m���� �h�[�u�q�g�h�� �i�j�b�g�b�f�Z�_�f�h�f�m�� �\�� �j�Z�k�q�_�l�Z�o�� �>�����@����
�^�h�i�m�k�l�b�f�h���e�b�r�v���g�Z���g�b�a�d�b�o���m�j�h�\�g�y�o���g�Z�]�j�m�`�_�g�b�y�� 

�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �a�g�Z�q�_�g�b�y�� �i�_�j�_�f�_�s�_�g�b�y�� �h�[�h�e�h�q�d�b��
�\���k�j�_�^�g�_�f���_�z���k�_�q�_�g�b�b�����i�h�^���k�_�j�_�^�b�g�h�c���i�h�y�k�Z�����k�j�Z�\�g�b�\�Z�x�l�k�y��
�k���j�Z�k�q�_�l�g�u�f�b���g�Z���j�b�k�������� 

 
�J�b�k�����������K�b�e�h�\�Z�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���Z�f�h�j�l�b�a�Z�l�h�j�h�\�����Z�����b��
�j�Z�k�i�j�_�^�_�e�_�g�b�_���d�h�g�l�Z�d�l�g�h�c���g�Z�]�j�m�a�d�b���\���i�h�i�_�j�_�q�g�h�f��

�k�_�q�_�g�b�b���h�[�h�e�h�q�d�b�����[): 1 �± �h�[�h�c�f�Z���i�h�y�k�Z���������± 
�Z�f�h�j�l�b�a�Z�l�h�j�u; 3 �± �h�[�h�e�h�q�d�Z 

 

�J�b�k����3�����J�Z�^�b�Z�e�v�g�u�c���i�j�h�]�b�[���i�h�i�_�j�_�q�g�h�]�h���k�_�q�_�g�b�y���h�[�h�e�h�q�d�b��
�i�h�^���k�_�j�_�^�b�g�h�c���i�h�y�k�Z���Z�f�h�j�l�b�a�Z�p�b�b 

�K�h�\�i�Z�^�_�g�b�_�� �j�Z�k�q�_�l�g�h�]�h�� �i�j�h�]�b�[�Z��w �\�� �i�h�i�_�j�_�q�g�h�f�� �k�_�q�_��
�g�b�b�� �h�[�h�e�h�q�d�b�� �g�Z�� �j�b�k���� ���� �k�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �b�k�i�u�l�Z�g�b�c�� �i�h�^��
�l�\�_�j�`�^�Z�_�l���Z�^�_�d�\�Z�l�g�h�k�l�v���i�j�b�g�y�l�h�c���j�Z�k�q�_�l�g�h�c���f�h�^�_�e�b�� 

�J�?�R�?�G�B�?���M�J�:�<�G�?�G�B�C���M�K�L�H�C�Q�B�<�H�K�L�B 

�>�e�y�� �h�p�_�g�d�b�� �m�k�l�h�c�q�b�\�h�k�l�b���m�i�j�m�]�h�]�h�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y 
�k�h�k�l�h�y�g�b�y�� �h�[�h�e�h�q�d�b���b�k�i�h�e�v�a�m�_�l�k�y���k�b�k�l�_�f�Z �m�j�Z�\�g�_�g�b�c��
�g�_�c�l�j�Z�e�v�g�h�]�h���j�Z�\�g�h�\�_�k�b�y���>�����@�� 
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�� �� ����������

�A�^�_�k�v��  

 �i�j�b�� ; 

; 

w0; N0
11; N0

22 �b��N0
12 �± �i�j�h�]�b�[���b���\�g�m�l�j�_�g�g�b�_���m�k�b�e�b�y���m�i�j�m�]�h��

�]�h���^�h�d�j�b�l�b�q�_�k�d�h�]�h�� �k�h�k�l�h�y�g�b�y �h�[�h�e�h�q�d�b����w �b��F �± �n�m�g�d�p�b�b��
�i�j�h�]�b�[�Z�� �b�� �\�g�m�l�j�_�g�g�b�o�� �m�k�b�e�b�c�� �^�e�y�� �h�[�h�e�h�q�d�b�� �\�� �f�h�f�_�g�l�� �i�h��
�l�_�j�b�� �m�k�l�h�c�q�b�\�h�k�l�b���� �I�j�b�� �w�l�h�f�� �m�k�b�e�b�y�� �\�u�j�Z�`�_�g�u�� �k�h�h�l�g�h��
�r�_�g�b�y�f�b�� 

; ; . 

�K�q�b�l�Z�y�� �h�[�h�e�h�q�d�m�� �\�� �f�h�f�_�g�l�� �i�h�l�_�j�b�� �m�k�l�h�c�q�b�\�h�k�l�b�� �r�Z�j��
�g�b�j�g�h�� �h�i�_�j�l�h�c���� �j�_�r�_�g�b�_�� �k�b�k�l�_�f�u�� �m�j�Z�\�g�_�g�b�c�� ���������� �h�i�j�_�^�_��
�e�y�_�f���\���\�b�^�_�� 

����������

�J�_�r�Z�y �m�j�Z�\�g�_�g�b�y�� ��10���� �f�_�l�h�^�h�f�� �;�m�[�g�h�\�Z-�=�Z�e�_�j�d�b�g�Z�� �b��
�b�k�d�e�x�q�Z�y�� �g�_�b�a�\�_�k�l�g�u�_��Fi,j �i�h�e�m�q�b�f�� �k�b�k�l�_�f�m�� �h�^�g�h�j�h�^�g�u�o��
�Z�e�]�_�[�j�Z�b�q�_�k�d�b�o���m�j�Z�\�g�_�g�b�c���h�l�g�h�k�b�l�_�e�v�g�h��wij: 

�� �� ����������

�A�^�_�k�v��   

��

��

�� �� ����������

��

��

��

��

�]�^�_��  

�� �� ��

�i�j�b���a�g�Z�q�_�g�b�y�o��x = 0, n, 2n; 

�� �� ��

�� �� ��

�� �� ��

�� �� ��

�i�j�b�� ; 

�� �� ��

�û, �û31, �û32, �û33 �± �h�i�j�_�^�_�e�b�l�_�e�v���b���f�b�g�h�j�u�����k�h�k�l�Z�\�e�_�g�g�u�_���b�a��
�d�h�w�n�n�b�p�b�_�g�l�h�\���������� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �a�Z�^�Z�q�Z�� �k�\�_�e�Z�k�v�� �d�� �h�l�u�k�d�Z�g�b�x�� �f�b�g�b��

�f�Z�e�v�g�h�]�h�� �a�g�Z�q�_�g�b�y�� �k�h�[�k�l�\�_�g�g�h�]�h���i�Z�j�Z�f�_�l�j�Z�� �h�^�g�h�j�h�^��
�g�h�c���k�b�k�l�_�f�u���Z�e�]�_�[�j�Z�b�q�_�k�d�b�o���m�j�Z�\�g�_�g�b�c������������ 

�M�k�e�h�\�b�_�f���k�m�s�_�k�l�\�h�\�Z�g�b�y�� �g�_�l�j�b�\�b�Z�e�v�g�h�]�h���j�_�r�_�g�b�y���k�b��
�k�l�_�f�u�������������y�\�e�y�_�l�k�y���\�u�i�h�e�g�_�g�b�_���j�Z�\�_�g�k�l�\�Z 

�� �� ����������

�]�^�_�� ;  - � �̂b�Z�]�h�g�Z�e�v�g�Z�y�� �f�Z�l�j�b�p�Z���� �Z��

 �b��  - �f�Z�l�j�b�p�u���� �k�h�k�l�Z�\�e�_�g�g�u�_�� �b�a��

�d�h�w�n�n�b�p�b�_�g�l�h�\�� ���������� �k�b�k�l�_�f�u�� ������������ �D�j�b�l�b�q�_�k�d�b�c�� �i�Z�j�Z�f�_�l�j��

�g�Z�]�j�m�a�d�b��*���� �g�Z�o�h�^�b�l�k�y�� �d�Z�d�� �\�_�e�b�q�b�g�Z���� �h�[�j�Z�l�g�Z�y�� �g�Z�b�[�h�e�v��

�r�_�f�m���d�h�j�g�x���O* �o�Z�j�Z�d�l�_�j�b�k�l�b�q�_�k�d�h�]�h���m�j�Z�\�g�_�g�b�y���������������K�h�[��
�k�l�\�_�g�g�u�c���\�_�d�l�h�j { wij} �����k�h�h�l�\�_�l�k�l�\�m�x�s�b�c���w�l�h�f�m���a�g�Z�q�_�g�b�x����
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�h�i�j�_�^�_�e�y�_�l�� �a�Z�d�j�b�l�b�q�_�k�d�m�x�� �d�h�g�n�b�]�m�j�Z�p�b�x�� �k�j�_�^�b�g�g�h�c�� �i�h��
�\�_�j�o�g�h�k�l�b���h�[�h�e�h�q�d�b�� 

�I�j�b�� �q�b�k�e�_�g�g�h�f�� �j�_�r�_�g�b�b�� �m�j�Z�\�g�_�g�b�c�� ���������� �j�Z�k�k�f�Z�l�j�b�\�Z��
�e�b�k�v�� �f�Z�l�j�b�p�u�� �d�h�g�_�q�g�h�]�h�� �i�h�j�y�^�d�Z���� �d�h�l�h�j�u�c�� �m�\�_�e�b�q�b�\�Z�e�k�y��
� �̂h�� �l�_�o�� �i�h�j���� �i�h�d�Z�� �a�g�Z�q�_�g�b�_���O* �g�_�� �k�l�Z�[�b�e�b�a�b�j�h�\�Z�e�h�k�v�� �\�� �i�j�_��
�^�_�e�Z�o�� �a�Z�^�Z�g�g�h�c�� �l�h�q�g�h�k�l�b���� �G�Z�� �d�Z�`�^�h�f�� �l�Z�d�h�f�� �r�Z�]�_���O* �b�� �k�h��
�h�l�\�_�l�k�l�\�m�x�s�b�c�� �_�f�m�� �k�h�[�k�l�\�_�g�g�u�c�� �\�_�d�l�h�j�� �^wij�`�� �h�i�j�_�^�_�e�y��
�e�b�k�v�� �f�_�l�h�^�h�f�� �k�l�_�i�_�g�g�u�o�� �b�l�_�j�Z�p�b�c�� �b�� �i�j�h�\�_�j�y�e�b�k�v�� �i�h��
�k�f�_�g�_���a�g�Z�d�Z���h�i�j�_�^�_�e�b�l�_�e�y������������ 

�:�e�]�h�j�b�l�f�� �m�l�h�q�g�_�g�b�y �d�j�b�l�b�q�_�k�d�h�]�h�� �a�g�Z�q�_�g�b�y�� �g�Z�]�j�m�a�d�b��
�k�� �m�q�_�l�h�f�� �_�z�� �d�h�g�l�Z�d�l�g�h�]�h�� �o�Z�j�Z�d�l�_�j�Z�� �Z�g�Z�e�h�]�b�q�_�g�� �i�j�_�^�k�l�Z�\��
�e�_�g�g�h�f�m�� �\�u�r�_�� �i�j�b�� �j�_�r�_�g�b�b�� �m�j�Z�\�g�_�g�b�c�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y 
(8)�����I�j�b���w�l�h�f���a�g�Z�q�_�g�b�_���g�Z�]�j�m�a�d�b��zR�W �g�_���a�Z�^�Z�_�l�k�y�����Z���h�i�j�_�^�_��
�e�y�_�l�k�y�� �d�Z�d�� �d�j�b�l�b�q�_�k�d�h�_�� �a�g�Z�q�_�g�b�_��zR �d�j�� �b�a�� �j�_�r�_�g�b�y�� �a�Z�^�Z�q�b��
�m�k�l�h�c�q�b�\�h�k�l�b������������ 

�K�J�:�<�G�?�G�B�?���D�J�B�L�B�Q�?�K�D�B�O �G�:�=�J�M�A�H�D���K���B�A�<�?�K�L�G�U�F�B��
�L�?�H�J�?�L�B�Q�?�K�D�B�F�B���B���W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�U�F�B���>�:�G�G�U�F�B 

�>�e�y�� �i�h�^�l�\�_�j�`�^�_�g�b�y�� �Z�^�_�d�\�Z�l�g�h�k�l�b���j�Z�k�q�_�l�g�h�c �f�h�^�_�e�b��
�i�j�_�^�k�l�Z�\�e�_�g�h�� �k�j�Z�\�g�_�g�b�_���d�j�b�l�b�q�_�k�d�h�c�� �g�Z�]�j�m�a�d�b���k�� �b�a�\�_�k�l��
�g�u�f�b�� �i�h�� �e�b�l�_�j�Z�l�m�j�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�b�� �b�� �l�_�h�j�_�l�b�q�_��
�k�d�b�f�b���^�Z�g�g�u�f�b�����L�Z�d�b�o���^�Z�g�g�u�o���h�i�m�[�e�b�d�h�\�Z�g�h���h�l�g�h�k�b�l�_�e�v��
�g�h�� �g�_�f�g�h�]�h���� �:�\�l�h�j�u�� �h�l�f�_�q�Z�x�l�� �l�_�o�g�b�q�_�k�d�m�x�� �k�e�h�`�g�h�k�l�v��
�b�f�b�l�Z�p�b�b�� �g�_�h�k�_�k�b�f�f�_�l�j�b�q�g�u�o�� �g�Z�]�j�m�a�h�d�� �i�j�b�� �b�k�i�u�l�Z�g�b�y�o��
�d�h�g�k�l�j�m�d�p�b�b�� 

�J�_�r�_�g�b�y�� �f�_�l�h�^�h�f�� �d�h�g�_�q�g�u�o�� �j�Z�a�g�h�k�l�_�c�� �]�_�h�f�_�l�j�b�q�_�k�d�b��
�g�_�e�b�g�_�c�g�h�c�� �a�Z�^�Z�q�b���� �Z�� �l�Z�d�`�_�� �a�Z�^�Z�q�b�� �m�k�l�h�c�q�b�\�h�k�l�b�� �g�_�e�b��
�g�_�c�g�h�]�h���^�h�d�j�b�l�b�q�_�k�d�h�]�h���k�h�k�l�h�y�g�b�y���h�[�h�e�h�q�d�b���^�e�y���q�Z�k�l�g�h�]�h��
�k�e�m�q�Z�y�� �e�h�d�Z�e�v�g�h-�j�Z�\�g�h�f�_�j�g�h�� �g�Z�]�j�m�a�d�b���± �i�h�e�h�k�h�\�h�]�h��
�g�Z�]�j�m�`�_�g�b�y���± �i�j�_�^�k�l�Z�\�e�_�g�u���\���j�Z�[�h�l�Z�o���>�����������@�����K�j�Z�\�g�b�f���w�l�b��
�j�_�r�_�g�b�y�� �k�� �g�Z�r�b�f�b�� �j�_�a�m�e�v�l�Z�l�Z�f�b�� �j�Z�k�q�_�l�Z�� �d�j�b�l�b�q�_�k�d�b�o��
�g�Z�]�j�m�a�h�d�� �k�� �m�q�_�l�h�f�� �f�h�f�_�g�l�g�h�k�l�b�� �^�h�d�j�b�l�b�q�_�k�d�h�]�h�� �k�h�k�l�h�y��
�g�b�y���h�[�h�e�h�q�d�b���i�h���e�b�g�_�c�g�h�c���l�_�h�j�b�b (12)�����W�l�h���k�j�Z�\�g�_�g�b�_���l�_�f��
�[�h�e�_�_�� �b�g�l�_�j�_�k�g�h���� �q�l�h�� �j�_�r�_�g�b�y�� �i�h�e�m�q�_�g�u�� �j�Z�a�e�b�q�g�u�f�b�� �f�_��
�l�h�^�Z�f�b�� �b�� �f�h�]�m�l�� �[�u�l�v�� �k�h�i�h�k�l�Z�\�e�_�g�u�� �k�� �b�a�\�_�k�l�g�u�f�b�� �w�d�k�i�_��
�j�b�f�_�g�l�Z�e�v�g�u�f�b���^�Z�g�g�u�f�b�����>�������������@�� 

�G�Z���j�b�k���������i�h�d�Z�a�Z�g�h���b�a�f�_�g�_�g�b�_���d�j�b�l�b�q�_�k�d�h�]�h���g�_�k�b�f�f�_�l��
�j�b�q�g�h�]�h �^�Z�\�e�_�g�b�y��q* �b�� �h�l�g�h�k�b�l�_�e�v�g�h�]�h�� �i�Z�j�Z�f�_�l�j�Z�� �d�j�b�l�b��
�q�_�k�d�h�]�h�� �^�Z�\�e�_�g�b�y��k0 = q* / q*

0 �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �m�]�e�h�\�h�]�h��
�j�Z�a�f�_�j�Z���i�e�h�s�Z�^�d�b���g�Z�]�j�m�`�_�g�b�y���T0.  

�A�^�_�k�v��q*
0 �± �d�j�b�l�b�q�_�k�d�h�_�� �a�g�Z�q�_�g�b�_�� �h�k�_�k�b�f�f�_�l�j�b�q�g�h�]�h��

�[�h�d�h�\�h�]�h�� �^�Z�\�e�_�g�b�y���� �D�j�b�\�u�_�� �D�E�� �i�h�e�m�q�_�g�u�� �b�a�� �j�Z�k�q�_�l�Z�� �d�j�b��
�l�b�q�_�k�d�b�o�� �g�Z�]�j�m�a�h�d�� �\ �j�Z�f�d�Z�o�� �d�e�Z�k�k�b�q�_�k�d�h�]�h�� �i�h�^�o�h�^�Z�� �W�c�e�_��
�j�Z���� �d�j�b�\�u�_�� �E���± �i�j�b�� �e�b�g�_�c�g�h�f�� �^�h�d�j�b�l�b�q�_�k�d�h�f�� �k�h�k�l�h�y�g�b�b��
������������ �d�j�b�\�u�_�� �G�E���± �i�j�b�� �g�_�e�b�g�_�c�g�h�f�� �^�h�d�j�b�l�b�q�_�k�d�h�f�� �k�h�k�l�h��
�y�g�b�b���>�����@�����G���± �i�j�_�^�_�e�v�g�u�_���g�Z�]�j�m�a�d�b���b�a���j�_�r�_�g�b�y���]�_�h�f�_�l�j�b��
�q�_�k�d�b�� �g�_�e�b�g�_�c�g�h�c�� �a�Z�^�Z�q�b�� �>�����@���� �L�_�h�j�_�l�b�q�_�k�d�b�_�� �j�Z�k�q�_�l�u��
�k�j�Z�\�g�b�\�Z�x�l�k�y �k�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�b�� �^�Z�g�g�u�f�b�� �b�a�� �j�Z�[�h�l�u��
�>�������� �������� �����@���� �K�h�i�h�k�l�Z�\�e�_�g�b�_�� �i�h�d�Z�a�u�\�Z�_�l���� �q�l�h�� �d�j�b�l�b�q�_�k�d�b�_��
�a�g�Z�q�_�g�b�y�� �g�Z�]�j�m�a�h�d���� �h�i�j�_�^�_�e�_�g�g�u�_�� �b�a�� �j�_�r�_�g�b�y�� �e�b�g�_�Z�j�b�a�h��
�\�Z�g�g�u�o�� �m�j�Z�\�g�_�g�b�c�� ���������� �i�j�b�� �e�b�g�_�c�g�h�f�� �^�h�d�j�b�l�b�q�_�k�d�h�f�� �k�h��
�k�l�h�y�g�b�b�����j�Z�k�i�h�e�h�`�_�g�u���g�b�`�_���i�j�_�^�_�e�v�g�u�o�����G�E���b���G�����b���h�l�j�Z��
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Abstract. The article considers a non-axisymmetric defor-

mation and stability of compressed aircraft shell. Particular at-
tention is paid to modeling contact interaction of shells with 
transverse shock-absorbing belts. To analyze shell deformations, 
we used the iteration method, taking into account a nonlinear 
change in the reaction of the shock-absorbing belt when there are 
structure displacements. The shell stability equations were dis-
cretized by the Bubnov-Galerkin method using Fourier series. 

The developed model was used to study the deformation mode of 
constructively and technologically orthotropic shells exposed to 
local loads of shockabsorbing belts. The simulation models were 
verified with the results of testing model and actual shells. 

Keywords: orthotropic shell, irregular loading, bearing 
pressures, asymmetric deformation, shell stability, comparison 
with an experiment. 
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�l�_�j�b�Z�e�h�z�f�d�Z���� �L�h�g�g�h-�d�b�e�h�f�_�l�j�� �i�_�j�_�\�h�a�d�b�� �]�j�m�a�Z�� �g�Z�� �g�_�c�� �^�_��
�r�_�\�e�_�� �g�Z�� �������� ���� �q�_�f�� �g�Z�� �]�j�m�a�h�\�b�d�Z�o���k�� �>�<�K���� �>�_�f�h�g�k�l�j�Z�p�b�y��
�w�l�h�c�� �n�m�j�u�� �i�j�Z�d�l�b�q�_�k�d�b�� �i�h�d�Z�a�Z�e�Z���� �q�l�h�� �w�l�Z�i�� �k�h�a�^�Z�g�b�y�� �d�h�f��
�f�_�j�q�_�k�d�h�]�h�� �]�j�m�a�h�\�h�]�h�� �w�e�_�d�l�j�h�f�h�[�b�e�y�� �m�k�i�_�r�g�h�� �a�Z�\�_�j�r�_�g����
�^�Z�e�_�_���\�k�l�Z�x�l���l�h�e�v�d�h���a�Z�^�Z�q�b���_�]�h���f�Z�k�k�h�\�h�]�h���i�j�h�b�a�\�h�^�k�l�\�Z�� 

�H�^�g�b�f�� �b�a�� �g�_�^�h�k�l�Z�l�d�h�\�� �w�e�_�d�l�j�h�l�j�Z�g�k�i�h�j�l�Z�� �k�� �[�h�j�l�h�\�u�f��
�a�Z�i�Z�k�h�f�� �w�e�_�d�l�j�h�w�g�_�j�]�b�b�� �i�j�h�l�b�\�g�b�d�b�� �j�Z�a�\�b�l�b�y�� �w�l�h�]�h��
�g�Z�i�j�Z�\�e�_�g�b�y�� �g�Z�a�u�\�Z�x�l�� �[�h�e�v�r�h�c�� �\�_�k�� �Z�d�d�m�f�m�e�b�j�m�x�s�_�c�� �k�b��
�k�l�_�f�u���b���^�e�b�l�_�e�v�g�h�k�l�v���a�Z�j�y�^�Z���Z�d�d�m�f�m�e�y�l�h�j�h�\�����Q�l�h���d�Z�k�Z�_�l�k�y��
�\�_�k�h�\�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d�����l�h���Z�\�l�h�j�Z�f�b���g�Z���k�\�h�b�o���j�Z�a�j�Z�[�h�l�d�Z�o��
�w�e�_�d�l�j�h�l�j�Z�g�k�i�h�j�l�Z�� �i�h�d�Z�a�Z�g�h���� �q�l�h�� �i�j�b�f�_�g�_�g�b�_�� �/�L-�,�R�Q���Z�d�d�m��
�f�m�e�y�l�h�j�g�u�o���[�Z�l�Z�j�_�c���i�h�a�\�h�e�b�e�h���^�h�k�l�b�q�v���i�h�d�Z�a�Z�l�_�e�_�c���k�h�h�l��
�g�h�r�_�g�b�y���f�Z�k�k�Z���Z�d�d�m�f�m�e�y�l�h�j�h�\�����f�Z�k�k�Z���w�e�_�d�l�j�h�l�j�Z�g�k�i�h�j�l�Z��- 
3-�����������q�l�h���k�j�Z�\�g�b�f�h���k���l�Z�d�b�f���k�h�h�l�g�h�r�_�g�b�_�f  �^�e�y���Z�\�l�h�f�h�[�b�e�y��
�k���>�<�K�����b�f�_�x�s�_�]�h���[�Z�d���k���a�Z�i�Z�k�h�f���l�h�i�e�b�\�Z�����l�h�i�e�b�\�g�u�c���g�Z�k�h�k����
�n�b�e�v�l�j�u�����d�Z�j�[�x�j�Z�l�h�j���b�e�b���n�h�j�k�m�g�d�b�����l�j�m�[�h�i�j�h�\�h�^�u���>�������@�����<��
�h�l�g�h�r�_�g�b�b���^�j�m�]�h�]�h���g�_�^�h�k�l�Z�l�d�Z�����^�e�b�l�_�e�v�g�h�k�l�b���a�Z�j�y�^�Z���Z�d�d�m��
�f�m�e�y�l�h�j�h�\ - �h�g���m�k�l�j�Z�g�z�g���l�_�o�g�b�q�_�k�d�b�f���i�j�h�]�j�_�k�k�h�f���\���j�Z�a�j�Z��
�[�h�l�d�Z�o�� �g�h�\�u�o�� �Z�d�d�m�f�m�e�y�l�h�j�h�\���� �L�Z�d�� �i�h�� �k�h�h�[�s�_�g�b�y�f�� �b�k�i�Z�g��
�k�d�h�c���n�b�j�f�u�� �©�*�U�D�S�K�H�Q�D�Q�R�ª���b�f�b���k�h�a�^�Z�g���e�b�l�b�c-�i�h�e�b�f�_�j�g�u�c��
�Z�d�d�m�f�m�e�y�l�h�j, �b�f�_�x�s�b�c���d�h�j�h�l�d�h�_���\�j�_�f�y���a�Z�j�y�^�Z���± 7-�����f�b�g�m�l����
�q�l�h���i�j�Z�d�l�b�q�_�k�d�b���k�h�\�i�Z�^�Z�_�l���k�h �\�j�_�f�_�g�_�f���a�Z�i�j�Z�\�d�b���h�[�u�q�g�h�]�h��
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�Z�\�l�h�f�h�[�b�e�y�� �l�h�i�e�b�\�h�f���� �J�y�^�� �Z�\�l�h�i�j�h�b�a�\�h�^�b�l�_�e�_�c�� �?�\�j�h�i�u��
�m�`�_���i�j�b�k�l�m�i�b�e�b �d���o�h�^�h�\�u�f���b�k�i�u�l�Z�g�b�y�f���i�h�e�b�f�_�j-�]�j�Z�n�_�g�h��
�\�u�o���Z�d�d�m�f�m�e�y�l�h�j�h�\�>���@�� 

�B�a�� �k�d�Z�a�Z�g�g�h�]�h�� �\�u�r�_���� �k�e�_�^�m�_�l���� �q�l�h�� �h�k�g�h�\�h�i�h�e�Z�]�Z�x�s�b�_��
�l�_�o�g�b�q�_�k�d�b�_ �\�h�i�j�h�k�u���k�h�a�^�Z�g�b�y���w�e�_�d�l�j�h�f�h�[�b�e�y���k���[�h�j�l�h�\�u�f��
�a�Z�i�Z�k�h�f���w�e�_�d�l�j�h�w�g�_�j�]�b�b���m�k�i�_�r�g�h���j�_�r�_�g�u�� 

�P�_�e�v���g�Z�k�l�h�y�s�_�c���k�l�Z�l�v�b��- �i�h�d�Z�a�Z�l�v�����q�l�h���g�Z�k�l�m�i�b�e�h���\�j�_�f�y��
�h�l�d�Z�a�Z�� �h�l�� �i�j�b�f�_�g�_�g�b�y�� �>�<�K�� �\�� �k�_�e�v�o�h�a�i�j�h�b�a�\�h�^�k�l�\�_�����d�Z�d��
�m�k�l�Z�j�_�\�r�_�c�� �l�_�o�g�h�e�h�]�b�b���� �b�� �i�_�j�_�c�l�b�� �g�Z�� �w�e�_�d�l�j�h�l�y�]�m���� �j�_�d�h�g��
�k�l�j�m�b�j�h�\�Z�\���l�j�Z�d�l�h�j�Z�����d�h�f�[�Z�c�g�u�����^�j�m�]�b�_���k�_�e�v�o�h�a�f�Z�r�b�g�u���b��
�Z�\�l�h�f�h�[�b�e�b���k�_�e�v�o�h�a�i�j�_�^�i�j�b�y�l�b�c�� 

�J�Z�[�h�l�u�� �i�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�x�� �w�e�_�d�l�j�h�i�j�b�\�h�^�Z�� �\�� �d�Z�q�_�k�l�\�_��
�l�y�]�h�\�u�o�� �m�k�l�j�h�c�k�l�\�� �b�� �w�e�_�d�l�j�h�l�j�Z�d�l�h�j�h�\�� �\�� �a�_�f�e�_�^�_�e�b�b�� �i�j�h��
�\�h�^�b�e�b�k�v�� �k�j�Z�a�m�� �`�_�� �k�� �g�Z�q�Z�e�h�f�� �i�h�\�k�_�f�_�k�l�g�h�]�h�� �i�j�b�f�_�g�_�g�b�y��
�w�e�_�d�l�j�b�q�_�k�l�\�Z�����>��,6,7]. �K�_�c�q�Z�k�����g�Z���g�Z�r���\�a�]�e�y�^�����g�_�h�[�o�h�^�b�f�h��
�\�_�j�g�m�l�v�k�y�� �d�� �w�l�h�f�m�� �g�Z�i�j�Z�\�e�_�g�b�x�� �g�Z�� �g�h�\�h�f�� �l�_�o�g�b�q�_�k�d�h�f��
�m�j�h�\�g�_���� �k�� �m�q�z�l�h�f�� �i�h�k�e�_�^�g�b�o�� �^�h�k�l�b�`�_�g�b�c�� �\�� �j�Z�a�\�b�l�b�b�� �[�_�a��
�j�_�e�v�k�h�\�h�]�h���w�e�_�d�l�j�h�l�j�Z�g�k�i�h�j�l�Z�����Q�l�h���^�e�y���w�l�h�]�h���m�`�_���_�k�l�v�" 

�L�J�:�D�L�H�J�: 

�L�j�Z�d�l�h�j���d�e�Z�k�k�Z������-40. �D�Z�d���w�l�h���g�b �i�Z�j�Z�^�h�d�k�Z�e�v�g�h�����g�h���\��
�K�h�\�_�l�k�d�h�f���K�h�x�a�_�� �Z���a�Z�l�_�f���b���\���J�h�k�k�b�b���^�e�b�l�_�e�v�g�h����1957�±2013 
�]���]�������\�u�i�m�k�d�Z�e�k�y���f�h�s�g�u�c���w�e�_�d�l�j�h�l�j�Z�d�l�h�j�����J�_�q�v���b�^�z�l���h���_�^�b�g��
�k�l�\�_�g�g�u�f�� �\�� �f�b�j�_�� �]�m�k�_�g�b�q�g�h�f�� �^�b�a�_�e�v-�w�e�_�d�l�j�b�q�_�k�d�h�f�� �l�j�Z�d��
�l�h�j�_�� �>�W�L-�������� �F�����Q�_�e�y�[�b�g�k�d�h�]�h�� �l�j�Z�d�l�h�j�g�h�]�h�� �a�Z�\�h�^�Z�� ���j�b�k. 
2) [8�@�����L�j�Z�d�l�h�j���b�f�_�e���w�e�_�l�j�h�f�_�o�Z�g�b�q�_�k�d�m�x���l�j�Z�g�k�f�b�k�k�b�x���k�h��
�k�l�h�y�s�m�x���b�a������-�p�b�e�b�g�^�j�h�\�h�]�h���9-�h�[�j�Z�a�g�h�]�h���^�b�a�_�e�y���<-�����F����
���^�h�j�Z�[�h�l�d�Z���l�Z�g�d�h�\�h�]�h���^�\�b�]�Z�l�_�e�y���<-�������f�h�s�g�h�k�l�v�x�����������d�<�l����
�d�h�e�e�_�d�l�h�j�g�h�]�h���]�_�g�_�j�Z�l�h�j�Z���k�f�_�r�Z�g�g�h�]�h���\�h�a�[�m�`�^�_�g�b�y���=�I�:-
222, �f�h�s�g�h�k�l�v�x�� �������� �d�<�l�� �b�� �l�y�]�h�\�h�]�h�� �d�h�e�e�_�d�l�h�j�g�h�]�h�� �w�e�_�d��
�l�j�h�^�\�b�]�Z�l�_�e�y���� �g�_�a�Z�\�b�k�b�f�h�]�h�� �\�h�a�[�m�`�^�_�g�b�y���� �f�h�s�g�h�k�l�v�x��������
�d�<�l, �f�Z�k�k�m�� ������ �l�h�g�g�m�� �b�� �j�Z�a�\�b�\�Z�e�� �l�y�]�h�\�h�_�� �m�k�b�e�b�_�� �g�Z�� �d�j�x�d�_��
�������� �d�G���� �G�_�h�[�o�h�^�b�f�h�� �a�Z�f�_�l�b�l�v���� �q�l�h���k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�u�c��
�l�j�Z�d�l�h�j�� �h�[�s�_�]�h�� �g�Z�a�g�Z�q�_�g�b�y�� �l�j�Z�d�l�h�j�� �D-744 �b�f�_�_�l�� �l�y�]�h�\�h�_��
�m�k�b�e�b�_���������d�G�� 

 

 
�J�b�k����2. �>�b�a�_�e�v���w�e�_�d�l�j�b�q�_�k�d�b�c���l�j�Z�d�l�h�j���>�W�L-���������F�� 

�F�h�^�_�j�g�b�a�Z�p�b�y���l�j�Z�d�l�h�j�Z���>�W�L-250 �F�������b�e�b���[�h�e�_�_���k�h�\�j�_��
�f�_�g�g�h�]�h���>�L�W-�����������^�e�y���p�_�e�_�c���a�_�f�e�_�^�_�e�b�y���^�h�e�`�g�Z���k�h�k�l�h�y�l�v��
�\�� �k�g�y�l�b�b�� �k�� �g�_�]�h�� �^�b�a�_�e�v�g�h�]�h�� �^�\�b�]�Z�l�_�e�y�� �b�� �k�b�e�h�\�h�]�h�� �]�_�g�_�j�Z��
�l�h�j�Z�� �b���m�k�l�Z�g�h�\�d�m �g�Z�� �b�o�� �f�_�k�l�h�� �Z�d�d�m�f�m�e�y�l�h�j�Z���� �z�f�d�h�k�l�v�x�� �\��
�w�e�_�d�l�j�b�q�_�k�d�h�c�� �n�h�j�f�_�� �a�Z�f�_�s�Z�x�s�m�x�� �������� �e�b�l�j�h�\�u�c�� �[�Z�d��
�l�j�Z�d�l�h�j�Z���� �a�Z�i�h�e�g�_�g�g�u�c�� �l�h�i�e�b�\�h�f���� �I�j�b�� �m�^�_�e�v�g�h�f�� �j�Z�k�o�h�^�_��
�l�h�i�e�b�\�Z �������� �]���d�<�l�Â�q���� �w�d�\�b�\�Z�e�_�g�l�g�u�c�� �h�[�t�z�f�� �a�Z�i�Z�k�z�g�g�h�c��

�w�g�_�j�]�b�b���\���Z�d�d�m�f�m�e�y�l�h�j�_���^�h�e�`�_�g���k�h�k�l�Z�\�e�y�l�v�������������d�<�l�Â�q�����i�j�b��
�g�h�f�b�g�Z�e�v�g�h�f���g�Z�i�j�y�`�_�g�b�b 310 �<. �K�l�Z�p�b�h�g�Z�j�g�u�_���Z�d�d�m�f�m�e�y��
�l�h�j�g�u�_�� �[�Z�l�Z�j�_�b�� �l�Z�d�b�o�� �i�Z�j�Z�f�_�l�j�h�\�� �^�Z�\�g�h�� �b�k�i�h�e�v�a�m�x�l�k�y�� �\��
�w�e�_�d�l�j�h�w�g�_�j�]�_�l�b�d�_���� �L�_�o�g�b�q�_�k�d�b�c�� �i�j�h�]�j�_�k�k�� �i�h�a�\�h�e�y�_�l�� �i�j�h��
�]�g�h�a�b�j�h�\�Z�l�v���i�h�y�\�e�_�g�b�_���\���[�e�b�`�Z�c�r�_�_���\�j�_�f�y���Z�d�d�m�f�m�e�y�l�h�j�h�\��
�l�j�_�[�m�_�f�u�o���i�Z�j�Z�f�_�l�j�h�\���b���\���f�h�[�b�e�v�g�h�f���b�k�i�h�e�g�_�g�b�b�� 

�L�j�Z�d�l�h�j�� �d�e�Z�k�k�Z�� ������-1,5. �D�� �l�j�Z�d�l�h�j�Z�f�� �l�Z�d�h�]�h�� �d�e�Z�k�k�Z�� �h�l��
�g�h�k�y�l�k�y�� �l�j�Z�d�l�h�j�u�� �F�L�A-������������ �k���^�b�a�_�e�v�g�u�f�� �^�\�b�]�Z�l�_�e�_�f�� �>-
�������� ���� �X�F�A-���� �k�� �^�b�a�_�e�v�g�u�f�� �^�\�b�]�Z�l�_�e�_�f�� �>-�����F���� �;�_�e�Z�j�m�k�v-
�����������������k���^�b�a�_�e�v�g�u�f���^�\�b�]�Z�l�_�e�_�f���>-243. 

�<���d�h�g�p�_���b�x�g�y�������������]�h�^�Z���d�h�f�i�Z�g�b�y��MOBEL ���]�����F�h�k�d�\�Z����
�i�j�_�^�k�l�Z�\�b�e�Z���h�[�s�_�k�l�\�_�g�g�h�k�l�b���i�_�j�\�u�c���j�h�k�k�b�c�k�d�b�c���w�e�_�d�l�j�h��
�l�j�Z�d�l�h�j�� �k�� �[�h�j�l�h�\�u�f�� �a�Z�i�Z�k�h�f�� �w�e�_�d�l�j�h�w�g�_�j�]�b�b�� �j�Z�a�j�Z�[�h�l�Z�g��
�g�u�_�� �g�Z�� �h�k�g�h�\�_�� �i�h�i�m�e�y�j�g�h�c�� �f�h�^�_�e�b�� �l�j�Z�d�l�h�j�Z�� �©�;�_�e�Z�j�m�k�v-
�������ª�� ���F�L�A-������������ �W�e�_�d�l�j�h�l�j�Z�d�l�h�j���� �b�f�_�_�l�� �w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�v��
�f�h�s�g�h�k�l�v�x�� ������ �d�<�l�� �b�� �Z�d�d�m�f�m�e�y�l�h�j�g�m�x�� �[�Z�l�Z�j�_�x�� �_�f�d�h�k�l�v�x��
�������d�<�l�Â�q�����i�j�b���g�h�f�b�g�Z�e�v�g�h�f���g�Z�i�j�y�`�_�g�b�b���������<���>9�@�����I�j�_�^�i�h��
�e�Z�]�Z�e�h�k�v�� �\�u�i�m�k�d�Z�l�v�� �w�l�h�l�� �l�j�Z�d�l�h�j�� �\�� �]���� �I�_�j�f�v�� �g�Z�� �i�e�h�s�Z�^�d�_��
�i�j�_�^�i�j�b�y�l�b�y�� �A�:�H�� �©�W�e�_�d�l�j�h�l�_�o�g�b�q�_�k�d�Z�y�� �d�h�f�i�Z�g�b�y�ª���� �I�h��
�k�\�h�b�f�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�� �w�l�h�l�� �w�e�_�d�l�j�h�l�j�Z�d�l�h�j�� �h�l�g�h�k�b�l�k�y�� �d��
�l�y�]�h�\�h�f�m���d�e�Z�k�k�m�������������K�f�h�g�l�b�j�h�\�Z�g�g�Z�y���k�b�k�l�_�f�Z���g�Z�d�h�i�e�_�g�b�y��
�w�g�_�j�]�b�b���b���w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�Z�y���l�j�Z�g�k�f�b�k�k�b�y���h�[�_�k�i�_�q�b�\�Z�e�Z��
�j�Z�[�h�l�m���l�j�Z�d�l�h�j�Z���\���l�_�q�_�g�b�_�������q�Z�k�h�\�����L�Z�d�b�f���h�[�j�Z�a�h�f�������i�j�_�^��
�k�l�Z�\�e�_�g�g�u�c���l�j�Z�d�l�h�j���\�i�h�e�g�_���j�Z�[�h�l�h�k�i�h�k�h�[�_�g���\���k�_�e�v�o�h�a�i�j�h��
�b�a�\�h�^�k�l�\�_���� �g�h�� �l�j�_�[�m�_�l�k�y�� �^�Z�e�v�g�_�c�r�_�_�� �i�h�\�u�r�_�g�b�_�� �z�f�d�h�k�l�b��
�Z�d�d�m�f�m�e�y�l�h�j�Z�� �� �^�h�� �m�j�h�\�g�y�� �������� �d�<�l�Â�q���� �q�l�h�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �a�Z��
�i�Z�k�m���i�h�e�g�h�k�l�v�x���a�Z�i�j�Z�\�e�_�g�g�h�]�h���l�h�i�e�b�\�g�h�]�h���[�Z�d�Z���z�f�d�h�k�l�v�x��
�������e���� �;�e�b�a�d�b�c�� �i�h�� �k�\�h�b�f�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�� �w�e�_�d�l�j�h�l�j�Z�d�l�h�j��
�©EDISON�ª���i�e�Z�g�b�j�m�_�l�k�y���d���\�u�i�m�k�d�m���g�Z���l�j�Z�d�l�h�j�g�h�f���a�Z�\�h�^�_���\��
�]�����O�Z�j�v�d�h�\�_�����M�d�j�Z�b�g�Z���� 

�B�g�l�_�g�k�b�\�g�u�_���j�Z�[�h�l�u���i�h���k�h�a�^�Z�g�b�x���w�e�_�d�l�j�h�l�j�Z�d�l�h�j�h�\���\�_��
�^�m�l�k�y�� �l�Z�d�`�_�� �a�Z�� �j�m�[�_�`�h�f���� �L�Z�d�� �d�j�m�i�g�_�c�r�b�c�� �i�j�h�b�a�\�h�^�b�l�_�e�v��
�k�_�e�v�o�h�a�l�_�o�g�b�d�b��John Deere �i�j�_��̂k�l�Z�\�b�e �w�e�_�d�l�j�b�q�_�k�d�b�c��
�l�j�Z�d�l�h�j���d�e�Z�k�k�Z�������©SEKAM�ª�����j�b�k.3) [10] 

 

 
�J�b�k����3. �W�e�_�d�l�j�h�l�j�Z�d�l�h�j���©��SEKAM�ª���n�b�j�f�u��John Deere 

�L�j�Z�d�l�h�j���©SEKAM�ª���b�f�_�_�l���^�\�Z���w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�y���f�h�s�g�h��
�k�l�v�x���i�h�����������d�<�l���d�Z�`�^�u�c�����Z�d�d�m�f�m�e�y�l�h�j�g�m�x�� �[�Z�l�Z�j�_�x���z�f�d�h��
�k�l�v�x�����������d�<�l�Â�q�����h�[�_�k�i�_�q�b�\�Z�x�s�_�c���_�f�m���\�j�_�f�y���j�Z�[�h�l�u�������q�Z�k�Z����
�I�j�b���w�l�h�f���\�j�_�f�y���a�Z�j�y�^�Z���[�Z�l�Z�j�_�c���k�h�k�l�Z�\�e�y�_�l���h�d�h�e�h����-�o���q�Z�k�h�\����
�H�q�_�\�b�^�g�h���� �q�l�h�� �l�j�_�[�m�_�l�k�y�� �^�Z�e�v�g�_�c�r�_�_�� �m�\�_�e�b�q�_�g�b�_�� �z�f�d�h�k�l�b��
�Z�d�d�m�f�m�e�y�l�h�j�Z���b���k�h�d�j�Z�s�_�g�b�_���\�j�_�f�y���a�Z�j�y�^�Z�����q�l�h���f�h�`�_�l���[�u�l�v��
�^�h�k�l�b�]�g�m�l�h�� �i�j�b�f�_�g�_�g�b�_�f�� �i�h�e�b�f�_�j-�]�j�Z�n�_�g�h�\�u�o�� �Z�d�d�m�f�m�e�y��
�l�h�j�h�\�� 

�A�?�J�G�H�M�;�H�J�H�Q�G�U�?���D�H�F�;�:�C�G�U 

�D�h�f�i�Z�g�b�y���©�:�]�j�h�f�Z�r�o�h�e�^�b�g�]�ª���i�j�_�^�k�l�Z�\�b�e�Z���g�Z���\�u�k�l�Z�\�d�_��
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�©�:�]�j�h�L�_�d���J�h�k�k�b�y�����������ª���i�_�j�\�u�c���\���f�b�j�_���d�h�f�[�Z�c�g���k���w�e�_�d�l�j�h��
�i�j�b�\�h�^�h�f�� �g�Z�� �\�k�_�� �_�]�h�� �j�Z�[�h�q�b�_�� �q�Z�k�l�b���� �?�]�h�� �i�j�h�b�a�\�h�^�b�l�_�e�v��
�g�h�k�l�v���i�j�_�\�u�r�Z�_�l���i�h�d�Z�a�Z�l�_�e�v���[�Z�a�h�\�h�c���f�h�^�_�e�b���g�Z�������������D�h�f��
�[�Z�c�g���©�:�=�J�H�F�:�R-�?�g�b�k�_�c�������������W�ª���k�h�a�^�Z�g���d�h�g�k�l�j�m�d�l�h�j�Z�f�b��
�H�:�H�� �©�D�j�Z�k�g�h�y�j�k�d�b�c�� �I�D�L�B�� �d�h�f�[�Z�c�g�h�k�l�j�h�_�g�b�y�ª�� �b�� �i�e�Z�g�b��
�j�h�\�Z�e�k�y �d���i�j�h�b�a�\�h�^�k�l�\�m���g�Z���k�i�_�p�b�Z�e�b�a�b�j�h�\�Z�g�g�u�o���i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�u�o�� �i�e�h�s�Z�^�d�Z�o�� �f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v�g�h-�b�g�^�m�k�l�j�b�Z�e�v��
�g�h�]�h���o�h�e�^�b�g�]�Z���©�D�h�g�p�_�j�g���©�L�j�Z�d�l�h�j�g�u�_���a�Z�\�h�^�u�ª�����A�Z���h�k�g�h�\�m��
�\�a�y�l�Z���[�Z�a�h�\�Z�y���f�h�^�_�e�v���©�?�g�b�k�_�c-���������ª���i�j�h�b�a�\�h�^�k�l�\�Z���D�j�Z�k�g�h��
�y�j�k�d�h�]�h���a�Z�\�h�^�Z���d�h�f�[�Z�c�g�h�\�����d�Z�`�^�Z�y���j�Z�[�h�q�Z�y���q�Z�k�l�v�����d�h�l�h�j�h�c��
�[�u�e�Z���h�k�g�Z�s�_�g�Z���h�l�^�_�e�v�g�u�f���w�e�_�d�l�j�h�i�j�b�\�h�^�h�f�����j�b�k.4) [11]. 

 

 
�J�b�k����4. �;�Z�a�Z���w�e�_�d�l�j�b�q�_�k�d�h�]�h���a�_�j�g�h�m�[�h�j�h�q�g�h�]�h���d�h�f�[�Z�c�g�Z��

�©�:�]�j�h�f�Z�r-�?�g�b�k�_�c-���������W�ª 

 
�B���o�h�l�y �w�l�h���g�h�\�_�c�r�b�_���j�Z�a�j�Z�[�h�l�d�b�����g�h �g�_���\�k�z���_�s�z���i�h�g�y�l�g�h 

�d�Z�d���b���q�l�h���^�_�e�Z�l�v�����G�h���_�k�e�b���i�j�h�b�a�h�c�^�z�l���l�_�o�g�b�q�_�k�d�Z�y���j�_�Z�e�b�a�Z��
�p�b�y���w�l�b�o���b�^�_�c���± �=�K�F �m�c�^�m�l���b�a���k�_�e�Z���a�Z���g�_�g�Z�^�h�[�g�h�k�l�v�x�� 

�W�D�H�G�H�F�B�Q�?�K�D�B�?���H�P�?�G�D�B 

�<�u�i�h�e�g�b�f�� �j�Z�k�q�_�l�g�u�_�� �h�p�_�g�d�b�� �i�_�j�k�i�_�d�l�b�\�u�� �l�_�o�i�_�j�_�\�h��
�h�j�m�`�_�g�b�y�� �m�k�j�_�^�g�z�g�g�h�]�h�� �k�_�e�v�o�h�a�i�j�_�^�i�j�b�y�l�b�y���\�� �^�_�c�k�l�\�m�x��
�s�b�o���p�_�g�Z�o���g�Z���f�h�l�h�j�g�h�_���l�h�i�e�b�\�h���b���w�e�_�d�l�j�h�w�g�_�j�]�b�x�� 

�K�h�k�l�Z�\�� �f�Z�r�b�g�h�l�j�Z�d�l�h�j�g�h�]�h�� �i�Z�j�d�Z�� �j�Z�k�q�z�l�g�h�]�h���k�_�e�v��
�o�h�a�i�j�_�^�i�j�b�y�l�b�y  

�:�\�l�h�f�h�[�b�e�b [12,13,14]: 
�D�:�F�:�A�����f�h�s�g�h�k�l�v�����������e���k.�������������d�<�l��-�����r�l; 
�=�:�A�����������[�_�g�a�h�\�h�a�������f�h�s�g�h�k�l�v�����������e���k./�������d�<�l��-���r�l ; 
�=�:�A���������������[�h�j�l�h�\�h�c���������f�h�s�g�h�k�l�v�����������e���k.�����������d�<�l��-�����r�l; 
�L�j�Z�d�l�h�j�Z[15,16,17]: 
�D�B�J�H�<�?�P��7�����J�����f�h�s�g�h�k�l�v�����������e���k./���������d�<�l��-�����r�l; 
�>�L�����������f�h�s�g�h�k�l�v�����������e���k�������������d�<�l��-�����r�l; 
�F�L�A�����������©�;�_�e�Z�j�m�k�v�����������e���k.�����������d�<�l��-�����r�l�� 
�D�h�f�[�Z�c�g�u[18]: 
�>�h�g��-1500�; (�f�h�s�g�h�k�l�v��300 �e���k./ 220 �d�<�l��-�����r�l. 
�K�m�f�f�Z�j�g�Z�y�� �f�h�s�g�h�k�l�v�� �^�\�b�]�Z�l�_�e�_�c�� �F�L�K�� �©�J�Z�k�q�z�l�g�h�_�ª��

6���������d�<�l���§�������F�<�l. 
�B�k�o�h�^�g�u�f�b���^�Z�g�g�u�f�b���^�e�y���j�Z�k�q�z�l�Z���w�g�_�j�]�h�a�Z�l�j�Z�l���y�\�e�y�_�l�k�y��

�k�h�k�l�Z�\�� �Z�\�l�h�f�h�[�b�e�v�g�h�]�h�� �b�� �l�j�Z�d�l�h�j�g�h�]�h�� �i�Z�j�d�Z�� �i�j�_�^�i�j�b�y�l�b�y����
�h�k�g�h�\�g�u�f�b�� �i�h�d�Z�a�Z�l�_�e�y�f�b �d�h�l�h�j�h�]�h�� �y�\�e�y�x�l�k�y���� �l�b�i�� �l�j�Z�g�k��
�i�h�j�l�g�h�]�h���k�j�_�^�k�l�\�Z�����f�h�s�g�h�k�l�v���_�]�h���^�\�b�]�Z�l�_�e�y�����m�^�_�e�v�g�u�c���j�Z�k��
�o�h�^���l�h�i�e�b�\�Z���g�Z���d�b�e�h�\�Z�l�l���q�Z�k���\�u�j�Z�[�h�l�Z�g�g�h�c���w�g�_�j�]�b�b���b���q�b�k�e�h��
�q�Z�k�h�\���j�Z�[�h�l�u���f�Z�r�b�g�u���\���]�h�^�m�� 

�I�j�b�k�\�h�b�f���k�h�h�l�\�_�l�k�l�\�m�x�s�b�_���h�[�h�a�g�Z�q�_�g�b�y���g�Z�a�\�Z�g�u�f���i�h��
�d�Z�a�Z�l�_�e�y�f���� 

1. �D�h�e�b�q�_�k�l�\�h�� �]�j�m�a�h�\�u�o�� �Z�\�l�h�f�h�[�b�e�_�c�� �i�j�_�^�i�j�b�y�l�b�y��
�h�[�h�a�g�Z�q�b�f��N�]���� �f�h�s�g�h�k�l�v�� �^�\�b�]�Z�l�_�e�y�� �]�j�m�a�h�\�h�]�h�� �Z�\�l�h�f�h�[�b�e�y��
�h�[�h�a�g�Z�q�b�f���J�]�����m�^�_�e�v�g�u�c���j�Z�k�o�h�^���l�h�i�e�b�\�Z���^�\�b�]�Z�l�_�e�_�f���]�j�m�a�h��
�\�h�]�h���Z�\�l�h�f�h�[�b�e�y���h�[�h�a�g�Z�q�b�f��G�]�����]�h�^�h�\�h�_���q�b�k�e�h���j�Z�[�h�l�u���]�j�m��
�a�h�\�h�]�h���Z�\�l�h�f�h�[�b�e�y���h�[�h�a�g�Z�q�b�f���L�]. 

2. �D�h�e�b�q�_�k�l�\�h�� �l�j�Z�d�l�h�j�h�\�� �� �i�j�_�^�i�j�b�y�l�b�y�� �h�[�h�a�g�Z�q�b�f��
N�l ���� �f�h�s�g�h�k�l�v�� �^�\�b�]�Z�l�_�e�y�� �l�j�Z�d�l�h�j�Z���J�l ���� �m�^�_�e�v�g�u�c�� �j�Z�k�o�h�^��
�l�h�i�e�b�\�Z���^�\�b�]�Z�l�_�e�_�f���l�j�Z�d�l�h�j�Z���h�[�h�a�g�Z�q�b�f��G�l �����]�h�^�h�\�h�_���q�b�k�e�h��

�j�Z�[�h�l�u���l�j�Z�d�l�h�j�Z���h�[�h�a�g�Z�q�b�f���L�l . 
3. �D�h�e�b�q�_�k�l�\�h�� �d�h�f�[�Z�c�g�h�\ �i�j�_�^�i�j�b�y�l�b�y�� �h�[�h�a�g�Z�q�b�f��

N�d�����f�h�s�g�h�k�l�v���^�\�b�]�Z�l�_�e�y���d�h�f�[�Z�c�g�Z���J�d�����m�^�_�e�v�g�u�c���j�Z�k�o�h�^���l�h�i��
�e�b�\�Z���^�\�b�]�Z�l�_�e�_�f���d�h�f�[�Z�c�g�Z���h�[�h�a�g�Z�q�b�f��G�d�����]�h�^�h�\�h�_���q�b�k�e�h���j�Z��
�[�h�l�u���d�h�f�[�Z�c�g�Z �h�[�h�a�g�Z�q�b�f���L�d. 

�H�[�s�b�c�� �h�[�t�z�f�� �w�g�_�j�]�b�b�����\�u�j�Z�[�Z�l�u�\�Z�_�f�h�c�� �^�\�b�]�Z�l�_�e�y�f�b��
�]�j�m�a�h�\�u�o�� �Z�\�l�h�f�h�[�b�e�_�c�� �i�j�_�^�i�j�b�y�l�b�y���W�], �h�i�j�_�^�_�e�y�_�l�k�y�� �i�h��
�\�u�j�Z�`�_�g�b�x���������� 

    (1) 
�]�^�_���W�]-�h�[�s�Z�y���w�g�_�j�]�b�y�����\�u�j�Z�[�h�l�Z�g�g�Z�y���^�\�b�]�Z�l�_�e�y�f�b���]�j�m�a�h��

�\�u�o���Z�\�l�h�f�h�[�b�e�_�c���i�j�_�^�i�j�b�y�l�b�y�����d�<�l�Â�q�Z�k�� 
N�]-�d�h�e�b�q�_�k�l�\�h���]�j�m�a�h�\�u�o���f�Z�r�b�g�����r�l�� 
�J�]-�f�h�s�g�h�k�l�v���^�\�b�]�Z�l�_�e�y���]�j�m�a�h�\�h�c���f�Z�r�b�g�u�����d�<�l�� 
�L�]-�h�[�s�_�]�h�^�h�\�h�_�� �\�j�_�f�y�� �j�Z�[�h�l�u���^�\�b�]�Z�l�_�e�y�� �]�j�m�a�h�\�h�c�� �f�Z��

�r�b�g�u�����q�Z�k�� 
�H�[�s�b�c�� �h�[�t�z�f�� �w�g�_�j�]�b�b���� �\�u�j�Z�[�Z�l�u�\�Z�_�f�h�c���^�\�b�]�Z�l�_�e�y�f�b��

�l�j�Z�d�l�h�j�h�\���i�j�_�^�i�j�b�y�l�b�y���W�l , �h�i�j�_�^�_�e�y�_�l�k�y���i�h���\�u�j�Z�`�_�g�b�x�� 
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Abstract. Actual problems of the further development of the 
domestic agro-industrial complex are the reduction of production 
costs, in particular, the reduction of the costs of agricultural pro-
ducers for fuel and lubricants. This article proposes a steady re-
jection of the use in agriculture of internal combustion engines us-
ing gasoline and diesel fuel, by converting automobiles, tractors 
and com-units to electric traction. The examples of modern and 
prospective electric vehicles, electric tractors and electric com-
bines with on-board electric power intended for work in agricul-

ture are given. By calculation, by the example of averaged agricul-
tural enterprise, the economic feasibility of replacing organic fuel 
with electric energy is shown, while a significant economic effect is 
achieved in the existing price proportions.    

Keywords: agricultural production, electric cars, electric 
tractor, electric combines, fuel, electric power, economic effect. 
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�b�a�^�_�e�b�y���� �^�b�Z�f�_�l�j�u�� �p�b�e�b�g�^�j�b�q�_�k�d�b�o�� �h�[�_�q�Z�_�d�� �d�h�l�h�j�u�o��
�\�Z�j�v�b�j�m�x�l�k�y�� �\�� �^�b�Z�i�Z�a�h�g�_�� �������«���������� �f�f���� �Z�� �l�h�e�s�b�g�u���± 
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�y�\�e�y�_�l�k�y�� �b�a�]�h�l�h�\�e�_�g�b�_�� �p�_�g�l�j�Z�e�v�g�u�o�� �b�� �l�Z�g�]�_�g�p�b�Z�e�v�g�u�o��
�h�l�\�_�j�k�l�b�c�� �i�h�^�� �k�\�Z�j�d�m�� �k�� �i�Z�l�j�m�[�d�Z�f�b�� �^�b�Z�f�_�l�j�h�f�� �h�l��
�������«���������� �f�f�� �>������ ������ ������ �����@���� �W�l�m�� �h�i�_�j�Z�p�b�x�� �\�u�i�h�e�g�y�x�l��
�\�j�m�q�g�m�x���k���i�h�f�h�s�v�x���i�e�Z�a�f�_�g�g�h�c���j�_�a�d�b���b���^�h�i�h�e�g�b�l�_�e�v�g�u�o��
�i�j�b�k�i�h�k�h�[�e�_�g�b�c���� �q�l�h�� �^�h�k�l�Z�l�h�q�g�h�� �l�j�m�^�h�z�f�d�h���� �I�h�w�l�h�f�m��
�Z�\�l�h�f�Z�l�b�a�Z�p�b�y�� �i�j�h�p�_�k�k�Z�� �h�[�j�Z�[�h�l�d�b�� �h�l�\�_�j�k�l�b�c�� �i�h�^��
�i�Z�l�j�m�[�d�b�� �\�� �a�Z�]�h�l�h�\�d�Z�o�� �d�h�j�i�m�k�h�\�� �L�:�� �y�\�e�y�_�l�k�y�� �Z�d�l�m�Z�e�v�g�h�c��
�a�Z�^�Z�q�_�c�� �>������ ������ ������ �������� �������� �������� �������� �����@���� �I�j�b�� �j�Z�a�j�Z�[�h�l�d�_��
�Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h�� �m�k�l�j�h�c�k�l�\�Z���� �j�_�Z�e�b�a�m�x�s�_�]�h��
�j�Z�k�k�f�h�l�j�_�g�g�m�x�� �h�i�_�j�Z�p�b�x���� �g�_�h�[�o�h�^�b�f�h�� �h�[�_�k�i�_�q�b�l�v��
�k�i�h�k�h�[�g�h�k�l�v���_�]�h���d���i�_�j�_�g�Z�e�Z�^�d�_���g�Z���j�Z�a�e�b�q�g�u�_���l�b�i�h�j�Z�a�f�_�j�u��
�a�Z�]�h�l�h�\�h�d�� �b�� �j�_�]�m�e�b�j�h�\�Z�g�b�_�� �k�d�h�j�h�k�l�b�� �j�_�a�Z�g�b�y���� �\��
�a�Z�\�b�k�b�f�h�k�l�b���h�l���f�Z�l�_�j�b�Z�e�Z���b���l�h�e�s�b�g�u���f�_�l�Z�e�e�Z �a�Z�]�h�l�h�\�d�b�����Z��
�l�Z�d�`�_���b���\�b�^�Z���h�l�\�_�j�k�l�b�y�����p�_�g�l�j�Z�e�v�g�h�_���b�e�b���l�Z�g�]�_�g�p�b�Z�e�v�g�h�_����
[12, 16, 17, 19].  

�<�� �h�[�s�_�f�� �k�e�m�q�Z�_�� �\�k�_�� �h�l�\�_�j�k�l�b�y���� �\�u�i�h�e�g�y�_�f�u�_�� �\�� �h�[�_�q�Z�c�d�_��
�Z�i�i�Z�j�Z�l�Z�� �f�h�`�g�h�� �j�Z�a�^�_�e�b�l�v�� �g�Z�� �p�_�g�l�j�Z�e�v�g�u�_�� �b��
�l�Z�g�]�_�g�p�b�Z�e�v�g�u�_�� ���j�b�k�m�g�h�d�� �������� �?�k�e�b�� �b�g�k�l�j�m�f�_�g�l�� ���j�_�a�Z�d����
�j�Z�a�f�_�k�l�b�l�v�� �\�� �p�_�g�l�j�Z�e�v�g�h�c�� �i�e�h�k�d�h�k�l�b�� �a�Z�]�h�l�h�\�d�b���� �l�h�� �\��
�a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �l�h�]�h���� �d�Z�d�h�_�� �h�l�\�_�j�k�l�b�_�� �l�j�_�[�m�_�l�k�y�� �\�u�j�_�a�Z�l�v����
�a�Z�]�h�l�h�\�d�m�� �\�� �g�Z�q�Z�e�v�g�u�c�� �f�h�f�_�g�l�� �g�_�h�[�o�h�^�b�f�h�� �i�h�\�_�j�g�m�l�v��
�\�h�d�j�m�]�� �_�_�� �i�j�h�^�h�e�v�g�h�c�� �h�k�b�� �l�Z�d�b�f�� �h�[�j�Z�a�h�f���� �q�l�h�[�u�� �p�_�g�l�j��
�h�l�\�_�j�k�l�b�y�� �e�_�`�Z�e�� �\�� �p�_�g�l�j�Z�e�v�g�h�c�� �i�e�h�k�d�h�k�l�b�� �i�h�i�_�j�_�q�g�h�]�h��
�k�_�q�_�g�b�y�� �h�[�_�q�Z�c�d�b���� �>�e�y�� �h�[�j�Z�[�h�l�d�b�� �a�Z�]�h�l�h�\�h�d�� �j�Z�a�g�h�]�h��
�^�b�Z�f�_�l�j�Z�� �l�j�_�[�m�_�l�k�y���� �q�l�h�[�u�� �h�k�v�� �p�_�g�l�j�h�\�� �g�_�� �f�_�g�y�e�Z�� �k�\�h�_�]�h��
�i�h�e�h�`�_�g�b�y���\���i�j�h�k�l�j�Z�g�k�l�\�_�����>�e�y���w�l�h�]�h���f�h�`�g�h���b�k�i�h�e�v�a�h�\�Z�l�v��
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�H�L�<�?�J�K�L�B�C  

�<���h�[�s�_�f���k�e�m�q�Z�_���h�l�\�_�j�k�l�b�_���k�f�_�s�_�g�h���g�Z���\�_�e�b�q�b�g�m�� �h�l��
�g�h�k�b�l�_�e�v�g�h�� �\�_�j�l�b�d�Z�e�v�g�h�c�� �h�k�b�� �h�[�_�q�Z�c�d�b�� �l�_�i�e�h�h�[�f�_�g�g�h�]�h��
�Z�i�i�Z�j�Z�l�Z�������j�b�k�m�g�h�d���������k�b�k�l�_�f�Z���m�j�Z�\�g�_�g�b�c���k�\�y�a�b���^�\�b�`�_�g�b�_���\��
�^�\�m�o���i�e�h�k�d�h�k�l�y�o�� �b�� �b�f�_�_�l���\�b�^�� 

 (1) 

�]�^�_�� �± �j�Z�^�b�m�k���d�h�j�i�m�k�Z���l�_�i�e�h�h�[�f�_�g�g�h�]�h���Z�i�i�Z�j�Z�l�Z���� �± �j�Z��
�^�b�m�k���h�l�\�_�j�k�l�b�y���� �± �k�f�_�s�_�g�b�_���h�k�b���h�l�\�_�j�k�l�b�y���h�l���\�_�j�l�b�d�Z�e�v��
�g�h�c���h�k�b�������± �m�]�h�e�����i�h�^���d�h�l�h�j�u�f���\���d�Z�`�^�u�c���f�h�f�_�g�l���\�j�_�f�_�g�b��
�g�Z�o�h�^�b�l�k�y���k�_�d�m�s�Z�y���i�e�h�k�d�h�k�l�v���h�l�\�_�j�k�l�b�y���\���i�e�h�k�d�h�k�l�b��; 

�± �m�]�h�e���� �i�h�^�� �d�h�l�h�j�u�f�� �\�� �d�Z�`�^�u�c�� �f�h�f�_�g�l�� �\�j�_�f�_�g�b�� �g�Z�o�h��
�^�b�l�k�y���k�_�d�m�s�Z�y���i�e�h�k�d�h�k�l�v���h�l�\�_�j�k�l�b�y���\���i�e�h�k�d�h�k�l�b��.  

�<�� �q�Z�k�l�g�h�f�� �k�e�m�q�Z�_���� �d�h�]�^�Z�� �p�_�g�l�j�� �h�l�\�_�j�k�l�b�y�� �g�Z�o�h�^�b�l�k�y�� �g�Z��
�\�_�j�l�b�d�Z�e�v�g�h�c���h�k�b���k�_�q�_�g�b�y���a�Z�]�h�l�h�\�d�b���\�_�e�b�q�b�g�Z�������Z���k�b��
�k�l�_�f�Z���m�j�Z�\�g�_�g�b�c�����������i�j�b�h�[�j�_�l�Z�_�l���\�b�^�� 

 

�I�j�b���w�l�h�f���m�j�Z�\�g�_�g�b�_���i�e�h�k�d�h�k�l�b���b�g�p�b�^�_�g�l�g�h�c���h�k�b���>���@���a�Z��
�]�h�l�h�\�d�b���b�f�_�_�l���\�b�^�� 

   (2) 

�Q�l�h�[�u���b�k�d�e�x�q�b�l�v���^�h�i�h�e�g�b�l�_�e�v�g�h�_���i�_�j�_�f�_�s�_�g�b�_���j�_�a�Z�d�Z����
�Z�����k�e�_�^�h�\�Z�l�_�e�v�g�h�����b���^�h�i�h�e�g�b�l�_�e�v�g�h�]�h���i�j�b�\�h�^�Z���\���m�k�l�j�h�c�k�l�\�_��
�\�u�i�h�e�g�_�g�b�y���h�l�\�_�j�k�l�b�c�����^�e�y���k�e�m�q�Z�y���l�Z�g�]�_�g�p�b�Z�e�v�g�h�]�h���j�Z�k�i�h��
�e�h�`�_�g�b�y�� �h�l�\�_�j�k�l�b�y�� ���j�b�k�m�g�h�d�� ������ �b�k�i�h�e�v�a�m�_�f�� �i�j�b�\�h�^�� �i�h�\�h��
�j�h�l�Z���h�[�_�q�Z�c�d�b���� �i�_�j�_�\�_�^�y���h�k�v���w�l�h�]�h���h�l�\�_�j�k�l�b�y���\�� �i�h�e�h�`�_�g�b�_��
�g�Z�� �\�_�j�l�b�d�Z�e�v�g�h�c�� �h�k�b�� �a�Z�]�h�l�h�\�d�b���� �L�Z�d�h�f�m�� �i�h�^�o�h�^�m�� �k�h�h�l�\�_�l��
�k�l�\�m�_�l���i�h�\�h�j�h�l���k�b�k�l�_�f�u���d�h�h�j�^�b�g�Z�l�� �\�h�d�j�m�]���h�k�b���g�Z���m�]�h�e��

 �]�^�_��  ���j�b�k�m�g�h�d�������� 

�L�h�]�^�Z���\���k�b�k�l�_�f�_���d�h�h�j�^�b�g�Z�l�� �i�h�e�m�q�b�f�� 

(3) 

�B�k�o�h�^�y���b�a�������������k�h�o�j�Z�g�y�y���^�\�b�`�_�g�b�_���i�h���d�h�h�j�^�b�g�Z�l�_��
 �i�h�e�m�q�b�f���b�k�d�h�f�h�_���m�j�Z�\�g�_�g�b�_���k�\�y�a�b���\��

�i�e�h�k�d�h�k�l�b�� �^�e�y���i�h�e�m�q�_�g�b�y���`�_�e�Z�_�f�h�c���l�j�Z�_�d�l�h�j�b�b���h�l��
�g�h�k�b�l�_�e�v�g�h�]�h���i�_�j�_�f�_�s�_�g�b�y���a�Z�]�h�l�h�\�d�b���b���]�Z�a�h�\�h�]�h���j�_�a�Z�d�Z�� 

 �b�e�b��

 

�M�f�g�h�`�b�\���h�[�_���q�Z�k�l�b���w�l�h�]�h���m�j�Z�\�g�_�g�b�y���g�Z�������i�h�e�m�q�b�f��
�h�d�h�g�q�Z�l�_�e�v�g�h�� 

(4) 

�J�_�r�Z�y���m�j�Z�\�g�_�g�b�_���������������m�q�_�l�h�f���l�h�]�h�����q�l�h��
�����i�h�e�m�q�b�f�� 

 (5) 

�B�a���j�_�r�_�g�b�y�����������k�e�_�^�m�_�l�� 

(6) 

�]�^�_�� . 

�I�h�k�d�h�e�v�d�m�� �l�h���n�m�g�d�p�b�y�����������_�k�l�v���n�m�g�d�p�b�y��.  
�?�k�e�b�� �a�Z�^�Z�l�v�k�y�� �k�d�h�j�h�k�l�v�x�� �i�_�j�_�f�_�s�_�g�b�y�� 

�j�_�a�Z�d�Z���� �l�h���� �k�� �m�q�_�l�h�f�� �l�h�]�h���� �q�l�h������ �Z��

 �k�� �m�q�_�l�h�f�� �\�u�j�Z�`�_�g�b�y�� �������� �f�h�`�g�h��

�\�u�q�b�k�e�b�l�v���\�_�e�b�q�b�g�m���d�j�m�]�h�\�h�c���q�Z�k�l�h�l�u���q�l�h���h�^�g�h�a�g�Z�q�g�h��
�i�h�a�\�h�e�y�_�l�� �j�_�Z�e�b�a�h�\�Z�l�v�� �a�Z�d�h�g�u�� �m�i�j�Z�\�e�_�g�b�y�� �\�h�a�\�j�Z�l�g�h-
�i�h�k�l�m�i�Z�l�_�e�v�g�u�f�b�� �^�\�b�`�_�g�b�y�f�b���� �e�b�g�_�c�g�u�f���± �j�_�a�Z�d�Z����
�\�j�Z�s�Z�l�_�e�v�g�u�f���± �h�[�_�q�Z�c�d�b���l�_�i�e�h�h�[�f�_�g�g�h�]�h���Z�i�i�Z�j�Z�l�Z�� 

�K�e�_�^�h�\�Z�l�_�e�v�g�h�����i�h�e�m�q�_�g�g�u�_�� �\�u�j�Z�`�_�g�b�y�� �i�h�a�\�h�e�y�x�l��
�j�Z�a�j�Z�[�h�l�Z�l�v���l�Z�d�h�c���i�j�b�g�p�b�i�� �m�i�j�Z�\�e�_�g�b�y�� �i�j�h�p�_�k�k�h�f��
�h�[�j�Z�[�h�l�d�b�� �h�l�\�_�j�k�l�b�c���� �d�h�l�h�j�u�c���h�[�_�k�i�_�q�b�l �i�h�^�^�_�j�`�Z�g�b�_��
�j�_�a�m�e�v�l�b�j�m�x�s�_�c �k�d�h�j�h�k�l�b  �j�_�a�Z�d�Z���i�h�k�l�h�y�g�g�h�c�� �\��
�Z�\�l�h�f�Z�l�b�q�_�k�d�h�f���j�_�`�b�f�_�� 

 
 

 
 

�J�b�k. �������H�[�j�Z�a�h�\�Z�g�b�_���h�l�\�_�j�k�l�b�y���\���a�Z�]�h�l�h�\�d�_���l�_�i�e�h�h�[�f�_�g��
�g�h�]�h���Z�i�i�Z�j�Z�l�Z 
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�W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�U�C���F�:�D�?�L���M�K�L�J�H�C�K�L�<�:���>�E�Y��
�:�<�L�H�F�:�L�B�Q�?�K�D�H�C���H�;�J�:�;�H�L�D�B���H�L�<�?�J�K�L�B�C���<���A�:�=�H�L�H�<�D�:�O��

�L�?�I�E�H�H�;�F�?�G�G�U�O���:�I�I�:�J�:�L�H�< 

�I�j�_�^�e�h�`�_�g�g�h�_���m�k�l�j�h�c�k�l�\�h�����b�a�]�h�l�h�\�e�_�g�g�h�_���i�h���f�_�l�h�^�m�����'��
�± �i�j�h�l�h�l�b�i�b�j�h�\�Z�g�b�y���� �k�h�^�_�j�`�b�l�� �p�Z�g�]�h�\�u�c�� �a�Z-�`�b�f���� �\��
�d�h�l�h�j�u�c���m�k�l�Z�g�Z�\�e�b�\�Z�x�l���d�h�j�i�m�k���l�_�i�e�h�h�[�f�_�g�g�h�]�h���Z�i�i�Z�j�Z�l�Z���\��
�d�b�g�_�f�Z�l�b�q�_�k�d�b�o �i�j�b�a�f�Z�o�� �k�� �\�h�a�f�h�`-�g�h�k�l�v�x�� �j�_�\�_�j�k�b�\�g�h�]�h��
�\�j�Z�s�_�g�b�y�� �\�h�d�j�m�]�� �_�]�h�� �i�j�h�^�h�e�v�g�h�c�� �h�k�b���� �f�h�^�m�e�v�� �^�e�y��
�h�k�m�s�_�k�l�\�e�_�g�b�y�� �i�e�Z�a�f�_�g�g�h�c�� �j�_�a�d�b�� �k�� �\�h�a�f�h�`�g�h�k�l�v��
�i�j�h�^�h�e�v�g�h�]�h�� �i�_�j�_�f�_�s�_�g�b�y�� �\�^�h�e�v�� �a�Z�]�h�l�h�\�d�b���� �M�k�l�Z�g�h�\�d�Z��
�k�h�^�_�j�`�b�l�� �^�\�Z�� �i�j�b�\�h�^�Z���� �\�j�Z�s�_�g�b�y�� �b�� �e�b�g�_�c�g�h�]�h��
�i�_�j�_�f�_�s�_�g�b�y���� �d�h�l�h�j�u�_���� �j�Z�[�h�l�Z�y�� �k�h�\�f�_�k�l�g�h���� �i�h�a�\�h�e�y�x�l��
�i�h�e�m�q�b�l�v�� �l�j�_�[�m�_�f�u�_�� �l�j�Z�_�d�l�h�j�b�b�� �b�� �k�d�h�j�h�k�l�b�� �i�_�j�_�f�_�s�_�g�b�y��
�j�_�a�Z�d�Z���� �g�_�h�[�o�h�^�b�f�u�_�� �^�e�y�� �\�u�i�h�e�g�_�g�b�y�� �h�l�\�_�j�k�l�b�c�� �j�Z�a�g�h�]�h��
�^�b�Z�f�_�l�j�Z�� �b�� �j�Z�a�e�b�q�g�h�]�h�� �i�h�e�h�`�_�g�b�y�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b��
�h�[�_�q�Z�c�d�b�� 

�M�a�_�e�� �\�j�Z�s�_�g�b�y�� �a�Z�]�h�l�h�\�d�b���� �i�j�_�^�k�l�Z�\�e�_�g�g�u�c�� �g�Z�� �j�b�k�m�g�d�_��
������ �h�[�_�k�i�_�q�b�\�Z�_�l�� �j�_�\�_�j�k�b�\�g�h�_�� �\�j�Z�s�_�g�b�_�� �d�h�j�i�m�k�Z��
�l�_�i�e�h�h�[�f�_�g�g�h�]�h���Z�i�i�Z�j�Z�l�Z�� 

 

 
 

�J�b�k. �������M�a�_�e���\�j�Z�s�_�g�b�y���a�Z�]�h�l�h�\�d�b����1 �± �h�k�g�h�\�Z�g�b�_����2 �± �j�_�]�m��
�e�b�j�m�_�f�u�_���h�i�h�j�u����3 �± �j�h�e�b�d�h�\�u�_���h�i�h�j�u�� 

4 �± �^�_�j�`�Z�l�_�e�v���^�e�y���i�j�b�\�h�^�Z����5 �± �i�j�b�\�h�^����6 �± �m�a�_�e���i�h�^�r�b�i��
�g�b�d�h�\�u�c����7 �± �p�Z�g�]�h�\�u�c���a�Z�`�b�f����8 �± �a�Z�]�h�l�h�\�d�Z 

 
�A�Z�]�h�l�h�\�d�m��8 �a�Z�d�j�_�i�e�y�x�l���\���p�Z�g�]�h�\�h�f���a�Z�`�b�f�_����7) ���j�b�k�m�g�h�d��

�������� �b�� �i�j�b�\�h�^�b�l�k�y�� �\�h�� �\�j�Z�s�_�g�b�_�� �k�� �i�h�f�h�s�v�x�� �i�j�b�\�h�^�Z����
�d�j�_�i�e�_�g�b�_�� �d�h�l�h�j�h�]�h�� �i�h�d�Z�a�Z�g�h�� �g�Z�� �j�b�k�m�g�d�_�� ������ �M�a�_�e��
�\�j�Z�s�Z�l�_�e�v�g�h�]�h�� �^�\�b�`�_�g�b�y�� ���j�b�k�m�g�h�d�� ������ �\�u�i�h�e�g�_�g��
�k�e�_�^�m�x�s�b�f�� �h�[�j�Z�a�h�f���� �H�k�g�h�\�Z�g�b�_�� ��1���� �m�k�l�Z�g�h�\�e�_�g�h�� �g�Z��
�j�_�]�m�e�b�j�m�_�f�u�o�� �h�i�h�j�Z�o�� ��2������ �q�l�h�� �i�h�a�\�h�e�y�_�l�� �a�Z�^�Z�\�Z�l�v�� �_�f�m��
�k�l�j�h�]�h�� �]�h�j�b�a�h�g�l�Z�e�v�g�h�_�� �i�h�e�h�`�_�g�b�_�� �A�Z�]�h�l�h�\�d�Z�� ��8) 
�m�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y�� �\�� �p�Z�g�]�h�\�u�c�� �a�Z�`�b�f�� ��7������ �d�h�l�h�j�u�c��
�a�Z�d�j�_�i�e�y�_�l�k�y�� �g�Z�� �\�Z�e�m�� �i�j�b�\�h�^�Z�� ��5���� �k�� �i�h�f�h�s�v�x�� �\�b�g�l�Z���� �b��
�h�i�b�j�Z�_�l�k�y�� �g�Z�� �j�h�e�b�d�h�\�u�_�� �h�i�h�j�u�� ��3������ �a�Z�d�j�_�i�e�_�g�g�u�_�� �k��
�i�h�f�h�s�v�x�� �[�h�e�l�h�\�u�o�� �k�h�_�^�b�g�_�g�b�c���� �I�j�b�\�h�^�� ��5���� �d�j�_�i�b�l�k�y�� �d��
�d�j�h�g�r�l�_�c�g�m�� ��4������ �d�h�l�h�j�u�c�� �m�k�l�Z�g�h�\�e�_�g�� �g�Z�� �h�k�g�h�\�Z�g�b�b�� ��1���� �b��
�a�Z�d�j�_�i�e�_�g�� �k�� �i�h�f�h�s�v�x�� �l�j�_�o�� �[�h�e�l�h�\�u�o�� �k�h�_�^�b�g�_�g�b�c���� �<�Z�e��
�i�j�b�\�h�^�Z����3�����h�i�b�j�Z�_�l�k�y���g�Z���i�h�^�r�b�i�g�b�d�h�\�u�c���m�a�_�e����6). 

 

 
�J�b�k. �������P�Z�g�]�h�\�u�c���a�Z�`�b�f 

 
�M�a�_�e�� �i�j�h�^�h�e�v�g�h�]�h�� �i�_�j�_�f�_�s�_�g�b�y�� �j�Z�[�h�q�_�]�h�� �h�j�]�Z�g�Z��

���j�b�k�m�g�h�d�� ������ �h�[�_�k�i�_�q�b�\�Z�_�l�� �\�h�a�\�j�Z�l�g�h-�i�h�k�l�m�i�Z�l�_�e�v�g�h�_��
�^�\�b�`�_�g�b�_�� �j�Z�[�h�q�_�]�h�� �h�j�]�Z�g�Z�� �b�� �\�u�i�h�e�g�_�g�� �k�e�_�^�m�x�s�b�f��
�h�[�j�Z�a�h�f���� �M�a�_�e�� �m�k�l�Z�g�h�\�e�_�g�� �g�Z�� �h�i�h�j�u�� ���������� �d�h�l�h�j�u�_�� �[�Z-
�a�b�j�m�x�l�k�y�� �g�Z�� �h�k�g�h�\�Z�g�b�b�� ���������� �e�_�`�Z�s�_�f�� �g�Z�� �j�_�]�m�e�b�j�m�_�f�u�o��
�h�i�h�j�Z�o�������������I�j�b�\�h�^�����������a�Z�d�j�_�i�e�_�g���\���^�_�j�`�Z�l�_�e�_���^�e�y���i�j�b�\�h�^�Z��
�������� �k�� �i�h�f�h�s�v�x�� �q�_�l�u�j�_�o�� �\�b�g�l�h�\���� �Q�_�j�_�a�� �f�m�n�l�m�� �������� �f�h�f�_�g�l��
�\�j�Z�s�_�g�b�y�� �h�l�� �i�j�b�\�h�^�Z�� �i�_�j�_�^�Z�_�l�k�y�� �g�Z�� �r�Z-�j�b�d�h�\�b�g�l�h�\�m�x��
�i�_�j�_�^�Z�q�m�������������d�h�l�h�j�Z�y�� �i�j�b�\�h�^�b�l���\�� �^�\�b�`�_�g�b�_�� �m�a�_�e���j�Z�[�h�q�_�]�h��
�h�j�]�Z�g�Z�� �������� �i�h�� �p�b�e�b�g�^�j�b�q�_�k�d�b�f�� �g�Z�i�j�Z�\�e�y�x�s�b�f�� ������������
�a�Z�d�j�_�i�e�_�g�g�u�f�b���\���d�j�h�g�r�l�_�c�g�Z�o�����������b���������������H�[�Z���d�j�h�g�r�l�_�c�g�Z��
�m�k�l�Z�g�h�\�e�_�g�u���g�Z���h�i�h�j�Z�o�������������<�Z�e���r�Z�j�b�d�h�\�b�g�l�h�\�h�c���i�_�j�_�^�Z�q�b��
�������� �h�i�b�j�Z�_�l�k�y�� �g�Z�� �i�h�^�r�b�i�g�b�d�b�� ������������ �d�h�l�h�j�u�_�� �a�Z�d�j�_�i�e�_�g�u�� �\��
�k�h�h�l�\�_�l-�k�l�\�m�x�s�b�o�� �d�j�h�g�r�l�_�c�g�Z�o�� �k�� �i�h�f�h�s�v�x�� �\�b�g�l�h�\���� �<��
�d�Z�q�_�k�l�\�_�� �b�g�k�l�j�m�f�_�g�l�Z�� �b�k�i�h�e�v�a�h�\�Z�g�� �f�Z�j�d�_�j�� ���������� �m�k�l�Z�g�h�\-
�e�_�g�g�u�c���\���m�a�e�_���j�Z�[�h�q�_�]�h���h�j�]�Z�g�Z�����������b���a�Z�d�j�_�i�e�_�g�g�u�c���\�b�g�l�h�f�� 

 

 
�J�b�k.�������M�a�_�e���i�j�h�^�h�e�v�g�h�]�h���i�_�j�_�f�_�s�_�g�b�y���j�Z�[�h�q�_�]�h���h�j�]�Z�g�Z��
�f�Z�d�_�l�Z���Z�\�l�h�f�Z�l�b�q�_�k�d�h�c���m�k�l�Z�g�h�\�d�b���^�e�y���h�[�j�Z�[�h�l�d�b���h�l�\�_�j��

�k�l�b�c���������± �j�_�]�m�e�b�j�m�_�f�Z�y���h�i�h�j�Z���������± �h�k�g�h�\�Z�g�b�_���������± �h�i�h�j�u��������
�± �i�j�b�\�h�^���������± �^�_�j�`�Z�l�_�e�v���^�e�y���i�j�b�\�h�^�Z���������± �m�a�_�e���i�h�^�r�b�i�g�b��
�d�h�\�u�c���������± �f�m�n�l�Z���������± �r�i�b�e�v�d�Z���j�_�a�v�[�h�\�Z�y���������± �m�a�_�e���j�Z�[�h��

�q�_�]�h���h�j�]�Z�g�Z�����������± �f�Z�j�d�_�j�����������± �g�Z�i�j�Z�\�e�y�x�s�b�_���p�b�e�b�g�^�j�b�q�_��
�k�d�b�_�����������± �m�i�h�j���i�h�^�r�b�i�g�b�d�h�\�u�c�����������±�d�j�_�i�e�_�g�b�_���^�e�y���i�h�^��

�r�b�i�g�b�d�h�\�h�]�h���m�i�h�j�Z 
 

�J�Z�[�h�l�Z�� �h�i�b�k�Z�g�g�h�c�� �m�k�l�Z�g�h�\�d�b�� �k�f�h�^�_�e�b�j�h�\�Z�g�Z�� �\��
�b�g�`�_�g�_�j�g�h�f�� �i�j�h�]�j�Z�f�f�g�h�f�� �d�h�f�i�e�_�d�k�_���� �]�^�_�� �^�e�y�� �^�\�m�o��
�^�\�b�]�Z�l�_�e�_�c�� �a�Z�^�Z�g�u �a�Z�d�h�g�u�� �^�\�b�`�_�g�b�y�� �b�� �i�h�e�m�q�_�g�Z��
�j�_�a�m�e�v�l�b�j�m�x�s�Z�y�� �l�j�Z�_�d�l�h�j�b�y�� �^�\�b�`�_�g�b�y�� ���j�b�k�m�g�h�d�� ��������
�J�_�Z�e�v�g�u�c���f�Z�d�_�l���i�j�_�^�k�l�Z�\�e�_�g���g�Z���j�b�k�m�g�d�_������ 
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�I �J�B�G�P�B�I���M�I�J�:�<�E�?�G�B�Y���:�<�L�H�F�:�L�B�A�B�J�H�<�:�G�G�H�C���K�B�K�L�?�F�H�C��
�H�;�J�:�;�H�L�D�B���H�L�<�?�J�K�L�B�C�� 

�>�e�y�� �Z�\�l�h�f�Z�l�b�q�_�k�d�h�]�h�� �m�i�j�Z�\�e�_�g�b�y�� �i�j�_�^�e�h�`�_�g�g�h�c��
�k�b�k�l�_�f�h�c�� �h�[�j�Z�[�h�l�d�b�� �h�l�\�_�j�k�l�b�c�� �f�h�`�_�l�� �[�u�l�v�� �b�k�i�h�e�v�a�h�\�Z�g��
�k�e�_�^�m�x�s�b�c�� �i�h�^�o�h�^�����J�b�k�m�g�h�d�����������A�g�Z�y���i�Z�j�Z�f�_�l�j�u���^�_�l�Z�e�b���b��
�h�l�\�_�j�k�l�b�y���� �d�h�l�h�j�h�_�� �g�_�h�[�o�h�^�b�f�h�� �\�u�j�_�a�Z�l�v���� �\�� �i�j�h�]�j�Z�f�f�g�h�f��
�d�h�f�i�e�_�d�k�_�� �l�b�i�Z��CAE �±�k�b�k�l�_�f�u�� �j�Z�a�j�Z�[�Z�l�u�\�Z�x�l��
�l�\�_�j�^�h�l�_�e�v�g�m�x���f�h�^�_�e�v���h�l�\�_�j�k�l�b�y���d�Z�d���i�h�d�Z�a�Z�g�h���g�Z���j�b�k�m�g�d�_��
10. 

 

 
�J�b�k. �������J�_�a�m�e�v�l�b�j�m�x�s�Z�y���l�j�Z�_�d�l�h�j�b�y���i�_�j�_�f�_�s�_�g�b�y���b�g�k�l�j�m��

�f�_�g�l�Z�����i�h�e�m�q�_�g�g�Z�y���i�j�b���f�h�^�_�e�b�j�h�\�Z�g�b�b 
 

 
�J�b�k. �������J�Z�a�j�Z�[�h�l�Z�g�g�u�c���b���b�a�]�h�l�h�\�e�_�g�g�u�c���f�Z�d�_�l���w�d�k�i�_�j�b��

�f�_�g�l�Z�e�v�g�h�c���m�k�l�Z�g�h�\�d�b 
 

�F�h�^�_�e�v�� �k�h�o�j�Z�g�y�x�l�� �\�� �n�h�j�f�Z�l�_��STL���� �\�� �d�h�l�h�j�h�f��
�i�h�\�_�j�o�g�h�k�l�v�� �l�j�_�o�f�_�j�g�h�c�� �f�h�^�_�e�b�� �i�j�_�^�k�l�Z�\�e�y�_�l�k�y�� �\�� �\�b�^�_��
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Abstract. The design of the shell and tube heat exchanger in-

cludes a tube-like shell with holes to which an inlet and outlet pipes 
are welded. Radial and tangential holes are produced manually by 
means of plasma cutting with the use of specialized tools, which 
determines high laboriousness of heat exchangers production. An 
automatic device is proposed to reduce the laboriousness of this 
operation. To produce the hole in the heat exchanger shell, two re-
versible motions are superimposed: linear motion of the cutter 
along the longitudinal axis of the shell and the shell rotary motion. 
A mathematical model of the required cutter motion is proposed, 
which describes the relative trajectories of the plasma cutter and 
the shell in parametric form. To verify theoretical premises, a pro-

totype of the device was produced using a 3D prototyping technol-
ogy, a ball screw for the reversible linear motion of the cutter and 
a stepper motor for the reversible rotary motion of the shell. The 
shell is fixed by means of a collet chuck and rests on the pipe roller 
support. The principles of automatic control of the linear and ro-
tary motions of the cutter and the shell are proposed, based on the 
3D model of the shell. 

Keywords: holes machining, automatic cutting, plasma cutting, 
automatic device. 
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�d�h�j�j�_�e�b�j�m�_�l�� �k�� �l�_�o�g�b�q�_�k�d�b�f�b���� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�b��
�i�j�h�j�u�\�Z�f�b�� �b�� �d�h�g�d�m�j�_�g�l�g�u�f�b�� �w�d�h�g�h�f�b�q�_�k�d�b�f�b��
�i�j�_�b�f�m�s�_�k�l�\�Z�f�b�� �\�� �f�Z�r�b�g�h�k�l�j�h�_�g�b�b���� �B�g�\�_�k�l�b�p�b�b�� �\��
�g�Z�m�q�g�h-�b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�_�� �b�� �h�i�u�l�g�h-�d�h�g�k�l�j�m�d�l�h�j�k�d�b�_��

�j�Z�[�h�l�u�� ���G�B�H�D�J���� �\�_�^�m�s�b�o�� �Z�\�l�h�i�j�h�b�a�\�h�^�b�l�_�e�_�c�� �f�b�j�Z��
�k�h�k�l�Z�\�e�y�x�l����-�������h�l���]�h�^�h�\�h�]�h���h�[�h�j�h�l�Z�����<���J�h�k�k�b�b�����w�l�h���e�b�r�v��
�h�d�� �������� ������ �i�j�b�� �g�_�k�h�i�h�k�l�Z�\�b�f�h�� �f�_�g�v�r�b�o�� �f�Z�k�r�l�Z�[�Z�o 
�i�j�h�b�a�\�h�^�k�l�\�Z �b�� �k�[�u�l�Z [2]. �<�f�_�k�l�_�� �k�� �l�_�f���� �k�l�Z�l�b�k�l�b�d�Z��
�f�b�j�h�\�h�]�h�� �Z�\�l�h�i�j �h�b�a�\�h�^�k�l�\�Z�� �m�[�_�^�b�l�_�e�v�g�h�� �^�_�f�h�g�k�l�j�b�j�m�_�l����
�q�l�h���\���k�j�_�^�g�_�f���a�Z���i�h�k�e�_�^�g�b�_���������e�_�l���i�j�h�b�k�o�h�^�b�e���_�`�_�]�h�^�g�u�c��
�i�j�b�j�h�k�l���i�j�h�b�a�\�h�^�k�l�\�Z���h�d����������-3% �³�J�b�k�����´���� 

 

�J�b�k�����������F�b�j�h�\�h�_���i�j�h�b�a�\�h�^�k�l�\�h���i�Z�k�k�Z�`�b�j�k�d�b�o���b��
�d�h�f�f�_�j�q�_�k�d�b�o���Z�\�l�h�f�h�[�b�e�_�c����������-���������]���]�����b���i�j�h�]�g�h�a���^�h��

���������]��-  

�W�l�h�l���l�j�_�g�^���[�m�^�_�l���k�h�o�j�Z�g�y�l�v�k�y���\���[�e�b�`�Z�c�r�b�_�� �g�_�k�d�h�e�v�d�h��
�e�_�l���\���k�b�e�m���b�g�_�j�p�b�h�g�g�h�k�l�b���i�j�h�p�_�k�k�Z���i�j�h�b�a�\�h�^�k�l�\�Z���b���]�b�[�d�h�c��
�d�h�g�d�m�j�_�g�l�g�h�c���[�h�j�v�[�u���g�Z���j�u�g�d�Z�o���k�[�u�l�Z�����Z���l�Z�d�`�_���k�i�_�p�b�n�b�d�b��
�j�_�]�b�k�l�j�Z�p�b�b�� �k�l�Z�l�b�k�l�b�q�_�k�d�b�o�� �^�Z�g�g�u�o���� �d�j�b�a�b�k�g�u�_�� �i�Z�^�_�g�b�y��
�[�u�k�l�j�h���\�h�k�k�l�Z�g�Z�\�e�b�\�Z�e�b�k�v���h�l�e�h�`�_�g�g�u�f���k�i�j�h�k�h�f���³�J�b�k�����´�� 

 

�J�b�k�����������L�j�_�g�^���g�Z���i�j�b�j�h�k�l���f�b�j�h�\�h�]�h���i�j�h�b�a�\�h�^�k�l�\�Z��
�Z�\�l�h�f�h�[�b�e�_�c����������-���������]���]�����b���i�j�h�]�g�h�a���^�h�����������]��-  

�H�l�� �h�[�s�_�]�h�� �h�[�t�_�f�Z�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �i�h�� �l�b�i�Z�f��
�l�j�Z�g�k�i�h�j�l�g�u�o�� �k�j�_�^�k�l�\�� �e�_�]�d�h�\�h�c�� �i�Z�k�k�Z�`�b�j�k�d�b�c�� �k�h�k�l�Z�\�e�y�_�l��
�h�d���� �������� ���� �H�k�l�Z�e�v�g�u�_�� ��������- �e�_�]�d�b�c�� �d�h�f�f�_�j�q�_�k�d�b�c��
�l�j�Z�g�k�i�h�j�l���� �]�j�m�a�h�\�u�_�� �Z���f�� �b�� �Z�\�l�h�[�m�k�u�� �f�Z�e�h�c���� �k�j�_�^�g�_�c�� �b��
�[�h�e�v�r�h�c���\�f�_�k�l�b�f�h�k�l�b���� 

�<���J�h�k�k�b�b���w�l�h���k�h�h�l�g�h�r�_�g�b�_���k�f�_�s�_�g�h���\���i�h�e�v�a�m���e�_�]�d�h�\�h�]�h��
�l�j�Z�g�k�i�h�j�l�Z�� �������� �d�� ���������� �I�j�b�� �w�l�h�f�� �^�h�e�y�� �i�j�h�b�a�\�h�^�k�l�\�Z��
�Z�\�l�h�f�h�[�b�e�_�c�� �b�g�h�k�l�j�Z�g�g�u�o�� �Z�\�l�h�i�j�h�b�a�\�h�^�b�l�_�e�_�c�� �j�Z�k�l�_�l����
�l�h�]�^�Z�� �d�Z�d�� �j�h�k�k�b�c�k�d�b�_�� �[�j�_�g�^�u�� �l�_�j�y�x�l�� �k�\�h�b�� �i�h�a�b�p�b�b�� �g�Z��
�\�g�m�l�j�_�g�g�_�f�� �j�u�g�d�_�� �b�� �i�j�Z�d�l�b�q�_�k�d�b�� �g�_�� �d�h�g�d�m�j�b�j�m�_�l�� �g�Z��
�\�g�_�r�g�_�f�� 

�H�k�g�h�\�g�h�c�� �i�j�b�q�b�g�h�c�� �l�Z�d�h�]�h�� �k�h�k�l�h�y�g�b�y�� �^�_�e �y�\�e�y�_�l�k�y��
�a�Z�i�Z�a�^�u�\�Z�g�b�_�� �\�� �j�Z�a�j�Z�[�h�l�d�_�� �b�� �i�j�h�b�a�\�h�^�k�l�\�_�� �d�h�g�d�m�j�_�g�l�g�u�o��
�h�l�_�q�_�k�l�\�_�g�g�u�o�� �Z�\�l�h�f�h�[�b�e�_�c�� �b�� �h�i�_�j�_�`�Z�x�s�_�f��
�j�Z�a�\�_�j�l�u�\�Z�g�b�b�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �b�g�h�k�l�j�Z�g�g�u�o�� �d�h�f�i�Z�g�b�c�� �g�Z��
�l�_�j�j�b�l�h�j�b�b�� �J�h�k�k�b�b�� �k�� �f�h�j�Z�e�v�g�h�� �m�k�l�Z�j�_�\�Z�x�s�b�f�b��
�l�_�o�g�h�e�h�]�b�y�f�b�� �b�� �g�b�a�d�h�c�� �k�_�[�_�k�l�h�b�f�h�k�l�v�x���� �B�g�h�k�l�j�Z�g�g�u�_��
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�Z�\�l�h�i�j�h�b�a�\�h�^�b�l�_�e�b�� �e�_�]�d�h�� �d�h�g�d�m�j�b�j�m�x�l�� �g�Z���g�Z�r�_�f��
�\�g�m�l�j�_�g�g�_�f���j�u�g�d�_���b���k�^�_�j�`�b�\�Z�x�l���j�Z�a�\�b�l�b�_���h�l�_�q�_�k�l�\�_�g�g�h�]�h��
�Z�\�l�h�i�j�h�f�Z���� �d�h�l�h�j�u�c���� �l�Z�d�b�f�� �h�[�j�Z�a�h�f���� �l�_�j�y�_�l��
�i�j�b�\�e�_�d�Z�l�_�e�v�g�h�k�l�v �d�� �b�g�\�_�k�l�b�p�b�y�f �\�� �b�g�g�h�\�Z�p�b�h�g�g�u�_��
�j�Z�a�j�Z�[�h�l�d�b�����g�_���j�Z�a�\�b�\�Z�_�l�k�y �b���k�e�Z�[�_�_�l. 

�B�a���j�Z�k�l�m�s�_�c���d�h�e�b�q�_�k�l�\�_�g�g�h�c���^�b�g�Z�f�b�d�b�� �f�b�j�h�\�h�]�h��
�Z�\�l�h�i�j�h�f�Z���� �\�u�^�_�e�y�x�l�k�y�� �g�Z�b�[�h�e�_�_�� �a�Z�f�_�l�g�u�_�� �l�_�g�^�_�g�p�b�b 
�i�_�j�_�o�h�^�Z�� �d�� �d�Z�q�_�k�l�\�_�g�g�u�f �b�a�f�_�g�_�g�b�y�f ���� �I�h�� �j�Z�k�o�h�^�Z�f�� �g�Z��
�G�B�H�D�J���Z�\�l�h�f�h�[�b�e�v�g�Z�y���i�j�h�f�u�r�e�_�g�g�h�k�l�v���a�Z�g�b�f�Z�_�l���i�_�j�\�h�_��
�f�_�k�l�h���\���?�\�j�h�i�_�����h�i�_�j�_�`�Z�y���l�Z�d�b�_���h�l�j�Z�k�e�b�����d�Z�d���n�Z�j�f�Z�p�_�\�l�b�d�Z��
�b�� �[�b�h�l�_�o�g�h�e�h�]�b�y���� �f�Z�r�b�g�h�k�l�j�h�_�g�b�_���� �Z�\�b�Z�p�b�y�� �b�� �h�[�h�j�h�g�Z���� �<��
�f�b�j�h�\�h�f�� �j�_�c�l�b�g�]�_���� �b�a�� ���������� �i�j�_�^�i�j�b�y�l�b�c�� �k�� �k�Z�f�u�f�b��
�\�u�k�h�d�b�f�b���j�Z�k�o�h�^�Z�f�b���g�Z���b�k�k�e�_�^�h�\�Z�g�b�y���b���j�Z�a�j�Z�[�h�l�d�b���\������������
�]�h�^�m���� �Z�\�l�h�f�h�[�b�e�v�g�Z�y�� �h�l�j�Z�k�e�v�� �[�u�e�Z�� �e�b�^�b�j�m�x�s�_�c����
Volkswagen - 1-�_���f�_�k�l�h�����������������f�e�j�^�����_�\�j�h�������*�0��-11-�_��������������
�f�e�j�^���� �_�\�j�h������ �'�D�L�P�O�H�U��-12-�_�� ������������ �f�e�j�^���� �_�\�j�h������ �7�R�\�R�W�D��-13-�_��
������������ �f�e�j�^���� �_�\�j�h������ �)�R�U�G��-15-�_�� ������������ �f�e�j�^���� �_�\�j�h���� �b�� �5�R�E�H�U�W��
Bosch 20-�_���������������f�e�j�^�����_�\�j�h�����>��]. 

�H�k�g�h�\�g�u�_�� �b�g�\�_�k�l�b�p�b�b�� �g�Z�i�j�Z�\�e�y�x�l�k�y �g�Z�� �k�h�a�^�Z�g�b�_��
�i�_�j�k�i�_�d�l�b�\�g�u�o�� �i�j�b�\�h�^�g�u�o�� �m�k�l�Z�g�h�\�h�d���� �Z�e�v�l�_�j�g�Z�l�b�\�g�u�o��
�i�j�b�\�h�^�m�� �k�� �>�<�K���� �I�j�b�q�_�f���� �d�Z�`�^�u�c�� �b�a�� �Z�\�l�h�i�j�h�b�a�\�h�^�b�l�_�e�_�c��
�j�Z�k�k�f�Z�l�j�b�\�Z�_�l�� �b�� �j�_�Z�e�b�a�m�_�l�� �]�Z�f�f�m�� �Z�e�v�l�_�j�g�Z�l�b�\�g�u�o��
�i�j�b�\�h�^�g�u�o�� �d�h�g�p�_�i�p�b�c���� �q�l�h�� �k�\�b�^�_�l�_�e�v�k�l�\�m�_�l�� �h��
�g�_�h�^�g�h�a�g�Z�q�g�h�k�l�b�� �\�� �\�u�[�h�j�_�� �h�i�l�b�f�Z�e�v�g�h�]�h�� �j�_�r�_�g�b�y�� �b��
�f�g�h�]�h�a�Z�^�Z�q�g�h�k�l�b�� �l�_�d�m�s�b�o���� �b�� �]�j�y�^�m�s�b�o�� �\�u�a�h�\�h�\�� �\�j�_�f�_�g�b��
���d�j�b�a�b�k�u���w�d�h�g�h�f�b�q�_�k�d�b�_���� �k�d�Z�g�^�Z�e�u���� �l�b�i�Z�� �^�b�a�_�e�v�]�_�c�l�k����
�j�Z�a�e�b�q�g�u�_ �^�j�Z�c�\�_�j�u�����d�Z�d���w�d�h�e�h�]�b�q�_�k�d�b�_���b�����d�h�g�d�m�j�_�g�p�b�y���a�Z��
�j�u�g�d�b���k�[�u�l�Z���b���i�j�������� 

�: �g�Z�e�b�a�b�j�m�y �b�k�l�h�j�b�x���j�Z�a�\�b�l�b�y���l�j�Z�g�k�i�h�j�l�g�u�o���i�j�b�\�h�^�h�\ 
�f�u�� �\�u�^�_�e�b�e�b�� �g�Z�b�[�h�e�_�_�� �o�Z�j�Z�d�l�_�j�g�u�_�� �l�_�g�^�_�g�p�b�b���� �< 
�o�j�h�g�h�e�h�]�b�b�� �k�m�s�_�k�l�\�m�x�s�b�o�� �b���i�h�y�\�e�y�x�s�b�o�k�y�� �l�_�o�g�b�q�_�k�d�b�o��
�j�_�r�_�g�b�c�� �b�� �l�_�o�g�h�e�h�]�b�c���i�j�b�\�h�^�g�u�o�� �k�b�k�l�_�f���l�j�Z�g�k�i�h�j�l�g�u�o��
�k�j�_�^�k�l�\, �h�[�g�Z�j�m�`�b�\�Z�x�l�k�y���j�Z�a�e�b�q�g�u�_�� �i�h���k�l�_�i�_�g�b �a�j�_�e�h�k�l�b 
�l�_�h�j�_�l�b�q�_�k�d�h�c�� �b �i�j�Z�d�l�b�q�_�k�d�h�c �b�o���i�j�h�j�Z�[�h�l�d�b, �m�k�l�Z�g�h�\�d�b��
�\�i�e�h�l�v���^�h���i�j�h�f�u�r�e�_�g�g�u�o���h�[�j�Z�a�p�h�\.  

S-�h�[�j�Z�a�g�u�_�� �i�j�h�p�_�k�k�u�� �b�f�_�x�l�� �y�j�d�h�� �\�u�j�Z�`�_�g�g�u�_��
�i�j�b�a�g�Z�d�b�� �w�l�Z�i�h�\�� �m�k�d�h�j�_�g�b�y-�a�Z�f�_�^�e�_�g�b�y���� �Z�� �l�Z�d�`�_ 
�d�Z�q�_�k�l�\�_�g�g�u�o �i�_�j�_�o�h�^�h�\�� �g�Z�� �^�h�f�b�g�b�j�m�x�s�b�_���� �b��
�^�h�i�h�e�g�y�x�s�b�_���Z�e�v�l�_�j�g�Z�l�b�\�g�u�_���l�b�i�u���i�j�b�\�h�^�g�u�o���m�k�l�Z�g�h�\�h�d��
�³�J�b�k�����´��  

 

 
�J�b�k������. �W�l�Z�i�u���k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�y���l�_�o�g�h�e�h�]�b�c��

�i�j�b�\�h�^�h�\ �:�L�K�����,���± II  �± III)  

�D�Z�`�^�u�c�� �i�h�k�e�_�^�m�x�s�b�c�� �w�l�Z�i�� �k�� �^�h�f�b�g�b�j�m�x�s�b�f�� �l�b�i�h�f��
�i�j�b�\�h�^�Z���^�e�b�l�k�y���\���k�\�h�_�f���j�Z�a�\�b�l�b�b���f�_�g�v�r�_���i�h���\�j�_�f�_�g�b�����q�_�f��
�i�j�_�^�u�^�m�s�b�c�� �b���� �q�l�h�[�u�� �b�a�f�_�g�b�l�v�� �i�h�e�h�`�_�g�b�_�� �\��
�h�l�_�q�_�k�l�\�_�g�g�h�f�� �Z�\�l�h�i�j�h�f�_ �b�� �k�l�Z�l�v�� �i�h�e�g�h�i�j�Z�\�g�u�f�b��

�m�q�Z�k�l�g�b�d�Z�f�b�� �w�d�k�i�h�j�l�g�h�]�h�� �j�u�g�d�Z���� �g�_�h�[�o�h�^�b�f�h�� �k�_�c�q�Z�k��
�b�g�\�_�k�l�b�j�h�\�Z�l�v�� �\�� �k�\�h�b�� �i�_�j�k�i�_�d�l�b�\�g�u�_���� �b�g�g�h�\�Z�p�b�h�g�g�u�_��
�j�Z�a�j�Z�[�h�l�d�b���� �k�� �d�h�l�h�j�u�f�b�� �f�h�`�g�h�� �[�m�^�_�l�� �d�h�h�i�_�j�b�j�h�\�Z�l�v�k�y�� �\��
�l�_�o�g�h�e�h�]�b�y�o�� �i�j�h�f�u�r�e�_�g�g�h�]�h�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �k�� �^�j�m�]�b�f�b��
�m�q�Z�k�l�g�b�d�Z�f�b���f�_�`�^�m�g�Z�j�h�^�g�h�]�h���Z�\�l�h�i�j�h�f�Z���g�Z���i�Z�j�b�l�_�l�g�u�o���b��
�\�a�Z�b�f�h�\�u�]�h�^�g�u�o���m�k�e�h�\�b�y�o�� 

�A�^�_�k�v���� �\�h�a�g�b�d�Z�_�l�� �g�_�h�[�o�h�^�b�f�h�k�l�v�� �i�j�Z�\�b�e�v�g�h�]�h�� �\�u�[�h�j�Z��
�d�h�g�p�_�i�p�b�b�� �j�Z�a�j�Z�[�h�l�d�b�� �i�_�j�k�i�_�d�l�b�\�g�u�o�� �i�j�b�\�h�^�g�u�o��
�m�k�l�Z�g�h�\�h�d�� �k �l�_�f���� �q�l�h�[�u�� �i�h�e�m�q�b�l�v�� �i�j�_�n�_�j�_�g�p�b�b�� �\��
�i�j�Z�d�l�b�q�_�k�d�h�c�� �j�_�Z�e�b�a�Z�p�b�b�� �b�� �d�h�f�f�_�j�q�_�k�d�h�c��
�\�h�k�l�j�_�[�h�\�Z�g�g�h�k�l�b���g�Z�c�^�_�g�g�u�o���j�_�r�_�g�b�c�� 

�K�_�c�q�Z�k���� �k�e�_�^�m�y�� �e�h�]�b�d�_�� �j�Z�a�\�b�l�b�y�� �k�b�e�h�\�u�o�� �m�k�l�Z�g�h�\�h�d��
�³�J�b�k�����´���� �f�u�� �g�Z�o�h�^�b�f�k�y�� �\�� �n�Z�a�_�� �h�d�h�g�q�Z�g�b�y�� �\�l�h�j�h�]�h����
�i�_�j�_�o�h�^�g�h�]�h���w�l�Z�i�Z�����]�^�_���a�Z�d�Z�g�q�b�\�Z�_�l�k�y���^�h�f�b�g�b�j�m�x�s�Z�y���j�h�e�v��
�>�<�K���� �Z�d�l�b�\�g�h�� �a�Z�d�j�_�i�e�y�x�l�k�y�� �k�e�_�^�m�x�s�b�_�� �l�b�i�u�� �k�b�e�h�\�u�o��
�m�k�l�Z�g�h�\�h�d�� �g�Z�� �h�k�g�h�\�_�� �w�e�_�d�l�j�b�q�_�k�d�b�o�� �i�j�b�\�h�^�h�\����
�g�Z�d�h�i�b�l�_�e�_�c���� �b�k�l�h�q�g�b�d�h�\�� �a�Z�j�y�^�d�b���� �G�Z�� ��-�_�f�� �w�l�Z�i�_�� �b�f�_�g�g�h��
�h�g�b�� �[�m�^�m�l�� �^�h�f�b�g�b�j�h�\�Z�l�v���� �Z�d�l�b�\�g�h�� �\�h�k�i�j�h�b�a�\�h�^�b�l�v�k�y�� �b��
�l�b�j�Z�`�b�j�h�\�Z�l�v�k�y���� �i�h�e�m�q�Z�l�� �r�b�j�h�d�h�_�� �j�Z�a�\�b�l�b�_�� �g�_�h�[�o�h�^�b�f�u�o��
�l�_�o�g�h�e�h�]�b�c���\���i�j�h�b�a�\�h�^�k�l�\�_���b���w�d�k�i�e�m�Z�l�Z�p�b�b�����h�i�j�_�^�_�e�y�l���\�k�x��
�b�g�n�j�Z�k�l�j�m�d�l�m�j�m���l�j�Z�g�k�i�h�j�l�g�h�c���h�l�j�Z�k�e�b���� 

�G�Z���i�_�j�_�o�h�^�_���h�l����-�]�h���d����-�f�m���w�l�Z�i�m�����\���g�_�y�\�g�h�f���\�b�^�_�����m�`�_��
�g�Z�j�h�`�^�Z�_�l�k�y�� �k�e�_�^�m�x�s�b�c�� �Z�e�v�l�_�j�g�Z�l�b�\�g�u�c�� �^�h�f�b�g�b�j�m�x�s�b�c��
�l�b�i�� �k�b�e�h�\�u�o�� �m�k�l�Z�g�h�\�h�d���� �G�Z�� �j�b�k�m�g�d�_�� ���� �h�g�� �g�Z�o�h�^�b�l�k�y�� �g�Z��
�i�_�j�_�k�_�q�_�g�b�b�� �l�j�z�o�� �6-�h�[�j�Z�a�g�u�o�� �e�b�g�b�c�� �b�� �\�u�^�_�e�_�g��
�h�d�j�m�`�g�h�k�l�v�x��  

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �g�Z�f�_�q�Z�x�l�k�y�� �g�_�k�d�h�e�v�d�h�� �i�_�j�k�i�_�d�l�b�\�g�u�o��
�g�Z�i�j�Z�\�e�_�g�b�c�� �j�Z�a�\�b�l�b�y�� �Z�\�l�h�f�h�[�b�e�v�g�h�]�h�� �l�j�Z�g�k�i�h�j�l�Z�� �k��
�m�i�j�_�`�^�Z�x�s�_�c�� �\�h�a�f�h�`�g�h�k�l�v�x�� �j�Z�a�\�b�l�b�y�� �i�j�b�f�_�g�b�l�_�e�v�g�h�� �d��
�j�h�k�k�b�c�k�d�h�f�m���Z�\�l�h�i�j�h�f�m�����I�j�_�`�^�_���\�k�_�]�h�����\�k�_���i�_�j�_�q�b�k�e�_�g�g�u�_��
�\�u�r�_�� �i�_�j�k�i�_�d�l�b�\�g�u�_�� �^�e�y�� �j�u�g�d�Z�� �J�h�k�k�b�b�� �g�Z�i�j�Z�\�e�_�g�b�y��
�j�Z�a�\�b�l�b�y�� �Z�\�l�h�i�j�h�f�Z�� �g�_�i�j�_�f�_�g�g�h�� �h�o�\�Z�q�_�g�u��
�w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�b�f�b�� �l�j�Z�g�k�f�b�k�k�b�y�f�b���� �\�� �d�h�l�h�j�u�_�� �\�o�h�^�y�l��
�w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�v�����b�k�l�h�q�g�b�d���w�e�_�d�l�j�b�q�_�k�d�h�c���w�g�_�j�]�b�b���\���\�b�^�_��
�o�b�f�b�q�_�k�d�b�o�� �b�e�b�� �l�h�i�e�b�\�g�u�o�� �w�e�_�f�_�g�l�h�\���� �l�_�i�e�h�\�u�o��
�^�\�b�]�Z�l�_�e�_�c���b���]�_�g�_�j�Z�l�h�j�h�\�� 

�H�k�g�h�\�g�u�f�b���\�h�i�j�h�k�Z�f�b���\�u�[�h�j�Z���d�h�g�p�_�i�p�b�b�����d�h�l�h�j�u�_���f�u��
�h�i�j�_�^�_�e�b�e�b�� �\�� �g�Z�r�_�f�� �i�j�h�_�d�l�_�� �y�\�e�y�x�l�k�y�� �\�h�i�j�h�k�u�� �\�u�[�h�j�Z��
�i�_�j�k�i�_�d�l�b�\�g�u�o�� �i�j�b�\�h�^�h�\���� �g�Z�d�h�i�b�l�_�e�_�c�� �b�� �b�k�l�h�q�g�b�d�h�\��
�a�Z�j�y�^�d�b�� �\�� �d�h�l�h�j�u�o�� �w�e�_�d�l�j�b�q�_�k�d�Z�y�� �d�h�f�i�h�g�_�g�l�Z�� �[�m�^�_�l��
�^�h�f�b�g�b�j�m�x�s�_�c�� 

�J�:�A�J�:�;�H�L�D�:���I�?�J�K�I�?�D�L�B�<�G�U�O���B�K�L�H�Q�G�B�D�H�< �A�:�J�Y�>�D�B �B��
�G�:�D�H�I�B�L�?�E�?�C���W�G�?�J�=�B�B 

�I�h�� �h�^�g�h�f�m�� �b�a�� �d�e�x�q�_�\�u�o�� �\�h�i�j�h�k�h�\���� �g�Z�e�b�q�b�y��
�Z�e�v�l�_�j�g�Z�l�b�\�u�� �m�]�e�_�\�h�^�h�j�h�^�g�u�f�� �b�k�l�h�q�g�b�d�Z�f�� �w�g�_�j�]�b�b�� �k��
�k�h�o�j�Z�g�_�g�b�_�f�� �Z�\�l�h�g�h�f�g�h�k�l�b�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �k�j�_�^�k�l�\�� �i�j�b��
�[�h�e�v�r�h�f�� �j�Z�a�g�h�h�[�j�Z�a�b�b�� �i�j�_�^�e�h�`�_�g�b�c�����g�Z�b�[�h�e�_�_�� �q�Z�k�l�h��
�j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y�� �w�e�_�d�l�j�b�q�_�k�d�b�_�� �b�k�l�h�q�g�b�d�b�� �b���g�Z�d�h�i�b�l�_�e�b��
�w�g�_�j�]�b�b���� �d�h�l�h�j�u�_�� �i�h�e�m�q�b�e�b�� �k�\�h�_�� �Z�d�l�b�\�g�h�_�� �j�Z�a�\�b�l�b�_�� �a�Z��
�i�h�k�e�_�^�g�b�_�� ������ �e�_�l���� �d�Z�d�� �w�d�h�e�h�]�b�q�_�k�d�b���[�h�e�_�_���³�q�b�k�l�u�_�´, 
�\�u�k�h�d�h�w�n�n�_�d�l�b�\�g�u�_���� �[�_�a�h�i�Z�k�g�u�_���� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�� �[�h�e�_�_��
�\�k�_�]�h���i�h�^�]�h�l�h�\�e�_�g�g�u�_���d���i�j�h�f�u�r�e�_�g�g�h�f�m���i�j�h�b�a�\�h�^�k�l�\�m���� 

�I �h�� �k�\�h�b�f���h�l�^�_�e�v�g�u�f �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f��- �m�^�_�e�v�g�Z�y��
�f�h�s�g�h�k�l�v���:�����O�����N�J�����b�� �m�^�_�e�v�g�Z�y���w�g�_�j�]�h�_�f�d�h�k�l�v���:�
�K�����O�����N�J��, 
�h�g�b���m�`�_  �i�j�b�[�e�b�`�Z�x�l�k�y���d���[�_�g�a�b�g�h�\�u�f���³�J�b�k�����´�����h�^�g�Z�d�h�����i�h��
�k�h�\�h�d�m�i�g�h�k�l�b�� �w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o�� �k�\�h�c�k�l�\���� �i�h�� �k�l�h�b�f�h�k�l�b��
�_�s�_���m�k�l�m�i�Z�x�l���l�j�Z�^�b�p�b�h�g�g�u�f �m�]�e�_�\�h�^�h�j�h�^�g�u�f�� 

�M�`�_���k�_�c�q�Z�k���h�q�_�\�b�^�g�h�����q�l�h���k�_�[�_�k�l�h�b�f�h�k�l�v���w�e�_�d�l�j�b�q�_�k�d�b�o��
�i�j�b�\�h�^�h�\ �b�� �g�Z�d�h�i�b�l�_�e�_�c�� �w�g�_�j�]�b�b�� �k�g�b�a�b�l�k�y�� �\�� �j�Z�a�u�� �\��
�[�e�b�`�Z�c�r�b�_�� �]�h�^�u, �o�h�l�y�� �[�u���l�h�e�v�d�h�� �a�Z�� �k�q�_�l�� �m�\�_�e�b�q�_�g�b�y��
�h�[�t�_�f�h�\�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �b�� �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�y�� �l�_�o�g�h�e�h�]�b�c����
�h�^�g�Z�d�h���g�_�h�[�o�h�^�b�f�h�� �_�s�_�� �m�k�h�\�_�j�r�_�g�k�l�\�h�\�Z�l�v��
�w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�_�� �k�\�h�c�k�l�\�Z���b���i�Z�j�Z�f�_�l�j�u �w�g�_�j�]�_�l�b�q�_�k�d�b�o��
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�k�b�k�l�_�f�� �b�� �m�k�l�Z�g�h�\�h�d, �i�h�^�]�h�l�h�\�b�l�v�� �\�k�x�� �^�h�j�h�`�g�h-
�l�j�Z�g�k�i�h�j�l�g�m�x���b�g�n�j�Z�k�l�j�m�d�l�m�j�m�� 

�<���\�u�[�h�j�_���k�\�h�_�c���d�h�g�p�_�i�p�b�b���i�_�j�k�i�_�d�l�b�\�g�u�o���g�Z�d�h�i�b�l�_�e�_�c��
�w�g�_�j�]�b�b���f�u���b�k�i�h�e�v�a�h�\�Z�e�b���d�h�f�i�e�_�d�k�g�u�c���i�h�^�o�h�^�����\���d�h�l�h�j�h�f��
�d�h�f�[�b�g�b�j�h�\�Z�e�b���\���h�^�g�h�c���g�Z�d�h�i�b�l�_�e�v�g�h�c���k�b�k�l�_�f�_���j�Z�a�e�b�q�g�u�_��
�i�h�� �i�j�b�g�p�b�i�m�� �^�_�c�k�l�\�b�y�� �g�Z�d�h�i�b�l�_�e�b�� �k�� �e�m�q�r�b�f�b��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �i�h�� �m�^�_�e�v�g�h�c�� �f�h�s�g�h�k�l�b�� �b�� �m�^�_�e�v�g�h�c��
�w�g�_�j�]�h�_�f�d�h�k�l�b���� �W�l�h�� �a�h�g�Z�� �\�u�^�_�e�_�g�Z �i�m�g�d�l�b�j�g�h�c�� �e�b�g�b�_�c�� �g�Z��
�³�j�b�k�����´, �\�� �,-�h�f�� �d�\�Z�^�j�Z�g�l�_�� �i�Z�j�Z�f�_�l�j�h�\�� �h�l�g�h�k�b�l�_�e�v�g�h�� �l�h�q�d�b��
�³�;�_�g�a�b�g�´�� 

 
�J�b�k�����������O�Z�j�Z�d�l�_�j�b�k�l�b�d�b���j�Z�a�e�b�q�g�u�o���g�Z�d�h�i�b�l�_�e�_�c���w�g�_�j�]�b�b 

�D�h�f�[�b�g�b�j�m�y���\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �j�Z�a�e�b�q�g�u�o�� �i�h�� �i�j�b�g�p�b�i�m��
�g�Z�d�h�i�e�_�g�b�y�� �b�� �h�l�^�Z�q�b�� �w�g�_�j�]�b�b�� �k�b�k�l�_�f, �f�u�� �^�h�[�b�\�Z�_�f�k�y��
�w�n�n�_�d�l�Z���� �d�h�l�h�j�u�c�� �h�i�b�k�u�\�Z�_�l�k�y�� �i�j�b�g�p�b�i�h�f�� �k�m�i�_�j�i�h�a�b�p�b�b����
�]�^�_�� �j�_�a�m�e�v�l�b�j�m�x�s�b�c�� �i�Z�j�Z�f�_�l�j�b�q�_�k�d�b�c�� �\�_�d�l�h�j�� �k�f�_�s�Z�_�l��
�k�m�f�f�b�j�m�x�s�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �\�� �k�l�h�j�h�g�m�� �,�9�� �d�\�Z�^�j�Z�g�l�Z����
�I�j�b�� �w�l�h�f�� �h�k�l�Z�_�l�k�y�� �\�h�a�f�h�`�g�h�k�l�v�� �i�h�^�[�h�j�Z�� �e�m�q�r�_�c��
�d�h�f�[�b�g�Z�p�b�b�� �i�b�d�h�\�u�o�� �a�g�Z�q�_�g�b�c�� �i�_�j�\�h�]�h�� �i�Z�j�Z�f�_�l�j�Z�� �i�h�^��
�h�k�h�[�_�g�g�h�k�l�b���l�j�Z�g�k�i�h�j�l�Z���[�h�e�v�r�h�c���]�j�m�a�h�i�h�^�t�_�f�g�h�k�l�b�����+�9������
�\�l�h�j�h�]�h��- �^�e�y�� �f�Z�e�h�c�� �b�� �k�j�_�^�g�_�c�� ���(�9���� �3�+�(�9������ �� �D�j�h�f�_�� �l�h�]�h����
�m�k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �d�Z�`�^�h�]�h�� �b�a��
�a�Z�^�_�c�k�l�\�h�\�Z�g�g�u�o���g�Z�d�h�i�b�l�_�e�_�c���\�g�h�k�b�l���k�\�h�c���i�h�e�h�`�b�l�_�e�v�g�u�c��
�w�n�n�_�d�l�� �\�� �d�h�f�i�e�_�d�k�g�u�c�� �g�Z�d�h�i�b�l�_�e�v���� �� �G�Z�i�j�b�f�_�j����
�d�h�g�^�_�g�k�Z�l�h�j�g�u�_�� �b�� �l�\�_�j�^�h�l�_�e�v�g�u�_�� �[�Z�l�Z�j�_�b�� �k�� �i�e�h�l�g�h�k�l�v�x��
�a�Z�j�y�^�Z�����������:�K���/�� �m�`�_�� �k�_�c�q�Z�k�� �h�[�_�k�i�_�q�b�\�Z�x�l�� �\�u�k�h�d�m�x��
�k�d�h�j�h�k�l�v�� �a�Z�j�y�^�d�b�� ���^�h�� ������ �f�b�g�m�l�� [3, 4]. �:�d�d�m�f�m�e�y�l�h�j�g�u�_��
�[�Z�l�Z�j�_�b���j�Z�a�e�b�q�g�u�o���l�b�i�h�\���l�Z�d�`�_���m�e�m�q�r�b�e�b���k�\�h�b���i�h�d�Z�a�Z�l�_�e�b��
�a�Z�� �i�h�k�e�_�^�g�b�_�� ����-������ �e�_�l�� �b�� �^�h�k�l�b�]�e�b�� ������-�������� �<�l�
�q���d�]���� �q�l�h��
�i�h�a�\�h�e�y�_�l�� �b�f�� �h�k�m�s�_�k�l�\�e�y�l�v�� �i�j�h�[�_�]�� �^�h�� �������� �d�f�� �[�_�a��
�i�h�^�a�Z�j�y�^�d�b���� 

�<�� �l�h�� �`�_�� �\�j�_�f�y���� �l�_�i�e�h�\�u�_�� �^�\�b�]�Z�l�_�e�b�� �d�Z�j�[�x�j�Z�l�h�j�g�h�]�h�� �b��
�^�b�a�_�e�v�g�h�]�h�� �l�b�i�Z���� �i�j�b�f�_�g�y�_�f�u�_�� �\�� �d�Z�q�_�k�l�\�_��
�d�h�f�[�b�g�b�j�h�\�Z�g�g�h�c�� �w�g�_�j�]�h�m�k�l�Z�g�h�\�d�b�� �k�� �w�e�_�d�l�j�h�]�_�g�_�j�Z�l�h�j�h�f��
�i�j�b���k�h�\�f�_�k�l�g�u�o���m�^�_�e�v�g�u�o���i�h�d�Z�a�Z�l�_�e�y�o�����^�h�k�l�b�]�e�b���m�^�_�e�v�g�u�o��
�a�g�Z�q�_�g�b�c�� �h�l�� ���� �^�h�� ������ �d�<�l���d�]�����W�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�_��
�]�_�g�_�j�Z�l�h�j�u���� �f�h�]�m�s�b�_�� �g�Z�i�j�y�f�m�x�� �i�j�_�\�j�Z�s�Z�l�v�� �\�h�^�h�j�h�^�� �\��
�w�e�_�d�l�j�b�q�_�k�d�b�c���l�h�d���^�h�k�l�b�]�e�b���l�Z�d�`�_���j�_�d�h�j�^�g�u�o���i�h�d�Z�a�Z�l�_�e�_�c��
�h�l�������^�h���������d�<�l���d�]�� 

�J�:�A�J�:�;�H�L�D�:���I�?�J�K�I�?�D�L�B�<�G�U�O���I�J�B�<�H�>�G�U�O���K�B�K�L�?�F 

�F�g�h�]�h�h�[�j�Z�a�b�_�� �i�j�b�\�h�^�g�u�o�� �k�o�_�f�� �Z�e�v�l�_�j�g�Z�l�b�\�g�u�o��
�d�e�Z�k�k�b�q�_�k�d�h�f�m�� �i�j�b�\�h�^�m�� �k�� �>�<�K�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �k�j�_�^�k�l�\��
�f�h�`�g�h���k�l�j�m�d�l�m�j�b�j�h�\�Z�g�g�h���i�j�_�^�k�l�Z�\�b�l�v�����b�k�i�h�e�v�a�m�y���d�j�b�l�_�j�b�c��

�g�Z�e�b�q�b�y�� �b�� �n�m�g�d�p�b�h�g�Z�e�Z�� ���[�h�j�l�h�\�u�o���w�e�_�d�l�j�b�q�_�k�d�b�o�� �k�b�k�l�_�f 
[5]:  

�I�_�j�\�u�c���l�b�i�����l�j�Z�^�b�p�b�h�g�g�u�c���Z�\�l�h�f�h�[�b�e�v���k���>�<�K�����L�Q�W�H�U�Q�D�O��
combustion engine - �,�&�(�����k���[�h�j�l�h�\�h�c���k�_�l�v�x�������9���� 

�<�l�h�j�h�c�� �l�b�i���� �h�l�g�h�k�b�l�_�e�v�g�h�� �g�_�^�h�j�h�]�b�_�� �b�� �i�j�h�k�l�u�_��- 
�]�b�[�j�b�^�g�u�_�� �w�e�_�d�l�j�b�q�_�k�d�b�_�� �Z�\�l�h�f�h�[�b�e�b�� ���+�\�E�U�L�G�� �(�O�H�F�W�U�L�F��
Vehicle - �+�(�9������ �d�h�l�h�j�u�_�� �\�� �k�\�h�x�� �h�q�_�j�_�^�v���� �f�h�`�g�h��
�i�h�^�j�Z�a�^�_�e�b�l�v���g�Z���q�_�l�u�j�_���d�Z�l�_�]�h�j�b�b���³�l�Z�[�e�����´: 

�L�Z�[�e�b�p�Z���� 

 
 

- �f�b�d�j�h�]�b�[�j�b�^�u�� ���0�L�k�U�R�� �K�\�E�U�L�G�V���� �k�� �>�<�K�� ���,�&�(���� �b��
�k�b�k�l�_�f�Z�f�b���6�W�R�S�������6�W�D�U�W�����[�h�j�l�h�\�h�c���w�e�_�d�l�j�b�q�_�k�d�h�c���k�_�l�v�x�������9��
�b���f�b�d�j�h�]�b�[�j�b�^�u�����0�L�k�U�R���K�\�E�U�L�G�V�����k���>�<�K�����,�&�(�����k���6�W�R�S�������6�W�D�U�W������
48V;  

- �e�_�]�d�b�_�� �]�b�[�j�b�^�u�� ���0�L�O�G�� �K�\�E�U�L�G�V) - �w�l�h���� �d�Z�d�� �i�j�Z�\�b�e�h����
�^�\�b�]�Z�l�_�e�b�� �\�g�m�l�j�_�g�g�_�]�h�� �k�]�h�j�Z�g�b�y���� �h�k�g�Z�s�_�g�g�u�_��
�w�e�_�d�l�j�b�q�_�k�d�h�c���f�Z�r�b�g�h�c�����f�h�l�h�j���]�_�g�_�j�Z�l�h�j���\���i�Z�j�Z�e�e�_�e�v�g�h�c��
�]�b�[�j�b�^�g�h�c�� �k�o�_�f�_�� �i�h�^�d�e�x�q�_�g�b�y������ �i�h�a�\�h�e�y�x�s�b�c�� �h�l�d�e�x�q�Z�l�v��
�^�\�b�]�Z�l�_�e�v�� �\�� �j�_�`�b�f�_�� �6�W�R�S�� ���� �6�W�D�U�W������ �j�_�d�m�i�_�j�Z�l�b�\�g�h�_��
�l�h�j�f�h�`�_�g�b�_���� �i�h�^�d�e�x�q�_�g�b�_�� �d�� �>�<�K�� ���,�&�(���� �g�h�� �©�e�_�]�d�b�_�ª��
�]�b�[�j�b�^�u���g�_���^�h�i�m�k�d�Z�x�l���l�h�e�v�d�h���w�e�_�d�l�j�b�q�_�k�d�h�]�h���i�j�b�\�h�^�Z�� 

- �i�h�e�g�u�_�� �]�b�[�j�b�^�u���� ���)�X�O�O�� �K�\�E�U�L�G�V����- �\�� �^�h�i�h�e�g�_�g�b�_�� �d��
�i�j�_�^�u�^�m�s�_�f�m���� �i�h�a�\�h�e�y�_�l�� �^�\�b�`�_�g�b�_�� �l�h�e�v�d�h�� �g�Z��
�w�e�_�d�l�j�b�q�_�k�d�h�c���l�y�]�_�� 

- �i�h�^�d�e�x�q�Z�_�f�u�_���]�b�[�j�b�^�g�u�_���w�e�_�d�l�j�b�q�_�k�d�b�_���Z�\�l�h�f�h�[�b�e�b��
(Plug-in-Hybrid Vehicle - PHE�9������ �<�� �^�h�i�h�e�g�_�g�b�_�� �d��
�n�m�g�d�p�b�h�g�Z�e�m�� �)�X�O�O�� �K�\�E�U�L�G���� �i�h�a�\�h�e�y�_�l�� �i�j�h�b�a�\�h�^�b�l�v�� �a�Z�j�y�^�d�m��
�w�e�_�d�l�j�b�q�_�k�d�h�]�h�� �g�Z�d�h�i�b�l�_�e�y�� �h�l�� �\�g�_�r�g�b�o�� �b�k�l�h�q�g�b�d�h�\��
�w�g�_�j�]�b�b�� 

�L�j�_�l�b�c���l�b�i�����w�e�_�d�l�j�b�q�_�k�d�b�_���Z�\�l�h�f�h�[�b�e�b���g�Z���\�h�^�h�j�h�^�g�u�o��
�l�h�i�e�b�\�g�u�o���w�e�_�f�_�g�l�Z�o�����+�\�G�U�R�J�H�Q���)�X�H�O���&�H�O�O���(�O�H�F�W�U�L�F���9�H�K�L�F�O�H��- 
FCEV). 

�Q�_�l�\�_�j�l�u�c���l�b�i�����W�e�_�d�l�j�h�f�h�[�b�e�b���k���i�b�l�Z�g�b�_�f���h�l���[�Z�l�Z�j�_�b��
(Battery Electric Vehicle - BEV). 

�I�y�l�u�c�� �l�b�i���� �L�j�Z�g�k�i�h�j�l�g�u�_�� �k�j�_�^�k�l�\�Z�� �k�� �^�j�m�]�b�f�b�� �Z�e�v�l�_�j��
�g�Z�l�b�\�g�u�f�b�� �i�j�b�\�h�^�Z�f�b�� ���f�_�o�Z�g�b�q�_�k�d�b�f�b���� �]�b�^�j�h-�f�_�o�Z�g�b�q�_��
�k�d�b�f�b�����i�g�_�\�f�h-�f�_�o�Z�g�b�q�_�k�d�b�f�b���b���i�j���� 

�<���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���g�Z�[�e�x�^�Z�_�l�k�y���m�k�d�h�j�_�g�g�u�c���l�_�f�i �j�Z�a��
�\�b�l�b�y�� �%�(�9�� �b�� �3�+�(�9���� �g�_�k�f�h�l�j�y�� �g�Z�� �k�^�_�j�`�b�\�Z�x�s�_�_�� �\�e�b�y�g�b�_��
�k�l�h�b�f�h�k�l�b���� �h�]�j�Z�g�b�q�_�g�g�u�c�� �a�Z�i�Z�k�Z�� �o�h�^�Z�� �g�Z�� �w�e�_�d�l�j�h�w�g�_�j�]�b�b����
�h�]�j�Z�g�b�q�_�g�g�h�k�l�v���j�Z�a�\�b�l�b�y���b�g�n�j�Z�k�l�j�m�d�l�m�j�u���a�Z�j�y�^�d�b���b���]�_�g�_��
�j�Z�p�b�b���w�e�_�d�l�j�h�w�g�_�j�]�b�b���h�l���\�h�a�h�[�g�h�\�e�y�_�f�u�o���b���g�b�a�d�h�m�]�e�_�j�h�^��
�g�u�o���b�k�l�h�q�g�b�d�h�\�� 

�<�_�j�h�y�l�g�_�_�� �\�k�_�]�h���� �b�f�_�g�g�h���w�l�b�� �l�b�i�u�� �i�j�b�\�h�^�g�u�o �k�b�k�l�_�f 
�i�h�e�m�q�Z�l���k�Z�f�h�_���r�b�j�h�d�h�_���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���\���h�[�h�a�j�b�f�h�f���[�m��
�^�m�s�_�f���� �H�^�g�Z�d�h���� �h�l�d�j�u�l�u�f�� �h�k�l�Z�_�l�k�y�� �\�h�i�j�h�k�� �w�n�n�_�d�l�b�\�g�h�c��
�i�_�j�_�^�Z�q�b�� �w�g�_�j�]�b�b�� �h�l�� �g�Z�d�h�i�b�l�_�e�_�c �g�Z�� �^�\�b�`�b�l�_�e�b�� �k�� �m�q�_�l�h�f��
�w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���l�j�_�[�h�\�Z�g�b�c���d���k�h�\�j�_�f�_�g�g�u�f���l�j�Z�g�k�i�h�j�l��
�g�u�f���k�j�_�^�k�l�\�Z�f���� 

�H�k�g�h�\�g�u�_�� �l�j�_�g�^�u�� �l�Z�d�h�\�u���� �q�l�h�� �\�� �[�h�e�v�r�b�g�k�l�\�_�� �k�e�m�q�Z�_�\��
�i�j�_�^�e�Z�]�Z�x�l�k�y�� �w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�b�_�� �l�j�Z�g�k�f�b�k�k�b�b���� �\�� �d�h�l�h��
�j�u�_�� �\�o�h�^�y�l���f�_�o�Z�g�b�q�_�k�d�b�_�� �j�_�^�m�d�l�h�j�u�����w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�b, 
�b�k�l�h�q�g�b�d�b �w�e�_�d�l�j�b�q�_�k�d�h�c���w�g�_�j�]�b�b���\�� �\�b�^�_�� �o�b�f�b�q�_�k�d�b�o�� �b�e�b��
�l�h�i�e�b�\�g�u�o���w�e�_�f�_�g�l�h�\�����l�_�i�e�h�\�u�_���^�\�b�]�Z�l�_�e�b �b���]�_�g�_�j�Z�l�h�j�u.  

�I�j�b�f�_�g�_�g�b�_�� �w�e�_�d�l�j�b�q�_�k�d�h�c�� �l�j�Z�g�k�f�b�k�k�b�b�� �m�`�_ �l�h�`�_��
�k�l�Z�g�h�\�b�l�k�y���\�h�a�f�h�`�g�u�f���g�Z���l�j�Z�g�k�i�h�j�l�g�u�o���k�j�_�^�k�l�\�Z�o���\���k�\�y�a�b��
�k���l�_�f�����q�l�h���i�h�k�e�_�^�g�b�_���^�h�k�l�b�`�_�g�b�y���\���w�l�h�c���h�[�e�Z�k�l�b���i�h�a�\�h�e�y�x�l��
�w�l�h�� �h�k�m�s�_�k�l�\�b�l�v�����L�Z�d���� �\�� �h�[�e�Z�k�l�b�� �w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�_�c��
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�i�j�h�b�a�h�r�e�b���d�h�g�k�l�j�m�d�l�b�\�g�u�_���b�a�f�_�g�_�g�b�y���[�e�Z�]�h�^�Z�j�y���k�b�e�h�\�h�c��
�w�e�_�d�l�j�h�g�b�d�_�� �b�� �i�h�\�k�_�f�_�k�l�g�h�f�m�� �i�j�b�f�_�g�_�g�b�x�� �\�f�_�k�l�h��
�^�\�b�]�Z�l�_�e�y�� �i�h�k�l�h�y�g�g�h�]�h�� �l�h�d�Z�� �k�b�g�o�j�h�g�g�u�o���� �Z�k�b�g�o�j�h�g�g�u�o����
�\�_�g�l�b�e�v�g�u�o�� �b�� �^�\�b�]�Z�l�_�e�_�c�� �k�� �j�_�^�d�h�a�_�f�_�e�v�g�u�f�b�� �f�Z�]�g�b�l�Z�f�b����
�^�h�\�_�^�y�� �m�^�_�e�v�g�u�_�� �i�h�d�Z�a�Z�l�_�e�b�� �l�Z�d�b�o�� �f�Z�r�b�g�� �^�h�� �i�j�_�^�_�e�v�g�u�o��
�a�g�Z�q�_�g�b�c���� �G�Z�i�j�b�f�_�j���� �n�b�j�f�Z�� �=�\�W�H�N�� �k�d�h�g�k�l�j�m�b�j�h�\�Z�e�Z��
�w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�v���f�h�s�g�h�k�l�v�x���������d�<�l���i�j�b������ ���������h�[���f�b�g���b��
�f�Z�k�k�_���\�k�_�]�h���������d�]��[6]. 

�K�j�Z�\�g�b�\�Z�y�� �^�h�k�l�h�b�g�k�l�\�Z�� �b�� �g�_�^�h�k�l�Z�l�d�b�� �w�l�b�o�� �^�\�m�o�� �l�b�i�h�\��
�l�j�Z�g�k�f�b�k�k�b�c���� �[�h�e�_�_�� �i�_�j�k�i�_�d�l�b�\�g�h�c�� �g�Z�f�� �i�j�_�^�k�l�Z�\�e�y�_�l�k�y��
�l�j�Z�g�k�f�b�k�k�b�y���k���f�b�g�b�f�Z�e�v�g�u�f�b���f�_�o�Z�g�b�q�_�k�d�b�f�b���k�\�y�a�y�f�b�� 

�J�Z�k�r�b�j�_�g�b�_�� �i�j�b�f�_�g�_�g�b�y���w�e�_�d�l�j�h�i�j�b�\�h�^�Z�� �g�Z��
�[�_�a�j�_�e�v�k�h�\�u�o�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �f�Z�r�b�g�Z�o�� �h�[�m�k�e�Z�\�e�b�\�Z�_�l�k�y��
�p�_�e�u�f�� �j�y�^�h�f�� �^�h�k�l�h�b�g�k�l�\���� �d�� �\�Z�`�g�_�c�r�b�f�� �b�a�� �d�h�l�h�j�u�o��
�h�l�g�h�k�y�l�k�y�� 

�<�h�a�f�h�`�g�h�k�l�v�� �j�Z�p�b�h�g�Z�e�v�g�h�]�h�� �^�j�h�[�e�_�g�b�y�� �f�h�s�g�h�k�l�b��
�i�_�j�\�b�q�g�h�]�h�� �^�\�b�]�Z�l�_�e�y�� �b�� �h�l�k�m�l�k�l�\�b�_�� �f�_�o�Z�g�b�q�_�k�d�h�c�� �k�\�y�a�b��
�f�_�`�^�m�� �g�b�f�� �b�� �l�y�]�h�\�u�f�� �^�\�b�]�Z�l�_�e�_�f�����q�l�h�� �i�h�a�\�h�e�y�_�l�� �k�h�a�^�Z�l�v��
�Z�\�l�h�f�h�[�b�e�b�� �k�� �i�j�h�]�j�_�k�k�b�\�g�u�f�b�� �d�h�g�k�l�j�m�d�l�b�\�g�u�f�b��
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Abstract. Moscow Polytechnic University in cooperation with 

the company AMF Consulting is developing a conceptually new 
perspective power drives for ground transport mashins. While 
choosing a concept, was conducted an analytical review of the key 
aspects that determine global trends in the development of inno-
vative technologies for power drives for the future until 2050. 
These trends and factors are compared with the capabilities and 

interests of domestic R&D specialists and automakers in the 
search for alternative innovative solutions in the creation of prom-
ising vehicles competing in the domestic and foreign markets. 

Keywords: concepts of power drives, internal combustion 
engines, power drive, hybrid drives, electric drives, energy 
storage.  
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�:�g�g�h�l�Z�p�b�y. �<���k�l�Z�l�v�_���j�Z�k�k�f�h�l�j�_�g�h �j�_�r�_�g�b�_���a�Z�^�Z�q�b �h�i�j�_�^�_��

�e�_�g�b�y���\�a�Z�b�f�h�k�\�y�a�b �h�k�g�h�\�g�u�o�� �d�h�g�k�l�j�m�d�l�b�\�g�u�o�� �i�Z�j�Z�f�_�l�j�h�\��
�f�_�o�Z�g�b�a�f�Z�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �^�\�b�`�_�g�b�y�� �k�� �d�h�g�k�l�j�m�d�l�b�\�g�u�f�b �b��
�l�_�o�g�b�q�_�k�d�b�f�b �i�Z�j�Z�f�_�l�j�Z�f�b���[�_�k�d�j�b�\�h�r�b�i�g�h�c���i�h�j�r�g�_�\�h�c���f�Z��
�r�b�g�u�����^�\�b�]�Z�l�_�e�y�����b �\�u�y�\�e�_�g�b�y �\�e�b�y�g�b�y �w�l�b�o���i�Z�j�Z�f�_�l�j�h�\���g�Z��
�j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�v���f�Z�r�b�g�u�����Z���l�Z�d�`�_���\�_�e�b�q�b�g�m���j�Z�a�\�b�\�Z�_�f�h�]�h��
�d�j�m�l�y�s�_�]�h���f�h�f�_�g�l�Z���g�Z���\�u�o�h�^�g�h�f���\�Z�e�m���\���k�h�i�h�k�l�Z�\�e�_�g�b�b���k���d�j�b��
�\�h�r�b�i�g�h-�r�Z�l�m�g�g�u�f�� �^�\�b�]�Z�l�_�e�_�f�� �\�g�m�l�j�_�g�g�_�]�h�� �k�]�h�j�Z�g�b�y. 
�K�j�Z�\�g�_�g�b�_ �i�j�h�b�a�\�_�^�_�g�h �g�Z�� �h�k�g�h�\�_ �k�o�h�^�k�l�\�_�g�g�h�k�l�b (�b�^�_�g�l�b�q��
�g�h�k�l�b���i�Z�j�Z�f�_�l�j�h�\�����o�Z�j�Z�d�l�_�j�b�a�m�x�s�b�o���m�k�e�h�\�b�y���j�_�Z�e�b�a�Z�p�b�b���j�Z��
�[�h�q�_�]�h���p�b�d�e�Z���l�_�i�e�h�\�h�c���f�Z�r�b�g�u�����j�Z�[�h�q�b�o���i�j�h�p�_�k�k�h�\�����i�j�h�l�_�d�Z��
�x�s�b�o �\�� �p�b�e�b�g�^�j�_ �[�_�k�d�j�b�\�h�r�b�i�g�h�c �f�Z�r�b�g�u���b���d�j�b�\�h�r�b�i�g�h-
�r�Z�l�m�g�g�h�]�h���^�\�b�]�Z�l�_�e�y. �K�^�_�e�Z�g �\�u�\�h�^���h���i�j�_�b�f�m�s�_�k�l�\�_���[�_�k�d�j�b��
�\�h�r�b�i�g�h�c���f�Z�r�b�g�u���\���h�l�g�h�r�_�g�b�b���\�h�a�f�h�`�g�h�k�l�_�c���d�h�g�k�l�j�m�d�l�b�\��
�g�h�]�h �b�k�i�h�e�g�_�g�b�y �\�u�k�h�d�h�f�h�f�_�g�l�g�u�o���^�\�b�]�Z�l�_�e�_�c�����>�Z�g�u �i�j�Z�d��
�l�b�q�_�k�d�b�_���j�_�d�h�f�_�g�^�Z�p�b�b���i�h���\�u�[�h�j�m���d�h�g�k�l�j�m�d�l�b�\�g�u�o���i�Z�j�Z�f�_�l��
�j�h�\�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �i�j�_�^�t�y�\�e�y�_�f�u�o�� �l�_�o�g�b�q�_�k�d�b�o�� �l�j�_�[�h�\�Z��
�g�b�c, �g�Z�a�g�Z�q�_�g�b�y �b���h�[�e�Z�k�l�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�y �[�_�k�d�j�b�\�h�r�b�i�g�h�c��
�f�Z�r�b�g�u. 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�����l�_�i�e�h�\�Z�y�� �f�Z�r�b�g�Z���� �^�\�b�]�Z�l�_�e�v��
�\�g�m�l�j�_�g�g�_�]�h�� �k�]�h�j�Z�g�b�y�����[�_�k�d�j�b�\�h�r�b�i�g�u�c���^�\�b�]�Z�l�_�e�v�����j�Z�[�h�q�b�c��
�p�b�d�e���� �d�j�m�l�y�s�b�c�� �f�h�f�_�g�l�����i�j�_�h�[�j�Z�a�m�x�s�b�c�� �f�_�o�Z�g�b�a�f, 
�d�h�g�k�l�j�m�d�l�b�\�g�u�c���i�Z�j�Z�f�_�l�j. 

�<�<�?�>�?�G�B�? 

�I �j�Z�d�l�b�d�Z �k�h�\�j�_�f�_�g�g�h�]�h�� �^�\�b�]�Z�l�_�e�_�k�l�j�h�_�g�b�y���i�j�_�^�t�y�\��
�e�y�_�l���\�k�_���[�h�e�_�_���`�_�k�l�d�b�_���l�j�_�[�h�\�Z�g�b�y���i�h���k�h�a�^�Z�g�b�x���w�g�_�j�]�h- �b��
�j�_�k�m�j�k�h�w�n�n�_�d�l�b�\�g�u�o���i�h�j�r�g�_�\�u�o���b���d�h�f�[�b�g�b�j�h�\�Z�g�g�u�o���^�\�b��
�]�Z�l�_�e�_�c���\�g�m�l�j�_�g�g�_�]�h���k�]�h�j�Z�g�b�y�����>�<�K�������h�l�e�b�q�Z�x�s�b�o�k�y���\�u�k�h��
�d�b�f�b���l�_�o�g�b�d�h-�w�d�h�g�h�f�b�q�_�k�d�b�f�b���i�h�d�Z�a�Z�l�_�e�y�f�b���b���w�d�k�i�e�m�Z�l�Z��
�p�b�h�g�g�u�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�����I�j�b���w�l�h�f���k�m�s�_�k�l�\�m�_�l���a�Z�i�j�h�k��
�g�Z���k�h�a�^�Z�g�b�_���g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�h�]�h���b���d�h�g�k�l�j�m�d�l�h�j�k�d�h-�l�_�o�g�h��
�e�h�]�b�q�_�k�d�h�]�h���j�u�\�d�Z���\���h�[�e�Z�k�l�b���i�h�j�r�g�_�\�h�]�h���^�\�b�]�Z�l�_�e�_�k�l�j�h�_��
�g�b�y�����: �j�_�a�_�j�\�u �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�y���³�l�j�Z�^�b�p�b�h�g�g�u�o�´���^�\�b�]�Z��
�l�_�e�_�c���� �k�h�^�_�j�`�Z�s�b�o�� �\�� �h�k�g�h�\�_�� �k�\�h�_�c�� �d�h�g�k�l�j�m�d�p�b�b�� �d�j�b�\�h��

�r�b�i�g�h-�r�Z�l�m�g�g�u�c���f�_�o�Z�g�b�a�f�����D�R�F�����d�Z�d���k�b�k�l�_�f�m�����i�j�_�h�[�j�Z��
�a�m�x�s�m�x�� �\�h�a�\�j�Z�l�g�h-�i�h�k�l�m�i�Z�l�_�e�v�g�h�_�� �^�\�b�`�_�g�b�_�� �i�h�j�r�g�y��
���i�h�j�r�g�_�c�����\�h���\�j�Z�s�_�g�b�_���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z�� �o�h�l�v���b���b�f�_�x�l�k�y����
�k�f�����g�Z�i�j�b�f�_�j�����>1, 2], �g�h �\���a�g�Z�q�b�l�_�e�v�g�h�c���k�l�_�i�_�g�b���b�k�q�_�j�i�Z�g�u. 
�<�h�i�j�h�k�u���m�e�m�q�r�_�g�b�y���l�_�o�g�b�d�h-�w�d�h�g�h�f�b�q�_�k�d�b�o���b���f�Z�k�k�h�]�Z�[�Z��
�j�b�l�g�u�o���i�h�d�Z�a�Z�l�_�e�_�c���i�h�j�r�g�_�\�u�o�����b���d�h�f�[�b�g�b�j�h�\�Z�g�g�u�o���>�<�K��
�a�Z���k�q�_�l���b�k�i�h�e�v�a�h�\�Z�g�b�y���\�h�a�f�h�`�g�h�k�l�_�c�����i�j�_�^�h�k�l�Z�\�e�y�_�f�u�o���h�l��
�e�b�q�g�u�f�b���h�l���d�j�b�\�h�r�b�i�g�h-�r�Z�l�m�g�g�h�c���d�b�g�_�f�Z�l�b�q�_�k�d�b�f�b���k�o�_��
�f�Z�f�b���i�j�_�h�[�j�Z�a�m�x�s�b�o���f�_�o�Z�g�b�a�f�h�\�����h�k�l�Z�x�l�k�y���g�Z���^�Z�g�g�u�c���f�h��
�f�_�g�l���h�l�g�h�k�b�l�_�e�v�g�h���f�Z�e�h���j�Z�a�j�Z�[�h�l�Z�g�g�u�f�b���d�Z�d���\���l�_�h�j�b�b�����l�Z�d��
�b���g�Z���i�j�Z�d�l�b�d�_ [3�±10]. 

�G�Z�� �d�Z�n�_�^�j�_�� �³�>�\�b�]�Z�l�_�e�b�� �\�g�m�l�j�_�g�g�_�]�h�� �k�]�h�j�Z�g�b�y�� �b�� �w�e�_�d��
�l�j�h�g�g�u�_�� �k�b�k�l�_�f�u�� �Z�\�l�h�f�h�[�b�e�_�c�´�� �X�`�g�h-�M�j�Z�e�v�k�d�h�]�h�� �]�h�k�m��
�^�Z�j�k�l�\�_�g�g�h�]�h�� �m�g�b�\�_�j�k�b�l�_�l�Z�� �j�Z�a�j�Z�[�h�l�Z�g�Z�� �[�_�k�d�j�b�\�h�r�b�i�g�Z�y��
�i�h�j�r�g�_�\�Z�y���f�Z�r�b�g�Z���± �^�\�b�]�Z�l�_�e�v (�;�I�F���>���������;�I�F���>�� �g�_���k�h��
�^�_�j��̀b�l �l�Z�d�b�o�� �^�h�j�h�]�h�k�l�h�y�s�b�o���� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�� �k�e�h�`�g�u�o����
�]�Z�[�Z�j�b�l�g�u�o�� �b�� �f�Z�k�k�b�\�g�u�o�� �^�_�l�Z�e�_�c�� �³�l�j�Z�^�b�p�b�h�g�g�h�]�h�´�� �>�<�K����
�d�Z�d���d�h�e�_�g�q�Z�l�u�c���\�Z�e���b���r�Z�l�m�g�u�����W�l�Z���f�Z�r�b�g�Z���\���h�l�e�b�q�b�_���h�l���g�_��
�d�h�l�h�j�u�o���^�j�m�]�b�o���>�<�K���g�_�l�j�Z�^�b�p�b�h�g�g�u�o���k�o�_�f���y�\�e�y�_�l�k�y���h�[�j�Z��
�l�b�f�h�c�� �b�� �f�h�`�_�l�� �[�u�l�v�� �\�u�i�h�e�g�_�g�Z�� �\�� �d�Z�q�_�k�l�\�_�� �i�h�j�r�g�_�\�h�]�h��
�d�h�f�i�j�_�k�k�h�j�Z���b�e�b���g�Z�k�h�k�Z�����D�h�g�k�l�j�m�d�l�b�\�g�Z�y���k�o�_�f�Z���;�I�F���>�����b��
�p�_�e�u�c�� �j�y�^�� �l�_�o�g�b�q�_�k�d�b�o�� �j�_�r�_�g�b�c�� �i�h���l�Z�d�h�c �f�Z�r�b�g�_ �a�Z�s�b��
�s�_�g�u���[�h�e�_�_���q�_�f���������i�Z�l�_�g�l�Z�f�b���b���k�\�b�^�_�l�_�e�v�k�l�\�Z�f�b���g�Z���i�h�e�_�a��
�g�u�_���f�h�^�_�e�b���J�h�k�k�b�c�k�d�h�c���N�_�^�_�j�Z�p�b�b�� �G�Z�i�j�b�f�_�j�����>11�±13�@�����b��
�^�j�� 

�I�h�w�l�h�f�m���j�Z�[�h�l�u�����k�\�y�a�Z�g�g�u�_���k���j�_�r�_�g�b�_�f���i�j�h�[�e�_�f���k�h�a�^�Z��
�g�b�y���i�_�j�k�i�_�d�l�b�\�g�u�o���w�g�_�j�]�h- �b���j�_�k�m�j�k�h�w�n�n�_�d�l�b�\�g�u�o���>�<�K���g�Z��
�h�k�g�h�\�_�� �g�_�l�j�Z�^�b�p�b�h�g�g�u�o�� �d�h�g�k�l�j�m�d�l�b�\�g�u�o�� �k�o�_�f�� ���\�� �q�Z�k�l�g�h��
�k�l�b�����[�_�k�d�j�b�\�h�r�b�i�g�u�o���l�_�i�e�h�\�u�o���f�Z�r�b�g) �y�\�e�y�x�l�k�y���Z�d�l�m�Z�e�v��
�g�u�f�b [14]. 

�K�l�Z�l�v�y���\�u�i�h�e�g�_�g�Z���i�j�b���i�h�^�^�_�j�`�d�_���I�j�Z�\�b�l�_�e�v�k�l�\�Z���J�N�����I�h�k�l�Z�g�h�\�e�_�g�b�_���‹�����������h�l�������������������������]���������k�h�]�e�Z�r�_�g�b�_���‹���������:�������������������� 
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�D�J�:�L�D�H�?���H�I�B�K�:�G�B�?���K�O�?�F�U �H�I�J�?�>�?�E�?�G�B�Y���D�J�M�L�Y�S�?�=�H 
�F�H�F�?�G�L�:  �;�?�K�D�J�B�<�H�R�B�I�G�H�C���F�:�R�B�G�U��(�>�<�B�=�:�L�?�E�Y) 

�G�Z���j�b�k���������i�j�b�\�_�^�_�g�Z �i�j�b�g�p�b�i�b�Z�e�v�g�Z�y���k�o�_�f�Z���f�_�o�Z�g�b�a�f�Z��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �^�\�b�`�_�g�b�y�� ���F�I�>���� �[�_�k�d�b�j�\�h�r�b�i�g�h�c�� �i�h�j�r��
�g�_�\�h�c���f�Z�r�b�g�u�����^�\�b�]�Z�l�_�e�y���� �>�j�m�]�b�_�� �\�Z�j�b�Z�g�l�u���k�o�_�f���f�Z�r�b�g��
�l�Z�d�h�]�h���l�b�i�Z���h�i�m�[�e�b�d�h�\�Z�g�u�����g�Z�i�j�b�f�_�j�����\���>15, 16]. 

 
�J�b�k�����������I�j�b�g�p�b�i�b�Z�e�v�g�Z�y ���b�a�h�f�_�l�j�b�q�_�k�d�Z�y�� �k�o�_�f�Z���;�I�F���>�� 
�b���^�_�c�k�l�\�m�x�s�b�o���\���g�_�f���k�b�e�����i�j�b�f�_�g�b�l�_�e�v�g�h���d���k�e�m�q�Z�x���^�\�m�o��
�i�_�j�b�h�^�g�h�c���[�_�]�h�\�h�c���^�h�j�h�`�d�b����1�± �r�l�h�d�����k�\�y�a�Z�g�g�u�c���k���i�h�j�r��
�g�_�f���������± �[�_�]�h�\�Z�y���^�h�j�h�`�d�Z���������± �h�k�v���d�Z�j�_�l�d�b���F�I�>�����d�Z�j�_�l�d�Z��
�g�Z���k�o�_�f�_���g�_���i�h�d�Z�a�Z�g�Z�����������± �j�h�e�b�d�b�����m�k�l�Z�g�h�\�e�_�g�g�u�_���g�Z���h�k�b��

���\���j�Z�k�q�_�l�Z�o���b�o���j�Z�^�b�m�k���i�j�b�g�b�f�Z�_�l�k�y���j�Z�\�g�u�f������ 

�J�Z�[�h�l�Z�� �l�Z�d�h�c�� �f�Z�r�b�g�u�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �k�e�_�^�m�x�s�b�f�� �h�[��
�j�Z�a�h�f���� �I�j�b�� �k�]�h�j�Z�g�b�b�� �b�� �j�Z�k�r�b�j�_�g�b�b�� �j�Z�[�h�q�_�]�h�� �l�_�e�Z�� �]�Z�a�u����
�g�Z�o�h�^�y�s�b�_�k�y�� �\�� �p�b�e�b�g�^�j�_���� �a�Z�k�l�Z�\�e�y�x�l�� �i�h�j�r�_�g�v�� �i�_�j�_�f�_��
�s�Z�l�v�k�y���b�a���h�^�g�h�]�h���d�j�Z�c�g�_�]�h���i�h�e�h�`�_�g�b�y���\���^�j�m�]�h�_�����<���i�j�h�p�_�k�k�_��
�k�\�h�_�]�h�� �^�\�b�`�_�g�b�y�� �i�h�j�r�_�g�v�� �i�h�k�j�_�^�k�l�\�h�f�� �p�_�g�l�j�h- �b�e�b�� �h�k�_��
�k�b�f�f�_�l�j�b�q�g�u�o���l�_�e���\�j�Z�s�_�g�b�y�����r�Z�j�b�d�h�\�����j�h�e�b�d�h�\�����i�h�^�r�b�i��
�g�b�d�h�\ �k�d�h�e�v�`�_�g�b�y�� �b�e�b�� �d�Z�q�_�g�b�y �b�� �l���^������ �\�a�Z�b�f�h�^�_�c�k�l�\�m�_�l�� �k��
�[�_�]�h�\�h�c���^�h�j�h�`�d�h�c�����;�>�����d�j�b�\�h�e�b�g�_�c�g�h�]�h���i�j�h�^�h�e�v�g�h�]�h���i�j�h��
�n�b�e�y�����\�u�i�h�e�g�_�g�g�h�c�����g�Z�i�j�b�f�_�j�����\���d�h�j�i�m�k�_���f�Z�r�b�g�u�����A�Z�d�h�g�h��
�f�_�j�g�h�_�� �k�h�]�e�Z�k�h�\�Z�g�b�_�� �b�� �k�b�g�o�j�h�g�b�a�Z�p�b�y�� �k�h�k�l�Z�\�e�y�x�s�b�o�� �i�h��
�e�m�q�_�g�g�h�]�h���l�Z�d�b�f���h�[�j�Z�a�h�f���k�e�h�`�g�h�]�h���^�\�b�`�_�g�b�y���h�[�_�k�i�_�q�b�\�Z��
�_�l�k�y�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�f�� �i�j�h�n�b�e�b�j�h�\�Z�g�b�_�f�� �[�_�]�h�\�h�c�� �^�h��
�j�h�`�d�b�����<�j�Z�s�Z�l�_�e�v�g�Z�y���k�h�k�l�Z�\�e�y�x�s�Z�y���w�l�h�]�h �^�\�b�`�_�g�b�y���i�_�j�_��
�^�Z�_�l�k�y���i�h�l�j�_�[�b�l�_�e�x���f�_�o�Z�g�b�q�_�k�d�h�c���w�g�_�j�]�b�b�����k�h�_�^�b�g�y�_�f�h�f�m 
�k���\�u�o�h�^�g�u�f���\�Z�e�h�f���f�Z�r�b�g�u�� 

�G�Z���j�b�k���������i�h�d�Z�a�Z�g�u���l�Z�d�`�_ �f�g�h�]�h�m�]�h�e�v�g�b�d�b���k�b�e�����^�_�c�k�l�\�m��
�x�s�b�o�� �\���F�I�>���b �i�j�b�\�h�^�y�s�b�o�� �d�� �\�h�a�g�b�d�g�h�\�_�g�b�x�� �d�j�m�l�y�s�_�]�h��
�f�h�f�_�g�l�Z���g�Z���\�u�o�h�^�g�h�f���\�Z�e�m���f�Z�r�b�g�u: 

P�� �± �k�m�f�f�Z�j�g�Z�y���k�b�e�Z�����^�_�c�k�l�\�m�x�s�Z�y �g�Z���i�h�j�r�_�g�v�� 
N�g �± �g�h�j�f�Z�e�v�g�Z�y�� �k�b�e�Z���� �^�_�c�k�l�\�m�x�s�Z�y�� �i�_�j�i�_�g�^�b�d�m�e�y�j�g�h��

�j�Z�[�h�q�_�c���i�h�\�_�j�o�g�h�k�l�b���;�>���\���l�h�q�d�_���d�Z�k�Z�g�b�y �;�> �b���l�_�e�Z���\�j�Z�s�_��
�g�b�y���F�I�>; 

P�h�d�j �± �h�d�j�m�`�g�Z�y�� �k�b�e�Z���� �^�_�c�k�l�\�m�x�s�Z�y�� �\���i�e�h�k�d�h�k�l�b���� �i�_�j��
�i�_�g�^�b�d�m�e�y�j�g�h�c���h�k�b���p�b�e�b�g�^�j�Z, �b���g�Z�i�j�Z�\�e�_�g�g�Z�y���i�h���d�Z�k�Z�l�_�e�v��
�g�h�c�� �d�� �h�d�j�m�`�g�h�k�l�b�����e�_�`�Z�s�_�c�� �\�� �w�l�h�c�� �i�e�h�k�d�h�k�l�b�� �b���i�j�h�o�h�^�y��
�s�_�c���q�_�j�_�a���l�h�q�d�m���d�Z�k�Z�g�b�y �;�>���b���l�_�e�Z���\�j�Z�s�_�g�b�y���F�I�>; 

D�j  �± �j�_�Z�d�l�b�\�g�u�c���^�b�Z�f�_�l�j���± �^�b�Z�f�_�l�j���i�j�h�_�d�p�b�b �k�j�_�^�g�_�c��
�e�b�g�b�b �;�>���g�Z���i�e�h�k�d�h�k�l�v�����i�_�j�i�_�g�^�b�d�m�e�y�j�g�m�x���h�k�b���p�b�e�b�g�^�j�Z�� 

M�d�j �± �d�j�m�l�y�s�b�c���f�h�f�_�g�l���g�Z���\�u�o�h�^�g�h�f���\�Z�e�m���f�Z�r�b�g�u�� 
�<���k�e�m�q�Z�_�����i�h�d�Z�a�Z�g�g�h�f �g�Z���j�b�k������, �i�j�b �n�h�j�f�b�j�h�\�Z�g�b�b��M�d�j 

�m�q�b�l�u�\�Z�x�l�k�y �^�\�Z���f�g�h�]�h�m�]�h�e�v�g�b�d�Z���k�b�e �k�h�h�l�\�_�l�k�l�\�_�g�g�h���d�h�g��
�k�l�j�m�d�l�b�\�g�h�f�m�� �b�k�i�h�e�g�_�g�b�x �F�I�>���� �k�h�^�_�j�`�Z�s�_�f�m �^�\�Z�� �l�_�e�Z��
�\�j�Z�s�_�g�b�y�����\�a�Z�b�f�h�^�_�c�k�l�\�m�x�s�b�o���k���;�>�����<���h�[�s�_�f�����\���a�Z�\�b�k�b�f�h��
�k�l�b���h�l���d�h�e�b�q�_�k�l�\�Z���i�_�j�b�h�^�h�\ (�³�\�h�e�g� )́ �[�_�]�h�\�h�c���^�h�j�h�`�d�b, �f�_��
�o�Z�g�b�a�f�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �^�\�b�`�_�g�b�y �;�I�F���>���� �f�h�`�_�l�� �k�h�^�_�j��
�`�Z�l�v�� �h�^�g�h���� �^�\�Z �b�e�b�� �[�h�e�_�_���l�_�e�� �\�j�Z�s�_�g�b�y�� �<���l�Z�d�b�o�� �k�e�m�q�Z�y�o��
�k�e�_�^�m�_�l���m�q�b�l�u�\�Z�l�v �k�h�h�l�\�_�l�k�l�\�m�x�s�_�_���q�b�k�e�h���f�g�h�]�h�m�]�h�e�v�g�b��
�d�h�\���k�b�e�����n�h�j�f�b�j�m�x�s�b�o��M�d�j. 

�H�K�G�H�<�G�U�?���D�H�G�K�L�J�M�D�L�B�<�G�U�? �I�:�J�:�F�?�L�J�U��
�;�?�K�D�J�B�<�H�R�B�I�G�H�C���F�:�R�B�G�U��(�>�<�B�=�:�L�?�E�Y), �<�E�B�Y�X�S�B�?���G�:��

�N�H�J�F�B�J�H�<�:�G�B�?���D�J�M�L�Y�S�?�=�H���F�H�F�?�G�L�: 

�I�Z�j�Z�f�_�l�j�u�� �f�_�o�Z�g�b�a�f�Z���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �^�\�b�`�_�g�b�y��
�;�I�F���>���� �h�l�j�Z�`�Z�x�l�� �d�b�g�_�f�Z�l�b�q�_�k�d�b�_�� �h�k�h�[�_�g�g�h�k�l�b�� �k�i�h�k�h�[�Z��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �^�\�b�`�_�g�b�y���� �i�h�e�h�`�_�g�g�h�]�h�� �\�� �h�k�g�h�\�m�� �d�h�g��
�k�l�j�m�d�p�b�b�� �f�Z�r�b�g�u���� �K�e�_�^�h�\�Z�l�_�e�v�g�h���� �w�l�b�� �i�Z�j�Z�f�_�l�j�u�� �h�d�Z�a�u��
�\�Z�x�l�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�_�� �\�e�b�y�g�b�_�� �g�Z�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �f�Z��
�r�b�g�u���b�����\���l�h�f���q�b�k�e�_�����g�Z���j�Z�a�\�b�\�Z�_�f�u�c���_�x���d�j�m�l�y�s�b�c���f�h�f�_�g�l�� 

�D�� �h�k�g�h�\�g�u�f�� �i�Z�j�Z�f�_�l�j�Z�f���f�_�o�Z�g�b�a�f�Z�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�y��
�^�\�b�`�_�g�b�y���;�I�F���>�� �h�l�g�h�k�y�l�k�y�� 

S�i �± �i�h�e�g�u�c���o�h�^���i�h�j�r�g�y�� 
D �± �^�b�Z�f�_�l�j���p�b�e�b�g�^�j�Z�� 
D�j  �± �j�_�Z�d�l�b�\�g�u�c���^�b�Z�f�_�l�j ���k�f�����j�b�k������); 
N �± �q�b�k�e�h���i�_�j�b�h�^�h�\���;�>�����j�Z�\�g�h�_���d�h�e�b�q�_�k�l�\�m���l�_�e���\�j�Z�s�_��

�g�b�y�����³�l�h�q�_�d���h�i�h�j�u� �́����F�I�>�����h�l�f�_�l�b�f�����q�l�h���\���k�l�Z�l�v�_���k�b�f�\�h�e�h�f��
N�g �h�[�h�a�g�Z�q�Z�_�l�k�y�� �\�_�d�l�h�j�� �g�h�j�f�Z�e�v�g�h�]�h�� �\�h�a�^�_�c�k�l�\�b�y�� �j�h�e�b�d�Z��
�g�Z���i�h�\�_�j�o�g�h�k�l�v���;�>���� 

�E �± �m�]�h�e�� �g�Z�d�e�h�g�Z�� �;�>�� �d�� �i�e�h�k�d�h�k�l�b���� �i�_�j�i�_�g�^�b�d�m�e�y�j�g�h�c��
�h�k�b���i�h�j�r�g�y�����p�b�e�b�g�^�j�Z�������h�i�j�_�^�_�e�y�_�f�u�c���d�Z�d���m�]�h�e���f�_�`�^�m���d�Z��
�k�Z�l�_�e�v�g�h�c���� �i�j�h�\�_�^�_�g�g�h�c�� �d�� �;�>  �\�� �l�h�q�d�_�� �d�Z�k�Z�g�b�y �;�>�� �b�� �l�_�e�Z��
�\�j�Z�s�_�g�b�y���F�I�> �q�_�j�_�a���l�h�q�d�m���h�d�j�m�`�g�h�k�l�b�����e�_�`�Z�s�_�c �\���i�e�h�k��
�d�h�k�l�b�����i�_�j�i�_�g�^�b�d�m�e�y�j�g�h�c���h�k�b���p�b�e�b�g�^�j�Z ���j�b�k����2). 

�A�Z�\�b�k�b�f�h�k�l�v���m�]�e�Z���E �h�l���j�y�^�Z���]�_�h�f�_�l�j�b�q�_�k�d�b�o���i�Z�j�Z�f�_�l�j�h�\��
�d�b�g�_�f�Z�l�b�q�_�k�d�h�c���k�o�_�f�u���;�I�F���>�����f�h�`�_�l���[�u�l�v���\�u�j�Z�`�_�g�Z���k�h��
�h�l�g�h�r�_�g�b�y�f�b ���i�j�b�f�_�g�b�l�_�e�v�g�h�� �d�� �k�e�m�q�Z�x�� �k�b�g�m�k�h�b�^�Z�e�v�g�h�]�h��
�i�j�h�n�b�e�y�� �;�>�� �i�j�b�� �h�]�h�\�h�j�_�g�g�u�o�� �g�b�`�_�� �g�Z�q�Z�e�v�g�u�o�� �m�k�e�h�\�b�y�o�� 
[17]: 

;                      (1) 

;                        (2) 

�]�^�_��  �b��  �± �f�Z�k�r�l�Z�[�g�u�_�� �d�h�w�n�n�b�p�b�_�g�l�u��
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�k�h�h�l�\�_�l�k�l�\�_�g�g�h���]�h�j�b�a�h�g�l�Z�e�v�g�h�c���b���\�_�j�l�b�d�Z�e�v�g�h�c���l�j�Z�g�k�n�h�j��
�f�Z�p�b�b�� �;�>���� �h�i�j�_�^�_�e�y�x�s�b�_�� �b�a�f�_�g�_�g�b�_�� �n�h�j�f�u���³�l�_�h�j�_�l�b�q�_��
�k�d�h�c�  ́�d�j�b�\�h�c�����o�Z�j�Z�d�l�_�j�b�a�m�x�s�_�c���[�_�]�h�\�m�x���^�h�j�h�`�d�m�����\���a�Z�\�b��
�k�b�f�h�k�l�b���h�l���j�_�Z�e�v�g�u�o���]�_�h�f�_�l�j�b�q�_�k�d�b�o���i�Z�j�Z�f�_�l�j�h�\���F�I�>�� 

�D �± �m�]�h�e���i�h�\�h�j�h�l�Z���r�l�h�d�Z ���\�u�o�h�^�g�h�]�h���\�Z�e�Z�����f�Z�r�b�g�u; 
�\�� �a�Z�i�b�k�Z�g�g�u�o�� �\�u�j�Z�`�_�g�b�y�o�� �_�]�h�� �g�Z�q�Z�e�v�g�h�_�� �a�g�Z�q�_�g�b�_, 

�l�h�q�d�Z�� �h�l�k�q�_�l�Z�� �i�h�e�Z�]�Z�_�l�k�y�� �j�Z�\�g�u�f�� ���� �]�j�Z�^���� �I�=�<�� ���i�h�\�h�j�h�l�Z��
�]�j�m�a�h�\�h�]�h���\�Z�e�Z�������d�h�]�^�Z���i�h�j�r�_�g�v���g�Z�o�h�^�b�l�k�y���\���\�_�j�o�g�_�c���f�_�j�l��
�\�h�c���l�h�q�d�_�����<�F�L��. 

 
�J�b�k����2. �K�o�_�f�Z���j�Z�a�e�h�`�_�g�b�y���k�b�e�����^�_�c�k�l�\�m�x�s�b�o���\���l�h�q�d�_���d�h�g��

�l�Z�d�l�Z���j�h�e�b�d�Z���k���i�h�\�_�j�o�g�h�k�l�v�x���;�>�����i�h���h�k�b���;�>�� 

�<���h�[�s�_�f���k�e�m�q�Z�_ (�i�j�b��N-�i�_�j�b�h�^�g�h�c���;�>�� �\�u�j�Z�`�_�g�b�y�����������b��
���������i�j�b�f�m�l���\�b�^�� 

;                      (3) 

.                       (4) 

�<�u�j�Z�`�_�g�b�y���^�e�y���h�i�j�_�^�_�e�_�g�b�y �g�h�j�f�Z�e�v�g�h�c �k�b�e�u �b���h�d�j�m�`��
�g�h�]�h�� �m�k�b�e�b�y���� �^�_�c�k�l�\�m�x�s�b�o�� �g�Z�� �h�^�g�h�c�� �l�h�q�d�_�� �h�i�h�j�u�� �F�I�>�� 
�b�f�_�x�l �k�h�h�l�\�_�l�k�l�\�_�g�g�h���\�b�^�� 

 ;                                  (5) 

 .                                   (6) 

 �±                              (7) 

�j�_�a�m�e�v�l�b�j�m�x�s�Z�y�� ���k�m�f�f�Z�j�g�Z�y���� �k�b�e�Z���� �^�_�c�k�l�\�m�x�s�Z�y�� �g�Z�� �i�h�j��
�r�_�g�v���[�_�k�d�j�b�\�h�r�b�i�g�h�c���f�Z�r�b�g�u���\�� �i�j�h�p�_�k�k�_���_�_���j�Z�[�h�l�u�����]�^�_ 
P�] �± �k�b�e�Z���^�Z�\�e�_�g�b�y���j�Z�[�h�q�_�]�h���l�_�e�Z�� P�i �± �k�b�e�Z���^�Z�\�e�_�g�b�y���]�Z�a�h�\��
�\�� �i�h�^�i�h�j�r�g�_�\�h�c�� �d�Z�f�_�j�_�� Pj �± �k�b�e�Z�� �b�g�_�j�p�b�b�� �\�h�a�\�j�Z�l�g�h-�i�h��
�k�l�m�i�Z�l�_�e�v�g�h���^�\�b�`�m�s�b�o�k�y���f�Z�k�k���f�_�o�Z�g�b�a�f�Z�� 

�<�j�Z�s�Z�x�s�b�c�� �f�h�f�_�g�l���� �\�h�a�g�b�d�Z�x�s�b�c�� �g�Z�� �h�^�g�h�c�� �l�h�q�d�_��
�h�i�h�j�u���F�I�>���i�j�b���j�Z�k�i�h�e�h�`�_�g�b�b���\�k�_�o���l�h�q�_�d���h�i�h�j�u���g�Z���h�^�g�h�f��
�b�� �l�h�f�� �`�_�� �^�b�Z�f�_�l�j�_��D�j ���d�h�l�h�j�u�c���� �\�� �q�Z�k�l�g�h�f�� �k�e�m�q�Z�_���� �f�h�`�_�l��
�[�u�l�v���j�Z�\�_�g��D�������h�i�j�_�^�_�e�y�_�l�k�y���i�h���k�h�h�l�g�h�r�_�g�b�x: 

 .                     (8) 

�<�E�B�Y�G�B�?���H�K�G�H�<�G�U�O���D�H�G�K�L�J�M�D�L�B�<�G�U�O���I�:�J�:�F�?�L�J�H�<��
�;�?�K�D�J�B�<�H�R�B�I�G�H�C���F�:�R�B�G�U��(�>�<�B�=�:�L�?�E�Y) �G�:���M�K�E�H�<�B�Y��

�J�:�;�H�L�U���F�?�O�:�G�B�A�F�:���I�J�?�H�;�J�:�A�H�<�:�G�B�Y���>�<�B�@�?�G�B�Y 

�:�g�Z�e�b�a�b�j�m�y�� �a�Z�\�b�k�b�f�h�k�l�b�� �������±(4������ �f�h�`�g�h�� �h�i�j�_�^�_�e�b�l�v����
�q�l�h�� �k�� �m�\�_�e�b�q�_�g�b�_�f�� �h�l�g�h�r�_�g�b�y��S�i/D�j �f�Z�r�b�g�u�� �m�\�_�e�b�q�b�\�Z��
�_�l�k�y�� �b�� �m�]�h�e���E���� �l�h�� �_�k�l�v�����l�h�l�� �m�]�h�e���� �i�h�^�� �d�h�l�h�j�u�f�� �g�Z�� �j�Z�[�h�q�m�x��

�i�h�\�_�j�o�g�h�k�l�v���[�_�]�h�\�h�c���^�h�j�h�`�d�b���^�_�c�k�l�\�m�x�l���k�b�e�u�����\�h�a�g�b�d�Z�x��
�s�b�_���\���i�j�_�h�[�j�Z�a�m�x�s�_�f���f�_�o�Z�g�b�a�f�_���\���i�j�h�p�_�k�k�_���j�Z�[�h�l�u�����K�e�_��
�^�h�\�Z�l�_�e�v�g�h�����m�\�_�e�b�q�_�g�b�_���h�l�g�h�r�_�g�b�y��S�i/D�j �f�h�`�_�l���i�j�b�\�_�k�l�b���d��
�\�u�o�h�^�m���a�g�Z�q�_�g�b�y���w�l�h�]�h���m�]�e�Z���a�Z���^�h�i�m�k�l�b�f�u�_ �i�j�_�^�_�e�u�����Z���k�e�_��
�^�h�\�Z�l�_�e�v�g�h�����d���g�Z�j�m�r�_�g�b�x���m�k�e�h�\�b�c���j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�b���i�j�_��
�h�[�j�Z�a�m�x�s�_�]�h���f�_�o�Z�g�b�a�f�Z�����L�Z�d�b�f���h�[�j�Z�a�h�f�����\�h�a�g�b�d�Z�_�l���a�Z�^�Z�q�Z��
�h�i�j�_�^�_�e�_�g�b�y���h�[�e�Z�k�l�b���g�Z�b�[�h�e�_�_���w�n�n�_�d�l�b�\�g�h�c���j�Z�[�h�l�u���i�j�_�h�[��
�j�Z�a�m�x�s�_�]�h�� �f�_�o�Z�g�b�a�f�Z�� �i�h�� �m�k�e�h�\�b�y�f�� �j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�b��
�[�_�k�d�j�b�\�h�r�b�i�g�h�c���f�Z�r�b�g�u ���\���q�Z�k�l�g�h�k�l�b�����i�h���i�Z�j�Z�f�_�l�j�Z�f��S�i, 
D�j, K, N, �E). 

�J�_�a�m�e�v�l�Z�l�u�� �i�j�h�\�_�^�_�g�g�h�]�h�� �j�Z�k�q�_�l�g�h-�l�_�h�j�_�l�b�q�_�k�d�h�]�h�� �b�k��
�k�e�_�^�h�\�Z�g�b�y���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h���e�h�]�b�d�h-�f�Z�l�_��
�f�Z�l�b�q�_�k�d�h�]�h���Z�i�i�Z�j�Z�l�Z���i�h�a�\�h�e�b�e�b���m�k�l�Z�g�h�\�b�l�v�����q�l�h���^�e�y���h�[�_�k��
�i�_�q�_�g�b�y�� �j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�b�� �f�Z�r�b�g�u�� �o�h�^�� �i�h�j�r�g�y��S���� �^�b�Z��
�f�_�l�j�� �p�b�e�b�g�^�j�Z��D���� �j�_�Z�d�l�b�\�g�u�c�� �^�b�Z�f�_�l�j��D�j = K��D �b���q�b�k�e�h��
�i�_�j�b�h�^�h�\���[�_�]�h�\�h�c���^�h�j�h�`�d�b��N �^�h�e�`�g�u���i�h�^�q�b�g�y�l�v�k�y���k�h�h�l�g�h��
�r�_�g�b�x (�k�f�������g�Z�i�j�b�f�_�j�� [18]): 

 .                      (9) 

�J�Z�k�q�_�l�g�h-�l�_�h�j�_�l�b�q�_�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y �\�e�b�y�g�b�y�� �h�k�g�h�\��
�g�u�o�� �d�h�g�k�l�j�m�d�l�b�\�g�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �f�_�o�Z�g�b�a�f�Z���i�j�_�h�[�j�Z�a�h�\�Z��
�g�b�y�� �^�\�b�`�_�g�b�y���� �m�q�Z�k�l�\�m�x�s�b�o�� �\�� �n�h�j�f�b�j�h�\�Z�g�b�b�� �d�j�m�l�y�s�_�]�h��
�f�h�f�_�g�l�Z �[�_�k�d�j�b�\�h�r�b�i�g�h�c�� �f�Z�r�b�g�u���� �g�Z�� �m�k�e�h�\�b�y�� �j�Z�[�h�l�u�� �_�_��
�f�_�o�Z�g�b�a�f�Z���i�h�a�\�h�e�b�e�b���i�j�_�^�e�h�`�b�l�v���i�h�e�b�]�j�Z�n���n�m�g�d�p�b�h�g�Z�e�v��
�g�u�o���i�Z�j�Z�f�_�l�j�h�\�����I�N�I�����;�I�F���>�������I�N�I���f�_�o�Z�g�b�a�f�Z���[�_�k�d�j�b��
�\�h�r�b�i�g�h�c���f�Z�r�b�g�u���i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���f�g�h�]�h�i�Z�j�Z�f�_�l�j�b�q�_��
�k�d�m�x���g�h�f�h�]�j�Z�f�f�m�����h�l�h�[�j�Z�`�Z�x�s�m�x���k���d�Z�q�_�k�l�\�_�g�g�h�c���b���d�h�e�b��
�q�_�k�l�\�_�g�g�h�c���l�h�q�_�d���a�j�_�g�b�y���d�h�f�i�e�_�d�k�g�m�x���\�a�Z�b�f�h�k�\�y�a�v���h�k�g�h�\��
�g�u�o�� �n�m�g�d�p�b�h�g�Z�e�v�g�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �f�_�o�Z�g�b�a�f�Z�� �[�_�k�d�j�b�\�h��
�r�b�i�g�h�c���f�Z�r�b�g�u�����L�Z�d�b�o���d�Z�d���o�h�^���i�h�j�r�g�y��S�i�����^�b�Z�f�_�l�j���p�b�e�b�g��
�^�j�Z��D�����j�_�Z�d�l�b�\�g�u�c���^�b�Z�f�_�l�j��D�j�����d�h�w�n�n�b�p�b�_�g�l��K�����f�Z�d�k�b�f�Z�e�v��
�g�u�_�� �m�]�e�u�� �g�Z�d�e�h�g�Z�� �[�_�]�h�\�h�c�� �^�h�j�h�`�d�b���Emax���� �q�b�k�e�h�� �i�_�j�b�h�^�h�\��
�[�_�]�h�\�h�c�� �^�h�j�h�`�d�b��N���� �I�N�I�� �i�h�a�\�h�e�y�_�l�� �h�i�j�_�^�_�e�y�l�v�� �\�Z�`�g�_�c��
�r�b�_���d�h�g�k�l�j�m�d�l�b�\�g�u�_���k�h�h�l�g�h�r�_�g�b�y���b���h�k�g�h�\�g�u�_���]�_�h�f�_�l�j�b�q�_��
�k�d�b�_�� �i�Z�j�Z�f�_�l�j�u�� �w�e�_�f�_�g�l�h�\���F�I�> �[�_�k�d�j�b�\�h�r�b�i�g�u�o�� �f�Z�r�b�g��
�g�Z���w�l�Z�i�Z�o���d�h�g�k�l�j�m�b�j�h�\�Z�g�b�y���b���i�j�h�_�d�l�b�j�h�\�Z�g�b�y���k���m�q�_�l�h�f���b�o��
�d�e�Z�k�k�Z�����j�Z�a�f�_�j�g�h�k�l�b�������g�Z�a�g�Z�q�_�g�b�y���b���h�k�h�[�_�g�g�h�k�l�_�c���w�d�k�i�e�m�Z��
�l�Z�p�b�b�����H�^�b�g���b�a���\�Z�j�b�Z�g�l�h�\���I�N�I�����^�e�y���[�_�k�d�j�b�\�h�r�b�i�g�u�o���f�Z��
�r�b�g�� �k���k�b�g�m�k�h�b�^�Z�e�v�g�u�f�b �[�_�]�h�\�u�f�b���^�h�j�h�`�d�Z�f�b���� �i�j�_�^�k�l�Z�\��
�e�_�g���g�Z���j�b�k����3. 

�K �m�\�_�e�b�q�_�g�b�_�f��D�j �i�j�b���i�j�h�q�b�o���j�Z�\�g�u�o�� �m�k�e�h�\�b�y�o�����g�_�b�a��
�f�_�g�g�u�o���\�_�e�b�q�b�g�_�� �o�h�^�Z�� �i�h�j�r�g�y, �q�b�k�e�_�� �i�_�j�b�h�^�h�\�� �[�_�]�h�\�h�c��
�^�h�j�h�`�d�b���F�I�> �b���^�j�������;�>���k�]�e�Z�`�b�\�Z�_�l�k�y�����B�g�u�f�b���k�e�h�\�Z�f�b�����b�a��
�f�_�g�y�x�l�k�y�����m�f�_�g�v�r�Z�x�l�k�y�����i�h���g�_�e�b�g�_�c�g�h�c���a�Z�\�b�k�b�f�h�k�l�b �f�Z�d��
�k�b�f�Z�e�v�g�u�c���b���f�b�g�b�f�Z�e�v�g�u�c���m�]�e�u���g�Z�d�e�h�g�Z �^�h�j�h�`�d�b �d���i�e�h�k��
�d�h�k�l�b�����i�_�j�i�_�g�^�b�d�m�e�y�j�g�h�c���h�k�b���p�b�e�b�g�^�j�Z. �W�l�h �i�j�b���q�j�_�a�f�_�j��
�g�h�f�� �m�\�_�e�b�q�_�g�b�b��D�j �f�h�`�_�l�� �i�j�b�\�_�k�l�b�� �d�� �\�u�o�h�^�m�� �a�g�Z�q�_�g�b�c��
�m�]�e�Z���Emax �a�Z���^�h�i�m�k�l�b�f�u�_���i�j�_�^�_�e�u�����h�[�_�k�i�_�q�b�\�Z�x�s�b�_���j�Z�[�h�l�h��
�k�i�h�k�h�[�g�h�k�l�v �f�_�o�Z�g�b�a�f�Z�� �b �d �k�g�b�`�_�g�b�x���d�j�m�l�y�s�_�]�h���f�h�f�_�g�l�Z��
�[�_�k�d�j�b�\�h�r�b�i�g�h�c���f�Z�r�b�g�u. �H�[�j�Z�l�g�u�c �j�_�a�m�e�v�l�Z�l �\���h�l�g�h�r�_��
�g�b�b���Emax �b���Z�g�Z�e�h�]�b�q�g�u�_���k�e�_�^�k�l�\�b�y �i�j�b�f�_�g�b�l�_�e�v�g�h���d���n�m�g�d��
�p�b�h�g�Z�e�v�g�h�k�l�b�� �d�b�g�_�f�Z�l�b�q�_�k�d�h�c�� �k�o�_�f�u���^�Z�_�l �m�\�_�e�b�q�_�g�b�_��
�q�b�k�e�Z���i�_�j�b�h�^�h�\���[�_�]�h�\�h�c���^�h�j�h�`�d�b��N �i�j�b���k�h�o�j�Z�g�_�g�b�b���^�j�m�]�b�o��
�d�h�g�k�l�j�m�d�l�b�\�g�u�o �i�Z�j�Z�f�_�l�j�h�\���;�I�F���>���� 

�<�f�_�k�l�_���k���l�_�f�����i�h�\�u�r�_�g�b�_��N �i�j�b���j�h�k�l�_���a�g�Z�q�_�g�b�y��D�j �i�h�a��
�\�h�e�y�_�l���h�[�_�k�i�_�q�b�l�v���i�h�\�u�r�_�g�b�_ �f�h�s�g�h�k�l�b���[�_�k�d�j�b�\�h�s�b�i�g�h�c��
�f�Z�r�b�g�u�����i�h�e�m�q�Z�_�f�h�c���a�Z���h�^�b�g���h�[�h�j�h�l���\�u�o�h�^�g�h�]�h���\�Z�e�Z�����Z���a�g�Z��
�q�b�l�����b���i�h�\�u�r�_�g�b�_ �n�h�j�f�b�j�m�_�f�h�]�h �g�Z���\�Z�e�m���f�Z�r�b�g�u���b���i�_�j�_��
�^�Z�\�Z�_�f�h�]�h���i�h�l�j�_�[�b�l�_�e�x �d�j�m�l�y�s�_�]�h���f�h�f�_�g�l�Z. 
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�H�K�H�;�?�G�G�H�K�L�B���N�H�J�F�B�J�H�<�:�G�B�Y���D�J�M�L�Y�S�?�=�H���F�H�F�?�G�L�:���G�:��
�<�U�O�H�>�G�H�F���<�:�E�M���;�?�K�D�J�B�<�H�R�B�I�G�H�C���F�:�R�B�G�U �B��

�D�J�B�<�H�R�B�I�G�H-�R�:�L�M�G�G�H�=�H���>�<�B�=�:�L�?�E�Y 

�I�h�^�� �k�o�h�^�k�l�\�_�g�g�u�f�b�� �m�k�e�h�\�b�y�f�b�� �j�_�Z�e�b�a�Z�p�b�b�� �j�Z�[�h�q�_�]�h��
�p�b�d�e�Z�� �[�_�k�d�j�b�\�h�r�b�i�g�h�c�� �f�Z�r�b�g�u-�^�\�b�]�Z�l�_�e�y�� �b�� �^�\�b�]�Z�l�_�e�y���k 
�d�j�b�\�h�r�b�i�g�h-�r�Z�l�m�g�g�u�f���f�_�o�Z�g�b�a�f�h�f �i�h�e�Z�]�Z�_�f���k�e�_�^�m�x�s�_�_: 

�± �h�^�b�g�Z�d�h�\�h�k�l�v �d�h�g�k�l�j�m�d�l�b�\�g�u�o �b�� �l�_�o�g�b�q�_�k�d�b�o �i�Z�j�Z��
�f�_�l�j�h�\���� �Z�� �b�f�_�g�g�h�� �^�b�Z�f�_�l�j�Z�� �p�b�e�b�g�^�j�Z���� �o�h�^�Z�� �i�h�j�r�g�y���� �k�l�_��
�i�_�g�b���k�`�Z�l�b�y�����q�b�k�e�Z���p�b�e�b�g�^�j�h�\�����q�Z�k�l�h�l�u���\�j�Z�s�_�g�b�y���\�Z�e�Z�����\�u��
�o�h�^�g�h�]�h���\�Z�e�Z���;�I�F���>�����b�e�b���d�h�e�_�g�q�Z�l�h�]�h���� 

�± �k�o�h�^�k�l�\�_�g�g�h�k�l�v���m�k�e�h�\�b�c���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�o�� �h�j�]�Z�g�b�a�Z��
�p�b�x�� �b�� �i�j�h�l�_�d�Z�g�b�_�� �i�j�h�p�_�k�k�h�\�� �j�Z�[�h�q�_�]�h�� �p�b�d�e�Z�� �\�� �p�b�e�b�g�^�j�_��
�f�Z�r�b�g�u�� ���d�h�w�n�n�b�p�b�_�g�l�Z�� �b�a�[�u�l�d�Z�� �\�h�a�^�m�o�Z���� �m�k�e�h�\�b�c�� �k�f�_�k�_��
�h�[�j�Z�a�h�\�Z�g�b�y�� �b�� �k�]�h�j�Z�g�b�y�� �b�� �l���^�������� �b���m�k�e�h�\�b�c�� �b�k�i�h�e�v�a�h�\�Z�g�b�y��
�f�Z�r�b�g�u���± �h�^�b�g�Z�d�h�\�h�k�l�v�� �b�g�^�b�d�Z�l�h�j�g�h�c�� �g�Z�]�j�m�a�d�b�� �i�h�� �\�_�e�b��
�q�b�g�_���b�g�^�b�d�Z�l�h�j�g�h�c���j�Z�[�h�l�u���p�b�d�e�Z�� 

�<�� �l�j�Z�^�b�p�b�h�g�g�u�o���� �d�j�b�\�h�r�b�i�g�h-�r�Z�l�m�g�g�u�o, �>�<�K�� �h�^�b�g��
�i�h�e�g�u�c���j�Z�[�h�q�b�c���p�b�d�e���f�h�`�_�l���k�h�\�_�j�r�Z�l�v�k�y���l�h�e�v�d�h���\���l�_�q�_�g�b�_��
�h�^�g�h�]�h ���\�� �^�\�m�o�l�Z�d�l�g�u�o�� �^�\�b�]�Z�l�_�e�y�o�� �e�b�[�h�� �^�\�m�o ���i�j�b�� �q�_�l�u��
�j�_�o�l�Z�d�l�g�h�c�� �h�j�]�Z�g�b�a�Z�p�b�b�� �p�b�d�e�Z�� �h�[�h�j�h�l�h�\�� �d�h�e�_�g�q�Z�l�h�]�h��
�\�Z�e�Z�� �H�k�h�[�_�g�g�h�k�l�v�x���d�b�g�_�f�Z�l�b�q�_�k�d�h�c �b �d�h�g�k�l�j�m�d�l�b�\�g�h�c 
�k�o�_�f  �f�_�o�Z�g�b�a�f�Z���;�I�F���>�� �y�\�e�y�_�l�k�y���l�h�����q�l�h�����\���h�l�e�b�q�b�_���h�l���d�j�b��
�\�h�r�b�i�g�h-�r�Z�l�m�g�g�u�o�� �>�<�K���� �a�Z�� �h�^�b�g�� �h�[�h�j�h�l�� �\�u�o�h�^�g�h�]�h�� �\�Z�e�Z 
�[�_�k�d�j�b�\�h�r�b�i�g�h�c �f�Z�r�b�g�u�� �\�� �_�_ �p�b�e�b�g�^�j�_�� �f�h�`�_�l���[�u�l�v���h�k�m��
�s�_�k�l�\�e�_�g�h �[�h�e�v�r�_�_���q�b�k�e�h���j�Z�[�h�q�b�o���p�b�d�e�h�\�����K�e�_�^�h�\�Z�l�_�e�v�g�h����
�\���;�I�F���>�����i�h�y�\�e�y�_�l�k�y���\�h�a�f�h�`�g�h�k�l�v���j�_�Z�e�b�a�Z�p�b�b���l�Z�d�b�o���d�h�g��
�k�l�j�m�d�l�b�\�g�u�o���j�_�r�_�g�b�c�����d�h�l�h�j�u�_���h�[�_�k�i�_�q�b�\�Z�x�l �d�j�Z�l�g�h�_���i�h��

�\�u�r�_�g�b�_�� �f�h�s�g�h�k�l�b �\ �k�j�Z�\�g�_�g�b�b �k�� �d�j�b�\�h�r�b�i�g�h-�r�Z�l�m�g��
�g�u�f�b���>�<�K�� 

�<��[19, 20] �i�h�d�Z�a�Z�g�h���� �q�l�h���i�j�b�� �j�Z�\�_�g�k�l�\�_�� �b�g�^�b�d�Z�l�h�j�g�u�o��
�j�Z�[�h�l�� �p�b�d�e�h�\�� �[�_�k�d�j�b�\�h�r�b�i�g�h�c�� �f�Z�r�b�g�u�� �b���³�k�h�h�l�\�_�l�k�l�\�m�x��
�s�_�]�h�  ́�_�c���d�j�b�\�h�r�b�i�g�h-�r�Z�l�m�g�g�h�]�h���>�<�K���f�h�s�g�h�k�l�v�����j�Z�a�\�b�\�Z��
�_�f�Z�y �[�_�k�d�j�b�\�h�r�b�i�g�h�c�� �f�Z�r�b�g�h�c���� �\��N �j�Z�a�� �i�j�_�\�u�r�Z�_�l�� �f�h�s��
�g�h�k�l�v���^�\�b�]�Z�l�_�e�y �k���D�R�F�� 

�K�d�Z�a�Z�g�g�h�_�� �k�i�j�Z�\�_�^�e�b�\�h�� �b�� �\�� �h�l�g�h�r�_�g�b�b�� �d�j�m�l�y�s�_�]�h�� �f�h��
�f�_�g�l�Z���� �n�h�j�f�b�j�m�_�f�h�]�h�� �[�_�k�d�j�b�\�h�r�b�i�g�h�c�� �f�Z�r�b�g�h�c���� �B�� �h�k�h��
�[�_�g�g�h�k�l�v�� �a�^�_�k�v�� �\�� �l�h�f���� �q�l�h��P�h�d�j���� �n�h�j�f�b�j�m�_�f�h�_�� �\�� �;�I�F���>���� �b��
�j�Z�\�g�h�_�� �i�h�� �\�_�e�b�q�b�g�_��T �\�� �>�<�K�� �k�� �D�R�F���� �j�Z�[�h�l�Z�_�l���³�g�Z�� �^�\�Z��
�i�e�_�q�Z�  ́���i�j�b���i�j�h�q�b�o���j�Z�\�g�u�o���m�k�e�h�\�b�y�o��. �W�l�h���h�[�k�l�h�y�l�_�e�v�k�l�\�h��
�g�_���l�h�e�v�d�h���k�g�b�`�Z�_�l���g�Z�]�j�m�a�d�b���\���F�I�>�����g�h���b���i�h�\�u�r�Z�_�l���d�j�m�l�y��
�s�b�c���f�h�f�_�g�l�� 

�I�j�b�� �w�l�h�f�� �i�j�_�^�_�e�u�� �i�h�\�u�r�_�g�b�y�� �d�j�m�l�y�s�_�]�h�� �f�h�f�_�g�l�Z��
�;�I�F���>���� �f�h�]�m�l�� �d�j�Z�l�g�h�� �i�j�_�\�u�r�Z�l�v�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �\�h�a��
�f�h�`�g�h�k�l�b�� �^�\�b�]�Z�l�_�e�_�c�� �k�� �D�R�F���� �I�j�_�b�f�m�s�_�k�l�\�_�g�g�h�� �a�Z�� �k�q�_�l��
�i�h�\�u�r�_�g�b�y�� �i�_�j�b�h�^�b�q�g�h�k�l�b�� �p�b�d�e�h�\ �a�Z�� �k�q�_�l N �b�� �m�k�e�h�\�b�c��
�n�h�j�f�b�j�h�\�Z�g�b�y��P�h�d�j. 

�A�:�D�E�X�Q�?�G�B�? 

�I �h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �i�j�h�\�_�^�_�g�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c���k�^�_�e�Z�g�u 
�k�e�_�^�m�x�s�b�_�� �h�k�g�h�\�g�u�_�� �\�u�\�h�^�u�� �b�� �i�j�Z�d�l�b�q�_�k�d�b�_�� �j�_�d�h�f�_�g�^�Z��
�p�b�b�� 

�G�Z�� �[�Z�a�_�� �i�j�_�^�e�h�`�_�g�g�h�]�h�� �e�h�]�b�d�h-�f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h�� �Z�i�i�Z��
�j�Z�l�Z���f�h�^�_�e�b�j�h�\�Z�g�b�y���d�b�g�_�f�Z�l�b�q�_�k�d�b�o���b���^�b�g�Z�f�b�q�_�k�d�b�o���i�j�h��
�p�_�k�k�h�\���j�Z�a�j�Z�[�h�l�Z�g�u���Z�e�]�h�j�b�l�f�u���j�Z�k�q�_�l�Z�����i�h�a�\�h�e�y�x�s�b�_���\�u��
�y�\�b�l�v���h�k�h�[�_�g�g�h�k�l�b���\�e�b�y�g�b�y���j�Z�a�e�b�q�g�u�o���d�h�g�k�l�j�m�d�l�b�\�g�u�o���j�_��
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�J�b�k�����������I�h�e�b�]�j�Z�n���n�m�g�d�p�b�h�g�Z�e�v�g�u�o���i�Z�j�Z�f�_�l�j�h�\���[�_�k�d�j�b�\�h�r�b�i�g�u�o���f�Z�r�b�g���k���k�b�g�m�k�h�b�^�Z�e�v�g�u�f�b���[�_�]�h�\�u�f�b���^�h�j�h�`�d�Z�f�b�� 
CEFJ �± �[�u�k�l�j�h�o�h�^�g�u�_����C�i �! �������f���k�����f�Z�r�b�g�u����BDGK �± �f�Z�r�b�g�u���k�j�_�^�g�_�c���[�u�k�l�j�h�o�h�^�g�h�k�l�b (C�i �h�d�����������f���k���� 

ABHL �± �l�b�o�h�o�h�^�g�u�_����C�i �� �������f���k�����f�Z�r�b�g�u�� 
I �± �f�Z�r�b�g�u���k���h�l�g�h�k�b�l�_�e�v�g�h���g�_�\�u�k�h�d�b�f��M�d�j ���e�_�]�d�h�g�Z�]�j�m�`�_�g�g�u�_������II  �± �k�j�_�^�g�_�g�Z�]�j�m�`�_�g�g�u�_���f�Z�r�b�g�u���� 

III  �± �f�Z�r�b�g�u���k���\�u�k�h�d�b�f��M�d�j ���l�y�`�_�e�h�g�Z�]�j�m�`�_�g�g�u�_���� 
                      �± �h�[�e�Z�k�l�v���w�n�n�_�d�l�b�\�g�h�c���j�Z�[�h�l�u���i�j�_�h�[�j�Z�a�m�x�s�_�]�h���f�_�o�Z�g�b�a�f�Z�������������������������������������������± k-�y���j�Z�[�h�q�Z�y���h�[�e�Z�k�l�v���h�l�g�h�k�b�l�_�e�v�g�u�o���i�Z�j�Z�f�_�l�j�h�\ 
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�r�_�g�b�c���f�_�o�Z�g�b�a�f�Z���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���^�\�b�`�_�g�b�y���g�Z���o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�b�� �[�_�k�d�j�b�\�h�r�b�i�g�u�o�� �f�Z�r�b�g�� �i�j�b�f�_�g�b�l�_�e�v�g�h�� �d�� �j�Z�a�e�b�q��
�g�u�f���m�k�e�h�\�b�y�f���b�o���b�k�i�h�e�v�a�h�\�Z�g�b�y�����I�h�d�Z�a�Z�g�h�����q�l�h���i�j�b���i�j�h�q�b�o��
�j�Z�\�g�u�o�� �m�k�e�h�\�b�y�o���\�� �[�_�k�d�j�b�\�h�r�b�i�g�h�c�� �f�Z�r�b�g�_�� �f�h�`�_�l�� �[�u�l�v��
�j�_�Z�e�b�a�h�\�Z�g���k�m�s�_�k�l�\�_�g�g�h���[�h�e�v�r�b�c���d�j�m�l�y�s�b�c���f�h�f�_�g�l�����q�_�f���\��
�^�\�b�]�Z�l�_�e�_���� �\�u�i�h�e�g�_�g�g�h�f�� �i�h�� �l�j�Z�^�b�p�b�h�g�g�h�c�� ���d�j�b�\�h�r�b�i�g�h-
�r�Z�l�m�g�g�h�c���� �k�o�_�f�_���� �L�Z�d���� �g�Z�i�j�b�f�_�j���� �d�j�m�l�y�s�b�c�� �f�h�f�_�g�l�� �[�_�k��
�d�j�b�\�h�r�b�i�g�h�]�h�� �q�_�l�u�j�_�o�l�Z�d�l�g�h�]�h�� �^�\�b�]�Z�l�_�e�y�� �k�� �^�\�m�o�i�_�j�b�h�^��
�g�h�c���[�_�]�h�\�h�c���^�h�j�h�`�d�h�c���i�j�b���i�j�h�q�b�o���j�Z�\�g�u�o���m�k�e�h�\�b�y�o���\���^�\�Z��
�j�Z�a�Z�� �\�u�r�_���� �q�_�f�� �d�j�m�l�y�s�b�c�� �f�h�f�_�g�l�� �k�h�h�l�\�_�l�k�l�\�m�x�s�_�]�h�� �d�j�b��
�\�h�r�b�i�g�h-�r�Z�l�m�g�g�h�]�h���q�_�l�u�j�_�o�l�Z�d�l�g�h�]�h���^�\�b�]�Z�l�_�e�y�� 

�;�I�F���>���� �^�h�i�m�k�d�Z�_�l�� �h�l�g�h�k�b�l�_�e�v�g�h�� �i�j�h�k�l�m�x�� �i�h�� �h�l�g�h�r�_��
�g�b�x���d���l�j�Z�^�b�p�b�h�g�g�u�f�����d�j�b�\�h�r�b�i�g�h-�r�Z�l�m�g�g�u�f�����^�\�b�]�Z�l�_�e�y�f��
�d�h�g�k�l�j�m�d�l�b�\�g�m�x�� �j�_�Z�e�b�a�Z�p�b�x�� �\�u�k�h�d�h�f�h�f�_�g�l�g�u�o���� �\�u�k�h�d�h��
�g�Z�]�j�m�`�_�g�g�u�o�� �i�h�� �m�k�e�h�\�b�y�f�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �f�Z�r�b�g���� �< �l�h�f��
�q�b�k�e�_���g�b�a�d�h�h�[�h�j�h�l�g�u�o�����[�h�e�v�r�h�c���j�Z�a�f�_�j�g�h�k�l�b���b���l���^�� 

�<�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l���d�e�Z�k�k�Z���� �g�Z�a�g�Z�q�_�g�b�y�� �b�� �h�k�h�[�_�g�g�h�k�l�_�c��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �[�_�k�d�j�b�\�h�r�b�i�g�u�o�� �f�Z�r�b�g�� �j�_�d�h�f�_�g�^�m�_�l�k�y��
�i�j�b�f�_�g�y�l�v���k�e�_�^�m�x�s�b�_���k�h�h�l�g�h�r�_�g�b�y���j�_�Z�d�l�b�\�g�h�]�h���^�b�Z�f�_�l�j�Z��
�b���^�b�Z�f�_�l�j�Z���p�b�e�b�g�^�j�Z�� 

�± �^�e�y�� �\�u�k�h�d�h�h�[�h�j�h�l�g�u�o�� �b�� ���b�e�b���� �e�_�]�d�h�g�Z�]�j�m�`�_�g�g�u�o�� �i�h��
�m�k�e�h�\�b�y�f�� �k�h�\�f�_�k�l�g�h�c�� �j�Z�[�h�l�u�� �k�� �i�h�l�j�_�[�b�l�_�e�_�f�� �f�_�o�Z�g�b�q�_��
�k�d�h�c�� �w�g�_�j�]�b�b�� �f�Z�r�b�g�� �p�_�e�_�k�h�h�[�j�Z�a�g�h�� �i�j�b�f�_�g�_�g�b�_�� �f�_�o�Z�g�b�a��
�f�h�\�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �^�\�b�`�_�g�b�y�� �k�� �h�^�g�h- �b�e�b�� �^�\�m�o�i�_�j�b�h�^��
�g�u�f�b�� �[�_�]�h�\�u�f�b�� �^�h�j�h�`�d�Z�f�b�� �i�j�b��D�j �| D ���k�f���� �l�Z�d�`�_�� �j�b�k���� ������
�h�[�e�Z�k�l�b��I, CEFG); 

�± �^�e�y���g�b�a�d�h�h�[�h�j�h�l�g�u�o�����\�u�k�h�d�h�g�Z�]�j�m�`�_�g�g�u�o�����\�u�k�h�d�h�f�h��
�f�_�g�l�g�u�o�� �f�Z�r�b�g�� �g�Z�b�[�h�e�_�_�� �j�Z�p�b�h�g�Z�e�v�g�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �\��
�i�j�_�h�[�j�Z�a�m�x�s�b�o�� �f�_�o�Z�g�b�a�f�Z�o�� �f�g�h�]�h�i�_�j�b�h�^�g�u�o�� ���k�� �q�b�k�e�h�f��
�i�_�j�b�h�^�h�\���l�j�b�����q�_�l�u�j�_���b���[�h�e�_�_�����[�_�]�h�\�u�o���^�h�j�h�`�_�d�� �i�j�b��D�j = 
�������«����D ���k�f�����l�Z�d�`�_���j�b�k�����������h�[�e�Z�k�l�b��III , ABHL); 

�± �\���^�j�m�]�b�o���k�e�m�q�Z�y�o �f�h�`�_�l���h�d�Z�a�Z�l�v�k�y���j�Z�p�b�h�g�Z�e�v�g�u�f �i�j�b��
�f�_�g�_�g�b�_�� �^�\�m�o�i�_�j�b�h�^�g�u�o���i�j�_�h�[�j�Z�a�m�x�s�b�o�� �f�_�o�Z�g�b�a�f�h�\�� �i�j�b��
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Influence of the Main Design Parameters of the 
Motion Conversion Mechanism of a Crankless 
Reciprocating Machine (Engine) on the Torque 
Value on the Output Shaft under the Conditions 

for the Implemention of the Working Cycle 
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Abstract. The paper describes the solution of the problem of 
determining the relationship of the main design parameters of the 
motion conversion mechanism with the design and technical pa-
rameters of a crankless reciprocating machine (engine) and iden-
tifying the influence of these parameters on the machine perfor-
mance, as well as the value of the developed torque on the output 
shaft as compared to the crank-rocker internal combustion engine. 
The comparison is made based on the similarity (identity of the 
parameters characterizing the conditions for the implementation 
of the working cycle of a heat engine) of the working processes 
flowing in a cylinder of a crankless machine and a crank-rocker 

engine. A conclusion is made on the advantage of the crankless ma-
chine concerning the design of high-torque engines. Practical rec-
ommendations are given on the choice of design parameters de-
pending on the technical requirements, the purpose and sphere of 
application of the crankless machine. 

Keywords: heat engine, internal combustion engine, crankless 
engine, working cycle, torque, conversion mechanism, design 
parameter. 
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�f�_�g�l�Z���l�j�_�g�b�y�� �\�� �h�i�h�j�_�� �f�Z�y�l�g�b�d�Z �b�e�b���f�Z�k�k�u���f�Z�y�l�g�b�d�Z �\�h�a�f�h��
�`�_�g�� �l�Z�d�h�c�� �j�_�`�b�f�� �^�\�b�`�_�g�b�y���� �d�h�]�^�Z�� �j�h�l�h�j�� �\�j�Z�s�Z�_�l�k�y�� �k�� �a�Z�^�Z�g��
�g�h�c�� �m�]�e�h�\�h�c�� �k�d�h�j�h�k�l�v�x���� �\�� �m�]�e�h�\�Z�y�� �k�d�h�j�h�k�l�v�� �\�j�Z�s�_�g�b�y�� �f�Z�y�l��
�g�b�d�Z���j�Z�\�g�Z���h�^�g�h�c���b�a���k�h�[�k�l�\�_�g�g�u�o���q�Z�k�l�h�l�� �d�h�e�_�[�Z�g�b�c���f�_�o�Z�g�b��
�q�_�k�d�h�c���k�b�k�l�_�f�u�����I�j�h�\�_�^�_�g�g�u�_���b�k�k�e�_�^�h�\�Z�g�b�y���i�h�^�l�\�_�j�^�b�e�b���j�_��
�a�m�e�v�l�Z�l�u �j�Z�g�_�_���i�j�h�\�_�^�_�g�g�h�]�h���g�Z�l�m�j�g�h�]�h���w�d�k�i�_�j�b�f�_�g�l�Z���h���\�h�a��
�f�h�`�g�h�k�l�b�� �i�j�h�y�\�e�_�g�b�y�� �w�n�n�_�d�l�Z�� �³�a�Z�k�l�j�_�\�Z�g�b�y�´�� �f�Z�y�l�g�b�d�Z�� �g�Z��
�\�j�Z�s�Z�x�s�_�f�k�y���\�Z�e�m���f�_�o�Z�g�b�q�_�k�d�h�c���k�b�k�l�_�f�u�� 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �f �_�o�Z�g�b�q�_�d�Z�y�� �k�b�k�l�_�f�Z�����k�h�[�k�l�\�_�g�g�Z�y��
�q�Z�k�l�h�l�Z�����m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v�����f �Z�y�l�g�b�d�����w�n�n�_�d�l���³�a�Z�k�l�j�_�\�Z�g�b�y�´. 

�<�<�?�>�?�G�B�? 

�<�h���\�k�_���\�j�_�f�_�g�Z���a�Z�f�_�q�Z�l�_�e�v�g�u�f���h�[�t�_�d�l�h�f���b�k�k�e�_�^�h�\�Z�g�b�c��
�b���i�j�Z�d�l�b�q�_�k�d�h�]�h���i�j�b�f�_�g�_�g�b�y���\���f�_�o�Z�g�b�d�_���y�\�e�y�_�l�k�y���f�Z�y�l�g�b�d����
�F�Z�y�l�g�b�d�� �[�u�e�� �i�j�_�^�f�_�l�h�f�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �h�k�g�h�\�Z�l�_�e�_�c�� �f�_�o�Z��
�g�b�d�b���=�Z�e�b�e�_�y�����G�v�x�l�h�g�Z�����=�x�c�]�_�g�k�Z���>���������@���� 

�F�Z�y�l�g�b�d�� �y�\�e�y�_�l�k�y�� �h�k�g�h�\�g�u�f�� �w�e�_�f�_�g�l�h�f�� �f�_�o�Z�g�b�q�_�k�d�b�o��
�q�Z�k�h�\�����F�Z�y�l�g�b�d���N�m�d�h���b�k�i�h�e�v�a�m�_�l�k�y���\���w�d�k�i�_�j�b�f�_�g�l�_���^�e�y���^�h��
�d�Z�a�Z�l�_�e�v�k�l�\�Z���\�j�Z�s�_�g�b�y���A�_�f�e�b�����f�Z�y�l�g�b�d���N�j�h�m�^�Z���b�e�e�x�k�l�j�b��
�j�m�_�l�� �\�h�a�f�h�`�g�h�k�l�v�� �i�h�y�\�e�_�g�b�y�� �Z�\�l�h�d�h�e�_�[�Z�g�b�c���� �D�j�m�l�b�e�v�g�u�c��
�f�Z�y�l�g�b�d�� �i�j�b�f�_�g�y�_�l�k�y�� �\�� �w�d�k�i�_�j�b�f�_�g�l�_�� �i�h�� �h�i�j�_�^�_�e�_�g�b�x��
�i�e�h�l�g�h�k�l�b���A�_�f�e�b���b���]�j�Z�\�b�l�Z�p�b�h�g�g�h�c�� �i�h�k�l�h�y�g�g�h�c�� �B�k�k�e�_�^�h��
�\�Z�g�b�y���^�\�b�`�_�g�b�y���f�Z�y�l�g�b�d�Z���k �f�Z�e�u�f�b �m�]�e�Z�f�b���h�l�d�e�h�g�_�g�b�y���i�h��
�e�h�`�b�e�b���g�Z�q�Z�e�h���e�b�g�_�c�g�h�c���l�_�h�j�b�b���d�h�e�_�[�Z�g�b�c���f�_�o�Z�g�b�q�_�k�d�b�o��
�k�b�k�l�_�f�����Z���k���[�h�e�v�r�b�f�b���m�]�e�Z�f�b���h�l�d�e�h�g�_�g�b�c���± �k�h�a�^�Z�g�b�x���g�_�e�b��
�g�_�c�g�h�c���l�_�h�j�b�b���d�h�e�_�[�Z�g�b�c.  

�<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �j�Z�[�h�l�u���� �i�h�k�\�y�s�_�g�g�u�_�� �b�a�m�q�_�g�b�x��
�^�\�b�`�_�g�b�y�� �f�Z�y�l�g�b�d�Z���� �f�h�`�g�h�� �m�k�e�h�\�g�h�� �j�Z�a�^�_�e�b�l�v�� �g�Z�� �^�\�_��
�]�j�m�i�i�u�����<���i�_�j�\�h�c���]�j�m�i�i�_���i�j�_�^�k�l�Z�\�e�_�g�u���b�k�k�e�_�^�h�\�Z�g�b�y���^�\�b��
�`�_�g�b�y���f�Z�y�l�g�b�d�Z���g�Z���\�b�[�j�b�j�m�x�s�_�f���h�k�g�h�\�Z�g�b�b���>���±�����@�����<���^�j�m��
�]�h�c���]�j�m�i�i�_���j�Z�k�q�_�l���^�\�b�`�_�g�b�y���f�Z�y�l�g�b�d�Z���y�\�e�y�_�l�k�y���Z�i�j�h�[�Z�p�b�_�c��
�f�_�l�h�^�h�\�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �g�_�e�b�g�_�c�g�u�o�� �d�h�e�_�[�Z�g�b�c�� �f�_�o�Z�g�b�q�_��
�k�d�b�o���k�b�k�l�_�f���>�����±16]. 

�F�Z�y�l�g�b�d�� �y�\�e�y�_�l�k�y�� �l�Z�d�`�_�� �h�k�g�h�\�g�u�f�� �w�e�_�f�_�g�l�h�f�� �h�[�h�[��
�s�_�g�g�h�c�� �f�h�^�_�e�b�� �\�b�[�j�Z�p�b�h�g�g�h�c�� �g�_�e�b�g�_�c�g�h�c�� �f�_�o�Z�g�b�d�b����
�i�j�_�^�e�h�`�_�g�g�h�c���\���j�Z�[�h�l�_���>�����@�����Q�Z�k�l�g�u�f�b���k�e�m�q�Z�y�f�b���h�[�h�[�s�_�g��
�g�h�c�� �f�h�^�_�e�b�� �\�� �w�l�h�c�� �j�Z�[�h�l�_�� �y�\�e�y�x�l�k�y���� �f�h�^�_�e�v�� �^�e�y�� �b�a�m�q�_�g�b�y��
�y�\�e�_�g�b�y�� �m�k�l�h�c�q�b�\�h�k�l�b�� �\�_�j�o�g�_�]�h�� �i�h�e�h�`�_�g�b�y�� �f�Z�y�l�g�b�d�Z�� �g�Z��

�\�b�[�j�b�j�m�x�s�_�f�� �h�k�g�h�\�Z�g�b�b�� �>���@���� �f�h�^�_�e�v�� �^�e�y�� �b�k�k�e�_�^�h�\�Z�g�b�y��
�i�j�h�p�_�k�k�Z���Z�\�l�h�f�Z�l�b�q�_�k�d�h�c���[�Z�e�Z�g�k�b�j�h�\�d�b���j�h�l�h�j�Z���k���i�h�f�h�s�v�x��
�f�Z�y�l�g�b�d�h�\���>�����@. 

�H�k�g�h�\�Z�g�b�_�f�� �^�e�y�� �i�j�h�\�_�^�_�g�b�y�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�u�� �i�h�k�e�m��
�`�b�e�b���j�_�a�m�e�v�l�Z�l�u���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c���^�\�b�`�_��
�g�b�y���f�Z�y�l�g�b�d�Z���g�Z���\�j�Z�s�Z�x�s�_�f�k�y���\�Z�e�m���>�������������@�� 

�<�� �w�l�b�o �j�Z�[�h�l�Z�o�� �b�k�i�h�e�v�a�h�\�Z�e�Z�k�v�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y��
�m�k�l�Z�g�h�\�d�Z���� �b�a�h�[�j�Z�`�_�g�g�Z�y�� �g�Z�� �j�b�k���� ������ �d�h�l�h�j�Z�y�� �i�j�_�^�k�l�Z�\�e�y�e�Z��
�k�h�[�h�c���w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�v���������a�Z�d�j�_�i�e�_�g�g�u�c���g�Z���f�_�l�Z�e�e�b�q�_�k�d�h�c��
�i�e�Z�k�l�b�g�_���������d�h�l�h�j�Z�y���\���k�\�h�x���h�q�_�j�_�^�b���d�j�_�i�b�e�Z�k�v���k���i�h�f�h�s�v�x��
4-�o���i�j�m�`�b�g���������g�Z���g�_�i�h�^�\�b�`�g�h�f���h�k�g�h�\�Z�g�b�b���������G�Z���\�Z�e�m���^�\�b��
�]�Z�l�_�e�y�� �k�� �\�h�a�f�h�`�g�h�k�l�v�x�� �k�\�h�[�h�^�g�h�]�h�� �\�j�Z�s�_�g�b�y�� �m�k�l�Z�g�Z�\�e�b��
�\�Z�e�k�y���f�Z�y�l�g�b�d���������F�Z�y�l�g�b�d���k�h�k�l�h�y�e���b�a���k�l�_�j�`�g�y���k���j�_�a�v�[�h�c���^�e�y��
�g�Z�\�_�r�b�\�Z�g�b�y�� �]�j�m�a�h�\���� �f�_�l�Z�e�e�b�q�_�k�d�h�]�h�� �d�h�e�v�p�Z�� �b�� �i�h�^�r�b�i��
�g�b�d�Z�� �d�Z�q�_�g�b�y���� �>�e�y�� �b�a�f�_�j�_�g�b�y�� �m�]�e�h�\�h�c�� �k�d�h�j�h�k�l�b�� �\�j�Z�s�_�g�b�y��
�f�Z�y�l�g�b�d�Z���b���^�\�b�]�Z�l�_�e�y���b�k�i�h�e�v�a�h�\�Z�e�k�y���h�i�l�b�q�_�k�d�b�c���l�Z�o�h�f�_�l�j��
6�����>�Z�g�g�Z�y���f�_�o�Z�g�b�q�_�k�d�Z�y���k�b�k�l�_�f�Z���\���i�e�h�k�d�h�k�l�b�����i�_�j�i�_�g�^�b�d�m��
�e�y�j�g�h�c�� �i�e�h�k�d�h�k�l�b�� �\�Z�e�Z�� �w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�y���� �b�f�_�e�Z�� �l�j�b�� �k�h�[��

�k�l�\�_�g�g�u�_�� �q�Z�k�l�h�l�u�� �d�h�e�_�[�Z�g�b�y��  � �� ���������� �j�Z�^���k���� = 100,5 

�j�Z�^���k���� � ���������������j�Z�^���k�����W�l�b���q�Z�k�l�h�l�u���d�h�e�_�[�Z�g�b�c���f�_�o�Z�g�b�q�_��

�k�d�h�c�� �k�b�k�l�_�f�u�� �[�u�e�b�� �f�_�g�v�r�_�� �q�Z�k�l�h�l�u�� �\�j�Z�s�_�g�b�y�� �\�Z�e�Z�� �w�e�_�d��
�l�j�h�^�\�b�]�Z�l�_�e�y�� � ���������������j�Z�^���k��  

�K�m�l�v�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �a�Z�d�e�x�q�Z�e�Z�k�v�� �\�� �b�a�f�_�j�_�g�b�b�� �m�]�e�h�\�h�c��
�k�d�h�j�h�k�l�b�� �f�Z�y�l�g�b�d�Z�� �g�Z�� �\�j�Z�s�Z�x�s�_�f�k�y�� �\�Z�e�m�� �^�\�b�]�Z�l�_�e�y�� �i�j�b��
�j�Z�a�e�b�q�g�u�o�� �f�h�f�_�g�l�Z�o�� �b�g�_�j�p�b�b�� �f�Z�k�k�u�� �f�Z�y�l�g�b�d�Z�� �<�� �j�_�a�m�e�v��
�l�Z�l�_���w�d�k�i�_�j�b�f�_�g�l�Z���i�j�b���i�h�k�l�h�y�g�g�h�f���f�h�f�_�g�l�_���l�j�_�g�b�y���\���h�i�h�j�_��
�f�Z�y�l�g�b�d�Z�� �[�u�e�h�� �m�k�l�Z�g�h�\�e�_�g�h�� �k�e�_�^�m�x�s�_�_���� �I�j�b�� �f�h�f�_�g�l�_��
�b�g�_�j�p�b�b���\���^�b�Z�i�Z�a�h�g�_���������������”��I �”���������������]�î�k�f2�����f�Z�y�l�g�b�d���\�j�Z��
�s�Z�e�k�y���\�f�_�k�l�_���k���\�Z�e�h�f���w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�y�����b���_�]�h���m�]�e�h�\�Z�y���k�d�h��
�j�h�k�l�v���j�Z�\�g�y�e�Z�k�v���&��� ���������������j�Z�^���k�����I�j�b���f�h�f�_�g�l�_���b�g�_�j�p�b�b���f�Z��
�y�l�g�b�d�Z���\���^�b�Z�i�Z�a�h�g�_�����������������”��I �”���������������]�î�k�f2 �m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v��
�\�j�Z�s�_�g�b�y�� �f�Z�y�l�g�b�d�Z�� �k�h�k�l�Z�\�b�e�Z�� = 118,2 �j�Z�^���k���� �d�h�l�h�j�Z�y�� �k��
�l�h�q�g�h�k�l�v�x�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �j�Z�\�g�Z�� �l�j�_�l�v�_�c�� �k�h�[�k�l�\�_�g�g�h�c�� �q�Z��

�k�l�h�l�_�� �d�h�e�_�[�Z�g�b�c�� �f�_�o�Z�g�b�q�_�k�d�h�c�� �k�b�k�l�_�f�u�� � �� ������������ �j�Z�^���k. 

�I�j�b�� �f�h�f�_�g�l�_�� �b�g�_�j�p�b�b�� �f�Z�y�l�g�b�d�Z�� �\�� �^�b�Z�i�Z�a�h�g�_�� ������������ �”��I �”��
�������������]�î�k�f2 �_�]�h���m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v���\�j�Z�s�_�g�b�y���k�h�k�l�Z�\�b�e�Z�� = 
�������������j�Z�^���k�����W�l�h���a�g�Z�q�_�g�b�_���m�]�e�h�\�h�c���k�d�h�j�h�k�l�b���k�h�\�i�Z�e�h �k�h���\�l�h��
�j�h�c���k�h�[�k�l�\�_�g�g�h�c���q�Z�k�l�h�l�h�c���d�h�e�_�[�Z�g�b�c���g�Z�r�_�c���f�_�o�Z�g�b�q�_�k�d�h�c��

�k�b�k�l�_�f�u�� � ���������������j�Z�^���k�� �I�j�b���f�h�f�_�g�l�_���b�g�_�j�p�b�b���f�Z�y�l�g�b�d�Z��
�\�� �^�b�Z�i�Z�a�h�g�_�� ������������ �”��I �”�������������� �]�î�k�f2 �m�]�e�h�\�Z�y�� �k�d�h�j�h�k�l�v�� �\�j�Z��
�s�_�g�b�y���f�Z�y�l�g�b�d�Z �k�h�k�l�Z�\�b�e�Z  � �������������j�Z�^���k���� 
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�J�b�k�����������W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���m�k�l�Z�g�h�\�d�Z: 

 1 �± �w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�v���������± �f�_�l�Z�e�e�b�q�_�k�d�Z�y���i�e�Z�k�l�b�g�Z�������± �i�j�m�`�b�g�u�� 4 �± �g�_�i�h�^�\�b�`�g�h�_���h�k�g�h�\�Z�g�b�_���������± �f�Z�y�l�g�b�d���������± �h�i�l�b�q�_��
�k�d�b�c���l�Z�o�h�f�_�l�j 

�W�l�h�� �a�g�Z�q�_�g�b�_�� �m�]�e�h�\�h�c�� �k�d�h�j�h�k�l�b�� �k�h�\�i�Z�e�h�� �k�� �i�_�j�\�h�c�� �k�h�[��

�k�l�\�_�g�g�h�c���q�Z�k�l�h�l�h�c���d�h�e�_�[�Z�g�b�c���f�_�o�Z�g�b�q�_�k�d�h�c���k�b�k�l�_�f�u�� = 
44,0 �j�Z�^���k�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �i�j�b�� �i�h�k�l�h�y�g�g�h�f���f�h�f�_�g�l�_�� �l�j�_�g�b�y�� �\��
�h�i�h�j�_�� �f�Z�y�l�g�b�d�Z�� �b�� �i�j�b�� �b�a�f�_�g�_�g�b�b�� �f�h�f�_�g�l�Z�� �b�g�_�j�p�b�b�� �_�]�h��
�f�Z�k�k�u���b�f�_�_�l���f�_�k�l�h���l�Z�d�h�c���j�_�`�b�f���^�\�b�`�_�g�b�y�����i�j�b���d�h�l�h�j�h�f���j�h��
�l�h�j���\�j�Z�s�Z�_�l�k�y���k���m�]�e�h�\�h�c���j�Z�[�h�q�_�c���k�d�h�j�h�k�l�v�x�����Z���m�]�e�h�\�Z�y���k�d�h��
�j�h�k�l�v���f�Z�y�l�g�b�d�Z���[�e�b�a�d�Z���b�e�b���k�h�\�i�Z�^�Z�_�l���k���h�^�g�h�c���b�a���q�Z�k�l�h�l���d�h��
�e�_�[�Z�g�b�c�� �f�_�o�Z�g�b�q�_�k�d�h�c�� �k�b�k�l�_�f�u���� �W�l�h�� �g�h�\�h�_�� �y�\�e�_�g�b�_�� �[�u�e�h��
�g�Z�a�\�Z�g�h�� �w�n�n�_�d�l�h�f�� �³�a�Z�k�l�j�_�\�Z�g�b�y�´�� �f�Z�y�l�g�b�d�Z�� �g�Z�� �\�j�Z�s�Z�x��
�s�_�f�k�y���\�Z�e�m�� 

�P�_�e�v�x���g�Z�k�l�h�y�s�_�c���j�Z�[�h�l�u���y�\�e�y�_�l�k�y���f�_�o�Z�g�b�d�h-�f�Z�l�_�f�Z�l�b��
�q�_�k�d�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �^�\�b�`�_�g�b�y�� �f�Z�y�l�g�b�d�Z�� �g�Z�� �\�j�Z�s�Z�x��
�s�_�f�k�y���\�Z�e�m���^�\�b�]�Z�l�_�e�y���f�_�o�Z�g�b�q�_�k�d�h�c���k�b�k�l�_�f�u���^�e�y���\�u�y�\�e�_��
�g�b�y�� �w�n�n�_�d�l�Z�� �³�a�Z�k�l�j�_�\�Z�g�b�y�´�� �f�Z�y�l�g�b�d�Z���� �m�k�l�Z�g�h�\�e�_�g�g�h�]�h�� �\��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�y�o���>19, 20]. 

�<�U�;�H�J���B���H�I�B�K�:�G�B�?���>�<�B�@�?�G�B�Y���F�H�>�?�E�B���F�?�O�:�G�B�Q�?�K�D�H�C��
�K�B�K�L�?�F�U���K���F�:�Y�L�G�B�D�H�F���G�:���<�J�:�S�:�X�S�?�F�K�Y���<�:�E�M 

�>�e�y���b�k�k�e�_�^�h�\�Z�g�b�y���[�u�e�Z���\�u�[�j�Z�g�Z���f�h�^�_�e�v ���j�b�k�������������d�h�l�h��
�j�Z�y���i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �d�h�j�i�m�k�� �d�Z�d�� �l�\�_�j�^�h�_�� �l�_�e�h�� �k�b�f�f�_�l��
�j�b�q�g�h�c�� �d�m�[�b�q�_�k�d�h�c�� �n�h�j�f�u���� �d�h�l�h�j�u�c�� �a�Z�d�j�_�i�e�_�g�� �g�Z�� �g�_�i�h��
�^�\�b�`�g�h�f���h�k�g�h�\�Z�g�b�b���k���i�h�f�h�s�v�x���k�b�f�f�_�l�j�b�q�g�h���j�Z�k�i�h�e�h�`�_�g��
�g�u�o���q�_�l�u�j�_�o���\�_�j�l�b�d�Z�e�v�g�u�o���b���q�_�l�u�j�_�o���]�h�j�b�a�h�g�l�Z�e�v�g�u�o���g�_��
�\�_�k�h�f�u�o�� �m�i�j�m�]�b�o�� �h�i�h�j���� �<�� �d�h�j�i�m�k�_�� �m�k�l�Z�g�h�\�e�_�g�� �m�j�Z�\�g�h�\�_��
�r�_�g�g�u�c���j�h�l�h�j���k���\�Z�e�h�f�����G�Z���\�Z�e�m���j�h�l�h�j�Z���m�k�l�Z�g�h�\�e�_�g���f�Z�y�l�g�b�d��
�k���\�h�a�f�h�`�g�h�k�l�v�x���\�j�Z�s�_�g�b�y���h�l�g�h�k�b�l�_�e�v�g�h���\�Z�e�Z�����H�k�v���\�j�Z�s�_��
�g�b�y���j�h�l�h�j�Z���i�j�h�o�h�^�b�l���q�_�j�_�a���p�_�g�l�j���f�Z�k�k���d�h�j�i�m�k�Z�����l�h�q�d�Z���H1 �g�Z��
�j�b�k����2������ �G�Z�� �j�b�k����2 �l�Z�d�`�_�� �b�a�h�[�j�Z�`�_�g�u�� �^�_�f�i�n�_�j�u���� �m�k�e�h�\�g�h��
�h�[�h�a�g�Z�q�Z�x�s�b�_�� �g�Z�e�b�q�b�_�� �k�h�i�j�h�l�b�\�e�_�g�b�y���� �i�j�h�i�h�j�p�b�h�g�Z�e�v��
�g�h�]�h���k�d�h�j�h�k�l�b���^�\�b�`�_�g�b�y���d�h�j�i�m�k�Z�� 

�>�\�b�`�_�g�b�_���f�h�^�_�e�b���[�m�^�_�f���b�a�m�q�Z�l�v���i�h���h�l�g�h�r�_�g�b�x���d���g�_�i�h��
�^�\�b�`�g�h�c���k�b�k�l�_�f�_���d�h�h�j�^�b�g�Z�l�������g�Z�q�Z�e�h���d�h�l�h�j�h�c�����l�h�q�d�Z��

�����k�h�\�i�Z�^�Z�_�l���k���p�_�g�l�j�h�f���f�Z�k�k���d�h�j�i�m�k�Z���\���i�h�e�h�`�_�g�b�b���_�]�h���k�l�Z��
�l�b�q�_�k�d�h�]�h���j�Z�\�g�h�\�_�k�b�y�����;�m�^�_�f���l�Z�d�`�_���k�q�b�l�Z�l�v�����q�l�h���^�\�b�`�_�g�b�_��
�\�^�h�e�v���h�k�b�� �b���i�h�\�h�j�h�l���\�h�d�j�m�]���h�k�_�c��, ,  �h�l�k�m�l�k�l�\�m�x�l�� 
�L�h�]�^�Z���^�e�y���h�i�b�k�Z�g�b�y���^�\�b�`�_�g�b�y���f�h�^�_�e�b���f�h�`�g�h���b�k�i�h�e�v�a�h�\�Z�l�v��

�l�j�b���h�[�h�[�s�_�g�g�u�o���d�h�h�j�^�b�g�Z�l�u����,  �± �i�_�j�_�f�_�s�_�g�b�y���p�_�g�l�j�Z��

�f�Z�k�k���d�h�j�i�m�k�Z���� �± �\�j�Z�s�_�g�b�_���j�h�l�h�j�Z�����D�j�h�f�_���l�h�]�h�����m�]�h�e���h�l��
�d�e�h�g�_�g�b�y�� �f�Z�y�l�g�b�d�Z�� �h�l�� �_�]�h�� �g�b�`�g�_�]�h�� �i�h�e�h�`�_�g�b�y�� �h�[�h�a�g�Z�q�b�f��

. 
�>�e�y�� �\�u�\�h�^�Z�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o�� �m�j�Z�\�g�_�g�b�c�� �^�\�b�`�_�g�b�y��

�f�h�^�_�e�b���b�k�i�h�e�v�a�m�_�f���m�j�Z�\�g�_�g�b�y���E�Z�]�j�Z�g�`�Z�����±�]�h���j�h�^�Z���\���k�e�_�^�m��
�x�s�_�c���n�h�j�f�_�� 

�� ���� ��������

�<�� �w�l�h�f�� �m�j�Z�\�g�_�g�b�b����. . �± �d�b�g�_�l�b�q�_�k�d�Z�y�� �w�g�_�j�]�b�y�� �f�_�o�Z�g�b�q�_��
�k�d�h�c���k�b�k�l�_�f�u���� �± �h�[�h�[�s�_�g�g�Z�y���d�h�h�j�^�b�g�Z�l�Z���� �± �i�h�l�_�g�p�b��
�Z�e�v�g�Z�y���w�g�_�j�]�b�y���f�_�o�Z�g�b�q�_�k�d�h�c���k�b�k�l�_�f�u�����±�n�m�g�d�p�b�y���J�_�e�_�y��

���n�m�g�d�p�b�y �j�Z�k�k�_�b�\�Z�g�b�y������ . 

 
�J�b�k�����������F�h�^�_�e�v���f�_�o�Z�g�b�q�_�k�d�h�c���k�b�k�l�_�f�u���k���f�Z�y�l�g�b�d�h�f 

�g�Z���\�j�Z�s�Z�x�s�_�f�k�y���\�Z�e�m 
1 �± �d�h�j�i�m�k�����l�h�q�d�Z�� �± �p�_�g�l�j���f�Z�k�k���d�h�j�i�m�k�Z���b���j�h�l�h�j�Z���� 
2 �± �j�h�l�h�j���������± �f�Z�y�l�g�b�d���������± �g�_�\�_�k�h�f�u�_���m�i�j�m�]�b�_���h�i�h�j�u�� 

5 �± �^�_�f�i�n�_�j�u 
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�A�^�_�k�v�� �± �m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v���j�h�l�h�j�Z���� �± �m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v��

�f�Z�y�l�g�b�d�Z���� �± �d�h�w�n�n�b�p�b�_�g�l�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �h�l�g�h�k�b�l�_�e�v��
�g�h�f�m���\�j�Z�s�_�g�b�x���f�Z�y�l�g�b�d�Z���g�Z���\�Z�e�m���j�h�l�h�j�Z�� 

�I�j�b�� �\�u�[�j�Z�g�g�u�o�� �h�[�h�[�s�_�g�g�u�o�� �d�h�h�j�^�b�g�Z�l�Z�o�� �\�u�j�Z�`�_�g�b�_��
�^�e�y�� �d�b�g�_�l�b�q�_�k�d�h�c�� �w�g�_�j�]�b�b�� �f�h�^�_�e�b���� �d�h�l�h�j�Z�y�� �k�d�e�Z�^�u�\�Z�_�l�k�y��
�b�a�� �d�b�g�_�l�b�q�_�k�d�h�c�� �w�g�_�j�]�b�b�� �d�h�j�i�m�k�Z���� �d�b�g�_�l�b�q�_�k�d�h�c�� �w�g�_�j�]�b�b��
�j�h�l�h�j�Z���b���d�b�g�_�l�b�q�_�k�d�h�c���w�g�_�j�]�b�b���f�Z�y�l�g�b�d�Z�����b�f�_�_�l���\�b�^�� 

 

. 

�<�� �w�l�h�f�� �\�u�j�Z�`�_�g�b�b��  ( �± �f�Z�k�k�Z�� �d�h�j��

�i�m�k�Z�����± �f�Z�k�k�Z���j�h�l�h�j�Z�����± �f�Z�k�k�Z���f�Z�y�l�g�b�d�Z�������± �f�h�f�_�g�l��

�b�g�_�j�p�b�b���j�h�l�h�j�Z�����± �^�e�b�g�Z���f�Z�y�l�g�b�d�Z�� 
�<�u�j�Z�`�_�g�b�_�� �^�e�y�� �i�h�l�_�g�p�b�Z�e�v�g�h�c�� �w�g�_�j�]�b�b�� �k�d�e�Z�^�u�\�Z��

�_�l�k�y���b�a���i�h�l�_�g�p�b�Z�e�v�g�h�c���w�g�_�j�]�b�b���^�_�n�h�j�f�Z�p�b�b���m�i�j�m�]�b�o���h�i�h�j��
�\�� �]�h�j�b�a�h�g�l�Z�e�v�g�h�f�� �b�� �\�_�j�l�b�d�Z�e�v�g�h�f�� �g�Z�i�j�Z�\�e�_�g�b�y�o�� �b�� �i�h�l�_�g��
�p�b�Z�e�v�g�h�c���w�g�_�j�]�b�b���k�b�e���l�y�`�_�k�l�b���d�h�j�i�m�k�Z�����j�h�l�h�j�Z���b���f�Z�y�l�g�b�d�Z. 
�<�u�j�Z�`�_�g�b�_�� �^�e�y�� �i�h�l�_�g�p�b�Z�e�v�g�h�c�� �w�g�_�j�]�b�b�� �k�� �m�q�_�l�h�f�� �m�k�e�h�\�b�y��
�k�l�Z�l�b�q�_�k�d�h�]�h���j�Z�\�g�h�\�_�k�b�y���[�m�^�_�l���b�f�_�l�v���\�b�^�� 

. 

�A�^�_�k�v��, �± �k�m�f�f�Z�j�g�Z�y�� �`�_�k�l�d�h�k�l�v�� �g�_�\�_�k�h�f�u�o�� �h�i�h�j�� �\��

�]�h�j�b�a�h�g�l�Z�e�v�g�h�f���b���\�_�j�l�b�d�Z�e�v�g�h�f���g�Z�i�j�Z�\�e�_�g�b�y�o�����± �m�k�d�h�j�_��
�g�b�_���k�\�h�[�h�^�g�h�]�h���i�Z�^�_�g�b�y�� 

�<�u�j�Z�`�_�g�b�_���^�e�y���n�m�g�d�p�b�b���J�_�e�_�y���i�j�b���g�Z�e�b�q�b�b���^�_�f�i�n�b�j�h��
�\�Z�g�b�y���d�h�j�i�m�k�Z���[�m�^�_�l���b�f�_�l�v���\�b�^�� 

, 

�]�^�_�� , �± �d�h�w�n�n�b�p�b�_�g�l�u���k�h�i�j�h�l�b�\�e�_�g�b�y���^�\�b�`�_�g�b�x���d�h�j��

�i�m�k�Z���\���]�h�j�b�a�h�g�l�Z�e�v�g�h�f���b���\�_�j�l�b�d�Z�e�v�g�h�f���g�Z�i�j�Z�\�e�_�g�b�y�o�� 
�I�h�k�e�_ �\�u�i�h�e�g�_�g�b�y�� �i�j�h�p�_�^�m�j�u�� �E�Z�]�j�Z�g�`�Z�� �������� �i�h�e�m�q�b�f��

�k�b�k�l�_�f�m���l�j�_�o���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o���m�j�Z�\�g�_�g�b�c���^�e�y���h�i�b�k�Z�g�b�y��
�^�\�b�`�_�g�b�y���f�h�^�_�e�b�� 

(2) 

�B�K�K�E�?�>�H�<�:�G�B�?���<�E�B�Y�G�B�Y���F�H�F�?�G�L�:���L�J�?�G�B�Y���<���H�I�H�J�?��
�F�:�Y�L�G�B�D�:���G�:���?�=�H���M�=�E�H�<�M�X���K�D�H�J�H�K�L�V 

�K�m�l�v���g�Z�k�l�h�y�s�_�]�h���b�k�k�e�_�^�h�\�Z�g�b�y���a�Z�d�e�x�q�Z�e�Z�k�v���\���g�Z�o�h�`�^�_��
�g�b�b���a�Z�d�h�g�Z���j�Z�a�]�h�g�Z���f�Z�y�l�g�b�d�Z���i�j�b���j�Z�a�e�b�q�g�u�o���a�g�Z�q�_�g�b�y�o���d�h��
�w�n�n�b�p�b�_�g�l�Z�� �l�j�_�g�b�y�� �i�j�b�� �q�b�k�e�_�g�g�h�f�� �b�g�l�_�]�j�b�j�h�\�Z�g�b�b��
�m�j�Z�\�g�_�g�b�c�������������d�h�l�h�j�h�_���h�k�m�s�_�k�l�\�e�y�e�h�k�v���\���k�j�_�^�_���i�j�h�]�j�Z�f�f�b��
�j�h�\�Z�g�b�y��Borland Delphi�����J�_�a�m�e�v�l�Z�l�u���f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h���f�h�^�_��
�e�b�j�h�\�Z�g�b�y���j�Z�a�]�h�g�Z���f�Z�y�l�g�b�d�Z���i�j�b���j�Z�a�e�b�q�g�u�o���a�g�Z�q�_�g�b�y�o���d�h��
�w�n�n�b�p�b�_�g�l�Z���l�j�_�g�b�y�� �i�j�_�^�k�l�Z�\�e�_�g�u���g�Z���j�b�k�������� 

�Q�b�k�e�_�g�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l�� �\�u�i�h�e�g�y�e�k�y�� �i�j�b�� �k�e�_�^�m�x�s�b�o��
�b�k�o�h�^�g�u�o���^�Z�g�g�u�o����= �����d�]���� � �������d�]����= 0,020 �d�]����= 

�����������f���� � ����������5 �G���f���� � ����������5 �G���f���� = � �����������G���k���f����

0,142������-3�”  �”������01 �G���f���k���� 
�I�j�b�g�y�l�u�_�� �b�k�o�h�^�g�u�_�� �i�Z�j�Z�f�_�l�j�u�� �a�Z�^�Z�x�l�� �^�\�_�� �k�h�[�k�l�\�_�g��

�g�u�_�� �q�Z�k�l�h�l�u�� �d�h�e�_�[�Z�g�b�c�� �b�k�k�e�_�^�m�_�f�h�c�� �f�_�o�Z�g�b�q�_�k�d�h�c�� �k�b��
�k�l�_�f�u���� 

� �����������j�Z�^���k�� � �����������j�Z�^���k�� 

�I�j�b�g�y�l�h�� �l�Z�d�`�_���� �q�l�h�� �i�j�b�� ���� �”  �”�� ������ �k�� �m�]�e�h�\�Z�y�� �k�d�h�j�h�k�l�v��
�j�h�l�h�j�Z���b�a�f�_�g�y�e�Z�k�v���i�h���a�Z�d�h�g�m�������Z���i�j�b���� �!���������k���m�]�e�h��
�\�Z�y���k�d�h�j�h�k�l�v���b�f�_�e�Z���i�h�k�l�h�y�g�g�h�_���a�g�Z�q�_�g�b�_�� = ���������j�Z�^���k���� 

�I�_�j�\�u�c�� �w�d�k�i�_�j�b�f�_�g�l���� �d�h�w�n�n�b�p�b�_�g�l�� �l�j�_�g�b�y�� �b�a�f�_��
�g�y�e�k�y���h�l�������^�h����������2�������±3 �G���f���k�����<���w�l�h�f���k�e�m�q�Z�_���f�Z�y�l�g�b�d���k�j�Z�a�m��
�b�e�b�����k�h�\�_�j�r�b�\���g�_�k�d�h�e�v�d�h���h�[�h�j�h�l�h�\�����h�l�d�e�h�g�y�e�k�y���g�Z���g�_�d�h�l�h��
�j�u�c���m�]�h�e���h�l���g�b�`�g�_�]�h���i�h�e�h�`�_�g�b�y�����k�h�\�_�j�r�Z�y���f�Z�e�u�_���d�h�e�_�[�Z��
�g�b�y���h�l�g�h�k�b�l�_�e�v�g�h���w�l�h�]�h���i�h�e�h�`�_�g�b�y��  

�<�l�h�j�h�c���w�d�k�i�_�j�b�f�_�g�l�����d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y�� �b�a�f�_�g�y�e�k�y��
�h�l�� ��������3�������±3 �^�h�� ����494�������±3 �G���f���k���� �<�� �w�l�h�f�� �k�e�m�q�Z�_�� �f�Z�y�l�g�b�d��
�\�g�Z�q�Z�e�_�� �k�h�o�j�Z�g�y�e�� �k�\�h�_�� �g�_�i�h�^�\�b�`�g�h�_�� �k�h�k�l�h�y�g�b�_�� �d�Z�d�� �\�� �i�_�j��
�\�h�f���w�d�k�i�_�j�b�f�_�g�l�_�����Z���i�h�l�h�f���³�m�\�e�_�d�Z�e�k�y�³ �\�Z�e�h�f���\�h���\�j�Z�s�_�g�b�_��
�b���_�]�h���m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v���k�h�k�l�Z�\�e�y�e�Z�� = ���������j�Z�^���k�����d�j�b�\�Z�y������
�g�Z���j�b�k�������������d�h�l�h�j�Z�y���j�Z�\�g�Z���i�_�j�\�h�c���k�h�[�k�l�\�_�g�g�h�c���q�Z�k�l�h�l�_ �d�h�e�_��
�[�Z�g�b�c���f�_�o�Z�g�b�q�_�k�d�h�c�� �k�b�k�l�_�f�u�� �I�j�b�� �^�Z�e�v�g�_�c�r�_�f�� �m�\�_�e�b�q�_��
�g�b�b���d�h�w�n�n�b�p�b�_�g�l�Z���l�j�_�g�b�y�� �m�f�_�g�v�r�Z�e�h�k�v���\�j�_�f�y���a�Z�^�_�j�`�d�b��
�\�j�Z�s�_�g�b�y���f�Z�y�l�g�b�d�Z�� 

�I �j�_�^�_�e�v�g�h�_�� �a�g�Z�q�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�Z���� �i�j�b�� �d�h�l�h�j�h�f�� �_�s�_��
�k�h�o�j�Z�g�y�e�h�k�v���m�k�l�h�c�q�b�\�h�_���\�j�Z�s�_�g�b�_���f�Z�y�l�g�b�d�Z���k���m�]�e�h�\�h�c���k�d�h��
�j�h�k�l�v�x����� ���������j�Z�^���k���k�h�k�l�Z�\�b�e�h�������������������±�����G���f���k�� 

 

 

�J�b�k�����������A�Z�d�h�g�u���^�\�b�`�_�g�b�y���f�Z�y�l�g�b�d�Z���i�j�b���j�Z�a�e�b�q�g�u�o���a�g�Z�q�_�g�b�y�o���d�h�w�n�n�b�p�b�_�g�l�Z���l�j�_�g�b�y��:  
1 �± �i�j�b�������������������±3  <  �”�������������������±3  �G���f���k���������������± �i�j�b�������������������±3 <  �”��0,01 �G���f��c; 4, 5 �± �i�j�b�� 0,01 <  �G���f��c 
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�I�j�_�^�_�e�v�g�h�_�� �a�g�Z�q�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�Z������ �i�j�b�� �d�h�l�h�j�h�f�� �_�s�_��
�k�h�o�j�Z�g�y�e�h�k�v���m�k�l�h�c�q�b�\�h�_���\�j�Z�s�_�g�b�_���f�Z�y�l�g�b�d�Z���k���m�]�e�h�\�h�c���k�d�h��
�j�h�k�l�v�x��� ���������j�Z�^���k���k�h�k�l�Z�\�b�e�h�������������������±3 �G���f���k�� 

�L�j�_�l�b�c���w�d�k�i�_�j�b�f�_�g�l�����d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y�� �b�a�f�_�g�y�e�k�y��
�h�l�������������������±3 �^�h��0,01 �G���f���k�����<���w�l�h�f���^�b�Z�i�Z�a�h�g�_���m�]�e�h�\�Z�y���k�d�h��
�j�h�k�l�v���f�Z�y�l�g�b�d�Z���\�g�Z�q�Z�e�_���k���a�Z�^�_�j�`�d�h�c���i�h�j�y�^�d�Z�������k�_�d�m�g�^�����^�h��
�k�l�b�]�Z�e�Z���m�]�e�h�\�h�c���k�d�h�j�h�k�l�b�� � �����������j�Z�^���k�����d�h�l�h�j�Z�y���j�Z�\�g�Z���i�_�j��
�\�h�c�� �k�h�[�k�l�\�_�g�g�h�c�� �q�Z�k�l�h�l�_�� �d�h�e�_�[�Z�g�b�c�� �f�_�o�Z�g�b�q�_�k�d�h�c�� �k�b��
�k�l�_�f�u�����K�i�m�k�l�y�������k�_�d�m�g�^���f�Z�y�l�g�b�d���j�Z�a�]�h�g�y�e�k�y���b���g�Z�q�b�g�Z�e���\�j�Z��
�s�Z�l�v�k�y���k���m�]�e�h�\�h�c���k�d�h�j�h�k�l�v�x�� � �����������j�Z�^���k�����d�h�l�h�j�Z�y���j�Z�\�g�Z��
�\�l�h�j�h�c���k�h�[�k�l�\�_�g�g�h�c���q�Z�k�l�h�l�_���d�h�e�_�[�Z�g�b�c���k�b�k�l�_�f�u�����d�j�b�\�Z�y������
�g�Z���j�b�k���������� 

�I�j�b�� �i�e�Z�\�g�h�f�� �m�\�_�e�b�q�_�g�b�b�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �l�j�_�g�b�y�� �f�Z��
�y�l�g�b�d�� �k�� �f�_�g�v�r�_�c�� �a�Z�^�_�j�`�d�h�c�� �m�\�e�_�d�Z�e�k�y�� �\�h�� �\�j�Z�s�_�g�b�_�� �j�h�l�h��
�j�h�f�� �^�\�b�]�Z�l�_�e�y�� �b�� �j�Z�g�v�r�_�� �i�_�j�_�o�h�^�b�e�� �k�� �i�_�j�\�h�c�� �k�h�[�k�l�\�_�g�g�h�c��
�q�Z�k�l�h�l�u�� �d�h�e�_�[�Z�g�b�c�� �f�_�o�Z�g�b�q�_�k�d�h�c�� �k�b�k�l�_�f�u�� ���������� �j�Z�^���k���� �g�Z��
�\�l�h�j�m�x���q�Z�k�l�h�l�m�������������j�Z�^���k���� 

�I�j�_�^�_�e�v�g�u�c���j�_�`�b�f�����i�j�b���d�h�l�h�j�h�f���f�Z�y�l�g�b�d���_�s�_���i�_�j�_�o�h��
�^�b�e���k���i�_�j�\�h�c���q�Z�k�l�h�l�u���g�Z���\�l�h�j�m�x���i�h�d�Z�a�Z�g���g�Z���j�b�k�����������d�j�b�\�Z�y��
3). 

�Q�_�l�\�_�j�l�u�c���w�d�k�i�_�j�b�f�_�g�l�����d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y�� �i�j�b�g�b��
�f�Z�e���a�g�Z�q�_�g�b�y���[�h�e�_�_�������������G���f���k�����F�Z�y�l�g�b�d���j�Z�a�]�h�g�y�e�k�y���^�h���m�]��
�e�h�\�h�c���k�d�h�j�h�k�l�b�� � �����������j�Z�^���k�����l�h���_�k�l�v���^�h���k�d�h�j�h�k�l�b���\�j�Z�s�_��

�g�b�y���j�h�l�h�j�Z�� � �����������j�Z�^���k���b���\�j�Z�s�Z�e�k�y���^�Z�e�_�_���\�f�_�k�l�_���k���j�h�l�h��
�j�h�f�����d�j�b�\�u�_�������������g�Z���j�b�k������������ 

�E�b�g�b�y��  �g�Z���w�l�h�f���j�b�k�m�g�d�_���i�h�d�Z�a�u�\�Z�_�l���b�a�f�_�g�_�g�b�_���m�]��
�e�h�\�h�c���k�d�h�j�h�k�l�b���j�h�l�h�j�Z���i�h���\�j�_�f�_�g�b�� 

�B�K�K�E�?�>�H�<�:�G�B�?���<�E�B�Y�G�B�Y���F�:�K�K�U���F�:�Y�L�G�B�D�:���G�:���?�=�H��
�M�=�E�H�<�M�X���K�D�H�J�H�K�L�V 

�L�Z�d�`�_���d�Z�d���\���i�j�_�^�u�^�m�s�_�f���j�Z�a�^�_�e�_���b�k�k�e�_�^�h�\�Z�g�b�_���a�Z�d�e�x��
�q�Z�e�h�k�v�� �\�� �g�Z�o�h�`�^�_�g�b�b�� �a�Z�d�h�g�Z�� �j�Z�a�]�h�g�Z�� �f�Z�y�l�g�b�d�Z���k���j�Z�a�e�b�q��
�g�u�f�b �a�g�Z�q�_�g�b�y�f�b �_�]�h���f�Z�k�k�u�� �i�j�b���q�b�k�e�_�g�g�h�f���b�g�l�_�]�j�b�j�h��
�\�Z�g�b�b���m�j�Z�\�g�_�g�b�c�������������J�_�a�m�e�v�l�Z�l�u���f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h���f�h�^�_�e�b��
�j�h�\�Z�g�b�y�� �j�Z�a�]�h�g�Z�� �f�Z�y�l�g�b�d�Z�� �i�j�b���j�Z�a�e�b�q�g�u�o�� �a�g�Z�q�_�g�b�y�o�� �_�]�h��
�f�Z�k�k�u�� �i�j�_�^�k�l�Z�\�e�_�g�u�� �g�Z�� �j�b�k���� ������ �Q�b�k�e�_�g�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l��
�i�j�h�\�_�^�_�g�� �i�j�b�� �l�_�o�� �`�_�� �a�g�Z�q�_�g�b�y�o�� �f�Z�k�k�u�� �j�h�l�h�j�Z�� �b�� �d�h�j�i�m�k�Z����
�i�j�b���l�_�o���`�_���a�g�Z�q�_�g�b�y�o���d�h�w�n�n�b�p�b�_�g�l�h�\���`�_�k�l�d�h�k�l�b���b���^�_�f�i�n�b��

�j�h�\�Z�g�b�y�����i�j�b���l�h�f���`�_���j�_�`�b�f�_���j�Z�a�]�h�g�Z���j�h�l�h�j�Z�����q�l�h���b���\���i�j�_�^�u��
�^�m�s�b�o���b�k�k�e�_�^�h�\�Z�g�b�y�o�����D�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y���\���h�i�h�j�_���f�Z�y�l��
�g�b�d�Z���i�j�b�g�b�f�Z�e�k�y��k = 0,������0�±3 �G���f���k�� 

�I�_�j�\�u�c�� �w�d�k�i�_�j�b�f�_�g�l���� �f�Z�k�k�Z�� �f�Z�y�l�g�b�d�Z�� �g�_�� �i�j�_�\�u�r�Z�e�Z��
�������������d�]�����<���w�l�h�f���k�e�m�q�Z�_���f�Z�y�l�g�b�d���h�l�d�e�h�g�y�e�k�y���g�Z���g�_�d�h�l�h�j�u�c��
�m�]�h�e�����k�h�\�_�j�r�Z�y���f�Z�e�u�_���d�h�e�_�[�Z�g�b�y���h�l�g�h�k�b�l�_�e�v�g�h���w�l�h�]�h���i�h�e�h��
�`�_�g�b�y���j�Z�\�g�h�\�_�k�b�y�� 

�<�l�h�j�h�c���w�d�k�i�_�j�b�f�_�g�l�����f�Z�k�k�Z���f�Z�y�l�g�b�d�Z���b�a�f�_�g�y�e�Z�k�v���\���^�b�Z��
�i�Z�a�h�g�_���������������”�� �”���������������d�]�����<���w�l�h�f���k�e�m�q�Z�_���f�Z�y�l�g�b�d���\�g�Z�q�Z�e�_��
�k�h�o�j�Z�g�y�e���k�\�h�_���g�_�i�h�^�\�b�`�g�h�_���k�h�k�l�h�y�g�b�_���d�Z�d���\���i�_�j�\�h�f���w�d�k�i�_��
�j�b�f�_�g�l�_�����Z���^�Z�e�_�_���q�_�j�_�a�������k�_�d�m�g�^���i�h�k�e�_���g�Z�q�Z�e�Z���^�\�b�`�_�g�b�y���j�h��
�l�h�j�Z���j�Z�a�]�h�g�y�e�k�y �b���g�Z�q�b�g�Z�e���\�j�Z�s�Z�l�v�k�y���k���m�]�e�h�\�h�c���k�d�h�j�h�k�l�v�x��

 � �����������j�Z�^���k�����j�Z�\�g�h�c���i�_�j�\�h�c���k�h�[�k�l�\�_�g�g�h�c���q�Z�k�l�h�l�_���d�h�e�_�[�Z��
�g�b�c���f�_�o�Z�g�b�q�_�k�d�h�c���k�b�k�l�_�f�u�����d�j�b�\�Z�y��1 �g�Z���j�b�k���������� 

�L�j�_�l�b�c���w�d�k�i�_�j�b�f�_�g�l�����f�Z�k�k�Z���f�Z�y�l�g�b�d�Z���b�a�f�_�g�y�e�Z�k�v���\���^�b�Z��
�i�Z�a�h�g�_�� ������������ �”< 0,0������ �d�]���� �A�^�_�k�v�� �f�Z�y�l�g�b�d�� �j�Z�a�]�h�g�y�e�k�y�� �b��
�g�Z�q�b�g�Z�e���\�j�Z�s�Z�l�v�k�y���k���m�]�e�h�\�h�c���k�d�h�j�h�k�l�v�x� �����������j�Z�^���k�����d�h��
�l�h�j�Z�y���j�Z�\�g�y�e�Z�k�v���\�l�h�j�h�c���k�h�[�k�l�\�_�g�g�h�c���q�Z�k�l�h�l�_���d�h�e�_�[�Z�g�b�c���f�_��
�o�Z�g�b�q�_�k�d�h�c���k�b�k�l�_�f�u�����d�j�b�\�Z�y��2 �g�Z���j�b�k���������� 

�Q�_�l�\�_�j�l�u�c���w�d�k�i�_�j�b�f�_�g�l�����i�j�b���f�Z�k�k�_���f�Z�y�l�g�b�d�Z�� < 0,005 
�d�]���h�g���j�Z�a�]�h�g�y�e�k�y���^�h���m�]�e�h�\�h�c���k�d�h�j�h�k�l�b�� � �����������j�Z�^���k�����l�h���_�k�l�v��

�^�h�� �k�d�h�j�h�k�l�b�� �\�j�Z�s�_�g�b�y�� �j�h�l�h�j�Z�� = �������� �j�Z�^���k�� �b�� �\�j�Z�s�Z�e�k�y��
�\�f�_�k�l�_���k���j�h�l�h�j�h�f�����d�j�b�\�Z�y��3 �g�Z���j�b�k�������������A�Z�d�h�g���j�Z�a�]�h�g�Z���j�h�l�h�j�Z��
�g�Z���w�l�h�f���j�b�k�m�g�d�_���h�[�h�a�g�Z�q�_�g���p�b�n�j�h�c��4. 

�<�U�<�H�>�U 
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Abstract. The authors carried out the mechanical and mathe-
matical modeling of the motion of a pendulum mounted with the 
possibility of free rotation on the rotor shaft of an electric motor 
fixed in a housing on elastic supports. The peculiarities of the mo-
tion of the pendulum within the range from zero to a given value 
of the angular velocity of the rotor of the electric motor with the 
presence in this range of natural frequencies of oscillations of the 
mechanical system are revealed. It is established that when chang-
ing the friction moment in the pendulum support, a mode of move-
ment is possible when the rotor rotates with a given angular veloc-
ity, and the angular velocity of the pendulum rotation is equal to 

one of the natural frequencies of the mechanical system. The re-
sults of a numerical experiment conducted for the first time in a 
mechanical and mathematical modeling of the motion of a pendu-
lum on a rotating shaft confirmed the results of a previous full-
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�r�_�g�b�x�� �a�Z�^�Z�q�� �k�\�h�[�h�^�g�u�o�� �d�h�e�_�[�Z�g�b�c�� �d�h�g�k�l�j�m�d�p�b�h�g�g�u�o�� �w�e�_��
�f�_�g�l�h�\�����J�_�Z�e�v�g�u�_���h�[�h�e�h�q�_�q�g�u�_���d�h�g�k�l�j�m�d�p�b�b���b�f�_�x�l���g�_�b�a�[�_�`��
�g�u�_�� �h�l�d�e�h�g�_�g�b�y�� �h�l�� �b�^�_�Z�e�v�g�h�c�� �d�j�m�]�h�\�h�c�� �n�h�j�f�u�� ���g�Z�q�Z�e�v�g�u�_��
�g�_�k�h�\�_�j�r�_�g�k�l�\�Z���� �\�h�a�g�b�d�Z�x�s�b�_�� �i�j�b�� �b�a�]�h�l�h�\�e�_�g�b�b�� �g�Z�� �i�j�h�b�a��
�\�h�^�k�l�\�_�� �b�e�b�� �h�[�j�Z�a�h�\�Z�\�r�b�_�k�y�� �\�� �m�k�e�h�\�b�y�o�� �w�d�k�i�e�m�Z�l�Z�p�b�b���� �B�a��
�\�_�k�l�g�h�����q�l�h���h�g�b �i�j�b�\�h�^�y�l���d���k�i�_�p�b�n�b�q�_�k�d�b�f���y�\�e�_�g�b�y�f���i�j�b���d�h��
�e�_�[�Z�g�b�y�o���h�[�h�e�h�q�_�d. �<���g�Z�k�l�h�y�s�_�c���k�l�Z�l�v�_���b�k�k�e�_�^�m�_�l�k�y���\�e�b�y�g�b�_��
�g�Z�q�Z�e�v�g�u�o���h�l�d�e�h�g�_�g�b�c���h�l���b�^�_�Z�e�v�g�h�c���d�j�m�]�h�\�h�c���n�h�j�f�u���g�Z���k�h�[��
�k�l�\�_�g�g�u�_���^�b�g�Z�f�b�q�_�k�d�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���l�h�g�d�h�c���d�j�m�]�h�\�h�c���p�b��
�e�b�g�^�j�b�q�_�k�d�h�c�� �h�[�h�e�h�q�d�b���� �H�[�g�Z�j�m�`�_�g�h�� �\�h�a�g�b�d�g�h�\�_�g�b�_�� �g�h�\�u�o��
�a�h�g���j�Z�k�s�_�i�e�_�g�b�y�� �b�a�]�b�[�g�h�]�h�� �q�Z�k�l�h�l�g�h�]�h�� �k�i�_�d�l�j�Z�� �g�_�k�h�\�_�j�r�_�g��
�g�u�o�� �h�[�h�e�h�q�_�d�� �I �h�e�m�q�_�g�g�u�_���j�Z�g�_�_�� �Z�\�l�h�j�h�f���j�_�a�m�e�v�l�Z�l�u�� �^�e�y��
�b�a�h�e�b�j�h�\�Z�g�g�h�]�h�� �d�h�e�v�p�Z�� �h�[�h�[�s�Z�x�l�k�y�� �g�Z�� �k�e�m�q�Z�c�� �d�h�e�_�[�Z�g�b�c��
�h�[�h�e�h�q�d�b���m�`�_���d�h�g�_�q�g�h�c���^�e�b�g�u�� 

�D�e�x�q�_�\�u�_���k�e�h�\�Z�����d�h�e�_�[�Z�g�b�y�����h�[�h�e�h�q�d�Z�����g�_�k�h�\�_�j�r�_�g�k�l�\�Z�� 

�<�<�?�>�?�G�B�? 

�:�d�l�m�Z�e�v�g�h�k�l�v�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�h�[�e�_�f�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y��
�b�� �i�j�h�q�g�h�k�l�b�� �k�\�y�a�Z�g�Z�� �k�� �i�j�b�f�_�g�_�g�b�_�f�� �l�h�g�d�b�o�� �d�j�m�]�h�\�u�o�� �p�b��
�e�b�g�^�j�b�q�_�k�d�b�o���h�[�h�e�h�q�_�d���\���d�h�g�k�l�j�m�d�p�b�y�o�����j�Z�[�h�l�Z�x�s�b�o���\���b�g��
�l�_�g�k�b�\�g�u�o���^�b�g�Z�f�b�q�_�k�d�b�o���j�_�`�b�f�Z�o���>��-���@�����H�k�g�h�\�g�h�_���\�g�b�f�Z��
�g�b�_�� �i�j�b�� �b�a�m�q�_�g�b�b�� �k�e�h�`�g�u�o�� �i�j�h�[�e�_�f�� �^�b�g�Z�f�b�d�b�� �m�^�_�e�y�_�l�k�y��
�j�_�r�_�g�b�x�� �a�Z�^�Z�q�� �k�\�h�[�h�^�g�u�o�� �d�h�e�_�[�Z�g�b�c�� �d�h�g�k�l�j�m�d�p�b�h�g�g�u�o��
�w�e�_�f�_�g�l�h�\�� �>��-���@���� �J�_�Z�e�v�g�u�_�� �h�[�h�e�h�q�_�q�g�u�_�� �d�h�g�k�l�j�m�d�p�b�b��
�b�f�_�x�l�� �g�_�b�a�[�_�`�g�u�_�� �h�l�d�e�h�g�_�g�b�y�� �h�l�� �b�^�_�Z�e�v�g�h�c�� �d�j�m�]�h�\�h�c��
�n�h�j�f�u�� ���g�Z�q�Z�e�v�g�u�_�� �g�_�k�h�\�_�j�r�_�g�k�l�\�Z���± ������ �\�h�a�g�b�d�Z�x��

�s�b�_���i�j�b�� �b�a�]�h�l�h�\�e�_�g�b�b���g�Z���i�j�h�b�a�\�h�^�k�l�\�_���b�e�b���h�[�j�Z�a�h�\�Z�\�r�b��
�_�k�y���\�� �m�k�e�h�\�b�y�o���w�d�k�i�e�m�Z�l�Z�p�b�b�����B�a�\�_�k�l�g�h�����q�l�h�� �i�j�b��

�\�h�^�y�l���d���k�i�_�p�b�n�b�q�_�k�d�b�f���y�\�e�_�g�b�y�f���i�j�b���d�h�e�_�[�Z�g�b�y�o���h�[�h�e�h�q�_�d��
[7]. 

�<�h�� �f�g�h�]�b�o�� �b�k�k�e�_�^�h�\�Z�g�b�y�o�� �b�k�i�h�e�v�a�h�\�Z�e�b�k�v�� �j�Z�a�e�b�q�g�u�_��
�l�_�h�j�b�b�� �b�� �i�h�^�o�h�^�u�� �d�� �j�_�r�_�g�b�x�� �^�Z�g�g�h�c�� �i�j�h�[�e�_�f�u�� �>������ ���@���� �<��
�h�^�g�b�o���j�Z�[�h�l�Z�o���g�Z�q�Z�e�v�g�u�_���g�_�k�h�\�_�j�r�_�g�k�l�\�Z���n�h�j�f�u���m�\�_�e�b�q�b��
�\�Z�x�l�� �j�Z�k�s�_�i�e�_�g�g�u�_�� �k�h�[�k�l�\�_�g�g�u�_�� �q�Z�k�l�h�l�u�� �d�h�e�_�[�Z�g�b�c�� �h�[�h��
�e�h�q�d�b���>�����@���i�h���k�j�Z�\�g�_�g�b�x���k���q�Z�k�l�h�l�Z�f�b���d�h�e�_�[�Z�g�b�c���h�[�h�e�h�q�d�b��
�k�� �b�^�_�Z�e�v�g�h�c�� �]�_�h�f�_�l�j�b�q�_�k�d�h�c�� �n�h�j�f�h�c���� �\�� �^�j�m�]�b�o���± �m�f�_�g�v��
�r�Z�x�l���_�_���>�����@�����H�^�g�Z�d�h���\�k�_���b�k�k�e�_�^�h�\�Z�g�b�y���i�j�b�\�h�^�y�l���d���h�^�g�h�f�m��
�b���l�h�f�m���`�_���j�_�a�m�e�v�l�Z�l�m�����j�Z�k�s�_�i�e�_�g�b�_�� �b�a�]�b�[�g�h�]�h���q�Z�k�l�h�l�g�h�]�h��
�k�i�_�d�l�j�Z�� �]�_�h�f�_�l�j�b�q�_�k�d�b�� �g�_�k�h�\�_�j�r�_�g�g�h�c�� �h�[�h�e�h�q�d�b�� �\�h�a�g�b��

�d�Z�_�l���\���l�h�f���k�e�m�q�Z�_�����d�h�]�^�Z���g�Z�q�Z�e�v�g�u�_���g�_�k�h�\�_�j�r�_�g�k�l�\�Z���g�Z�o�h��
�^�y�l�k�y�� �d�Z�d�� �[�u�� �\�� �j�_�a�h�g�Z�g�k�_�� �k�� �n�h�j�f�h�c�� �h�`�b�^�Z�_�f�h�]�h�� �i�j�h�]�b�[�Z��
�b�e�b���i�h�\�l�h�j�y�x�l���_�_���>���±11]. 

�<���j�Z�[�h�l�Z�o���>�����±�����@���g�Z���i�j�b�f�_�j�_���[�h�e�_�_���i�j�h�k�l�h�c�����i�j�_�^�_�e�v��
�g�h�c���� �a�Z�^�Z�q�b�� �d�h�e�_�[�Z�g�b�c�� �[�_�k�d�h�g�_�q�g�h�� �^�e�b�g�g�h�c�� �d�j�m�]�h�\�h�c�� �p�b��
�e�b�g�^�j�b�q�_�k�d�h�c���h�[�h�e�h�q�d�b���± �d�h�e�v�p�Z�����g�Z�o�h�^�y�s�_�]�h�k�y���\���m�k�e�h�\�b�y�o��
�i�e�h�k�d�h�c�� �^�_�n�h�j�f�Z�p�b�b�� �i�h�d�Z�a�Z�g�h���� �q�l�h�� �j�Z�k�s�_�i�e�_�g�b�_�� �k�i�_�d�l�j�Z��
�q�Z�k�l�h�l���b�f�_�_�l���f�_�k�l�h���g�_���l�h�e�v�d�h���\���k�e�m�q�Z�_�����d�h�]�^�Z �q�b�k�e�h���n�h�j�f�h��
�h�[�j�Z�a�m�x�s�b�o���\�h�e�g���j�Z�\�g�h���q�b�k�e�m���\�h�e�g���g�_�k�h�\�_�j�r�_�g�k�l�\���n�h�j�f�u��
�h�[�h�e�h�q�d�b�� ���� �d�Z�d�� �w�l�h�� �i�j�b�g�y�l�h�� �k�q�b�l�Z�l�v�� �\�� �g�Z�k�l�h�y�s�_�_��

�\�j�_�f�y���>���±11], �g�h���b���\���l�h�f���k�e�m�q�Z�_�����d�h�]�^�Z �q�b�k�e�h���n�h�j�f�h�h�[�j�Z�a�m��
�x�s�b�o���\�h�e�g���\���^�\�Z���j�Z�a�Z���f�_�g�v�r�_���\�h�e�g���g�_�k�h�\�_�j�r�_�g�k�l�\���n�h�j�f�u��

.  

�G�Z�k�l�h�y�s�Z�y�� �j�Z�[�h�l�Z�� �y�\�e�y�_�l�k�y�� �i�j�h�^�h�e�`�_�g�b�_�f�� �b�k�k�e�_�^�h�\�Z��
�g�b�c���>�����±�����@�����\���l�h�f���i�e�Z�g�_�����q�l�h���i�h�e�m�q�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u�� �^�e�y��
�b�a�h�e�b�j�h�\�Z�g�g�h�]�h�� �d�h�e�v�p�Z�� �h�[�h�[�s�Z�x�l�k�y�� �g�Z�� �k�e�m�q�Z�c�� �d�h�e�_�[�Z�g�b�c��
�h�[�h�e�h�q�d�b���m�`�_���d�h�g�_�q�g�h�c���^�e�b�g�u���� 

�Q�:�K�L�H�L�U���D�H�E�?�;�:�G�B�C���G�?�K�H�<�?�J�R�?�G�G�H�C���H�;�H�E�H�Q�D�B 

�F�_�l�h�^�h�f���d�h�g�_�q�g�u�o���w�e�_�f�_�g�l�h�\���\��MSC Nastran �k�f�h�^�_�e�b��
�j�h�\�Z�g�Z�� �b�� �j�_�r�_�g�Z�� �a�Z�^�Z�q�Z�� �k�\�h�[�h�^�g�u�o�� �d�h�e�_�[�Z�g�b�c�� �r�Z�j�g�b�j�g�h��
�a�Z�d�j�_�i�e�_�g�g�h�c���i�h���l�h�j�p�Z�f���h�[�h�e�h�q�d�b���k�h���k�e�_�^�m�x�s�b�f�b���]�_�h�f�_�l��
�j�b�q�_�k�d�b�f�b���b���n�b�a�b�q�_�k�d�b�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�����j�Z�^�b�m�k���h�[�h��
�e�h�q�d�b R � �������f���� �����]�^�_�� �± �l�h�e�s�b�g�Z���k�l�_�g�d�b�����h�l�g�h��
�k�b�l�_�e�v�g�Z�y�� �^�e�b�g�Z�� �h�[�h�e�h�q�d�b������ �f�h�^�m�e�v�� �X�g�]�Z��

; �f�Z�k�k�h�\�Z�y���i�e�h�l�g�h�k�l�v ; �d�h��

�w�n�n�b�p�b�_�g�l���I�m�Z�k�k�h�g�Z�������Q�b�k�e�h���d�h�g�_�q�g�u�o���w�e�_�f�_�g�l�h�\��
�± �����������������G�Z�b�f�_�g�v�r�_�c���q�Z�k�l�h�l�_���k�i�_�d�l�j�Z�������������=�p���^�e�y���b�^�_�Z�e�v��
�g�h�c�� �h�[�h�e�h�q�d�b���k�� �l�Z�d�b�f�b�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �k�h�h�l�\�_�l�k�l�\�m�_�l���q�b�k�e�h��
�h�d�j�m�`�g�u�o���^�b�g�Z�f�b�q�_�k�d�b�o���\�h�e�g��.  

�I�m�k�l�v���h�[�h�e�h�q�d�Z���b�f�_�_�l���h�l�d�e�h�g�_�g�b�y���h�l���b�^�_�Z�e�v�g�h�c���d�j�m�]�h��
�\�h�c���n�h�j�f�u�������i�h�\�l�h�j�y�x�s�b�_�� �n�h�j�f�m���h�`�b�^�Z�_�f�h�]�h���^�b�g�Z�f�b��

�q�_�k�d�h�]�h���i�j�h�]�b�[�Z���i�j�b���_�_���d�h�e�_�[�Z�g�b�y�o�������� 
  

�]�^�_�� ; ;    

�± �d�h�h�j�^�b�g�Z�l�u���i�h���^�e�b�g�_���b���h�d�j�m�`�g�h�k�l�b���h�[�h�e�h�q�d�b���� �± �Z�f��

�i�e�b�l�m�^�Z�� �g�Z�q�Z�e�v�g�u�o�� �h�l�d�e�h�g�_�g�b�c��;  �± �g�Z�q�Z�e�v�g�u�c��

�m�]�h�e���h�l�k�q�_�l�Z�����B�a�m�q�Z�x�l�k�y���d�h�e�_�[�Z�g�b�y���\�[�e�b�a�b���a�h�g�u���h�k�g�h�\�g�h�]�h��
�j�_�a�h�g�Z�g�k�Z��  

�©�B�k�k�e�_�^�h�\�Z�g�b�_���\�u�i�h�e�g�_�g�h���a�Z���k�q�_�l���]�j�Z�g�l�Z���J�h�k�k�b�c�k�d�h�]�h���g�Z�m�q�g�h�]�h���n�h�g�^�Z�����i�j�h�_�d�l���‹������-79-�������������ª 
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�J�b�k�������� �K�o�_�f�Z�l�b�q�_�k�d�h�_���b�a�h�[�j�Z�`�_�g�b�_���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o�� 

�g�_�k�h�\�_�j�r�_�g�k�l�\���h�[�h�e�h�q�d�b 
 

�J�_�a�m�e�v�l�Z�l�u�� �j�Z�k�q�_�l�Z�� �i�j�b�� �i�j�b�\�_�^�_�g�u�� �g�Z�� �j�b�k�m�g�d�_����

�]�^�_�� �k�i�e�h�r�g�h�c�� �e�b�g�b�_�c�� �h�[�h�a�g�Z�q�_�g�Z�� �[�h�e�v�r�Z�y�� �b�a�� �j�Z�k�s�_�i�e�_�g��
�g�u�o���[�_�a�j�Z�a�f�_�j�g�u�o���k�h�[�k�l�\�_�g�g�u�o���q�Z�k�l�h�l���d�h�e�_�[�Z�g�b�c���g�_�k�h�\�_�j��
�r�_�g�g�h�c���h�[�h�e�h�q�d�b��  (  �± �Z�[�k�h�e�x�l�g�h�_���a�g�Z�q�_��

�g�b�_���[�h�e�v�r�_�c���b�a���j�Z�k�s�_�i�e�_�g�g�u�o���k�h�[�k�l�\�_�g�g�u�o���q�Z�k�l�h�l���� �± 

�Z�[�k�h�e�x�l�g�h�_�� �a�g�Z�q�_�g�b�_�� �q�Z�k�l�h�l�u�� �d�h�e�_�[�Z�g�b�c���b�^�_�Z�e�v�g�h�c�� �h�[�h��
�e�h�q�d�b�������r�l�j�b�o�h�\�h�c���± �f�_�g�v�r�Z�y���b�a���j�Z�k�s�_�i�e�_�g�g�u�o���[�_�a�j�Z�a�f�_�j��
�g�u�o�� �k�h�[�k�l�\�_�g�g�u�o�� �q�Z�k�l�h�l��  (  �± �Z�[�k�h�e�x�l�g�h�_��

�a�g�Z�q�_�g�b�_���f�_�g�v�r�_�c���b�a���j�Z�k�s�_�i�e�_�g�g�u�o���q�Z�k�l�h�l�������i�m�g�d�l�b�j�g�h�c���± 
�[�_�a�j�Z�a�f�_�j�g�Z�y�� �q�Z�k�l�h�l�Z�� �d�h�e�_�[�Z�g�b�c�� �b�^�_�Z�e�v�g�h�c�� �h�[�h�e�h�q�d�b��

.  
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�D�Z�d���\�b�^�b�f�����k�f�����n�b�]�����������j�Z�k�s�_�i�e�_�g�b�_���b�a�]�b�[�g�h�]�h���q�Z�k�l�h�l��
�g�h�]�h���k�i�_�d�l�j�Z��  �b�f�_�_�l���f�_�k�l�h���g�_���l�h�e�v�d�h���\���k�e�m��

�q�Z�_�����d�h�]�^�Z���q�b�k�e�h���n�h�j�f�h�h�[�j�Z�a�m�x�s�b�o���\�h�e�g���j�Z�\�g�h���q�b�k�e�m���\�h�e�g��
�g�_�k�h�\�_�j�r�_�g�k�l�\���n�h�j�f�u���h�[�h�e�h�q�d�b�� ���\���^�Z�g�g�h�f���k�e�m�q�Z�_��

�������d�Z�d���w�l�h���i�j�b�g�y�l�h���k�q�b�l�Z�l�v���\���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���>��-

�����@���� �g�h�� �b�� �\�� �k�e�m�q�Z�_���� �d�h�]�^�Z �q�b�k�e�h�� �n�h�j�f�h�h�[�j�Z�a�m�x�s�b�o�� �\�h�e�g���\��
�^�\�Z�� �j�Z�a�Z�� �f�_�g�v�r�_�� �\�h�e�g�� �g�_�k�h�\�_�j�r�_�g�k�l�\�� �n�h�j�f�u�� ���\��

�^�Z�g�g�h�f���k�e�m�q�Z�_�� �������<���i�_�j�\�h�f���k�e�m�q�Z�_�� �[�h�e�v��

�r�Z�y�� �b�a�� �j�Z�k�s�_�i�e�_�g�g�u�o�� �k�h�[�k�l�\�_�g�g�u�o�� �q�Z�k�l�h�l�� �j�Z�\�g�Z�� �q�Z��

�k�l�h�l�_�� �d�h�e�_�[�Z�g�b�c�� �h�[�h�e�h�q�d�b�� �k�� �b�^�_�Z�e�v�g�h�c�� �]�_�h�f�_�l�j�b�q�_�k�d�h�c��
�n�h�j�f�h�c���� �f�_�g�v�r�Z�y���± �g�b�`�_�� �_�_���� �>�Z�g�g�h�_�� �h�[�k�l�h�y�l�_�e�v�k�l�\�h�� �i�h�^��
�l�\�_�j�`�^�Z�_�l���\�u�\�h�^�u���j�Z�[�h�l���>�����±�����@�����\���d�h�l�h�j�u�o���b�k�i�h�e�v�a�h�\�Z�e�k�y��
�m�l�h�q�g�_�g�g�u�c���i�h�^�o�h�^���d���i�h�k�l�j�h�_�g�b�x���f�Z�l�_�f�Z�l�b�q�_�k�d�h�c���f�h�^�_�e�b��
�d�h�e�_�[�Z�g�b�c���h�[�h�e�h�q�_�d���k���^�b�g�Z�f�b�q�_�k�d�h�c���Z�k�b�f�f�_�l�j�b�_�c���>���������@���� 

�J�Z�k�k�l�j�h�c�d�Z���q�Z�k�l�h�l�g�h�]�h�� �k�i�_�d�l�j�Z�� �g�_�a�g�Z�q�b�l�_�e�v�g�Z��
���� �H�^�g�Z�d�h�� �^�Z�g�g�u�_�� �\�u�\�h�^�u�� �i�j�h�l�b�\�h�j�_��

�q�Z�l���j�_�a�m�e�v�l�Z�l�Z�f�����h�k�g�h�\�Z�g�g�u�f���g�Z���l�j�Z�^�b�p�b�h�g�g�h�f���i�h�^�o�h�^�_���d��
�i�h�k�l�j�h�_�g�b�x�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�c�� �f�h�^�_�e�b�� �>�����@���� �\�� �d�h�l�h�j�u�o�� �h�[�_��
�j�Z�k�s�_�i�e�_�g�g�u�_���q�Z�k�l�h�l�u���\�u�r�_�����i�h���h�l�g�h�r�_�g�b�x���d���q�Z�k�l�h�l�_���d�h��
�e�_�[�Z�g�b�c�� �h�[�h�e�h�q�d�b�� �k�� �b�^�_�Z�e�v�g�h�c�� �]�_�h�f�_�l�j�b�q�_�k�d�h�c�� �n�h�j�f�h�c����
�I�j�b�� �w�l�h�f�� �h�l�f�_�q�Z�_�l�k�y�� �>�����@���� �q�l�h�� �j�Z�k�k�l�j�h�c�d�Z�� �k�i�_�d�l�j�Z�� �q�Z�k�l�h�l��
�^�Z�`�_�� �i�j�b�� �g�_�a�g�Z�q�b�l�_�e�v�g�h�c�� �Z�f�i�e�b�l�m�^�_�� �g�_�k�h�\�_�j�r�_�g�k�l�\��
�\�_�k�v�f�Z���a�g�Z�q�b�l�_�e�v�g�Z�� 

�J�Z�k�s�_�i�e�_�g�b�_�� �k�i�_�d�l�j�Z�� �i�j�b�� �g�Z�k�l�h�e�v�d�h�� �f�Z�e�h����

�q�l�h�� �i�j�b�� �g�_�b�a�[�_�`�g�u�o�� �^�h�i�m�s�_�g�b�y�o�� �k�h�\�j�_�f�_�g�g�h�c�� �l�_�h�j�b�b�� �b��
�f�_�l�h�^�b�d�� �b�o�� �Z�g�Z�e�b�a�Z���� �Z�� �l�Z�d�`�_�� �^�h�i�m�k�d�Z�_�f�h�c�� �\�_�e�b�q�b�g�_�� �i�h��
�]�j�_�r�g�h�k�l�_�c�� �\�� �j�Z�a�e�b�q�g�u�o�� �h�l�j�Z�k�e�y�o�� �i�j�h�f�u�r�e�_�g�g�h�k�l�b�� �b�f��
�f�h�`�g�h���i�j�_�g�_�[�j�_�q�v�����<���w�l�h�f���k�e�m�q�Z�_���^�h�i�m�k�l�b�f�h���k�q�b�l�Z�l�v�����q�l�h��
�l�_�h�j�b�y�� �^�Z�_�l�� �Z�^�_�d�\�Z�l�g�u�_�� �d�Z�q�_�k�l�\�_�g�g�u�_�� �j�_�a�m�e�v�l�Z�l�u���� �h�^�g�Z�d�h��
�g�_�e�v�a�y���^�_�e�Z�l�v���h�d�h�g�q�Z�l�_�e�v�g�u�o���\�u�\�h�^�h�\�� 

�J�Z�k�k�f�h�l�j�b�f�� �k�e�m�q�Z�c���� �d�h�]�^�Z������ �F�b�g�b�f�Z�e�v�g�h�c�� �q�Z��
�k�l�h�l�_�� �k�i�_�d�l�j�Z�� �l�Z�d�h�c�� �h�[�h�e�h�q�d�b�� �k�h�h�l�\�_�l�k�l�\�m�_�l������ �J�Z�k��
�s�_�i�e�_�g�b�_�� �k�i�_�d�l�j�Z�� �q�Z�k�l�h�l�� �g�Z�[�e�x�^�Z�_�l�k�y�� �\�� �k�e�m�q�Z�y�o�� �b��

 ���\���^�Z�g�g�h�f���k�e�m�q�Z�_�� �b�� �������k�f�����n�b�]���������<���i�_�j��

�\�h�c�� �a�h�g�_�� �j�Z�k�k�l�j�h�c�d�Z�� �q�Z�k�l�h�l�g�h�]�h�� �k�i�_�d�l�j�Z�� �k�h�k�l�Z�\�e�y�_�l�� ������ ������
�\�h�� �\�l�h�j�h�f���± �i�h-�i�j�_�`�g�_�f�m�� ���� �?�k�e�b�� �h�l�g�h�k�b�l�_�e�v�g�Z�y��

�^�e�b�g�Z�� �h�[�h�e�h�q�d�b������ �l�h�� ���� �J�Z�k�k�l�j�h�c�d�Z�� �k�i�_�d�l�j�Z��

�q�Z�k�l�h�l���i�j�b��  �k�h�k�l�Z�\�e�y�_�l���������������I�j�b��  �j�Z�k��

�s�_�i�e�_�g�b�_���g�_�k�d�h�e�v�d�h�� �\�u�r�_���� �q�_�f���\���i�j�_�^�u�^�m�s�b�o���j�Z�k�q�_�l�Z�o���b��
�k�h�k�l�Z�\�e�y�_�l�� . 
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�J�Z�k�k�f�h�l�j�b�f�� �k�e�m�q�Z�c���� �d�h�]�^�Z������ �>�e�y�� �l�Z�d�h�c�� �h�[�h��
�e�h�q�d�b�� �f�b�g�b�f�Z�e�v�g�h�c�� �q�Z�k�l�h�l�_�� �k�i�_�d�l�j�Z�� �k�h�h�l�\�_�l�k�l�\�m�_�l��

 �n�h�j�f�h�h�[�j�Z�a�m�x�s�b�o���\�h�e�g�����<���w�l�h�f���k�e�m�q�Z�_���j�Z�k�s�_�i��
�e�_�g�b�_���b�a�]�b�[�g�h�]�h���q�Z�k�l�h�l�g�h�]�h���k�i�_�d�l�j�Z���b�f�_�_�l���f�_�k�l�h���\���k�e�m�q�Z�y�o

 �b��  (  �b�� �������<���i�_�j�\�h�c���a�h�g�_���j�Z�k�k�l�j�h�c�d�Z��

�k�i�_�d�l�j�Z���q�Z�k�l�h�l���k�h�k�l�Z�\�b�l���������������\�h���\�l�h�j�h�f���± . 

�J�Z�k�k�f�h�l�j�b�f�� �h�[�h�e�h�q�d�m�� �k�h���k�e�_�^�m�x�s�b�f�b�� �]�_�h�f�_�l�j�b�q�_��
�k�d�b�f�b�� �b�� �n�b�a�b�q�_�k�d�b�f�b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b����; 

; ; ; ; 

���� �F�b�g�b�f�Z�e�v�g�h�c�� �q�Z�k�l�h�l�_�� �k�i�_�d�l�j�Z�� �h�[�h�e�h�q�d�b�� �k�� �l�Z�d�b�f�b��
�i�Z�j�Z�f�_�l�j�Z�f�b���k�h�h�l�\�_�l�k�l�\�m�_�l�������I�m�k�l�v���h�[�h�e�h�q�d�Z���b�f�_�_�l��
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�g�Z�q�Z�e�v�g�u�_�� �g�_�i�j�Z�\�b�e�v�g�h�k�l�b�� �n�h�j�f�u������ �b�a�f�_�g�y�x�s�b�_�k�y��

�i�h���a�Z�d�h�g�m�����������b���q�b�k�e�h �\�h�e�g���g�_�k�h�\�_�j�r�_�g�k�l�\���± . 

�B�� �\�� �w�l�h�f�� �k�e�m�q�Z�_�� �j�Z�k�s�_�i�e�_�g�b�_�� �b�a�]�b�[�g�h�]�h�� �q�Z�k�l�h�l�g�h�]�h��
�k�i�_�d�l�j�Z���\�h�a�g�b�d�Z�_�l���g�_���l�h�e�v�d�h���\���l�j�Z�^�b�p�b�h�g�g�h���b�a�\�_�k�l�g�h�f���k�e�m��
�q�Z�_�� ���� �g�h�� �b�� �i�j�b�� ���� �<�� �k�e�m�q�Z�_���� �d�h�]�^�Z�� �h�[�_��

�j�Z�k�s�_�i�e�_�g�g�u�_���q�Z�k�l�h�l�u���f�_�g�v�r�_���q�Z�k�l�h�l�u���d�h�e�_�[�Z�g�b�c���]�_�h�f�_�l��
�j�b�q�_�k�d�b�� �k�h�\�_�j�r�_�g�g�h�c�� �h�[�h�e�h�q�d�b���� �q�l�h�� �i�j�h�l�b�\�h�j�_�q�b�l�� �l�j�Z�^�b��
�p�b�h�g�g�h�f�m�� �j�_�r�_�g�b�x�� �>�����@���� �]�^�_�� �q�Z�k�l�h�l�u�� �[�h�e�v�r�_���� �b�� �k�h�]�e�Z�k�m��
�_�l�k�y���k���g�h�\�u�f���Z�g�Z�e�b�l�b�q�_�k�d�b�f���j�_�r�_�g�b�_�f���b���j�_�r�_�g�b�_�f�����i�j�_�^��
�k�l�Z�\�e�_�g�g�h�f���\���>���@�����K�g�b�`�_�g�b�_���q�Z�k�l�h�l�u�� �k�h�k�l�Z�\�e�y�_�l��
���� ������ �<�� �Z�g�Z�e�b�l�b�q�_�k�d�h�f�� �j�_�r�_�g�b�b�� �j�Z�k�k�l�j�h�c�d�Z�� �q�Z�k�l�h�l�g�h�]�h��
�k�i�_�d�l�j�Z�����\���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�f���i�j�b�f�_�j�_��, ) 

�����<���k�e�m�q�Z�_�����d�h�]�^�Z�� �h�^�g�Z���b�a���j�Z�k�s�_�i��

�e�_�g�g�u�o�� �q�Z�k�l�h�l�� �[�h�e�v�r�_�� �q�Z�k�l�h�l�u�� �d�h�e�_�[�Z�g�b�c�� �k�h�h�l�\�_�l��

�k�l�\�m�x�s�_�c���b�^�_�Z�e�v�g�h�c���h�[�h�e�h�q�d�b�����^�j�m�]�Z�y�� �± �f�_�g�v�r�_�����J�Z�k��
�k�l�j�h�c�d�Z�� �k�i�_�d�l�j�Z�� �f�h�`�_�l�� �[�u�l�v�� �^�h�\�h�e�v�g�h�� �k�m�s�_�k�l�\�_�g�g�h�c���� �<��
�j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�f�� �i�j�b�f�_�j�_�� �i�j�_�\�h�k�o�h�^�b�l�� �b�a�\�_�k�l�g�u�c�� �k�e�m�q�Z�c��

( �����\���i�y�l�v���j�Z�a���� 

�N�h�j�f�u�� �d�h�e�_�[�Z�g�b�c�� �b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �b�f�� �j�Z�k�s�_�i�e�_�g��
�g�u�_�� �k�h�[�k�l�\�_�g�g�u�_�� �q�Z�k�l�h�l�u�� �^�e�y�� �k�e�m�q�Z�y�� �b��  
�i�j�_�^�k�l�Z�\�e�_�g�u���g�Z���j�b�k������. 
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�?�k�e�b�� �h�[�h�e�h�q�d�Z�� �b�f�_�_�l�� �b�^�_�Z�e�v�g�m�x�� �]�_�h�f�_�l�j�b�q�_�k�d�m�x��
�i�h�\�_�j�o�g�h�k�l�v���� �l�h�� �h�[�_�b�f�� �k�h�i�j�y�`�_�g�g�u�f�� �b�a�]�b�[�g�u�f�� �n�h�j�f�Z�f��
�^�e�y���d�Z�`�^�u�o�� �k�h�h�l�\�_�l�k�l�\�m�x�l���j�Z�\�g�u�_���q�Z�k�l�h�l�u���� 

�=�p����  �=�p�����<�b�^�b�f�����q�l�h���i�j�b��  �[�h�e�v�r�Z�y���b�a��

�j�Z�k�s�_�i�e�_�g�g�u�o�� �k�h�[�k�l�\�_�g�g�u�o�� �q�Z�k�l�h�l�� �g�_�k�h�\�_�j�r�_�g�g�h�c��

�h�[�h�e�h�q�d�b������ �i�j�Z�d�l�b�q�_�k�d�b���� �j�Z�\�g�Z�� �q�Z�k�l�h�l�_�� �d�h�e�_�[�Z�g�b�c��

�h�[�h�e�h�q�d�b�� �[�_�a��  �±  ���� �F�_�g�v�r�Z�y�� �b�a�� �j�Z�k�s�_�i�e�_�g�g�u�o��

�k�h�[�k�l�\�_�g�g�u�o�� �q�Z�k�l�h�l�� �g�_�k�h�\�_�j�r�_�g�g�h�c�� �h�[�h�e�h�q�d�b �± �g�b�`�_��

�k�h�h�l�\�_�l�k�l�\�m�x�s�_�c���q�Z�k�l�h�l�u���d�h�e�_�[�Z�g�b�c���h�[�h�e�h�q�d�b���[�_�a��  

�±  �[�h�e�_�_�� ���������J�Z�k�k�l�j�h�c�d�Z�� �q�Z�k�l�h�l�g�h�]�h�� �k�i�_�d�l�j�Z��

���� �<�� �a�h�g�_��  �[�h�e�v�r�Z�y�� �b�a��

�j�Z�k�s�_�i�e�_�g�g�u�o�� �k�h�[�k�l�\�_�g�g�u�o�� �q�Z�k�l�h�l�� �d�h�e�_�[�Z�g�b�c�� �h�[�h�e�h�q�d�b�� �k��
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Abstract The paper presents studies of how the initial devia-
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�g�b�y���m�\�_�e�b�q�b�\�Z�x�l���l�_�i�e�h�h�[�f�_�g�����\���j�_�a�m�e�v�l�Z�l�_���k�g�b�`�Z�x�l�k�y���l�_�f��
�i�_�j�Z�l�m�j�Z�� �b�� �^�Z�\�e�_�g�b�_�� �j�Z�[�h�q�_�]�h�� �l�_�e�Z���� �M�k�l�Z�g�h�\�b�l�v�� �k�h�h�l�\�_�l��
�k�l�\�b�_���h�i�u�l�g�u�o���b���j�Z�k�q�_�l�g�u�o���f�Z�k�k�h�\�u�o���i�h�l�_�j�v���a�Z�j�y�^�Z���b���i�h��
�l�_�j�v���l�_�i�e�h�l�u���\���i�j�h�p�_�k�k�_���k�`�Z�l�b�y���i�j�b���i�j�h�d�j�m�q�b�\�Z�g�b�b���d�h�e�_�g��
�q�Z�l�h�]�h�� �\�Z�e�Z�� �^�b�a�_�e�y�� �i�h�a�\�h�e�y�_�l�� �k�h�i�h�k�l�Z�\�e�_�g�b�_�� �j�_�a�m�e�v�l�Z�l�h�\��
�j�Z�k�q�_�l�Z���^�Z�\�e�_�g�b�y�� �b���l�_�f�i�_�j�Z�l�m�j�u���\���i�j�h�p�_�k�k�_���k�`�Z�l�b�y���k���w�d�k��
�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�b���^�Z�g�g�u�f�b���>�����@�����F�h�^�_�e�b�j�h�\�Z�g�b�_���i�j�h�p�_�k�k�Z��
�k�]�h�j�Z�g�b�y�� �i�j�b�� �i�m�k�d�_�� �^�b�a�_�e�y�� �f�h�`�_�l�� �[�u�l�v�� �j�_�Z�e�b�a�h�\�Z�g�h�� �a�Z�^�Z��
�g�b�_�f���i�j�h�k�l�u�o���e�b�g�_�c�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���\�u�]�h�j�Z�g�b�y���l�h�i�e�b�\�Z��
�>�����@�����h�^�g�Z�d�h���l�Z�d�h�c���i�h�^�o�h�^���b�k�d�Z�`�Z�_�l���a�Z�d�h�g�h�f�_�j�g�h�k�l�b���b�a�f�_��
�g�_�g�b�y���k�d�h�j�h�k�l�b���\�u�]�h�j�Z�g�b�y���l�h�i�e�b�\�Z���b���^�j�m�]�b�o���i�Z�j�Z�f�_�l�j�h�\�����\��
�k�\�y�a�b���k���q�_�f�����m�l�j�Z�q�b�\�Z�_�l�k�y���b�g�k�l�j�m�f�_�g�l���^�e�y���[�h�e�_�_���^�_�l�Z�e�v�g�h�]�h��
�b�a�m�q�_�g�b�y���\�g�m�l�j�b�p�b�e�b�g�^�j�h�\�u�o���i�j�h�p�_�k�k�h�\�����<���b�a�\�_�k�l�g�u�o���f�_��
�l�h�^�Z�o���f�h�^�_�e�b�j�h�\�Z�g�b�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d���\�u�]�h�j�Z�g�b�y�����g�Z�i�j�b�f�_�j��
�i�h���m�j�Z�\�g�_�g�b�x���i�j�h�n�_�k�k�h�j�Z���<�b�[�_�����b�k�i�h�e�v�a�m�x�l�k�y���d�h�g�k�l�Z�g�l�u����
�i�h�e�m�q�Z�_�f�u�_���h�i�u�l�g�u�f���i�m�l�_�f���i�h���j�_�a�m�e�v�l�Z�l�Z�f���h�[�j�Z�[�h�l�d�b���b�g��
�^�b�d�Z�l�h�j�g�u�o�� �^�b�Z�]�j�Z�f�f���� �I�j�b�f�_�g�y�_�f�u�_�� �\�� �l�Z�d�b�o�� �k�e�m�q�Z�y�o�� �f�_��
�l�h�^�u�� �Z�g�Z�e�b�a�Z�� �b�g�^�b�d�Z�l�h�j�g�u�o�� �^�b�Z�]�j�Z�f�f�� �h�j�b�_�g�l�b�j�h�\�Z�g�u�� �g�Z��
�k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �f�_�l�h�^�b�d�b�� �k�b�g�l�_�a�Z�� �j�Z�[�h�q�_�]�h�� �i�j�h�p�_�k�k�Z��
�^�\�b�]�Z�l�_�e�y���>����-�����@�����d�h�l�h�j�u�_���g�_���m�q�b�l�u�\�Z�x�l���i�j�h�p�_�k�k�u�����o�Z�j�Z�d��
�l�_�j�g�u�_���^�e�y���j�_�`�b�f�Z���i�m�k�d�Z�����F�h�^�_�e�v���j�Z�k�q�_�l�g�h�]�h���h�i�j�_�^�_�e�_�g�b�y��
�l�_�d�m�s�b�o�� �a�g�Z�q�_�g�b�c�� �\�g�m�l�j�b�p�b�e�b�g�^�j�h�\�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �k�� �m�q�_��
�l�h�f�� �l�_�i�e�h�f�Z�k�k�h�h�[�f�_�g�Z�� �\�� �p�b�e�b�g�^�j�_�� �>�����@�� �i�j�b�f�_�g�b�f�Z�� �^�e�y��
�n�h�j�f�b�j�h�\�Z�g�b�y�� �g�Z�� �_�_�� �h�k�g�h�\�_�� �f�_�l�h�^�b�d�b�� �Z�g�Z�e�b�a�Z�� �j�Z�[�h�q�_�]�h��
�p�b�d�e�Z�� �^�b�a�_�e�y�� �i�h�� �b�g�^�b�d�Z�l�h�j�g�h�c�� �^�b�Z�]�j�Z�f�f�_�� �^�e�y�� �m�k�e�h�\�b�c��
�i�m�k�d�Z���^�b�a�_�e�y���� 

�<�� �m�k�e�h�\�b�y�o�� �i�j�b�f�_�g�_�g�b�y�� �k�j�_�^�k�l�\�� �h�[�e�_�]�q�_�g�b�y�� �i�m�k�d�Z, 
�g�Z�i�j�b�f�_�j�� �i�h�^�h�]�j�_�\�Z�� �\�i�m�k�d�g�h�]�h�� �\�h�a�^�m�o�Z���� �i�j�b�� �i�m�k�d�_�� �b�� �i�j�h��
�]�j�_�\�_���^�b�a�_�e�y���i�j�h�b�k�o�h�^�b�l���b�a�f�_�g�_�g�b�_���l�_�f�i�_�j�Z�l�m�j�u���b���k�h�k�l�Z�\�Z��
�\�i�m�k�d�g�h�]�h���a�Z�j�y�^�Z�����I�h�^�h�]�j�_�\���\�i�m�k�d�g�h�]�h���\�h�a�^�m�o�Z���k�h�d�j�Z�s�Z�_�l��
�\�j�_�f�y�� �i�m�k�d�Z�� �b�� �^�h�i�m�k�d�Z�_�l�� �\�u�j�Z�[�h�l�d�m�� �k�l�j�Z�l�_�]�b�b�� �i�m�k�d�Z�� �>��������
�����@�����i�j�_�^�m�k�f�Z�l�j�b�\�Z�x�s�m�x���m�i�j�Z�\�e�_�g�b�_���a�Z�d�h�g�h�f���\�i�j�u�k�d�b�\�Z��
�g�b�y���l�h�i�e�b�\�Z���k���m�q�_�l�h�f���i�Z�j�Z�f�_�l�j�h�\���k�h�k�l�h�y�g�b�y���\�i�m�k�d�g�h�]�h���a�Z��
�j�y�^�Z���b���^�b�g�Z�f�b�d�b���i�m�k�d�Z���k���p�_�e�v�x���k�g�b�`�_�g�b�y���\�j�_�^�g�u�o���\�u�[�j�h��
�k�h�\���k���h�l�j�Z�[�h�l�Z�\�r�b�f�b���]�Z�a�Z�f�b�� 

�J�?�A�M�E�V�L�:�L�U���:�G�:�E�B�A�:���J�:�;�H�Q�?�=�H���P�B�D�E�:���I�J�B���I�M�K�D�?���I�H��
�B�G�>�B�D�:�L�H�J�G�H�C���>�B�:�=�J�:�F�F�? 

�>�h�k�l�h�\�_�j�g�h�k�l�v�� �j�_�a�m�e�v�l�Z�l�h�\�� �b�g�^�b�p�b�j�h�\�Z�g�b�y�� �h�i�j�_�^�_�e�y��
�_�l�k�y�� �j�y�^�h�f�� �m�k�e�h�\�b�c���� �L�Z�d���� �^�Z�l�q�b�d�� �^�e�y�� �b�g�^�b�p�b�j�h�\�Z�g�b�y���� �d�Z�d��
�i�j�Z�\�b�e�h���� �m�k�l�Z�g�Z�\�e�b�\�Z�x�l�� �\�� �d�Z�f�_�j�_�� �k�]�h�j�Z�g�b�y�� �[�_�a�� �i�j�h�f�_�`�m��
�l�h�q�g�u�o���d�Z�g�Z�e�h�\�����q�l�h�[�u���b�k�d�e�x�q�b�l�v���k�f�_�s�_�g�b�_���j�_�]�b�k�l�j�b�j�m�_��
�f�h�]�h���^�Z�\�e�_�g�b�y���i�h���m�]�e�m���i�h�\�h�j�h�l�Z���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z���b���b�k�d�e�x��
�q�b�l�v�� �\�e�b�y�g�b�_�� �k�\�h�[�h�^�g�u�o�� �d�h�e�_�[�Z�g�b�c�� �]�Z�a�Z�� �\�� �b�g�^�b�d�Z�l�h�j�g�h�f��
�d�Z�g�Z�e�_���g�Z���^�_�c�k�l�\�b�l�_�e�v�g�h�_���a�g�Z�q�_�g�b�_���^�Z�\�e�_�g�b�y�����B�k�i�h�e�v�a�h�\�Z��
�g�b�_�� �b�g�^�b�d�Z�l�h�j�g�h�]�h�� �d�Z�g�Z�e�Z�� �i�j�Z�d�l�b�q�g�h���� �l�Z�d�� �d�Z�d�� �i�h�a�\�h�e�y�_�l��
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�m�k�l�Z�g�h�\�b�l�v�� �^�Z�l�q�b�d�� �^�Z�\�e�_�g�b�y�� �[�_�a�� �k�m�s�_�k�l�\�_�g�g�h�c�� �^�h�j�Z�[�h�l�d�b��
�^�_�l�Z�e�_�c���^�\�b�]�Z�l�_�e�y�����j�b�k���������������I�j�_�^�e�Z�]�Z�_�f�u�c���\�Z�j�b�Z�g�l���j�Z�a�f�_��
�s�_�g�b�y���^�Z�l�q�b�d�Z���h�[�_�k�i�_�q�b�\�Z�_�l���g�_�h�[�o�h�^�b�f�m�x���l�h�q�g�h�k�l�v���b�a�f�_��
�j�_�g�b�c���^�e�y���i�m�k�d�h�\�u�o���q�Z�k�l�h�l���\�j�Z�s�_�g�b�y���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z���^�h��
�������� �f�b�g-1���� �<�� �w�l�h�f�� �k�e�m�q�Z�_�� �k�h�[�k�l�\�_�g�g�Z�y�� �q�Z�k�l�h�l�Z�� �d�h�e�_�[�Z�g�b�c��
�]�Z�a�Z���\���b�g�^�b�d�Z�l�h�j�g�h�f���d�Z�g�Z�e�_���i�j�_�\�u�r�Z�_�l���l�j�_�[�m�_�f�m�x���g�Z�b�\�u�k��
�r�m�x���q�Z�k�l�h�l�m���i�h�e�h�k�u���i�j�h�i�m�k�d�Z�g�b�y���k�b�k�l�_�f�u���b�g�^�b�d�Z�l�h�j�Z���g�_��
�f�_�g�_�_�� �q�_�f�� �\�� �������� �j�Z�a�Z���� �I�_�j�_�i�Z�^�� �^�Z�\�e�_�g�b�y���� �d�h�l�h�j�u�c�� �f�h�`�_�l��
�\�h�a�g�b�d�g�m�l�v�� �\�� �b�g�^�b�d�Z�l�h�j�g�h�f�� �d�Z�g�Z�e�_���� �g�_�� �i�j�_�\�u�r�Z�_�l�� ������������
�F�I�Z�����n�Z�a�h�\�Z�y���h�r�b�[�d�Z���j�_�]�b�k�l�j�Z�p�b�b���^�Z�\�e�_�g�b�y���g�_���i�j�_�\�u�r�Z�_�l��
�����������]�j�Z�^���I�D�<�� 

 

 
�J�b�k�����������K�o�_�f�Z���m�k�l�Z�g�h�\�d�b���^�Z�l�q�b�d�Z���^�Z�\�e�_�g�b�y����1 �± �^�Z�l�q�b�d���^�Z�\��

�e�_�g�b�y���������± �i�_�j�_�o�h�^�g�b�d���������± �b�g�^�b�d�Z�l�h�j�g�u�c���d�Z�g�Z�e 

�F�_�l�h�^�b�d�Z�� �Z�g�Z�e�b�a�Z�� �j�Z�[�h�q�_�]�h�� �p�b�d�e�Z�� �k�n�h�j�f�b�j�h�\�Z�g�Z�� �g�Z��
�h�k�g�h�\�_�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�c�� �f�h�^�_�e�b�� �k�b�g�l�_�a�Z�� �j�Z�[�h�q�_�]�h�� �p�b�d�e�Z�� �b��
�i�h�a�\�h�e�y�_�l���\�u�y�\�b�l�v���h�i�u�l�g�u�_���^�Z�g�g�u�_�����m�l�h�q�g�y�x�s�b�_���f�Z�l�_�f�Z��
�l�b�q�_�k�d�m�x���f�h�^�_�e�v���b���g�_�h�[�o�h�^�b�f�u�_�����\���q�Z�k�l�g�h�k�l�b�����^�e�y���f�h�^�_�e�b��
�j�h�\�Z�g�b�y�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���\�u�]�h�j�Z�g�b�y�� �l�h�i�e�b�\�Z���� �B�g�^�b�d�Z�l�h�j��
�g�Z�y���^�b�Z�]�j�Z�f�f�Z�����k�g�y�l�Z�y���k���^�\�b�]�Z�l�_�e�y���i�j�b���_�]�h���a�Z�i�m�k�d�_�����i�h�a�\�h��
�e�y�_�l���j�Z�k�k�q�b�l�Z�l�v���w�e�_�f�_�g�l�Z�j�g�h�_���d�h�e�b�q�_�k�l�\�h���b�k�i�h�e�v�a�h�\�Z�g�g�h�c��
�l�_�i�e�h�l�u 

, 

�]�^�_��  �± �w�e�_�f�_�g�l�Z�j�g�h�_�� �i�j�b�j�Z�s�_�g�b�_�� �^�Z�\�e�_�g�b�y�� �j�Z�[�h�q�_�]�h��

�l�_�e�Z�����F�I�Z���� �± �l�_�d�m�s�b�c���h�[�t�_�f���p�b�e�b�g�^�j�Z�����f3;  �± �i�h�d�Z�a�Z��
�l�_�e�v���Z�^�b�Z�[�Z�l�u���� �± �^�Z�\�e�_�g�b�_���j�Z�[�h�q�_�]�h���l�_�e�Z�����F�I�Z���� �± 

�q�Z�k�l�g�h�_���b�a�f�_�g�_�g�b�_���h�[�t�_�f�Z���j�Z�[�h�q�_�]�h���l�_�e�Z���\�k�e�_�^�k�l�\�b�_���m�l�_�q�_�d��
�q�_�j�_�a���g�_�i�e�h�l�g�h�k�l�b���p�b�e�b�g�^�j�h-�i�h�j�r�g�_�\�h�c���]�j�m�i�i�u�����f3;  �± 
�w�e�_�f�_�g�l�Z�j�g�h�_���b�a�f�_�g�_�g�b�_���h�[�t�_�f�Z���j�Z�[�h�q�_�]�h���l�_�e�Z���\�k�e�_�^�k�l�\�b�_��
�i�_�j�_�f�_�s�_�g�b�y�� �i�h�j�r�g�y���� �f3;  �± �m�g�b�\�_�j�k�Z�e�v�g�Z�y�� �]�Z�a�h�\�Z�y�� �i�h��
�k�l�h�y�g�g�Z�y���� �d�>�`�����d�f�h�e�v���D������ �± �g�b�a�r�Z�y�� �l�_�i�e�h�l�Z�� �k�]�h�j�Z�g�b�y��

�l�h�i�e�b�\�Z���� �d�>�`���d�]���� �± �p�b�d�e�h�\�Z�y���i�h�^�Z�q�Z���l�h�i�e�b�\�Z�����d�]���p�b�d�e����

 �± �f�h�e�y�j�g�Z�y�� �l�_�i�e�h�_�f�d�h�k�l�v�� �i�j�b�� �i�h�k�l�h�y�g�g�h�f�� �^�Z�\�e�_�g�b�b����

�d�>�`�����d�f�h�e�v���D������ �± �q�Z�k�l�g�h�_�� �b�a�f�_�g�_�g�b�_�� �h�[�t�_�f�Z�� �j�Z�[�h��

�q�_�]�h�� �l�_�e�Z�� �\�k�e�_�^�k�l�\�b�_�� �b�a�f�_�g�_�g�b�y�� �q�b�k�e�Z�� �f�h�e�_�c�� �]�Z�a�Z�� �\�� �i�j�h��
�p�_�k�k�_���k�]�h�j�Z�g�b�y�����f3. 

�>�h�k�l�h�\�_�j�g�h�k�l�v�� �b�g�l�_�]�j�Z�e�v�g�h�c�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �l�_�i�e�h�b�k��
�i�h�e�v�a�h�\�Z�g�b�y���a�Z�\�b�k�b�l���h�l���l�h�q�g�h�k�l�b���j�Z�k�q�_�l�Z�� �m�l�_�q�_�d���j�Z�[�h�q�_�]�h��
�l�_�e�Z���b���h�l�d�e�h�g�_�g�b�y���^�_�c�k�l�\�b�l�_�e�v�g�h�c�� �\�_�e�b�q�b�g�u���\�i�j�u�k�d�b�\�Z�_��
�f�h�]�h�� �a�Z�� �p�b�d�e�� �l�h�i�e�b�\�Z�� �h�l�� �k�j�_�^�g�_�]�h�� �a�g�Z�q�_�g�b�y�� �p�b�d�e�h�\�h�c�� �i�h��
�^�Z�q�b�����h�i�j�_�^�_�e�y�_�f�h�c���i�j�b���l�Z�j�b�j�h�\�d�_���� 

�>�e�y�� �j�Z�k�q�_�l�Z�� �w�e�_�f�_�g�l�Z�j�g�h�]�h�� �d�h�e�b�q�_�k�l�\�Z�� �\�u�^�_�e�b�\�r�_�c�k�y��
�l�_�i�e�h�l�u�� 
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�g�m�x���j�Z�[�h�q�_�f�m���l�_�e�m���\���j�_�a�m�e�v�l�Z�l�_���l�_�i�e�h�h�[�f�_�g�Z���k�h���k�l�_�g�d�Z�f�b��
�\�g�m�l�j�b�p�b�e�b�g�^�j�h�\�h�]�h�� �i�j�h�k�l�j�Z�g�k�l�\�Z���� �F�Z�d�k�b�f�Z�e�v�g�h�_�� �a�g�Z�q�_��
�g�b�_��  �k�h�h�l�\�_�l�k�l�\�m�_�l���^�h�e�_���k�]�h�j�_�\�r�_�]�h���a�Z���p�b�d�e���l�h�i�e�b�\�Z�� 

�I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v���k�]�h�j�Z�g�b�y�����m�k�e�h�\�g�Z�y���i�j�h�^�h�e�`�b�l�_�e�v��
�g�h�k�l�v���k�]�h�j�Z�g�b�y�����b�g�l�_�g�k�b�\�g�h�k�l�v���i�j�h�p�_�k�k�Z���k�]�h�j�Z�g�b�y���h�i�j�_�^�_��
�e�y�x�l�k�y���g�Z���h�k�g�h�\�_���e�h�]�Z�j�b�n�f�b�q�_�k�d�h�c���Z�g�Z�f�h�j�n�h�a�u�����>�e�y���j�Z�[�h��
�q�_�]�h�� �p�b�d�e�Z�� �\�� �j�_�`�b�f�_�� �i�m�k�d�Z�� �o�Z�j�Z�d�l�_�j�g�Z��S-�h�[�j�Z�a�g�Z�y�� �n�h�j�f�Z��
�e�h�]�Z�j�b�n�f�b�q�_�k�d�h�c���Z�g�Z�f�h�j�n�h�a�u�����j�b�k���������� 
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�O�Z�j�Z�d�l�_�j�� �b�a�f�_�g�_�g�b�y�� �e�h�]�Z�j�b�n�f�b�q�_�k�d�h�c�� �Z�g�Z�f�h�j�n�h�a�u�� �g�_��
�k�h�h�l�\�_�l�k�l�\�m�_�l���h�^�g�h�k�l�Z�^�b�c�g�h�f�m���k�]�h�j�Z�g�b�x�����<�u�^�_�e�_�g�b�_���^�\�m�o��
�m�q�Z�k�l�d�h�f�� �k�]�h�j�Z�g�b�y�� �>�����@�� �i�h�a�\�h�e�y�_�l�� �f�h�^�_�e�b�j�h�\�Z�l�v�� �[�h�e�_�_��
�k�e�h�`�g�u�_���a�Z�d�h�g�h�f�_�j�g�h�k�l�b���\�u�]�h�j�Z�g�b�y���l�h�i�e�b�\�Z�����>�e�y��S-�h�[�j�Z�a��
�g�h�c�� �n�h�j�f�u�� �e�h�]�Z�j�b�n�f�b�q�_�k�d�h�c�� �Z�g�Z�f�h�j�n�h�a�u�� �p�_�e�_�k�h�h�[�j�Z�a�g�h��
�i�j�h�p�_�k�k���k�]�h�j�Z�g�b�y���j�Z�a�[�b�l�v���g�Z���l�j�b�����o�Z�j�Z�d�l�_�j�g�u�o���m�q�Z�k�l�d�Z�����i�_��
�j�b�h�^���d�b�g�_�l�b�q�_�k�d�h�]�h���k�]�h�j�Z�g�b�y�����i�_�j�b�h�^���^�b�n�n�m�a�b�h�g�g�h�]�h���k�]�h��
�j�Z�g�b�y���b���i�_�j�b�h�^���^�h�]�h�j�Z�g�b�y�����I�h�d�Z�a�Z�l�_�e�b���m�j�Z�\�g�_�g�b�y���\�u�]�h�j�Z��
�g�b�y�� �^�e�y�� �i�_�j�\�u�o�� �^�\�m�o�� �m�q�Z�k�l�d�h�\�� �^�h�k�l�Z�l�h�q�g�h�� �l�h�q�g�h�� �f�h�]�m�l��
�[�u�l�v�� �h�i�j�_�^�_�e�_�g�u�� �i�h�� �e�h�]�Z�j�b�n�f�b�q�_�k�d�h�c�� �Z�g�Z�f�h�j�n�h�a�_���� �^�e�y��
�i�_�j�\�h�]�h���m�q�Z�k�l�d�Z��  �m�k�e�h�\�g�Z�y���i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v��

�k�]�h�j�Z�g�b�y�� ���� �i�h�d�Z�a�Z�l�_�e�v�� �o�Z�j�Z�d�l�_�j�Z�� �k�]�h�j�Z�g�b�y��

���� �m�j�Z�\�g�_�g�b�_�� �\�u�]�h�j�Z�g�b�y��

�l�h�i�e�b�\�Z�� ���� �^�e�y�� �\�l�h�j�h�]�h�� �m�q�Z�k�l�d�Z��

 �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� , 

, 
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�h�i�j�_�^�_�e�_�g�b�b���^�Z�\�e�_�g�b�y���i�h���b�g�^�b�d�Z�l�h�j�g�h�c���^�b�Z�]�j�Z�f�f�_�����Z�����k�e�_��
�^�h�\�Z�l�_�e�v�g�h�����b���k�d�h�j�h�k�l�b���k�]�h�j�Z�g�b�y�����G�_�a�g�Z�q�b�l�_�e�v�g�h�_���i�h���\�_�e�b��
�q�b�g�_���b�a�f�_�g�_�g�b�_���^�h�e�b���\�u�]�h�j�_�\�r�_�]�h���l�h�i�e�b�\�Z���i�j�h�b�k�o�h�^�b�l���i�h��
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�a�Z�d�h�g�m�����[�e�b�a�d�h�f�m���d���e�b�g�_�c�g�h�f�m�����<���k�\�y�a�b���k���w�l�b�f���^�e�y���f�h�^�_�e�b��
�j�h�\�Z�g�b�y���k�]�h�j�Z�g�b�y���g�Z���m�q�Z�k�l�d�_���^�h�]�h�j�Z�g�b�y���p�_�e�_�k�h�h�[�j�Z�a�g�h���a�Z��
�^�Z�l�v���e�b�g�_�c�g�h�_���b�a�f�_�g�_�g�b�_���k�d�h�j�h�k�l�b���\�u�]�h�j�Z�g�b�y���h�l���_�z���a�g�Z�q�_��
�g�b�y���\���d�h�g�p�_���\�l�h�j�h�]�h���m�q�Z�k�l�d�Z���i�j�b�� �^�h���g�m�e�y���i�j�b�� 

�E�h�]�Z�j�b�n�f�b�q�_�k�d�Z�y�� �Z�g�Z�f�h�j�n�h�a�Z�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �o�Z�j�Z�d�l�_��
�j�b�k�l�b�d�_���l�_�i�e�h�\�u�^�_�e�_�g�b�y�������i�j�b�\�_�^�_�g�g�h�c���g�Z���j�b�k�����������d�h�l�h��

�j�Z�y�� �i�h�e�m�q�_�g�Z�� �\�� �j�_�a�m�e�v�l�Z�l�_�� �Z�g�Z�e�b�a�Z�� �b�g�^�b�d�Z�l�h�j�g�h�c�� �^�b�Z��
�]�j�Z�f�f�u�� �i�_�j�\�h�]�h�� �p�b�d�e�Z�� �k�h�� �k�]�h�j�Z�g�b�_�f�� �i�j�b�� �i�m�k�d�_���^�b�a�_�e�y��
���Q�G������������������. �W�d�k�i�_�j�b�f�_�g�l���i�h�d�Z�a�u�\�Z�_�l�����q�l�h���m�]�e�h�\�Z�y���k�d�h��
�j�h�k�l�v���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z���\���l�_�q�_�g�b�_���p�b�d�e�Z���b�a�f�_�g�y�_�l�k�y���h�l������������
�k-1 �^�h�������������k-1 , �d���i�j�b�o�h�^�m���i�h�j�r�g�y���\���<�F�L���\���i�j�h�p�_�k�k�_���k�`�Z�l�b�y��
�q�_�j�_�a �g�_�i�e�h�l�g�h�k�l�b�� �p�b�e�b�g�^�j�h-�i�h�j�r�g�_�\�h�c�� �]�j�m�i�i�u�� �l�_�j�y�_�l�k�y��
�������� �h�l�� �f�Z�k�k�u�� �a�Z�j�y�^�Z���� �i�h�k�l�m�i�b�\�r�_�c�� �\�� �p�b�e�b�g�^�j�� �a�Z�� �i�_�j�b�h�^��
�g�Z�i�h�e�g�_�g�b�y�����Z���d���d�h�g�p�m���j�Z�k�r�b�j�_�g�b�y���d�h�e�b�q�_�k�l�\�h���a�Z�j�y�^�Z�����i�h��
�l�_�j�y�g�g�h�]�h���b�a-�a�Z���m�l�_�q�_�d�����^�h�k�l�b�]�Z�_�l������������ 
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�>�e�y�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�]�h�� �p�b�d�e�Z�� �h�i�j�_�^�_�e�_�g�u���� �h�[�s�Z�y�� �i�j�h��
�^�h�e�`�b�l�_�e�v�g�h�k�l�v�� �k�]�h�j�Z�g�b�y���Mz� �������� �]�j�Z�^�� �I�D�<���� �i�j�h�^�h�e�`�b��
�l�_�e�v�g�h�k�l�v�� �i�_�j�b�h�^�Z�� �d�b�g�_�l�b�q�_�k�d�h�]�h�� �k�]�h�j�Z�g�b�y���M1� �������� �]�j�Z�^��
�I�D�<���� �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v�� �i�_�j�b�h�^�Z�� �^�b�n�n�m�a�b�h�g�g�h�]�h�� �k�]�h�j�Z��
�g�b�y���M2� �������]�j�Z�^ �I�D�<�����m�k�e�h�\�g�Z�y���i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v���i�_�j�b�h�^�Z��
�d�b�g�_�l�b�q�_�k�d�h�]�h���k�]�h�j�Z�g�b�y���Mz1� �����������]�j�Z�^���I�D�<�����m�k�e�h�\�g�Z�y���i�j�h��
�^�h�e�`�b�l�_�e�v�g�h�k�l�v���i�_�j�b�h�^�Z���^�b�n�n�m�a�b�h�g�g�h�]�h���k�]�h�j�Z�g�b�y���Mz2=676 
�]�j�Z�^���I�D�<�����i�h�d�Z�a�Z�l�_�e�v���o�Z�j�Z�d�l�_�j�Z���k�]�h�j�Z�g�b�y���^�e�y���i�_�j�b�h�^�Z���d�b��
�g�_�l�b�q�_�k�d�h�]�h���k�]�h�j�Z�g�b�y��m1� �������������i�h�d�Z�a�Z�l�_�e�v���o�Z�j�Z�d�l�_�j�Z���k�]�h�j�Z��
�g�b�y���^�e�y���i�_�j�b�h�^�Z���^�b�n�n�m�a�b�h�g�g�h�]�h���k�]�h�j�Z�g�b�y��m2=�±0,54.  

�B�k�i�h�e�v�a�h�\�Z�g�b�_���^�Z�g�g�u�o�����i�h�e�m�q�_�g�g�u�o���\���j�_�a�m�e�v�l�Z�l�_���Z�g�Z��
�e�b�a�Z�� �b�g�^�b�d�Z�l�h�j�g�h�c�� �^�b�Z�]�j�Z�f�f�u���� �^�e�y�� �k�h�i�h�k�l�Z�\�e�_�g�b�y�� �w�d�k�i�_��
�j�b�f�_�g�l�Z�e�v�g�h�]�h���b���j�Z�k�q�_�l�g�h�]�h���p�b�d�e�Z���i�h�d�Z�a�Z�e�h���d�Z�q�_�k�l�\�_�g�g�h�_��
�b�� �d�h�e�b�q�_�k�l�\�_�g�g�h�_���k�h�h�l�\�_�l�k�l�\�b�_�� �b�a�f�_�g�_�g�b�y�� �^�Z�\�e�_�g�b�y���j �b��
�l�_�f�i�_�j�Z�l�m�j�u���L �j�Z�[�h�q�_�]�h�� �l�_�e�Z���� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �l�_�i�e�h�\�u�^�_��
�e�_�g�b�y���o�G�����b���^�h�e�b���q�b�k�l�h�]�h���\�h�a�^�m�o�Z���\���j�Z�[�h�q�_�f���l�_�e�_��r �. �i�j�b���\�u��
�[�j�Z�g�g�h�f�� �k�i�h�k�h�[�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �a�Z�d�h�g�Z�� �\�u�]�h�j�Z�g�b�y�� �l�h�i��
�e�b�\�Z�����j�b�k�������������<���q�Z�k�l�g�h�k�l�b�����b�g�^�b�d�Z�l�h�j�g�Z�y���j�Z�[�h�l�Z���p�b�d�e�Z���i�j�b��
�j�Z�k�q�_�l�g�h�f���f�h�^�_�e�b�j�h�\�Z�g�b�b���k�h�k�l�Z�\�b�e�Z�������������d�>�`�����b�������������d�>�`��
�i�j�b���h�i�j�_�^�_�e�_�g�b�b���i�h���b�g�^�b�d�Z�l�h�j�g�h�c���^�b�Z�]�j�Z�f�f�_�����i�h�e�m�q�_�g�g�h�c��
�\�� �w�d�k�i�_�j�b�f�_�g�l�_���� �P�b�d�e�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �l�_�f�i�_�j�Z�l�m�j�_�� �h�d�j�m�`�Z��

�x�s�_�c�� �k�j�_�^�u��To = 272 K���� �q�Z�k�l�h�l�_�� �i�j�h�d�j�m�q�b�\�Z�g�b�y�� �d�h�e�_�g�q�Z��
�l�h�]�h�� �\�Z�e�Z��ns � �� �������� �f�b�g-1���� �p�b�d�e�h�\�h�c�� �i�h�^�Z�q�b�� �l�h�i�e�b�\�Z��G�p��= 
�������������]�����i�h�^�h�]�j�_�\���\�i�m�k�d�g�h�]�h���a�Z�j�y�^�Z���' Ts = 49 K�������k�i�e�h�r�g�u�_��
�e�b�g�b�b���± �k�b�g�l�_�a���j�Z�[�h�q�_�]�h���p�b�d�e�Z�����i�m�g�d�l�b�j�g�u�_���± �Z�g�Z�e�b�a���� 
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�D�b�g�_�l�b�q�_�k�d�b�_�� �i�h�d�Z�a�Z�l�_�e�b���� �h�i�j�_�^�_�e�y�x�s�b�_�� �o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�m���\�u�]�h�j�Z�g�b�y���l�h�i�e�b�\�Z�����Z���l�Z�d�`�_���d�h�w�n�n�b�p�b�_�g�l���\�u�^�_�e�_�g�b�y��
�l�_�i�e�h�l�u���b���j�y�^���^�j�m�]�b�o���i�h�d�Z�a�Z�l�_�e�_�c���p�b�d�e�Z���a�Z�\�b�k�y�l���h�l���l�_�f�i�_��
�j�Z�l�m�j�u�� �h�d�j�m�`�Z�x�s�_�c�� �k�j�_�^�u�� �b�� �l�_�f�i�_�j�Z�l�m�j�u�� �^�\�b�]�Z�l�_�e�y���� �q�Z��
�k�l�h�l�u���i�j�h�d�j�m�q�b�\�Z�g�b�y���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z�����k�l�_�i�_�g�b���i�h�^�h�]�j�_�\�Z��
�\�i�m�k�d�g�h�]�h�� �a�Z�j�y�^�Z���� �^�h�e�b�� �i�j�h�^�m�d�l�h�\�� �k�]�h�j�Z�g�b�y�� �\�h�� �\�i�m�k�d�g�h�f��
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Abstract. Despite significant achievements in improving the 
starting characteristics of diesel engines, problems remain due to 
unstable ignition, poor fuel combustion during the start-up period 
and subsequent warm-up. For the conditions of a cold start of a 
diesel engine, the laws of fuel burnout, heat generation and heat 
use are determined. Calculated the error in measuring the pres-
sure in the cylinder. Regularities of fuel burnup, obtained on the 
basis of the analysis of experimental pressure diagrams, allow us 
to obtain a good agreement between the calculated and experi-
mental results. The influence of the start-up conditions, including 

the increase in the intake air temperature, on the magnitude of the 
kinetic parameters of the burnout characteristics and the com-
pleteness of fuel combustion was established. 

Keywords: diesel; cold start; combustion process; kinetic 
indicators; full combustion. 
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�p�b�d�e�_���d�h�e�_�[�Z�g�b�c���k�m�s�_�k�l�\�m�_�l���^�\�Z���b�g�l�_�j�\�Z�e�Z ���:���b���;���g�Z���j�b�k����
2)���� �\�� �d�h�l�h�j�u�o�� �m�k�b�e�b�_�� �Z�f�h�j�l�b�a�Z�l�h�j�Z�� �g�Z�i�j�Z�\�e�_�g�h�� �\�� �k�l�h�j�h�g�m��
�^�\�b�`�_�g�b�y���i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u�����q�l�h���k�i�h�k�h�[�k�l�\�m�_�l���m�\�_�e�b��
�q�_�g�b�x�� �_�_�� �d�b�g�_�l�b�q�_�k�d�h�c�� �w�g�_�j�]�b�b�� �b�� �i�h�\�u�r�_�g�b�x�� �Z�f�i�e�b�l�m�^��
�d�h�e�_�[�Z�g�b�c���� �L�Z�d�b�_�� �b�g�l�_�j�\�Z�e�u�� �[�u�e�b�� �g�Z�a�\�Z�g�u�� �a�h�g�Z�f�b�� �g�_�w�n��
�n�_�d�l�b�\�g�h�c�� �j�Z�[�h�l�u�� �Z�f�h�j�l�b�a�Z�l�h�j�Z���� �I�h�d�Z�a�Z�g�h���� �q�l�h�� �i�j�b�q�b�g�h�c��
�\�h�a�g�b�d�g�h�\�_�g�b�y�� �a�h�g���g�_�w�n�n�_�d�l�b�\�g�h�c�� �j�Z�[�h�l�u�� �Z�f�h�j�l�b�a�Z�l�h�j�Z 

�y�\�e�y�_�l�k�y���k�^�\�b�]���n�Z�a���.���f�_�`�^�m���d�h�e�_�[�Z�g�b�y�f�b���f�Z�k�k�u���b���h�l�g�h�k�b��
�l�_�e�v�g�u�f�b���d�h�e�_�[�Z�g�b�y�f�b���r�l�h�d�Z���Z�f�h�j�l�b�a�Z�l�h�j�Z�� �a�Z�\�b�k�y�s�b�c �h�l��
�\�_�e�b�q�b�g�u���h�l�g�h�k�b�l�_�e�v�g�h�]�h���d�h�w�n�n�b�p�b�_�g�l�Z���a�Z�l�m�o�Z�g�b�y �%���b���h�l��
�g�h�k�b�l�_�e�v�g�h�c���q�Z�k�l�h�l�h�c���\�h�a�f�m�s�_�g�b�y������  
 . (1) 

�I�j�h�\�_�^�_�g�g�u�c�� �w�g�_�j�]�_�l�b�q�_�k�d�b�c�� �Z�g�Z�e�b�a�� �Z�f�h�j�l�b�a�Z�l�h�j�Z�� �\��
�p�b�d�e�_�� �d�h�e�_�[�Z�g�b�c�� �i�h�d�Z�a�Z�e���� �q�l�h�� �^�e�y�� �i�h�\�u�r�_�g�b�y�� �_�]�h�� �w�g�_�j�]�_��
�l�b�q�_�k�d�h�c���w�n�n�_�d�l�b�\�g�h�k�l�b���b�� �m�f�_�g�v�r�_�g�b�y���Z�f�i�e�b�l�m�^���d�h�e�_�[�Z��
�g�b�c�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c�� �f�Z�k�k�u�� �g�_�h�[�o�h�^�b�f�h�� �k�g�b�`�Z�l�v�� �b�e�b�� �h�l��
�d�e�x�q�Z�l�v�� �^�_�f�i�n�b�j�h�\�Z�g�b�_�� �\�� �a�h�g�Z�o�� �g�_�w�n�n�_�d�l�b�\�g�h�c�� �j�Z�[�h�l�u��
�Z�f�h�j�l�b�a�Z�l�h�j�Z�����<���i�h�k�e�_�^�g�_�f���k�e�m�q�Z�_���j�_�]�m�e�b�j�h�\�Z�g�b�_���^�_�f�i�n�b��
�j�h�\�Z�g�b�y�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �i�j�b�g�p�b�i�m���³semi-active control sus-
pension�´�����i�h�e�m�Z�d�l�b�\�g�h�c���i�h�^�\�_�k�d�b�������i�j�_�^�e�h�`�_�g�g�h�f�m��    �J�� �B�� 
�N�m�j�m�g�`�b�_�\�u�f��[7]�����>�� �D�Z�j�g�h�i�i�h�f���b���F�� �D�j�h�k�[�b��[8, 9]. 

 

 
�J�b�k�������� �H�k�p�b�e�e�h�]�j�Z�f�f�Z���p�b�d�e�Z���d�h�e�_�[�Z�g�b�c���h�^�g�h�f�Z�k�k�h�\�h�c���h�^��
�g�h�h�i�h�j�g�h�c���\�b�[�j�h�a�Z�s�b�l�g�h�c���d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b�k�l�_�f�u���k���g�_�j�_��
�]�m�e�b�j�m�_�f�u�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f������q �± �d�b�g�_�f�Z�l�b�q�_�k�d�h�_���\�h�a�f�m��

�s�_�g�b�_������z �± �i�_�j�_�f�_�s�_�g�b�_���i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u����x �± �^�_��
�n�h�j�f�Z�p�b�y���i�h�^�\�_�k�d�b�����:���b���;���± �a�h�g�u���g�_�w�n�n�_�d�l�b�\�g�h�c���j�Z�[�h�l�u��
�Z�f�h�j�l�b�a�Z�l�h�j�Z�����.���± �r�b�j�b�g�Z���a�h�g�u���g�_�w�n�n�_�d�l�b�\�g�h�c���j�Z�[�h�l�u��

�Z�f�h�j�l�b�a�Z�l�h�j�Z 

�J�� �B�� �N�m�j�m�g�`�b�_�\�����b�k�i�h�e�v�a�m�y �j�Z�a�j�Z�[�h�l�Z�g�g�u�c���E�� �K�� �I�h�g�l��
�j�y�]�b�g�u�f���^�e�y���f�Z�l�_�f�Z�l�b�q�_�k�d�h�c���l�_�h�j�b�b���h�i�l�b�f�Z�e�v�g�u�o���i�j�h�p�_�k��
�k�h�\ �i�j�b�g�p�b�i���f�Z�d�k�b�f�m�f�Z�� �i�h�d�Z�a�Z�e���g�Z���i�j�b�f�_�j�_���^�\�m�o�f�Z�k�k�h�\�h�c��
�f�h�^�_�e�b���Z�\�l�h�f�h�[�b�e�y�����q�l�h���^�e�y���m�f�_�g�v�r�_�g�b�y���Z�f�i�e�b�l�m�^���d�h�e�_�[�Z��
�g�b�c���i�h�^�j�_�k�k�h�j�_�g�g�h�c�� �f�Z�k�k�u���g�_�h�[�o�h�^�b�f�h�� �j�_�]�m�e�b�j�h�\�Z�g�b�_��
�^�_�f�i�n�b�j�h�\�Z�g�b�y���� �a�Z�d�e�x�q�Z�x�s�_�_�k�y�� �\�� �f�]�g�h�\�_�g�g�h�f�� �h�l�d�e�x�q�_��
�g�b�b���_�]�h���\���b�g�l�_�j�\�Z�e�Z�o���p�b�d�e�Z���d�h�e�_�[�Z�g�b�c�����d�h�]�^�Z���g�Z�i�j�Z�\�e�_�g�b�y��
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�^�\�b�`�_�g�b�y���i�h�^�j�_�k�k�h�j�_�g�g�h�c���b���g�_�i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k���k�h�\�i�Z��
�^�Z�x�l���� �b�� �i�j�b�� �w�l�h�f�� �Z�[�k�h�e�x�l�g�Z�y�� �k�d�h�j�h�k�l�v�� �g�_�i�h�^�j�_�k�k�h�j�_�g�g�h�c��
�f�Z�k�k�u�� �[�h�e�v�r�_�� �Z�[�k�h�e�x�l�g�h�c�� �k�d�h�j�h�k�l�b�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c��
�f�Z�k�k�u���\���\�_�j�l�b�d�Z�e�v�g�h�f���g�Z�i�j�Z�\�e�_�g�b�b�����k���i�h�k�e�_�^�m�x�s�b�f���f�]�g�h��
�\�_�g�g�u�f���\�d�e�x�q�_�g�b�_�f���i�j�b���b�a�f�_�g�_�g�b�b���w�l�b�o�� �m�k�e�h�\�b�c���g�Z���i�j�h��
�l�b�\�h�i�h�e�h�`�g�u�_�� 

�B�k�k�e�_�^�h�\�Z�g�b�x �\�b�[�j�h�a�Z�s�b�l�g�u�o�� �k�\�h�c�k�l�\�� �h�^�g�h�f�Z�k�k�h�\�h�c��
�d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b�k�l�_�f�u���i�j�b���h�i�l�b�f�Z�e�v�g�h�f���f�]�g�h�\�_�g�g�h�f���j�_��
�]�m�e�b�j�h�\�Z�g�b�b�� �^�_�f�i�n�b�j�h�\�Z�g�b�y�� �\�� �p�b�d�e�_�� �d�h�e�_�[�Z�g�b�c �b�� �j�Z�a�j�Z��
�[�h�l�d�_���d�h�g�k�l�j�m�d�p�b�c���j�_�]�m�e�b�j�m�_�f�u�o���Z�f�h�j�l�b�a�Z�l�h�j�h�\���i�h�k�\�y�s�_�g��
�j�y�^�� �j�Z�[�h�l�� �k�� �m�q�Z�k�l�b�_�f�� �Z�\�l�h�j�h�\�� �^�Z�g�g�h�c�� �k�l�Z�l�v�b�� �>10-23]. �H�^��
�g�Z�d�h���i�h�e�m�q�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u���g�_���[�u�e�b���h�[�h�[�s�_�g�u �b���i�j�h�Z�g�Z��
�e�b�a�b�j�h�\�Z�g�u���� �D�j�h�f�_�� �l�h�]�h���� �g�_�� �[�u�e�b�� �b�k�k�e�_�^�h�\�Z�g�u���\�b�[�j�h�a�Z��
�s�b�l�g�u�_ �k�\�h�c�k�l�\�Z �^�\�m�o�f�Z�k�k�h�\�h�c�� �d�h�e�_�[�Z�l�_�e�v�g�h�c�� �k�b�k�l�_�f�u��
�i�j�b���h�i�l�b�f�Z�e�v�g�h�f���f�]�g�h�\�_�g�g�h�f���j�_�]�m�e�b�j�h�\�Z�g�b�b���^�_�f�i�n�b�j�h�\�Z��
�g�b�y. 

�B�K�K�E�?�>�H�<�:�G�B�? �<�B�;�J�H�A�:�S�B�L�G�U�O���K�<�H�C�K�L�<��
�H�>�G�H�F�:�K�K�H�<�H�C���D�H�E�?�;�:�L�?�E�V�G�H�C���K�B�K�L�?�F�U���I�J�B��
�H�I�L�B�F�:�E�V�G�H�F �F�=�G�H�<�?�G�G�H�F �J�?�=�M�E�B�J�H�<�:�G�B�B 

�>�?�F�I�N�B�J�H�<�:�G�B�Y���<���P�B�D�E�?���D�H�E�?�;�:�G�B�C 

�J�Z�k�q�_�l�g�Z�y �k�o�_�f�Z���h�^�g�h�f�Z�k�k�h�\�h�c�� �h�^�g�h�h�i�h�j�g�h�c���\�b�[�j�h�a�Z��
�s�b�l�g�h�c���k�b�k�l�_�f�u �k���j�_�]�m�e�b�j�m�_�f�u�f���^�_�f�i�n�_�j�h�f���i�j�b�\�_�^�_�g�Z���g�Z��
�j�b�k����3. �>�b�g�Z�f�b�d�Z�� �l�Z�d�h�c�� �k�b�k�l�_�f�u�� �i�j�b�� �h�i�l�b�f�Z�e�v�g�h�f�� �f�]�g�h��
�\�_�g�g�h�f���j�_�]�m�e�b�j�h�\�Z�g�b�b���^�_�f�i�n�b�j�h�\�Z�g�b�y���h�i�b�k�u�\�Z�_�l�k�y���k�e�_�^�m��
�x�s�_�c �f�Z�l�_�f�Z�l�b�q�_�k�d�h�c �f�h�^�_�e�v�x:  
  (2) 
�]�^�_��u �± �m�i�j�Z�\�e�y�x�s�b�c���i�Z�j�Z�f�_�l�j���� 

  (3) 

 

 
�J�b�k�����������K�o�_�f�Z���h�^�g�h�f�Z�k�k�h�\�h�c���h�^�g�h�h�i�h�j�g�h�c���\�b�[�j�h�a�Z�s�b�l�g�h�c��
�k�b�k�l�_�f�u���k���j�_�]�m�e�b�j�m�_�f�u�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f����m �± �i�h�^�j�_�k�k�h��
�j�_�g�g�Z�y���f�Z�k�k�Z�����k �± �`�_�k�l�d�h�k�l�v���m�i�j�m�]�h�]�h���w�e�_�f�_�g�l�Z�����j�_�k�k�h�j�u������
k �± �i�_�j�_�f�_�g�g�u�c���d�h�w�n�n�b�p�b�_�g�l���^�_�f�i�n�b�j�h�\�Z�g�b�y���Z�f�h�j�l�b�a�Z��

�l�h�j�Z 

�G�_�d�h�l�h�j�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �^�Z�g�g�h�c�� �f�h�^�_�e�b��
�i�j�b�\�_�^�_�g�u���\���\�b�^�_���]�j�Z�n�b�d�h�\���g�Z���j�b�k������-8. 

�<���j�_�a�m�e�v�l�Z�l�_���Z�g�Z�e�b�a�Z �f�h�^�_�e�b��� �̂h�d�Z�a�Z�g�h�����q�l�h��  
�± �i�_�j�_�d�e�x�q�_�g�b�_�� �^�_�f�i�n�b�j�h�\�Z�g�b�y�� �k�� �m�j�h�\�g�y��

�h�l�g�h�k�b�l�_�e�v�g�h�]�h �d�h�w�n�n�b�p�b�_�g�l�Z�� �a�Z�l�m�o�Z�g�b�y�� �d�h�e�_�[�Z�g�b�c��

 �g�Z�� �m�j�h�\�_�g�v��  �\�� �a�h�g�Z�o��

�g�_�w�n�n�_�d�l�b�\�g�h�c���j�Z�[�h�l�u���i�j�b�\�h�^�b�l���d���m�f�_�g�v�r�_�g�b�x���Z�f�i�e�b�l�m�^��
�\�_�j�l�b�d�Z�e�v�g�u�o�� �i�_�j�_�f�_�s�_�g�b�c�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c�� �f�Z�k�k�u����
�i�j�b�q�_�f�� �g�Z�b�[�h�e�v�r�b�c�� �w�n�n�_�d�l�� �^�h�k�l�b�]�Z�_�l�k�y�� �i�j�b �m�k�e�h�\�b�b 

 ( )���� �l�h�� �_�k�l�v�� �i�j�b�� �i�h�e�g�h�f�� �h�l�d�e�x�q�_�g�b�b��
�^�_�f�i�n�b�j�h�\�Z�g�b�y�� 

�± �g�Z�q�Z�e�h���a�h�g�u���g�_�w�n�n�_�d�l�b�\�g�h�c���j�Z�[�h�l�u�����Z�����k�e�_�^�h�\�Z�l�_�e�v�g�h����
�f�h�f�_�g�l�� �h�l�d�e�x�q�_�g�b�y�� �^�_�f�i�n�b�j�h�\�Z�g�b�y�� �i�j�b�� �h�i�l�b�f�Z�e�v�g�h�f��
�j�_�]�m�e�b�j�h�\�Z�g�b�b�� �k�h�\�i�Z�^�Z�_�l�� �k�� �f�h�f�_�g�l�h�f�� �^�h�k�l�b�`�_�g�b�y��

�i�h�^�j�_�k�k�h�j�_�g�g�h�c�� �f�Z�k�k�u�� �d�j�Z�c�g�_�]�h�� �\�_�j�o�g�_�]�h�� �b�e�b�� �d�j�Z�c�g�_�]�h��
�g�b�`�g�_�]�h�� �i�h�e�h�`�_�g�b�y�� �������� �Z�� �d�h�g�_�p�� �a�h�g�u��
�g�_�w�n�n�_�d�l�b�\�g�h�c�� �j�Z�[�h�l�u�� �b�� �f�h�f�_�g�l�� �\�d�e�x�q�_�g�b�y��
�^�_�f�i�n�b�j�h�\�Z�g�b�y���± �k�� �f�h�f�_�g�l�h�f�� �h�[�g�m�e�_�g�b�y�� �k�d�h�j�h�k�l�b��
�^�_�n�h�j�f�Z�p�b�b���i�h�^�\�_�k�d�b���� ); 

�± �i�j�b�� �f�]�g�h�\�_�g�g�h�f�� �h�l�d�e�x�q�_�g�b�b�� �^�_�f�i�n�b�j�h�\�Z�g�b�y�� �\��
�f�h�f�_�g�l�� �^�h�k�l�b�`�_�g�b�y�� �a�h�g�u�� �g�_�w�n�n�_�d�l�b�\�g�h�c�� �j�Z�[�h�l�u��
�Z�f�h�j�l�b�a�Z�l�h�j�Z�� �n�m�g�d�p�b�y�� �\�_�j�l�b�d�Z�e�v�g�u�o�� �m�k�d�h�j�_�g�b�c��
�i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u�� �l�_�j�i�b�l���j�Z�a�j�u�\�u���i�_�j�\�h�]�h���j�h�^�Z����
�Z���i�j�b���\�d�e�x�q�_�g�b�b���^�_�f�i�n�b�j�h�\�Z�g�b�y���\���f�h�f�_�g�l���\�u�o�h�^�Z���b�a���w�l�h�c��
�a�h�g�u���n�m�g�d�p�b�y���b�f�_�_�l���b�a�e�h�f�� 

�± �P�L�Q�L�P�X�P�� �Z�f�i�e�b�l�m�^�� �i�_�j�_�f�_�s�_�g�b�c�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c��
�f�Z�k�k�u�����j�b�k����4) �^�h�k�l�b�]�Z�_�l�k�y�� �i�j�b�� �f�]�g�h�\�_�g�g�h�f�� �h�l�d�e�x�q�_�g�b�b��
�^�_�f�i�n�b�j�h�\�Z�g�b�y�� �\�� �a�h�g�Z�o�� �g�_�w�n�n�_�d�l�b�\�g�h�c�� �j�Z�[�h�l�u��
�Z�f�h�j�l�b�a�Z�l�h�j�Z���� �i�j�b�q�_�f�� �P�L�Q�L�P�X�P�� �P�L�Q�L�P�R�U�X�P�� �^�h�k�l�b�]�Z�_�l�k�y��
�i�j�b�� �m�k�e�h�\�b�b�� �^�h�k�l�b�`�_�g�b�y�� �g�m�e�_�\�h�]�h�� �m�k�d�h�j�_�g�b�y�� �\��
�j�_�a�m�e�v�l�Z�l�_�� �h�l�d�e�x�q�_�g�b�y�� �^�_�f�i�n�b�j�h�\�Z�g�b�y�� ���b�f�_�g�g�h�� �w�l�h��
�m�k�e�h�\�b�_�� �h�i�j�_�^�_�e�y�_�l�� �h�i�l�b�f�Z�e�v�g�h�_�� �j�_�]�m�e�b�j�h�\�Z�g�b�_��
�^�_�f�i�n�b�j�h�\�Z�g�b�y���i�j�b���f�]�g�h�\�_�g�g�h�f���i�_�j�_�d�e�x�q�_�g�b�b���� 

�± �g�m�e�_�\�h�_�� �\�_�j�l�b�d�Z�e�v�g�h�_�� �m�k�d�h�j�_�g�b�_�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c��
�f�Z�k�k�u��  �\�� �j�_�a�m�e�v�l�Z�l�_�� �h�l�d�e�x�q�_�g�b�y�� �^�_�f�i�n�b�j�h�\�Z�g�b�y��
�^�h�k�l�b�]�Z�_�l�k�y�� �i�j�b�� �h�i�j�_�^�_�e�_�g�g�h�f�� ���h�i�l�b�f�Z�e�v�g�h�f���� �a�g�Z�q�_�g�b�b��
�f�Z�d�k�b�f�Z�e�v�g�h�]�h�� �m�j�h�\�g�y�� �^�_�f�i�n�b�j�h�\�Z�g�b�y�� �i�j�b�� �a�Z�^�Z�g�g�h�c��

�q�Z�k�l�h�l�_�� �\�h�a�f�m�s�_�g�b�y��  ���g�Z�i�j�b�f�_�j���� �i�j�b��

�j�_�a�h�g�Z�g�k�g�h�c���q�Z�k�l�h�l�_���\�h�a�f�m�s�_�g�b�y�����j�b�k����4) ); 
�± �i�j�b�� �i�j�_�\�u�r�_�g�b�b�� �f�Z�d�k�b�f�Z�e�v�g�h�]�h�� �m�j�h�\�g�y��

�^�_�f�i�n�b�j�h�\�Z�g�b�y��  �\�h�a�g�b�d�Z�_�l��
�i�_�j�_�j�_�]�m�e�b�j�h�\�Z�g�b�_�� ���j�b�k����5������ �i�j�b�\�h�^�y�s�_�_�� �d�� �j�_�a�d�b�f��
�b�a�f�_�g�_�g�b�y�f�� �\�_�j�l�b�d�Z�e�v�g�u�o�� �m�k�d�h�j�_�g�b�c�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c��
�f�Z�k�k�u�����a�Z�l�_�f�g�_�g�g�u�_���m�q�Z�k�l�d�b���g�Z���j�b�k����5); 

�± �\�g�_�^�j�_�g�b�_ �h�i�l�b�f�Z�e�v�g�h�]�h�� �m�i�j�Z�\�e�_�g�b�y��
�^�_�f�i�n�b�j�h�\�Z�g�b�_�f�� �k�m�s�_�k�l�\�_�g�g�h�� �m�f�_�g�v�r�Z�_�l��
�l�_�i�e�h�\�u�^�_�e�_�g�b�_���� �h�i�j�_�^�_�e�y�_�f�h�_�� �i�e�h�s�Z�^�v�x�� �j�Z�[�h�q�_�c��
�^�b�Z�]�j�Z�f�f�u�� ���j�b�k����6������ �q�l�h�� �k�\�y�a�Z�g�h�� �d�Z�d�� �k�� �m�f�_�g�v�r�_�g�b�_�f��
�Z�f�i�e�b�l�m�^�� �^�_�n�h�j�f�Z�p�b�c�� �i�h�^�\�_�k�d�b���� �l�Z�d�� �b�� �k�� �h�l�k�m�l�k�l�\�b�_�f��
�g�_�w�n�n�_�d�l�b�\�g�h�c���j�Z�[�h�l�u���Z�f�h�j�l�b�a�Z�l�h�j�Z. 

�L�Z�d�`�_�� �f�_�l�h�^�h�f �k�r�b�\�Z�g�b�y�� �d�m�k�h�q�g�h-�e�b�g�_�c�g�u�o�� �n�m�g�d�p�b�c��
�[�u�e�Z�� �i�h�e�m�q�_�g�Z�� �Z�f�i�e�b�l�m�^�g�h-�q�Z�k�l�h�l�g�Z�y�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z��
�i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u���\���h�^�g�h�f�Z�k�k�h�\�h�c���d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b��
�k�l�_�f�_���i�j�b���h�i�l�b�f�Z�e�v�g�h�f���f�]�g�h�\�_�g�g�h�f���j�_�]�m�e�b�j�h�\�Z�g�b�b�����i�j�_�^��
�k�l�Z�\�e�_�g�g�Z�y���g�Z���j�b�k����7 ���d�j�b�\�Z�y�����������i�h�e�m�q�_�g�g�Z�y���i�j�b���h�i�l�b�f�Z�e�v��

�g�h�c�� �a�Z�\�b�k�b�f�h�k�l�b��  ���d�j�b�\�Z�y�� �������� �>�Z�g�g�Z�y�� �o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�Z���h�i�j�_�^�_�e�y�_�l���i�h�l�_�g�p�b�Z�e�v�g�u�_���\�h�a�f�h�`�g�h�k�l�b���l�Z�d�h�]�h���k�i�h��
�k�h�[�Z�� �j�_�]�m�e�b�j�h�\�Z�g�b�y�� �\�� �h�^�g�h�f�Z�k�k�h�\�h�c�� �d�h�e�_�[�Z�l�_�e�v�g�h�c�� �k�b��
�k�l�_�f�_�� �G�Z�� �j�b�k. 7 �i�j�_�^�k�l�Z�\�e�_�g�u�� �l�Z�d�`�_�� �Z�f�i�e�b�l�m�^�g�h-�q�Z�k�l�h�l��
�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���[�_�a���^�_�f�i�n�b�j�h�\�Z�g�b�y�����d�j�b�\�Z�y���������b���k���i�h��
�k�l�h�y�g�g�u�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f�����d�j�b�\�Z�y�������� 

�G�Z���j�b�k����8 �i�j�_�^�k�l�Z�\�e�_�g�u���Z�f�i�e�b�l�m�^�g�h-�q�Z�k�l�h�l�g�u�_���o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�b���m�k�d�h�j�_�g�b�c���k�b�k�l�_�f���[�_�a���^�_�f�i�n�b�j�h�\�Z�g�b�y ���d�j�b�\�Z�y�����������k���i�h��
�k�l�h�y�g�g�u�f�� �^�_�f�i�n�b�j�h�\�Z�g�b�_�f�����d�j�b�\�Z�y 2), �k�� �^�_�f�i�n�b�j�h�\�Z�g�b�_�f����

�b�a�f�_�g�y�_�f�u�f���i�h���a�Z�d�h�g�m  ���d�j�b�\�Z�y���������b���i�j�b���h�i�l�b�f�Z�e�v�g�h�f��
�b�a�f�_�g�_�g�b�b �^�_�f�i�n�b�j�h�\�Z�g�b�_�f ���d�j�b�\�Z�y������. 

�D�Z�d�� �i�h�d�Z�a�u�\�Z�x�l�� �b�k�k�e�_�^�h�\�Z�g�b�y���� �i�j�b�� �h�i�l�b�f�Z�e�v�g�h�f��
�m�i�j�Z�\�e�_�g�b�b�� �^�_�f�i�n�b�j�h�\�Z�g�b�_�f�� �f�Z�d�k�b�f�Z�e�v�g�u�_�� �a�g�Z�q�_�g�b�y�� �i�_��
�j�_�f�_�s�_�g�b�c���i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u���a�g�Z�q�b�l�_�e�v�g�h���k�g�b�`�Z�x�l�k�y��
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�\�h�� �\�k�_�c�� �h�[�e�Z�k�l�b�� �q�Z�k�l�h�l�� ���j�b�k����7������ �H�^�g�Z�d�h�� �\�_�e�b�q�b�g�Z���f�Z�d�k�b��
�f�Z�e�v�g�h�]�h�� �m�k�d�h�j�_�g�b�y�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c�� �f�Z�k�k�u�� �k�m�s�_�k�l�\�_�g�g�h��
�g�b�`�_���e�b�r�v���\���a�h�g�_���j�_�a�h�g�Z�g�k�Z�����j�b�k�� 8). 

 
�J�b�k����4�����H�k�p�b�e�e�h�]�j�Z�f�f�Z���j�_�a�h�g�Z�g�k�g�u�o���d�h�e�_�[�Z�g�b�c���h�^�g�h�f�Z�k��

�k�h�\�h�c �d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b�k�l�_�f�u���k���h�i�l�b�f�Z�e�v�g�u�f���j�_�]�m�e�b�j�h�\�Z��
�g�b�_�f���^�_�f�i�n�b�j�h�\�Z�g�b�y���������± �i�_�j�_�f�_�s�_�g�b�_���\�h�a�f�m�s�Z�x�s�_�]�h��

�h�k�g�h�\�Z�g�b�y��q���������������b�������± �i�_�j�_�f�_�s�_�g�b�_��z�����k�d�h�j�h�k�l�v�� �b���m�k�d�h��
�j�_�g�b�_�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u�����:���b���;���± �a�h�g�u���h�l�d�e�x�q�_�g�b�y��

�^�_�f�i�n�b�j�h�\�Z�g�b�y 

 
�J�b�k����5�����H�k�p�b�e�e�h�]�j�Z�f�f�Z���j�_�a�h�g�Z�g�k�g�u�o���d�h�e�_�[�Z�g�b�c���h�^�g�h�f�Z�k��

�k�h�\�h�c���d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b�k�l�_�f�u���k���i�_�j�_�j�_�]�m�e�b�j�h�\�Z�g�b�_�f��
�^�_�f�i�n�b�j�h�\�Z�g�b�y���������± �i�_�j�_�f�_�s�_�g�b�_���\�h�a�f�m�s�Z�x�s�_�]�h���h�k�g�h�\�Z��
�g�b�y��q���������������b�������± �i�_�j�_�f�_�s�_�g�b�_��z�����k�d�h�j�h�k�l�v�� �b���m�k�d�h�j�_�g�b�_�� 

�i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u��  5 �± �m�q�Z�k�l�d�b���i�_�j�_�j�_�]�m�e�b�j�h�\�Z�g�b�y 

 
�J�b�k����6�����M�i�j�m�]�h�^�_�f�i�n�b�j�m�x�s�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�����j�Z�[�h�q�b�_��

�^�b�Z�]�j�Z�f�f�u�����h�^�g�h�f�Z�k�k�h�\�h�c���d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b�k�l�_�f�u���\���j�_�a�h��
�g�Z�g�k�_�����Z���± �[�_�a���m�i�j�Z�\�e�_�g�b�y���^�_�f�i�n�b�j�h�\�Z�g�b�_�f���i�j�b���\  = 0,45; 
�[���± �k���h�i�l�b�f�Z�e�v�g�u�f���m�i�j�Z�\�e�_�g�b�_�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f���i�j�b���j�_��

�a�h�g�Z�g�k�g�h�c���q�Z�k�l�h�l�_ ���� = 1) 

 
�J�b�k����7�����O�Z�j�Z�d�l�_�j�b�k�l�b�d�b���h�^�g�h�f�Z�k�k�h�\�h�c���d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b��
�k�l�_�f�u���i�j�b���]�Z�j�f�h�g�b�q�_�k�d�h�f���d�b�g�_�f�Z�l�b�q�_�k�d�h�f���\�h�a�f�m�s�_�g�b�b������

1, 2, 3 �± �Z�f�i�e�b�l�m�^�g�h-�q�Z�k�l�h�l�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���i�_�j�_�f�_�s�_��
�g�b�c���k�b�k�l�_�f�����[�_�a���^�_�f�i�n�b�j�h�\�Z�g�b�y�����k���i�h�k�l�h�y�g�g�u�f���^�_�f�i�n�b�j�h��
�\�Z�g�b�_�f�����k���h�i�l�b�f�Z�e�v�g�u�f���m�i�j�Z�\�e�_�g�b�_�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f���k�h��

�h�l�\�_�l�k�l�\�_�g�g�h���������± �a�Z�\�b�k�b�f�h�k�l�v��  �i�j�b���h�i�l�b�f�Z�e�v�g�h�f��
�m�i�j�Z�\�e�_�g�b�b���^�_�f�i�n�b�j�h�\�Z�g�b�_�f 

 
�J�b�k����8�����:�f�i�e�b�l�m�^�g�h-�q�Z�k�l�h�l�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���m�k�d�h�j�_�g�b�c��
�k�b�k�l�_�f���������± �[�_�a���^�_�f�i�n�b�j�h�\�Z�g�b�y���������± �k���i�h�k�l�h�y�g�g�u�f���^�_�f�i�n�b��
�j�h�\�Z�g�b�_�f���������± �k���^�_�f�i�n�b�j�h�\�Z�g�b�_�f�����b�a�f�_�g�y�_�f�u�f���i�h���a�Z�d�h�g�m������

���j�b�k����7�����[�_�a���h�i�l�b�f�Z�e�v�g�h�]�h���j�_�]�m�e�b�j�h�\�Z�g�b�y���������± �i�j�b���h�i�l�b��
�f�Z�e�v�g�h�f���m�i�j�Z�\�e�_�g�b�b���^�_�f�i�n�b�j�h�\�Z�g�b�_�f 

�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y�� �i�j�h�\�_�j�d�Z �h�i�l�b�f�Z�e�v�g�h�]�h�� �f�]�g�h�\�_�g��
�g�h�]�h �j�_�]�m�e�b�j�h�\�Z�g�b�y�� �^�_�f�i�n�b�j�h�\�Z�g�b�y �[�u�e�Z �h�k�m�s�_�k�l�\�e�_�g�Z 
�Z�\�l�h�j�Z�f�b �g�Z�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�c���i�g�_�\�f�h�]�b�^�j�Z�\�e�b�q�_�k�d�h�c��
�j�_�k�k�h�j�_�� �\�� �d�h�l�h�j�h�c�� �^�_�f�i�n�b�j�h�\�Z�g�b�_�� �j�_�]�m�e�b�j�h�\�Z�e�h�k�v �[�u�k�l��
�j�h�^�_�c�k�l�\�m�x�s�b�f���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�f���d�e�Z�i�Z�g�h�f�����j�b�k�����������Z���� 

�K�o�_�f�Z���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�c���m�k�l�Z�g�h�\�d�b �g�Z���h�k�g�h�\�_���k�l�_�g�^�Z���^�e�y��
�b�k�i�u�l�Z�g�b�y���i�g�_�\�f�Z�l�b�q�_�k�d�b�o���r�b�g���b���m�i�j�m�]�b�o���w�e�_�f�_�g�l�h�\���l�j�Z�g�k��
�i�h�j�l�g�u�o���k�j�_�^�k�l�\ [29, 30] �k���w�e�_�d�l�j�b�q�_�k�d�h�c���k�o�_�f�h�c���m�i�j�Z-�\�e�_�g�b�y��
�w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�f���d�e�Z�i�Z�g�h�f���i�j�b�\�_�^�_�g�Z���g�Z���j�b�k����9, �[�� 

�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y�� �i�j�h�\�_�j�d�Z �h�i�l�b�f�Z�e�v�g�h�]�h�� �f�]�g�h�\�_�g��
�g�h�]�h �j�_�]�m�e�b�j�h�\�Z�g�b�y�� �^�_�f�i�n�b�j�h�\�Z�g�b�y���\�� �h�[�e�Z�k�l�b�� �j�_�a�h�g�Z�g�k�Z��
�i�h�d�Z�a�Z�e�Z���� �q�l�h�� �l�Z�d�h�_�� �j�_�]�m�e�b�j�h�\�Z�g�b�_�� �h�[�_�k�i�_�q�b�\�Z�_�l �a�g�Z�q�b��
�l�_�e�v�g�h�_ �m�f�_�g�v�r�_�g�b�_�� �Z�f�i�e�b�l�m�^�u�� �d�h�e�_�[�Z�g�b�c�� �i�h�^�j�_�k�k�h�j�_�g��
�g�h�c���f�Z�k�k�u�����f�_�g�v�r�_���Z�f�i�e�b�l�m�^�u���d�b�g�_�f�Z�l�b�q�_�k�d�h�]�h���\�h�a�f�m�s�_��
�g�b�y�������k�h�h�l�\�_�l�k�l�\�m�x�s�_�_���j�_�a�m�e�v�l�Z�l�Z�f���b�k�k�e�_�^�h�\�Z�g�b�y���f�Z�l�_�f�Z��
�l�b�q�_�k�d�h�c���f�h�^�_�e�b��  
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�J�b�k����9�����K�o�_�f�Z���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�c���i�g�_�\�f�h�]�b�^�j�Z�\�e�b�q�_�k�d�h�c��
�j�_�k�k�h�j�u���k���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�f���d�e�Z�i�Z�g�h�f���^�e�y���m�i�j�Z�\�e�_�g�b�y��

�^�_�f�i�n�b�j�h�\�Z�g�b�_�f���\���p�b�d�e�_���d�h�e�_�[�Z�g�b�c ���Z�����b���k�o�_�f�Z���m�k�l�Z�g�h�\�d�b��
�^�e�y���_�_���b�k�i�u�l�Z�g�b�c�����[��: 1 �± �i�h�^�j�_�k�k�h�j�_�g�g�Z�y���f�Z�k�k�Z�� 2 �± �\�h�a��

�f�m�s�Z�x�s�_�_���h�k�g�h�\�Z�g�b�_�� 3 �± �i�g�_�\�f�h�]�b�^�j�Z�\�e�b�q�_�k�d�Z�y���j�_�k�k�h�j�Z����
4 �± �r�l�h�d���j�_�k�k�h�j�u���� 5 �± �h�k�g�h�\�g�h�c���^�j�h�k�k�_�e�v�g�u�c���d�Z�g�Z�e���������± 
�^�h�i�h�e�g�b�l�_�e�v�g�u�c���^�j�h�k�k�_�e�v�g�u�c���d�Z�g�Z�e���������± �a�h�e�h�l�g�b�d���������± 

�h�k�v���������± �j�u�q�Z�]�����������± �w�e�_�d�l�j�h�f�Z�]�g�b�l�����������± �d�h�g�l�Z�d�l�����i�h�^�\�b�`��
�g�u�c���h�l�g�h�k�b�l�_�e�v�g�h���k�l�_�j�`�g�y�����������������± �d�h�g�l�Z�d�l�����i�h�^�\�b�`�g�u�c��
�h�l�g�h�k�b�l�_�e�v�g�h���k�l�_�j�`�g�y�������� 15, 16, 17, 18 �± �d�h�g�l�Z�d�l�u�����������± 

�b�k�l�h�q�g�b�d���i�b�l�Z�g�b�y 

�H�^�g�Z�d�h�� �m�q�Z�k�l�g�b�d�Z�f�b�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �[�u�e�h�� �h�l�f�_�q�_�g�h��
�g�Z�e�b�q�b�_���m�^�Z�j�h�\���b���r�m�f�Z���\���i�h�^�\�_�k�d�_���\���i�j�h�p�_�k�k�_���i�_�j�_�d�e�x�q�_��
�g�b�y���^�_�f�i�n�b�j�h�\�Z�g�b�y�� 

�B�K�K�E�?�>�H�<�:�G�B�?���<�B�;�J�H�A�:�S�B�L�G�U�O���K�<�H�C�K�L�<��
�>�<�M�O�F�:�K�K�H�<�H�C���D�H�E�?�;�:�L�?�E�V�G�H�C���K�B�K�L�?�F�U �I�J�B��
�H�I�L�B�F�:�E�V�G�H�F���F�=�G�H�<�?�G�G�H�F���J�?�=�M�E�B�J�H�<�:�G�B�B��

�>�?�F�I�N�B�J�H�<�:�G�B�Y���<���P�B�D�E�?���D�H�E�?�;�:�G�B�C 

�J�Z�k�k�f�h�l�j�b�f �i�j�b�g�p�b�i�� �h�i�l�b�f�Z�e�v�g�h�]�h�� �j�_�]�m�e�b�j�h�\�Z�g�b�y��
�^�_�f�i�n�b�j�h�\�Z�g�b�y���i�j�b���f�]�g�h�\�_�g�g�h�f���i�_�j�_�d�e�x�q�_�g�b�b���\���^�\�m�o�f�Z�k��
�k�h�\�h�c���d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b�k�l�_�f�_�����j�b�k����10). 

 

 
�J�b�k����10�����K�o�_�f�Z���^�\�m�o�f�Z�k�k�h�\�h�c �h�^�g�h�h�i�h�j�g�h�c���\�b�[�j�h�a�Z�s�b�l��

�g�h�c���k�b�k�l�_�f�u �k���j�_�]�m�e�b�j�m�_�f�u�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f: m1 �± 
�i�h�^�j�_�k�k�h�j�_�g�g�Z�y���f�Z�k�k�Z����m2 �± �g�_�i�h�^�j�_�k�k�h�j�_�g�g�Z�y���f�Z�k�k�Z�����k1 �± 
�`�_�k�l�d�h�k�l�v���m�i�j�m�]�h�]�h���w�e�_�f�_�g�l�Z�����j�_�k�k�h�j�u������k(t) �± �d�h�w�n�n�b�p�b��
�_�g�l���^�_�f�i�n�b�j�h�\�Z�g�b�y �Z�f�h�j�l�b�a�Z�l�h�j�Z; �k2 �± �`�_�k�l�d�h�k�l�v���r�b�g�u; q 

�± �d�b�g�_�f�Z�l�b�q�_�k�d�h�_���\�h�a�f�m�s�_�g�b�_����z1 �± �i�_�j�_�f�_�s�_�g�b�_���i�h�^�j�_�k��
�k�h�j�_�g�g�h�c���f�Z�k�k�u���� z2 �± �i�_�j�_�f�_�s�_�g�b�_���g�_�i�h�^�j�_�k�k�h�j�_�g�g�h�c��

�f�Z�k�k�u 

�F�Z�l�_�f�Z�l�b�q�_�k�d�m�x�� �f�h�^�_�e�v���^�\�m�o�f�Z�k�k�h�\�h�c�� �d�h�e�_�[�Z�l�_�e�v�g�h�c��
�k�b�k�l�_�f�u���i�j�b���h�i�l�b�f�Z�e�v�g�h�f���f�]�g�h�\�_�g�g�h�f���h�l�d�e�x�q�_�g�b�b���^�_�f�i��
�n�b�j�h�\�Z�g�b�y���f�h�`�g�h���i�j�_�^�k�l�Z�\�b�l�v���k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f���� 

  (4) 

�]�^�_��u �± �m�i�j�Z�\�e�y�x�s�b�c���i�Z�j�Z�f�_�l�j�� 

  (5) 

�=�j�Z�n�b�d�b�����i�h�e�m�q�_�g�g�u�_���\���i�j�h�p�_�k�k�_���b�k�k�e�_�^�h�\�Z�g�b�y���^�Z�g�g�h�c��
�f�h�^�_�e�b�����i�j�b�\�_�^�_�g�u���g�Z���j�b�k��������-14. 

 
�J�b�k����11�����H�k�p�b�e�e�h�]�j�Z�f�f�Z���j�_�a�h�g�Z�g�k�g�u�o���d�h�e�_�[�Z�g�b�c���^�\�m�o�f�Z�k��
�k�h�\�h�c �d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b�k�l�_�f�u���k���h�i�l�b�f�Z�e�v�g�u�f���j�_�]�m�e�b�j�h�\�Z��

�g�b�_�f���^�_�f�i�n�b�j�h�\�Z�g�b�y���������± �i�_�j�_�f�_�s�_�g�b�_���\�h�a�f�m�s�Z�x�s�_�]�h��
�h�k�g�h�\�Z�g�b�y��q; 2 �b 3 �± �i�_�j�_�f�_�s�_�g�b�_�� �b���m�k�d�h�j�_�g�b�_�� 

�i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u; 4 �± �i�_�j�_�f�_�s�_�g�b�_�� �g�_�i�h�^�j�_�k�k�h��
�j�_�g�g�h�c���f�Z�k�k�u 

 
�J�b�k����12�����M�i�j�m�]�h�^�_�f�i�n�b�j�m�x�s�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�����j�Z�[�h�q�b�_��
�^�b�Z�]�j�Z�f�f�u�����^�\�m�o�f�Z�k�k�h�\�h�c���d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b�k�l�_�f�u���\���j�_�a�h��
�g�Z�g�k�_�����Z���± �[�_�a���m�i�j�Z�\�e�_�g�b�y���^�_�f�i�n�b�j�h�\�Z�g�b�_�f���i�j�b���\  = 0,45 �\��
�j�_�a�h�g�Z�g�k�_�������[���± �k���h�i�l�b�f�Z�e�v�g�u�f���m�i�j�Z�\�e�_�g�b�_�f���^�_�f�i�n�b�j�h�\�Z��
�g�b�_�f���i�j�b���j�_�a�h�g�Z�g�k�g�h�c���q�Z�k�l�h�l�_��������� ��1); �\���± �k���h�i�l�b�f�Z�e�v�g�u�f��

�m�i�j�Z�\�e�_�g�b�_�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f���i�j�b���h�l�g�h�k�b�l�_�e�v�g�h�c���q�Z�k�l�h�l�_��
�\�h�a�f�m�s�_�g�b�y������� ��1,5 

�<���j�_�a�m�e�v�l�Z�l�_���Z�g�Z�e�b�a�Z���^�Z�g�g�h�c���f�h�^�_�e�b���\�u�y�\�e�_�g�h�����q�l�h���b�k��
�i�h�e�v�a�h�\�Z�g�b�_�� �h�i�l�b�f�Z�e�v�g�h�]�h���f�]�g�h�\�_�g�g�h�]�h���i�_�j�_�d�e�x�q�_�g�b�y 
�^�_�f�i�n�b�j�h�\�Z�g�b�y�� �\�� �^�\�m�o�f�Z�k�k�h�\�h�c�� �d�h�e�_�[�Z�l�_�e�v�g�h�c�� �k�b�k�l�_�f�_��

 

 

 

 
  �Z     �[        �\ 
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�i�j�b�\�h�^�b�l���d���k�m�s�_�k�l�\�_�g�g�h�f�m���k�g�b�`�_�g�b�x���Z�f�i�e�b�l�m�^���i�_�j�_�f�_�s�_��
�g�b�c���i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u�����j�b�k������3�����d�j�b�\�Z�y�����������h�^�g�Z�d�h���\�u��
�a�u�\�Z�_�l���a�g�Z�q�b�l�_�e�v�g�u�c���j�h�k�l �d�h�e�_�[�Z�g�b�c �d�h�e�_�k�����j�b�k������3�����d�j�b�\�Z�y��
2) �b���k�m�s�_�k�l�\�_�g�g�h�_ �m�\�_�e�b�q�_�g�b�_���m�k�d�h�j�_�g�b�c���i�h�^�j�_�k�k�h�j�_�g�g�h�c��
�f�Z�k�k�u���\�� �h�[�e�Z�k�l�b�� �\�l�h�j�h�]�h�� �j�_�a�h�g�Z�g�k�Z�� ���j�b�k���� ��4���� �d�j�b�\�Z�y��3)���� �Z��
�l�Z�d�`�_ �a�Z�^�Z�_�l���k�e�h�`�g�u�c���o�Z�j�Z�d�l�_�j���b�a�f�_�g�_�g�b�y���m�k�d�h�j�_�g�b�c�����j�b�k����
11), �h�[�m�k�e�h�\�e�_�g�g�u�c�� �j�_�Z�d�p�b�_�c���d�Z�d�� �i�h�^�j�_�k�k�h�j�_�g�g�h�c���� �l�Z�d�� �b��
�g�_�i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u���g�Z���f�]�g�h�\�_�g�g�u�_���b�a�f�_�g�_�g�b�y���m�j�h�\�g�y��
�^�_�f�i�n�b�j�h�\�Z�g�b�y���� �\ �j�_�a�m�e�v�l�Z�l�_���q�_�]�h �m�i�j�m�]�h�^�_�f�i�n�b�j�m�x�s�b�_��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �l�Z�d�h�c�� �k�b�k�l�_�f�u���b�f�_�x�l�� �n�h�j�f�m�� �[�Z�[�h�q�d�b�� �k��
�i�h�^�j�_�a�Z�g�g�u�f�b���d�j�u�e�v�y�f�b�����j�b�k������2). 

  
�J�b�k����13�����O�Z�j�Z�d�l�_�j�b�k�l�b�d�b���^�\�m�o�f�Z�k�k�h�\�h�c���d�h�e�_�[�Z�l�_�e�v�g�h�c���k�b��
�k�l�_�f�u���i�j�b���]�Z�j�f�h�g�b�q�_�k�d�h�f���d�b�g�_�f�Z�l�b�q�_�k�d�h�f���\�h�a�f�m�s�_�g�b�b����

1, 2, 3 �± �Z�f�i�e�b�l�m�^�g�h-�q�Z�k�l�h�l�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���i�_�j�_�f�_�s�_��
�g�b�c���i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u���k�b�k�l�_�f�����[�_�a���^�_�f�i�n�b�j�h�\�Z�g�b�y�����k��
�i�h�k�l�h�y�g�g�u�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f�����k���h�i�l�b�f�Z�e�v�g�u�f���m�i�j�Z�\�e�_��
�g�b�_�f���^�_�f�i�n�b�j�h�\�Z�g�b�_�f���k�h�h�l�\�_�l�k�l�\�_�g�g�h����4, 5, 6 �± �Z�f�i�e�b��

�l�m�^�g�h-�q�Z�k�l�h�l�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���i�_�j�_�f�_�s�_�g�b�c���i�h�^�j�_�k�k�h��
�j�_�g�g�h�c���f�Z�k�k�u���k�b�k�l�_�f�����[�_�a���^�_�f�i�n�b�j�h�\�Z�g�b�y�����k���i�h�k�l�h�y�g�g�u�f��

�^�_�f�i�n�b�j�h�\�Z�g�b�_�f�����k���h�i�l�b�f�Z�e�v�g�u�f���m�i�j�Z�\�e�_�g�b�_�f���^�_�f�i�n�b�j�h��

�\�Z�g�b�_�f���k�h�h�l�\�_�l�k�l�\�_�g�g�h����7 �± �a�Z�\�b�k�b�f�h�k�l�v��  �i�j�b���h�i��
�l�b�f�Z�e�v�g�h�f���m�i�j�Z�\�e�_�g�b�b���^�_�f�i�n�b�j�h�\�Z�g�b�_�f 

 
�J�b�k����14�����:�f�i�e�b�l�m�^�g�h-�q�Z�k�l�h�l�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���m�k�d�h�j�_��
�g�b�c���i�h�^�j�_�k�k�h�j�_�g�g�h�c���f�Z�k�k�u�� �\���^�\�m�o�f�Z�k�k�h�\�h�c���d�h�e�_�[�Z�l�_�e�v��
�g�h�c���k�b�k�l�_�f�_: 1 �± �[�_�a���^�_�f�i�n�b�j�h�\�Z�g�b�y�� 2 �± �k���i�h�k�l�h�y�g�g�u�f��

�^�_�f�i�n�b�j�h�\�Z�g�b�_�f���������± �i�j�b���h�i�l�b�f�Z�e�v�g�h�f���m�i�j�Z�\�e�_�g�b�b���^�_�f�i��
�n�b�j�h�\�Z�g�b�_�f 

�A�:�D�E�X�Q�?�G�B�?�����<�U�<�H�>�U) 

1. �H�i�l�b�f�Z�e�v�g�h�_�� �f�]�g�h�\�_�g�g�h�_���j�_�]�m�e�b�j�h�\�Z�g�b�_��
�^�_�f�i�n�b�j�h�\�Z�g�b�y�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �k�m�s�_�k�l�\�_�g�g�h�_�� �k�g�b�`�_�g�b�_��
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Abstract. The article is dedicated to the study of anti-vibration 
properties of vehicle suspension at optimal instantaneous damping 
control in oscillation cycle. These suspensions in foreign literature 
�D�U�H���F�D�O�O�H�G���³�V�H�P�L-�D�F�W�L�Y�H���F�R�Q�W�U�R�O���V�X�V�S�H�Q�V�L�R�Q�V�´�������+�R�Z�H�Y�H�U�����L�W�V���Y�L�E�Ua-
tion isolation properties have not been thoroughly analyzed. This 
article presents the results of theoretical and experimental study 
of vibration isolation properties of one- and two-mass oscillatory 
systems simulating a suspension at optimal instantaneous damping 

control in oscillation cycle. The results proved that optimal instan-
taneous damping control does not improve vibration isolation 
properties in response to shocks and noise in the suspension, thus 
setting a problem of searching and studying the ways of a smooth 
damping change in oscillation cycle. 
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�j�Z�l�g�u�c�� �d�e�Z�i�Z�g�����h�l�d�j�u�l�u�c�� �g�Z �o�h�^�_���k�`�Z�l�b�y�����J�Z�[�h�q�b�c���h�[�t�_�f��
�J�D�H�� �i�h�^�� �k�l�Z�l�b�q�_�k�d�h�c�� �g�Z�]�j�m�a�d�h�c�� �k�h�k�l�Z�\�e�y�e�� ������ �e���� �Z�� �h�[�t�_�f��
�i�h�j�r�g�y���± ���������e�����D�j�h�f�_���l�h�]�h�����i�h�e�h�k�l�v���J�D�H���f�h�`�g�h���k�h�_�^�b�g�y�l�v��
�i�h�k�j�_�^�k�l�\�h�f�� �r�e�Z�g�]�Z�� �k�� �j�_�k�b�\�_�j�h�f���� �h�[�t�_�f�h�f�� ������ �e���� �>�b�Z�f�_�l�j��
�k�_�q�_�g�b�y���r�e�Z�g�]�Z���± �������f�f�� 

�B�k�i�u�l�Z�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v�� �g�Z�� �^�b�g�Z�f�b�q�_�k�d�h�f�� �k�l�_�g�^�_�� �d�Z��
�n�_�^�j�u���©�:�\�l�h�f�Z�l�b�q�_�k�d�b�_���m�k�l�Z�g�h�\�d�b�ª���<�h�e�]�=�L�M�����j�Z�a�j�Z�[�h�l�Z�g��
�g�h�f�� �k�h�\�f�_�k�l�g�h�� �k�� �d�h�f�i�Z�g�b�y�f�b�� �%�,�6�6-�,�7�:�� ���B�g�^�b�y���� �b�� �H�H�H��
�³�B�k�i�u�l�Z�l�_�e�v�g�u�_�� �k�l�_�g�^�u�´�� ���J�h�k�k�b�y������ �H�k�g�h�\�g�u�f�b�� �k�b�e�h�\�u�f�b��
�w�e�_�f�_�g�l�Z�f�b�� �k�l�_�g�^�Z�� �y�\�e�y�x�l�k�y�� �]�h�j�b�a�h�g�l�Z�e�v�g�h�_�� �h�i�h�j�g�h�_�� �h�k��
�g�h�\�Z�g�b�_���� �]�b�^�j�h�i�m�e�v�k�Z�l�h�j���� �\�_�j�l�b�d�Z�e�v�g�Z�y�� �g�Z�i�j�Z�\�e�y�x�s�Z�y��
�k�l�h�c�d�Z�� �k�� �i�h�^�\�b�`�g�h�c�� �j�Z�f�h�c�� �b�� �]�j�m�a�Z�f�b���� �b�f�b�l�b�j�m�x�s�b�f�b��
�i�h�^�j�_�k�k�h�j�_�g�g�m�x�� �f�Z�k�k�m���� �e�_�[�_�^�d�Z���� �D�j�h�f�_�� �l�h�]�h���� �\�� �k�h�k�l�Z�\��
�k�l�_�g�^�Z���\�o�h�^�y�l�����g�Z�k�h�k�g�Z�y���k�l�Z�g�p�b�y���k���j�Z�^�b�Z�l�h�j�h�f���b���k�_�j�\�h�]�b�^��
�j�h�d�e�Z�i�Z�g�Z�f�b���� �k�l�h�c�d�Z�� �[�e�h�d�Z�� �w�e�_�d�l�j�h�g�g�h�]�h�� �m�i�j�Z�\�e�_�g�b�y�� �j�_��
�`�b�f�Z�f�b���j�Z�[�h�l�u���k�l�_�g�^�Z���b���a�Z�i�b�k�b���j�_�]�b�k�l�j�b�j�m�_�f�u�o���i�Z�j�Z�f�_�l��
�j�h�\�����>�Z�g�g�u�c���k�l�_�g�^���i�h�a�\�h�e�y�_�l���b�k�i�u�l�u�\�Z�l�v���j�Z�a�g�u�_���l�b�i�u���i�h�^��
�\�_�k�h�d�� �\�� �r�b�j�h�d�h�f�� �^�b�Z�i�Z�a�h�g�_�� �k�b�e�h�\�h�]�h�� �b�� �d�b�g�_�f�Z�l�b�q�_�k�d�h�]�h��
�g�Z�]�j�m�`�_�g�b�y���� 

�I�j�b�� �b�k�i�u�l�Z�g�b�y�o�� �a�Z�^�Z�\�Z�e�b�k�v�� �k�e�_�^�m�x�s�b�_�� �i�Z�j�Z�f�_�l�j�u�� �b��
�j�_�`�b�f�u���g�Z�]�j�m�`�_�g�b�y�����I�F���± ���������d�]�����G�I�F���± ���������d�]�����^�Z�\�e�_�g�b�_��
�\���I�J���± �����������F�I�Z�����\�u�k�h�l�Z���I�J���i�h�^���k�l�Z�l�b�q�_�k�d�h�c���g�Z�]�j�m�a�d�h�c���± 
�������� �f�f���� �\�_�e�b�q�b�g�Z�� �l�h�e�q�d�Z�� �]�b�^�j�h�i�m�e�v�k�Z�l�h�j�Z�� �\�\�_�j�o�� �b�� �\�g�b�a���± 
���������f�f�����Z�f�i�e�b�l�m�^�Z���]�Z�j�f�h�g�b�q�_�k�d�b�o���d�h�e�_�[�Z�g�b�c���]�b�^�j�h�i�m�e�v�k�Z��
�l�h�j�Z���± �������f�f�����B�k�i�u�l�Z�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v���\�� �e�Z�[�h�j�Z�l�h�j�b�b�� �i�j�b��
�l�_�f�i�_�j�Z�l�m�j�_�� �����«�������h�K�� �[�_�a�� �i�j�b�f�_�g�_�g�b�y�� �i�j�b�g�m�^�b�l�_�e�v�g�h�]�h��
�h�[�^�m�\�Z���I�J���\�h�a�^�m�o�h�f���^�e�y���h�o�e�Z�`�^�_�g�b�y�� �J�_�a�m�e�v�l�Z�l�u���b�k�i�u�l�Z��
�g�b�c���i�h�d�Z�a�Z�g�u���g�Z���j�b�k���������������b������ 

�J�?�A�M�E�V�L�:�L�U���K�L�?�G�>�H�<�U�O���B�K�I�U�L�:�G�B�C�� 

�B�a���j�b�k�����������Z�����\�b�^�g�h�����q�l�h���i�j�b���m�\�_�e�b�q�_�g�b�b���j�Z�[�h�q�_�]�h���h�[�t��
�_�f�Z���I�J���k���������^�h�������������e���`�_�k�l�d�h�k�l�v���i�h�^�\�_�k�d�b���j�_�a�d�h���m�f�_�g�v�r�Z��
�_�l�k�y���� �B�a�� �j�b�k���� ���� ���[���� �k�e�_�^�m�_�l���� �q�l�h�� �m�k�b�e�b�_�� �=�:���g�Z�� �o�h�^�_�� �h�l�[�h�y��
�a�g�Z�q�b�l�_�e�v�g�h���[�h�e�v�r�_�����q�_�f���g�Z���o�h�^�_���k�`�Z�l�b�y��  

�G�Z�� �j�b�k���� ���� ���Z���� �a�h�g�u�� �g�Z�b�[�h�e�v�r�_�]�h�� �g�Z�]�j�_�\�Z�� �i�h�\�_�j�o�g�h�k�l�_�c��
�w�e�_�f�_�g�l�h�\���I�J���i�h�d�Z�a�Z�g�u���[�h�e�_�_���y�j�d�b�f���p�\�_�l�h�f�����B�a���j�b�k�����������[����
�k�e�_�^�m�_�l�����q�l�h���g�Z�b�[�h�e�_�_���\�u�k�h�d�Z�y���f�Z�d�k�b�f�Z�e�v�g�Z�y���l�_�f�i�_�j�Z�l�m�j�Z��
�g�Z�]�j�_�\�Z���I�J���^�h�k�l�b�]�Z�_�l�k�y���i�j�b���m�k�l�Z�g�h�\�d�_���\���i�h�j�r�g�_���^�j�h�k�k�_�e�y���k��
�h�[�j�Z�l�g�u�f���d�e�Z�i�Z�g�h�f�����I�j�b���w�l�h�f���f�Z�d�k�b�f�Z�e�v�g�Z�y���l�_�f�i�_�j�Z�l�m�j�Z��
�g�Z�]�j�_�\�Z���i�h�j�r�g�y�����d�j�b�\�u�_���������\�u�r�_�����q�_�f���J�D�H�����d�j�b�\�u�_�����������I�j�b��
�m�\�_�e�b�q�_�g�b�b�� �j�Z�[�h�q�_�]�h�� �h�[�t�_�f�Z�� �I�J�� �k�� ���������� �^�h�� ���������� �e�� �b�� �m�k�l�Z��
�g�h�\�d�_�� �\�� �i�h�j�r�g�_�� �^�j�h�k�k�_�e�y�� �k�� �h�[�j�Z�l�g�u�f�� �d�e�Z�i�Z�g�h�f�� �l�_�f�i�_�j�Z��
�l�m�j�Z �g�Z�]�j�_�\�Z�� �i�h�j�r�g�y�� �k�g�b�`�Z�_�l�k�y�� �k�� �������� �^�h�� ���������h�K���� �k�j�_�^�g�_�c��
�q�Z�k�l�b���J�D�H���± �k�����������^�h�����������h�K�����Z���i�h�y�k�Z���a�Z�\�h�j�h�l�Z���J�D�H���± �k������������
�^�h�������������h�K�����l�h���_�k�l�v���\���������«�����j�Z�a�Z�����j�b�k�����������[).
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�J�b�k�����������W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���m�k�l�Z�g�h�\�d�Z���^�e�y���k�l�_�g�^�h�\�u�o���b�k�i�u�l�Z�g�b�c���i�g�_�\�f�h�j�_�k�k�h�j�u���k���\�h�a�^�m�r�g�u�f���^�_�f�i�n�_�j�h�f���b���]�b�^�j�h�Z�f�h�j�l�b��
�a�Z�l�h�j�h�f�����Z���±  �h�[�s�b�c���\�b�^�����[���± �d�h�g�k�l�j�m�d�p�b�y���i�g�_�\�f�h�j�_�k�k�h�j�u����1 �± �]�b�^�j�h�i�m�e�v�k�Z�l�h�j���������± �^�Z�l�q�b�d���k�b�e�u���������± �h�i�h�j�g�Z�y���l�Z�j�_�e�d�Z���]�b�^��
�j�h�i�m�e�v�k�Z�l�h�j�Z; 4 �± �J�D�H���I�J���������± �\�_�j�o�g�y�y���d�j�u�r�d�Z���������± �i�h�e�u�c���i�h�j�r�_�g�v���I�J���������± �^�_�f�i�n�b�j�m�x�s�b�c���m�a�_�e���������± �g�Z�^�i�h�j�r�g�_�\�Z�y���i�h��
�e�h�k�l�v���������± �i�h�j�r�g�_�\�Z�y���i�h�e�h�k�l�v�����������± �^�j�h�k�k�_�e�v�����������± �h�[�j�Z�l�g�u�c���d�e�Z�i�Z�g�����������± �a�Z�i�j�Z�\�h�q�g�u�c���r�l�m�p�_�j�����������± �i�Z�l�j�m�[�h�d�����������± �l�j�Z��
�\�_�j�k�Z�����������± �i�h�^�j�_�k�k�h�j�_�g�g�Z�y���f�Z�k�k�Z�����������± �\�_�j�l�b�d�Z�e�v�g�u�_���g�Z�i�j�Z�\�e�y�x�s�b�_���k�l�_�g�^�Z�����������± �f�Z�g�h�f�_�l�j�����������± �r�e�Z�g�]�����������± �j�_�k�b�\�_�j����    

20 �± �=�:�����������± �^�Z�l�q�b�d���i�_�j�_�f�_�s�_�g�b�y���b���k�d�h�j�h�k�l�b�����������± �^�Z�l�q�b�d���i�h�e�h�`�_�g�b�y �]�b�^�j�h�i�m�e�v�k�Z�l�h�j�Z 

�J�b�k�����������O�Z�j�Z�d�l�_�j�b�k�l�b�d�b���w�e�_�f�_�g�l�h�\���b�k�i�u�l�m�_�f�h�c���i�h�^�\�_�k�d�b�����Z �± �m�i�j�m�]�b�_ �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���I�J���k���j�Z�a�g�u�f�b���j�Z�[�h�q�b�f�b���h�[�t�_�f�Z�f�b����
�[ �± �^�_�f�i�n�b�j�m�x�s�Z�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���=�:��KYB; 1 �± �������e����2 �± �����������e����3 �± �������e����4 �± �����������e
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�J�b�k�����������J�_�a�m�e�v�l�Z�l�u���l�_�j�f�h�]�j�Z�n�b�q�_�k�d�b�o���b�k�i�u�l�Z�g�b�c���I�J�����Z �± �l�_�j�f�h�]�j�Z�f�f�Z �I�J���k���j�Z�[�h�q�b�f���h�[�t�_�f�h�f�������������e�����k���^�j�h�k�k�_�e�_�f�������f�f���b��
�h�[�j�Z�l�g�u�f���d�e�Z�i�Z�g�h�f�����[ �± �d�j�b�\�u�_���g�Z�]�j�_�\�Z���I�J���i�j�b���j�Z�a�g�u�o���j�Z�[�h�q�b�o���h�[�t�_�f�Z�o���k���^�_�f�i�n�b�j�m�x�s�b�f���m�a�e�h�f �\���\�b�^�_ �^�j�h�k�k�_�e�y �b���h�[��

�j�Z�l�g�h�]�h �d�e�Z�i�Z�g�Z; 1, 2, 3 �±  �I�J���j�Z�[�h�q�b�f���h�[�t�_�f�h�f�������������e����4, 5, 6 �± �I�J���j�Z�[�h�q�b�f���h�[�t�_�f�h�f���± �����������e����1, 4 �± �g�Z�]�j�_�\���k�l�_�g�d�b��
�i�h�j�r�g�y����2, 5 �± �g�Z�]�j�_�\���i�h�\�_�j�o�g�h�k�l�b���k�j�_�^�g�_�c���q�Z�k�l�b���J�D�H����3, 6 �± �g�Z�]�j�_�\���i�h�y�k�Z���a�Z�\�h�j�h�l�Z���J�D�H 

�J�b�k�����������H�k�p�b�e�e�h�]�j�Z�f�f�u���k�\�h�[�h�^�g�u�o���a�Z�l�m�o�Z�x�s�b�o���d�h�e�_�[�Z�g�b�c���I�F���g�Z���i�g�_�\�f�h�j�_�k�k�h�j�_���k���j�Z�a�g�u�f�b���j�Z�[�h�q�b�f�b���h�[�t�_�f�Z�f�b���i�j�b���h�l�k�m�l��
�k�l�\�b�b���b���g�Z�e�b�q�b�b���]�b�^�j�Z�\�e�b�q�_�k�d�h�]�h���Z�f�h�j�l�b�a�Z�l�h�j�Z�����=�:�����b���\�h�a�^�m�r�g�h�]�h���^�_�f�i�n�_�j�Z�����<�>�������Z �± �i�h�k�e�_���l�h�e�q�d�Z���g�Z�����������f�f���\�\�_�j�o�����[ �± 
�i�h�k�e�_���l�h�e�q�d�Z���g�Z�����������f�f���\�g�b�a����1 �± �I�J���k���j�Z�[�h�q�b�f���h�[�t�_�f�h�f���������e����2 �± �I�J���k���j�Z�[�h�q�b�f���h�[�t�_�f�h�f�������������e����3 �± �I�J���k���j�Z�[�h�q�b�f���h�[�t�_�f�h�f��
�����������e���b���<�>����4 �± �I�J���k���j�Z�[�h�q�b�f���h�[�t�_�f�h�f�������������e�����<�>���b���=�:����5 �± �I�J���k���j�Z�[�h�q�b�f���h�[�t�_�f�h�f���������e����6 �± �I�J���k���j�Z�[�h�q�b�f���h�[�t�_�f�h�f�������������e����   

7 �± �I�J���k���j�Z�[�h�q�b�f���h�[�t�_�f�h�f�������������e���b���<�> 

�B�a���j�b�k�����������Z�����\�b�^�g�h�����q�l�h���i�h�k�e�_���l�h�e�q�d�Z���i�h�j�r�g�y���I�J���\�\�_�j�o��
�g�Z�����������f�f���m�\�_�e�b�q�_�g�b�_���j�Z�[�h�q�_�]�h���h�[�t�_�f�Z���k���������e�����d�j�b�\�Z�y���������^�h��
���������� �e�� ���d�j�b�\�Z�y�� ������ �m�f�_�g�v�r�Z�_�l�� �\�j�_�f�y�� �a�Z�l�m�o�Z�g�b�y�� �d�h�e�_�[�Z�g�b�c��
�I�F���k�������������^�h�����������k�����k�g�b�`�Z�_�l���k�h�[�k�l�\�_�g�g�m�x���q�Z�k�l�h�l�m���d�h�e�_�[�Z��
�g�b�c�� �I�J�� �k�� ���������� �^�h�� ���������� �=�p���� �W�l�h�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �i�h�\�u�r�_�g�b�x��
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Abstract. The article presents the results of bench tests of a sin-
gle-support suspension, including sprung and unsprung masses, 
pneumatic spring with a sleeve-type rubber-cord casing, air 
damper mounted in the piston of the air springs, receiver and hy-
draulic shock absorber. The article contains the following: elastic 
characteristics of air springs with different operating volumes, 
damping characteristics of the hydraulic shock absorber, oscillo-
grams of free damped oscillations of the sprung mass of 0.5 t after 
the push of the suspension from the bottom up and down by 100 

mm, amplitude-frequency characteristics of the swing of the 
sprung and unsprung masses at a harmonic kinematic disturbance 
with an amplitude of 12 mm. The maximum temperature and the 
time of reaching the steady-state temperature of the various sur-
faces of the air spring are determined with the help of a thermal 
imager. 

Keywords: air spring, air damper, hydraulic shock absorber 
bench tests, heating.
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�q�_�f�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �e�b�r�v�� �k�h�i�j�y�`�_�g�g�u�o�� �b�a�]�b�[�g�u�o�� �n�h�j�f����
�J�_�a�m�e�v�l�Z�l�u�� �w�l�h�c�� �j�Z�[�h�l�u�� �d�Z�q�_�k�l�\�_�g�g�h�� �k�h�]�e�Z�k�m�x�l�k�y�� �k�� �q�b�k��
�e�_�g�g�u�f�b���b�k�k�e�_�^�h�\�Z�g�b�y�f�b���>8�±12�@�����I�j�_�^�e�h�`�_�g�g�Z�y���f�Z�l�_�f�Z�l�b��
�q�_�k�d�Z�y�� �f�h�^�_�e�v�� �i�h�e�m�q�b�e�Z�� �k�\�h�_�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_�� �\�� �a�Z�^�Z�q�Z�o��
�^�b�g�Z�f�b�d�b�� �h�[�h�e�h�q�_�d�� �d�h�g�_�q�g�h�c�� �^�e�b�g�u���� �g�_�k�m�s�b�o�� �i�j�b�k�h�_�^�b��
�g�_�g�g�m�x���f�Z�k�k�m�����h�k�e�Z�[�e�_�g�g�u�o���h�l�\�_�j�k�l�b�_�f�����\���d�h�l�h�j�u�o���i�h�a�\�h��
�e�b�e�Z���m�k�l�j�Z�g�b�l�v���j�y�^���d�Z�q�_�k�l�\�_�g�g�u�o���i�j�h�l�b�\�h�j�_�q�b�c���b���m�k�l�Z�g�h��
�\�b�l�v���g�h�\�u�_���w�n�n�_�d�l�u���b���h�k�h�[�_�g�g�h�k�l�b���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���k�h�i�j�y��
�`�_�g�g�u�o�� �b�a�]�b�[�g�u�o�� �n�h�j�f�� �k�� �j�Z�^�b�Z�e�v�g�u�f�b�� �>13�@���� �J�_�a�m�e�v�l�Z�l�u��
�w�l�b�o���j�Z�[�h�l�� �o�h�j�h�r�h���k�h�]�e�Z�k�m�x�l�k�y���k���q�b�k�e�_�g�g�u�f�b���b�k�k�e�_�^�h�\�Z��
�g�b�y�f�b���� �\�� �d�h�l�h�j�u�o�� �l�Z�d�`�_�� �h�[�h�a�g�Z�q�_�g�u�� �i�j�h�l�b�\�h�j�_�q�b�y�� �b�� �i�h��
�]�j�_�r�g�h�k�l�b���Z�g�Z�e�b�l�b�q�_�k�d�b�o���j�_�r�_�g�b�c���� 

�G�Z�k�l�h�y�s�Z�y���j�Z�[�h�l�Z���y�\�e�y�_�l�k�y���i�j�h�^�h�e�`�_�g�b�_�f���b�k�k�e�_�^�h��
�\�Z�g�b�y���>14-15�@���\���l�h�f���i�e�Z�g�_�����q�l�h���i�h�e�m�q�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u �^�e�y��

�i�j�_�^�_�e�v�g�h�c���a�Z�^�Z�q�b���± �d�h�e�_�[�Z�g�b�c���b�a�h�e�b�j�h�\�Z�g�g�h�]�h�����]�_�h�f�_�l�j�b��
�q�_�k�d�b�� �g�_�k�h�\�_�j�r�_�g�g�h�]�h�� �d�h�e�v�p�Z���� �h�[�h�[�s�Z�x�l�k�y�� �g�Z�� �k�e�m�q�Z�c�� �d�h��
�e�_�[�Z�g�b�c���h�[�h�e�h�q�d�b���m�`�_���d�h�g�_�q�g�h�c���^�e�b�g�u�����b�f�_�x�s�_�c���g�Z�q�Z�e�v��
�g�u�_���h�l�d�e�h�g�_�g�b�y���h�l���b�^�_�Z�e�v�g�h�c���d�j�m�]�h�\�h�c���n�h�j�f�u���� 

�F�:�L�?�F�:�L�B�Q�?�K�D�:�Y �F�H�>�?�E�V 

�I�m�k�l�v���r�Z�j�g�b�j�g�h���h�i�_�j�l�Z�y���i�h���l�h�j�p�Z�f���d�j�m�]�h�\�Z�y���p�b�e�b�g��
�^�j�b�q�_�k�d�Z�y���h�[�h�e�h�q�d�Z���f�Z�k�k�h�c�������j�Z�^�b�m�k�h�f�������^�e�b�g�h�c�� �b��
�l�h�e�s�b�g�h�c�� �k�h�\�_�j�r�Z�_�l���f�Z�e�u�_���b�a�]�b�[�g�u�_���d�h�e�_�[�Z�g�b�y���\�[�e�b�a�b��
�a�h�g�u���h�k�g�h�\�g�h�]�h���j�_�a�h�g�Z�g�k�Z�� 

�E�b�g�_�Z�j�b�a�h�\�Z�g�g�u�_�� �m�j�Z�\�g�_�g�b�y�� �^�\�b�`�_�g�b�y���� �:�g�Z�e�b�a��
�h�k�g�h�\�u�\�Z�_�l�k�y�� �g�Z�� �b�a�\�_�k�l�g�u�o�� �m�j�Z�\�g�_�g�b�y�o�� �l�_�h�j�b�b�� �i�h�e�h�]�b�o��
�h�[�h�e�h�q�_�d���� �d�h�l�h�j�u�_�� �^�e�y�� �b�a�h�l�j�h�i�g�h�c�� �g�_�k�h�\�_�j�r�_�g�g�h�c�� �h�[�h��
�e�h�q�d�b���b�f�_�x�l���\�b�^���>15]: 

�� �� ��������
�<�� ��������  �p�b�e�b�g�^�j�b�q�_�k�d�Z�y�� �`�_�k�l�d�h�k�l�v�� 

�]�^�_��  �± �f�h�^�m�e�v���X�g�]�Z���� �± �d�h�w�n�n�b�p�b�_�g�l���I�m�Z�k�k�h�g�Z���� �± 
�[�b�]�Z�j�f�h�g�b�q�_�k�d�b�c���h�i�_�j�Z�l�h�j���E�Z�i�e�Z�k�Z����  �± �^�b�g�Z�f�b�q�_��

�k�d�b�c�� �i�j�h�]�b�[����  �n�m�g�d�p�b�y�� �g�Z�i�j�y�`�_�g�b�c�����± �f�Z�k�k�h��

�\�Z�y���i�e�h�l�g�h�k�l�v������ �± �\�j�_�f�y�� 
�<�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�_�� �f�Z�l�_�f�Z�l�b�q�_�k�d�Z�y�� �f�h�^�_�e�v���� �i�j�_�^�e�h��

�`�_�g�g�Z�y���^�e�y���[�h�e�_�_���i�j�h�k�l�h�c�����i�j�_�^�_�e�v�g�h�c�����a�Z�^�Z�q�b���d�h�e�_�[�Z�g�b�c��
�[�_�k�d�h�g�_�q�g�h���^�e�b�g�g�h�c���d�j�m�]�h�\�h�c���p�b�e�b�g�^�j�b�q�_�k�d�h�c���h�[�h�e�h�q�d�b���± 
�d�h�e�v�p�Z�����g�Z�o�h�^�y�s�_�]�h�k�y���\���m�k�e�h�\�b�y�o���i�e�h�k�d�h�c���^�_�n�h�j�f�Z�p�b�b���>3], 
�h�[�h�[�s�Z�_�l�k�y�� �g�Z�� �k�e�m�q�Z�c�� �d�h�e�_�[�Z�g�b�c�� �]�_�h�f�_�l�j�b�q�_�k�d�b�� �g�_�k�h�\�_�j��
�r�_�g�g�h�c���h�[�h�e�h�q�d�b���d�h�g�_�q�g�h�c���^�e�b�g�u�� 

�M�l�h�q�g�_�g�b�_�� �d�h�g�_�q�g�h�f�_�j�g�h�c�� �f�h�^�_�e�b�� �i�j�_�^�i�h�e�Z�]�Z�_�l���� �q�l�h��
�^�b�g�Z�f�b�q�_�k�d�Z�y���Z�k�b�f�f�_�l�j�b�y���m�`�_���\���e�b�g�_�c�g�h�c���i�h�k�l�Z�g�h�\�d�_���i�j�b��
�\�h�^�b�l�� �g�_�� �l�h�e�v�d�h�� �d�� �k�\�y�a�Z�g�g�h�k�l�b�� �k�h�i�j�y�`�_�g�g�u�o�� �b�a�]�b�[�g�u�o��
�n�h�j�f���� �g�h�� �b�� �d�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�x�� �g�b�a�d�h�q�Z�k�l�h�l�g�u�o�� �b�a�]�b�[�g�u�o��
�d�h�e�_�[�Z�g�b�c���h�[�h�e�h�q�d�b���k���\�u�k�h�d�h�q�Z�k�l�h�l�g�u�f�b���j�Z�^�b�Z�e�v�g�u�f�b���d�h��
�e�_�[�Z�g�b�y�f�b���� �>�b�g�Z�f�b�q�_�k�d�b�c�� �i�j�h�]�b�[�� �h�[�h�e�h�q�d�b�� �\�� �g�h�\�h�f�� �i�h�^��
�o�h�^�_���b�f�_�_�l���\�b�^���>3,16]:  

�� �� ��������

�©�B�k�k�e�_�^�h�\�Z�g�b�_���\�u�i�h�e�g�_�g�h���a�Z���k�q�_�l���]�j�Z�g�l�Z���J�h�k�k�b�c�k�d�h�]�h���g�Z�m�q�g�h�]�h���n�h�g�^�Z�����i�j�h�_�d�l���‹������-79-�������������ª 
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�\���d�h�l�h�j�h�f��  �b��  �h�[�h�[�s�_�g�g�u�_���d�h�h�j�^�b�g�Z�l�u�����^�h��
�i�h�e�g�b�l�_�e�v�g�h�� �\�\�_�^�_�g�g�Z�y�� �d�� �>1�@�� �h�[�h�[�s�_�g�g�Z�y�� �d�h�h�j�^�b�g�Z�l�Z��

 �h�l�\�_�q�Z�_�l���j�Z�^�b�Z�e�v�g�u�f���d�h�e�_�[�Z�g�b�y�f�� 

�B�a�\�_�k�l�g�h�����q�l�h���g�Z�b�[�h�e�v�r�_�_���\�e�b�y�g�b�_���g�Z���k�l�Z�l�b�q�_�k�d�b�_���b���^�b��
�g�Z�f�b�q�_�k�d�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �h�[�h�e�h�q�_�d�� �h�d�Z�a�u�\�Z�x�l�� �l�_��
�g�Z�q�Z�e�v�g�u�_�� �g�_�k�h�\�_�j�r�_�g�k�l�\�Z���� �d�h�l�h�j�u�_�� �b�f�_�x�l�� �l�Z�d�m�x���`�_��
�n�h�j�f�m���� �d�Z�d�� �b�� �i�j�h�]�b�[�u���� �\�h�a�g�b�d�Z�x�s�b�_�� �i�j�b�� �d�h�e�_�[�Z�g�b�y�o�� �b�e�b��
�i�h�l�_�j�_���m�k�l�h�c�q�b�\�h�k�l�b���h�[�h�e�h�q�_�d [1-2, 16�@�����I�h�w�l�h�f�m�����k���l�_�h�j�_��
�l�b�q�_�k�d�h�c���b���i�j�Z�d�l�b�q�_�k�d�h�c���k�l�h�j�h�g���w�l�h���k�e�m�q�Z�c���g�Z�b�[�h�e�_�_���b�g�l�_��
�j�_�k�_�g�� 

�I�m�k�l�v �h�[�h�e�h�q�d�Z �b�f�_�_�l���g�Z�q�Z�e�v�g�u�_���h�l�d�e�h�g�_�g�b�y���h�l���b�^�_�Z�e�v��
�g�h�c���d�j�m�]�h�\�h�c���n�h�j�f�u�����b�a�f�_�g�y�x�s�b�_�k�y���i�h���a�Z�d�h�g�m:   

,  (3) 

�]�^�_�� ; ;  �± �Z�f�i�e�b�l�m�^�Z���g�Z�q�Z�e�v��

�g�u�o���h�l�d�e�h�g�_�g�b�c���� �± �g�Z�q�Z�e�v�g�u�c���m�]�h�e���h�l�k�q�_�l�Z 

�K�H�;�K�L�<�?�G�G�U�? �Q�:�K�L�H�L�U 

�K�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �i�h�^�k�l�Z�g�h�\�d�b�� �b�� �h�j�l�h�]�h�g�Z�e�b�a�Z�p�b�y��
�m�j�Z�\�g�_�g�b�y���^�\�b�`�_�g�b�y�����������\���i�_�j�\�h�f���i�j�b�[�e�b�`�_�g�b�b���i�j�b�\�h�^�b�l���d��
�k�b�k�l�_�f�_���l�j�_�o���k�\�y�a�Z�g�g�u�o���^�b�g�Z�f�b�q�_�k�d�b�o�� �m�j�Z�\�g�_�g�b�c���h�l�g�h�k�b��
�l�_�e�v�g�h���[�_�a�j�Z�a�f�_�j�g�u�o���d�h�h�j�^�b�g�Z�l�� ( ): 

�� �� ��������
�]�^�_���l�h�q�d�Z�f�b���h�[�h�a�g�Z�q�_�g�h���^�b�n�n�_�j�_�g�p�b�j�h�\�Z�g�b�_���i�h���[�_�a�j�Z�a�f�_�j��

�g�h�f�m���\�j�_�f�_�g�b��  ( �± �k�h�[�k�l�\�_�g�g�Z�y���q�Z�k�l�h�l�Z������ 
�D�\�Z�^�j�Z�l�u���[�_�a�j�Z�a�f�_�j�g�u�o���q�Z�k�l�h�l�����k�h�h�l�\�_�l�k�l�\�m�x�s�b�_��

�b�a�]�b�[�g�u�f�� �b�� �j�Z�^�b�Z�e�v�g�u�f�� �n�h�j�f�Z�f�� �d�h�e�_�[�Z�g�b�c�� �d�j�m�]�h�\�h�c�� �p�b��
�e�b�g�^�j�b�q�_�k�d�h�c���h�[�h�e�h�q�d�b�����h�i�j�_�^�_�e�y�x�l�k�y���i�h���n�h�j�f�m�e�Z�f���� 

�� ��

�Q�B�K�E�?�G�G�H�? �J�?�R�?�G�B�? 

�J�Z�k�k�f�h�l�j�b�f�� �h�[�h�e�h�q�d�m�� �k�h���k�e�_�^�m�x�s�b�f�b�� �]�_�h�f�_�l�j�b�q�_��
�k�d�b�f�b�� �b�� �n�b�a�b�q�_�k�d�b�f�b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b����; 

; ; ; ; 
���� �F�b�g�b�f�Z�e�v�g�h�c�� �q�Z�k�l�h�l�_�� �k�i�_�d�l�j�Z�� �h�[�h�e�h�q�d�b�� �k�� �l�Z�d�b�f�b��

�i�Z�j�Z�f�_�l�j�Z�f�b�� �k�h�h�l�\�_�l�k�l�\�m�_�l������ �I�m�k�l�v�� �h�[�h�e�h�q�d�Z��

�b�f�_�_�l���g�Z�q�Z�e�v�g�u�_���g�_�i�j�Z�\�b�e�v�g�h�k�l�b���n�h�j�f�u�������b�a�f�_�g�y�x��
�s�b�_�k�y�� �i�h���a�Z�d�h�g�m����3�����b���q�b�k�e�h���\�h�e�g���g�_�k�h�\�_�j�r�_�g�k�l�\���± . 
�J�_�a�m�e�v�l�Z�l�u�� �j�Z�k�q�_�l�Z�� �k�\�_�^�_�g�u�� �g�Z�� �]�j�Z�n�b�d���� �j�b�k����1���� �K�i�e�h�r�g�h�c��
�e�b�g�b�_�c�� �h�[�h�a�g�Z�q�_�g�Z�� �[�h�e�v�r�Z�y�� �b�a�� �j�Z�k�s�_�i�e�_�g�g�u�o�� �[�_�a�j�Z�a�f�_�j��
�g�u�o���k�h�[�k�l�\�_�g�g�u�o���q�Z�k�l�h�l�������r�l�j�b�o�h�\�h�c���± �f�_�g�v�r�Z�y�� , 
�i�m�g�d�l�b�j�g�h�c���± �[�_�a�j�Z�a�f�_�j�g�Z�y�� �q�Z�k�l�h�l�Z�� �d�h�e�_�[�Z�g�b�c�� �b�^�_�Z�e�v�g�h�c��
�h�[�h�e�h�q�d�b��. 

�B�a���j�b�k. 1 �\�b�^�b�f�����q�l�h���j�Z�k�s�_�i�e�_�g�b�_���b�a�]�b�[�g�h�]�h���q�Z�k�l�h�l�g�h�]�h��
�k�i�_�d�l�j�Z�� �\�h�a�g�b�d�Z�_�l�� �g�_�� �l�h�e�v�d�h�� �i�j�b��, �d�Z�d�� �w�l�h�� �i�j�b�g�y�l�h��

�k�q�b�l�Z�l�v���\���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���>1�±2 �b���^�j���@�����g�h���b���i�j�b�������<��

�k�e�m�q�Z�_���� �d�h�]�^�Z�� �h�[�_�� �j�Z�k�s�_�i�e�_�g�g�u�_�� �q�Z�k�l�h�l�u�� �f�_�g�v�r�_��
�q�Z�k�l�h�l�u���d�h�e�_�[�Z�g�b�c���]�_�h�f�_�l�j�b�q�_�k�d�b���k�h�\�_�j�r�_�g�g�h�c���h�[�h�e�h�q�d�b����

�q�l�h�� �i�j�h�l�b�\�h�j�_�q�b�l�� �l�j�Z�^�b�p�b�h�g�g�h�f�m�� �j�_�r�_�g�b�x�� �>1�@���� �]�^�_�� �q�Z��
�k�l�h�l�u���[�h�e�v�r�_�����b���k�h�]�e�Z�k�m�_�l�k�y���k���g�h�\�u�f �Z�g�Z�e�b�l�b�q�_�k�d�b�f���j�_�r�_��
�g�b�_�f���b���j�_�r�_�g�b�_�f�����i�j�_�^�k�l�Z�\�e�_�g�g�h�f���\���>17-18�@�����K�g�b�`�_�g�b�_���q�Z��
�k�l�h�l�u�����k�f�����j�b�k����1)  �k�h�k�l�Z�\�e�y�_�l�������������<���Z�g�Z�e�b�l�b�q�_��
�k�d�h�f�� �j�_�r�_�g�b�b�� �j�Z�k�k�l�j�h�c�d�Z�� �q�Z�k�l�h�l�g�h�]�h�� �k�i�_�d�l�j�Z�� ���\�� �j�Z�k�k�f�Z�l��
�j�b�\�Z�_�f�h�f�� �i�j�b�f�_�j�_�� , ) . 

�<���k�e�m�q�Z�_�����d�h�]�^�Z�� �h�^�g�Z���b�a���j�Z�k�s�_�i�e�_�g�g�u�o���q�Z�k�l�h�l�� 
�[�h�e�v�r�_�� �q�Z�k�l�h�l�u�� �d�h�e�_�[�Z�g�b�c�� �k�h�h�l�\�_�l�k�l�\�m�x�s�_�c�� �b�^�_�Z�e�v�g�h�c��
�h�[�h�e�h�q�d�b�����^�j�m�]�Z�y�� �± �f�_�g�v�r�_�����J�Z�k�k�l�j�h�c�d�Z���k�i�_�d�l�j�Z���f�h�`�_�l��
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�k�l�\�_�g�g�h���b�a�]�b�[�g�u�o���d�h�e�_�[�Z�g�b�c���h�l �d�h�e�b�q�_�k�l�\�Z���n�h�j�f�h�h�[�j�Z�a�m��
�x�s�b�o���\�h�e�g��. 

�K�e�_�^�m�_�l���h�l�f�_�l�b�l�v�����q�l�h���Z�g�Z�e�h�]�b�q�g�u�c���w�n�n�_�d�l���[�u�e���h�[��
�g�Z�j�m�`�_�g�� �Z�\�l�h�j�h�f�� �g�Z�� �i�j�b�f�_�j�_�� �d�h�e�_�[�Z�g�b�c�� �g�_�k�h�\�_�j�r�_�g�g�h�]�h��
�d�h�e�v�p�Z�����g�Z�o�h�^�y�s�_�]�h�k�y���\���m�k�e�h�\�b�y�o���i�e�h�k�d�h�c���^�_�n�h�j�f�Z�p�b�b���>14, 
15]. 
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Abstract This paper dwells upon the bending oscillations in thin 

shells. It is the first to demonstrate there may emerge an additional 
bending frequency spectrum splitting zone due to the initial shell-
shape imperfections. It has been discovered that the bending fre-
quency spectrum splitting occurs not only when the number of cir-
cumferential dynamic strain waves equals that of the shell-shape 
imperfection waves, as is believed nowadays, but also when the 

number of shaping waves is half that of the shell-shape imperfec-
tion waves. 

Keywords: oscillations, shells, imperfections. 
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�l�_�h�j�b�b���f�Z�k�k�h�\�h�]�h���h�[�k�e�m�`�b�\�Z�g�b�y���^�e�y���h�i�b�k�Z�g�b�y���i�j�h�l�_�d�Z�g�b�y���\�h��
�\�j�_�f�_�g�b���\�a�Z�b�f�h�k�\�y�a�Z�g�g�u�o���i�j�h�p�_�k�k�h�\���j�h�k�l�Z-�j�Z�a�j�m�r�_�g�b�y �w�d�j�Z��
�g�b�j�m�x�s�_�]�h���]�j�Z�g�b�q�g�h�]�h���k�f�Z�a�h�q�g�h�]�h���k�e�h�y�����<���d�Z�q�_�k�l�\�_���i�_�j�\�h�]�h��
�i�j�b�[�e�b�`�_�g�b�y�� �i�j�_�^�e�Z�]�Z�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �k�b�k�l�_�f�u�� �^�b�n�n�_��
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�k�e�h�c�����g�Z�^�f�h�e�_�d�m�e�y�j�g�Z�y���k�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�y�����[�_�a�u�a�g�h�k�g�h�k�l�v�� 
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�<�� �k�h�\�j�_�f�_�g�g�h�f�� �i�j�_�^�k�l�Z�\�e�_�g�b�b���]�j�Z�g�b�q�g�u�c�� �k�f�Z�a�h�q�g�u�c��
�k�e�h�c ���=�K�K�����± �w�l�h���k�l�j�m�d�l�m�j�Z�����k�h�k�l�h�y�s�Z�y���b�a���h�j�b�_�g�l�b�j�h�\�Z�g�g�u�o��
�h�i�j�_�^�_�e�z�g�g�u�f�� �h�[�j�Z�a�h�f�� �k�e�h�z�\�� �Z�^�k�h�j�[�b�j�h�\�Z�g�g�u�o�� �f�h�e�_�d�m�e��
�k�f�Z�a�h�q�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z [1]���� �i�j�_�^�k�l�Z�\�e�y�x�s�Z�y�� �k�h�[�h�c�� �d�\�Z��
�a�b�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�_ [1,2]���� �d�\�Z�a�b�l�\�z�j�^�h�_�� �l�_�e�h [3]���� �h�[�e�Z�^�Z�x��
�s�_�_���b�k�l�b�g�g�h�c���m�i�j�m�]�h�k�l�v�x���b���Z�g�h�f�Z�e�v�g�h�c�����h�l�e�b�q�g�h�c���h�l���h�[�t��
�z�f�g�h�c�����\�y�a�d�h�k�l�v�x [4�±6]�����F�h�e�_�d�m�e�u���]�j�Z�g�b�q�g�h�]�h���k�f�Z�a�h�q�g�h�]�h��
�k�e�h�y���b�f�_�x�l���k�d�e�h�g�g�h�k�l�v���d���k�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�b���i�j�b���h�i�j�_�^�_�e�z�g��
�g�u�o���m�k�e�h�\�b�y�o�����\���j�_�a�m�e�v�l�Z�l�_���q�_�]�h���f�h�`�_�l���k�m�s�_�k�l�\�_�g�g�h���b�a�f�_��
�g�y�l�v�k�y���l�h�e�s�b�g�Z���]�j�Z�g�b�q�g�h�]�h���k�e�h�y�����q�l�h���y�\�e�y�_�l�k�y���k�e�_�^�k�l�\�b�_�f��
�i�h�^�k�l�j�h�c�d�b���l�j�b�[�h�k�b�k�l�_�f�u���i�h�^���b�a�f�_�g�_�g�b�_���\�g�_�r�g�b�o���g�Z�]�j�m��
�a�h�q�g�h-�k�d�h�j�h�k�l�g�u�o�� �n�Z�d�l�h�j�h�\�� �K�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�y�� �k�l�j�m�d�l�m�j��
�]�j�Z�g�b�q�g�h�]�h���k�e�h�y���g�h�k�b�l�����\���l�h�f���q�b�k�e�_�����b���\�j�_�f�_�g�g�h�c���o�Z�j�Z�d�l�_�j 
[7,8]. �<���i�j�h�p�_�k�k�_���n�j�b�d�p�b�h�g�g�h�]�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���\���a�h�g�_���l�j�_��
�g�b�y���f�h�`�g�h���\�u�^�_�e�b�l�v���f�b�d�j�h�h�[�t�_�f�u���k�f�Z�a�h�q�g�h�c���k�j�_�^�u�����d�h�l�h��
�j�u�_�� �\�o�h�^�y�l�� �\�� �a�h�g�m�� �d�h�g�l�Z�d�l�Z���� �i�j�_�l�_�j�i�_�\�Z�x�l�� �l�Z�f�� �i�h���i�m�l�b��
�\�^�h�e�v���i�h�\�_�j�o�g�h�k�l�b���l�j�_�g�b�y���j�Z�a�e�b�q�g�u�_���k�l�j�m�d�l�m�j�g�u�_���b�a�f�_�g�_��
�g�b�y���b���i�h�d�b�^�Z�x�l���a�h�g�m���l�j�_�g�b�y�����\�h�a�\�j�Z�s�Z�y�k�v���\���h�[�t�_�f���k�f�Z�a�h�q��
�g�h�c���k�j�_�^�u�����L�Z�d�b�f���h�[�j�Z�a�h�f�����=�K�K���y�\�e�y�_�l�k�y���k�e�h�`�g�h�c���^�b�g�Z�f�b��
�q�_�k�d�h�c���i�h�\�_�j�o�g�h�k�l�g�h�c���k�l�j�m�d�l�m�j�h�c�����k�m�s�_�k�l�\�m�x�s�_�c���b�k�d�e�x��
�q�b�l�_�e�v�g�h���\���m�k�e�h�\�b�y�o���l�j�_�g�b�y���b���n�h�j�f�b�j�m�x�s�_�c�k�y���a�Z���k�q�z�l���i�j�h��
�l�_�d�Z�g�b�y�� �d�h�g�d�m�j�b�j�m�x�s�b�o�� �i�j�h�p�_�k�k�h�\���j�h�k�l�Z-�j�Z�a�j�m�r�_�g�b�y��[9�±
11]. 
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�k�d�b�o�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �g�Z�� �l�j�b�[�h�f�_�l�j�_���� �j�_�Z�e�b�a�m�x�s�_�f�� �k�o�_�f�m��
�l�j�_�g�b�y���©�i�Z�e�_�p-�^�b�k�d�ª���b���i�h�a�\�h�e�y�x�s�_�f���h�l�k�e�_�`�b�\�Z�l�v���i�j�h�p�_�k�k��

�n�h�j�f�b�j�h�\�Z�g�b�y���=�K�K��in situ �i�h���i�h�d�Z�a�Z�g�b�y�f �^�Z�l�q�b�d�Z���i�_�j�_�f�_��
�s�_�g�b�y���b�g�^�_�g�l�h�j�Z y �b���b�a�f�_�g�_�g�b�x���k�b�e�u���l�j�_�g�b�y��F �a�Z���\�j�_�f�y���2, 
�i�h�a�\�h�e�y�_�l�� �h�l�f�_�l�b�l�v���� �q�l�h���i�j�h�p�_�k�k�� �]�j�Z�g�b�q�g�h�]�h�� �l�j�_�g�b�y���� �i�j�b��
�d�h�l�h�j�h�f���i�j�h�b�k�o�h�^�b�l �h�l�^�Z�e�_�g�b�_���^�j�m�]���h�l���^�j�m�]�Z���i�h�\�_�j�o�g�h�k�l�_�c 
�l�j�m�s�b�o�k�y�� �l�_�e�����m�d�e�Z�^�u�\�Z�_�l�k�y�� �\�� �j�Z�f�d�b�� �h�^�g�h�c�� �h�[�h�[�s�_�g�g�h�c��
�k�o�_�f�u�����j�b�k�������������k�h�k�l�h�y�s�_�c���b�a �k�e�_�^�m�x�s�b�o �o�Z�j�Z�d�l�_�j�g�u�o �k�l�Z��
�^�b�c: 

 
�J�b�k�����������H�[�h�[�s�_�g�g�Z�y���k�o�_�f�Z���\�j�_�f�_�g�g�h�c���j�_�Z�e�b�a�Z�p�b�b���i�j�h��

�p�_�k�k�Z���l�j�_�g�b�y���\���m�k�e�h�\�b�y�o���]�j�Z�g�b�q�g�h�c���k�f�Z�a�d�b 

�,. �K�l�Z�^�b�y�� �g�_�m�k�l�Z�g�h�\�b�\�r�_�]�h�k�y�� �l�j�_�g�b�y���o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y��
�j�Z�a�f�Z�a�u�\�Z�g�b�_�f�� �k�f�Z�a�d�b���� �k�[�e�b�`�_�g�b�_�f�� �i�h�\�_�j�o�g�h�k�l�_�c�� �l�j�m��
�s�b�o�k�y���l�_�e���b���j�h�k�l�h�f���k�b�e�u���l�j�_�g�b�y���^�h���f�Z�d�k�b�f�Z�e�v�g�h�]�h���a�g�Z�q�_��
�g�b�y���� �g�Z�[�e�x�^�Z�e�k�y���b�a�g�h�k�� �b�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �d�h�g�l�j�l�_�e�Z�� �i�h�y�\��
�e�y�e�k�y�� �d�h�e�v�p�_�\�h�c�� �k�e�_�^�� �^�h�j�h�`�d�b�� �l�j�_�g�b�y���� �<�� �d�j�Z�_�\�u�o�� �a�h�g�Z�o��
�h�d�j�_�k�l�g�h�k�l�b���^�h�j�h�`�d�b���l�j�_�g�b�y���h�k�l�Z�\�Z�e�b�k�v���d�h�e�v�p�_�\�u�_���\�Z�e�b�d�b��
�b�a�[�u�l�h�q�g�h�c�� �k�f�Z�a�d�b���� �d�h�l�h�j�u�_�� �\�i�h�k�e�_�^�k�l�\�b�b�� �k�e�m�`�Z�l�� �b�k�l�h�q��
�g�b�d�h�f�� �i�h�^�i�b�l�d�b�� �i�j�b�� �h�[�j�Z�a�h�\�Z�g�b�b�� �]�j�Z�g�b�q�g�h�]�h�� �k�f�Z�a�h�q�g�h�]�h��
�k�e�h�y�� 

�,�,. �K�l�Z�^�b�y���n�h�j�f�b�j�h�\�Z�g�b�y���]�j�Z�g�b�q�g�h�]�h���k�f�Z�a�h�q�g�h�]�h���k�e�h�y����
�G�Z���w�l�h�c���k�l�Z�^�b�b���i�h�d�Z�a�Z�g�b�y���^�Z�l�q�b�d�Z���k�[�e�b�`�_�g�b�y���b�g�^�_�g�l�h�j�Z���b��
�d�h�g�l�j�l�_�e�Z���m�k�l�h�c�q�b�\�h���k�f�_�s�Z�x�l�k�y���\���h�[�e�Z�k�l�v���h�l�j�b�p�Z�l�_�e�v�g�u�o��
�a�g�Z�q�_�g�b�c���� �l���_���� �i�j�h�b�k�o�h�^�b�l�� �m�^�Z�e�_�g�b�_�� �b�g�^�_�g�l�h�j�Z�� �h�l�� �d�h�g�l�j��
�l�_�e�Z�� �b�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �]�j�Z�g�b�q�g�h�]�h�� �w�d�j�Z�g�b�j�m�x�s�_�]�h�� �k�f�Z�a�h�q��
�g�h�]�h�� �k�e�h�y���� �b�k�d�e�x�q�Z�x�s�_�]�h�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�u�c�� �d�h�g�l�Z�d�l�� �i�h��
�\�_�j�o�g�h�k�l�_�c���� �j�_�Z�e�b�a�m�_�l�k�y�� �i�j�h�p�_�k�k�� �i�j�Z�d�l�b�q�_�k�d�b�� �[�_�a�u�a�g�h�k��
�g�h�]�h���l�j�_�g�b�y�����I�h���g�Z�r�b�f���i�j�_�^�i�h�e�h�`�_�g�b�y�f�����]�j�Z�g�b�q�g�u�c���k�f�Z��
�a�h�q�g�u�c���k�e�h�c���k�h�k�l�h�b�l���b�a���^�\�m�o���q�Z�k�l�_�c�����j�b�k���������� 
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�J�b�k�����������K�h�k�l�Z�\���]�j�Z�g�b�q�g�h�]�h���k�f�Z�a�h�q�g�h�]�h���k�e�h�y����1 �± �a�h�g�Z���k�\�h��
�[�h�^�g�h�]�h���l�_�q�_�g�b�y�� 2 �± �a�Z�l�h�j�f�h�`�_�g�g�u�c���k�e�h�c�� 3, 4 �± �l�j�m�s�b��

�_�k�y���l�_�e�Z 

1) �A�h�g�Z���k�\�h�[�h�^�g�h�]�h���l�_�q�_�g�b�y �l�h�e�s�b�g�h�c���G1���2�������\���d�h�l�h�j�h�c��
�i�j�h�b�k�o�h�^�b�l���\�y�a�d�Z�y���^�b�k�k�b�i�Z�p�b�y���w�g�_�j�]�b�b�����l�j�_�g�b�y�������b���k�\�h�c�k�l�\�Z����
�d�h�l�h�j�h�c���h�i�j�_�^�_�e�y�x�l���\�_�e�b�q�b�g�m���k�b�e�u�����l�j�_�g�b�y�����_�_ �l�h�e�s�b�g�Z���k�h��
�\�j�_�f�_�g�_�f�� �k�l�j�_�f�b�l�k�y�� �d�� �g�_�d�h�l�h�j�h�f�m�� �f�b�g�b�f�Z�e�v�g�h�f�m�� �a�g�Z�q�_��
�g�b�x�����G1�:�û min; 

2) �A�Z�l�h�j�f�h�`�_�g�g�u�c�� �k�e�h�c �l�h�e�s�b�g�h�c���G2���2�� �± �d�\�Z�a�b�d�j�b��
�k�l�Z�e�e�b�q�_�k�d�Z�y���k�l�j�m�d�l�m�j�Z�����k�h�k�l�h�y�s�Z�y���b�a���h�i�j�_�^�_�e�_�g�g�u�f���h�[�j�Z��
�a�h�f���h�j�b�_�g�l�b�j�h�\�Z�g�g�u�o���b���k�p�_�i�e�_�g�g�u�o���\���j�_�a�m�e�v�l�Z�l�_���i�j�h�p�_�k�k�Z����
�k�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�b���f�h�e�_�d�m�e���k�f�Z�a�d�b�����\�_�e�b�q�b�g�Z���w�l�h�]�h���k�e�h�y���i�h��
�k�l�_�i�_�g�g�h�� �j�Z�k�l�_�l�� �\�h�� �\�j�_�f�_�g�b���� �� �Z�k�b�f�i�l�h�l�b�q�_�k�d�b�� �k�l�j�_�f�y�k�v�� �d��
�k�l�Z�[�b�e�v�g�h�f�m�� �a�g�Z�q�_�g�b�x�� ���G2�:�û M). �A�Z�l�h�j�f�h�`�_�g�g�u�c�� �k�e�h�c, 
�h�[�_�k�i�_�q�b�\�Z�x�s�b�c���j�_�`�b�f���i�j�Z�d�l�b�q�_�k�d�h�c���[�_�a�u�a�g�h�k�g�h�k�l�b���l�j�b��
�[�h�k�h�i�j�y�`�_�g�b�y���� �f�h�`�_�l�� �k�l�Z�[�b�e�v�g�h�� �k�m�s�_�k�l�\�h�\�Z�l�v�� �l�h�e�v�d�h�� �\��
�i�j�h�p�_�k�k�_���l�j�_�g�b�y�����l�Z�d���d�Z�d���_�]�h���k�m�s�_�k�l�\�h�\�Z�g�b�_���l�j�_�[�m�_�l���i�h�k�l�h��
�y�g�g�h�c���i�h�^�i�b�l�d�b���w�g�_�j�]�b�_�c���b���\�_�s�_�k�l�\�h�f�����I�j�b���i�j�_�d�j�Z�s�_�g�b�b��
�i�j�h�p�_�k�k�Z�� �l�j�_�g�b�y�� �w�l�Z�� �k�l�j�m�d�l�m�j�Z�� �i�h�k�l�_�i�_�g�g�h�� �j�Z�a�j�m�r�Z�_�l�k�y�� �\��
�j�_�a�m�e�v�l�Z�l�_�� �o�Z�h�l�b�q�_�k�d�h�]�h�� �l�_�i�e�h�\�h�]�h�� �^�\�b�`�_�g�b�y�� �f�h�e�_�d�m�e�����<��
�g�Z�q�Z�e�_ �k�l�Z�^�b�b���,�, �g�Z�[�e�x�^�Z�_�l�k�y���i�Z�^�_�g�b�_���k�b�e�u���l�j�_�g�b�y�����j�b�k����������
�,�,�����Z�������a�Z�l�_�f�����i�h�k�e�_���g�_�d�h�l�h�j�h�]�h���\�u�k�l�h�y�����k�b�e�Z���l�j�_�g�b�y���h�[�g�Z�j�m��
�`�b�\�Z�_�l���l�_�g�^�_�g�p�b�x���d���j�h�k�l�m�����j�b�k�����������,�,�����E�������q�l�h���k�\�y�a�Z�g�h�� �\�_�j�h��
�y�l�g�h�����k���j�h�k�l�h�f���]�j�Z�^�b�_�g�l�Z���k�d�h�j�h�k�l�b���\���a�h�g�_���k�\�h�[�h�^�g�h�]�h���l�_�q�_��
�g�b�y���� �q�l�h���� �k�h�]�e�Z�k�g�h�� �a�Z�d�h�g�m�� �l�j�_�g�b�y�� �G�v�x�l�h�g�Z���� �m�\�_�e�b�q�b�\�Z�_�l��
�k�b�e�m�� �\�y�a�d�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y���� �I�h�k�e�_ �l�h�]�h�� �d�Z�d�� �=�K�K�� �^�h�k�l�b��
�]�Z�_�l�� �k�\�h�_�c�� �i�j�_�^�_�e�v�g�h�c�� �l�h�e�s�b�g�u�� �û0���� �Z�� �� �k�h�k�l�Z�\�e�y�x�s�b�_�� �_�]�h��
�k�e�h�b���± �k�l�Z�[�b�e�v�g�u�o���a�g�Z�q�_�g�b�c�����G1�§�ûmin; �G2�§�ûM�����û0� �ûM���ûmin), 
�k�b�e�Z���l�j�_�g�b�y��F �l�Z�d�`�_���k�l�Z�[�b�e�b�a�b�j�m�_�l�k�y�� �G�Z�[�e�x�^�Z�_�f�h�_���\���^�Z�g��
�g�h�f�� �k�e�m�q�Z�_�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �]�j�Z�g�b�q�g�h�]�h�� �k�e�h�y�� �Z�g�Z�e�h�]�b�q�g�h��
�\�h�a�g�b�d�g�h�\�_�g�b�x���©�l�h�e�k�l�u�o�ª���>12,13�@���i�h�e�b�f�h�e�_�d�m�e�y�j�g�u�o���i�e�_��
�g�h�d�����m�\�_�e�b�q�b�\�Z�x�s�b�o���k�b�e�m���l�j�_�g�b�y�����g�h���h�[�_�k�i�_�q�b�\�Z�x�s�b�o���a�Z��
�s�b�l�m���l�j�m�s�b�o�k�y���i�h�\�_�j�o�g�h�k�l�_�c. 

�,�,�, (�g�_�h�[�y�a�Z�l�_�e�v�g�Z�y�������K�l�Z�^�b�y�� �\�j�_�f�_�g�g�h�]�h�� �k�j�u�\�Z�� �q�Z�k�l�b��
�a�Z�l�h�j�f�h�`�_�g�g�h�]�h���k�e�h�y�����<���h�l�^�_�e�v�g�u�o���j�_�Z�e�b�a�Z�p�b�y�o���i�j�h�p�_�k�k�Z��
�]�j�Z�g�b�q�g�h�]�h���l�j�_�g�b�y���k�j�u�\���q�Z�k�l�b���a�Z�l�h�j�f�h�`�_�g�g�h�]�h���k�e�h�y�����k���i�h��
�k�e�_�^�m�x�s�b�f���_�]�h���\�h�k�k�l�Z�g�h�\�e�_�g�b�_�f���^�h���i�j�_�`�g�_�]�h���k�l�Z�[�b�e�v�g�h�]�h��
�a�g�Z�q�_�g�b�y���� �l���_���� �i�j�h�p�_�k�k�� �n�h�j�f�b�j�h�\�Z�g�b�y���a�Z�l�h�j�f�h�`�_�g�g�h�]�h��
�k�e�h�y �f�h�`�_�l���g�h�k�b�l�v���d�\�Z�a�b�i�_�j�b�h�^�b�q�_�k�d�b�c���o�Z�j�Z�d�l�_�j�����K�j�u�\���a�Z��
�l�h�j�f�h�`�_�g�g�h�]�h���k�e�h�y�� �k�h�i�j�h�\�h�`�^�Z�_�l�k�y �m�f�_�g�v�r�_�g�b�_�f�� �a�g�Z�q�_��
�g�b�c���k�b�e�u���l�j�_�g�b�y�����q�l�h���f�h�`�_�l���[�u�l�v���h�[�t�y�k�g�_�g�h���m�f�_�g�v�r�_�g�b�_�f��
�k�b�e���\�y�a�d�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y���b�a-�a�Z���k�g�b�`�_�g�b�y���]�j�Z�^�b�_�g�l�Z���k�d�h��
�j�h�k�l�b�� �\�� �a�h�g�_���k�\�h�[�h�^�g�h�]�h�� �l�_�q�_�g�b�y�� �k�� �m�\�_�e�b�q�_�g�b�_�f�� �_�_�� �l�h�e��
�s�b�g�u���\���f�h�f�_�g�l���k�j�u�\�Z�����Z���l�Z�d�`�_���d�Z�\�b�l�Z�p�b�h�g�g�u�f�b���y�\�e�_�g�b�y�f�b��
�\���k�f�Z�a�d�_���>1,9]. 

�>�B�G�:�F�B�Q�?�K�D�:�Y���F�H�>�?�E�V���=�J�:�G�B�Q�G�H�=�H���K�F�:�A�H�Q�G�H�=�H���K�E�H�Y 

�>�e�y���h�i�b�k�Z�g�b�y���i�j�h�l�_�d�Z�g�b�y���\�h���\�j�_�f�_�g�b���i�j�h�p�_�k�k�Z���n�h�j�f�b��
�j�h�\�Z�g�b�y���]�j�Z�g�b�q�g�h�]�h���k�f�Z�a�h�q�g�h�]�h���k�e�h�y���i�j�_�^�e�Z�]�Z�_�l�k�y���f�Z�l�_�f�Z��

�l�b�q�_�k�d�Z�y���f�h�^�_�e�v�����]�j�Z�n�b�q�_�k�d�h�_���i�j�_�^�k�l�Z�\�e�_�g�b�_���d�h�l�h�j�h�c���i�j�b��
�\�_�^�_�g�h�� �g�Z�� �j�b�k���� ������ �K�l�Z�^�b�y�� �,�� �g�_�m�k�l�Z�g�h�\�b�\�r�_�]�h�k�y�� �l�j�_�g�b�y�� �b�a��
�j�Z�k�k�f�h�l�j�_�g�b�y�� �b�k�d�e�x�q�Z�_�l�k�y, �b�� �\�j�_�f�y�� �h�l�k�q�b�l�u�\�Z�_�l�k�y�� �i�h��
�r�d�Z�e�_���2� �2�±�2�g. �<�\�_�^�_�f���[�_�a�j�Z�a�f�_�j�g�u�_���i�_�j�_�f�_�g�g�u�_����p1���2�� �± �h�l��
�g�h�k�b�l�_�e�v�g�Z�y���l�h�e�s�b�g�Z���a�h�g�u���k�\�h�[�h�^�g�h�]�h���l�_�q�_�g�b�y����p2���2�� �± �h�l��
�g�h�k�b�l�_�e�v�g�Z�y���l�h�e�s�b�g�Z���a�Z�l�h�j�f�h�`�_�g�g�h�]�h���k�e�h�y�� 
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�?�k�e�b�� �f�Z�d�k�b�f�Z�e�v�g�Z�y�� �\�_�e�b�q�b�g�Z�� �a�Z�a�h�j�Z�� �\�� �l�j�b�[�h�k�h�i�j�y�`�_��
�g�b�b���' 0 �g�_���h�]�j�Z�g�b�q�_�g�Z���k�\�_�j�o�m�����l�h���h�g�Z���f�h�`�_�l�� ���[�u�l�v���h�i�j�_�^�_��
�e�_�g�Z�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h���� �e�b�[�h�� �h�p�_�g�_�g�Z�� �g�Z�� �h�k�g�h�\�_�� �Z�g�Z�e�b�l�b��
�q�_�k�d�b�o�� �a�Z�\�b�k�b�f�h�k�l�_�c�� �^�e�y�� �i�Z�j�Z�e�e�_�e�v�g�h�]�h�� �k�^�Z�\�e�b�\�Z�g�b�y��
�i�e�_�g�d�b���>14]. �>�b�g�Z�f�b�d�m���n�h�j�f�b�j�h�\�Z�g�b�y���]�j�Z�g�b�q�g�h�]�h���k�f�Z�a�h�q��
�g�h�]�h���k�e�h�y���i�j�_�^�e�Z�]�Z�_�l�k�y���h�i�b�k�Z�l�v���k�b�k�l�_�f�h�c���^�b�n�n�_�j�_�g�p�b�Z�e�v��
�g�u�o���m�j�Z�\�g�_�g�b�c��   
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�]�^�_��l �± �b�g�l�_�g�k�b�\�g�h�k�l�v���j�h�k�l�Z���a�Z�l�h�j�f�h�`�_�g�g�h�]�h���k�e�h�y�����i�j�_�^��
�i�h�e�Z�]�Z�_�l�k�y�� �g�_�a�Z�\�b�k�y�s�_�c�� �h�l�� �\�j�_�f�_�g�b���� �>�k-1]; m �± �b�g�l�_�g�k�b�\��
�g�h�k�l�v�� �j�Z�a�j�m�r�_�g�b�y�� �a�Z�l�h�j�f�h�`�_�g�g�h�]�h�� �k�e�h�y�� ���l�Z�d�`�_�� �g�_�a�Z�\�b�k�y��
�s�Z�y���h�l���\�j�_�f�_�g�b�����>�k-1]. 
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�M�j�Z�\�g�_�g�b�y������,3�����i�j�_�^�i�h�e�Z�]�Z�x�l�����q�l�h���h�[�t�_�f�u���g�Z�j�Z�k�l�Z�g�b�y��
�l�h�e�s�b�g�u�� �a�Z�l�h�j�f�h�`�_�g�g�h�]�h�� �k�e�h�y�� �l�_�f�� �[�h�e�v�r�_���� �q�_�f�� �[�h�e�v�r�_��
�k�f�Z�a�d�b���\���a�h�g�_���k�\�h�[�h�^�g�h�]�h���l�_�q�_�g�b�y�����\���l�h�e�k�l�h�f���k�e�h�_���k�\�h�[�h�^��
�g�h�c�� �k�f�Z�a�d�b�� �\�_�j�h�y�l�g�h�k�l�v�� �k�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�b�� �k�� �h�[�j�Z�a�h�\�Z�g�b�_�f��
�d�\�Z�a�b�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�c �k�l�j�m�d�l�m�j�u���[�h�e�v�r�_�����q�_�f���\���l�h�g�d�h�f�������Z��
�m�\�_�e�b�q�_�g�b�_�� �l�h�e�s�b�g�u�� �a�Z�l�h�j�f�h�`�_�g�g�h�]�h�� �k�e�h�y���� �\�� �k�\�h�x�� �h�q�_��
�j�_�^�v�����m�\�_�e�b�q�b�\�Z�_�l���h�[�t�_�f�u���_�]�h���j�Z�a�j�m�r�_�g�b�y�����m�\�_�e�b�q�b�\�Z�_�l�k�y��
�\�_�j�h�y�l�g�h�k�l�v�� �^�_�a�h�j�]�Z�g�b�a�Z�p�b�b�� �h�[�j�Z�a�h�\�Z�\�r�_�c�k�y�� �k�l�j�m�d�l�m�j�u������
�A�^�_�k�v���f�h�`�_�l���[�u�l�v���m�f�_�k�l�g�Z���Z�g�Z�e�h�]�b�y���k���d�Z�j�l�h�q�g�u�f���^�h�f�b�d�h�f����
�q�_�f���[�h�e�v�r�_���d�Z�j�l���k�l�Z�\�b�f���h�^�g�Z���g�Z���^�j�m�]�m�x�����l�_�f���[�h�e�v�r�_���\�_�j�h��
�y�l�g�h�k�l�v���l�h�]�h�����q�l�h���\�k�_���k�h�h�j�m�`�_�g�b�_���j�m�o�g�_�l�� 

�J�b�k����3. �F�h�^�_�e�v���^�b�g�Z�f�b�d�b���]�j�Z�g�b�q�g�h�]�h���k�f�Z�a�h�q�g�h�]�h���k�e�h�y 

�I�h�� �k�\�h�_�c�� �n�h�j�f�_�� �m�j�Z�\�g�_�g�b�y�� �����±5���� �b�^�_�g�l�b�q�g�u�� �m�j�Z�\�g�_��
�g�b�y�f���^�b�g�Z�f�b�d�b���k�h�k�l�h�y�g�b�c���h�^�g�h�d�Z�g�Z�e�v�g�h�c���k�b�k�l�_�f�u���f�Z�k�k�h��
�\�h�]�h�� �h�[�k�e�m�`�b�\�Z�g�b�y���k�� �i�m�Z�k�k�h�g�h�\�k�d�b�f�� �i�h�l�h�d�h�f�� �a�Z�i�j�h�k�h�\�� �b��
�w�d�k�i�h�g�_�g�p�b�Z�e�v�g�u�f�� �h�[�k�e�m�`�b�\�Z�g�b�_�f�� ���m�j�Z�\�g�_�g�b�y�� �D�h�e�f�h�]�h��
�j�h�\�Z���± �Q�_�i�f�_�g�Z�� [15]�����W�l�b���m�j�Z�\�g�_�g�b�y���g�Z�a�u�\�Z�x�l���l�Z�d�`�_���m�j�Z�\��
�g�_�g�b�y�f�b�� �©�]�b�[�_�e�b�� �b���j�Z�a�f�g�h�`�_�g�b�y�ª�����b�f�_�y���\�\�b�^�m���b�o�� �b�k�i�h�e�v��
�a�h�\�Z�g�b�_�� �^�e�y�� �b�a�m�q�_�g�b�y�� �^�b�g�Z�f�b�d�b�� �b�a�f�_�g�_�g�b�y�� �q�b�k�e�_�g�g�h�k�l�b��
�[�b�h�i�h�i�m�e�y�p�b�c�����W�l�b���m�j�Z�\�g�_�g�b�y���b�k�i�h�e�v�a�m�x�l���l�Z�d�`�_���\���l�_�h�j�b�b��
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�g�Z�^�_�`�g�h�k�l�b���^�e�y���h�i�b�k�Z�g�b�y���]�h�l�h�\�g�h�k�l�b���i�Z�j�Z�e�e�_�e�v�g�u�o���k�b�k�l�_�f��
�k���\�h�k�k�l�Z�g�Z�\�e�b�\�Z�_�f�u�f�b���w�e�_�f�_�g�l�Z�f�b���>16�±18]. 

�K�m�l�v���i�j�_�^�e�Z�]�Z�_�f�h�]�h���i�h�^�o�h�^�Z���d���b�a�m�q�_�g�b�x���^�b�g�Z�f�b�d�b���i�j�h��
�p�_�k�k�h�\�� �h�[�j�Z�a�h�\�Z�g�b�y���± �j�Z�a�j�m�r�_�g�b�y�� �k�f�Z�a�h�q�g�h�]�h�� �k�e�h�y�� �g�Z�� �h�k��
�g�h�\�_�� �f�_�l�h�^�h�\�� �l�_�h�j�b�b�� �f�Z�k�k�h�\�h�]�h�� �h�[�k�e�m�`�b�\�Z�g�b�y�� �k�h�k�l�h�b�l��
�\�d�j�Z�l�p�_���\���k�e�_�^�m�x�s�_�f�����I�h�l�h�d���©�h�[�j�Z�s�_�g�b�c�ª���k�h���k�l�h�j�h�g�u���k�\�h��
�[�h�^�g�u�o���f�h�e�_�d�m�e���k�f�Z�a�d�b���a�Z���©�j�Z�a�j�_�r�_�g�b�_�f�ª �a�Z�g�y�l�v���k�\�h�_���f�_��
�k�l�h�� �\�� �d�\�Z�a�b�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�c �k�l�j�m�d�l�m�j�_�� �k�f�Z�a�h�q�g�h�]�h�� �k�e�h�y�� �k��
�i�h�e�g�u�f���h�k�g�h�\�Z�g�b�_�f���f�h�`�g�h���k�q�b�l�Z�l�v���j�Z�\�g�h�f�_�j�g�h���j�Z�k�i�j�_�^�_��
�e�_�g�g�u�f���\�h���\�j�_�f�_�g�b�����g�h���f�h�f�_�g�l�u���©�h�[�j�Z�s�_�g�b�c�ª���k�e�m�q�Z�c�g�u���b��
�h�[�j�Z�a�m�x�l�� �i�m�Z�k�k�h�g�h�\�k�d�b�c�� ���i�j�h�k�l�_�c�r�b�c���� �i�h�l�h�d�� �k�e�m�q�Z�c�g�u�o��
�k�h�[�u�l�b�c�����k�l�Z�p�b�h�g�Z�j�g�u�c�����h�j�^�b�g�Z�j�g�u�c�����[�_�a���i�h�k�e�_�^�_�c�k�l�\�b�c������
�;�h�e�v�r�b�g�k�l�\�h�� �f�h�e�_�d�m�e���� �i�h�e�m�q�b�\�r�b�o�� �©�j�Z�a�j�_�r�_�g�b�_�ª���� �a�Z�g�b��
�f�Z�x�l���k�\�h�_���f�_�k�l�h���\���k�l�j�m�d�l�m�j�_���i�h�q�l�b���k�j�Z�a�m�����g�h���_�k�l�v���b���l�Z�d�b�_����
�^�e�y�� �d�h�l�h�j�u�o�� �©�g�Z�o�h�`�^�_�g�b�_�� �k�\�h�_�]�h�� �f�_�k�l�Z�� �\���k�l�j�m�d�l�m�j�_�ª�� �l�j�_��
�[�m�_�l�� �[�h�e�_�_�� �^�e�b�l�_�e�v�g�h�]�h�� �\�j�_�f�_�g�b���� �<�k�_�� �w�l�h�� �i�h�a�\�h�e�y�_�l�� �k�q�b��
�l�Z�l�v�����q�l�h���a�Z�d�h�g���j�Z�k�i�j�_�^�_�e�_�g�b�y���k�e�m�q�Z�c�g�h�c���\�_�e�b�q�b�g�u���± �\�j�_��
�f�_�g�b �\�o�h�`�^�_�g�b�y�� �f�h�e�_�d�m�e�u�� �\�� �k�l�j�m�d�l�m�j�m���± �b�f�_�_�l�� �m�[�u�\�Z�x��
�s�m�x���n�m�g�d�p�b�x���i�e�h�l�g�h�k�l�b���j�Z�k�i�j�_�^�_�e�_�g�b�y���\�h���\�k�_�c���g�_�h�l�j�b�p�Z��
�l�_�e�v�g�h�c���h�[�e�Z�k�l�b���h�i�j�_�^�_�e�_�g�b�y�����l���_�����a�Z�d�h�g���j�Z�k�i�j�_�^�_�e�_�g�b�y���y�\��
�e�y�_�l�k�y���w�d�k�i�h�g�_�g�p�b�Z�e�v�g�u�f�����L�h���`�_���f�h�`�g�h���k�d�Z�a�Z�l�v���b���h���j�Z�k�i�j�_��
�^�_�e�_�g�b�b�� �\�j�_�f�_�g�b���� �d�h�l�h�j�h�_�� �g�_�h�[�o�h�^�b�f�h�� �f�h�e�_�d�m�e�_���� �i�j�b�g�Z�^��
�e�_�`�Z�s�_�c���k�l�j�m�d�l�m�j�_�����^�e�y���l�h�]�h���q�l�h�[�u���_�_���i�h�d�b�g�m�l�v�� 

�I�j�b�f�_�g�_�g�b�_���f�_�l�h�^�h�\���l�_�h�j�b�b���f�Z�k�k�h�\�h�]�h���h�[�k�e�m�`�b�\�Z�g�b�y���d��
�i�j�h�p�_�k�k�m���n�h�j�f�b�j�h�\�Z�g�b�y���]�j�Z�g�b�q�g�h�]�h���k�f�Z�a�h�q�g�h�]�h���k�e�h�y���i�j�_�^��
�i�h�e�Z�]�Z�_�l�� �\�\�_�^�_�g�b�_�� �i�h�g�y�l�b�c�����b�g�l�_�g�k�b�\�g�h�k�l�v�� �j�h�k�l�Z l �b���b�g��
�l�_�g�k�b�\�g�h�k�l�v�� �j�Z�a�j�m�r�_�g�b�y�� �P���� �L�Z�d�h�]�h�� �j�h�^�Z�� �i�h�g�y�l�b�y�����i�h��
�g�Z�r�_�f�m���f�g�_�g�b�x���� �h�j�]�Z�g�b�q�_�k�d�b�� �i�j�b�k�m�s�b�� �k�b�k�l�_�f�Z�f�� �Z�l�h�f�g�h-
�f�h�e�_�d�m�e�y�j�g�h�]�h���f�Z�k�r�l�Z�[�Z�����k�h�k�l�h�y�s�b�f���b�a���[�h�e�v�r�h�]�h���d�h�e�b�q�_��
�k�l�\�Z�� �q�Z�k�l�b�p�� �k�� �f�g�h�`�_�k�l�\�h�f�� �k�m�s�_�k�l�\�_�g�g�u�o�� �k�\�y�a�_�c�� �f�_�`�^�m��
�g�b�f�b�����d�h�l�h�j�u�_���\�k�_���g�_�\�h�a�f�h�`�g�h���h�i�b�k�Z�l�v���b���k�f�h�^�_�e�b�j�h�\�Z�l�v�����<��
�w�l�h�f�� �k�f�u�k�e�_�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �j�h�k�l�Z-�j�Z�a�j�m�r�_�g�b�y���k�l�j�m�d�l�m�j�u��
�y�\�e�y�x�l�k�y���l�Z�d�b�f�b���`�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b���d�h�e�e�_�d�l�b�\�g�h�]�h���i�h��
�\�_�^�_�g�b�y�����d�Z�d�b�f�b���y�\�e�y�x�l�k�y���l�_�f�i�_�j�Z�l�m�j�Z���b���^�Z�\�e�_�g�b�_�����N�b�a�b��
�q�_�k�d�b�c���k�f�u�k�e���b�g�l�_�g�k�b�\�g�h�k�l�b���j�h�k�l�Z�����j�Z�a�f�_�j�g�h�k�l�v���k-1) �± �w�l�h��
�i�e�h�l�g�h�k�l�v���\�h���\�j�_�f�_�g�b���©�a�Z�y�\�h�d�ª���g�Z���i�j�b�k�h�_�^�b�g�_�g�b�_���d���k�l�j�m�d��
�l�m�j�_���� �:�g�Z�e�h�]�b�q�g�h���� �n�b�a�b�q�_�k�d�b�c�� �k�f�u�k�e�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �j�Z�a��
�j�m�r�_�g�b�y���± �w�l�h�� �i�e�h�l�g�h�k�l�v�� �©�a�Z�y�\�h�d�ª�� �g�Z�� �i�h�d�b�^�Z�g�b�_�� �k�l�j�m�d��
�l�m�j�u���� �>�e�y�� �i�m�Z�k�k�h�g�h�\�k�d�b�o�� �i�h�l�h�d�h�\�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �i�h�k�l�h��
�y�g�g�u���b���g�_���a�Z�\�b�k�y�l���h�l���\�j�_�f�_�g�b�� 

�<�k�_���b�a�e�h�`�_�g�g�u�_���k�h�h�[�j�Z�`�_�g�b�y���i�j�b�\�h�^�y�l���d���k�b�k�l�_�f�_���m�j�Z�\��
�g�_�g�b�c�� ������3,5���� �k�� �g�Z�q�Z�e�v�g�u�f�b�� �m�k�e�h�\�b�y�f�b�� ��4������ �j�_�r�_�g�b�_�� �d�h�l�h��
�j�h�c���b�f�_�_�l���\�b�^ 
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�I�h�e�m�q�_�g�g�u�c���f�Z�k�k�b�\���a�g�Z�q�_�g�b�c��y���2�����h�[�j�Z�[�Z�l�u�\�Z�_�l�k�y���k���i�h��
�f�h�s�v�x���i�j�h�]�j�Z�f�f�u�����p�_�e�v�x���d�h�l�h�j�h�c���y�\�e�y�_�l�k�y���i�h�^�[�h�j���d�h�w�n��
�n�b�p�b�_�g�l�h�\���:  �b���< �^�e�y���m�j�Z�\�g�_�g�b�y���j�_�]�j�_�k�k�b�b���w�d�k�i�h�g�_�g�p�b�Z�e�v��
�g�h�c���n�m�g�d�p�b�_�c���k�e�_�^�m�x�s�_�]�h���\�b�^�Z��  
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�i�j�b�� �m�k�e�h�\�b�b�� �f�b�g�b�f�Z�e�v�g�h�c�� �k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�_�k�d�h�c�� �h�r�b�[�d�b��
�f�_�`�^�m���b�k�o�h�^�g�u�f���f�Z�k�k�b�\�h�f���^�Z�g�g�u�o���\(�2�����b �n�m�g�d�p�b�_�c���<���2). 

�H�p�_�g�d�b�� �b�g�l�_�g�k�b�\�g�h�k�l�_�c�� �j�h�k�l�Z�� �b�� �j�Z�a�j�m�r�_�g�b�y�� �i�j�b�� �w�l�h�f��
�h�i�j�_�^�_�e�y�l�k�y���d�Z�d  
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�H�P�?�G�D�:���I�J�H�P�?�K�K�:���=�J�:�G�B�Q�G�H�=�H �L�J�?�G�B�Y���K��
�B�K�I�H�E�V�A�H�<�:�G�B�?�F���>�B�G�:�F�B�Q�?�K�D�H�C���F�H�>�?�E�B. 

�G�Z�� �j�b�k�m�g�d�_�� ���� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �a�Z�\�b�k�b�f�h�k�l�v�� �i�Z�j�Z�f�_�l�j�h�\��l, 
�O���P���b���d�h�w�n�n�b�p�b�_�g�l�Z���l�j�_�g�b�y f �h�l���k�d�h�j�h�k�l�b��v �i�j�b���l�j�_�g�b�b���p�b��
�e�b�g�^�j�b�q�_�k�d�h�]�h���b�g�^�_�g�l�h�j�Z���Î �����f�f���b�a���[�u�k�l�j�h�j�_�`�m�s�_�c���k�l�Z�e�b 
�J���D�� (65 HRC) �i�h�� �d�h�g�l�j�l�_�e�m�� �b�a�� �d�h�g�k�l�j�m�d�p�b�h�g�g�h�c�� �k�l�Z�e�b��
�����O�=�K�: (33 �GRC) �\���k�j�_�^�_���i�Z�j�Z�n�b�g�h�\�h�]�h���f�Z�k�e�Z �i�j�b���i�h�k�l�h��
�y�g�g�h�c�� �g�Z�]�j�m�a�d�_�� ��P� �������� �0�I�D��. �B�k�i�u�l�Z�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v�� �g�Z��
�l�j�b�[�h�f�_�l�j�_�� �L-�������I�h�e�v�r�Z������ �<�_�e�b�q�b�g�Z�� �r�_�j�h�o�h�\�Z�l�h�k�l�b�� �i�h��
�\�_�j�o�g�h�k�l�_�c�� �l�j�m�s�b�o�k�y�� �l�_�e�� �g�Z�o�h�^�b�e�Z�k�v�� �\�� �i�j�_�^�_�e�Z�o�� �5�D�� �������±
���������� �f�d�f�����<�� �i�j�h�\�_�^�z�g�g�u�o�� �h�i�u�l�Z�o �g�Z�[�e�x�^�Z�e�h�k�v�� �k�g�b�`�_�g�b�_��
�d�h�w�n�n�b�p�b�_�g�l�Z���l�j�_�g�b�y f �i�j�b���m�\�_�e�b�q�_�g�b�b���Z�[�k�h�e�x�l�g�h�c �\�_�e�b��
�q�b�g�u �b�g�l�_�g�k�b�\�g�h�k�l�b���j�h�k�l�Z l �=�K�K�����Z���l�Z�d�`�_ �i�j�h�k�e�_�`�b�\�Z�_�l�k�y��
�h�[�j�Z�l�g�h�� �i�j�h�i�h�j�p�b�h�g�Z�e�v�g�Z�y�� �a�Z�\�b�k�b�f�h�k�l�v���b�g�l�_�g�k�b�\�g�h�k�l�b��
�j�h�k�l�Z���O���b���h�l�g�h�r�_�g�b�y���O���P. 

 
�J�b�k�����������O�Z�j�Z�d�l�_�j�b�k�l�b�d�b���i�j�h�p�_�k�k�Z���]�j�Z�g�b�q�g�h�]�h���l�j�_�g�b�y 

�D�Z�d���b�a�\�_�k�l�g�h�����k�f�Z�a�u�\�Z�x�s�_�_���^�_�c�k�l�\�b�_���k�f�Z�a�h�q�g�h�]�h���f�Z�l�_��
�j�b�Z�e�Z���± �w�l�h �f�_�j�Z���� �g�_�� �b�f�_�x�s�Z�y�� �q�b�k�e�_�g�g�h�]�h�� �a�g�Z�q�_�g�b�y���� �h�[�m��
�k�e�h�\�e�_�g�g�Z�y�� �o�b�f�b�q�_�k�d�b�f�� �k�h�k�l�Z�\�h�f���k�f�Z�a�d�b���b�� �p�_�e�u�f�� �d�h�f��
�i�e�_�d�k�h�f�� �j�Z�a�e�b�q�g�u�o�� �k�\�h�c�k�l�\���� �h�i�j�_�^�_�e�y�_�f�Z�y�� �h�[�u�q�g�h�� �i�h�� �d�h��
�w�n�n�b�p�b�_�g�l�Z�f�� �l�j�_�g�b�y�� �^�e�y�� �l�j�b�[�h�k�h�i�j�y�`�_�g�b�y�� �d�h�g�d�j�_�l�g�h�c��
�d�h�g�n�b�]�m�j�Z�p�b�b [10,19]�����G�_�d�h�l�h�j�m�x���y�k�g�h�k�l�v���\���i�h�g�b�f�Z�g�b�_���f�_��
�o�Z�g�b�a�f�Z�� �k�f�Z�a�h�q�g�h�]�h�� �^�_�c�k�l�\�b�y�� �f�Z�l�_�j�b�Z�e�Z�� �f�h�`�_�l�� �\�g�_�k�l�b��
�h�p�_�g�d�Z���=�K�K �i�h�� �i�j�_�^�e�Z�]�Z�_�f�h�c�� �g�Z�f�b�� �f�_�l�h�^�b�d�_�����J�Z�a�f�_�j �b��
�k�l�j�m�d�l�m�j�m���]�j�Z�g�b�q�g�h�]�h���k�e�h�y���f�h�`�g�h���k�j�Z�\�g�b�\�Z�l�v���i�h���i�j�_�^�_�e�v��
�g�h�c�� �l�h�e�s�b�g�_�� �=�K�K�� �û0, �k�n�h�j�f�b�j�h�\�Z�\�r�_�]�h�k�y�� �a�Z �g�_�d�h�l�h�j�h�_��
�\�j�_�f�y�����g�Z�i�j�b�f�_�j�����a�Z��1500 �k�_�d.), �Z���l�Z�d�`�_�� �i�h���\�_�e�b�q�b�g�_���a�h�g�u��
�k�\�h�[�h�^�g�h�]�h���l�_�q�_�g�b�y �ûmin �b�� �i�j�_�^�_�e�v�g�h�c�� �l�h�e�s�b�g�_���a�Z�l�h�j�f�h��
�`�_�g�g�h�]�h���k�e�h�y �ûM�����K�f�Z�a�h�q�g�h�_���^�_�c�k�l�\�b�_���h�i�j�_�^�_�e�z�g�g�h�]�h���k�f�Z��
�a�h�q�g�h�]�h���f�Z�l�_�j�b�Z�e�Z���i�j�b���j�Z�a�e�b�q�g�u�o �k�d�h�j�h�k�l�y�o �l�j�_�g�b�y v �k�\�y��
�a�Z�g�h�� �k�� �l�h�e�s�b�g�h�c�� �b�� �k�l�j�m�d�l�m�j�h�c�� �]�j�Z�g�b�q�g�h�]�h�� �k�e�h�y���� �B�a�� �j�b�k������
�\�b�^�g�h���� �q�l�h�� �f�b�g�b�f�Z�e�v�g�u�c�� �k�j�_�^�g�b�c���d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y��f 
�h�[�_�k�i�_�q�b�\�Z�_�l�� �k�e�h�c�� �g�_�d�h�l�h�j�h�c���h�i�l�b�f�Z�e�v�g�h�c�� �k�l�j�m�d�l�m�j�u, 
�k�n�h�j�f�b�j�h�\�Z�\�r�b�c�k�y�� �i�j�b��v� ���������� �f���k. �K�g�b�`�_�g�b�_���d�h�w�n�n�b�p�b��
�_�g�l�Z �l�j�_�g�b�y���\���k�e�m�q�Z�_ �n�h�j�f�b�j�h�\�Z�g�b�y���=�K�K���l�Z�d�h�c���k�l�j�m�d�l�m�j�u, 
�k�� �l�h�q�d�b�� �a�j�_�g�b�y���i�j�_�^�e�Z�]�Z�_�f�h�]�h �g�Z�f�b�� �i�h�^�o�h�^�Z, �f�h�`�_�l�� �[�u�l�v��
�h�[�t�y�k�g�_�g�h���k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�����<�h-�i�_�j�\�u�o�����k�e�h�c �h�[�e�Z�^�Z�_�l��
�^�h�k�l�Z�l�h�q�g�u�f�b���^�e�y���w�n�n�_�d�l�b�\�g�h�]�h���j�Z�a�^�_�e�_�g�b�y���l�j�m�s�b�o�k�y���i�h��
�\�_�j�o�g�h�k�l�_�c�� �a�g�Z�q�_�g�b�y�f�b �l�h�e�s�b�g �û0 �b�� �ûM, �q�l�h�� �m�f�_�g�v�r�Z�_�l��
�\�h�a�f�h�`�g�h�k�l�v�� �d�h�g�l�Z�d�l�Z�� �f�b�d�j�h�g�_�j�h�\�g�h�k�l�_�c���� �h�[�_�k�i�_�q�b�\�Z�_�l��
�w�d�j�Z�g�b�j�m�x�s�b�c�� �w�n�n�_�d�l (�\�� �k�j�Z�\�g�_�g�b�b���� �g�Z�i�j�b�f�_�j�� �k�h�� �k�e�h�_�f, 
�k�n�h�j�f�b�j�h�\�Z�g�g�u�f �i�j�b���k�d�h�j�h�k�l�b��v� ���������f���k). �<�h-�\�l�h�j�u�o�� �i�j�b��
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�^�h�k�l�b�]�g�m�l�h�f �g�Z�� �^�Z�g�g�h�c�� �k�d�h�j�h�k�l�b�� �m�j�h�\�g�_���l�_�j�f�h�f�_�o�Z�g�b�q�_��
�k�d�h�]�h���\�h�a�^�_�c�k�l�\�b�y, �k�f�Z�a�h�q�g�u�c���f�Z�l�_�j�b�Z�e���\���a�h�g�_���k�\�h�[�h�^�g�h�]�h��
�l�_�q�_�g�b�y���ûmin �b�f�_�_�l���^�b�g�Z�f�b�q�_�k�d�m�x���\�y�a�d�h�k�l�v�����d�h�l�h�j�Z�y�����\���k�h��
�q�_�l�Z�g�b�b �k�� �]�j�Z�^�b�_�g�l�h�f�� �k�d�h�j�h�k�l�b�� �\�� �w�l�h�c�� �a�h�g�_�����h�[�_�k�i�_�q�b�\�Z�_�l��
�f�_�g�v�r�_�_���k�^�\�b�]�h�\�h�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_ �1. �L�Z�d���� �i�j�b�� �k�d�h�j�h�k�l�b��
�l�j�_�g�b�y v=0,35 �f���k, �a�h�g�Z���k�\�h�[�h�^�g�h�]�h���l�_�q�_�g�b�y���ûmin �\��3,7 �j�Z�a�Z��
�i�j�_�\�u�r�Z�_�l�� �Z�g�Z�e�h�]�b�q�g�u�c�� �i�Z�j�Z�f�_�l�j�� �^�e�y�� �=�K�K�� �g�Z�� �k�d�h�j�h�k�l�b��
v� ���������� �f���k. �W�d�j�Z�g�b�j�m�x�s�b�c�� �w�n�n�_�d�l���� �h�i�j�_�^�_�e�y�_�f�u�c�� �a�g�Z�q�_��
�g�b�y�f�b���û0 �b���ûM, �\���w�l�h�f���k�e�m�q�Z�_���l�Z�d�`�_���\�u�r�_�����H�^�g�Z�d�h�����a�Z���k�q�z�l��
�[�h�e�v�r�_�c���\�y�a�d�h�k�l�b���i�Z�j�Z�n�b�g�h�\�h�]�h���f�Z�k�e�Z���i�j�b���g�b�a�d�h�f���m�j�h�\�g�_��
�l�_�j�f�h�f�_�o�Z�g�b�q�_�k�d�h�]�h�� �\�h�a�^�_�c�k�l�\�b�y���� �k�^�\�b�]�h�\�h�_�� �k�h�i�j�h�l�b�\�e�_��
�g�b�_���1 �w�l�h�]�h���k�e�h�y���\�u�r�_�����q�l�h���b���h�l�j�Z�`�Z�_�l�k�y���g�Z���d�h�w�n�n�b�p�b�_�g�l�_��
�l�j�_�g�b�y�� 

 
�J�b�k��5.  �K�l�j�m�d�l�m�j�Z���]�j�Z�g�b�q�g�u�o���k�e�h�_�\���i�j�b���l�j�_�g�b�b���\���i�Z�j�Z�n�b��
�g�h�\�h�f���f�Z�k�e�_ (P=2,1 M�I a): �ûmin �± �l�h�e�s�b�g�Z���a�h�g�u���k�\�h�[�h�^��

�g�h�]�h���l�_�q�_�g�b�y�����ûM �± �l�h�e�s�b�g�Z���a�Z�l�h�j�f�h�`�_�g�g�h�]�h���k�e�h�y 

�<�� �k�\�y�a�b�� �k�� �w�l�b�f�� �k�e�_�^�m�_�l�� �h�l�f�_�l�b�l�v���� �q�l�h�� �i�j�_�^�e�Z�]�Z�_�f�Z�y�� �\��
�g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�_�� �k�l�j�m�d�l�m�j�Z�� �]�j�Z�g�b�q�g�h�]�h�� �k�e�h�y�� ���j�b�k�������� �i�h�a��
�\�h�e�y�_�l���h�i�j�_�^�_�e�y�l�v���n�Z�d�l�b�q�_�k�d�m�x���^�b�g�Z�f�b�q�_�k�d�m�x���\�y�a�d�h�k�l�v���� 
�k�f�Z�a�h�q�g�h�]�h���f�Z�l�_�j�b�Z�e�Z���k�h�����k�\�h�c�k�l�\�Z�f�b���g�v�x�l�h�g�h�\�k�d�h�c���`�b�^��
�d�h�k�l�b���\���i�_�j�b�h�^���i�j�_�[�u�\�Z�g�b�y���l�j�b�[�h�k�b�k�l�_�f�u���\���k�l�Z�[�b�e�v�g�h�f���k�h��
�k�l�h�y�g�b�b�����G1�§�ûmin; �G2�§�ûM) [19,20]:  
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�]�^�_��S �± �i�e�h�s�Z�^�v���l�j�b�[�h�d�h�g�l�Z�d�l�Z�� 
�H�i�j�_�^�_�e�z�g�g�u�_�� �l�Z�d�b�f�� �h�[�j�Z�a�h�f�� �a�g�Z�q�_�g�b�y �n�Z�d�l�b�q�_�k�d�h�c��

�^�b�g�Z�f�b�q�_�k�d�h�c�� �\�y�a�d�h�k�l�b���f�h�]�m�l�� �^�Z�l�v�� �i�j�_�^�k�l�Z�\�e�_�g�b�_�� �h�� �\�_�e�b��
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Dynamics of supramolecular self-organization 
process in boundary lubrication layer
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Abstract. The article is dedicated to studies of supramolecular 
self-organization processes evolving in time in boundary lubricant 
layers. The essence of the article consists in use of the model of the 
connected processes of formation and destruction of a shielding 
delayed lubricant layer based on differential equations similar to 
that which are used for description in time of dynamics of proba-
bility of states of a single channel system of queueing theory with 
Poisson stream of queries and exponential service (Kolmogorov-
Chapman equations). Proposed method involves introducing con-
cepts: the intensity of delayed layer growth - l and the intensity of 
delayed layer destruction - m���� �7�K�L�V�� �N�L�Q�G�� �R�I�� �F�R�Q�F�H�S�W���� �L�Q�� �D�X�W�K�R�U�¶�V��
opinion, is organically inherent in atomic-scale molecular systems 

consisting of large numbers of particles with many significant con-
nections between them, all of which are impossible to describe and 
simulate. Proposed approach to modeling phenomena of self-or-
ganization in boundary lubricant layer can be useful for under-
standing the mechanism of lubricating action in conditions of 
boundary friction and applied for solving some practical problems 
related to the selection of effective lubricants for tribo couplings of 
the specified configuration and loading parameters. 

Keywords: boundary friction, lubrication, supramolecular self-
organization, wearresistance.  
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�k�\�h�c�k�l�\�Z���f�h�e�_�d�m�e���i�h�\�_�j�o�g�h�k�l�g�h-�Z�d�l�b�\�g�u�o���\�_�s�_�k�l�\���b�a�f�_�g�y�l�v��
�i�h�\�_�j�o�g�h�k�l�g�m�x���w�g�_�j�]�b�x���g�Z���]�j�Z�g�b�p�_���j�Z�a�^�_�e�Z���n�Z�a���b���\�e�b�y�l�v���l�_�f��
�k�Z�f�u�f�� �g�Z�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�_�� �i�j�h�p�_�k�k�u���� �k�f�Z�q�b�\�Z�g�b�_���� �b�a�g�h�k����
�l�j�_�g�b�_���� �d�h�j�j�h�a�b�x�� �>��-���@���� �I�j�_�^�k�l�Z�\�e�_�g�u�� �k�i�h�k�h�[�u�� �n�h�j�f�b�j�h�\�Z��
�g�b�y���f�h�g�h�f�h�e�_�d�m�e�y�j�g�h�c���a�Z�s�b�l�g�h�c���i�e�_�g�d�b�����i�j�h�\�_�^�_�g�Z���h�i�l�b�f�b��
�a�Z�p�b�y�� �l�_�o�g�h�e�h�]�b�b�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�y�� �i�h�\�_�j�o�g�h�k�l�_�c�� �i�Z�j�� �l�j�_��
�g�b�y�� �i�h�\�_�j�o�g�h�k�l�g�h-�Z�d�l�b�\�g�u�f�b�� �\�_�s�_�k�l�\�Z�f�b���� �h�k�g�h�\�Z�g�g�Z�y�� �g�Z��
�f�h�^�_�e�b���i�h�\�_�^�_�g�b�y���d�Z�i�e�b���g�Z���i�h�\�_�j�o�g�h�k�l�b���b���h�p�_�g�d�_���m�]�e�Z���k�f�Z�q�b��
�\�Z�g�b�\�Z�g�b�y���� �I�j�_�^�k�l�Z�\�e�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o��
�b�k�k�e�_�^�h�\�Z�g�b�c���w�n�n�_�d�l�b�\�g�h�k�l�b���f�h�^�b�n�b�d�Z�l�h�j�Z�����h�p�_�g�d�b���_�]�h���n�b��
�a�b�d�h-�o�b�f�b�q�_�k�d�b�o���b���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���k�\�h�c�k�l�\���� 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �i�h�\�_�j�o�g�h�k�l�g�h-�Z�d�l�b�\�g�h�_�� �\�_�s�_�k�l�\�h���� �f�h�g�h��
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�M�e�m�q�r�_�g�b�_���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���Z�]�j�_�]�Z�l�h�\��
�k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�c���l�_�o�g�b�d�b�����\���l�h�f���q�b�k�e�_���a�Z���k�q�_�l���k�g�b�`�_��
�g�b�y���i�h�l�_�j�v���g�Z���l�j�_�g�b�_���\���l�j�b�[�h�k�h�i�j�y�`�_�g�b�y�o�����± �h�^�g�h���b�a���i�j�b�h��
�j�b�l�_�l�g�u�o�� �g�Z�i�j�Z�\�e�_�g�b�c�� �g�Z�m�q�g�h�]�h�� �i�h�b�k�d�Z���� �i�j�h�\�_�^�_�g�b�y�� �i�j�b��
�d�e�Z�^�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c�� �b���j�Z�a�j�Z�[�h�l�h�d�����<�u�k�h�d�Z�y���a�g�Z�q�b�f�h�k�l�v��
�j�_�r�_�g�b�y�� �i�j�h�[�e�_�f�u�� �h�i�j�_�^�_�e�y�_�l�k�y�� �\�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y����
�i�j�_�`�^�_�� �\�k�_�]�h���� �g�_�h�[�o�h�^�b�f�h�k�l�v�x�� �i�h�b�k�d�Z�� �b�f�i�h�j�l�h�a�Z�f�_�s�Z�x��
�s�b�o���l�_�o�g�h�e�h�]�b�c���b���f�Z�l�_�j�b�Z�e�h�\�����Z�^�_�d�\�Z�l�g�h���a�Z�f�_�g�y�x�s�b�o�� �a�Z��
�j�m�[�_�`�g�u�_�� �Z�g�Z�e�h�]�b�� �b�� �m�e�m�q�r�Z�x�s�b�o�� �w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�_�� �o�Z��
�j�Z�d�l�_�j�b�k�l�b�d�b�� �Z�]�j�_�]�Z�l�h�\�� �m�a�e�h�\�� �b�� �l�_�o�g�b�d�b�� �\�� �p�_�e�h�f���� �<�\�b�^�m��
�h�[�t�_�d�l�b�\�g�h�]�h�� �k�h�d�j�Z�s�_�g�b�y�� �a�Z�d�m�i�h�d�� �g�h�\�u�o�� �f�Z�r�b�g���� �Z�� �l�Z�d�`�_��
�f�h�^�b�n�b�d�Z�l�h�j�h�\�� �j�Z�a�e�b�q�g�h�]�h�� �g�Z�a�g�Z�q�_�g�b�y�� �a�Z�j�m�[�_�`�g�h�]�h�� �i�j�h��
�b�a�\�h�^�k�l�\�Z�����g�_�^�h�k�l�Z�l�h�q�g�u�o���h�[�t�_�f�h�\���\�u�i�m�k�d�Z���h�l�_�q�_�k�l�\�_�g�g�h�c��
�l�_�o�g�b�d�b���i�h�\�u�r�_�g�b�_���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���l�_�o��
�g�b�d�b�� �y�\�e�y�_�l�k�y�� �Z�d�l�m�Z�e�v�g�h�c�� �a�Z�^�Z�q�_�c���� �l�j�_�[�m�x�s�_�c�� �h�i�_�j�Z�l�b�\��
�g�h�]�h���b���d�Z�q�_�k�l�\�_�g�g�h�]�h �j�_�r�_�g�b�y�� 

�K�g�b�`�_�g�b�_�� �g�Z�^�_�`�g�h�k�l�b�� �_�^�b�g�b�p�u�� �l�_�o�g�b�d�b���� �\�� �h�k�g�h�\�g�h�f����
�h�i�j�_�^�_�e�y�_�l�k�y���b�g�l�_�g�k�b�\�g�u�f���b�a�g�Z�r�b�\�Z�g�b�_�f���^�_�l�Z�e�_�c�����I�h�\�u��
�r�_�g�b�_�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�b�� �\�� �i�_�j�_�^�Z�q�Z�o�� �y�\�e�y�_�l�k�y�� �h�^�g�b�f�� �b�a��
�g�Z�i�j�Z�\�e�_�g�b�c���i�h�\�u�r�_�g�b�y���g�Z�^�_�`�g�h�k�l�b���b�o���w�d�k�i�e�m�Z�l�Z�p�b�b���� 
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�j�_�`�b�f�_���]�j�Z�g�b�q�g�h�]�h���l�j�_�g�b�y���a�Z���k�q�_�l���k�g�b�`�_�g�b�y���]�b�^�j�h�^�b�g�Z�f�b��
�q�_�k�d�h�]�h�� �l�j�_�g�b�y�� �y�\�e�y�_�l�k�y�� �\�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �Z�d�l�m�Z�e�v�g�u�f����
�l�Z�d�� �d�Z�d�� �j�_�r�_�g�b�_�� �a�Z�^�Z�q���� �k�\�y�a�Z�g�g�u�o�� �k�� �m�f�_�g�v�r�_�g�b�_�f�� �b�a�g�h�k�Z��
�i�Z�j���l�j�_�g�b�y��- �h�^�g�h���b�a���g�Z�i�j�Z�\�e�_�g�b�c���i�h�\�u�r�_�g�b�y���w�d�h�g�h�f�b�q�_��
�k�d�h�c���w�n�n�_�d�l�b�\�g�h�k�l�b���w�d�k�i�e�m�Z�l�Z�p�b�b���k�_�e�v�k�d�h-�o�h�a�y�c�k�l�\�_�g�g�h�c��
�l�_�o�g�b�d�b�� �a�Z�� �k�q�_�l�� �k�g�b�`�_�g�b�y�� �j�Z�k�o�h�^�Z�� �l�h�i�e�b�\�Z�� �b�� �m�\�_�e�b�q�_�g�b�y��
�j�_�k�m�j�k�Z���l�_�o�g�b�d�b���>���@�� 
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�\�b�l�b�y�� �k�_�e�v�k�d�h�]�h�� �o�h�a�y�c�k�l�\�Z�� �b�� �j�_�]�m�e�b�j�h�\�Z�g�b�y�� �j�u�g�d�h�\�� �k�_�e�v��
�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�c�� �i�j�h�^�m�d�p�b�b���� �k�u�j�v�y�� �b�� �i�j�h�^�h�\�h�e�v�k�l�\�b�y�� �g�Z��
2013-���������� �]�h�^�u�� �y�\�e�y�_�l�k�y�� �h�[�_�k�i�_�q�_�g�b�_�� �k�h�a�^�Z�g�b�y�� �\�� �J�h�k�k�b�c��
�k�d�h�c�� �N�_�^�_�j�Z�p�b�b�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�c�� �l�_�o��
�g�b�d�b���� �k�h�h�l�\�_�l�k�l�\�m�x�s�_�c�� �f�_�`�^�m�g�Z�j�h�^�g�u�f�� �k�l�Z�g�^�Z�j�l�Z�f���� �i�m��
�l�_�f���f�h�^�_�j�g�b�a�Z�p�b�b���k�m�s�_�k�l�\�m�x�s�b�o���i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o���f�h�s��
�g�h�k�l�_�c�����k�h�a�^�Z�g�b�_���h�l�_�q�_�k�l�\�_�g�g�u�o���d�h�g�d�m�j�_�g�l�h�k�i�h�k�h�[�g�u�o���h�[��
�j�Z�a�p�h�\�� �l�_�o�g�b�d�b���� �h�l�\�_�q�Z�x�s�b�o�� �k�h�\�j�_�f�_�g�g�u�f�� �l�j�_�[�h�\�Z�g�b�y�f��
�w�d�k�i�e�m�Z�l�Z�p�b�b�����[�_�a�h�i�Z�k�g�h�k�l�b���l�j�m�^�Z���>���������@�� 

�I�j�b�� �b�k�k�e�_�^�h�\�Z�g�b�b�� �l�_�g�^�_�g�p�b�c�� �b�� �i�_�j�k�i�_�d�l�b�\�� �j�Z�a�\�b�l�b�y��
�k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�]�h���f�Z�r�b�g�h�k�l�j�h�_�g�b�y���\���J�h�k�k�b�c�k�d�h�c���N�_��
�^�_�j�Z�p�b�b�� �i�j�h�]�j�Z�f�f�_�� �i�j�_�^�k�l�Z�\�e�_�g�h�� �q�_�l�u�j�_�� �k�p�_�g�Z�j�b�y���� �d�h�l�h��
�j�u�_�� �h�i�j�_�^�_�e�y�x�l�k�y�� �^�h�e�_�c�� �b�f�i�h�j�l�Z�� �g�Z�� �\�g�m�l�j�_�g�g�_�f�� �j�u�g�d�_�� �b��
�k�h�h�l�g�h�r�_�g�b�_�f�� �w�d�k�i�h�j�l�Z�� �k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�c�� �l�_�o�g�b�d�b�� �d��
�\�g�m�l�j�_�g�g�_�f�m���j�u�g�d�m��  

�G�Z�b�[�h�e�_�_�� �i�j�b�_�f�e�_�f�h�c�� �^�e�y�� �J�h�k�k�b�b�� �y�\�e�y�_�l�k�y�� �l�j�_�l�v�y�� �f�h��
�^�_�e�v���± �©�=�e�h�[�Z�e�v�g�u�c�� �w�d�k�i�h�j�l�_�j�ª���� �F�h�^�_�e�v�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y��
�a�Z�s�b�l�h�c�� �\�g�m�l�j�_�g�g�_�]�h�� �j�u�g�d�Z�� �b�� �f�Z�k�r�l�Z�[�g�h�c�� �]�h�k�m�^�Z�j�k�l�\�_�g��
�g�h�c���i�h�^�^�_�j�`�d�h�c���w�d�k�i�h�j�l�Z���h�l�_�q�_�k�l�\�_�g�g�h�c���i�j�h�^�m�d�p�b�b�����>�Z�g��
�g�Z�y���f�h�^�_�e�v���h�[�_�k�i�_�q�b�\�Z�_�l���k�h�[�e�x�^�_�g�b�_���b�g�l�_�j�_�k�h�\���\�k�_�o���]�j�m�i�i��
�b���y�\�e�y�_�l�k�y���g�Z�b�[�h�e�_�_���w�d�h�g�h�f�b�q�_�k�d�b���i�j�b�\�e�_�d�Z�l�_�e�v�g�h�c�����H�g�Z���\��
�[�h�e�v�r�_�c���k�l�_�i�_�g�b���k�h�h�l�\�_�l�k�l�\�m�_�l���a�Z�y�\�e�_�g�g�u�f���p�_�e�y�f���K�l�j�Z�l�_��
�]�b�b���j�Z�a�\�b�l�b�y���k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�]�h���f�Z�r�b�g�h�k�l�j�h�_�g�b�y���J�h�k��
�k�b�b���^�h�������������]�h�^�Z���± �k�g�b�`�_�g�b�x���a�Z�\�b�k�b�f�h�k�l�b���h�l���b�f�i�h�j�l�Z���i�j�h��
�^�m�d�p�b�b���b���j�Z�a�\�b�l�b�x���w�d�k�i�h�j�l�g�h�]�h���i�h�l�_�g�p�b�Z�e�Z���i�j�h�^�m�d�p�b�b���h�l��
�j�Z�k�e�b���>���������@�����<���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���k�e�h�`�b�e�Z�k�v���l�Z�d�Z�y���k�b�l�m�Z�p�b�y��
�g�Z���j�u�g�d�_���\�u�i�m�k�d�Z���k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�c���l�_�o�g�b�d�b�����j�b�k�� 1), 
�q�l�h���g�Z���^�h�e�x���J�h�k�k�b�b���i�j�b�o�h�^�b�l�k�y���f�_�g�_�_���������f�b�j�h�\�h�]�h���i�j�h�b�a��
�\�h�^�k�l�\�Z�����\���l�h���\�j�_�f�y���d�Z�d���D�b�l�Z�c���h�[�_�k�i�_�q�b�\�Z�_�l����������  
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�s�b�o���w�f�m�e�v�]�Z�l�h�j�h�\�����D�j�h�f�_���l�h�]�h�����k�i�h�k�h�[���i�h�e�m�q�_�g�b�y�� �m�d�Z�a�Z�g��
�g�u�o���k�h�_�^�b�g�_�g�b�c���h�q�_�g�v���k�e�h�`�_�g���b���^�e�b�l�_�e�_�g���� 

�<�� �d�Z�q�_�k�l�\�_�� �I�:�<�� �i�j�_�^�e�Z�]�Z�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�l�v�� �n�l�h�j�h�j�]�Z��
�g�b�q�_�k�d�h�_���k�h�_�^�b�g�_�g�b�_�����d�h�l�h�j�h�_���^�h�i�m�k�d�Z�e�h���[�u���_�]�h���i�j�b�f�_�g�_��
�g�b�_�� �\�� �m�a�e�Z�o���l�j�_�g�b�y���f�Z�r�b�g�� �b���f�_�o�Z�g�b�a�f�h�\�����^�b�a�_�e�v�g�u�_�����d�Z�j��
�[�x�j�Z�l�h�j�g�u�_�� �^�\�b�]�Z�l�_�e�b���� �j�_�^�m�d�l�h�j�u���� �l�j�Z�g�k�f�b�k�k�b�b�� �b�� �l���i��������
�>�e�y�� �w�l�h�]�h�� �h�g�h�� �^�h�e�`�g�h�� �h�[�e�Z�^�Z�l�v�� �k�e�_�^�m�x�s�b�f�b�� �o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�Z�f�b�� �e�_�]�d�Z�y���w�f�m�e�v�]�Z�p�b�y���\���k�f�Z�a�h�q�g�u�o���f�Z�k�e�Z�o�� �\�u�k�h�d�Z�y��
�l�_�j�f�h�k�l�h�c�d�h�k�l�v���� �\�u�k�h�d�b�_�� �Z�^�]�_�a�b�h�g�g�u�_���� �i�j�h�l�b�\�h�b�a�g�h�k�g�u�_����
�i�j�h�l�b�\�h�a�Z�^�b�j�g�u�_���b���Z�g�l�b�d�h�j�j�h�a�b�h�g�g�u�_���k�\�h�c�k�l�\�Z���>����-23]. 

�W�l�h���k�h�_�^�b�g�_�g�b�_���b�f�_�_�l���n�l�h�j�m�]�e�_�j�h�^�g�u�c���b���m�]�e�_�\�h�^�h�j�h�^��
�g�u�c�� �j�Z�^�b�d�Z�e���� �Z�f�b�^�g�m�x�� �n�m�g�d�p�b�h�g�Z�e�v�g�m�x�� �]�j�m�i�i�m�� �\�f�_�k�l�h��
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�d�Z�j�[�h�d�k�b�e�v�g�h�c���b���i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���[�_�k�p�\�_�l�g�m�x �b�e�b���k�e�Z��
�[�h�`�_�e�l�m�x�� �`�b�^�d�h�k�l�v�� �k�� �\�y�a�d�h�k�l�v�x�� ���±35*10�±���� �f2���k���� �i�e�h�l�g�h��
�k�l�v�x�����������±�����������d�]���f3�����K�l�j�m�d�l�m�j�Z���k�h�_�^�b�g�_�g�b�c���^�h�d�Z�a�Z�g�Z���^�Z�g��
�g�u�f�b�� �b�g�n�j�Z�d�j�Z�k�g�h�c�� �k�i�_�d�l�j�h�k�d�h�i�b�b���� �k�i�_�d�l�j�h�k�d�h�i�b�b�� �y�^�_�j��
�g�h�]�h���f�Z�]�g�b�l�g�h�]�h���j�_�a�h�g�Z�g�k�Z���b���w�e�_�f�_�g�l�g�h�]�h���Z�g�Z�e�b�a�Z�� 

�:�^�k�h�j�[�p�b�b�� �^�Z�g�g�h�]�h�� �k�h�_�^�b�g�_�g�b�y�� �g�Z�� �l�\�_�j�^�u�o�� �i�h�\�_�j�o�g�h��
�k�l�y�o�� �i�j�b�\�h�^�b�l�� �d�� �k�g�b�`�_�g�b�x�� �b�o�� �i�h�\�_�j�o�g�h�k�l�g�h�c�� �w�g�_�j�]�b�b�� �k��
1800�±���������� �f�+���f�� �^�h�� ���±���� �f�+���f���� �d�h�w�n�n�b�p�b�_�g�l�� �l�j�_�g�b�y�� �b�� �f�h��
�f�_�g�l�� �l�j�_�g�b�y�� �i�h�d�h�y�� �k�g�b�`�Z�_�l�k�y�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �\�� �����±������ �b�� �\��
100�±���������j�Z�a�����l�Z�g�]�_�g�p�b�Z�e�v�g�h�_���m�k�b�e�b�_���k�^�\�b�]�Z���f�Z�k�e�Z���g�Z���l�\�_�j��
�^�h�c���i�h�\�_�j�o�g�h�k�l�b���m�f�_�g�v�r�Z�_�l�k�y���\����0�±�������j�Z�a�����i�j�b���w�l�h�f���k�h�_�^�b��
�g�_�g�b�_���l�_�j�f�h�k�l�Z�[�b�e�v�g�h���^�h���l�_�f�i�_�j�Z�l�m�j�u�����������K�ƒ�����g�_���]�h�j�x�q�_����
�\�a�j�u�\�h- �b���i�h�`�Z�j�h�[�_�a�h�i�Z�k�g�h���b���g�_���l�h�d�k�b�q�g�h���������d�e�Z�k�k���h�i�Z�k�g�h��
�k�l�b���� 

�<�Z�`�g�_�c�r�b�f�� �n�Z�d�l�h�j�h�f�� �y�\�e�y�_�l�k�y�� �^�h�k�l�m�i�g�h�k�l�v�� �j�Z�k�k�f�Z�l��
�j�b�\�Z�_�f�h�]�h���k�h�_�^�b�g�_�g�b�y�����Z���l�Z�d�`�_���\�h�a�f�h�`�g�h�k�l�v���k�b�g�l�_�a�b�j�h�\�Z�l�v��
�_�]�h�� �i�j�h�b�a�\�h�^�g�u�_�� �k�� �j�Z�a�e�b�q�g�h�c�� �j�Z�k�l�\�h�j�b�f�h�k�l�v�x�� �b�� �w�f�m�e�v�]�b��
�j�m�x�s�_�c�� �k�i�h�k�h�[�g�h�k�l�v�x�� �\�� �k�f�Z�a�h�q�g�u�o�� �f�Z�k�e�Z�o���� �D�j�h�f�_�� �l�h�]�h����
�^�e�y���i�h�e�m�q�_�g�b�y���i�j�_�^�e�Z�]�Z�_�f�h�]�h���k�h�_�^�b�g�_�g�b�y���g�_���l�j�_�[�m�_�l�k�y���b�k��
�i�h�e�v�a�h�\�Z�g�b�_���^�_�n�b�p�b�l�g�h�]�h���k�u�j�v�y���>�����@�� 

�A�Z�^�Z�q�Z�� �a�Z�j�Z�g�_�_�� �h�i�j�_�^�_�e�y�l�v�� �b�� �i�h�e�m�q�Z�l�v�� �\�� �o�h�^�_�� �k�b�g�l�_�a�Z��
�l�j�_�[�m�_�f�u�c�� �j�Z�a�f�_�j�� �h�j�]�Z�g�b�q�_�k�d�h�c�� �f�h�e�_�d�m�e�u�� �b���� �d�Z�d�� �k�e�_�^��
�k�l�\�b�_�����w�n�n�_�d�l�b�\�g�h�k�l�v���a�Z�s�b�l�g�h�_���f�h�e�_�d�m�e�y�j�g�h�c���i�e�_�g�d�b�����j�_��
�r�Z�_�l�k�y���i�m�l�_�f���\�\�_�^�_�g�b�y���j�Z�a�e�b�q�g�h�]�h���d�h�e�b�q�_�k�l�\�Z�����h�l�����������^�h������
�f�h�e�v�����G2�<�H3 �\���j�_�Z�d�p�b�h�g�g�m�x���k�f�_�k�v�� 

�L�Z�d�b�f���h�[�j�Z�a�h�f�����i�h�e�m�q�Z�_�f���p�_�e�_�\�h�c���i�j�h�^�m�d�l���k���j�Z�a�e�b�q�g�h�c��
�f�h�e�_�d�m�e�y�j�g�h�c�� �f�Z�k�k�h�c���� �>�e�b�g�Z�� �f�h�e�_�d�m�e�u�� �\�e�b�y�_�l�� �g�Z�� �k�l�j�m�d��
�l�m�j�m���a�Z�s�b�l�g�h�]�h���f�h�e�_�d�m�e�y�j�g�h�]�h���k�e�h�y���g�Z���i�h�\�_�j�o�g�h�k�l�b���l�\�_�j��
�^�h�]�h���l�_�e�Z�����i�j�b���g�Z�k�u�s�_�g�b�b���i�h�e�m�q�Z�_�l�k�y���d�\�Z�a�b�d�j�b�k�l�Z�e�e�b�l�b�q�_��
�k�d�Z�y�� �k�l�j�m�d�l�m�j�Z���� �J�Z�k�l�\�h�j�b�f�h�k�l�v�� �N�l�h�j-�I�:�<�� �a�Z�\�b�k�b�l�� �h�l��
�^�e�b�g�u���n�l�h�j�m�]�e�_�j�h�^�g�h�]�h���j�Z�^�b�d�Z�e�Z�� 

�H�I�L�B�F�B�A�:�P�B�Y���L�?�O�G�H�E�H�=�B�B���F�H�>�B�N�B�P�B�J�H�<�:�G�B�Y��
�I�H�<�?�J�O�G�H�K�L�?�C���I�:�J���L�J�?�G�B�Y���I�?�J�N�L�H�J�B�J�H�<�:�G�G�U�F�B���I�:�<  

�K�e�_�^�m�x�s�Z�y���a�Z�^�Z�q�Z���b�k�k�e�_�^�h�\�Z�g�b�y���a�Z�d�e�x�q�Z�e�Z�k�v���\���h�p�_�g�d�_��
�h�i�l�b�f�Z�e�v�g�h�c�� �l�_�o�g�h�e�h�]�b�b�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�y�� �i�h�\�_�j�o�g�h�k�l�_�c��
�i�Z�j�� �l�j�_�g�b�y�� �i�_�j�n�l�h�j�b�j�h�\�Z�g�g�u�f�b�� �I�:�<���� �;�Z�a�h�\�h�c�� �b�k�k�e�_�^�m�_��
�f�h�c�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�h�c�� �h�i�l�b�f�b�a�Z�p�b�b�� �[�u�e�� �i�j�b�g�y�l�� �h�[�t�_�f��
�k�f�Z�a�d�b�� �m�^�_�j�`�b�\�Z�_�f�h�c�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b��- Y���� �d�h�l�h�j�Z�y�� �_�k�l�_��
�k�l�\�_�g�g�u�f�� �h�[�j�Z�a�h�f�� �g�Z�b�[�h�e�_�_�� �k�m�s�_�k�l�\�_�g�g�h�� �a�Z�\�b�k�b�l�� �h�l�� �d�h�g��
�p�_�g�l�j�Z�p�b�y���j�Z�k�l�\�h�j�Z���K �b���r�_�j�h�o�h�\�Z�l�h�k�l�v���i�h�\�_�j�o�g�h�k�l�b��R. 

�<���i�j�h�\�_�^�_�g�b�b �i�e�Z�g�Z���b�k�i�u�l�Z�g�b�c���b�k�i�h�e�v�a�h�\�Z�e�Z�k�v���f�h�^�_�e�v��
�j�_�]�j�_�k�k�b�b���\�l�h�j�h�]�h���i�h�j�y�^�d�Z�� 
        (1) 

�k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �h�j�l�h�]�h�g�Z�e�v�g�h�]�h�� �l�j�_�o�m�j�h�\�g�_�\�h�]�h�� �%�R�[-
�%�H�K�Q�N�H�Q���i�e�Z�g�Z���^�e�y���l�j�_�o�d�j�Z�l�g�h�]�h���i�h�\�l�h�j�_�g�b�y�����l�Z�[�e. ���������I�h��
�k�l�j�h�_�g�g�Z�y���i�h�\�_�j�o�g�h�k�l�v���h�l�d�e�b�d�Z�����j�b�k�� �������b���]�j�Z�n�b�d���i�j�h�]�g�h�a��
�g�u�o���a�g�Z�q�_�g�b�c���h�l�g�h�k�b�l�_�e�v�g�h���g�Z�[�e�x�^�Z�_�f�u�o�����j�b�k�� �������i�h�d�Z�a�u��
�\�Z�_�l���� �q�l�h�� �d�\�Z�^�j�Z�l�b�q�g�Z�y�� �Z�i�i�j�h�d�k�b�f�Z�p�b�y�� �y�\�e�y�_�l�k�y�� �\�i�h�e�g�_��
�Z�^�_�d�\�Z�l�g�h�c���f�h�^�_�e�v�x���^�e�y���^�Z�g�g�h�c���a�Z�\�b�k�b�f�h�k�l�b�� 

�L�Z�[�e�b�p�Z���� 
�J�_�a�m�e�v�l�Z�l�u���b�k�i�u�l�Z�g�b�c���h�[�t�_�f�Z���k�f�Z�a�d�b 

�‹  
�h�i�u
�l�Z 

�M�j�h�\�g�b���n�Z�d�l�h�j�h�\ �J�_�a�m�e�v�l�Z�l�u���b�k�i�u�l�Z�g�b�c��Y 
�^�e�y���i�Z�j�Z�e�e�_�e�v�g�u�o���w�d�k�i�_��

�j�b�f�_�g�l�h�\�����f�] 
�D�h�g�p�_�g�l�j�Z�p�b�y��
�n�l�h�j-�I�:�<�����K���� 

�R�_�j�h�o�h�\�Z�l
�h�k�l�v���5a���f�d�f 

Blok1 Blok2 Blok3 

1 0,1(-) 0,1(-) 0,49 0,47 0,48 
2 0,5(+) 0,1(-) 0,33 0,30 0,30 
3 0,1(-) 0,3(+) 1,84 1,91 1,86 
4 0,5(+) 0,3(+) 1,13 1,15 1,11 
5 0,3(0) 0,2(0) 2,35 2,38 2,38 

6 0,5(+) 0,2(0) 1,66 1,68 1,67 
7 0,1(-) 0,2(0) 1,90 1,92 1,91 
8 0,3(0) 0,3(+) 2,23 2,27 2,22 
9 0,3(0) 0,1(-) 0,67 0,65 0,69 

 

�J�b�k�����������I�h�\�_�j�o�g�h�k�l�v���h�l�d�e�b�d�Z���h�[�t�_�f�Z���k�f�Z�a�d�b���h�l���d�h�g�p�_�g�l�j�Z��
�p�b�b���b���r�_�j�h�o�h�\�Z�l�h�k�l�b 

�J�b�k�����������=�j�Z�n�b�d���i�j�h�]�g�h�a�g�u�o���a�g�Z�q�_�g�b�c���h�l�g�h�k�b�l�_�e�v�g�h���g�Z�[�e�x��
�^�Z�_�f�u�o 

�<�� �j�Z�f�d�Z�o�� �i�j�h�\�_�^�_�g�g�h�]�h�� �Z�g�Z�e�b�a�Z�� �n�Z�d�l�h�j�g�h�]�h�� �i�e�Z�g�Z�� �i�h��
�e�m�q�_�g�u���a�g�Z�q�_�g�b�y���\�k�_�o���i�Z�j�Z�f�_�l�j�h�\���j�_�]�j�_�k�k�b�b�����l�Z�[�e. 2). 

�L�Z�[�e�b�p�Z���� 
�L�Z�[�e�b�p�Z���h�p�_�g�h�d���i�Z�j�Z�f�_�l�j�h�\���j�_�]�j�_�k�k�b�b 

 
 
�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �i�j�h�\�_�^�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�a�\�h�e�y�x�l��

�k�^�_�e�Z�l�v���k�e�_�^�m�x�s�b�_���\�u�\�h�^�u�� 
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- �\���j�_�a�m�e�v�l�Z�l�_���Z�^�k�h�j�[�p�b�b���f�h�e�_�d�m�e�u���N�l�h�j-�I�:�<���g�Z���i�h�\�_�j�o��
�g�h�k�l�b���n�h�j�f�b�j�m�_�l�k�y���F�A�I���\����-�����g�f�����g�_���\�e�b�y�x�s�Z�y���g�Z���^�b�k�e�h��
�d�Z�p�b�h�g�g�m�x���i�h�\�_�j�o�g�h�k�l�g�m�x���k�l�j�m�d�l�m�j�m�����l�\�_�j�^�h�k�l�v���b���f�b�d�j�h��
�l�\�_�j�^�h�k�l�v���f�_�l�Z�e�e�h�\�� 
- �n�h�j�f�b�j�m�y���j�Z�a�e�b�q�g�m�x���k�l�j�m�d�l�m�j�m���F�A�I���g�Z���i�h�\�_�j�o�g�h�k�l�b���l�j�b��
�[�h�k�h�i�j�y�`�_�g�b�c�� �\�h�a�f�h�`�g�h�� �m�\�_�e�b�q�_�g�b�_�� �f�Z�k�e�h�_�f�d�h�k�l�b�� �i�h��
�\�_�j�o�g�h�k�l�b���g�Z���]�j�Z�g�b�p�_���F�A�I�±�f�_�l�Z�e�e�� 
- �f�h�g�h�f�h�e�_�d�m�e�y�j�g�Z�y�� �a�Z�s�b�l�g�Z�y���i�e�_�g�d�Z�� �[�_�j�_�l�� �g�Z�� �k�_�[�y�� �j�h�e�v��
�©�d�h�f�i�_�g�k�Z�l�h�j�Z�ª���\���l�j�b�[�h�k�h�i�j�y�`�_�g�b�y�o���k���j�Z�a�g�u�f�b���m�k�e�h�\�b�y�f�b��
�k�f�Z�a�d�b���b���a�Z�s�b�s�Z�_�l���i�h�\�_�j�o�g�h�k�l�b���i�Z�j���l�j�_�g�b�y���d�Z�d���i�j�b���]�b�^�j�h��
�^�b�g�Z�f�b�q�_�k�d�h�f�����l�Z�d���b���i�j�b���]�j�Z�g�b�q�g�h�f���l�j�_�g�b�b���� 
- �g�Z���f�Z�k�e�h�m�^�_�j�`�Z�g�b�_���f�Z�k�e�Z���g�Z���i�h�\�_�j�o�g�h�k�l�b���\�e�b�y�_�l���d�h�g�p�_�g��
�l�j�Z�p�b�y�� �n�l�h�j-�I�:�<�� �\�� �j�Z�[�h�q�_�f �j�Z�k�l�\�h�j�_�� �b�� �r�_�j�h�o�h�\�Z�l�h�k�l�v����
�F�Z�d�k�b�f�Z�e�v�g�u�c�� �w�n�n�_�d�l�� �^�h�k�l�b�]�Z�_�l�k�y�� �i�j�b�� �d�h�g�p�_�g�l�j�Z�p�b�b��
���������������b���r�_�j�h�o�h�\�Z�l�h�k�l�b���������������f�d�f�� 

�F�?�L�H�>�B�D�:���H�I�J�?�>�?�E�?�G�B�Y �D�:�Q�?�K�L�<�:���A�:�S�B�L�G�H�C��
�F�H�E�?�D�M�E�Y�J�G�H�C���I�E�?�G�D�B 

�F�_�l�h�^�b�d�Z�� �h�i�j�_�^�_�e�_�g�b�y�� �d�Z�q�_�k�l�\�Z�� �a�Z�s�b�l�g�h�c�� �f�h�e�_�d�m�e�y�j��
�g�h�c�� �i�e�z�g�d�b�� �i�j�_�^�g�Z�a�g�Z�q�_�g�Z�� �^�e�y�� �h�p�_�g�d�b�� �g�Z�e�b�q�b�y�� �a�Z�s�b�l�g�h�c��
�f�h�e�_�d�m�e�y�j�g�h�c�� �i�e�_�g�d�b���� �Z�� �l�Z�d�`�_�� �^�h�k�l�Z�l�h�q�g�h�k�l�b�� �l�h�e�s�b�g�u�� �b��
�j�Z�\�g�h�f�_�j�g�h�k�l�b���i�e�_�g�d�b�����g�Z�g�_�k�_�g�g�h�c���b�a���j�Z�k�l�\�h�j�Z���N�l�h�j-�I�:�<��
�g�Z���i�h�\�_�j�o�g�h�k�l�v���l�\�_�j�^�h�]�h���l�_�e�Z�� 

�I�h�d�Z�a�Z�l�_�e�_�f�� �g�Z�e�b�q�b�y�� �d�Z�q�_�k�l�\�_�g�g�h�c�� �a�Z�s�b�l�g�h�c�� �f�h�e�_�d�m��
�e�y�j�g�h�c�� �i�e�_�g�d�b���g�Z�� �i�h�\�_�j�o�g�h�k�l�b���l�\�_�j�^�h�]�h���l�_�e�Z���y�\�e�y�_�l�k�y�� �\�_��
�e�b�q�b�g�Z�� �d�j�Z�_�\�h�]�h�� �m�]�e�Z�� �k�f�Z�q�b�\�Z�g�b�y�� ���� �d�Z�i�e�b�� �f�Z�k�e�Z�� �F�G-60, 
�g�Z�g�_�k�_�g�g�h�c�� �g�Z�� �q�b�k�l�m�x�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�m�x�� �i�h�\�_�j�o�g�h�k�l�v��
�l�Z�j�b�j�h�\�Z�g�g�h�c�� �f�Z�k�e�h�^�h�a�b�j�h�\�d�h�c���� �W�l�Z �\�_�e�b�q�b�g�Z�� �d�j�Z�_�\�h�]�h��
�m�]�e�Z���^�h�e�`�g�Z���[�u�l�v���g�_���f�_�g�_�_�������ƒ. 
 �>�e�y�� �d�h�e�b�q�_�k�l�\�_�g�g�h�c�� �h�p�_�g�d�b�� �w�n�n�_�d�l�Z�� �b�k�i�h�e�v�a�h�\�Z�g�b�y��
�j�Z�k�l�\�h�j�Z���N�l�h�j-�I�:�<���[�u�e�b���i�j�b�]�h�l�h�\�e�_�g�u���j�Z�k�l�\�h�j�u���j�Z�a�e�b�q��
�g�h�c���d�h�g�p�_�g�l�j�Z�p�b�b�����b�k�i�h�e�v�a�m�y���e�_�l�m�q�_�_���\�_�s�_�k�l�\�h���o�e�Z�^�h�g����������
�\���d�Z�q�_�k�l�\�_���j�Z�k�l�\�h�j�b�l�_�e�y�����K�i�_�p�b�Z�e�v�g�h���i�h�^�]�h�l�h�\�e�_�g�g�u�_���f�_��
�l�Z�e�e�b�q�_�k�d�b�_�� �i�e�Z�k�l�b�g�u�� �h�i�m�k�d�Z�e�b�k�v�� �\�� �j�Z�k�l�\�h�j���� �I�h�k�e�_�� �\�u��
�^�_�j�`�d�b�� �\�� �j�Z�k�l�\�h�j�_�� �b�� �i�h�k�e�_�^�m�x�s�_�c�� �k�m�r�d�b�� �f�_�l�Z�e�e�b�q�_�k�d�b�o��
�i�e�Z�k�l�b�g�����\�u�i�h�e�g�y�e�b�k�v���a�Z�f�_�j�u���a�g�Z�q�_�g�b�y���d�j�Z�_�\�h�]�h���m�]�e�Z���k�f�Z��
�q�b�\�Z�g�b�y�� 
 �I�h�� �^�Z�g�g�u�f�� �h�^�g�h�n�Z�d�l�h�j�g�h�c�� �f�h�^�_�e�b�� ���j�b�k�� ������ �l�Z�[�e. 3) 
�\�b�^�g�Z���h�l�q�_�l�e�b�\�Z�y���l�_�g�^�_�g�p�b�y���m�\�_�e�b�q�_�g�b�y���m�]�e�Z���^�h���a�g�Z�q�_�g�b�c��
�������������I�h�k�e�_���w�l�h�]�h���a�g�Z�q�_�g�b�y���\���i�j�_�^�_�e�Z�o���k�l�Z�l�b�k�l�b�q�_�k�d�h�c���a�g�Z��
�q�b�f�h�k�l�b���a�Z�\�b�k�b�f�h�k�l�v���i�j�Z�d�l�b�q�_�k�d�b���g�_���b�a�f�_�g�y�_�l�k�y. 
 �I�j�b�� �j�Z�k�k�f�h�l�j�_�g�b�b�� �\�e�b�y�g�b�y�� �k�j�Z�a�m�� �^�\�m�o�� �n�Z�d�l�h�j�h�\�� ���i�j�h��
�p�_�g�l�g�h�]�h���k�h�^�_�j�`�Z�g�b�y���j�Z�k�l�\�h�j�Z���b���d�h�e�b�q�_�k�l�\�Z���i�j�h�f�u�\�h�d�����b�k��
�i�h�e�v�a�h�\�Z�e�Z�k�v���f�h�^�_�e�v���^�\�m�o�n�Z�d�l�h�j�g�h�]�h���Z�g�Z�e�b�a�Z�� 

�J�b�k���������H�^�g�h�n�Z�d�l�h�j�g�Z�y���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y���a�Z�\�b�k�b�f�h�k�l�v��
�m�]�e�Z���k�f�Z�q�b�\�Z�g�b�y���h�l���d�h�g�p�_�g�l�j�Z�p�b�b���j�Z�k�l�\�h�j�Z 

 

�L�Z�[�e�b�p�Z���� 
�H�i�b�k�Z�l�_�e�v�g�u�_���k�l�Z�l�b�k�l�b�d�b���a�g�Z�q�_�g�b�c���m�]�e�Z���k�f�Z�q�b�\�Z�g�b�y��

�^�e�y���j�Z�a�e�b�q�g�u�o���a�g�Z�q�_�g�b�c���d�h�g�p�_�g�l�j�Z�p�b�b 

 
 �I�j�b�� �j�Z�k�k�f�h�l�j�_�g�b�b�� �\�e�b�y�g�b�y�� �k�j�Z�a�m�� �^�\�m�o�� �n�Z�d�l�h�j�h�\�� ���i�j�h��
�p�_�g�l�g�h�]�h���k�h�^�_�j�`�Z�g�b�y���j�Z�k�l�\�h�j�Z���b���d�h�e�b�q�_�k�l�\�Z���i�j�h�f�u�\�h�d�����b�k��
�i�h�e�v�a�h�\�Z�e�Z�k�v���f�h�^�_�e�v���^�\�m�o�n�Z�d�l�h�j�g�h�]�h���Z�g�Z�e�b�a�Z�� 

�W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�H�?���B�K�K�E�?�>�H�<�:�G�B�? �W�N�N�?�D�L�B�<�G�H�K�L�B��
�F�H�>�B�N�B�D�:�L�H�J�: 

�E�Z�[�h�j�Z�l�h�j�g�u�_���l�j�b�[�h�l�_�o�g�b�q�_�k�d�b�_���i�h�d�Z�a�Z�e�b�����q�l�h���b�k�i�h�e�v��
�a�h�\�Z�g�b�_�� �^�h�[�Z�\�d�b�� �n�l�h�j-�I�:�<�� �^�Z�_�l�� �k�m�s�_�k�l�\�_�g�g�h�_�� �m�f�_�g�v�r�_��
�g�b�_�� �f�h�f�_�g�l�Z�� �k�b�e�� �l�j�_�g�b�y�� �b�� �l�_�f�i�_�j�Z�l�m�j�u���� �[�h�e�_�_�� �q�_�f�� �\�� �^�\�Z��
�j�Z�a�Z���k�g�b�`�_�g�b�_���k�d�h�j�h�k�l�b���b�a�g�Z�r�b�\�Z�g�b�y�����Z���l�Z�d�`�_���^�h�k�l�Z�l�h�q�g�h��
�k�e�Z�[�m�x���a�Z�\�b�k�b�f�h�k�l�v���k�d�h�j�h�k�l�b���b�a�g�Z�r�b�\�Z�g�b�y�� �b���g�h�j�f�Z�e�v�g�h�c��
�g�Z�]�j�m�a�d�b���� �>�h�d�Z�a�Z�g�Z�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �^�h�[�Z�\�h�d�� �n�l�h�j-�I�:�<�� �\��
�k�f�Z�a�h�q�g�u�_���d�h�f�i�h�a�b�p�b�b���g�Z���h�k�g�h�\�_���l�j�Z�g�k�f�b�k�k�b�h�g�g�u�o���f�Z�k�_�e��
�L�F��-18 [25].  

�J�_�a�m�e�v�l�Z�l�u�� �k�l�_�g�^�h�\�u�o�� �b�k�i�u�l�Z�g�b�c�� �g�Z�� �j�_�^�m�d�l�h�j�g�h�f��
�k�l�_�g�^�_���R-�����i�h�d�Z�a�Z�e�b�����q�l�h���j�Z�[�h�q�b�_���i�h�\�_�j�o�g�h�k�l�b���a�m�[�v�_�\���r�_��
�k�l�_�j�_�g���i�h�k�e�_���b�k�i�u�l�Z�g�b�c���i�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�b���f�h�^�b�n�b�d�Z�l�h�j�Z��
�h�k�l�Z�e�b�k�v�� �\�� �m�^�h�\�e�_�l�\�h�j�b�l�_�e�v�g�h�f�� �k�h�k�l�h�y�g�b�b���� �I�j�b�� �w�l�h�f�� �i�h��
�l�_�j�y���f�Z�k�k�u���r�_�k�l�_�j�_�g���k�l�Z�e�Z���i�h�q�l�b���\���^�\�Z���j�Z�a�Z���f�_�g�v�r�_�����a�g�Z�q�b��
�l�_�e�v�g�h�� �g�b�`�_�� �m�k�l�Z�g�h�\�e�_�g�g�u�o�� �g�h�j�f���� �D�j�h�f�_�� �l�h�]�h���� �\�� �o�h�^�_�� �b�k��
�i�u�l�Z�g�b�c���g�_�a�g�Z�q�b�l�_�e�v�g�h���b�a�f�_�g�b�e�b�k�v �b���n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�_��
�k�\�h�c�k�l�\�Z���k�Z�f�h�]�h���f�Z�k�e�Z�� 

�K�l�_�g�^�h�\�u�_���b�k�i�u�l�Z�g�b�y���f�h�^�_�e�_�c���R�<�F���i�h�a�\�h�e�b�e�b���h�i�j�_��
�^�_�e�b�l�v���j�_�k�m�j�k���f�_�o�Z�g�b�a�f�Z�����d�h�l�h�j�u�c���k�h�k�l�Z�\�b�e�������������p�b�d�e�h�\�����Z��
�l�Z�d�`�_�� �a�Z�n�b�d�k�b�j�h�\�Z�l�v�� �i�h�k�l�h�y�g�g�h�_�� �a�g�Z�q�_�g�b�_�� �l�_�f�i�_�j�Z�l�m�j�u�� �\��
�a�h�g�_���l�j�_�g�b�y���g�_���i�j�_�\�u�r�Z�x�s�_�_�������ƒ�K�����D�j�h�f�_���l�h�]�h�����i�j�b�f�_�g�_��
�g�b�_ �l�_�o�g�h�e�h�]�b�b�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�b�y�� �i�h�\�_�j�o�g�h�k�l�_�c�� �i�Z�j�� �l�j�_��
�g�b�y���i�h�a�\�h�e�b�e�h���k�g�b�a�b�l�v���[�h�e�_�_���q�_�f���\�������j�Z�a�Z���k�d�h�j�h�k�l�v���i�j�b�j�Z��
�[�h�l�d�b���\���g�Z�q�Z�e�v�g�u�c���i�_�j�b�h�^���b���\�����������j�Z�a�Z���k�h�d�j�Z�l�b�l�v���b�a�g�h�k���i�h��
�k�e�_���i�j�b�j�Z�[�h�l�d�b�� 

�J�_�a�m�e�v�l�Z�l�u�� �b�k�i�u�l�Z�g�b�c�� �g�Z�� �j�h�e�b�d�h�\�h�f�� �k�l�_�g�^�_�� �i�h�d�Z�a�Z�e�b����
�q�l�h�� �^�h�[�Z�\�d�b�� �n�l�h�j-�I�:�<�� �i�h�a�\�h�e�y�x�l �k�g�b�a�b�l�v�� �f�_�o�Z�g�b�q�_�k�d�b�_��
�i�h�l�_�j�b���\���i�_�j�_�^�Z�q�Z�o���b���k�b�e�h�\�u�o���m�k�l�Z�g�h�\�d�Z�o�����h�[�_�k�i�_�q�b�\�Z�y���i�h��
�q�l�b���g�Z�����������i�h�\�u�r�_�g�b�_���l�y�]�h�\�h�]�h���m�k�b�e�b�y�� 

�K�e�_�^�m�_�l�� �h�l�f�_�l�b�l�v�� �l�Z�d�`�_���� �q�l�h�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �\�� �h�[�e�Z�k�l�b��
�k�h�o�j�Z�g�y�_�f�h�k�l�b���l�_�o�g�b�d�b���\���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�c���i�_�j�b�h�^���b���\���i�_��
�j�b�h�^���d�h�g�k�_�j�\�Z�p�b�b���\���q�Z�k�l�b���a�Z�s�b�l�u���h�l���d�h�j�j�h�a�b�b�����^�Z�x�l���i�h�e�h��
�`�b�l�_�e�v�g�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �>�������� �����@���� �J�Z�a�j�Z�[�h�l�Z�g�u�� �b�� �h�i�l�b�f�b�a�b��
�j�h�\�Z�g�u���b�g�]�b�[�b�l�h�j�g�u�_���k�h�k�l�Z�\�u���^�e�y���h�[�_�k�i�_�q�_�g�b�y���k�h�o�j�Z�g�y�_��
�f�h�k�l�b���k�_�e�v�o�h�a�l�_�o�g�b�d�b���>�����@�����I�j�h�\�_�^�_�g�u���j�Z�[�h�l�u���b���i�h�e�m�q�_�g�u��
�^�h�k�l�h�\�_�j�g�u�_�� �b�� �Z�^�_�d�\�Z�l�g�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �\�� �h�[�e�Z�k�l�b�� �b�k�k�e�_�^�h��
�\�Z�g�b�y�� �k�b�k�l�_�f�� �©�i�h�d�j�u�l�b�_-�h�k�g�h�\�Z�ª�� �b�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �j�Z�\�g�h��
�l�h�e�s�b�g�g�u�o���]�Z�a�h�l�_�j�f�b�q�_�k�d�b�o���i�h�d�j�u�l�b�c���>�������������@�� 
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�A�:�D�E�X�Q�?�G�B�?�����<�U�<�H�>�U) 

�<���k�l�Z�l�v�_���h�l�j�Z�`�_�g�u���[�Z�a�h�\�u�_���f�h�f�_�g�l�u���i�j�h�\�_�^�z�g�g�h�]�h���b�k��
�k�e�_�^�h�\�Z�g�b�y���b���j�_�r�_�g�Z���a�Z�^�Z�q�Z���m�e�m�q�r�_�g�b�y���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o��
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Abstract. The article presents a solution to the problem of im-
proving the operational characteristics of agricultural machinery 
aggregates by applying a monomolecular protective film on the 
surface of tribounits. In accordance with the strategy for the de-
velopment of agriculture, one of the priority areas of which is im-
port substitution, an analysis has been made of existing methods 
for improving the performance of agricultural machinery aggre-
gates by modifying the interface surfaces with surface-active sub-
stances (surfactants).  The article presents the theoretical justifi-
cation and the results of the experiment, confirming the rationale 
for increasing the operational wear resistance of gears and life by 
changing the magnitude of the friction on the interface surfaces. 
The properties of molecules of surface-active substances are used 
to change the surface energy at the interface and thereby affect the 

physicochemical processes: wetting, wear, friction, corrosion [1-4].  
The methods of forming a monomolecular protective film are pre-
sented as well as the technology of modifying the surfaces of fric-
tion pairs by surfactants is optimized, based on a model of the be-
havior of a drop on the surface and an estimate of the wetting an-
gle. The results of experimental studies of the effectiveness of the 
modifier, evaluation of its physicochemical and operational prop-
erties are presented.  

Keywords: surface-active substance, monomolecular film, sur-
face energy. 
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�\�b�^�_ �l�j�Z�_�d�l�h�j�b�c �^�\�b�`�_�g�b�y�� �q�Z�k�l�b�p���b�e�b���h�l�h�[�j�Z�`�_�g�b�y �k�d�h�i�e�_��
�g�b�y���q�Z�k�l�b�p���g�Z���]�j�Z�g�b�p�Z�o�����F�h�]�m�l���[�u�l�v���i�h�k�l�j�h�_�g�u���]�j�Z�n�b�d�b���i�_��
�j�_�f�_�s�_�g�b�c�� �b�� �k�d�h�j�h�k�l�_�c�� �q�Z�k�l�b�p �k�f�Z�a�u�\�Z�x�s�_�c�� �`�b�^�d�h�k�l�b �\�h��
�\�g�m�l�j�_�g�g�_�f�� �h�[�t�_�f�_�� �k�[�h�j�d�b. �I�j�_�^�k�l�Z�\�e�_�g�Z�� �i�j�h�]�j�Z�f�f�g�Z�y�� �k�b��
�k�l�_�f�Z�����j�Z�a�j�Z�[�h�l�Z�g�g�Z�y���g�Z���h�k�g�h�\�_���i�j�_�^�e�Z�]�Z�_�f�h�]�h���i�h�^�o�h�^�Z�����I�j�h��
�b�a�\�_�^�_�g�h�� �l�_�k�l�b�j�h�\�Z�g�b�_ �j�Z�[�h�l�u �k�b�k�l�_�f�u �g�Z�� �f�h�^�_�e�v�g�u�o�� �a�Z�^�Z��
�q�Z�o. �I�j�h�b�a�\�_�^�_�g �j�Z�k�q�_�l���p�b�j�d�m�e�y�p�b�b���k�f�Z�a�u�\�Z�x�s�_�c���`�b�^�d�h�k�l�b��
�\���j�_�^�m�d�l�h�j�_ �\�_�^�m�s�_�]�h���f�h�k�l�Z �]�j�m�a�h�\�h�]�h���Z�\�l�h�f�h�[�b�e�y�� �M�d�Z�a�Z�g�u��
�g�Z�i�j�Z�\�e�_�g�b�y���^�e�y���^�Z�e�v�g�_�c�r�b�o���j�Z�[�h�l�� 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �j�Z�k�q�_�l�� �k�f�Z�a�d�b���� �f�_�l�h�^�� �d�j�m�i�g�u�o�� �q�Z�k�l�b�p����
�k�f�Z�q�b�\�Z�g�b�_�� �i�h�\�_�j�o�g�h�k�l�b���� �^�b�g�Z�f�b�d�Z�� �k�b�k�l�_�f�� �l�_�e����
�h�j�l�h�]�h�g�Z�e�v�g�Z�y���k�_�l�d�Z�����]�_�g�_�j�Z�l�h�j���k�_�l�h�q�g�u�o���f�h�^�_�e�_�c�����k�_�l�h�q-�g�u�_��
�f�h�^�_�e�b. 

�<�<�?�>�?�G�B�? 

�Q�b�k�e�_�g�g�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_ �p�b�j�d�m�e�y�p�b�b�� �k�f�Z�a�u�\�Z�x�s�_�c��
�`�b�^�d�h�k�l�b���\���j�Z�a�e�b�q�g�u�o���m�a�e�Z�o���b���^�_�l�Z�e�y�o���f�Z�r�b�g���y�\�e�y�_�l�k�y���Z�d��
�l�m�Z�e�v�g�h�c�� �a�Z�^�Z�q�_�c���� �i�h�k�d�h�e�v�d�m�� �i�h�a�\�h�e�y�_�l�� �a�g�Z�q�b�l�_�e�v�g�h�� �k�g�b��
�a�b�l�v�� �a�Z�l�j�Z�l�u�� �g�Z�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�m�x�� �^�h�\�h�^�d�m�� �l�Z�d�b�o���m�a�e�h�\ 
[1]. �I�j�b �b�k�i�h�e�v�a�h�\�Z�g�b�b���f�_�l�h�^�h�\ �j�Z�k�q�_�l�Z�����h�k�g�h�\�u�\�Z�x�s�b�o�k�y��
�g�Z���j�_�r�_�g�b�b �l�h�q�g�u�o���m�j�Z�\�g�_�g�b�c���]�b�^�j�h�^�b�g�Z�f�b�d�b�����l�j�_�[�m�x�l�k�y 
�a�g�Z�q�b�l�_�e�v�g�u�_ �\�u�q�b�k�e�b�l�_�e�v�g�u�_ �j�_�k�m�j�k�u�� �B�o �i�j�b�f�_�g�b�f�h�k�l�v 
�h�]�j�Z�g�b�q�_�g�Z �b�a�^�_�e�b�y�f�b �k���h�l�g�h�k�b�l�_�e�v�g�h���g�_�[�h�e�v�r�b�f���d�h�e�b�q�_��
�k�l�\�h�f���i�h�^�\�b�`�g�u�o���^�_�l�Z�e�_�c [2, 3]�����L�Z�d, �\���j�Z�[�h�l�_���>��] �[�u�e�b �k�f�h��
�^�_�e�b�j�h�\�Z�g�u �]�b��̂j�h��̂b�g�Z�f�b�q�_�k�d�b�_���i�j�h�p�_�k�k�u �\���d�Z�j�l�_�j�_���\�_�^�m��
�s�_�]�h �f�h�k�l�Z���Z�\�l�h�f�h�[�b�e�y���k�_�f�_�c�k�l�\�Z���©�D�:�F�:�A�ª���k���b�k�i�h�e�v�a�h�\�Z��
�g�b�_�f�� �i�j�h�]�j�Z�f�f�g�h�]�h�� �i�j�h�^�m�d�l�Z�� �)�O�R�Z�9�L�V�L�R�Q���� �B�k�k�e�_�^�h�\�Z�g�b�_��
�j�Z�k�i�j�_�^�_�e�_�g�b�y���f�Z�k�e�Z���\���j�Z�[�h�q�_�c���h�[�e�Z�k�l�b���d�Z�j�l�_�j�Z���\�_�^�m�s�_�]�h��
�f�h�k�l�Z�� �\�u�i�h�e�g�_�g�h�� �\�� �j�Z�f�d�Z�o�� �f�h�^�_�e�b�� �l�_�q�_�g�b�y�� �g�_�k�`�b�f�Z�_�f�h�c��
�`�b�^�d�h�k�l�b�� �i�h�^�� �^�_�c�k�l�\�b�_�f�� �\�j�Z�s�Z�x�s�b�o�k�y�� �w�e�_�f�_�g�l�h�\�� �d�h�g��
�k�l�j�m�d�p�b�b���\���i�h�e�_�� �l�y�`�_�k�l�b [4]. �J�_�r�_�g�b�_���^�Z�g�g�h�c �a�Z�^�Z�q�b �l�j�_��
�[�m�_�l�� �j�_�k�m�j�k�h�_�f�d�h�]�h�� �q�b�k�e�_�g�g�h�]�h�� �j�_�r�_�g�b�y�� �^�b�n�n�_�j�_�g�p�b�Z�e�v��
�g�h�]�h���m�j�Z�\�g�_�g�b�y���G�Z�\�v�_-�K�l�h�d�k�Z [5, 6, 7]. �<�k�e�_�^�k�l�\�b�_���w�l�h�]�h �\��
�j�Z�[�h�l�_���>4�@���j�Z�k�q�_�l �\�_�e�k�y���l�h�e�v�d�h���^�e�y���i�y�l�b���h�[�h�j�h�l�h�\���p�_�g�l�j�Z�e�v��
�g�h�]�h���d�h�e�_�k�Z���j�_�^�m�d�l�h�j�Z�����H�^�g�Z�d�h���j�Z�k�q�_�l���i�y�l�b���i�h�e�g�u�o���h�[�h�j�h��
�l�h�\���g�_���^�Z�_�l���\�k�_�c���d�Z�j�l�b�g�u���l�_�q�_�g�b�y���k�f�Z�a�u�\�Z�x�s�_�c���`�b�^�d�h�k�l�b����

�M�k�e�h�`�g�_�g�b�_�� �j�Z�k�q�_�l�g�h�c�� �k�o�_�f�u�� �l�Z�d�� �`�_�� �i�j�b�\�h�^�b�l�� �d�� �a�g�Z�q�b��
�l�_�e�v�g�h�f�m���j�h�k�l�m���g�_�h�[�o�h�^�b�f�u�o���\�u�q�b�k�e�b�l�_�e�v�g�u�o���j�_�k�m�j�k�h�\�� 
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�<�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�_�� �^�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d��
�p�b�j�d�m�e�y�p�b�b���k�f�Z�a�d�b�����`�b�^�d�h�k�l�b�����\�h���\�g�m�l�j�_�g�g�_�f���h�[�t�_�f�_���d�Z�d��
�l�j�_�o�f�_�j�g�h�f���i�j�h�k�l�j�Z�g�k�l�\�_���k�e�h�`�g�h�c���d�h�g�n�b�]�m�j�Z�p�b�b���i�j�_�^�e�Z��
�]�Z�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�l�v�� �f�_�l�h�^�� �d�j�m�i�g�u�o�� �q�Z�k�l�b�p�����=�_�h�f�_�l�j�b�y��
�\�g�m�l�j�_�g�g�b�o���^�_�l�Z�e�_�c���k���m�q�_�l�h�f���g�h�j�f�Z�e�_�c���d���i�h�\�_�j�o�g�h�k�l�b �i�h�a��
�\�h�e�y�_�l���h�p�_�g�b�l�v���l�_�q�_�g�b�_���k�f�Z�a�d�b���\���f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v�g�h�f���b�a��
�^�_�e�b�b [8]. �H�g�Z���i�j�_�^�k�l�Z�\�e�y�_�l�k�y�� �d�m�[�b�q�_�k�d�b�f�b�� �h�j�l�h�]�h�g�Z�e�v��
�g�u�f�b���k�_�l�d�Z�f�b�����d�h�l�h�j�u�_���i�h�e�m�q�Z�x�l�k�y���b�a���&�$�'���]�_�h�f�_�l�j�b�b���j�Z�k��
�k�f�Z�l�j�b�\�Z�_�f�h�]�h���m�a�e�Z�����Z�]�j�_�]�Z�l�Z) [9]. �W�l�h �i�h�a�\�h�e�b�l���i�h�e�m�q�b�l�v��
�g�_�d�h�l�h�j�u�_���n�b�a�b�q�_�k�d�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �\ �f�h�^�_�e�b�j�m�_�f�h�f��
�h�[�t�_�d�l�_�� �>����]. �W�l�h�� �f�h�]�m�l�� �[�u�l�v �k�l�Z�l�b�k�l�b�q�_�k�d�b�_�� �o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�b�� �p�b�j�d�m�e�y�p�b�b�� �`�b�^�d�h�k�l�b���� �g�Z�i�j�b�f�_�j���� �b�g�l�_�g�k�b�\�g�h�k�l�v��
�k�f�Z�q�b�\�Z�g�b�y���i�h�\�_�j�o�g�h�k�l�_�c���b���i�Z�j�Z�f�_�l�j�u���i�h�l�h�d�h�\���`�b�^�d�h�k�l�b�� 

�H�k�g�h�\�g�u�f�b�� �i�j�Z�\�b�e�Z�f�b�� �^�\�b�`�_�g�b�y�� �q�Z�k�l�b�p���� �b�k�i�h�e�v�a�m�_��
�f�u�f�b�� �i�j�b�� �j�Z�a�j�Z�[�h�l�d�_�� �Z�e�]�h�j�b�l�f�h�\�� �j�Z�k�q�_�l�Z �p�b�j�d�m�e�y�p�b�b��
�k�f�Z�a�d�b�����y�\�e�y�x�l�k�y�� 

1) �k�\�h�[�h�^�g�h�_���^�\�b�`�_�g�b�_���\�g�m�l�j�b���h�[�t�_�f�Z���[�_�a���\�a�Z�b�f�h�^�_�c��
�k�l�\�b�y�� 

2) �^�\�b�`�_�g�b�_���i�h���\�g�m�l�j�_�g�g�_�c���i�h�\�_�j�o�g�h�k�l�b���k���m�q�_�l�h�f���k�d�h��
�j�h�k�l�b�����k�h�i�j�h�l�b�\�e�_�g�b�y���k�d�h�e�v�`�_�g�b�x���b���g�h�j�f�Z�e�_�c���d���i�h��
�\�_�j�o�g�h�k�l�b�� 

3) �m�q�_�l���k�b�e�u���\�_�k�Z���i�j�b���k�l�_�d�Z�g�b�b�� 
4) �m�q�_�l���h�[�e�Z�k�l�_�c���j�Z�a�[�j�u�a�]�b�\�Z�g�b�y�� 
5) �^�\�b�`�_�g�b�_���q�Z�k�l�b�p�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �\�� �h�j�l�h�]�h�g�Z�e�v�g�h�c��

�k�_�l�d�_���� �h�i�b�k�u�\�Z�x�s�_�c�� �b�k�k�e�_�^�m�_�f�u�c�� �h�[�t�_�f�� �k�� �d�Z�g�Z��
�e�Z�f�b���b���i�m�k�l�h�l�Z�f�b�����i�h���d�h�l�h�j�u�f���p�b�j�d�m�e�b�j�m�_�l���k�f�Z�a�u��
�\�Z�x�s�Z�y���`�b�^�d�h�k�l�v. 

�J�Z�k�q�_�l�� �p�b�j�d�m�e�y�p�b�b�� �k�f�Z�a�u�\�Z�x�s�_�c�� �`�b�^�d�h�k�l�b�� �[�m�^�_�l�� �\�_��
�k�l�b�k�v���b�l�_�j�Z�l�b�\�g�h�����i�h�d�Z���g�_���[�m�^�_�l���^�h�k�l�b�]�g�m�l�h���f�Z�d�k�b�f�Z�e�v�g�h�_��
�d�h�e�b�q�_�k�l�\�h�� �b�l�_�j�Z�p�b�c���� �d�h�l�h�j�h�_�� �\�u�q�b�k�e�y�_�l�k�y�� �g�Z�� �h�k�g�h�\�Z�g�b�b��
�r�Z�]�Z���j�Z�k�q�_�l�h�\���b���f�Z�d�k�b�f�Z�e�v�g�h�]�h���\�j�_�f�_�g�b�����<���i�j�_�^�_�e�Z�o���h�^�g�h�c��
�b�l�_�j�Z�p�b�b���i�j�h�b�k�o�h�^�b�l �i�_�j�_�k�q�_�l���h�[�t�_�f�Z���`�b�^�d�h�k�l�b���\���d�Z�`�^�h�c��
�y�q�_�c�d�_���� �i�_�j�_�k�q�_�l�� �i�j�Z�\�u�o�� �q�Z�k�l�_�c���� �Z�� �l�Z�d�`�_�� �k�h�o�j�Z�g�_�g�b�_�� �j�_��
�a�m�e�v�l�Z�l�h�\���j�Z�k�q�_�l�h�\�� 

�G�Z�� �i�_�j�\�h�f�� �w�l�Z�i�_�� �i�j�h�b�k�o�h�^�b�l�� �\�u�q�b�k�e�_�g�b�_�� �g�Z�q�Z�e�v�g�h�]�h��
�m�j�h�\�g�y���k�l�Z�l�b�q�_�k�d�h�c���\�Z�g�g�u�����D�h�e�b�q�_�k�l�\�h���w�e�_�f�_�g�l�h�\���^�b�k�d�j�_�l��
�g�h�c���f�h�^�_�e�b�����m�q�Z�k�l�\�m�x�s�b�o���\���g�Z�q�Z�e�v�g�h�c���a�Z�e�b�\�d�_�����i�j�_�^�k�l�Z�\��
�e�y�_�l�� �k�h�[�h�c�� �q�Z�k�l�g�h�_�� �h�l�� �h�[�t�_�f�Z�� �a�Z�e�b�\�d�b�� �b�� �h�[�t�_�f�Z�� �w�e�_�f�_�g�l�Z��
�^�b�k�d�j�_�l�g�h�c�� �f�h�^�_�e�b���� �H�[�t�_�f�� �w�e�_�f�_�g�l�Z�� �^�b�k�d�j�_�l�g�h�c�� �f�h�^�_�e�b��
�\�u�q�b�k�e�y�_�l�k�y���d�Z�d���d�m�[���r�Z�]�Z���k�_�l�d�b���\�k�e�_�^�k�l�\�b�_���h�j�l�h�]�h�g�Z�e�v�g�h��
�k�l�b���b�k�i�h�e�v�a�m�_�f�h�c���k�_�l�d�b���� 

�G�Z���k�e�_�^�m�x�s�_�f���w�l�Z�i�_���i�j�h�b�k�o�h�^�b�l �b�l�_�j�Z�l�b�\�g�u�c���i�j�h�p�_�k�k��
�i�h�b�k�d�Z���w�e�_�f�_�g�l�h�\���k���f�b�g�b�f�Z�e�v�g�u�f���a�g�Z�q�_�g�b�_�f���i�h�l�_�g�p�b�Z�e�v��
�g�h�c���w�g�_�j�]�b�b���b���^�h�[�Z�\�e�_�g�b�y���w�l�b�o���w�e�_�f�_�g�l�h�\���\���k�i�b�k�h�d���w�e�_�f�_�g��
�l�h�\���k�l�Z�l�b�q�_�k�d�h�c���\�Z�g�g�u���� 
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�A�Z�i�h�e�g�_�g�b�_�� �d�Z�`�^�h�c���y�q�_�c�d�b�� �k�_�l�h�q�g�h�c�� �f�h�^�_�e�b���� �d�h�l�h�j�u�_��
�h�[�j�Z�a�m�x�l�� �k�l�Z�l�b�q�_�k�d�m�x�� �\�Z�g�g�m���� �i�j�h�b�k�o�h�^�b�l�� �i�m�l�_�f�� �^�h�[�Z�\�e�_��
�g�b�y���\���g�_�_���h�i�j�_�^�_�e�_�g�g�h�]�h���d�h�e�b�q�_�k�l�\�Z���q�Z�k�l�b�p�����j�Z�\�g�h�]�h���f�Z�d��
�k�b�f�Z�e�v�g�h�f�m�� �d�h�e�b�q�_�k�l�\�m�� �q�Z�k�l�b�p�� �g�Z�� �h�^�b�g�� �w�e�_�f�_�g�l�� �^�b�k�d�j�_�l��
�g�h�c���f�h�^�_�e�b�����h�i�j�_�^�_�e�_�g�g�h�f�m���i�j�b���a�Z�^�Z�g�b�b���i�Z�j�Z�f�_�l�j�h�\���j�_�r�Z��
�l�_�e�y���� �H�^�g�h�\�j�_�f�_�g�g�h�� �d�Z�`�^�h�c�� �q�Z�k�l�b�p�_�� �i�j�b�k�\�Z�b�\�Z�x�l�k�y�� �k�d�h��
�j�h�k�l�v���b���i�_�j�_�f�_�s�_�g�b�y���\�^�h�e�v���h�k�_�c���d�h�h�j�^�b�g�Z�l���;�����<���b���=�����g�_�h�[��
�o�h�^�b�f�u�_���^�e�y���^�Z�e�v�g�_�c�r�_�]�h���h�i�j�_�^�_�e�_�g�b�y���l�j�Z�_�d�l�h�j�b�b���^�\�b�`�_��
�g�b�y���q�Z�k�l�b�p�����K�d�h�j�h�k�l�v���h�i�j�_�^�_�e�y�_�l�k�y���i�m�l�_�f���a�Z�^�Z�g�b�y���k�j�_�^�g�_�]�h��
�a�g�Z�q�_�g�b�y���i�j�h�_�d�p�b�c���_�_���\�_�d�l�h�j�Z���\�^�h�e�v���\�k�_�o���h�k�_�c���d�h�h�j�^�b�g�Z�l. 
�I�j�b���a�Z�^�Z�g�b�b���k�d�h�j�h�k�l�_�c���q�Z�k�l�b�p���m�q�b�l�u�\�Z�_�l�k�y���j�Z�a�[�j�h�k�����l�Z�d�`�_��
�a�Z�^�Z�\�Z�_�f�u�c���\���b�k�o�h�^�g�u�o���^�Z�g�g�u�o�����I�j�b���w�l�h�f���\�h�a�f�h�`�g�h���a�Z�^�Z��
�g�b�_�� �j�Z�a�[�j�h�k�Z�� �i�h�� �a�Z�d�h�g�m�� �g�h�j�f�Z�e�v�g�h�]�h�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �e�b�[�h��
�i�h���a�Z�d�h�g�m���j�Z�\�g�h�f�_�j�g�h�]�h���j�Z�k�i�j�_�^�_�e�_�g�b�y�� 

�J�_�r�_�g�b�_�� �a�Z�^�Z�q�b�� �g�Z�o�h�`�^�_�g�b�y�� �l�j�Z�_�d�l�h�j�b�b�� �^�\�b�`�_�g�b�y�� �q�Z��
�k�l�b�p���y�\�e�y�_�l�k�y���b�l�_�j�Z�l�b�\�g�u�f���b���^�e�b�l�k�y���^�h���l�_�o���i�h�j�����i�h�d�Z���g�_���[�m��
�^�_�l�� �^�h�k�l�b�]�g�m�l�h�� �i�j�_�^�_�e�v�g�h�_�� �d�h�e�b�q�_�k�l�\�h�� �b�l�_�j�Z�p�b�c���� �H�k�g�h�\��
�g�u�_�� �b�� �g�Z�b�[�h�e�_�_�� �d�j�m�i�g�u�_�� �w�l�Z�i�u�� �g�Z�� �d�Z�`�^�h�c�� �b�l�_�j�Z�p�b�b���± �w�l�h��
�j�Z�k�q�_�l���h�[�t�_�f�Z���`�b�^�d�h�k�l�b���\���d�Z�`�^�h�c���y�q�_�c�d�_�����i�_�j�_�k�q�_�l���i�j�Z�\�u�o��
�q�Z�k�l�_�c���b���k�h�o�j�Z�g�_�g�b�_���j�_�a�m�e�v�l�Z�l�h�\���j�Z�k�q�_�l�h�\���g�Z���r�Z�]�_���� 

�J�Z�k�q�_�l�� �h�[�t�_�f�Z�� �`�b�^�d�h�k�l�b�� �\�� �d�Z�`�^�h�c�� �y�q�_�c�d�_�� �g�_�h�[�o�h�^�b�f��
�^�e�y���l�h�]�h�����q�l�h�[�u���b�a�[�_�`�Z�l�v���i�_�j�_�i�h�e�g�_�g�b�y���d�Z�`�^�h�]�h���w�e�_�f�_�g�l�Z��
�^�b�k�d�j�_�l�g�h�c�� �f�h�^�_�e�b�� ���Z�e�]�h�j�b�l�f�� �j�Z�[�h�l�u�� �i�j�_�^�m�k�f�Z�l�j�b�\�Z�_�l��
�h�i�j�_�^�_�e�_�g�g�h�_ �d�h�e�b�q�_�k�l�\�h���q�Z�k�l�b�p���g�Z���h�^�g�m���y�q�_�c�d�m���k�_�l�h�q�g�h�c��
�f�h�^�_�e�b������ �<�� �k�e�m�q�Z�_���� �_�k�e�b�� �i�j�h�b�k�o�h�^�b�l�� �i�_�j�_�i�h�e�g�_�g�b�_�� �d�Z�d�h�c-
�e�b�[�h���b�a���y�q�_�_�d���^�b�k�d�j�_�l�g�h�c���f�h�^�_�e�b�����l�h���q�Z�k�l�b�p�Z���i�_�j�_�f�_�s�Z�_�l�k�y��
�\�� �k�h�k�_�^�g�x�x�� �y�q�_�c�d�m���� �G�Z�� �^�Z�g�g�h�f�� �w�l�Z�i�_�� �i�j�h�b�k�o�h�^�b�l�� �l�Z�d�`�_��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �j�_�a�m�e�v�l�Z�l�h�\�� �j�Z�k�q�_�l�h�\�� �g�Z�� �r�Z�]�_�� �\�� �k�h�h�l�\�_�l��
�k�l�\�b�b���k���a�Z�^�Z�g�g�u�f�b���i�Z�j�Z�f�_�l�j�Z�f�b���j�_�r�Z�l�_�e�y�����i�Z�j�Z�f�_�l�j�u���\�u��
�\�h�^�Z���� �h�l�h�[�j�Z�`�Z�l�v�� �k�e�_�^���h�l���^�\�b�`�_�g�b�y�� �q�Z�k�l�b�p�u, �h�l�h�[�j�Z�`�Z�l�v��
�g�Z�d�h�i�e�_�g�b�_���q�Z�k�l�b�p���\���w�e�_�f�_�g�l�Z�o �^�b�k�d�j�_�l�g�h�c���f�h�^�_�e�b �b�k�k�e�_��
�^�m�_�f�h�]�h���h�[�t�_�f�Z). 

�I�h�k�e�_�� �\�u�q�b�k�e�_�g�b�y�� �h�[�t�_�f�Z�� �`�b�^�d�h�k�l�b�� �\�� �d�Z�`�^�h�c�� �y�q�_�c�d�_��
�i�j�h�b�k�o�h�^�b�l���i�_�j�_�k�q�_�l���i�j�Z�\�u�o���q�Z�k�l�_�c�����d�h�l�h�j�u�c���i�j�_�^�k�l�Z�\�e�y�_�l��
�k�h�[�h�c�� �g�Z�a�g�Z�q�_�g�b�_�� �k�d�h�j�h�k�l�_�c�� �b�� �i�_�j�_�f�_�s�_�g�b�c�� �q�Z�k�l�b�p�Z�f���� �Z 
�l�Z�d�`�_���\�u�q�b�k�e�_�g�b�_���g�h�\�h�]�h���m�j�h�\�g�y���k�l�Z�l�b�q�_�k�d�h�c���\�Z�g�g�u�� 

�<�u�q�b�k�e�_�g�b�_�� �g�h�\�h�]�h�� �i�h�e�h�`�_�g�b�y�� �q�Z�k�l�b�p�� �i�j�h�b�k�o�h�^�b�l�� �k�h��
�]�e�Z�k�g�h���n�h�j�f�m�e�_���^�e�y���j�Z�\�g�h�m�k�d�h�j�_�g�g�h�]�h���^�\�b�`�_�g�b�y���l�_�e�Z�����J�Z�k��
�k�l�h�y�g�b�_�����i�j�h�c�^�_�g�g�h�_���q�Z�k�l�b�p�_�c�����\�u�q�b�k�e�y�_�l�k�y���i�h���n�h�j�f�m�e�_���� 
[11, 12, 13]. 

�� �� ��������

�]� �̂_��  �± �g�Z�q�Z�e�v�g�h�_�� �i�h�e�h�`�_�g�b�_�� �q�Z�k�l�b�p�u���� �± �g�Z�q�Z�e�v�g�Z�y��
�k�d�h�j�h�k�l�v���q�Z�k�l�b�p�u����a �± �m�k�d�h�j�_�g�b�_���q�Z�k�l�b�p�u����t �± �\�j�_�f�y�� 

�I�j�b���w�l�h�f���a�Z���m�k�d�h�j�_�g�b�_���i�j�b�g�b�f�Z�_�l�k�y �k�b�e�Z���l�y�`�_�k�l�b g�����a�Z��
�^�Z�g�g�Z�y���\���b�k�o�h�^�g�u�o���^�Z�g�g�u�o�����I�j�b���a�Z�^�Z�g�b�b���k�b�e�u���l�y�`�_�k�l�b���b�k��
�i�h�e�v�a�m�_�l�k�y���_�_���f�h�^�m�e�v�����Z���l�Z�d�`�_���d�h�k�b�g�m�k�u�� �m�]�e�h�\���g�Z�d�e�h�g�Z���_�_��
�\�_�d�l�h�j�Z���g�Z���h�k�b���k�b�k�l�_�f�u���d�h�h�j�^�b�g�Z�l���b�k�k�e�_�^�m�_�f�h�]�h���l�_�e�Z�������L�Z�d��
�d�Z�d���b�k�i�h�e�v�a�m�x�l�k�y���Z�g�Z�e�b�l�b�q�_�k�d�b�_���\�u�j�Z�`�_�g�b�y���^�e�y���\�u�q�b�k�e�_��
�g�b�y�� �i�h�e�h�`�_�g�b�y�� �q�Z�k�l�b�p�u���� �l�h�� �f�h�`�g�h�� �l�h�q�g�h�� �h�i�j�_�^�_�e�b�l�v�� �f�h��
�f�_�g�l�� �k�h�i�j�b�d�h�k�g�h�\�_�g�b�y���q�Z�k�l�b�p�u�� �k�� �]�j�Z�g�b�p�_�c���� �I�j�h�\�_�j�d�Z�� �g�Z��
�\�u�o�h�^ �q�Z�k�l�b�p�u���a�Z�� �i�j�_�^�_�e�u�� �]�_�h�f�_�l�j�b�b���y�\�e�y�_�l�k�y���h�[�y�a�Z�l�_�e�v��
�g�h�c�����?�k�e�b���q�Z�k�l�b�p�Z���g�_���i�j�h�^�h�e�`�Z�_�l���g�Z�o�h�^�b�l�v�k�y���\�g�m�l�j�b���b�k�k�e�_��
�^�m�_�f�h�]�h���h�[�t�_�f�Z�����l�h���g�Z�o�h�^�b�l�k�y���w�e�_�f�_�g�l���^�b�k�d�j�_�l�g�h�c���f�h�^�_�e�b����
�g�Z�o�h�^�y�s�b�c�k�y���g�Z���m�^�Z�e�_�g�b�b���\�u�q�b�k�e�_�g�g�h�]�h���d�h�e�b�q�_�k�l�\�Z���r�Z�]�h�\��
�^�b�k�d�j�_�l�b�a�Z�p�b�b �k�_�l�h�q�g�h�c���f�h�^�_�e�b �h�l�� �l�_�d�m�s�_�]�h���� �b�� �q�Z�k�l�b�p�_��
�i�j�b�k�\�Z�b�\�Z�_�l�k�y���g�h�f�_�j���w�l�h�]�h���w�e�_�f�_�g�l�Z�����I�j�b���\�u�o�h�^�_���q�Z�k�l�b�p�u��
�a�Z���i�j�_�^�_�e�u���b�k�k�e�_�^�m�_�f�h�]�h���h�[�t�_�f�Z �\�h�a�f�h�`�g�h���^�\�Z���\�Z�j�b�Z�g�l�Z�����<��
�i�_�j�\�h�f���k�e�m�q�Z�_�����d�h�]�^�Z���\���b�k�o�h�^�g�u�o���^�Z�g�g�u�o���a�Z�^�Z�g�h�����q�l�h���g�h�j��
�f�Z�e�b���g�_���m�q�b�l�u�\�Z�x�l�k�y�����k�d�h�j�h�k�l�v���i�h���l�h�c���h�k�b�����\�^�h�e�v���d�h�l�h�j�h�c��

�i�j�h�b�k�o�h�^�b�l���\�u�o�h�^�� �q�Z�k�l�b�p�u���� �i�j�b�g�b�f�Z�_�l�k�y�� �j�Z�\�g�h�c�� �g�m�e�x����
�?�k�e�b���`�_���m�d�Z�a�Z�g�h�����q�l�h���g�h�j�f�Z�e�b���^�h�e�`�g�u���[�u�l�v���m�q�l�_�g�u�����l�h���i�j�b��
�g�b�f�Z�_�l�k�y���� �q�l�h�� �q�Z�k�l�b�p�Z�� �g�Z�o�h�^�b�l�k�y�� �g�Z�� �]�j�Z�g�b�p�_�� �]�_�h�f�_�l�j�b�b�� �b��
�i�j�b�d�e�_�b�\�Z�_�l�k�y���d���g�_�c�����g�Z�q�b�g�Z�y���k�l�_�d�Z�l�v���i�h���k�l�_�g�d�Z�f�����>�e�y���^�Z�e�v��
�g�_�c�r�_�]�h���j�Z�k�q�_�l�Z���l�j�Z�_�d�l�h�j�b�b���q�Z�k�l�b�p�u���i�j�h�b�k�o�h�^�b�l���\�u�q�b�k�e�_��
�g�b�_���d�Z�k�Z�l�_�e�v�g�h�c���b���g�h�j�f�Z�e�v�g�h�c���k�h�k�l�Z�\�e�y�x�s�_�c���k�d�h�j�h�k�l�b �q�Z��
�k�l�b�p�u�����Z���i�j�h�_�d�p�b�b���k�d�h�j�h�k�l�b���q�Z�k�l�b�p�u���\�^�h�e�v���h�k�_�c���i�j�b�g�b�f�Z��
�x�l�k�y�� �j�Z�\�g�u�f�b�� �a�g�Z�q�_�g�b�y�f�� �d�Z�k�Z�l�_�e�v�g�h�c�� �k�h�k�l�Z�\�e�y�x�s�_�c�� �k�d�h��
�j�h�k�l�b�� �\�� �f�h�f�_�g�l���\�u�o�h�^�Z �a�Z�� �i�j�_�^�_�e�u���b�k�k�e�_�^�m�_�f�h�c�� �f�h�^�_�e�b 
���j�b�k. 1). 

 
�J�b�k���������H�i�j�_�^�_�e�_�g�b�_���\�_�d�l�h�j�Z���k�d�h�j�h�k�l�b���q�Z�k�l�b�p�u���i�j�b���m�^�Z�j�_���h��

�]�j�Z�g�b�q�g�m�x���i�h�\�_�j�o�g�h�k�l�v 

�G�Z���j�b�k. �����[�m�d�\�h�c���2 �h�[�h�a�g�Z�q�_�g�Z���d�Z�k�Z�l�_�e�v�g�Z�y���d���i�h�\�_�j�o�g�h��
�k�l�b�����[�m�d�\�h�c��n �± �g�h�j�f�Z�e�v���d���i�h�\�_�j�o�g�h�k�l�b�����K�d�h�j�h�k�l�v���q�Z�k�l�b�p�u��
�i�j�b���m�^�Z�j�_���h���i�h�\�_�j�o�g�h�k�l�v���h�[�h�a�g�Z�q�_�g�Z���[�m�d�\�h�c��v ���\�_�d�l�h�j���k�d�h��
�j�h�k�l�b���\�u�^�_�e�_�g���k�b�g�b�f���p�\�_�l�h�f�������Z���b�k�d�h�f�Z�y���k�d�h�j�h�k�l�v���± v�2 ���\�u��
�^�_�e�_�g�Z�� �d�j�Z�k�g�u�f������ �A�_�e�_�g�u�f�� �p�\�_�l�h�f�� �\�u�^�_�e�_�g�Z�� �i�j�h�_�d�p�b�y��vn 
�\�_�d�l�h�j�Z���k�d�h�j�h�k�l�b���Y���g�Z���g�h�j�f�Z�e�v�� 

�>�e�y�� �g�Z�o�h�`�^�_�g�b�y�� �a�g�Z�q�_�g�b�y��v�2 �g�_�h�[�o�h�^�b�f�h���h�i�j�_�^�_�e�b�l�v 
�d�Z�d���a�g�Z�q�_�g�b�_���k�Z�f�h�]�h���\�_�d�l�h�j�Z��v�����l�Z�d���b���a�g�Z�q�_�g�b�_���g�h�j�f�Z�e�v�g�h�c��
�d�h�f�i�h�g�_�g�l�u��vn �w�l�h�]�h�� �\�_�d�l�h�j�Z���� �L�Z�d�� �d�Z�d�� �g�h�j�f�Z�e�v �i�j�_�^�k�l�Z�\��
�e�y�_�l�� �k�h�[�h�c���_�^�b�g�b�q�g�u�c�� �\�_�d�l�h�j���� �l�h�� �a�g�Z�q�_�g�b�_��vn �f�h�`�_�l�� �[�u�l�v��
�\�u�q�b�k�e�_�g�h���d�Z�d���k�d�Z�e�y�j�g�h�_���i�j�h�b�a�\�_�^�_�g�b�_���\�_�d�l�h�j�Z��v �b���\�_�d�l�h�j�Z��
�Q�����n�h�j�f�m�e�Z������ [14, 15, 16]. 
�� �� ��������

�G�h�j�f�Z�e�v�g�Z�y�� �i�j�h�_�d�p�b�y���\�_�d�l�h�j�Z��v �\�� �k�b�k�l�_�f�_�� �d�h�h�j�^�b�g�Z�l��
�b�k�k�e�_�^�m�_�f�h�c �f�h�^�_�e�b v�Q�B�b�k�o �[�m�^�_�l���h�i�j�_�^�_�e�y�l�v�k�y���\�u�j�Z�`�_�g�b�_�f��
3.  
�� ����������

�H�i�j�_�^�_�e�_�g�b�_�� �\�_�d�l�h�j�Z�� �d�Z�k�Z�l�_�e�v�g�h�c�� �k�d�h�j�h�k�l�b�� �i�h�k�e�_�� �g�_��
�m�i�j�m�]�h�]�h���m�^�Z�j�Z�����j�b�k. �������\�u�i�h�e�g�y�_�l�k�y���i�h���\�u�j�Z�`�_�g�b�x�� 
�� �� ��������

�>�\�b�`�_�g�b�_���q�Z�k�l�b�p�u���i�h�^���^�_�c�k�l�\�b�_�f���k�b�e�u���\�y�a�d�h�]�h���k�h�i�j�h��
�l�b�\�e�_�g�b�y���b���k�b�e�u���l�y�`�_�k�l�b���h�i�b�k�u�\�Z�_�l�k�y���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�f��
�m�j�Z�\�g�_�g�b�_�f [17, 18]:  

�� �� ��������

�]�^�_��b �± �d�h�w�n�n�b�p�b�_�g�l���\�y�a�d�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y����at �± �i�j�h�_�d�p�b�y��
�m�k�d�h�j�_�g�b�y���q�Z�k�l�b�p�u���g�Z���d�Z�k�Z�l�_�e�v�g�m�x���2����qt �±  �i�j�h�_�d�p�b�y���k�b�e�u��
�l�y�`�_�k�l�b���g�Z���d�Z�k�Z�l�_�e�v�g�m�x���2������ 

�J�_�r�_�g�b�_���m�j�Z�\�g�_�g�b�y��5 �f�h�`�g�h �a�Z�i�b�k�Z�l�v���\���\�b�^�_ [19, 20, 21]:  
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�� �� ��������

�]�^�_�� , , ,  �± 

�g�Z�q�Z�e�v�g�h�_���i�h�e�h�`�_�g�b�_���q�Z�k�l�b�p�u, h �± �r�Z�]���i�h���\�j�_�f�_�g�b. 
�F�h�^�_�e�b�j�h�\�Z�g�b�_�� �p�b�j�d�m�e�y�p�b�b�� �k�f�Z�a�u�\�Z�x�s�_�c�� �`�b�^�d�h�k�l�b��

�k�h�k�l�h�b�l���b�a���l�j�_�o���w�l�Z�i�h�\�� 
1) �i�h�^�]�h�l�h�\�d�Z���^�Z�g�g�u�o���^�e�y���j�Z�k�q�_�l�h�\�����m�d�Z�a�Z�g�b�_���]�_�h�f�_�l��

�j�b�q�_�k�d�h�c���f�h�^�_�e�b�����]�_�g�_�j�Z�p�b�y���k�_�l�h�q�g�h�c���f�h�^�_�e�b�����m�d�Z��
�a�Z�g�b�_���\�o�h�^�g�u�o���^�Z�g�g�u�o���� 

2) �Z�g�Z�e�b�l�b�q�_�k�d�b�_�� �j�Z�k�q�_�l�u�� �l�j�Z�_�d�l�h�j�b�c�� �^�\�b�`�_�g�b�y�� �q�Z��
�k�l�b�p���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���k�_�l�h�q�g�h�c���f�h�^�_�e�b�� 

3) �\�b�a�m�Z�e�b�a�Z�p�b�y�� 
�I�j�b�� �i�h�^�]�h�l�h�\�d�_�� �^�Z�g�g�u�o �^�e�y�� �j�Z�k�q�_�l�h�\ �b�k�i�h�e�v�a�m�x�l�k�y��

CAD �]�_�h�f�_�l�j�b�b���^�_�l�Z�e�_�c���b�k�k�e�_�^�m�_�f�h�c���f�h�^�_�e�b. �G�Z���b�o �h�k�g�h�\�_��
�i�j�h�b�k�o�h�^�b�l�� �]�_�g�_�j�Z�p�b�y�� �k�_�l�h�q�g�u�o�� �f�h�^�_�e�_�c���� �b�k�i�h�e�v�a�m�_�f�u�o��
�i�j�b���j�Z�k�q�_�l�Z�o. 

�: �I�J�H�;�:�P�B�Y���J�:�;�H�L�U 

�<�� �d�Z�q�_�k�l�\�_�� �i�j�b�f�_�j�Z�� �[�m�^�_�l�� �j�Z�k�k�f�h�l�j�_�g�� �j�Z�k�q�_�l�� �l�_�q�_�g�b�y��
�k�f�Z�a�u�\�Z�x�s�_�c���`�b�^�d�h�k�l�b���\���f�h�^�_�e�b���r�Z�j�Z���k���\�u�j�_�a�h�f�����j�b�k. 2) 
�b���\���f�h�^�_�e�b���j�_�^�m�d�l�h�j�Z���]�j�m�a�h�\�h�]�h���Z�\�l�h�f�h�[�b�e�y�����j�b�k������). 

 
�J�b�k���������=�_�h�f�_�l�j�b�y���^�e�y���j�Z�k�q�_�l�Z���l�_�q�_�g�b�y���k�f�Z�a�u�\�Z�x�s�_�c���`�b�^��

�d�h�k�l�b (�r�Z�j���F���\�g�m�l�j�_�g�g�b�f���\�u�k�l�m�i�h�f) 

 
�J�b�k���������=�_�h�f�_�l�j�b�y���^�e�y���j�Z�k�q�_�l�Z���l�_�q�_�g�b�y���k�f�Z�a�u�\�Z�x�s�_�c���`�b�^��

�d�h�k�l�b (�j�_�^�m�d�l�h�j) 

�G�Z���j�b�k. 4 �i�j�b�\�_�^�_�g �j�_�a�m�e�v�l�Z�l���j�Z�k�q�_�l�h�\���l�j�Z�_�d�l�h�j�b�b���^�\�b��
�`�_�g�b�y���q�Z�k�l�b�p�����Z���g�Z���j�b�k. 5 �± �h�l�h�[�j�Z�`�_�g�b�_���k�d�h�i�e�_�g�b�y���q�Z�k�l�b�p��
�g�Z���]�j�Z�g�b�p�Z�o�����k�f�Z�q�b�\�Z�g�b�_�������I�j�b���w�l�h�f���j�Z�k�q�_�l�u���\�_�e�b�k�v���k���m�q�_��
�l�h�f���g�h�j�f�Z�e�v�g�h�]�h���j�Z�k�i�j�_�^�_�e�_�g�b�y���g�Z�q�Z�e�v�g�u�o���k�d�h�j�h�k�l�_�c�� 

 
�J�b�k��4. �L�j�Z�_�d�l�h�j�b�b���^�\�b�`�_�g�b�y���q�Z�k�l�b�p���q�Z�k�l�b�p �g�Z���l�_�k�l�h�\�h�c��

�f�h�^�_�e�b�� 

 
�J�b�k��5. �K�d�h�i�e�_�g�b�_ �q�Z�k�l�b�p���g�Z���]�j�Z�g�b�p�Z�o �g�Z���]�j�Z�g�b�p�Z�o���g�Z���l�_��

�k�l�h�\�h�c���f�h�^�_�e�b�� 

�;�u�e�h���i�j�h�b�a�\�_�^�_�g�h �i�h�k�l�j�h�_�g�b�_ �]�j�Z�n�b�d�h�\ �i�_�j�_�f�_�s�_�g�b�c���b��
�k�d�h�j�h�k�l�_�c�� �q�Z�k�l�b�p�u�� �k�� �m�q�_�l�h�f�� �d�h�w�n�n�b�p�b�_�g�l�Z �^�_�f�i�n�b�j�h�\�Z��
�g�b�y�����G�Z���j�b�k. 6 �b�a�h�[�j�Z�`�_�g�� �]�j�Z�n�b�d�� �i�_�j�_�f�_�s�_�g�b�c���q�Z�k�l�b�p�u���\��
�i�e�h�k�d�h�k�l�b��OYZ, �Z���g�Z���j�b�k. 7 �± �]�j�Z�n�b�d���]�h�j�b�a�h�g�l�Z�e�v�g�u�o���k�d�h��
�j�h�k�l�_�c���q�Z�k�l�b�p�u��  

�G�Z���j�b�k�� 6 �± 7 �l�h�q�d�Z�������i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���l�h�q�d�m���j�Z�a�[�j�u�a��
�]�b�\�Z�g�b�y���� �Q�Z�k�l�b�p�Z�� �\�u�e�_�l�Z�_�l�� �\ �\�_�j�l�b�d�Z�e�v�g�h�f���g�Z�i�j�Z�\�e�_�g�b�b 
���m�q�Z�k�l�h�d�������± ���������k���i�h�k�e�_�^�m�x�s�b�f���k�l�h�e�d�g�h�\�_�g�b�_�f���k���i�h�\�_�j�o�g�h��
�k�l�v�x�� ���l�h�q�d�Z�� ���������L�Z�d�� �d�Z�d�� �g�h�j�f�Z�e�v�� �\�� �w�l�h�c�� �l�h�q�d�_�� �i�h�q�l�b�� �]�h�j�b��
�a�h�g�l�Z�e�v�g�Z�����k�d�h�j�h�k�l�v���q�Z�k�l�b�p�u���i�h���;���i�h�k�e�_���h�l�j�Z�`�_�g�b�y���k�l�Z�g�h��
�\�b�l�k�y�� �j�Z�\�g�h�c�� �k�d�h�j�h�k�l�b�� �i�h�� �<�� �\�� �f�h�f�_�g�l�� �m�^�Z�j�Z���� �b�� �q�Z�k�l�b�p�Z��
�g�Z�q�b�g�Z�_�l�� �k�\�h�[�h�^�g�h�� �i�Z�^�Z�l�v���� �k�h�o�j�Z�g�y�y�� �k�d�h�j�h�k�l�v�� �i�h�� �;�� ���m�q�Z��
�k�l�h�d�������± ���������<���l�h�q�d�_�������i�j�h�b�k�o�h�^�b�l���d�h�g�l�Z�d�l���k���i�h�\�_�j�o�g�h�k�l�v�x��
�b�� �g�Z�q�b�g�Z�_�l�k�y�� �k�\�h�[�h�^�g�h�_�� �k�d�Z�l�u�\�Z�g�b�_�� �q�Z�k�l�b�p�u�� ���m�q�Z�k�l�h�d�� �����± 
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�������� �<�� �l�h�q�d�_�� ���� �i�j�h�b�k�o�h�^�b�l�� �h�k�l�Z�g�h�\�d�Z�� �q�Z�k�l�b�p�u�� �\�k�e�_�^�k�l�\�b�_��
�\�h�a�^�_�c�k�l�\�b�y���^�_�f�i�n�b�j�h�\�Z�g�b�y�����K�l�m�i�_�g�q�Z�l�u�_���m�q�Z�k�l�d�b���d�j�b�\�u�o��
�l�j�Z�_�d�l�h�j�b�c���g�Z���j�b�k. 6 �± 7�����h�[�t�y�k�g�y�x�l�k�y���^�b�k�d�j�_�l�g�u�f���\�a�Z�b�f�h��
�^�_�c�k�l�\�b�_�f���k���]�j�Z�g�b�q�g�u�f�b���y�q�_�c�d�Z�f�b���\���j�Z�f�d�Z�o���b�k�i�h�e�v�a�m�_�f�h�c��
�f�h�^�_�e�b���� 

 

 
�J�b�k��6. �I�_�j�_�f�_�s�_�g�b�y���q�Z�k�l�b�p�u���\���i�e�h�k�d�h�k�l�b���2�<�=���\���a�Z�\�b�k�b��

�f�h�k�l�b���h�l���d�h�w�n�n�b�p�b�g�l�Z �^�_�f�i�n�b�j�h�\�Z�g�b�y 

 
�J�b�k��7. �=�h�j�b�a�h�g�l�Z�e�v�g�u�_���k�d�h�j�h�k�l�b���q�Z�k�l�b�p�u���\���a�Z�\�b�k�b�f�h�k�l�b��

�h�l���d�h�w�n�n�b�p�b�_�g�l�Z �^�_�f�i�n�b�j�h�\�Z�g�b�y 

�I�j�h�]�j�Z�f�f�Z�� �^�e�y�� �j�Z�k�q�_�l�Z�� �l�_�q�_�g�b�y�� �k�f�Z�a�u�\�Z�x�s�_�c�� �`�b�^�d�h��
�k�l�b���[�u�e�Z���b�k�i�h�e�v�a�h�\�Z�g�Z���i�j�b���f�h�^�_�e�b�j�h�\�Z�g�b�b���j�_�^�m�d�l�h�j�Z���]�j�m��
�a�h�\�h�]�h���Z�\�l�h�f�h�[�b�e�y���� �G�Z�� �j�b�k. 8 �i�j�_�^�k�l�Z�\�e�_�g�h�� �k�_�q�_�g�b�_�� �\�g�m�l��
�j�_�g�g�_�]�h���h�[�t�_�f�Z���d�h�j�i�m�k�Z���j�_�^�m�d�l�h�j�Z�����i�h�e�m�q�_�g�g�h�_���g�Z���h�k�g�h�\�_��
�b�k�o�h�^�g�h�c���]�_�h�f�_�l�j�b�q�_�k�d�h�c �f�h�^�_�e�b�� 

 
�J�b�k���������<�g�m�l�j�_�g�g�b�c���h�[�t�_�f���d�h�j�i�m�k�Z���j�_�^�m�d�l�h�j�Z 

�G�Z���j�b�k. 9 �i�h�d�Z�a�Z�g�h �j�Z�k�i�j�_�^�_�e�_�g�b�_���k�f�Z�a�d�b���\���d�h�j�i�m�k�_���j�_��
�^�m�d�l�h�j�Z���� �F�h�`�g�h�� �a�Z�f�_�l�b�l�v���� �q�l�h�� �k�f�Z�a�u�\�Z�x�s�Z�y�� �`�b�^�d�h�k�l�v��
�p�b�j�d�m�e�b�j�m�_�l���g�_���l�h�e�v�d�h���\�g�m�l�j�b���h�[�t�_�f�Z�����h�[�j�Z�a�h�\�Z�g�g�h�]�h���d�h�j��
�i�m�k�h�f���j�_�^�m�d�l�h�j�Z���b���^�_�l�Z�e�y�f�b�����g�Z�o�h�^�y�s�b�f�k�y���\�g�m�l�j�b���g�_�]�h�����Z��
�l�Z�d�`�_���i�h���k�i�_�p�b�Z�e�v�g�u�f���d�Z�g�Z�e�Z�f���\�g�m�l�j�b���d�h�j�i�m�k�Z�� �G�Z���j�b�k. 9 
�f�h�`�g�h �a�Z�f�_�l�b�l�v���h�[�e�Z�k�l�b�����\���d�h�l�h�j�u�_���i�h�i�Z�^�Z�_�l �f�Z�e�h�_���d�h�e�b��
�q�_�k�l�\�h�� �k�f�Z�a�u�\�Z�x�s�_�c�� �`�b�^�d�h�k�l�b���� �W�l�b�� �h�[�e�Z�k�l�b �k�h�\�i�Z�^�Z�x�l �k��
�\�u�r�_�^�r�b�f�b���b�a���k�l�j�h�y���^�_�l�Z�e�y�f�b���j�_�^�m�d�l�h�j�Z�� 

 

 
�J�b�k��9�����J�Z�k�q�_�l���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�y���f�Z�k�e�Z���\���j�_�^�m�d�l�h�j�_ 

�A�:�D�E�X�Q�?�G�B�? ���<�U�<�H�>�U) 

�J�_�a�m�e�v�l�Z�l�h�f�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y�� �i�j�h�]�j�Z�f�f�g�u�c��
�i�j�h�^�m�d�l�����b�k�i�h�e�v�a�m�x�s�b�c���f�_�l�h�^���d�j�m�i�g�u�o���q�Z�k�l�b�p���^�e�y���j�Z�k�q�_�l�Z��
�p�b�j�d�m�e�y�p�b�b���k�f�Z�a�u�\�Z�x�s�_�c���`�b�^�d�h�k�l�b�����>�Z�g�g�u�c���i�j�h�^�m�d�l���i�h�a��
�\�h�e�y�_�l�� �\�_�k�l�b�� �j�Z�k�q�_�l�u�� �g�Z�� �k�_�l�h�q�g�u�o�� �f�h�^�_�e�y�o�� �[�h�e�v�r�h�c�� �j�Z�a��
�f�_�j�g�h�k�l�b�� �^�e�y�� �\�g�m�l�j�_�g�g�b�o�� �h�[�t�_�f�h�\ �]�_�h�f�_�l�j�b�q�_�k�d�b�o�� �f�h�^�_��
�e�_�c���� 

�B�k�i�h�e�v�a�h�\�Z�g�b�_���j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h���i�j�h�]�j�Z�f�f�g�h�]�h���i�j�h�^�m�d�l�Z��
�i�j�b�� �j�Z�k�q�_�l�Z�o�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �]�_�h�f�_�l�j�b�q�_�k�d�b�o�� �f�h�^�_�e�_�c��
�j�_�Z�e�v�g�u�o�� �Z�]�j�_�]�Z�l�h�\�� �f�Z�r�b�g�� ���j�_�^�m�d�l�h�j�� �]�j�m�a�h�\�h�]�h�� �Z�\�l�h�f�h��
�[�b�e�y���� �b�� �k�h�\�i�Z�^�_�g�b�_�� �h�[�e�Z�k�l�_�c�� �g�_�^�h�k�l�Z�l�h�q�g�h�c�� �p�b�j�d�m�e�y�p�b�b��
�k�f�Z�a�u�\�Z�x�s�_�c�� �`�b�^�d�h�k�l�b�� �k �\�u�r�_�^�r�b�f�b�� �b�a�� �k�l�j�h�y�� �m�a�e�Z�f�b��
�i�h�a�\�h�e�y�_�l���k�^�_�e�Z�l�v���\�u�\�h�^���h���d�h�j�j�_�d�l�g�h�k�l�b���b�k�i�h�e�v�a�m�_�f�h�c���f�Z��
�l�_�f�Z�l�b�q�_�k�d�h�c���f�h�^�_�e�b�� 
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Method for  Modeling of Circulation  of the 
Lubricating  Fluid  in Models of Machine-Building 

Products 
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Volgograd, Russia  
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Abstract. A method for the computation of the lubricating fluid 
circulation is presented. It uses orthogonal meshes of inner volume 
of assemblies and particle-in-cell method to calculate the flows of 
lubricant. Volume of lubricating fluid consists of a set of particles 
which can move without interaction in the field of a force of grav-
ity. Particles are sprayed from special areas, move in inner volume 
and drain on the border of a volume. Movement of a particle on 
the inner surface of a model is calculated using particle velocity, 
damping coefficient and normal to this surface. CAD geometry of 
assemblies is used to generate a mesh of inner volume. The result 
of calculations can be presented as movement trajectories of par-
ticles or as accumulation of particles on the border. Charts of 

movement and velocity of particles can be generated.  Program 
system, which uses this method, is developed. Testing on test sam-
ples is performed. Calculation of the circulation of lubricating 
fluid in the reducer of a cargo vehicle is carried out. Directions of 
further development are given. 

Keywords: computation of the lubricating fluid, particle -in-cell 
method, surface wetting, multibody dynamics, orthogonal mesh, 
generator of grid models, grid models. 
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�f�Z�e�v�g�u�_�� �d�h�g�l�Z�d�l�g�u�_�� �g�Z�i�j�y�`�_�g�b�y�� �^�_�c�k�l�\�m�x�l�� �\�� �i�h�e�x�k�_�� �a�Z��
�p�_�i�e�_�g�b�y�����W�\�h�e�v�\�_�g�l�g�Z�y �n�h�j�f�Z �a�m�[�v�_�\���i�j�b�h�[�j�_�l�Z�_�l���n�h�j�f�m��
�_�k�l�_�k�l�\�_�g�g�h�]�h���b�a�g�h�k�Z��[1]�����\�g�Z�q�Z�e�_���m�k�l�h�c�q�b�\�m�x�����Z���a�Z�l�_�f���b�f�_��
�x�s�m�x�� �g�_�]�Z�l�b�\�g�u�_ �i�h�d�Z�a�Z�l�_�e�b���� �k�\�y�a�Z�g�g�u�_�� �k���b�a�f�_�g�_�g�b�_�f��
�l�h�q�g�h�k�l�b���\ �a�Z�p�_�i�e�_�g�b�b.  

�D�h�g�k�l�Z�l�b�j�m�_�f �g�Z�e�b�q�b�_���l�_�o�g�b�d�h-�w�d�h�g�h�f�b�q�_�k�d�h�]�h �i�j�h�l�b��
�\�h�j�_�q�b�y���� �K �l�_�h�j�_�l�b�q�_�k�d�h�c�� �i�h�a�b�p�b�b�� �b�f�_�_�f�� �\�u�k�h�d�b�c�� �D�I�>��
�a�m�[�q�Z�l�h�]�h�� �a�Z�p�_�i�e�_�g�b�y �\�� �n�h�j�f�_�� �\�u�k�r�_�c�� �d�b�g�_�f�Z�l�b�q�_�k�d�h�c��
�i�Z�j�u�� �< �i�j�h�p�_�k�k�_���w�d�k�i�e�m�Z�l�Z�p�b�b���w�l�h�l���i�h�d�Z�a�Z�l�_�e�v���\�Z�j�v�b�j�m�_�l, 
�q�l�h���k�h�i�j�h�\�h�`�^�Z�_�l�k�y���f�g�h�]�b�f�b���g�_�]�Z�l�b�\�g�u�f�b���i�j�h�y�\�e�_�g�b�y�f�b����
�<�� �k�l�Z�l�v�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y�� �h�^�b�g�� �b�a�� �Z�e�v�l�_�j�g�Z�l�b�\�g�u�o�� �i�m�l�_�c��
�j�Z�a�j�_�r�_�g�b�y���m�i�h�f�y�g�m�l�h�]�h���i�j�h�l�b�\�h�j�_�q�b�y���a�Z���k�q�_�l���b�a�f�_�g�_�g�b�y��
�j�Z�[�h�q�_�c���k�j�_�^�u���\���a�m�[�q�Z�l�h�f���a�Z�p�_�i�e�_�g�b�b��[2,3] �k���\�\�_�^�_�g�b�_�f���i�h��
�g�y�l�b�y���³�^�b�k�d�j�_�l�g�u�c�� �d�h�g�l�Z�d�l�  ́ �± �f�_�g�y�x�s�b�c�� �k�l�j�m�d�l�m�j�m�� �b��
�n�h�j�f�m���\���i�j�h�p�_�k�k�_���l�j�_�g�b�y. 
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�a�h�d���� �k�d�h�j�h�k�l�_�c�� �d�Z�q�_�g�b�y�� �b�� �k�d�h�e�v�`�_�g�b�y���� �j�Z�[�h�q�b�o�� �l�_�f�i�_�j�Z�l�m�j����
�j�Z�a�g�h�h�[�j�Z�a�b�_���i�j�b�f�_�g�y�_�f�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �b�� �f�_�l�h�^�h�\�� �h�[�j�Z��
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�^�b�l�k�y�� �d�� �k�e�_�^�m�x�s�b�f�� �i�j�b�a�g�Z�d�Z�f�����j�Z�a�j�m�r�_�g�b�_�� �i�h�^�� �\�h�a�^�_�c��
�k�l�\�b�_�f�� �b�a�]�b�[�g�u�o�� �g�Z�i�j�y�`�_�g�b�c�� �b�� �m�^�Z�j�g�u�o�� �g�Z�i�j�y�`�_�g�b�c�����\�u��
�d�j�Z�r�b�\�Z�g�b�_���j�Z�[�h�q�b�o�����i�h�\�_�j�o�g�h�k�l�_�c�����a�m�[�v�_�\�������i�b�l�l�b�g�]�������k�o�\�Z��
�l�u�\�Z�g�b�_�����a�Z�_�^�Z�g�b�_�������f�_�o�Z�g�b�q�_�k�d�b�c�����b�a�g�h�k�����i�e�Z�k�l�b�q�_�k�d�Z�y���^�_��
�n�h�j�f�Z�p�b�y�����j�Z�[�h�q�_�]�h�� �i�h�\�_�j�o�g�h�k�l�g�h�]�h���k�e�h�y�����a�m�[�v�_�\�����o�b�f�b�q�_��
�k�d�b�c���b�a�g�h�k��  

�B�a���w�l�b�o���\�b�^�h�\���i�h�\�j�_�`�^�_�g�b�y���l�h�e�v�d�h���i�_�j�\�u�c���f�Z�e�h���k�\�y�a�Z�g���k��
�o�Z�j�Z�d�l�_�j�h�f�� �k�f�Z�a�d�b�����<�k�_�� �h�k�l�Z�e�v�g�u�_�� �i�h�\�j�_�`�^�_�g�b�y�� �i�j�_�^�k�l�Z�\��
�e�y�x�l�� �k�h�[�h�c���j�Z�a�g�u�_�� �\�b�^�u���b�a�g�h�k�Z�����H�g�b���k�\�y�a�Z�g�u���k���o�Z�j�Z�d�l�_�j�h�f��

�k�f�Z�a�d�b���� �b�� �b�o�� �h�k�h�[�_�g�g�h�k�l�b�� �^�h�e�`�g�u�� �m�q�b�l�u�\�Z�l�v�k�y�� �i�j�b�� �\�u��
�[�h�j�_���k�f�Z�a�h�q�g�u�o���f�Z�l�_�j�b�Z�e�h�\���� 

�H�k�g�h�\�Z�l�_�e�v�� �l�_�h�j�b�b �]�b�^�j�h�^�b�g�Z�f�b�q�_�k�d�h�c�� �k�f�Z�a�d�b�� �G���I����
�I�_�l�j�h�\���\���j�Z�[�h�l�_�����L�j�_�g�b�_���\���f�Z�r�b�g�Z�o���b���\�e�b�y�g�b�_���g�Z���g�_�]�h���k�f�Z��
�a�h�q�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z���� �^�Z�e�� �h�i�b�k�Z�g�b�_�� �o�Z�j�Z�d�l�_�j�Z�� �b�� �a�g�Z�q�_�g�b�y��
�`�b�^�d�h�k�l�g�h�]�h�� �l�j�_�g�b�y�� �f�_�`�^�m�� �i�h�\�_�j�o�g�h�k�l�y�f�b�� �^�_�l�Z�e�_�c�� �f�Z��
�r�b�g�����K�m�l�v���_�]�h���\���l�h�f�����q�l�h���a�Z�a�h�j���f�_�`�^�m���k�d�h�e�v�a�y�s�b�f�b���i�h�\�_�j�o��
�g�h�k�l�y�f�b�� �^�h�e�`�_�g�� �b�f�_�l�v�� �d�e�b�g�h�\�b�^�g�m�x�� �n�h�j�f�m���� �K�f�Z�a�h�q�g�u�c��
�f�Z�l�_�j�b�Z�e���^�h�e�`�_�g���a�Z�i�h�e�g�y�l�v���a�Z�a�h�j���b���g�_�i�j�_�j�u�\�g�h���i�h�k�l�m�i�Z�l�v��
�\�� �l�j�_�[�m�_�f�h�f�� �d�h�e�b�q�_�k�l�\�_���� �K�d�h�j�h�k�l�v�� �h�l�g�h�k�b�l�_�e�v�g�h�]�h�� �i�_�j�_��
�f�_�s�_�g�b�y���h�^�g�h�c���b�a���i�h�\�_�j�o�g�h�k�l�_�c���^�h�e�`�g�Z���[�u�l�v���l�Z�d�h�c�����q�l�h�[�u��
�\���f�Z�k�e�y�g�h�f���k�e�h�_���k�h�a�^�Z�\�Z�e�h�k�v���\�g�m�l�j�_�g�g�_�_���^�Z�\�e�_�g�b�_���a�Z���k�q�_�l��
�a�Z�d�e�b�g�b�\�Z�g�b�y���k�f�Z�a�h�q�g�h�]�h���f�Z�l�_�j�b�Z�e�Z�����K�f�Z�a�h�q�g�u�c���f�Z�l�_�j�b�Z�e��
�^�h�e�`�_�g���i�h�e�g�h�k�l�v�x���j�Z�a�^�_�e�y�l�v���d�h�g�l�Z�d�l�b�j�m�x�s�b�_���l�_�e�Z�� 

�L�_�h�j�b�y���f�Z�k�e�y�g�h�]�h���d�e�b�g�Z�����i�j�_�^�e�h�`�_�g�g�Z�y���G���I�����I�_�l�j�h�\�u�f����
�g�_�� �m�l�j�Z�l�b�e�Z�� �k�\�h�_�c�� �Z�d�l�m�Z�e�v�g�h�k�l�b���� �Z�� �]�b�^�j�h�^�b�g�Z�f�b�q�_�k�d�Z�y��
�k�f�Z�a�d�Z�� �j�_�Z�e�b�a�m�_�l�k�y�� �\�� �i�j�b�j�Z�[�h�l�Z�g�g�u�o�� �a�m�[�q�Z�l�u�o�� �i�_�j�_�^�Z�q�Z�o����
�I�j�b�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�b�� �^�\�m�o�� �d�h�g�l�Z�d�l�b�j�m�x�s�b�o�� �i�h�\�_�j�o�g�h�k�l�_�c����
�f�_�`�^�m�� �d�h�l�h�j�u�f�b�� �g�Z�o�h�^�y�l�k�y�� �l�\�_�j�^�u�_�� �q�Z�k�l�b�p�u�� �b�a�g�h�k�Z���� �i�h��
�k�e�_�^�g�b�_�����\���k�b�e�m���k�i�_�p�b�n�b�d�b���k�\�h�c�k�l�\���b���i�j�b���g�Z�e�b�q�b�b���h�i�j�_�^�_��
�e�_�g�g�h�c���]�_�h�f�_�l�j�b�b�����f�h�]�m�l���\�h�\�e�_�d�Z�l�v�k�y���\�h���\�j�Z�s�Z�l�_�e�v�g�h�_���^�\�b��
�`�_�g�b�_ [4]. �B���m���w�e�_�f�_�g�l�h�\���`�b�^�d�h�k�l�b���l�Z�d�`�_ �i�j�h�b�k�o�h�^�b�l�� �i�h��
�^�h�[�g�h�_���\�j�Z�s�_�g�b�_�����K�\�y�a�Z�g�g�h���w�l�h���k���i�j�h�k�l�u�f���k�^�\�b�]�h�f�����a�Z�\�b�o��
�j�_�g�b�_�f�����b���i�j�h�b�k�o�h�^�b�l���b�a-�a�Z���d�b�g�_�l�b�q�_�k�d�h�c���w�g�_�j�]�b�b���q�Z�k�l�b�p��
�`�b�^�d�h�k�l�b�����j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o���d�Z�d���f�Z�e�u�_���h�[�t�_�f�u�����W�l�h���y�\�e�_��
�g�b�_���\����������-�f���]�h�^�m���F�����J�_�c�g�_�j���>���@���g�Z�a�\�Z�e���³teapot-�w�n�n�_�d�l�h�f� .́ 
�<�b�o�j�b���i�j�b���i�j�h�k�l�h�f���k�^�\�b�]�_���± �w�l�h���g�_���³�i�j�b�e�b�i�Z�g�b�_�  ́�`�b�^�d�h��
�k�l�b�����Z���_�z���^�Z�\�e�_�g�b�_���_�_���g�Z���i�h�\�_�j�o�g�h�k�l�v���\�k�e�_�^�k�l�\�b�_���d�b�g�_�l�b�q�_��
�k�d�h�c���w�g�_�j�]�b�b���\�j�Z�s�_�g�b�y���\�b�o�j�_�c�����A�Z�\�b�o�j�_�g�b�y���`�b�^�d�h�k�l�b���k�i�h��
�k�h�[�k�l�\�m�_�l�� �h�[�l�_�d�Z�g�b�x�� �g�_�j�h�\�g�h�k�l�_�c�� �i�h�\�_�j�o�g�h�k�l�b�� �l�\�_�j�^�h�]�h��
�l�_�e�Z���� �<�� �i�j�h�p�_�k�k�_�� �w�j�h�a�b�h�g�g�h�]�h�� �j�Z�a�j�m�r�_�g�b�y�� �[�m�]�h�j�d�b�� �r�_�j�h��
�o�h�\�Z�l�h�c���i�h�\�_�j�o�g�h�k�l�b�� �i�j�b�h�[�j�_�l�Z�x�l���h�i�l�b�f�Z�e�v�g�m�x���n�h�j�f�m���± 
�h�d�j�m�]�e�m�x���� 
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�j�b�q�_�k�d�m�x�� �b�e�b�� �p�b�e�b�g�^�j�b�q�_�k�d�m�x�� �n�h�j�f�m���� �w�l�b�� �h�[�t�_�f�u�� �f�Z�k�k��
�k�h�\�_�j�r�Z�x�l���\�j�Z�s�Z�l�_�e�v�g�h�_���i�_�j�_�f�_�s�_�g�b�_�����J�h�l�Z�p�b�h�g�g�u�c���f�_��
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�s�v�x���k�d�Z�g�b�j�m�x�s�_�]�h���w�e�_�d�l�j�h�g�g�h�]�h���f�b�d�j�h�k�d�h�i�Z���\���m�k�l�Z�e�h�k�l��
�g�u�o�� �l�j�_�s�b�g�Z�o�� �h�[�g�Z�j�m�`�_�g�u�� �f�_�e�v�q�Z�c�r�b�_�� �k�n�_�j�b�q�_�k�d�b�_�� �q�Z��
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�j�_�^�d�h�� �\�k�l�j�_�q�Z�x�l�k�y�� �\�� �l�j�b�[�h�k�b�k�l�_�f�Z�o�� �k�� �h�^�g�h�g�Z�i�j�Z�\�e�_�g�g�u�f��
�^�\�b�`�_�g�b�_�f��  

�M�j�h�\�_�g�v���d�Z�q�_�k�l�\�Z �a�m�[�q�Z�l�h�]�h���a�Z�p�_�i�e�_�g�b�y���i�h�\�u�r�Z�_�l�k�y���a�Z��
�k�q�_�l���k�g�Z�[�`�_�g�b�y���k�f�Z�a�h�q�g�h�]�h���f�Z�l�_�j�b�Z�e�Z���q�Z�k�l�b�p�Z�f�b���k�n�_�j�b�q�_��
�k�d�h�c���n�h�j�f�u���k���j�Z�a�f�_�j�Z�f�b���g�_���[�h�e�_�_�������f�d�f���>��, 3], �q�l�h���i�h�a�\�h��
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�g�h�k�l�b�� �i�j�b�h�[�j�_�l�Z�_�l�� �n�h�j�f�m���� �i�h�^�h�[�g�m�x�� �i�j�h�n�b�e�x���� �h�q�_�j�q�_�g��
�g�h�f�m���i�h���p�b�d�e�h�b�^�_��  

�<���j�_�a�m�e�v�l�Z�l�_���i�j�b�j�Z�[�h�l�h�q�g�h�]�h���b�a�g�h�k�Z���a�m�[�q�Z�l�Z�y���i�_�j�_�^�Z�q�Z��
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�[�e�b�a�d�h�c���d���g�_�f�m���l�j�h�o�h�b�^�u�����e�b�[�h���i�h���i�_�l�e�_���m�^�e�b�g�_�g�g�h�c���w�\�h�e�v��
�\�_�g�l�u������ �L�Z�d�b�_���i�j�h�n�b�e�b���[�m�^�m�l���f�_�^�e�_�g�g�h���j�Z�k�o�h�^�b�l�v�k�y���\���h�l��
�g�h�k�b�l�_�e�v�g�h�f���^�\�b�`�_�g�b�b�� 
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�j�h�\���k�n�_�j�b�q�_�k�d�b�o���q�Z�k�l�b�p���g�Z�i�h�e�g�b�l�_�e�y���� 

�E�B�L�?�J�:�L�M�J�: 

�������R�m�e�v�p���<���<�����N�h�j�f�Z���_�k�l�_�k�l�\�_�g�g�h�]�h���b�a�g�h�k�Z���^�_�l�Z�e�_�c���f�Z��
�r�b�g���b���b�g�k�l�j�m�f�_�g�l�Z�����± �E�������F�Z�r�b�g�h�k�l�j�h�_�g�b�_�����E�_�g�b�g�]�j�����h�l�^-
�g�b�_�����������������± ���������k�l�j. C. 139. 
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�b�a�h�[�j�_�l�_�g�b�_�� �‹�� ������������������ �F�I�D7. F 16H �������������� �H�i�m�[�e����
�����������������������]�����;�x�e�e�����‹�������� 
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Abstract. On the basis of personal inventions and well-known 
experimental research the authors proved the characteristic of 
lubricant filling in the form of microscopic rounds as an antiwear 
and antifriction additive agent to improve toothed gearing quality. 
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�i�_�j�_�g�h�k�Z�� �r�_�j�h�o�h�\�Z�l�h�k�l�b�� �\�Z�e�d�Z�� �g�Z�� �i�h�e�h�k�m�� �k�� �m�q�_�l�h�f�� �m�k�e�h�\�b�c��
�^�j�_�k�k�b�j�h�\�d�b�����<�� �o�h�^�_�� �j�Z�[�h�l�u�� �i�j�h�\�_�^�_�g�� �Z�g�Z�e�b�a�� �g�Z�i�j�y�`�_�g�h-�^�_��
�n�h�j�f�b�j�h�\�Z�g�g�h�]�h���k�h�k�l�h�y�g�b�y���f�Z�l�_�j�b�Z�e�Z���\�^�Z�\�e�b�\�Z�_�f�h�]�h���\���f�b�d��
�j�h�\�i�Z�^�b�g�u �i�h�\�_�j�o�g�h�k�l�b���\�Z�e�d�Z�����^�e�y���q�_�]�h���i�h�k�e�_�^�g�b�_���i�j�_�^�k�l�Z�\��
�e�_�g�u���\���\�b�^�_���d�Z�g�Z�\�h�d���l�j�_�m�]�h�e�v�g�h�]�h���k�_�q�_�g�b�y. �J�Z�a�j�Z�[�h�l�Z�g�Z���f�h��
�^�_�e�v�� �i�_�j�_�g�h�k�Z�� �r�_�j�h�o�h�\�Z�l�h�k�l�b�� �\�Z�e�d�h�\�� �g�Z�� �i�h�e�h�k�m���k�� �m�q�_�l�h�f�� �j�_��
�Z�e�v�g�h�]�h���j�Z�k�i�j�_�^�_�e�_�g�b�y���f�Z�l�_�j�b�Z�e�Z���\���r�_�j�h�o�h�\�Z�l�h�f���k�e�h�_���\�Z�e�d�Z��
�b���i�h�e�h�k�u���� �Z���l�Z�d�`�_���k���m�q�_�l�h�f���\�b�^�Z���h�[�j�Z�[�h�l�d�b���\�Z�e�d�Z���b���m�k�e�h�\�b�c��
�^�j�_�k�k�b�j�h�\�d�b���� �q�l�h�� �i�h�a�\�h�e�y�_�l�� �h�p�_�g�b�l�v�� �k�l�_�i�_�g�v�� �a�Z�i�h�e�g�_�g�b�y�� �j�_��
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�I�h�e�m�q�_�g�g�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �i�h�a�\�h�e�y�x�l�� �k�i�j�h�]�g�h�a�b�j�h�\�Z�l�v�� �j�_�i�j�h��
�^�m�d�p�b�x���f�b�d�j�h�j�_�e�v�_�n�Z���\�Z�e�d�Z���g�Z���i�h�\�_�j�o�g�h�k�l�b���^�_�n�h�j�f�b�j�m�_�f�h�c��
�i�h�e�h�k�u���� 
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�f�b�d�j�h�j�_�e�v�_�n�Z���� �j�_�i�j�h�^�m�d�p�b�y���� �f�b�d�j�h�\�i�Z�^�b�g�Z���� �^�j�_�k�k�b�j�m�_�f�Z�y��
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�g�Z�� �i�h�e�h�k�m�� �b�� �l�j�Z�g�k�n�h�j�f�Z�p�b�x�� �b�k�o�h�^�g�h�]�h�� �f�b�d�j�h�j�_�e�v�_�n�Z�� �>��-
14]. 
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�D�h�e�b�q�_�k�l�\�_�g�g�m�x�� �h�p�_�g�d�m�� �i�j�h�p�_�k�k�Z�� �h�l�i�_�q�Z�l�u�\�Z�_�f�h�k�l�b��
�r�_�j�h�o�h�\�Z�l�h�k�l�b�� �\�Z�e�d�Z�� �g�Z�� �^�j�_�k�k�b�j�m�_�f�h�c�� �i�h�e�h�k�_�� �h�i�j�_�^�_�e�b�f��
�q�_�j�_�a�� �d�h�w�n�n�b�p�b�_�g�l�� �h�l�i�_�q�Z�l�u�\�Z�_�f�h�k�l�b���D���� �d�h�l�h�j�u�c�� �i�j�_�^��
�k�l�Z�\�e�y�_�l���k�h�[�h�c���h�l�g�h�r�_�g�b�_���\�_�e�b�q�b�g�u���a�Z�l�_�d�Z�g�b�y���f�Z�l�_�j�b�Z�e�Z��
�^�j�_�k�k�b�j�m�_�f�h�c�� �i�h�e�h�k�u��Zf �d�� �j�Z�a�f�_�j�m���f�b�d�j�h�\�i�Z�^�b�g�u�� �\�Z�e�d�Z����
�o�Z�j�Z�d�l�_�j�b�a�m�_�f�u�c���i�Z�j�Z�f�_�l�j�h�f��Rz ���j�b�k�m�g�h�d�������� 

�A�Z�^�Z�q�m�� �j�_�r�Z�_�f�� �^�e�y�� �f�b�d�j�h�\�i�Z�^�b�g�u�� �\�Z�e�d�Z�� �l�j�_�m�]�h�e�v�g�h�c��
�n�h�j�f�u�����g�Z�i�j�y�`�_�g�g�h�_���k�h�k�l�h�y�g�b�_���\���d�h�l�h�j�h�c�����i�j�b���a�Z�i�h�e�g�_�g�b�b��
�_�_���^�j�_�k�k�b�j�m�_�f�u�f���f�_�l�Z�e�e�h�f�����b�e�e�x�k�l�j�b�j�m�_�l�k�y���j�b�k�m�g�d�h�f������ 
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�f�b�d�j�h�\�i�Z�^�b�g�u���\�Z�e�d�Z �l�j�_�m�]�h�e�v�g�h�c���n�h�j�f�u���^�j�_�k�k�b�j�m�_�f�u�f��
�f�_�l�Z�e�e�h�f 

�H�i�j�_�^�_�e�_�g�b�_�� �[�_�a�j�Z�a�f�_�j�g�h�]�h�� �g�Z�i�j�y�`�_�g�b�y���� �g�_�h�[�o�h�^�b��
�f�h�]�h�� �^�e�y�� �a�Z�l�_�d�Z�g�b�y�� �f�Z�l�_�j�b�Z�e�Z�� �\�h�� �\�i�Z�^�b�g�u�� �l�j�_�m�]�h�e�v�g�h�c��
�n�h�j�f�u�� �\�u�i�h�e�g�b�f�� �b�k�i�h�e�v�a�m�y�� �a�Z�\�b�k�b�f�h�k�l�v�� �X�� �;�h�q�Z�j�h�\�Z��
[15], �d�h�l�h�j�Z�y�� �i�j�b�f�_�g�b�l�_�e�v�g�h�� �d�� �i�j�b�f�u�d�Z�x�s�b�f�� �^�j�m�]�� �^�j�m�]�m��
�\�i�Z�^�b�g�Z�f���r�_�j�h�o�h�\�Z�l�h�k�l�b���i�j�b�g�b�f�Z�_�l���\�b�^�� 
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�i�h�\�_�j�o�g�h�k�l�b���\�Z�e�d�Z���>�����������@�����D - �l�h�e�s�b�g�Z�� �^�j�_�k�k�b�j�m�_�f�h�c���i�h��
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�>�e�y���h�p�_�g�d�b���^�Z�\�e�_�g�b�y�����^�_�c�k�l�\�m�x�s�_�]�h���g�Z���\�Z�e�d�b�����\�h�k�i�h�e�v��
�a�m�_�f�k�y�� �h�k�h�[�_�g�g�h�k�l�y�f�b�� �i�j�h�p�_�k�k�Z�� �^�j�_�k�k�b�j�h�\�d�b �b�� �k�^�_�e�Z�_�f��
�k�e�_�^�m�x�s�b�_���^�h�i�m�s�_�g�b�y�� 

�x �j�Z�[�h�q�b�_���\�Z�e�d�b���^�j�_�k�k�b�j�h�\�h�q�g�h�]�h���k�l�Z�g�Z���y�\�e�y�x�l�k�y���i�j�b��
�\�h�^�g�u�f�b���� �h�^�b�g�Z�d�h�\�h�]�h�� �^�b�Z�f�_�l�j�Z�� �k�� �h�^�b�g�Z�d�h�\�h�c�� �r�_�j�h�o�h�\�Z��
�l�h�k�l�v�x���j�Z�[�h�q�b�o���i�h�\�_�j�o�g�h�k�l�_�c�� 

�x �n�h�j�f�Z�� �d�h�g�l�Z�d�l�Z�� �\�Z�e�d�Z�� �k�� �^�j�_�k�k�b�j�m�_�f�h�c�� �i�h�e�h�k�h�c���± 
�i�e�h�k�d�Z�y�� 

�x �^�j�_�k�k�b�j�h�\�d�Z���\�u�i�h�e�g�y�_�l�k�y���\���k�m�o�m�x���k���d�h�w�n�n�b�p�b�_�g�l�h�f��
�l�j�_�g�b�y���\���h�q�Z�]�_���^�_�n�h�j�f�Z�p�b�b��� ���������«���������� 

�x �\�\�b�^�m�� �\�u�k�h�d�b�o�� �a�g�Z�q�_�g�b�c�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �l�j�_�g�b�y����
�g�_�c�l�j�Z�e�v�g�Z�y�� �l�h�q�d�Z�� �\�� �h�q�Z�]�_�� �^�_�n�h�j�f�Z�p�b�b�� �j�Z�k�i�h�e�Z�]�Z�_�l�k�y��
�h�d�h�e�h���p�_�g�l�j�Z���e�b�g�b�b���d�h�g�l�Z�d�l�Z�� 
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�]�^�_���Ý - �h�[�`�Z�l�b�_�� �^�j�_�k�k�b�j�m�_�f�h�c�� �i�h�e�h�k�u�����.- �^�e�b�g�Z�� �d�h�g�l�Z�d�l�Z��
�\�Z�e�h�d��- �^�j�_�k�k�b�j�m�_�f�Z�y�� �i�h�e�h�k�Z�� �ä- �d�h�w�n�n�b�p�b�_�g�l�� �l�j�_�g�b�y�� �\��
�h�q�Z�]�_�� �^�_�n�h�j�f�Z�p�b�b�����D�4-�l�h�e�s�b�g�Z�� �^�j�_�k�k�b�j�m�_�f�h�c�� �i�h�e�h�k�u�� �g�Z��
�\�o�h�^�_. 

�I�j�b�f�_�g�b�l�_�e�v�g�h���d���\�a�Z�b�f�h�^�_�c�k�l�\�b�x���\�Z�e�d�Z���k���^�_�n�h�j�f�b�j�m��
�_�f�h�c���i�h�e�h�k�h�c���k���[�h�e�v�r�b�f���d�h�w�n�n�b�p�b�_�g�l�h�f���l�j�_�g�b�y���\���j�Z�[�h�l�Z�o��
[3,�����������@���i�h�d�Z�a�Z�g�h�����q�l�h���^�e�b�g�Z���d�h�g�l�Z�d�l�Z�� �\�Z�e�h�d��- �i�h�e�h�k�Z���f�h��
�`�_�l���[�u�l�v���h�i�j�_�^�_�e�_�g�Z���i�h���a�Z�\�b�k�b�f�h�k�l�b�� 

�. 
L
�5

�8

c�&�Ý�ä
E
¥�:�&�Ý�ä�;�6 
E�z�&�D�4�Ý
g�á   (4) 

�]�^�_���&- �^�b�Z�f�_�l�j���j�Z�[�h�q�_�]�h���\�Z�e�d�Z�� 
�F�b�g�b�f�Z�e�v�g�h�_���^�Z�\�e�_�g�b�_���i�j�b���^�j�_�k�k�b�j�h�\�d�_�����g�_�h�[�o�h�^�b�f�h�_��

�^�e�y�� �^�_�n�h�j�f�Z�p�b�b�� �i�h�e�h�k�u���� �h�i�j�_�^�_�e�y�_�l�k�y�� �i�h�� �a�Z�\�b�k�b�f�h�k�l�b��
[20]: 
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L �s�á�s�w�:�ê�æ
E�@�H�C�s�r�r�r�Ý�6�; 
F�ê�ç�á   (5) 
�]�^�_���ê�æ- �i�j�_�^�_�e���l�_�d�m�q�_�k�l�b�����h�i�j�_�^�_�e�y�_�f�u�c���i�j�b���b�k�i�u�l�Z�g�b�y�o���g�Z��
�j�Z�k�l�y�`�_�g�b�_���i�j�b���k�l�Z�g�^�Z�j�l�g�h�c���k�d�h�j�h�k�l�b���^�_�n�h�j�f�Z�p�b�b�����@ - �^�b��
�g�Z�f�b�q�_�k�d�b�c�� �d�h�w�n�n�b�p�b�_�g�l���� �m�q�b�l�u�\�Z�x�s�b�c�� �\�e�b�y�g�b�_�� �k�d�h�j�h��
�k�l�b�� �i�j�b�� �^�_�k�y�l�b�d�j�Z�l�g�h�f�� �m�\�_�e�b�q�_�g�b�b�� �k�d�h�j�h�k�l�b�� �^�_�n�h�j�f�Z��
�p�b�b�����Ý�6 - �k�d�h�j�h�k�l�v���^�_�n�h�j�f�Z�p�b�b���i�j�b�� �^�j�_�k�k�b�j�h�\�d�_�� �ê�ç- �j�Z�k�l�y��
�]�b�\�Z�x�s�_�_���g�Z�i�j�y�`�_�g�b�_���\���h�q�Z�]�_���^�_�n�h�j�f�Z�p�b�b�����h�i�j�_�^�_�e�y�_�f�h�_��
�g�Z�i�j�y�`�_�g�b�y�f�b���g�Z�l�y�`�_�g�b�y���i�h�e�h�k�u���f�_�`�^�m���j�Z�a�f�Z�l�u�\�Z�l�_�e�_�f���b��
�d�e�_�l�v�x���b���d�e�_�l�v�x���b���f�h�l�Z�e�d�h�c�� 

�K�j�_�^�g�_�_���a�g�Z�q�_�g�b�_���k�d�h�j�h�k�l�b���^�_�n�h�j�f�Z�p�b�b �Ý�6�����k���d�h�l�h�j�h�c���j�_��
�Z�e�b�a�m�_�l�k�y���^�j�_�k�k�b�j�h�\�d�Z�����f�h�`�_�l���[�u�l�v���h�i�j�_�^�_�e�_�g�Z���i�h���i�j�b�[�e�b��
�`�_�g�g�h�c���a�Z�\�b�k�b�f�h�k�l�b�� 
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�]�^�_���8 - �h�d�j�m�`�g�Z�y���k�d�h�j�h�k�l�v���\�Z�e�d�Z�� 
�K�e�Z�[�h�c�� �k�l�h�j�h�g�h�c�� �m�j�Z�\�g�_�g�b�y�� �������� �y�\�e�y�_�l�k�y�� �l�h���� �q�l�h�� �h�g�h��

�m�q�b�l�u�\�Z�_�l���d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y���\���h�q�Z�]�_���^�_�n�h�j�f�Z�p�b�b�����g�h���g�_��
�m�q�b�l�u�\�Z�_�l���l�h�]�h���n�Z�d�l�Z�����q�l�h���h�l�i�_�q�Z�l�u�\�Z�_�f�h�k�l�v �r�_�j�h�o�h�\�Z�l�h��
�k�l�b���j�Z�[�h�q�_�c���i�h�\�_�j�o�g�h�k�l�b���\�Z�e�d�Z���g�Z���^�j�_�k�k�b�j�m�_�f�h�c���i�h�e�h�k�_���j�_��
�Z�e�b�a�m�_�l�k�y���\���i�j�_�^�_�e�Z�o���b�o���r�_�j�h�o�h�\�Z�l�u�o���k�e�h�_�\���b���\���a�g�Z�q�b�l�_�e�v��
�g�h�c���k�l�_�i�_�g�b���a�Z�\�b�k�b�l���h�l���l�h�]�h�����g�Z�k�d�h�e�v�d�h���i�j�h�p�_�k�k�u���^�_�n�h�j�f�Z��
�p�b�b���^�j�_�k�k�b�j�m�_�f�h�c���i�h�e�h�k�u���\���a�h�g�_���d�h�g�l�Z�d�l�Z���r�_�j�h�o�h�\�Z�l�h�k�l�_�c��
�\�a�Z�b�f�h�^�_�c�k�l�\�m�x�l���f�_�`�^�m���k�h�[�h�c���b���k���l�_�f���©�n�m�g�^�Z�f�_�g�l�h�f�ª�����g�Z��
�d�h�l�h�j�h�f���h�g�b���j�Z�k�i�h�e�h�`�_�g�u�� 

�<���i�j�h�p�_�k�k�_���^�j�_�k�k�b�j�h�\�d�b���^�Z�\�e�_�g�b�_�����h�i�j�_�^�_�e�y�x�s�_�_���g�_�k�m��
�s�m�x�� �k�i�h�k�h�[�g�h�k�l�v�� �r�_�j�h�o�h�\�Z�l�u�o�� �k�e�h�_�\���� �h�i�j�_�^�_�e�y�_�l�k�y�� �b�o��
�h�i�h�j�g�u�f�b�� �i�h�\�_�j�o�g�h�k�l�y�f�b���� �A�Z�d�h�g�h�f�_�j�g�h�k�l�v�� �b�a�f�_�g�_�g�b�y��
�h�i�h�j�g�u�o�� �i�h�\�_�j�o�g�h�k�l�_�c�� �i�j�b�� �k�[�e�b�`�_�g�b�b�� �r�_�j�h�o�h�\�Z�l�h�k�l�_�c 
�h�i�j�_�^�_�e�y�_�l�k�y �b�o �h�i�h�j�g�u�f�b���d�j�b�\�u�f�b�����I�j�b�g�b�f�Z�y���\�h���\�g�b�f�Z��
�g�b�_�����q�l�h���k�l�_�i�_�g�v���m�q�Z�k�l�b�y���f�b�d�j�h�g�_�j�h�\�g�h�k�l�_�c���i�h�\�_�j�o�g�h�k�l�_�c��
�\�Z�e�d�Z�� �b�� �i�h�e�h�k�u �j�Z�a�e�b�q�g�Z���� �p�_�e�_�k�h�h�[�j�Z�a�g�h�� �b�k�i�h�e�v�a�h�\�Z�l�v�� �b�o��
�k�j�_�^�g�_�b�g�l�_�]�j�Z�e�v�g�u�_�� �a�g�Z�q�_�g�b�y�� �>�����@���� �d�h�l�h�j�u�_�� �h�i�j�_�^�_�e�y�x�l��
�h�l�g�h�k�b�l�_�e�v�g�h�_���d�h�e�b�q�_�k�l�\�Z���f�_�l�Z�e�e�Z���\���r�_�j�h�o�h�\�Z�l�u�o���k�e�h�y�o�� 

�K�[�e�b�`�_�g�b�_���r�_�j�h�o�h�\�Z�l�u�o���i�h�\�_�j�o�g�h�k�l�_�c���\�Z�e�d�Z���b���^�j�_�k�k�b��
�j�m�_�f�h�c���i�h�e�h�k�u���i�j�b�\�h�^�b�l���d���\�h�a�g�b�d�g�h�\�_�g�b�x���h�[�s�_�c���h�i�h�j�g�h�c��
�i�h�\�_�j�o�g�h�k�l�b�� �r�_�j�h�o�h�\�Z�l�u�o�� �k�e�h�_�\���� �>�h�i�m�k�d�Z�_�f���� �q�l�h�� �h�[�s�Z�y��
�h�i�h�j�g�Z�y���i�h�\�_�j�o�g�h�k�l�v���h�i�j�_�^�_�e�y�_�l�k�y���k�h�h�l�g�h�r�_�g�b�_�f 

�M
L
�ä�-�>�ä�.

�6
�á     (7) 

�]�^�_���M�5 �b���M�6- �h�l�g�h�k�b�l�_�e�v�g�h�_�� �d�h�e�b�q�_�k�l�\�h���f�Z�l�_�j�b�Z�e�Z�� �\���r�_�j�h��
�o�h�\�Z�l�u�o���k�e�h�y�o���\�Z�e�d�Z���b���i�h�e�h�k�u���� 

�A�g�Z�q�_�g�b�y���i�Z�j�Z�f�_�l�j�Z���M�5 �k�\�_�^�_�g�u���\���l�Z�[�e�b�p�m 1. 
 

�L�Z�[�e�b�p�Z���� 
�A�g�Z�q�_�g�b�y���i�Z�j�Z�f�_�l�j�Z���M�5 �^�e�y���j�Z�a�e�b�q�g�u�o���\�b�^�h�\���h�[�j�Z�[�h�l�d�b��

�j�Z�[�h�q�b�o���i�h�\�_�j�o�g�h�k�l�_�c���^�j�_�k�k�b�j�h�\�h�q�g�u�o���\�Z�e�d�h�\ 
�<�b�^���h�[�j�Z�[�h�l�d�b Rmax �����f�d�f q1 

�R�e�b�n�h�\�Z�g�b�_ 
4,7/3,2 0,402/0,485 
2,4/1,6 0,423/0,519 
1,2/1,0 0,550/0,566 

�>�j�h�[�_�f�_�l�g�Z�y���h�[�j�Z�[�h�l�d�Z 
8,6/5,8 0,482/0,538 
4,8/3,2 0,503/0,564 
1,2/0,8 0,548/0,576 

�W�e�_�d�l�j�h�w�j�h�a�b�h�g�g�h�_ 
�l�_�d�k�l�m�j�b�j�h�\�Z�g�b�_ 

12,1/7,2 0,489/0,543 
9,6/4,9 0,533/0,564 
4,2/1,2 0,567/0,576 

 
�I�Z�j�Z�f�_�l�j���M�6 �i�j�b���i�j�h�d�Z�l�d�_���i�h�e�h�k�u���r�e�b�n�h�\�Z�g�g�u�f�b���\�Z�e��

�d�Z�f�b���k�h�k�l�Z�\�e�y�_�l����������-�������������\���a�Z�\�b�k�b�f�h�k�l�b���h�l���k�h�k�l�h�y�g�b�y���j�Z��
�[�h�q�b�o���i�h�\�_�j�o�g�h�k�l�_�c���i�j�h�d�Z�l�g�u�o���\�Z�e�d�h�\�� 

�K�� �m�q�_�l�h�f�� �\�u�r�_�� �h�l�f�_�q�_�g�g�h�]�h���� �n�Z�d�l�b�q�_�k�d�h�_�� �d�h�g�l�Z�d�l�g�h�_��
�^�Z�\�e�_�g�b�_�� �r�_�j�h�o�h�\�Z�l�u�o�� �i�h�\�_�j�o�g�h�k�l�_�c�� �\�� �h�q�Z�]�_�� �^�_�n�h�j�f�Z�p�b�b��
�k�h�k�l�Z�\�e�y�_�l�� 

�2�Û 
L �2���M�ä    (8) 
�;�_�a�j�Z�a�f�_�j�g�h�_���^�Z�\�e�_�g�b�_���f�_�l�Z�e�e�Z�� �g�Z���\�Z�e�d�b���^�j�_�k�k�b�j�h�\�h�q��

�g�h�]�h���k�l�Z�g�Z���k���m�q�_�l�h�f���\�u�j�Z�`�_�g�b�c �����������������������������b�������������������������������a�Z��
�i�b�r�_�l�k�y���\���\�b�^�_�� 
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�N�h�j�f�m�e�Z���^�e�y���j�Z�k�q�_�l�Z���d�h�w�n�n�b�p�b�_�g�l�Z���h�l�i�_�q�Z�l�u�\�Z�_�f�h�k�l�b��
�h�d�h�g�q�Z�l�_�e�v�g�h���i�j�b�g�b�f�Z�_�l���\�b�^�� 
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�B�k�i�h�e�v�a�h�\�Z�g�b�_���a�Z�\�b�k�b�f�h�k�l�b�������������i�h�a�\�h�e�y�_�l���h�i�j�_�^�_�e�b�l�v��
�d�h�w�n�n�b�p�b�_�g�l�� �h�l�i�_�q�Z�l�u�\�Z�_�f�h�k�l�b�� �r�_�j�h�o�h�\�Z�l�h�k�l�b�� �\�Z�e�d�Z�� �g�Z��
�i�h�e�h�k�_���k���m�q�_�l�h�f���j�_�Z�e�v�g�h�]�h���j�Z�k�i�j�_�^�_�e�_�g�b�y���f�Z�l�_�j�b�Z�e�Z���\���r�_��
�j�h�o�h�\�Z�l�h�f���k�e�h�_���\�Z�e�d�Z���b���i�h�e�h�k�u���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���b�k�o�h�^�g�h�c��
�r�_�j�h�o�h�\�Z�l�h�k�l�b�� �i�h�\�_�j�o�g�h�k�l�b�� �\�Z�e�d�h�\�����l�h�e�s�b�g�u���^�j�_�k�k�b�j�m�_��
�f�h�c�� �i�h�e�h�k�u���� �k�d�h�j�h�k�l�b�� �i�j�h�d�Z�l�d�b���� �g�Z�i�j�y�`�_�g�b�_�� �g�Z�l�y�`�_�g�b�y����
�h�[�`�Z�l�b�y���� 

�J�Z�k�q�_�l�g�u�_�� �a�g�Z�q�_�g�b�y�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �h�l�i�_�q�Z�l�u�\�Z�_�f�h�k�l�b��
�i�j�b�� �j�Z�a�e�b�q�g�u�o�� �j�_�`�b�f�Z�o�� �^�j�_�k�k�b�j�h�\�d�b�� �i�j�b�\�_�^�_�g�u�� �g�Z�� �j�b��
�k�m�g�d�_������ 

 
�J�b�k����2. �A�Z�\�b�k�b�f�h�k�l�v���d�h�w�n�n�b�p�b�_�g�l�Z���h�l�i�_�q�Z�l�u�\�Z�_�f�h�k�l�b���D �\��
�k�j�Z�\�g�_�g�b�b �k���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�b�� �^�Z�g�g�u�f�b��- �¨ �‘  �| , �i�j�b��
�^�j�_�k�k�b�j�h�\�d�b���i�h�e�h�k�u���j�Z�a�g�h�c���l�h�e�s�b�g�u �i�j�b���b�k�o�h�^�g�u�o���^�Z�g��
�g�u�o��D� �����������f�f�����Ý =0,02, q=0,5, d� �������h�l�� �Z�����r�Z�]�Z���f�b�d�j�h�g�_��

�j�h�\�g�h�k�l�_�c�� �[�����h�d�j�m�`�g�h�c���k�d�h�j�h�k�l�b���\�Z�e�d�Z�� �\�����m�k�b�e�b�y���g�Z�l�y�`�_��
�g�b�y�� �]�����d�h�w�n�n�b�p�b�_�g�l�Z���l�j�_�g�b�y. 
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�I�h�e�m�q�_�g�g�Z�y�� �a�Z�\�b�k�b�f�h�k�l�v�� �i�h�a�\�h�e�y�_�l�� �k�^�_�e�Z�l�v�� �\�u�\�h�^�u����
�q�l�h���g�Z�b�e�m�q�r�Z�y���j�_�i�j�h�^�m�d�p�b�y���f�b�d�j�h�j�_�e�v�_�n�Z���\�Z�e�d�Z���g�Z�� �^�j�_�k��
�k�b�j�m�_�f�h�c�� �i�h�e�h�k�_�� �g�Z�[�e�x�^�Z�_�l�k�y�� �i�j�b�� �©�k�m�o�h�c�ª�� �^�j�_�k�k�b�j�h�\�d�_��
�l�h�g�d�b�o���i�h�e�h�k�����k���f�Z�e�u�f���r�Z�]�h�f���f�b�d�j�h�g�_�j�h�\�g�h�k�l�_�c����  

�I�h�e�m�q�_�g�g�u�_���^�Z�g�g�u�_���j�_�d�h�f�_�g�^�m�x�l�k�y���^�e�y���©�k�m�o�h�c�ª���^�j�_�k��
�k�b�j�h�\�d�b �i�h�e�h�k���� �b�� �h�]�j�Z�g�b�q�_�g�g�h�� �^�e�y�� �©�f�h�d�j�h�c�ª�� �^�j�_�k�k�b�j�h�\�d�b��
[22,23]. 

�M�\�_�e�b�q�_�g�b�_�� �g�Z�l�y�`�_�g�b�y�� �i�h�e�h�k�u�� �j�_�a�d�h�� �k�g�b�`�Z�_�l�� �h�l�i�_�q�Z��
�l�u�\�Z�_�f�h�k�l�v���f�b�d�j�h�j�_�e�v�_�n�Z���\�Z�e�d�Z���g�Z���i�h�\�_�j�o�g�h�k�l�b���^�j�_�k�k�b�j�m��
�_�f�h�c���i�h�e�h�k�u���� 

 �I�j�b�� �m�\�_�e�b�q�_�g�b�b�� �� �k�d�h�j�h�k�l�b�� �\�j�Z�s�_�g�b�y�� �\�Z�e�d�Z�� �� �g�Z�[�e�x�^�Z��
�_�l�k�y���g�_�a�g�Z�q�b�l�_�e�v�g�h�_���\�e�b�y�g�b�_���g�Z���b�a�f�_�g�_�g�b�_���d�h�w�n�n�b�p�b�_�g�l�Z��
�h�l�i�_�q�Z�l�u�\�Z�_�f�h�k�l�b�����h�k�h�[�_�g�g�h���^�e�y���l�h�e�k�l�u�o���i�h�e�h�k�� 

�A�:�D�E�X�Q�?�G�B�? ���<�U�<�H�>�U) 

�J�Z�a�j�Z�[�h�l�Z�g�Z���f�h�^�_�e�v���i�_�j�_�g�h�k�Z���r�_�j�h�o�h�\�Z�l�h�k�l�b���\�Z�e�d�h�\���g�Z��
�i�h�e�h�k�m�� �k�� �m�q�_�l�h�f�� �\�b�^�Z�� �h�[�j�Z�[�h�l�d�b�� �\�Z�e�d�Z�� �b�� �m�k�e�h�\�b�c�� �^�j�_�k�k�b��
�j�h�\�d�b�����q�l�h���i�h�a�\�h�e�y�_�l���h�p�_�g�b�l�v���k�l�_�i�_�g�v���a�Z�i�h�e�g�_�g�b�y���j�_�e�v�_�n�Z��
�_�^�b�g�b�q�g�h�c���f�b�d�j�h�\�i�Z�^�b�g�u���i�j�b���b�a�\�_�k�l�g�u�o���a�g�Z�q�_�g�b�y�o���^�Z�\�e�_��
�g�b�y�� �g�Z�� �d�h�g�l�Z�d�l�_�� �i�h�e�h�k�u�� �k�� �\�Z�e�d�h�f���� �d�h�w�n�n�b�p�b�_�g�l�_�� �l�j�_�g�b�y����
�i�Z�j�Z�f�_�l�j�Z�o���r�_�j�h�o�h�\�Z�l�h�k�l�b���\�Z�e�d�Z�����j�_�`�b�f�Z�o���^�j�_�k�k�b�j�h�\�d�b�� 

�I�h�e�m�q�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u���f�h�]�m�l���[�u�l�v���b�k�i�h�e�v�a�h�\�Z�g�u���i�j�b��
�d�h�j�j�_�d�l�b�j�h�\�Z�g�b�b�� �k�m�s�_�k�l�\�m�x�s�b�o�� �b�� �j�Z�a�j�Z�[�h�l�d�b�� �g�h�\�u�o�� �j�_��
�`�b�f�h�\���^�j�_�k�k�b�j�h�\�d�b���o�h�e�h�^�g�h�d�Z�l�Z�g�u�o���i�h�e�h�k���^�e�y���i�h�e�m�q�_�g�b�y��
�l�j�_�[�m�_�f�h�]�h�� �f�b�d�j�h�j�_�e�v�_�n�Z���� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �i�h�l�j�_�[�b�l�_�e�v��
�k�d�b�f�b�� �k�\�h�c�k�l�\�Z�f�b�����k�� �m�q�_�l�h�f�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �f�b�d�j�h�]�_�h�f�_�l��
�j�b�b���j�Z�[�h�q�_�c���i�h�\�_�j�o�g�h�k�l�b���\�Z�e�d�Z���^�j�_�k�k�b�j�h�\�h�q�g�h�]�h���k�l�Z�g�Z�� 

�E�B�L�?�J�:�L�M�J�: 

�������I�h�e�m�o�b�g���I���B�����D�h�g�l�Z�d�l�g�h�_���\�a�Z�b�f�h�^�_�c�k�l�\�b�_���f�_�l�Z�e�e�Z �b��
�b�g�k�l�j�m�f�_�g�l�Z���i�j�b���i�j�h�d�Z�l�d�_�������I���B�� �I�h�e�m�o�b�g�����<���I�� �I�h�e�m�o�b�g���í 
�F�������F�_�l�Z�e�e�m�j�]�b�y��������������  �í ���������k�� 

�������H�]�Z�j�d�h�\���G���G�����J�_�]�e�Z�f�_�g�l�b�j�h�\�Z�g�b�_���r�_�j�h�o�h�\�Z�l�h�k�l�b���i�h��
�\�_�j�o�g�h�k�l�b�� �f�_�l�Z�e�e�h�i�j�h�d�Z�l�Z�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �_�]�h�� �i�h�l�j�_�[�b��
�l�_�e�v�k�d�b�o���k�\�h�c�k�l�\�������G���G�� �H�]�Z�j�d�h�\�����K���<�� �O�Z�e�b�g���������I�j�h�p�_�k�k�u���b��
�h�[�h�j�m�^�h�\�Z�g�b�_�� �f�_�l�Z�e�e�m�j�]�b�q�_�k�d�h�]�h�� �i�j�h�b�a�\�h�^�k�l�\�Z���� �F�_�`�j�_�]����
�k�[���� �g�Z�m�q���� �l�j����- �F�Z�]�g�b�l�h�]�h�j�k�d���� �b�a�^-�\�h�� �F�Z�]�g�b�l�h�]�h�j�k�d���� �]�h�k����
�]�_�o�g�����]�g-�l�Z�����í 2003. �í �K�������������í��136. 

�������J�h�[�_�j�l�k���<���E�����O�h�e�h�^�g�Z�y���i�j�h�d�Z�l�d�Z���k�l�Z�e�b�����I�_�j���k���Z�g�]�e����- 
�F�������F�_�l�Z�e�e�m�j�]�b�y�����������������í ���������k�� 

4. �A�\�y�]�b�g�Z�� �?���X���� �K�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�_�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �b��
�l�_�o�g�h�e�h�]�b�b���g�Z�k�_�q�d�b���\�Z�e�d�h�\���^�j�_�k�k�b�j�h�\�h�q�g�u�o���k�l�Z�g�h�\���^�j�h�[�v�x��
�^�e�y���m�e�m�q�r�_�g�b�y���d�Z�q�_�k�l�\�Z���i�h�\�_�j�o�g�h�k�l�b���Z�\�l�h�e�b�k�l�Z�����^�b�k�����d�Z�g�^����
�l�_�o�g�����g�Z�m�d�����± �F�Z�]�g�b�l�h�]�h�j�k�d, 2017. �í ���������k�� 

������ �H�]�Z�j�d�h�\�� �G���G���� �<�e�b�y�g�b�_�� �k�i�h�k�h�[�Z�� �h�[�j�Z�[�h�l�d�b�� �j�Z�[�h�q�_�c��
�i�h�\�_�j�o�g�h�k�l�b�� �\�Z�e�d�Z�� �g�Z�� �d�Z�q�_�k�l�\�h�� �o�h�e�h�^�g�h�d�Z�l�Z�g�h�]�h�� �e�b�k�l�Z�� ����
�G���G�� �H�]�Z�j�d�h�\�� �?���X�� �A�\�y�]�b�g�Z�����X���>�� �A�Z�e�_�l�h�\���������K�h�\�j�_�f�_�g�g�u�_��
�f�_�l�h�^�u���d�h�g�k�l�j�m�b�j�h�\�Z�g�b�y���b���l�_�o�g�h�e�h�]�b�b���f�_�l�Z�e�e�m�j�]�b�q�_�k�d�h�]�h��
�f�Z�r�b�g�h�k�l�j�h�_�g�b�y���� �F�_�`�^�m�g�Z�j���� �k�[���� �g�Z�m�q�g���� �l�j����- �F�Z�]�g�b�l�h��
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Modelling of Roll Roughness Transfer Process to 

the Strip During Skin -pass Rolling
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Abstract. In this work the modelling of roll roughness transfer 
process to the strip in terms of skin passing conditions was carried 
out. In the present paper the analysis of the strain-stress state of 
material imprinted into microcavities of roll face is made, for 
which reason the latter is presented in the form of V-shaped grooves. 
The model of roll roughness transfer to the strip was developed by 
taking into account the real distribution of material in the rough 
layer of the roll and the strip, as well as according to type of roll 
processing and skin-pass conditions that allows to evaluate the de-
gree of filling of singular microcavity under known pressure val-
ues of the strip on contact with a roll, friction coefficient, roll 

roughness parameters, skin pass conditions. The findings afford to 
forecast a reproduction of roll microrelief of the surface of de-
formed strip. 

Keywords: microrelief, microreli ef transfer mechanism, 
reproduction, microcavity, temper-rolled strip, coefficient of 
imprinting . 
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�f�h�^�_�e�b���f�h�`�g�h���i�j�_�^�k�l�Z�\�b�l�v���\�Z�j�b�Z�l�b�\�g�u�c���k�h�k�l�Z�\���b�a�^�_�e�b�y�����I�h��
�k�l�j�h�_�g�g�Z�y���f�h�^�_�e�v���f�h�`�_�l���[�u�l�v���b�k�i�h�e�v�a�h�\�Z�g�Z���g�Z���f�Z�r�b�g�h�k�l�j�h��
�b�l�_�e�v�g�u�o���i�j�_�^�i�j�b�y�l�b�y�o���\���3�'�0���b���(�5�3���k�b�k�l�_�f�Z�o���k�h�[�k�l�\�_�g�g�h�c��
�j�Z�a�j�Z�[�h�l�d�b���� �H�k�g�h�\�g�u�f�b�� �h�k�h�[�_�g�g�h�k�l�y�f�b�� �i�j�_�^�k�l�Z�\�e�_�g�g�h�c�� �f�h��
�^�_�e�b�� �y�\�e�y�x�l�k�y�� �i�j�h�k�l�h�l�Z���� �i�h�e�g�u�c���m�q�_�l�� �l�j�_�[�h�\�Z�g�b�c��
�?�K�D�>���?�K�L�>�� 

�D�e�x�q�_�\�u�_���k�e�h�\�Z�� �b�g�n�h�f�Z�p�b�h�g�g�Z�y���f�h�^�_�e�v�����k�h�k�l�Z�\���b�a�^�_�e�b�y����
PDM�����w�e�_�d�l�j�h�g�g�u�c���k�h�k�l�Z�\�����\�o�h�^�b�f�h�k�l�v. 

�<�<�?�>�?�G�B�? 

�I�j�h�p�_�k�k�u �i�e�Z�g�b�j�h�\�Z�g�b�y�� �b �m�i�j�Z�\�e�_�g�b�y�� �i�j�h�b�a�\�h�^�k�l�\�h�f��
�g�Z�� �k�h�\�j�_�f�_�g�g�h�f�� �f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v�g�h�f�� �i�j�_�^�i�j�b�y�l�b�b�� �h�k�m��
�s�_�k�l�\�e�y�x�l�k�y���i�j�b���i�h�f�h�s�b �j�Z�a�e�b�q�g�u�o �b�g�n�h�j�f�Z�p�b�h�g�g�u�o���k�b��
�k�l�_�f [1,2]�����<���l�Z�d�b�_���b�g�n�h�j�f�Z�p�b�h�g�g�u�_���k�b�k�l�_�f�u���^�h�e�`�g�u���[�u�l�v��
�a�Z�]�j�m�`�_�g�u���n�h�j�f�Z�e�b�a�h�\�Z�g�g�u�_���^�Z�g�g�u�_ �h���\�k�_�o���Z�k�i�_�d�l�Z�o���i�j�h��
�b�a�\�h�^�k�l�\�Z���� �g�Z�q�b�g�Z�y�� �h�l�� �^�h�]�h�\�h�j�h�\���� �a�Z�d�Z�a�h�\���� �i�h�k�l�Z�\�s�b�d�h�\�� �b��
�a�Z�d�Z�g�q�b�\�Z�y�� �b�k�i�h�e�v�a�m�_�f�u�f�b�� �i�j�b�� �\�u�i�m�k�d�_�� �f�Z�l�_�j�b�Z�e�Z�f�b �b 
�d�h�f�i�e�_�d�l�Z�p�b�_�c���\�u�i�m�k�d�Z�_�f�u�o���b�a�^�_�e�b�c�� 

�;�h�e�v�r�m�x�� �j�h�e�v�� �i�j�b�� �i�e�Z�g�b�j�h�\�Z�g�b�b�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �b�]�j�Z�_�l��
�k�h�k�l�Z�\���b�a�^�_�e�b�y [3,4,5].  

�I�j�b�� �w�l�h�f�� �\�� �i�j�h�k�l�_�c�r�_�f�� ���\�u�j�h�`�^�_�g�g�h�f���� �k�e�m�q�Z�_�� �k�h�k�l�Z�\��
�f�h�`�_�l���[�u�l�v���i�j�_�^�k�l�Z�\�e�_�g���d�Z�d���e�b�g�_�c�g�u�c���k�i�b�k�h�d���f�Z�l�_�j�b�Z�e�h�\��
�b�� �d�h�f�i�e�_�d�l�m�x�s�b�o���� �g�_�h�[�o�h�^�b�f�u�o�� �^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z�� �b�a�^�_��
�e�b�y�����I�j�b���j�Z�[�h�l�_���i�h���k�l�Z�g�^�Z�j�l�Z�f���?�K�D�>/�?�K�L�>���^�e�y���w�l�h�]�h���b�k��
�i�h�e�v�a�m�x�l�k�y��"�<�_�^�h�f�h�k�l�v���d�h�f�i�e�_�d�l�m�x�s�b�o" [6] �b��"�<�_�^�h�f�h�k�l�v��
�f�Z�l�_�j�b�Z�e�h�\" [7�@���� �< �Z�g�]�e�h�y�a�u�q�g�h�c���i�j�Z�d�l�b�d�_�� �w�l�b�� �^�\�Z�� �^�h�d�m��
�f�_�g�l�Z���h�[�t�_�^�b�g�_�g�u���\���_�^�b�g�u�c���^�h�d�m�f�_�g�l�����d�h�l�h�j�u�c���g�Z�a�u�\�Z�_�l�k�y��
BOM, Bill  of Materials [8,9,10].  

�H�^�g�Z�d�h���^�e�y���l�h�q�g�h�]�h���i�e�Z�g�b�j�h�\�Z�g�b�y���b���m�i�j�Z�\�e�_�g�b�y���i�j�h�b�a��
�\�h�^�k�l�\�h�f���i�j�h�k�l�h�c���e�b�g�_�c�g�u�c �k�i�b�k�h�d���g�_���i�h�^�o�h�^�b�l�� �>�e�y �i�j�Z��
�\�b�e�v�g�h�c���h�j�]�Z�g�b�a�Z�p�b�b���i�j�h�b�a�\�h�^�k�l�\�Z �g�_�h�[�o�h�^�b�f�h���b�f�_�l�v �i�h�e��
�g�m�x���b�_�j�Z�j�o�b�q�_�k�d�m�x���k�l�j�m�d�l�m�j�m���b�a�^�_�e�b�y�� 

�K�h�]�e�Z�k�g�h��[11] �k�l�j�m�d�l�m�j�Z���f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v�g�h�]�h �b�a�^�_�e�b�y 
�i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c�� �k�h�\�h�d�m�i�g�h�k�l�v�� �k�h�k�l�Z�\�g�u�o�� �q�Z�k�l�_�c�� �b�a�^�_��
�e�b�y���b���k�\�y�a�_�c���f�_�`�^�m���g�b�f�b�����h�i�j�_�^�_�e�y�x�s�b�o���b�_�j�Z�j�o�b�x���k�h�k�l�Z�\��
�g�u�o���q�Z�k�l�_�c�����I�j�b���w�l�h�f���b�k�i�h�e�v�a�h�\�Z�g�b�_���k�h�k�l�Z�\�g�u�o���q�Z�k�l�_�c���b�a��
�^�_�e�b�y�� �\�� �k�l�j�m�d�l�m�j�_�� �b�a�^�_�e�b�y�� �b���b�e�b�� �_�]�h�� �k�h�k�l�Z�\�g�u�o�� �q�Z�k�l�_�c 
�g�Z�a�u�\�Z�_�l�k�y���\�o�h�^�b�f�h�k�l�v�x�� 

�<�u�^�_�e�y�x�l���g�_�k�d�h�e�v�d�h���\�b�^�h�\���k�l�j�m�d�l�m�j�u ���k�h�k�l�Z�\�Z�����f�Z�r�b��
�g�h�k�l�j�h�b�l�_�e�v�g�h�]�h���b�a�^�_�e�b�y�� 

- �d�h�g�k�l�j�m�d�l�h�j�k�d�b�c���k�h�k�l�Z�\ �± �l�h�����d�Z�d���b�a�^�_�e�b�_���\�b�^�y�l���k�i�j�h��
�_�d�l�b�j�h�\�Z�\�r�b�_���_�]�h���d�h�g�k�l�j�m�d�l�h�j�u�����d�Z�d���i�j�Z�\�b�e�h���l�Z�d�h�c���k�h�k�l�Z�\��
�e�_�]�d�h���n�h�j�f�b�j�m�_�l�k�y���b�a���d�h�g�k�l�j�m�d�l�h�j�k�d�b�o���k�i�_�p�b�n�b�d�Z�p�b�c; 

- �l�_�o�g�h�e�h�]�b�q�_�k�d�b�c�� �k�h�k�l�Z�\ �± �w�l�h�� �d�h�g�k�l�j�m�d�l�h�j�k�d�b�c�� �k�h��
�k�l�Z�\���� �i�e�x�k���^�h�[�Z�\�e�_�g�g�u�_�� �l�m�^�Z�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�_�� �h�k�h�[�_�g�g�h��
�k�l�b �i�j�h�b�a�\�h�^�k�l�\�Z �^�_�l�Z�e�_�c [12, 13]���� �I�j�b�� �n�h�j�f�b�j�h�\�Z�g�b�b��
�g�h�j�f�� �\�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�f�� �k�h�k�l�Z�\�_�� �m�q�b�l�u�\�Z�x�l�k�y���f�Z�l�_�j�b�Z�e�u��
�b�a�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �l�j�_�[�h�\�Z�g�b�c�����i�j�b�i�m�k�d�b�� �i�h�^�� �h�[�j�Z�[�h�l�d�m��
�a�Z�]�h�l�h�\�h�d���g�Z���d�h�g�d�j�_�l�g�h�f���h�[�h�j�m�^�h�\�Z�g�b�b �b���j�y�^���^�j�m�]�b�o���n�Z�d��
�l�h�j�h�\; 

- �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�c�� �k�h�k�l�Z�\���± �w�l�h�� �d�Z�d�� �i�j�Z�\�b�e�h�� �k�h�k�l�Z�\��
�d�h�g�d�j�_�l�g�h�]�h���w�d�a�_�f�i�e�y�j�Z���b�a�^�_�e�b�y�����H�g���n�h�j�f�b�j�m�_�l�k�y�� �b�k�o�h�^�y��
�b�a���l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h���k�h�k�l�Z�\�Z�����I�j�b���w�l�h�f�����\���k�e�m�q�Z�_���\�Z�j�b�Z�g�l��
�g�h�]�h���k�h�k�l�Z�\�Z�����g�Z���\�k�_�o���m�j�h�\�g�y�o���^�h�e�`�g�u���[�u�l�v���i�j�b�g�y�l�u���j�_�r�_��
�g�b�y���i�h���b�k�i�h�e�v�a�h�\�Z�g�b�x���h�^�g�h�]�h���b�a���\�Z�j�b�Z�g�l�h�\�����G�b�d�Z�d�b�o���Z�e�v��
�l�_�j�g�Z�l�b�\�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\���� �d�h�f�i�h�g�_�g�l�h�\���� �k�i�h�k�h�[�h�\�� �i�j�h�b�a��
�\�h�^�k�l�\�Z�� �\�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�f�� �k�h�k�l�Z�\�_�� �[�u�l�v�� �g�_�� �^�h�e�`�g�h���� �B�k��
�i�h�e�v�a�h�\�Z�g�b�_�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�]�h�� �k�h�k�l�Z�\�Z�� �\��ERP-�k�b�k�l�_�f�Z�o��
�i�h�a�\�h�e�y�_�l���g�Z�b�[�h�e�_�_���w�n�n�_�d�l�b�\�g�h���h�k�m�s�_�k�l�\�e�y�l�v �i�e�Z�g�b�j�h�\�Z��
�g�b�_���b���m�i�j�Z�\�e�_�g�b�_���i�j�h�b�a�\�h�^�k�l�\�h�f�� 

�H�l�k�x�^�Z�� �\�u�l�_�d�Z�_�l���� �q�l�h���a�Z�^�Z�q�Z�� �i�j�Z�\�b�e�v�g�h�]�h�� �i�j�_�^�k�l�Z�\�e�_��
�g�b�y�� �k�h�k�l�Z�\�Z�� �b�a�^�_�e�b�y���y�\�e�y�_�l�k�y�� �Z�d�l�m�Z�e�v�g�h�c�� �i�j�b�� �i�h�k�l�j�h�_�g�b�b��
ERP-�k�b�k�l�_�f�u���i�j�_�^�i�j�b�y�l�b�y.  

�I �H�K�L�:�G�H�<�D�: �A�:�>�:�Q�B 

�B�g�n�h�j�f�Z�p�b�h�g�g�Z�y�� �f�h�^�_�e�v�� �\�� �b�g�n�h�j�f�Z�l�b�d�_���²  �w�l�h�� �i�j�_�^��
�k�l�Z�\�e�_�g�b�_�� �i�h�g�y�l�b�c���� �k�\�y�a�_�c���� �h�]�j�Z�g�b�q�_�g�b�c���� �i�j�Z�\�b�e�� �b�� �h�i�_�j�Z��
�p�b�c�����i�j�_�^�g�Z�a�g�Z�q�_�g�g�h�_���^�e�y���h�i�j�_�^�_�e�_�g�b�y���k�_�f�Z�g�l�b�d�b���^�Z�g�g�u�o��
�^�e�y���d�h�g�d�j�_�l�g�h�c���i�j�h�[�e�_�f�g�h�c���h�[�e�Z�k�l�b��[14]. 

�B�g�n�h�j�f�Z�p�b�h�g�g�Z�y�� �f�h�^�_�e�v�� �k�h�k�l�Z�\�Z �f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v��
�g�h�]�h���b�a�^�_�e�b�y �^�h�e�`�g�Z�� 

- �h�l�j�Z�`�Z�l�v���k�l�j�m�d�l�m�j�m���b�a�^�_�e�b�y; 
- �k�h�o�j�Z�g�y�l�v���g�_�h�[�o�h�^�b�f�u�_���i�Z�j�Z�f�_�l�j�u���k�h�k�l�Z�\�g�u�o���q�Z�k�l�_�c��

�b�a�^�_�e�b�y. 
�B�g�n�h�j�f�Z�p�b�h�g�g�Z�y�� �f�h�^�_�e�v���k�h�k�l�Z�\�Z �f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v��

�g�h�]�h �b�a�^�_�e�b�y���^�h�e�`�g�Z���[�u�l�v�� 
- �n�h�j�f�Z�e�b�a�h�\�Z�g�g�h�c; 
- �i�h�e�g�h�c; 
- �h�l�d�j�u�l�h�c; 
- �b�k�d�e�x�q�Z�x�s�_�c �^�m�[�e�b�j�h�\�Z�g�b�_. 
�D���[�h�e�_�_���k�i�_�p�b�n�b�q�_�k�d�b�f���l�j�_�[�h�\�Z�g�b�y�f���f�h�`�g�h���h�l�g�_�k�l�b�� 
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- �i�h�e�g�h�_�� �i�j�_�^�k�l�Z�\�e�_�g�b�_�� �\�Z�j�b�Z�g�l�g�h�c�� �b�g�n�h�j�f�Z�p�b�b�� ���b�k��
�i�h�e�v�a�h�\�Z�g�b�_���j�Z�a�e�b�q�g�u�o���d�h�f�i�h�g�_�g�l�h�\-�a�Z�f�_�g�b�l�_�e�_�c��; 

- �i�h�^�^�_�j�`�d�m�� �b�k�i�h�e�g�_�g�b�c ���k�h�]�e�Z�k�g�h���=�H�K�L�� ����������-75 
[15]); 

- �i�h�^�^�_�j�`�d�m���k�e�h�`�g�u�o���d�h�e�b�q�_�k�l�\���i�j�b���m�q�z�l�_���\�o�h�^�b�f�h�k�l�b; 
- �i�h�^�^�_�j�`�d�m���k�e�m�q�Z�_�\���b�a�]�h�l�h�\�e�_�g�b�y���h�^�g�b�o �k�h�k�l�Z�\�g�u�o���q�Z��

�k�l�_�c���g�Z���h�k�g�h�\�_���^�j�m�]�b�o. 
- �i�h�^�^�_�j�`�d�m���d�h�f�i�h�a�b�l�g�u�o���f�Z�l�_�j�b�Z�e�h�\�����k�h�k�l�Z�\���d�h�l�h�j�u�o��

�f�h�`�_�l���[�u�l�v���a�Z�^�Z�g���\���f�Z�k�k�h�\�u�o���^�h�e�y�o. 

�B�G�N�H�J�F�:�P�B�H�G�G�:�Y���F�H�>�?�E�V �K�H�K�L�:�<�:��
�F�:�R�B�G�H�K�L�J�H�B�L�?�E�V�G�H�=�H���B�A�>�?�E�B�Y 

�G�Z�b�[�h�e�_�_���l�h�q�g�h���k�l�j�m�d�l�m�j�m���f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v�g�h�]�h���b�a�^�_��
�e�b�y�� �h�l�j�Z�`�Z�_�l�� �g�Z�i�j�Z�\�e�_�g�g�u�c�� �Z�p�b�d�e�b�q�_�k�d�b�c�� �]�j�Z�n�� �>16�@���� �l���_����
�l�Z�d�h�c�� �h�j�b�_�g�l�b�j�h�\�Z�g�g�u�c�� �]�j�Z�n���� �\�� �d�h�l�h�j�h�f�� �h�l�k�m�l�k�l�\�m�x�l��
�g�Z�i�j�Z�\�e�_�g�g�u�_���p�b�d�e�u�����g�h���f�h�]�m�l���[�u�l�v��"�i�Z�j�Z�e�e�_�e�v�g�u�_" �i�m�l�b����
�\�u�o�h�^�y�s�b�_���b�a���h�^�g�h�]�h���m�a�e�Z���b���j�Z�a�g�u�f�b���i�m�l�y�f�b���i�j�b�o�h�^�y�s�b�_��
�\���d�h�g�_�q�g�u�c���m�a�_�e. 

�I�j�b�� �w�l�h�f���i�j�_�^�k�l�Z�\�e�_�g�b�_���b�_�j�Z�j�o�b�b���\�o�h�^�b�f�h�k�l�_�c �h�^�g�b�o 
�w�e�_�f�_�g�l�h�\ �]�j�Z�n�Z���\���^�j�m�]�b�_ �i�j�_�^�k�l�Z�\�e�_�g�h �g�Z���j�b�k������ 

 
�J�b�k��1. �D�h�f�i�h�g�_�g�l�u���b���k�\�y�a�b 

�B�a�� �j�b�k�m�g�d�Z 1 �\�b�^�g�h���� �q�l�h�� �d�Z�`�^�u�c���d�h�f�i�h�g�_�g�l �f�h�^�_�e�b��
�b�f�_�_�l���g�Z�[�h�j���Z�l�j�b�[�m�l�h�\�����_�]�h���h�i�b�k�u�\�Z�x�s�b�o�����D�j�h�f�_���l�h�]�h�����h�g��
�b�f�_�_�l���d�h�e�e�_�d�p�b�x���k�k�u�e�h�d���g�Z��"�j�h�^�b�l�_�e�v�k�d�b�_" �w�e�_�f�_�g�l�u ���q�_��
�j�_�a���g�Z�[�h�j���k�\�y�a�_�c��"�<�o�h�^�b�l���\") �b���d�h�e�e�_�d�p�b�x���k�k�u�e�h�d���g�Z���k�\�h�b�o��
"�i�h�l�h�f�d�h�\" ���q�_�j�_�a���g�Z�[�h�j���k�\�y�a�_�c��"�K�h�^�_�j�`�b�l")�����D�Z�`�^�Z�y���k�\�y�a�v��
�\���w�l�h�c���d�h�e�e�_�d�p�b�b���h�[�h�a�g�Z�q�Z�_�l���h�l�g�h�r�_�g�b�_���j�h�^�b�l�_�e�v-�i�h�l�h�f�h�d 
�b���k�g�Z�[�`�_�g�Z���k�h�h�l�\�_�l�k�l�\�m�x�s�b�f�b �Z�l�j�b�[�m�l�Z�f�b. 

�L�B�I�U���K�H�K�L�:�<�G�U�O���Q�:�K�L�?�C 

�<���f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v�g�h�f���b�a�^�_�e�b�b���b�k�i�h�e�v�a�m�x�l�k�y���j�Z�a�e�b�q��
�g�u�_���l�b�i�u���d�h�f�i�h�g�_�g�l�h�\ [17].  

�>�e�y���b�g�n�h�j�f�Z�p�b�h�g�g�h�c���f�h�^�_�e�b���[�m�^�_�f���\�u�^�_�e�y�l�v �k�e�_�^�m�x��
�s�b�_���h�k�g�h�\�g�u�_���l�b�i�u �k�h�k�l�Z�\�g�u�o���q�Z�k�l�_�c: 

- �k�[�h�j�h�q�g�Z�y���_�^�b�g�b�p�Z; 
- �^�_�l�Z�e�v�� 
- �i�h�d�m�i�g�h�_���b�a�^�_�e�b�_; 
- �f�Z�l�_�j�b�Z�e; 
- �a�Z�]�h�l�h�\�d�Z�� 

�I�j�b���w�l�h�f���i�h�d�m�i�g�u�_���b�a�^�_�e�b�y���b���f�Z�l�_�j�b�Z�e�u���y�\�e�y�x�l�k�y���w�e�_��
�f�_�g�l�Z�f�b���G�K�B [18, 19]�����G�Z���f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v�g�h�f���i�j�_�^�i�j�b�y��
�l�b�b, �d�Z�d���i�j�Z�\�b�e�h, �k�m�s�_�k�l�\�m�_�l���h�l�^�_�e�v�g�Z�y���k�b�k�l�_�f�Z���G�K�B�����\���d�h��
�l�h�j�h�c���o�j�Z�g�b�l�k�y���b�g�n�h�j�f�Z�p�b�y���h�[���b�k�i�h�e�v�a�m�_�f�u�o���k�l�Z�g�^�Z�j�l�g�u�o��
�i�h�d�m�i�g�u�o�� �b�a�^�_�e�b�y�o�� �b�� �f�Z�l�_�j�b�Z�e�Z�o, �\�u�i�m�s�_�g�g�u�o���k�h�]�e�Z�k�g�h��
�=�H�K�L���b���H�K�L�� �W�e�_�f�_�g�l�u���l�b�i�Z��"�F�Z�l�_�j�b�Z�e" �b��"�I�h�d�m�i�g�h�_���b�a��
�^�_�e�b�_" �b�f�i�h�j�l�b�j�m�x�l�� �b�a�� �G�K�B�� �k�b�k�l�_�f�u��"�G�Z�b�f�_�g�h�\�Z�g�b�_" �b��
�j�y�^���^�j�m�]�b�o���k�\�h�c�k�l�\�����i�j�b���w�l�h�f���k�\�y�a�v���k���[�Z�a�h�\�h�c���k�b�k�l�_�f�h�c�����k�h��
�^�_�j�`�Z�s�_�c��master-�^�Z�g�g�u�_���i�h�^�^�_�j�`�b�\�Z�_�l�k�y���i�h���d�e�x�q�m�� 

�<�� �l�Z�[�e�b�p�_�� ���� �i�j�b�\�_�^�_�g�Z�� �f�Z�l�j�b�p�Z�� �^�h�i�m�k�l�b�f�h�c�� �\�o�h�^�b�f�h��
�k�l�b���h�k�g�h�\�g�u�o �l�b�i�h�\���^�j�m�]�� �\�� �^�j�m�]�Z�� �?�k�e�b�� �g�Z�� �i�_�j�_�k�_�q�_�g�b�b��
�k�l�h�b�l�� �k�e�h�\�h��"�>�Z"���� �l�h�� �w�l�h�� �h�a�g�Z�q�Z�_�l�� �q�l�h�� �\���w�e�_�f�_�g�l�� �k���l�b�i�h�f, 
�m�d�Z�a�Z�g�g�u�c���\���k�l�j�h�d�_�����f�h�`�_�l���\�o�h�^�b�l�v���w�e�_�f�_�g�l�u���l�b�i�Z�����m�d�Z�a�Z�g��
�g�h�]�h �\���k�l�h�e�[�p�_�� 

�L�Z�[�e�b�p�Z���� 
�F�Z�l�j�b�p�Z���^�h�i�m�k�l�b�f�h�c���\�o�h�^�b�f�h�k�l�b 

 �K�[�� 
�_�^�b�g�b�p�Z �>�_�l�Z�e�v �I�h�d�m�i�g�h�c �F�Z�l�_�j�b�Z�e �A�Z�]�h��

�l�h�\�d�Z 
�K�[����
�_�^�b�g�b�p�Z 

�>�Z �>�Z �>�Z �>�Z - 

�>�_�l�Z�e�v -  �>�Z �>�Z �>�Z 

�I�h�d�m�i�g�h�c �>�Z �>�Z �>�Z �>�Z - 

�F�Z�l�_�j�b�Z�e - - - �>�Z - 

�A�Z�]�h�l�h�\�d�Z - - - �>�Z - 

�B�a���l�Z�[�e�b�p�u��1 �\�b�^�g�h�����q�l�h��"�I �h�d�m�i�g�h�c" �w�e�_�f�_�g�l���\�_�^�z�l���k�_�[�y��
�i�h�^�h�[�g�h���k�l�Z�g�^�Z�j�l�g�h�c��"�K�[�h�j�h�q�g�h�c���_�^�b�g�b�p�_". 

�<��"�F�Z�l�_�j�b�Z�e" �f�h�]�m�l�� �\�o�h�^�b�l�v�� �l�h�e�v�d�h�� �^�j�m�]�b�_��"�F�Z�l�_�j�b��
�Z�e�u"���� �W�l�h�� �i�h�a�\�h�e�y�_�l�� �k�h�o�j�Z�g�y�l�v�� �b�g�n�h�j�f�Z�p�b�h�g�g�h�c�� �f�h�^�_�e�b��
�k�l�j�m�d�l�m�j�m �d�h�f�i�h�a�b�l�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\ [20]. �I�j�b�� �w�l�h�f, �d�Z�d��
�i�j�Z�\�b�e�h, �d�h�e�b�q�_�k�l�\�Z���\�o�h�^�y�s�b�o �f�Z�l�_�j�b�Z�e�h�\�� �m�d�Z�a�u�\�Z�x�l�k�y���\��
�f�Z�k�k�h�\�u�o���^�h�e�y�o���b�e�b���\���i�j�h�p�_�g�l�Z�o��  

�<���w�e�_�f�_�g�l�� �l�b�i�Z��"�>�_�l�Z�e�v" �f�h�`�_�l�� �\�o�h�^�b�l�v���w�e�_�f�_�g�l�� �l�b�i�Z��
"�A�Z�]�h�l�h�\�d�Z"�����H�g�Z���g�_�k�z�l���b�g�n�h�j�f�Z�p�b�x���h���k�\�h�c�k�l�\�Z�o���a�Z�]�h�l�h�\�d�b����
�g�_�h�[�o�h�^�b�f�h�c���^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z���^�Z�g�g�h�c���^�_�l�Z�e�b�����D�j�h�f�_���l�h�]�h����
�\�� �^�_�l�Z�e�v���f�h�]�m�l�� �\�o�h�^�b�l�v�� �f�Z�l�_�j�b�Z�e�u�� �b�� �i�h�d�m�i�g�u�_�� �w�e�_�f�_�g�l�u����
�W�l�h�� �g�_�h�[�o�h�^�b�f�h�� �^�e�y�� �m�d�Z�a�Z�g�b�y�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�u�o�� �f�Z�l�_�j�b�Z��
�e�h�\���^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z���^�Z�g�g�h�c���^�_�l�Z�e�b. �?�k�e�b���\���^�_�l�Z�e�v �\�o�h�^�b�l��
�g�_�k�d�h�e�v�d�h�� �a�Z�]�h�l�h�\�h�d���� �l�h�� �w�l�h�� �k�e�m�q�Z�c�� �\�Z�j�b�Z�g�l�g�h�k�l�b���� �G�Z�� �k�\�y��
�a�y�o�����b�^�m�s�b�o���d���w�l�b�f���a�Z�]�h�l�h�\�d�Z�f�� �j�Z�k�i�h�e�Z�]�Z�_�l�k�y���b�g�n�h�j�f�Z�p�b�y��
�h���i�h�j�y�^�d�h�\�u�o���g�h�f�_�j�Z�o���\�Z�j�b�Z�g�l�h�\�� 

�<���a�Z�]�h�l�h�\�d�m���\�o�h�^�b�l���l�h�e�v�d�h���h�^�b�g���b�e�b���g�_�k�d�h�e�v�d�h���f�Z�l�_�j�b��
�Z�e�h�\���� �W�l�h�� �i�h�a�\�h�e�y�_�l�� �k�h�o�j�Z�g�b�l�v�� �\�� �f�h�^�_�e�b���b�g�n�h�j�f�Z�p�b�x�� �h��
�l�h�f�����b�a���d�Z�d�b�o���f�Z�l�_�j�b�Z�e�h�\���i�j�h�b�a�\�h�^�b�l�k�y���^�_�l�Z�e�v��  

�I�j�b���w�l�h�f���f�h�`�_�l���[�u�l�v���^�\�Z���k�e�m�q�Z�y�� 
- �\�k�_�� �\�o�h�^�y�s�b�_�� �\�� �a�Z�]�h�l�h�\�d�m�� �f�Z�l�_�j�b�Z�e�u�� �b�k�i�h�e�v�a�m�x�l�k�y��

�^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z �^�_�l�Z�e�b; 
- �i�j�b���i�j�h�b�a�\�h�^�k�l�\�_���^�_�l�Z�e�b���b�k�i�h�e�v�a�m�_�l�k�y���l�h�e�v�d�h���h�^�b�g���b�a��

�f�Z�l�_�j�b�Z�e�h�\�� ���g�Z�[�h�j�h�\�� �f�Z�l�_�j�b�Z�e�h�\������ �h�k�l�Z�e�v�g�u�_�� �f�Z�l�_�j�b�Z�e�u��
���g�Z�[�h�j�u�����y�\�e�y�x�l�k�y���Z�e�v�l�_�j�g�Z�l�b�\�Z�f�b 

�K�I�?�P�B�N�B�Q�?�K�D�B�?���:�L�J�B�;�M�L�U���K�H�K�L�:�<�G�U�O���Q�:�K�L�?�C 

�:�l�j�b�[�m�l�b�\�g�u�c�� �g�Z�[�h�j�� �k�h�k�l�Z�\�g�u�o�� �q�Z�k�l�_�c�� �[�h�e�v�r�_�c�� �q�Z��
�k�l�v�x�� �i�h�\�l�h�j�y�_�l�� �g�Z�b�f�_�g�h�\�Z�g�b�_�� �d�h�e�h�g�h�d�� �d�h�g�k�l�j�m�d�l�h�j�k�d�h�c��
�k�i�_�p�b�n�b�d�Z�p�b�b���� 

�L�_�d�k�l�h�\�u�c���Z�l�j�b�[�m�l��"�N�h�j�f�Z�l" �k�h�^�_�j�`�b�l���b�g�n�h�j�f�Z�p�b�x���h��
�n�h�j�f�Z�l�Z�o �d�h�g�k�l�j�m�d�l�h�j�k�d�h�]�h���^�h�d�m�f�_�g�l�Z�����k�h�]�e�Z�k�g�h���k�i�_�p�b�n�b��
�d�Z�p�b�b�������<�� �^�Z�g�g�h�f�� �Z�l�j�b�[�m�l�_�� �m�d�Z�a�u�\�Z�_�l�k�y�� �i�h�e�g�u�c�� �k�i�b�k�h�d��
�n�h�j�f�Z�l�h�\�����[�_�a���i�_�j�_�g�h�k�Z���q�Z�k�l�b���k�i�b�k�d�Z���\��"�I�j�b�f�_�q�Z�g�b�y". �>�e�y��
"�F�Z�l�_�j�b�Z�e�h�\" �b "�I�h�d�m�i�g�u�o" �^�Z�g�g�u�c�� �Z�l�j�b�[�m�l�� �g�_�� �a�Z�i�h�e�g�y��
�_�l�k�y�� 
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�<���Z�l�j�b�[�m�l�_��"�G�Z�b�f�_�g�h�\�Z�g�b�_" �m�d�Z�a�u�\�Z�_�l�k�y���g�Z�b�f�_�g�h�\�Z�g�b�_��
�k�h�k�l�Z�\�g�h�c���q�Z�k�l�b�����k�h�]�e�Z�k�g�h���k�i�_�p�b�n�b�d�Z�p�b�b �b�e�b���^�j�m�]�h�f�m���^�h��
�d�m�f�_�g�l�m�� 

�<���l�_�d�k�l�h�\�h�f���Z�l�j�b�[�m�l�_��"�H�[�h�a�g�Z�q�_�g�b�_" �m�d�Z�a�u�\�Z�_�l�k�y���h�[�h��
�a�g�Z�q�_�g�b�_���k�h�k�l�Z�\�g�h�c���q�Z�k�l�b �k�h�]�e�Z�k�g�h���k�i�_�p�b�n�b�d�Z�p�b�b�����>�Z�g�g�u�c��
�Z�l�j�b�[�m�l�� �g�_�� �a�Z�i�h�e�g�y�_�l�k�y�� �^�e�y��"�F�Z�l�_�j�b�Z�e�h�\"���� �l�Z�d�� �d�Z�d�� �h�g�b�� �g�_��
�b�f�_�x�l�� �h�[�h�a�g�Z�q�_�g�b�y�� �>�e�y�� �d�h�j�j�_�d�l�g�h�]�h�� �\�\�h�^�Z�� �^�Z�g�g�u�o�� �\�� �b�g��
�n�h�j�f�Z�p�b�h�g�g�m�x�� �k�b�k�l�_�f�m�� �^�Z�g�g�u�c�� �Z�l�j�b�[�m�l�� �^�h�e�`�_�g�� �i�j�h�o�h��
�^�b�l�v���h�q�_�g�v���`�z�k�l�d�b�_���i�j�h�\�_�j�d�b���g�Z���d�h�j�j�_�d�l�g�h�k�l�v�����<���[�h�e�v�r�b�g��
�k�l�\�_�� �h�j�]�Z�g�b�a�Z�p�b�c�� �k�m�s�_�k�l�\�m�x�l�� �j�_�]�e�Z�f�_�g�l�g�u�_�� �i�j�h�p�_�^�m�j�u��
�^�e�y���n�h�j�f�b�j�h�\�Z�g�b�y���h�[�h�a�g�Z�q�_�g�b�c�� �D�h�j�j�_�d�l�g�u�c���\�\�h�^���^�Z�g�g�h�]�h��
�Z�l�j�b�[�m�l�Z���\�Z�`�_�g���\���k�\�y�a�b���k���l�_�f�����q�l�h���h�g���a�Z�q�Z�k�l�m�x���b�k�i�h�e�v�a�m�_�l�k�y��
�d�Z�d���d�e�x�q�_�\�h�c���Z�l�j�b�[�m�l���k�m�s�g�h�k�l�b�����D�j�h�f�_���l�h�]�h�����i�h���w�l�h�f�m���Z�l��
�j�b�[�m�l�m���i�j�h�b�k�o�h�^�b�l���k�\�y�a�v���k���^�j�m�]�b�f�b���b�g�n�h�j�f�Z�p�b�h�g�g�u�f�b���k�b��
�k�l�_�f�Z�f�b��  

�K�I�?�P�B�N�B�Q�?�K�D�B�?���:�L�J�B�;�M�L�U���K�<�Y�A�?�C 

�:�l�j�b�[�m�l��"�D�h�e�b�q�_�k�l�\�h" �m�d�Z�a�u�\�Z�_�l���g�Z���l�h�����\���d�Z�d�h�f���d�h�e�b�q�_��
�k�l�\�_�� �\�o�h�^�b�l�� �k�h�k�l�Z�\�g�Z�y�� �q�Z�k�l�v�� �\�� �\�u�r�_�k�l�h�y�s�b�c�� �d�h�f�i�h�g�_�g�l����
�D�h�e�b�q�_�k�l�\�h���f�h�`�_�l���[�u�l�v�����d�Z�d���p�_�e�u�f�����l�Z�d���b���^�j�h�[�g�u�f���q�b�k�e�h�f����
�I�j�b�� �w�l�h�f�� �m�� �d�h�e�b�q�_�k�l�\�Z�� �f�h�`�_�l�� �[�u�l�v���_�^�b�g�b�p�Z �b�a�f�_�j�_�g�b�y. 
�G�Z�i�j�b�f�_�j����"15", "2,�����d�]", "�����f". 

�<�f�_�k�l�h���_�^�b�g�b�p�u���b�a�f�_�j�_�g�b�y���f�h�]�m�l���i�j�b�f�_�g�y�l�v�k�y���i�h�g�y�l�b�_��
�f�Z�k�k�h�\�u�o�� �^�h�e�_�c �b�e�b�� �i�j�h�p�_�g�l�h�\���� �W�l�h�� �g�Z�o�h�^�b�l�� �i�j�b�f�_�g�_�g�b�_��
�i�j�b���i�j�_�^�k�l�Z�\�e�_�g�b�b���k�h�k�l�Z�\�h�\���f�g�h�]�h�d�h�f�i�h�g�_�g�l�g�u�o���f�Z�l�_�j�b�Z��
�e�h�\�����I�j�b���w�l�h�f���g�Z���h�^�g�h�f���m�j�h�\�g�_���^�h�e�`�g�u���m�d�Z�a�u�\�Z�l�v�k�y���e�b�[�h��
�d�h�e�b�q�_�k�l�\�Z�� �\�� �i�j�h�p�_�g�l�Z�o���� �e�b�[�h�� �d�h�e�b�q�_�k�l�\�Z�� �\�� �f�Z�k�k�h�\�u�o�� �^�h��
�e�y�o���� 

�< �b�g�n�h�j�f�Z�p�b�h�g�g�h�c�� �f�h�^�_�e�b�� �k�m�s�_�k�l�\�m�_�l�� �i�h�g�y�l�b�_�� �k�e�h�`��
�g�h�]�h�� �d�h�e�b�q�_�k�l�\�Z�����l���_���� �l�Z�d�h�]�h���d�h�e�b�q�_�k�l�\�Z���� �d�h�l�h�j�h�_���m�d�Z�a�u�\�Z��
�_�l�k�y�� �g�_�� �g�Z�� �h�^�b�g�� �\�u�r�_�k�l�h�y�s�b�c�� �d�h�f�i�h�g�_�g�l���� �Z�� �g�Z�� �g�_�d�h�l�h�j�h�_��
�b�o���d�h�e�b�q�_�k�l�\�h�����G�Z�i�j�b�f�_�j�����_�k�e�b���i�j�b���\�o�h�^�b�f�h�k�l�b���f�Z�l�_�j�b�Z�e�Z��
�k�l�h�b�l���d�h�e�b�q�_�k�l�\�h��"�����d�]/15 �k�[." - �h�a�g�Z�q�Z�_�l�����q�l�h���g�Z���������\�u�r�_��
�k�l�h�y�s�b�o���k�[�h�j�h�d���g�Z�^�h���\�a�y�l�v�� �l�j�b���d�b�e�h�]�j�Z�f�f�Z �w�l�h�]�h���f�Z�l�_�j�b��
�Z�e�Z�� �>�h�[�Z�\�e�_�g�b�_�� �\�� �b�g�n�h�j�f�Z�p�b�h�g�g�m�x�� �f�h�^�_�e�v�� �l�Z�d�b�o�� �d�h�e�b��
�q�_�k�l�\���i�h�a�\�h�e�y�_�l���[�h�e�_�_���]�b�[�d�h �i�j�_�^�k�l�Z�\�e�y�l�v���d�h�e�b�q�_�k�l�\�h�����D�Z�d��
�i�j�Z�\�b�e�h�� �l�Z�d�h�_�� �i�j�_�^�k�l�Z�\�e�_�g�b�_�� �d�h�e�b�q�_�k�l�\�Z�� �[�h�e�_�_�� �i�j�b�\�u�q�g�h��
�^�e�y�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �i�h�^�j�Z�a�^�_�e�_�g�b�c�� �b�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o��
�p�_�o�h�\�� 

�D�j�h�f�_���l�h�]�h�����\���b�g�n�h�j�f�Z�p�b�h�g�g�h�c���f�h�^�_�e�b���k�m�s�_�k�l�\�m�_�l���i�h��
�g�y�l�b�_�� �d�h�e�b�q�_�k�l�\ �k�� �Z�e�v�l�_�j�g�Z�l�b�\�h�c. �G�Z�i�j�b�f�_�j�����_�k�e�b���d�Z�[�_�e�v��
�f�h�`�_�l���b�a�f�_�j�y�l�v�k�y���\���i�h�]�h�g�g�u�o���f�_�l�j�Z�o�����i���f�������b�e�b���d�b�e�h�]�j�Z�f��
�f�Z�o ���d�]������ �l�h�� �_�]�h���d�h�e�b�q�_�k�l�\�h �f�h�`�_�l�� �[�u�l�v�� �a�Z�i�b�k�Z�g�h���� �g�Z�i�j�b��
�f�_�j�����l�Z�d�� "0,5 �d�]�����������i���f��)". �W�l�h���[�m�^�_�l���h�a�g�Z�q�Z�l�v�����q�l�h���^�e�y���i�j�h��
�b�a�\�h�^�k�l�\�Z���b�a�^�_�e�b�y���g�m�`�_�g���d�m�k�h�d���d�Z�[�_�e�y���^�e�b�g�h�c���������i�h�]�h�g�g�u�o��
�f�_�l�j�h�\���b���f�Z�k�k�h�c����,�����d�]�����B�k�i�h�e�v�a�h�\�Z�g�b�_���d�h�e�b�q�_�k�l�\ �k���m�d�Z�a�Z�g��
�g�h�c���Z�e�v�l�_�j�g�Z�l�b�\�h�c �i�h�a�\�h�e�y�_�l���k�h�\�f�_�k�l�b�l�v���\�a�]�e�y�^���g�Z���d�h�e�b�q�_��
�k�l�\�h���k�h���k�l�h�j�h�g�u���j�Z�a�g�u�o���i�h�^�j�Z�a�^�_�e�_�g�b�c�����G�Z�i�j�b�f�_�j�����l�_�o�g�h��
�e�h�]�b���f�h�]�m�l���h�i�_�j�b�j�h�\�Z�l�v���k���^�e�b�g�Z�f�b���d�Z�[�_�e�v�g�h�c���i�j�h�^�m�d�p�b�b�����\��
�l�h���\�j�_�f�y���d�Z�d���h�l�^�_�e���k�g�Z�[�`�_�g�b�y���^�e�y���m�q�z�l�Z���l�_�o���`�_���f�Z�l�_�j�b�Z�e�h�\��
�f�h�`�_�l���i�h�e�m�q�Z�l�v���b�g�n�h�j�f�Z�p�b�x���h���f�Z�k�k�_���a�Z�d�m�i�Z�_�f�u�o���^�e�y���i�j�h��
�b�a�\�h�^�k�l�\�Z���b�a�^�_�e�b�y���f�Z�l�_�j�b�Z�e�h�\�� 

�G�Z�o�h�^�y�s�b�c�k�y���g�Z���k�\�y�a�b���Z�l�j�b�[�m�l��"�G�h�j�f�Z" �i�h�a�\�h�e�y�_�l���l�_�o��
�g�h�e�h�]�Z�f���m�d�Z�a�u�\�Z�l�v���l�h�q�g�h�_���d�h�e�b�q�_�k�l�\�h���b�k�i�h�e�v�a�m�_�f�u�o���f�Z�l�_��
�j�b�Z�e�h�\�����<��"�G�h�j�f�_" �f�h�`�g�h���l�Z�d�`�_���b�k�i�h�e�v�a�h�\�Z�l�v���k�e�h�`�g�u�_���d�h��
�e�b�q�_�k�l�\�Z�� �b���d�h�e�b�q�_�k�l�\�Z���k���Z�e�v�l�_�j�g�Z�l�b�\�h�c�����G�h�j�f�Z���f�h�`�_�l���d�Z�d��
�k�h�\�i�Z�^�Z�l�v���g�_�i�h�k�j�_�^�k�l�\�_�g�g�h���k���d�h�e�b�q�_�k�l�\�h�f���f�Z�l�_�j�b�Z�e�Z�����l�Z�d���b��
�h�l�e�b�q�Z�l�v�k�y���h�l���g�_�]�h�� �H�l�e�b�q�b�y��"�D�h�e�b�q�_�k�l�\�Z" �b��"�G�h�j�f�u" �i�j�h��
�b�k�o�h�^�b�l���b�a-�a�Z���j�Z�k�o�h�^�h�\�Z�g�b�y���f�Z�l�_�j�b�Z�e�Z���g�Z���j�Z�a�e�b�q�g�u�_���l�_�o�g�h��
�e�h�]�b�q�_�k�d�b�_�� �h�i�_�j�Z�p�b�b���� �j�Z�k�d�j�h�c���� �j�_�a�d�Z�� �b�� �^�j�� �:�l�j�b�[�m�l��
"�G�h�j�f�Z" �i�j�h�k�l�Z�\�e�y�_�l�k�y�� �l�_�o�g�h�e�h�]�Z�f�b�� �m�`�_�� �i�h�k�e�_�� �k�h�a�^�Z�g�b�y��

�l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �i�j�h�p�_�k�k�Z���� �i�h�� �d�h�l�h�j�h�f�m�� �[�m�^�_�l�� �b�^�l�b�� �i�j�h��
�b�a�\�h�^�k�l�\�h���^�_�l�Z�e�b���b�e�b���k�[�h�j�h�q�g�h�c���_�^�b�g�b�p�u�� 

�<�Z�`�g�u�f�b�� �Z�l�j�b�[�m�l�Z�f�b�� �k�\�y�a�b�� �y�\�e�y�x�l�k�y��"�G�h�f�_�j�� �\�Z�j�b��
�Z�g�l�Z" �b��"�K�k�u�e�d�Z���g�Z���\�Z�j�b�Z�g�l". �P�_�e�h�q�b�k�e�_�g�g�u�c��"�G�h�f�_�j���\�Z�j�b��
�Z�g�l�Z" �k�\�y�a�b�� �a�Z�^�Z�z�l�� �i�h�j�y�^�d�h�\�u�c�� �g�h�f�_�j�� �\�a�Z�b�f�h�a�Z�f�_�g�y�_�f�h�]�h��
�k�h�k�l�Z�\�g�h�c���q�Z�k�l�b���\�g�m�l�j�b���d�h�f�i�h�g�_�g�l�Z�����<���l�h���\�j�_�f�y���d�Z�d���i�j�b���i�h��
�f�h�s�b��"�K�k�u�e�h�d�� �g�Z�� �\�Z�j�b�Z�g�l" �a�Z�^�Z�z�l�k�y�� �j�Z�a�^�_�e�_�g�b�_�� �\�Z�j�b�Z�g�l��
�g�u�o���]�j�m�i�i�� 

  
�J�b�k���������<�Z�b�f�h�a�Z�f�_�g�y�f�u�_ �w�e�_�f�_�g�l�u 

�G�Z�� �j�b�k. 2 �i�j�b�\�_�^�z�g�� �i�j�b�f�_�j���� �\�� �d�h�l�h�j�h�f���i�h�d�Z�a�Z�g�h���� �q�l�h��
"�K�[�h�j�d�m 1" �f�h�`�g�h�� �k�h�[�j�Z�l�v�� �b�e�b���b�k�i�h�e�v�a�m�y��"�I�h�^�k�[�h�j�d�m 1", 
�b�e�b���`�_���b�k�i�h�e�v�a�m�y���p�_�e�m�x�� �]�j�m�i�i�m�� �^�_�l�Z�e�_�c��"�>�_�l�Z�e�v�� ��", "�>�_��
�l�Z�e�v����". �I�j�b���w�l�h�f���\�k�_���k�\�y�a�b�����k�h�_�^�b�g�y�x�s�b�_���k�[�h�j�d�m���\�_�j�o�g�_�]�h��
�m�j�h�\�g�y���k���_�z���k�h�k�l�Z�\�g�u�f�b���q�Z�k�l�y�f�b���k�k�u�e�Z�x�l�k�y���g�Z���h�^�b�g���b���l�h�l��
�`�_���w�e�_�f�_�g�l���l�b�i�Z��"�<�Z�j�b�Z�g�l". 

�>�e�y���i�h�e�g�h�]�h���i�j�_�k�l�Z�\�e�_�g�b�y���b�g�n�h�j�f�Z�p�b�b�����k�h�^�_�j�`�Z�s�_�c�k�y��
�\�� �k�i�_�p�b�n�b�d�Z�p�b�b�� �d�h�g�k�l�j�m�d�l�h�j�k�d�b�o�� �b�a�^�_�e�b�c [1], �d�Z�`�^�Z�y��
�k�\�y�a�v���k�h�^�_�j�`�b�l: 

- �Z�l�j�b�[�m�l "�I�h�a�b�p�b�y" �m�d�Z�a�u�\�Z�x�l���i�h�j�y�^�d�h�\�u�_���g�h�f�_�j�Z���k�h��
�k�l�Z�\�g�u�o���q�Z�k�l�_�c�����g�_�i�h�k�j�_�^�k�l�\�_�g�g�h���\�o�h�^�y�s�b�o���\���k�i�_�p�b�n�b�p�b��
�j�m�_�f�h�_���b�a�^�_�e�b�_�����\���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b���a�Z�i�b�k�b���b�o���\���k�i�_�p�b��
�n�b�d�Z�p�b�b; 

- �Z�l�j�b�[�m�l��"�A�h�g�Z"�����d�h�l�h�j�u�c �m�d�Z�a�u�\�Z�x�l���h�[�h�a�g�Z�q�_�g�b�_���a�h�g�u����
�\���d�h�l�h�j�h�c���g�Z�o�h�^�b�l�k�y���g�h�f�_�j���i�h�a�b�p�b�b���a�Z�i�b�k�u�\�Z�_�f�h�c���k�h�k�l�Z�\��
�g�h�c�� �q�Z�k�l�b�� ���i�j�b�� �j�Z�a�[�b�\�d�_�� �i�h�e�y�� �q�_�j�l�_�`�Z�� �g�Z�� �a�h�g�u�� �i�h�� �=�H�K�L��
2.104); 

- �Z�l�j�b�[�m�l��"�J�Z�a�^�_�e�� �k�i�_�p�b�n�b�d�Z�p�b�b"���� �d�h�l�h�j�u�c�� �g�Z�� �m�d�Z�a�u��
�\�Z�_�l���j�Z�a�^�_�e���k�i�_�p�b�n�b�d�Z�p�b�b�����k�h�]�e�Z�k�g�h���=�H�K�L������������-96�����\���d�h��
�l�h�j�u�o���\�o�h�^�b�l���k�h�k�l�Z�\�g�Z�y���q�Z�k�l�v ��� �̂Z�g�g�u�c���Z�l�j�b�[�m�l���g�_���a�Z�i�h�e�g�y��
�_�l�k�y���i�j�b���j�Z�k�d�j�u�l�b�b���k�h�k�l�Z�\�Z���f�g�h�]�h�d�h�f�i�h�g�_�g�l�g�u�o �f�Z�l�_�j�b�Z��
�e�h�\���b���k�e�h�`�g�u�o���i�h�d�m�i�g�u�o���b�a�^�_�e�b�c). 

�?�k�e�b���k�\�y�a�v���b�k�i�h�e�v�a�m�_�l�k�y���^�e�y���m�d�Z�a�Z�g�b�y���\�o�h�^�b�f�h�k�l�b���k�l�Z�\��
�g�u�o���q�Z�k�l�_�c���g�_���i�h���k�i�_�p�b�n�b�d�Z�p�b�b���?�K�D�>�����l�h���Z�l�j�b�[�m�l�u��"�A�h�g�Z", 
"�I�h�a�b�p�b�y" �g�_���a�Z�i�h�e�g�y�x�l�k�y�� 

�D�j�h�f�_���l�h�]�h�����k�\�y�a�v���k�h�^�_�j�`�b�l���b�g�n�h�j�f�Z�p�b�x���h �i�j�h�q�b�o���i�j�b��
�a�g�Z�d�Z�o�� �k�h�k�l�Z�\�g�h�c�� �q�Z�k�l�b���� �g�_�h�[�o�h�^�b�f�u�o�� �^�e�y�� �h�j�]�Z�g�b�a�Z�p�b�b����
�D�L�I�I�� 

- �i�j�b�a�g�Z�d��"�>�h�i�h�e�g�b�l�_�e�v�g�h�]�h �f�Z�l�_�j�b�Z�e�Z" �Z�d�l�b�\�_�g���� �_�k�e�b��
�k�h�k�l�Z�\�g�Z�y�� �q�Z�k�l�v�� �y�\�e�y�_�l�k�y���^�h�i�h�e�g�b�l�_�e�v�g�u�f �f�Z�l�_�j�b�Z�e�h�f����
�g�Z�i�j�y�f�m�x�� �g�_�� �m�d�Z�a�Z�g�g�u�f�� �\�� �k�i�_�p�b�n�b�d�Z�p�b�b �g�Z�� �b�a�^�_�e�b�_���� �g�h��
�\�o�h�^�y�s�b�f�� �\�� �_�]�h�� �k�h�k�l�Z�\�� �b���g�_�h�[�o�h�^�b�f�u�f�� �^�e�y�� �i�j�h�b�a�\�h�^�k�l�\�Z��
(�g�Z�i�j�b�f�_�j�����d�j�Z�k�d�b���b���i�j�h�q�b�_���i�h�d�j�u�l�b�y)�����D�Z�d���i�j�Z�\�b�e�h�����l�Z�d�b�_��
�f�Z�l�_�j�b�Z�e�u���m�d�Z�a�u�\�Z�x�l�k�y���\���l�_�o�g�b�q�_�k�d�b�o���l�j�_�[�h�\�Z�g�b�y�o���g�Z���q�_�j��
�l�_�`�_�����k�h�]�e�Z�k�g�h���=�H�K�L������������-2008 [21]; 

- �i�j�b�a�g�Z�d��"�<�k�i�h�f�h�]�Z�l�_�e�v�g�h�]�h���f�Z�l�_�j�b�Z�e�Z" �Z�d�l�b�\�_�g�����_�k�e�b��
�k�h�k�l�Z�\�g�Z�y�� �q�Z�k�l�v�� �y�\�e�y�_�l�k�y�� �g�_�h�[�o�h�^�b�f�h�c�� �i�j�b�� �i�j�h�b�a�\�h�^�k�l�\�_��
���k�h�]�e�Z�k�g�h�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�f�m�� �i�j�h�p�_�k�k�m������ �g�h�� �g�Z�i�j�y�f�m�x�� �g�_��
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�G�Z�e�b�q�b�_���^�Z�g�g�u�o �^�h�i�h�e�g�b�l�_�e�v�g�u�o���i�j�b�a�g�Z�d�h�\���i�h�a�\�h�e�y�_�l��
�n�h�j�f�b�j�h�\�Z�l�v���h�l�q�z�l�u���i�h���b�k�i�h�e�v�a�m�_�f�u�f���f�Z�l�_�j�b�Z�e�Z�f���b���d�h�f��
�i�h�g�_�g�l�Z�f���k�h�]�e�Z�k�g�h���?�K�D�>/�?�K�L�>�����Z���l�Z�d�`�_���h�l�q�z�l�u���^�e�y���w�d�h�g�h��
�f�b�q�_�k�d�b�o���i�h�^�j�Z�a�^�_�e�_�g�b�c�����h�k�m�s�_�k�l�\�e�y�x�s�b�o���m�q�z�l���h�k�g�h�\�g�u�o��
�b���\�k�i�h�f�h�]�Z�l�_�e�v�g�u�o���f�Z�l�_�j�b�Z�e�h�\ [22] 

�:�l�j�b�[�m�l��"�K�[�h�j�h�q�g�u�c���p�_�o" �i�h�a�\�h�e�y�_�l���l�_�o�g�h�e�h�]�Z�f���m�d�Z�a�u��
�\�Z�l�v���p�_�o�����\���d�h�l�h�j�h�f���[�m�^�_�l���k�h�[�b�j�Z�l�v�k�y���^�Z�g�g�u�c���d�h�f�i�h�g�_�g�l�� 

�H�;�S�B�?���: �L�J�B�;�M�L�U 

�D�Z�d���e�x�[�Z�y���k�h�k�l�Z�\�g�Z�y���q�Z�k�l�v�����l�Z�d���b���w�e�_�f�_�g�l���l�b�i�Z��"�K�\�y�a�v" 
�b�f�_�x�l���Z�l�j�b�[�m�l��"�I�j�b�f�_�q�Z�g�b�_". �<���^�Z�g�g�u�c���Z�l�j�b�[�m�l���a�Z�g�h�k�b�l�k�y 
�g�_�n�h�j�f�Z�e�b�a�h�\�Z�g�g�Z�y�� �b�g�n�h�j�f�Z�p�b�y�� �j�Z�a�e�b�q�g�h�]�h�� �j�h�^�Z���� �I�j�b��
�w�l�h�f, �_�k�e�b�� �i�j�b�f�_�q�Z�g�b�_�� �a�Z�g�_�k�_�g�h�� �^�e�y�� �k�h�k�l�Z�\�g�h�c�� �q�Z�k�l�b���� �l�h��
�h�g�h���y�\�e�y�_�l�k�y���h�[�s�b�f �^�e�y���\�k�_�o���f�_�k�l�����d�m�^�Z���\�o�h�^�b�l���^�Z�g�g�Z�y���k�h��
�k�l�Z�\�g�Z�y���q�Z�k�l�v�����?�k�e�b���i�j�b�f�_�q�Z�g�b�_���m�d�Z�a�Z�g�h���^�e�y���k�\�y�a�b�����l�h���h�g�h��
�^�_�c�k�l�\�m�_�l���l�h�e�v�d�h���^�e�y���w�l�h�c���\�o�h�^�b�f�h�k�l�b�� 

�G�Z�e�b�q�b�_�� �Z�l�j�b�[�m�l�Z��"�I �j�b�f�_�q�Z�g�b�_" �i�h�a�\�h�e�y�_�l�� �k�h�o�j�Z�g�b�l�v��
�g�Z���w�e�_�f�_�g�l�Z�o���b���k�\�y�a�y�o���g�_�n�h�j�f�Z�e�b�a�h�\�Z�g�g�m�x���b�g�n�h�j�f�Z�p�b�x���b�a��
�k�i�_�p�b�n�b�d�Z�p�b�b���b�e�b���l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���i�j�h�p�_�k�k�h�\���� 

�I�j�b�f�_�q�Z�l�_�e�v�g�h���l�h�����q�l�h���Z�g�Z�e�b�a���i�j�b�f�_�g�_�g�b�y���d�h�g�k�l�j�m�d�l�h��
�j�Z�f�b���b���l�_�o�g�h�e�h�]�Z�f�b���Z�l�j�b�[�m�l�h�\��"�I�j�b�f�_�q�Z�g�b�_" �g�Z���w�l�Z�i�_���w�d�k��
�i�e�m�Z�l�Z�p�b�b�� �b�g�n�h�j�f�Z�p�b�h�g�g�h�c�� �k�b�k�l�_�f�u�� �f�h�`�_�l�� �\�u�y�\�b�l�v�� �i�h��
�e�_�a�g�u�_�� �a�Z�d�h�g�h�f�_�j�g�h�k�l�b���� �q�l�h���\�i�h�k�e�_�^�k�l�\�b�b���i�h�a�\�h�e�y�_�l��"�^�h��
�n�h�j�f�Z�e�b�a�h�\�Z�l�v" �b�g�n�h�j�f�Z�p�b�h�g�g�m�x���f�h�^�_�e�v�����i�_�j�_�g�_�k�y���q�Z�k�l�v��
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�Z�l�j�b�[�m�l��"�F�Z�j�r�j�m�l"���� �\�� �d�h�l�h�j�h�f�� �m�d�Z�a�u�\�Z�_�l�k�y���f�Z�j�r�j�m�l�g�Z�y��
�d�Z�j�l�Z, �k�h�]�e�Z�k�g�h��[23] �^�e�y���f�Z�j�r�j�m�l�g�h�]�h���b�e�b���f�Z�j�r�j�m�l�g�h-�h�i�_��
�j�Z�p�b�h�g�g�h�]�h�� �h�i�b�k�Z�g�b�y�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �i�j�h�p�_�k�k�h�\�� �I�j�b��
�w�l�h�f���_�k�e�b���f�Z�j�r�j�m�l���m�d�Z�a�Z�g���^�e�y���k�h�k�l�Z�\�g�h�c���q�Z�k�l�b�����l�h���f�Z�j�r�j�m�l��
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�\�o�h�^�b�f�h�k�l�b���g�_�d�h�l�h�j�h�c���k�h�k�l�Z�\�g�h�c���q�Z�k�l�b�����l�h���h�g �a�Z�f�_�g�y�_�l���k�h��
�[�h�c�� �k�l�Z�g�^�Z�j�l�g�u�c�� �f�Z�j�r�j�m�l�� �k�h�k�l�Z�\�g�h�c�� �q�Z�k�l�b, �b���b�f�_�g�g�h��
�f�Z�j�r�j�m�l���k���\�o�h�^�b�f�h�k�l�b���[�m�^�_�l���b�k�i�h�e�v�a�h�\�Z�g���i�j�b���\�k�_�o �j�Z�k�q�z��
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�<�U�<�H�>�U 
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Abstract. The article formulates the reasons for the use of a for-
malized electronic structure of a product at a machine-building 
enterprise. It is reported similarities and differences of design, 
technological and production structure of the engineering product. 
It is described in short the basic requirements for the composition 
of the product according to GOST ESKD and according to the 
practical experience. Based on the formulated requirements, a 
model for storing of a machine-�E�X�L�O�G�L�Q�J���S�U�R�G�X�F�W�¶�V���F�R�P�S�R�V�L�W�L�R�Q���L�Q��
the form of a directed acyclic graph is proposed. In this case, the 
nodes of this graph are the elements of the engineering product, 
and the edges are the facts of the entry of one element of the prod-
uct into another. The article presents the permissible types of ele-
ments that make up a model of a machine-building product: an 
assembly unit, a assembly part, a material, a purchased item, a 

billet. For each type, it is introduced a set of attributes required to 
fully describe an element of this type. It is given the matrix of avail-
able entrance occurrences of various elements types into each 
other. It is shown how one can imagine the variable composition of 
the engineering product with the help of the proposed model. The 
purposed model can be used at machine-building enterprises in 
PDM and ERP systems of its own design. The main features of the 
presented model are simplicity, full compliance with ESKD / 
ESTD requirements. 

Keywords: �L�Q�I�R�U�P�D�W�L�R�Q���P�R�G�H�O�����P�D�F�K�L�Q�H�¶�V���H�O�H�F�W�U�R�Q�L�F���V�W�U�X�F�W�X�U�H����
BOM, where-used list. 
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�_�]�h���k�[�h�j�d�b�� 

�I �J�H�<�?�>�?�G�B�?���W�D�K�I�?�J�B�F�?�G�L�: 

�A�g�Z�q�b�l�_�e�v�g�h�_�� �\�e�b�y�g�b�_���g�Z���o�Z�j�Z�d�l�_�j���^�_�n�h�j�f�Z�p�b�c���h�d�Z�a�u��
�\�Z�_�l���l�Z�d�h�c���i�Z�j�Z�f�_�l�j, �d�Z�d���f�h�^�m�e�v���m�i�j�m�]�h�k�l�b���>19]. 

�F�h�^�m�e�v�� �m�i�j�m�]�h�k�l�b�� �p�b�e�b�g�^�j�h�\�h�]�h�� �q�m�]�m�g�Z�� �f�h�`�_�l�� �b�a�f�_��
�g�y�l�v�k�y���i�h���h�[�t�_�f�m���p�b�e�b�g�^�j�Z�����W�l�h�����d���k�h�`�Z�e�_�g�b�x�����y�\�e�y�_�l�k�y���g�_��
�^�h�k�l�Z�l�d�h�f���l�_�o�g�h�e�h�]�b�b���e�b�l�v�y�����I�h�w�l�h�f�m���\���j�Z�[�h�l�_���i�j�h�b�a�\�h�^�b��
�e�b�k�v�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �h�[�j�Z�a�p�h�\�� �q�m�]�m�g�Z����
�\�u�i�h�e�g�_�g�g�u�o�� �b�a�� �j�Z�a�e�b�q�g�u�o�� �m�q�Z�k�l�d�h�\�� �h�^�g�h�c�� �b�� �l�h�c�� �`�_�� �h�l��
�e�b�\�d�b���� 

�<���o�h�^�_���w�d�k�i�_�j�b�f�_�g�l�Z���g�Z �j�Z�a�j�u�\�g�h�c���f�Z�r�b�g�_���[�u�e�b���i�h�e�m��
�q�_�g�u���a�g�Z�q�_�g�b�y���f�h�^�m�e�y���m�i�j�m�]�h�k�l�b���^�e�y���f�Z�l�_�j�b�Z�e�Z���p�b�e�b�g�^�j�Z��

�i�j�b���j�Z�a�e�b�q�g�u�o���a�g�Z�q�_�g�b�y�o���l�_�f�i�_�j�Z�l�m�j�u�����B�k�i�u�l�Z�g�b�_���h�[�j�Z�a��
�p�h�\���g�Z���k�l�Z�l�b�q�_�k�d�h�_���j�Z�k�l�y�`�_�g�b�_���i�j�h�\�h�^�b�e�h�k�v���i�j�b���l�_�f�i�_�j�Z��
�l�m�j�Z�o�� ���q�K������ �������� ���������� ���������� ���������� ���������� ���������� �J�Z�k�l�y�`�_�g�b�_�� �h�k�m��
�s�_�k�l�\�e�y�e�h�k�v���i�j�b �k�d�h�j�h�k�l�b���^�_�n�h�j�f�b�j�h�\�Z�g�b�y�������f�f���f�b�g�����A�Z��
�\�b�k�b�f�h�k�l�b�� �f�h�^�m�e�y�� �m�i�j�m�]�h�k�l�b�� �h�l�� �l�_�f�i�_�j�Z�l�m�j�u���� �\�� �^�Z�e�v�g�_�c��
�r�_�f���� �i�h�a�\�h�e�y�l���b�k�k�e�_�^�h�\�Z�l�v���l�_�f�i�_�j�Z�l�m�j�g�u�_�� �^�_�n�h�j�f�Z�p�b�b��
�i�j�b���j�Z�[�h�l�_���^�b�a�_�e�y�� 

�W�d�k�i�_�j�b�f�_�g�l�u�� �i�j�h�\�h�^�b�e�b�k�v�� �g�Z�� �f�Z�r�b�g�_��INSTRON �k�_��
�j�b�b���������������j�b�k�����������k���d�h�f�i�v�x�l�_�j�g�u�f���m�i�j�Z�\�e�_�g�b�_�f�����k���l�y�`�_�e�h�c��
�j�Z�f�h�c���b���j�Z�[�h�q�_�c���g�Z�]�j�m�a�d�h�c�����������d�G�����d�h�l�h�j�Z�y���r�b�j�h�d�h���i�j�b�f�_��
�g�y�_�l�k�y���^�e�y���b�k�i�u�l�Z�g�b�y���\�u�k�h�d�h�i�j�h�q�g�u�o���f�_�l�Z�e�e�h�\���b���k�i�e�Z�\�h�\����
�m�e�m�q�r�_�g�g�u�o���d�h�f�i�h�a�b�l�h�\�����Z�w�j�h�d�h�k�f�b�q�_�k�d�b�o�� �b���Z�\�l�h�f�h�[�b�e�v��
�g�u�o�� �d�h�g�k�l�j�m�d�p�b�c���� �[�h�e�l�h�\���� �d�j�_�i�_�`�g�u�o�� �^�_�l�Z�e�_�c�� �b�� �e�b�k�l�h�\�h�c��
�k�l�Z�e�b���� 

 

 
�J�b�k������. �B�k�i�u�l�Z�l�_�e�v�g�Z�y���f�Z�r�b�g�Z���,�1�6�7�5�2�1 

�F�_�o�Z�g�b�q�_�k�d�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �h�i�j�_�^�_�e�y�e�b�k�v�� �i�h�� �f�_�l�h��
�^�b�d�_�����i�j�b�\�_�^�_�g�g�h�c���\���=�H�K�L����������-84 [20].  

�L�Z�d�`�_���[�u�e�Z���i�j�h�\�_�^�_�g�Z���k�_�j�b�y���w�d�k�i�_�j�b�f�_�g�l�h�\���i�h���b�a�f�_�j�_��
�g�b�x���g�Z���d�h�h�j�^�b�g�Z�l�g�h-�b�a�f�_�j�b�l�_�e�v�g�h�c���f�Z�r�b�g�_���^�b�Z�f�_�l�j�Z���p�b��
�e�b�g�^�j�h�\ �\�� �k�\�h�[�h�^�g�h�f�� �k�h�k�l�h�y�g�b�b�� �b�� �i�h�^�� �\�h�a�^�_�c�k�l�\�b�_�f�� �f�h�g��
�l�Z�`�g�u�o���m�k�b�e�b�c�����K���w�l�h�c���p�_�e�v�x���[�u�e�Z �b�a�]�h�l�h�\�e�_�g�Z���k�i�_�p�b�Z�e�b��
�a�b�j�h�\�Z�g�g�Z�y�� �h�k�g�Z�k�l�d�Z���� �i�h�a�\�h�e�y�x�s�Z�y�� �k�u�f�b�l�b�j�h�\�Z�l�v�� �k�[�h�j�d�m��
�p�b�e�b�g�^�j�Z���k���d�Z�j�l�_�j�h�f���b���]�h�e�h�\�d�h�c�����g�_���i�j�_�i�y�l�k�l�\�m�x�s�Z�y�����i�j�b��



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 104  

 

�w�l�h�f�� �^�h�k�l�m�i�m�� �d�� �p�b�e�b�g�^�j�m�� �b�a�f�_�j�b�l�_�e�v�g�h�]�h�� �m�k�l�j�h�c�k�l�\�Z���� �G�Z��
�j�b�k���� ���� �i�h�d�Z�a�Z�g�u�� �]�j�Z�n�b�d�b�� �i�_�j�_�f�_�s�_�g�b�y�� �k�l�_�g�d�b�� �p�b�e�b�g�^�j�Z��
�^�e�y�� �^�\�m�o�� �i�_�j�i�_�g�^�b�d�m�e�y�j�g�u�o���\�_�j�l�b�d�Z�e�v�g�u�o���k�_�q�_�g�b�c���\���k�\�h��
�[�h�^�g�h�f�� �k�h�k�l�h�y�g�b�b���� �b�� �\�� �k�[�h�j�d�_���� �G�h�j�f�Z�l�b�\�g�h�_�� �m�k�b�e�b�_�� �a�Z��
�l�y�`�d�b���]�Z�_�d���d�j�_�i�e�_�g�b�y���]�h�e�h�\�d�b�������������������G�f�����J�_�a�m�e�v�l�Z�l�u���b�a�f�_��
�j�_�g�b�c���m�d�Z�a�u�\�Z�x�l���g�Z���m�i�j�m�]�b�c���o�Z�j�Z�d�l�_�j���^�_�n�h�j�f�Z�p�b�c�� 

 

 
 

 
�J�b�k���������I�_�j�_�f�_�s�_�g�b�_���k�l�_�g�d�b���p�b�e�b�g�^�j�Z�����f�f�����\���k�\�h�[�h�^�g�h�f��

�k�h�k�l�h�y�g�b�b�����b���\���k�[�h�j�d�_ 

�K�j�Z�\�g�_�g�b�_���\�_�e�b�q�b�g�u�� �b�� �o�Z�j�Z�d�l�_�j�Z�� �^�_�n�h�j�f�Z�p�b�c�� �p�b�e�b�g��
�^�j�h�\ �^�b�Z�f�_�l�j�h�f���������f�f���b���������f�f���\���k�[�h�j�d�_���i�h�a�\�h�e�y�x�l���k�^�_�e�Z�l�v��
�\�u�\�h�^�� �h���d�Z�q�_�k�l�\�_�g�g�h �b�^�_�g�l�b�q�g�h�f�� �o�Z�j�Z�d�l�_�j�_�� �^�_�n�h�j�f�Z�p�b�c�� 
�I�j�b���w�l�h�f���p�b�e�b�g�^�j���^�b�f�_�l�j�h�f���������f�f���i�j�b���k�[�h�j�d�_���\�h���\�k�_�o���i�h��
�y�k�Z�o�� �b�f�_�_�l���a�g�Z�q�b�l�_�e�v�g�h �[�h�e�v�r�b�_�� �^�_�n�h�j�f�Z�p�b�b���� �<�� �q�Z�k�l�g�h��
�k�l�b�����g�Z�b�[�h�e�_�_���o�Z�j�Z�d�l�_�j�g�u�f���y�\�e�y�_�l�k�y �k�_�q�_�g�b�_���>-�>�������F�Z�d�k�b��
�f�Z�e�v�g�h�_���b�a�f�_�g�_�g�b�_���^�b�Z�f�_�l�j�Z���p�b�e�b�g�^�j�Z���^�b�f�_�l�j�h�f���������f�f���k�h��
�k�l�Z�\�e�y�_�l����11    �f �d�f�����p�b�e�b�g�^�j�Z���������f�f��26- �f �d�f�� �L�Z�d�`�_���k�e�_�^�m�_�l��
�h�l�f�_�l�b�l�v���� �q�l�h�� �i�j�b�� �k�[�h�j�d�_ �p�b�e�b�g�^�j �^�b�Z�f�_�l�j�h�f ������ �f�f�� �\�h��
�\�k�_�o���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o���i�h�y�k�Z�o�� �\�u�o�h�^�b�l���a�Z���^�h�i�m�k�l�b�f�u�_���a�g�Z��
�q�_�g�b�y (�\���k�j�_�^�g�_�f���g�Z��15- 20 �f�d�f). 

 

�F�:�L�?�F�:�L�B�Q�?�K�D�H�?���F�H�>�?�E�B�J�H�<�:�G�B�? 

�<���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���g�Z�b�[�h�e�_�_���w�n�n�_�d�l�b�\�g�u�f���f�_�l�h�^�h�f���b�k��
�k�e�_�^�h�\�Z�g�b�y�� �^�_�n�h�j�f�Z�p�b�c�� �p�b�e�b�g�^�j�h�\�� �y�\�e�y�_�l�k�y�� �f�Z�l�_�f�Z�l�b�q�_��
�k�d�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �b�� �\�u�q�b�k�e�b�l�_�e�v�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l���� �<��
�^�Z�g�g�h�c���j�Z�[�h�l�_���^�e�y���b�k�k�e�_�^�h�\�Z�g�b�y���^�_�n�h�j�f�Z�p�b�c���\�g�m�l�j�_�g�g�_�]�h��
�^�b�Z�f�_�l�j�Z���p�b�e�b�g�^�j�Z���b�k�i�h�e�v�a�h�\�Z�e�k�y���i�j�h�]�j�Z�f�f�g�u�c���d�h�f�i�e�_�d�k��
ANSYS [21]. 

�<�� �j�Z�[�h�l�_�� �b�k�i�h�e�v�a�m�_�l�k�y�� �k�l�Z�l�b�q�_�k�d�Z�y�� �b�a�h�l�j�h�i�g�Z�y�� �i�h�k�l�Z��
�g�h�\�d�Z�� �a�Z�^�Z�q�b�� �l�_�h�j�b�b�� �l�_�j�f�h�m�i�j�m�]�h�k�l�b���� �d�h�l�h�j�Z�y�� �j�_�r�Z�_�l�k�y�� �k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �^�Z�g�g�u�o�� �h�� �\�_�e�b�q�b�g�_��
�f�h�^�m�e�y���m�i�j�m�]�h�k�l�b���f�Z�l�_�j�b�Z�e�Z���p�b�e�b�g�^�j�Z���� 

�H�^�g�b�f�� �b�a�� �h�k�g�h�\�g�u�o�� �w�l�Z�i�h�\�� �k�[�h�j�d�b�� �^�\�b�]�Z�l�_�e�y�� �y�\�e�y�_�l�k�y��
�a�Z�l�y�`�d�Z���r�i�b�e�_�d���]�h�e�h�\�d�b���p�b�e�b�g�^�j�Z�����i�h�k�d�h�e�v�d�m���h�g�Z���k�\�y�a�Z�g�Z��
�k�� �i�j�b�e�h�`�_�g�b�_�f�� �d�� �p�b�e�b�g�^�j�m�� �a�g�Z�q�b�l�_�e�v�g�h�]�h�� �m�k�b�e�b�y���� �<�u�[�h�j��
�_�]�h���\�_�e�b�q�b�g�u���b���i�j�Z�\�b�e�v�g�h�k�l�v���_�]�h���j�Z�k�i�j�_�^�_�e�_�g�b�y���f�h�`�_�l���i�h��
�\�e�b�y�l�v�� �g�Z�� �b�a�f�_�g�_�g�b�_�� �]�_�h�f�_�l�j�b�b�� �p�b�e�b�g�^�j�Z���� �J�Z�k�q�_�l�� �i�j�b�e�h��
�`�_�g�g�h�c���d���d�j�u�r�d�_���p�b�e�b�g�^�j�Z���h�k�_�\�h�c���k�`�b�f�Z�x�s�_�c���k�b�e�u�����\�u��
�a�\�Z�g�g�h�c���^�_�c�k�l�\�b�_�f���f�h�f�_�g�l�Z���a�Z�l�y�`�d�b�����h�k�m�s�_�k�l�\�e�y�e�k�y���i�h���a�Z��
�\�b�k�b�f�h�k�l�y�f���� �i�j�b�\�_�^�_�g�g�u�f�� �\�� �j�Z�[�h�l�_�� �>22�@���� �M�k�b�e�b�_�� �g�Z��
�r�i�b�e�v�d�m�����j�Z�\�g�h�_�������������d�G�����j�Z�k�k�q�b�l�u�\�Z�e�h�k�v���i�h���n�h�j�f�m�e�_������ 
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E�s�ä�s�w��̂A
E� �̂Õ�� �Õ�C   (1) 

�]�^�_ �F�d�e - �f�h�f�_�g�l���g�Z���d�e�x�q�_, F0 - �m�k�b�e�b�_���a�Z�l�y�`�d�b, d - �^�b�Z��
�f�_�l�j���j�_�a�v�[�u, P - �r�Z�]���j�_�a�v�[�u, f- �i�j�b�\�_�^�_�g�g�u�c���d�h�w�n�n�b�p�b�_�g�l��
�l�j�_�g�b�y, f �l- �d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y���g�Z���l�h�j�p�_���]�Z�c�d�b, R�l - �j�Z��
�^�b�m�k���l�j�_�g�b�y���h�i�h�j�g�h�c���i�h�\�_�j�o�g�h�k�l�b���]�Z�c�d�b. 

�I�j�b���f�h�^�_�e�b�j�h�\�Z�g�b�b���h�i�_�j�Z�p�b�b���a�Z�l�y�`�d�b���r�i�b�e�_�d���b�k�i�h�e�v��
�a�h�\�Z�e�b�k�v��3-�o�� �f�_�j�g�u�_�� �f�h�^�_�e�b�� �p�b�e�b�g�^�j�Z�� �b�� �k�h�i�j�y�`�_�g�g�u�o�� �k��
�g�b�f���^�_�l�Z�e�_�c�����]�h�e�h�\�d�b���p�b�e�b�g�^�j�Z���b���d�Z�j�l�_�j�Z�������i�h�d�Z�a�Z�g�g�u�_���g�Z��
�j�b�k�������� 

 

 
�J�b�k���������F�h�^�_�e�v���p�b�e�b�g�^�j�Z���\���k�[�h�j�_���k���]�h�e�h�\�d�h�c���b���\�_�j�o�g�_�c���q�Z��

�k�l�v�x���d�Z�j�l�_�j�Z 

�>�e�y�� �\�k�_�o�� �h�[�t�_�d�l�h�\�� �\�� �f�h�^�_�e�b�� �]�_�g�_�j�b�j�h�\�Z�e�Z�k�v�� �k�_�l�d�Z�� �d�h��
�g�_�q�g�u�o�� �w�e�_�f�_�g�l�h�\�� ���l�Z�[�e���� �������� �>�e�y�� �m�k�d�h�j�_�g�b�y�� �j�Z�k�q�_�l�Z�� �i�Z�j�Z��
�f�_�l�j�u���k�_�l�d�b���a�Z�^�Z�\�Z�e�b�k�v���j�Z�a�e�b�q�g�u�f�b���^�e�y���j�Z�a�g�u�o���l�_�e�����F�Z�d��
�k�b�f�Z�e�v�g�h�_�� �d�Z�q�_�k�l�\�h�� �k�_�l�d�b�� �i�j�b�f�_�g�_�g�h�� �^�e�y�� �p�b�e�b�g�^�j�Z���� �d�Z�d��
�i�j�_�^�k�l�Z�\�e�y�x�s�_�]�h���g�Z�b�[�h�e�v�r�b�c�� �b�g�l�_�j�_�k���\���^�Z�g�g�h�f���b�k�k�e�_�^�h��
�\�Z�g�b�b���� �I�Z�j�Z�f�_�l�j�u�� �k�_�l�d�b�� �[�u�e�b�� �h�i�j�_�^�_�e�_�g�u�� �f�_�l�h�^�h�f�� �i�j�h�[��
�g�u�o���j�Z�k�q�_�l�h�\�����l�Z�[�e�����������^�Z�x�s�b�_���i�j�b�_�f�e�_�f�u�c���j�_�a�m�e�v�l�Z�l���\���q�Z��
�k�l�b�� �k�o�h�^�b�f�h�k�l�b�� �j�_�r�_�g�b�y���� �I�j�b�� �^�Z�e�v�g�_�c�r�_�f�� �m�f�_�g�v�r�_�g�b�b��
�j�Z�a�f�_�j�h�\�� �d�h�g�_�q�g�h�]�h�� �w�e�_�f�_�g�l�Z�� �j�_�a�m�e�v�l�Z�l�� �j�Z�k�q�_�l�Z�� �b�a�f�_�g�y��
�_�l�k�y�� �\�� �i�j�_�^�_�e�Z�o�� �������� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �m�^�Z�e�h�k�v�� �a�g�Z�q�b�l�_�e�v�g�h��
�k�h�d�j�Z�l�b�l�v���\�j�_�f�y���j�Z�k�q�_�l�Z���[�_�a���a�g�Z�q�b�l�_�e�v�g�u�o���i�h�l�_�j�v���\���l�h�q�g�h��
�k�l�b�� �f�h�^�_�e�b�j�h�\�Z�g�b�y���� �F�h�^�_�e�b�j�h�\�Z�g�b�_�� �i�j�h�\�h�^�b�e�h�k�v�� �g�Z�� �d�h�f��
�i�v�x�l�_�j�_��Asus N53S (Intel core i7-2670QM 2.2 GHz).  
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�Z�e�u���b���k�\�h�c�k�l�\�Z�����l�Z�[�e������). 
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�I�Z�j�Z�f�_�l�j 
�P�b��

�e�b�g�^�j 
�=�h�e�h�\�d�Z��

�p�b�e�b�g�^�j�Z �D�Z�j�l�_�j 

�F�Z�l�_�j�b�Z�e 

�K�i�_�p�b��
�Z�e�v�g�u�c���p�b��
�e�b�g�^�j�h�\�u�c��

�q�m�]�m�g 

�:�D��4-�D-
�L�����=�H�K�L��
1583-03 

�K�i�_�p�b�Z�e�v��
�g�u�c���Z�e�x�f�b�g�b��

�_�\�u�c���k�i�e�Z�\ 

�I�e�h�l�g�h�k�f�v 
(�d�]���f3) 7052 2770 7850 

�D�h�w�n�n�b�p�b�_�g�l 
�l�_�f�i�_�j�Z�l�m�j�g�h�]�h��

�j�Z�k�r�b�j�_�g�b�y�����ƒ�&�í��) 
1,1�1̃0-5 2,3�1̃0-5 1,2�1̃0-5 
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22 22 22 
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(�F�I�Z) 180000 71000 200000 
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�I�m�Z�k�k�h�g�Z 
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�M�^�_�e�v�g�Z�y���l�_�i��
�e�h�_�f�d�h�k�l�v��
�>�`�����d�]���D�� 

841 875 434 

�I�j�_�^�_�e���i�j�h�q�g�h��
�k�l�b���i�j�b���k�`�Z�l�b�b��
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�e�b�q�g�u�o�� �a�g�Z�q�_�g�b�c�� �f�h�^�m�e�y�� �m�i�j�m�]�h�k�l�b�� �q�m�]�m�g�Z���� �G�b�`�_�� �i�j�b�\�_��
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(1,1*1011 �F�I�Z�� �b�� �������
����11 �F�I�Z���� �\�� �g�_�k�d�h�e�v�d�b�o�� �]�h�j�b�a�h�g�l�Z�e�v��
�g�u�o���k�_�q�_�g�b�y�o���� 
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�L�Z�d�`�_�� �i�j�h�\�_�^�_�g�Z�� �k�_�j�b�y�� �j�Z�k�q�_�l�h�\���� �m�q�b�l�u�\�Z�x�s�Z�y�� �\�_�k�v��
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�e�_�g�u�� �\�� �\�b�^�_�� �i�h�e�y�� �l�h�q�_�d�� �d�h�h�j�^�b�g�Z�l�� �k�l�_�g�h�d�� �p�b�e�b�g�^�j�Z�� �i�j�b��
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�I�h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �k�j�Z�\�g�_�g�b�y���f�h�`�g�h�� �k�^�_�e�Z�l�v�� �\�u�\�h�^���� �q�l�h��
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�j�Z�[�h�l�_�� �\�u�i�h�e�g�_�g�h�� �k�j�Z�\�g�_�g�b�_�� �f�h�g�l�Z�`�g�u�o�� �^�_�n�h�j�f�Z�p�b�c�� �g�_��
�k�d�h�e�v�d�b�o�� �\�Z�j�b�Z�g�l�h�\�� �d�h�g�k�l�j�m�d�p�b�b�� �p�b�e�b�g�^�j�h�\���� �j�Z�a�e�b�q�Z�x��
�s�b�o�k�y���d�h�e�b�q�_�k�l�\�h�f���j�_�[�_�j���h�o�e�Z�`�^�_�g�b�y���b���b�o���j�Z�a�f�_�j�Z�f�b�����j�b�k����
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�l�_�o�g�h�e�h�]�b�q�g�h�k�l�v�� �d�h�g�k�l�j�m�d�p�b�b���� �D�h�g�k�l�j�m�d�p�b�y�� �p�b�e�b�g�^�j�Z�� ��������
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�r�i�b�e�_�d���b�f�_�x�l���k�\�_�j�e�_�g�b�y�����q�l�h���i�j�b�^�Z�_�l���p�b�e�b�g�^�j�m���[�h�e�v�r�m�x��
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Abstract. The dependences of deformations of the working 

surface of the cylinders of diesel engines with air cooling on the 
action of the mounting forces are obtained. The influence of me-
chanical properties of the cylinder material and its design pa-
rameters on the character of deformation is studied. 
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�f�Z�e�v�g�h�c�� �m�i�j�m�]�h�k�l�b�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �i�h�j�b�k�l�h�k�l�b�� �Z�[�j�Z�a�b�\��
�g�h�]�h���b�g�k�l�j�m�f�_�g�l�Z���i�h�k�e�_���i�j�_�k�k�h�\�Z�g�b�y���b���k�i�_�d�Z�g�b�y���b�k�k�e�_�^�m�_��
�f�h�c���Z�[�j�Z�a�b�\�g�h�c���k�f�_�k�b�����k�h�^�_�j�`�Z�s�_�c�����������h�d�b�k�b���Z�e�x�f�b�g�b�y��
(Al 2O3�����b�����������d�Z�j�[�b�^�Z���[�h�j�Z����B4C�����^�e�y���i�h�e�m�q�_�g�b�y���H�D�:�B���i�h��
�i�Z�l�_�g�l�m���>���@ �b���i�h�^�j�h�[�g�h���h�i�b�k�Z�g�g�h�f�m���\���f�Z�l�_�j�b�Z�e�Z�o���i�m�[�e�b�d�Z��
�p�b�c��[20, 21]. 

�H�I�J�?�>�?�E�?�G�B�?���M�I�J�M�=�B�O���O�:�J�:�D�L�?�J�B�K�L�B�D��
�H�>�G�H�D�H�F�I�H�G�?�G�L�G�H�=�H���:�;�J�:�A�B�<�G�H�=�H���B�G�K�L�J�M�F�?�G�L�:  

�<�_�e�b�q�b�g�m�� �f�h�^�m�e�y�� �g�h�j�f�Z�e�v�g�h�c�� �m�i�j�m�]�h�k�l�b���� �i�h�� �f�g�_�g�b�x��
�j�y�^�Z���m�q�_�g�u�o���>��, 18, 19�@�����f�h�`�g�h���j�Z�k�k�f�Z�l�j�b�\�Z�l�v���d�Z�d���o�Z�j�Z�d�l�_��
�j�b�k�l�b�d�m���m�i�j�m�]�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y���b�e�b���m�i�j�m�]�h�c���m�i�j�h�q�g�y�_�f�h��
�k�l�b�� �f�Z�l�_�j�b�Z�e�Z���� �l���_���� �d�Z�d�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�m�� �b�g�l�_�g�k�b�\�g�h�k�l�b��
�g�Z�j�Z�k�l�Z�g�b�y�� �g�Z�i�j�y�`�_�g�b�y�� �k�� �m�\�_�e�b�q�_�g�b�_�f�� �m�^�e�b�g�_�g�b�y���� �� �Q�_�f��
�[�h�e�v�r�_���f�h�^�m�e�v���g�h�j�f�Z�e�v�g�h�c���m�i�j�m�]�h�k�l�b�����l�_�f���k�b�e�v�g�_�_���\�h�a�j�Z�k��
�l�Z�x�l���g�Z�i�j�y�`�_�g�b�y���k���j�h�k�l�h�f���m�i�j�m�]�h�c���^�_�n�h�j�f�Z�p�b�b�� 

�N�j�_�g�d�_�e�v���Y���B�����>���@���j�Z�k�k�f�Z�l�j�b�\�Z�e���w�l�Z�i���k�i�_�d�Z�g�b�y���d�Z�d���k�e�b��
�y�g�b�_�� �d�Z�i�_�e�v���� �i�j�b�� �d�h�l�h�j�h�f�� �i�j�h�f�_�`�m�l�d�b�� �f�_�`�^�m�� �q�Z�k�l�b�p�Z�f�b��
�a�Z�i�e�u�\�Z�x�l�� �g�Z�k�l�h�e�v�d�h���� �q�l�h�� �h�k�l�Z�\�r�b�_�k�y�� �i�h�j�u�� �h�d�Z�a�u�\�Z�x�l�k�y��
�j�Z�a�h�[�s�_�g�g�u�f�b���� �I�h�k�e�_�^�m�x�s�b�c�� �w�l�Z�i�� �k�i�_�d�Z�g�b�y�� �k�\�h�^�b�l�k�y�� �d��
�a�Z�d�j�u�l�b�x�� �©�a�Z�i�e�u�\�Z�g�b�x�ª�� �h�k�l�Z�l�h�q�g�u�o���� �g�_�� �k�h�h�[�s�Z�x�s�b�o�k�y��
�^�j�m�]���k���^�j�m�]�h�f���i�h�j���� 

�K�m�s�_�k�l�\�m�x�s�b�_�� �h�[�t�y�k�g�_�g�b�y�� �i�j�h�p�_�k�k�h�\�� �k�h�_�^�b�g�_�g�b�y�� �f�Z��
�l�_�j�b�Z�e�h�\���\���l�\�_�j�^�h�c���n�Z�a�_���h�k�g�h�\�u�\�Z�x�l�k�y���b�e�b���g�Z���i�j�_�^�k�l�Z�\�e�_��
�g�b�y�o���h���g�_�h�[�o�h�^�b�f�h�k�l�b���m�\�_�e�b�q�_�g�b�y���w�g�_�j�]�b�b���i�h�\�_�j�o�g�h�k�l�g�u�o��
�Z�l�h�f�h�\�����m�q�Z�k�l�\�m�x�s�b�o���\�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�b�����b�e�b���g�Z���i�j�_�^�k�l�Z�\��
�e�_�g�b�b���h���\�h�a�f�h�`�g�h�k�l�b���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���l�h�e�v�d�h���i�h���x�\�_�g�b�e�v-
�g�u�f�� �i�h�\�_�j�o�g�h�k�l�y�f���� �h�[�j�Z�a�m�x�s�b�f�k�y�� �i�h�k�e�_�� �m�^�Z�e�_�g�b�y�� �h�d�b�k��
�g�u�o���i�e�_�g�h�d�����b�e�b���g�Z���i�j�_�^�k�l�Z�\�e�_�g�b�y�o���h�[���h�i�j�_�^�_�e�y�x�s�_�c���j�h�e�b��
�^�b�n�n�m�a�b�b [4]�����<�k�_���]�b�i�h�l�_�a�u���f�h�`�g�h���j�Z�a�[�b�l�v���g�Z���^�\�_���]�j�m�i�i�u����
�i�_�j�\�Z�y�� �h�[�t�y�k�g�y�_�l�� �h�[�j�Z�a�h�\�Z�g�b�_�� �k�h�_�^�b�g�_�g�b�y�� �j�Z�a�g�h�j�h�^�g�u�o��
�f�Z�l�_�j�b�Z�e�h�\�� �a�Z�� �k�q�_�l�� �k�o�\�Z�l�u�\�Z�g�b�y�� �d�Z�d�� �k�e�_�^�k�l�\�b�_�� �f�_�`�Z�l�h�f��
�g�u�o�� �k�b�e�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y���� �K�o�\�Z�l�u�\�Z�g�b�_��- �i�j�h�p�_�k�k�� �[�_�a�^�b�n��
�n�m�a�b�h�g�g�u�c���� �i�h�k�e�_�� �g�_�]�h�� �\�h�a�f�h�`�g�u�� �^�b�n�n�m�a�b�h�g�g�u�_�� �i�j�h��
�p�_�k�k�u���� �?�k�e�b�� �i�j�b�� �k�h�_�^�b�g�_�g�b�b�� �\�� �a�h�g�_�� �d�h�g�l�Z�d�l�Z �h�[�j�Z�a�m�x�l�k�y��
�x�\�_�g�b�e�v�g�u�_�� �i�h�\�_�j�o�g�h�k�l�b���� �l�h�� �b�o�� �Z�d�l�b�\�g�h�k�l�b�� �^�h�k�l�Z�l�h�q�g�h����
�q�l�h�[�u�� �i�j�h�b�a�h�r�e�h�� �k�o�\�Z�l�u�\�Z�g�b�_���� �I�j�h�p�_�k�k�� �k�h�_�^�b�g�_�g�b�y�� �k�\�h��
�^�b�l�k�y�� �d�� �©�k�r�b�\�Z�g�b�x�ª�� �d�h�g�l�Z�d�l�g�u�o�� �i�h�\�_�j�o�g�h�k�l�_�c�����h�[�j�Z�a�h�\�Z��
�g�b�x�� �k�\�y�a�_�c�� �f�_�`�^�m���Z�l�h�f�Z�f�b���� �i�j�b�g�Z�^�e�_�`�Z�s�b�f�b�� �j�Z�a�e�b�q�g�u�f��
�i�h�\�_�j�o�g�h�k�l�y�f���>5]. 

�I�j�b���b�k�k�e�_�^�h�\�Z�g�b�b���i�j�h�p�_�k�k�Z���k�i�_�d�Z�g�b�y���h�[�u�q�g�h���j�Z�k�k�f�Z�l��
�j�b�\�Z�x�l�� �^�_�c�k�l�\�b�_�� �k�e�_�^�m�x�s�b�o�� �f�_�o�Z�g�b�a�f�h�\���� �Z���� �[�_�a�� �i�_�j�_�g�h�k�Z��
�f�Z�l�_�j�b�Z�e�Z�����i�m�l�_�f���k�p�_�i�e�_�g�b�y�������[�����k���i�_�j�_�g�h�k�h�f���f�Z�l�_�j�b�Z�e�Z���g�Z��
�a�g�Z�q�b�l�_�e�v�g�u�_�� �j�Z�k�k�l�h�y�g�b�y�� �i�m�l�_�f�� �i�_�j�_�f�_�s�_�g�b�y�� �w�e�_�f�_�g�l�h�\��
�j�_�r�_�l�d�b�� ���i�h�\�_�j�o�g�h�k�l�g�Z�y�� �b�� �h�[�t�_�f�g�Z�y�� �^�b�n�n�m�a�b�y�� �i�h�� �^�_�n�_�d��
�l�Z�f�����q�_�j�_�a���j�_�r�_�l�d�m���b���i�h���]�j�Z�g�b�p�Z�f���a�_�j�_�g�����b�k�i�Z�j�_�g�b�_���b���d�h�g��
�^�_�g�k�Z�p�b�y���� �b�e�b�� �i�_�j�_�f�_�s�_�g�b�_�� �\�k�_�c�� �j�_�r�_�l�d�b�� ���i�e�Z�k�l�b�q�_�k�d�h�_��
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�l�_�q�_�g�b�_���� �k�d�h�e�v�`�_�g�b�_�� �i�h�� �]�j�Z�g�b�p�Z�f�� �a�_�j�_�g������ �\���� �k�� �i�_�j�_�g�h�k�h�f��
�f�Z�l�_�j�b�Z�e�Z�� �\�� �i�j�_�^�_�e�Z�o�� �f�_�`�Z�l�h�f�g�u�o�� �j�Z�k�k�l�h�y�g�b�c�� ���\�h�a�\�j�Z�l�� �b��
�j�_�d�j�b�k�l�Z�e�e�b�a�Z�p�b�y���� 

�<�k�e�_�^�k�l�\�b�_���i�e�Z�k�l�b�q�_�k�d�h�c���^�_�n�h�j�f�Z�p�b�b���i�j�b���i�j�_�k�k�h�\�Z�g�b�b��
�i�h�j�h�r�d�h�\���i�h�\�_�j�o�g�h�k�l�b���d�h�g�l�Z�d�l�b�j�m�x�s�b�o���a�_�j�_�g���^�h�k�l�Z�l�h�q�g�h��
�k�[�e�b�`�Z�x�l�k�y�����i�h�\�_�j�o�g�h�k�l�g�u�_���i�e�_�g�d�b���f�g�h�]�h�d�j�Z�l�g�h���j�Z�a�j�u�\�Z��
�x�l�k�y���b���b�o���b�a�h�e�b�j�m�x�s�_�_���^�_�c�k�l�\�b�_���\���a�g�Z�q�b�l�_�e�v�g�h�c���k�l�_�i�_�g�b��
�m�k�l�j�Z�g�y�_�l�k�y�����I�h�w�l�h�f�m �]�e�Z�\�g�u�f���k�l�Z�g�h�\�b�l�k�y���]�_�h�f�_�l�j�b�q�_�k�d�b�c��
�n�Z�d�l�h�j���k�[�e�b�`�_�g�b�y. 

 �B�k�k�e�_�^�h�\�Z�g�b�y�f�b�� �:�g�^�j�b�_�\�k�d�h�]�h�� �J���� �:���� �>6�@�� �l�Z�d�`�_�� �^�h�d�Z��
�a�Z�g�h�����q�l�h���i�j�b���k�i�_�d�Z�g�b�b���i�h�j�h�r�d�h�\���h�d�b�k�b���Z�e�x�f�b�g�b�y���i�j�_�h�[��
�e�Z�^�Z�x�s�b�f�� �y�\�e�y�_�l�k�y�� �f�_�o�Z�g�b�a�f�� �k�Z�f�h�^�b�n�n�m�a�b�b���� �G�Z�� �g�Z�q�Z�e�v��
�g�h�c���k�l�Z�^�b�b���k�i�_�d�Z�g�b�y���h�i�j�_�^�_�e�y�x�s�b�f���y�\�e�y�_�l�k�y���j�h�k�l���a�h�g���d�h�g��
�l�Z�d�l�Z�����g�Z���[�h�e�_�_���i�h�a�^�g�_�c���k�l�Z�^�b�b���n�h�j�f�b�j�m�_�l�k�y���a�Z�f�d�g�m�l�Z�y���i�h��
�j�b�k�l�h�k�l�v���� �D�m�q�b�g�k�d�b�c�� �=���� �K���� �j�Z�k�i�j�h�k�l�j�Z�g�b�e�� �l�_�h�j�b�x�� �h�[�t�_�f��
�g�h�c���^�b�n�n�m�a�b�b���l�Z�d���`�_ �g�Z���i�h�a�^�g�b�_���k�l�Z�^�b�b���k�i�_�d�Z�g�b�y�� 

�<���k�\�h�_�c���j�Z�[�h�l�_���>6�@���h�g���j�Z�k�k�f�h�l�j�_�e���\�e�b�y�g�b�_���]�j�Z�g�b�p���a�_�j�_�g��
�g�Z���i�j�h�p�_�k�k���k�i�_�d�Z�g�b�y�����h�k�h�[�_�g�g�h���g�Z���d�h�g�_�q�g�h�c���k�l�Z�^�b�b���b�k�q�_�a��
�g�h�\�_�g�b�y�� �i�h�j���� �I�j�b�� �w�l�h�f�� �h�g�� �h�p�_�g�b�\�Z�_�l�� �k�d�h�j�h�k�l�v�� �b�k�q�_�a�g�h�\�_��
�g�b�y���i�h�j���b�a���i�h�e�b�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�]�h���k�i�_�q�_�g�g�h�]�h���l�_�e�Z�����h�i�b�j�Z��
�y�k�v���g�Z���^�\�Z���f�_�o�Z�g�b�a�f�Z�����l�h�e�v�d�h���^�b�n�n�m�a�b�b���i�h���]�j�Z�g�b�p�Z�f���a�_�j�_�g��
�b���h�[�t�_�f�g�h�c���^�b�n�n�m�a�b�b���\�Z�d�Z�g�k�b�c�����i�h���^�h�k�l�b�`�_�g�b�b���]�j�Z�g�b�p���a�_��
�j�_�g���\�Z�d�Z�g�k�b�b���\�u�\�h�^�y�l�k�y���b�a���l�_�e�Z���g�Z���_�_���i�h�\�_�j�o�g�h�k�l�b�������E�b�f�b��
�l�b�j�m�x�s�b�f�� �a�\�_�g�h�f�� �a�^�_�k�v�� �y�\�e�y�_�l�k�y �h�[�t�_�f�g�Z�y�� �^�b�n�n�m�a�b�y�� �d�Z�d��
�g�Z�b�[�h�e�_�_���f�_�^�e�_�g�g�Z�y�����I�h�j�Z���j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y���d�Z�d���f�_�k�l�h���k�d�h�i��
�e�_�g�b�y���\�Z�d�Z�g�k�b�c�����f�_�o�Z�g�b�a�f���k�l�Z�g�h�\�b�l�k�y���g�Z�]�e�y�^�g�u�f���i�j�b���j�Z�k��
�k�f�h�l�j�_�g�b�b�� �\�Z�d�Z�g�k�b�c�� �d�Z�d�� �^�b�n�n�m�g�^�b�j�m�x�s�b�o�� �_�^�b�g�b�p���� �a�Z�f�_��
�s�Z�_�f�u�o���Z�l�h�f�Z�f�b���k���m�q�_�l�h�f���]�j�Z�^�b�_�g�l�Z���d�h�g�p�_�g�l�j�Z�p�b�c���^�u�j�h�d��
�h�l���i�h�j�u���\���]�e�m�[�v���f�Z�l�_�j�b�Z�e�Z���>7]. 

�G�Z���j�b�k���� �i�j�_�^�k�l�Z�\�e�_�g�u���a�Z�\�b�k�b�f�h�k�l�b���i�e�h�l�g�h�k�l�b���b�g�k�l�j�m��
�f�_�g�l�Z���H�D�:�B���h�l���l�_�f�i�_�j�Z�l�m�j�u���k�i�_�d�Z�g�b�y 

 
�J�b�k����2. �<�e�b�y�g�b�_���l�_�f�i�_�j�Z�l�m�j�u���k�i�_�d�Z�g�b�y�����7���ƒ�&�����g�Z���i�e�h�l��

�g�h�k�l�v�����!�����d�]���f3�����b�g�k�l�j�m�f�_�g�l�Z���H�D�:�B���^�e�y���b�k�o�h�^�g�h�]�h���j�Z�a�f�_�j�Z��
���Ž�6�� �7: 1 �± �������f�d�f���������± ���������f�d�f������- 32�����f�d�f���������± ���������f�d�f����������

�± �������f�d�f 

�I�h�e�m�q�_�g�g�u�_�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��[8] �a�Z�\�b�k�b�f�h�k�l�b�� �b�f�_�x�l��
�k�e�_�^�m�x�s�b�c���\�b�^�� 
�b�k�o�h�^�g�u�c���j�Z�a�f�_�j���a�_�j�_�g�����Ž�6�� �7 
F �s�r�r���f�d�f�ã�� 

�! 
L �v�x�á�s�®�� �4�á�9�:�8    (1) 
�b�k�o�h�^�g�u�c���j�Z�a�f�_�j���a�_�j�_�g�����Ž�6�� �7 
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Abstract. At the finishing operations of processing high-quality 

parts (internal tracks of rolling bearings, engine cylinder liners, 
etc.), abrasive tools are most often used. According to the results 
of numerous studies, the effect of abrasive grains size on the sur-
face layer of the critical parts state and, as a result, the wear re-
sistance of the latter has been proved. Numerous studies of the au-
thor proved the effectiveness of abrasive tools without ligaments 
(SCAT) use in the processing of such critical parts as the holes of 
cylinder liners. Currently, research is being conducted on the ef-
fect of the under consideration bondless single-component abra-
sive tool production modes on its properties. The article presents 
the results of a research study of elastic properties of a bondless 
single-component abrasive tool after sintering; the method of de-
termining the modulus of elongation and porosity based on theo-

retical and experimental data has been used; the dependency be-
tween the modulus of elongation and porosity, as well as experi-
mental formulas indicating these dependencies are presented. 
Based on the experimental and calculated data on the magnitude 
of the modulus of elongation, depending on the sintering tempera-
ture and the size of the abrasive grains in the initial abrasive com-
pound, empirical dependencies of the elastic characteristics have 
been determined in order to predict the production of a bondless 
tool with predetermined properties. 

Keywords: abrasive tool, modulus of elongation, sintering 
process of an abrasive tool, porosity. 
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�j�Z�a�m�x�s�_�]�h�k�y���i�j�b���r�e�b�n�h�\�Z�g�b�b���a�m�[�v�_�\���� 

�I �h�\�u�r�_�g�b�_�� �d�h�g�l�Z�d�l�g�h�c�� �i�j�h�q�g�h�k�l�b�� �a�Z�� �k�q�z�l�� �m�e�m�q�r�_�g�b�y��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �d�h�g�l�Z�d�l�b�j�m�x�s�b�o�� �i�h�\�_�j�o�g�h�k�l�_�c�� �a�m�[�q�Z�l�u�o��
�i�_�j�_�^�Z�q�� �F�b�d�j�h�]�_�h�f�_�l�j�b�y���� �a�Z�\�b�k�y�s�Z�y�� �h�l�� �\�b�^�Z�� �n�b�g�b�r�g�h�c��
�h�[�j�Z�[�h�l�d�b�����d�h�l�h�j�Z�y���\�e�b�y�_�l�� �g�Z�� �l�Z�d�b�_ �d�j�b�l�_�j�b�b�� �g�Z�i�j�b�f�_�j 
�i�b�l�l�b�g�]�h�k�l�h�c�d�h�k�l�v���� �a�Z�^�b�j�h�k�l�h�c�d�h�k�l�v���� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v������
�D�I�>���a�m�[�q�Z�l�h�c���i�_�j�_�^�Z�q�b�� 

�I �J�H�P�?�K�K���A�M�;�H�O�H�G�B�G�=�H�<�:�G�B�? 

�<���i�j�h�f�u�r�e�_�g�g�h�k�l�b���i�j�b�f�_�g�y�x�l���^�\�Z���f�_�l�h�^�Z���a�m�[�h�o�h�g�b�g��
�]�h�\�Z�g�b�y���� �b�g�k�l�j�m�f�_�g�l�h�f�� �d�h�l�h�j�u�c�� �g�Z�a�u�\�Z�_�l�k�y�� �©�r�_�\�_�j�ª�� �k��
�\�g�_�r�g�b�f�� �a�Z�p�_�i�e�_�g�b�_�f�� �b�� �b�g�k�l�j�m�f�_�g�l�� �©�o�h�g�ª�� �k�� �\�g�m�l�j�_�g�g�b�f��
�a�Z�p�_�i�e�_�g�b�_�f���a�m�[�v�_�\�>���@�� 

 

 
�J�b�k������ �F�_�l�h�^�u���o�h�g�b�g�]�h�\�Z�g�b�_ 

�������A�m�[�h�o�h�g�b�g�]�h�\�Z�g�b�_���r�_�\�_�j�Z�f�b���k���\�g�_�r�g�b�f���a�Z�p�_�i�e�_�g�b�_�f��
�k�h�k�l�h�b�l�� �b�a�� �w�i�h�d�k�b�^�g�h�c�� �k�f�h�e�u���� �i�h�e�b�w�l�b�e�_�g�i�h�e�b�Z�f�b�^�� �b�� �Z�[��
�j�Z�a�b�\�g�u�_�� �f�Z�l�_�j�b�Z�e�u�� �d�h�l�h�j�u�_�� �k�h�k�l�h�b�l�� �b�a���� �w�e�_�d�l�j�h�d�h�j�m�g�^��
�g�h�j�f�Z�e�v�g�u�c�����w�e�_�d�l�j�h�d�h�j�m�g�^���[�_�e�u�c���b���d�Z�j�[�b�^���d�j�_�f�g�b�y���a�_�e�_��
�g�u�c�� �� �k�� �a�_�j�g�b�k�l�h�k�l�v�x�� ���������������� �>���@���� �B�f�_�_�l�k�y�� �k�e�_�^�m�x�s�b�_�� �j�_��
�`�b�f�u���� ������-�������� �h�[���f�b�g���� �k�d�h�j�h�k�l�v�� �i�h�^�Z�q�b�� �k�l�h�e�Z�� ������-200 
�f�f���f�b�g�����q�b�k�e�h���o�h�^�h�\���k�l�h�e�Z����-�������\�j�_�f�y���h�[�j�Z�[�h�l�d�b������-���������G�Z��
�����j�Z�a���h�[�j�Z�[�h�l�d�b���a�m�[�q�Z�l�u�o���d�h�e�_�k���o�h�g���k�Z�f�h�a�Z�l�Z�q�b�\�Z�_�l�k�y���� 

2) �A�m�[�h�o�h�g�b�g�]�h�\�Z�g�b�_�� �o�h�g�Z�f�b�� �k�� �\�g�m�l�j�_�g�g�b�f�� �a�Z�p�_�i�e�_��
�g�b�_�f�� �h�[�e�Z�^�Z�_�l�� �[�h�e�v�r�b�f�b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�b�� �\�h�a�f�h�`�g�h��
�k�l�y�f�b�����i�h�w�l�h�f�m���w�l�h�l���i�j�h�p�_�k�k���b�f�_�_�l���i�j�_�b�f�m�s�_�k�l�\�_�g�g�h�_���j�Z�k��
�i�j�h�k�l�j�Z�g�_�g�b�_���\���i�j�h�f�u�r�e�_�g�g�h�k�l�b�����O�h�g���k�h�k�l�h�b�l���b�a���w�i�h�d�k�b�^��
�g�h�c���k�f�h�e�u�����i�h�e�b�w�l�b�e�_�g�i�h�e�b�Z�f�b�^���b���Z�[�j�Z�a�b�\�g�u�_���f�Z�l�_�j�b�Z�e�u��
�d�h�l�h�j�u�_���k�h�k�l�h�b�l���b�a �>���@�����w�e�_�d�l�j�h�d�h�j�m�g�Z���o�j�h�f�b�k�l�u�c���k���^�h�[�Z�\��
�d�h�c���h�d�k�b�^�Z���o�j�h�f�Z���k���j�Z�a�f�_�j�h�f���a�_�j�g�Z�������f�d�f�����B�f�_�_�l�k�y���k�e�_�^�m��
�x�s�b�_�� �j�_�`�b�f�u���� ��������-���������� �h�[���f�b�g���� �k�d�h�j�h�k�l�v�� �i�h�^�Z�q�b�� �k�l�h�e�Z��
1000-�����������f�f���f�b�g�����q�b�k�e�h���o�h�^�h�\���k�l�h�e�Z����-�������\�j�_�f�y������-30.  

�O�h�g���b�f�_�_�l���k�e�_�^�m�x�s�b�_���]�_�h�f�_�l�j�b�q�_�k�d�b�_���i�Z�j�Z�f�_�l�j�u��- z = 
���������.��� �������ž�����<��� �������f�f����D� ���������f�f������� �����ƒ�����I�j�_�b�f�m�s�_�k�l�\�h���h�[�h��
�j�m�^�h�\�Z�g�b�y �b�g�k�l�j�m�f�_�g�l�h�f���o�h�g �>���@�����\���h�l�e�b�q�b�_���h�l���b�g�k�l�j�m�f�_�g�l�Z��
�r�_�\�_�j�Z �y�\�e�y�_�l�k�y���g�Z�e�b�q�b�_���^�h�i�h�e�g�b�l�_�e�v�g�u�o���h�k�_�c���k�d�j�_�s�b�\�Z��
�g�b�y �o�h�g�Z �k���a�Z�]�h�l�h�\�d�h�c��  
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�J�b�k����. �M�]�e�u���k�d�j�_�s�b�\�Z�g�b�y �o�h�g�Z���k���a�Z�]�h�l�h�\�d�h�c���b �h�k�h�[�_�g�g�h��

�k�l�b���i�j�h�p�_�k�k�Z���a�m�[�h�o�h�g�b�g�]�h�\�Z�g�b�y 

 

 
�J�b�k������. �=�_�h�f�_�l�j�b�y���b���d�b�g�_�f�Z�l�b�d�Z���k���n�e�Z�g�d�b�j�h�\�Z�g�b�_�f���b���k�d�j�_��
�s�b�\�Z�g�b�_���o�h�g�Z���k���^�_�l�Z�e�v�x���i�j�b���o�h�g�b�g�]�h�\�Z�g�b�b���a�m�[�q�Z�l�u�o���d�h��

�e�_�k����V �± �k�d�h�j�h�k�l�v���j�_�a�Z�g�b�y�������W�n �± �k�t�z�f�����6�P���± �h�k�_�\�Z�y���i�h�^�Z�q�Z����t 
�± �i�j�b�i�m�k�d�����9�G���± �k�d�h�j�h�k�l�v���\�j�Z�s�_�g�b�y���^�_�l�Z�e�b�����9�K���± �k�d�h�j�h�k�l�v��

�\�j�Z�s�_�g�b�y���o�h�g�Z 

�F�?�L�H�>�U���I�J�H�<�?�>�?�G�B�Y���:�G�:�E�B�L�B�Q�?�K�D�B�O���B�K�K�E�?�>�H�<�:�G�B�C���B��
�H�L�J�:�;�H�L�D�:���J�:�K�Q�?�L�G�H-�W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�H�C���H�P�?�G�D�B��

�O�:�J�:�D�L�?�J�B�K�L�B�D���R�?�J�H�O�H�<�:�L�U�O���I�H�<�?�J�O�G�H�K�L�?�C 

 
�J�b�k��4. �R�_�j�h�o�h�\�Z�l�h�k�l�v���i�h�\�_�j�o�g�h�k�l�b���^�_�l�Z�e�b���i�j�b���a�m�[�h�o�h�g�b�g��

�]�h�\�Z�g�b�b���k���i�h�f�h�s�v�x���r�_�\�b�j�Z 

 

�J�b�k����. �R�_�j�h�o�h�\�Z�l�h�k�l�v���i�h�\�_�j�o�g�h�k�l�b���^�_�l�Z�e�b���i�j�b���a�m�[�h�o�h�g�b�g��
�]�h�\�Z�g�b�b �k���i�h�f�h�s�v�x���o�h�g�Z 

�B�k�o�h�^�y�� �=�H�K�L����������-���������b���B�K�H����������  �[�u�e�b���j�Z�k�k�q�b�l�Z�g�u����
�i�Z�j�Z�f�_�l�j�u�����r�_�j�h�o�h�\�Z�l�h�k�l�b���^�e�y���d�e�Z�k�k�Z���r�_�j�h�o�h�\�Z�l�h�k�l�b  �d�h��
�l�h�j�h�_���g�m�`�g�h���^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z���b���b�a�]�h�l�h�\�e�_�g�b�y �a�m�[�q�Z�l�u�o���d�h��
�e�_�k�� 

 
 

�J�b�k������. �I�j�h�n�b�e�h�]�j�Z�f�f�Z���r�_�j�h�o�h�\�Z�l�h�k�l�b���i�h�\�_�j�o�g�h�k�l�b���\�^�h�e�v��
�e�b�g�b�b���a�m�[�Z �i�j�b���h�[�j�Z�[�h�l�d�b �^�_�l�Z�e�b���k���i�h�f�h�s�v�x���o�h�g�Z 

 

�J�b�k��7. �L�h�q�g�h�k�l�v���a�m�[�q�Z�l�u�o���\�_�g�p�h�\���h�p�_�g�b�\�Z�_�l�k�y���\���k�h�h�l�\�_�l��
�k�l�\�b�b���k���=�H�K�L�������������± �������©�I�_�j�_�^�Z�q�b���a�m�[�q�Z�l�u�_. �P�b�e�b�g�^�j�b��
�q�_�k�d�b�_�����>�h�i�m�k�d�b�ª���i�h���g�h�j�f�Z�f�����D�b�g�_�f�Z�l�b�q�_�k�d�h�c���l�h�q�g�h�k�l�b���b��

�i�e�Z�\�g�h�k�l�b���j�Z�[�h�l�u 

 l �²  �[�Z�a�h�\�Z�y �^�e�b�g�Z = 0,08 �f�f ;  l �²  �[�Z�a�h�\�Z�y �^�e�b�g�Z = 0,25 
�f�f ;  m �²  �k�j�_�^�g�y�y �e�b�g�b�y �i�j�h�n�b�e�y; Smi�²  �k�j�_�^�g�b�c �r�Z�] �g�_��
�j�h�\�g�h�k�l�_�c �i�j�h�n�b�e�y; Si �± �k�j�_�^�g�b�c �r�Z�] �f�_�k�l�g�u�o �\�u�k�l�m�i�h�\; 
Himax �± �h�l�d�e�h�g�_�g�b�_ �i�y�l�b �g�Z�b�[�h�e�v�r�b�o �f�Z�d�k�b�f�m�f�h�\ �i�j�h��
�n�b�e�y; Himin �± �h�l�d�e�h�g�_�g�b�_ �i�y�l�b �g�Z�b�[�h�e�v�r�b�o �f�b�g�b�f�m�f �i�j�h��
�n�b�e�y; hi max�²  �j�Z�k�k�l�h�y�g�b�_ �h�l �\�u�k�r�b�o �l�h�q�_�d �i�y�l�b �g�Z�b�[�h�e�v��
�r�b�o �f�Z�d�k�b�f�m�f�h�\ �^�h �e�b�g�b�b, �i�Z�j�Z�e�e�_�e�v�g�h�c �k�j�_�^�g�_�c �b �g�_ �i�_��
�j�_�k�_�d�Z�x�s�_�c �i�j�h�n�b�e�v;  hi min �²  �j�Z�k�k�l�h�y�g�b�_ �h�l �g�b�a�r�b�o �l�h��
�q�_�d �i�y�l�b �g�Z�b�[�h�e�v�r�b�o �f�b�g�b�f�m�f�h�\ �^�h �e�b�g�b�b, �i�Z�j�Z�e�e�_�e�v�g�h�c 
�k�j�_�^�g�_�c �b �g�_ �i�_�j�_�k�_�d�Z�x�s�_�c �i�j�h�n�b�e�v; Rz= Rmax �²  
�g�Z�b�[�h�e�v�r�Z�y �\�u�k�h�l�Z �i�j�h�n�b�e�y; yi �²  �h�l�d�e�h�g�_�g�b�y �i�j�h�n�b�e�y �h�l 
�e�b�g�b�b m; p �²  �m�j�h�\�_�g�v �k�_�q�_�g�b�y �i�j�h�n�b�e�y; bn �²  
�^�e�b�g�Z �h�l�j�_�a�d�h�\, �h�l�k�_�d�Z�_�f�u�o �g�Z �m�j�h�\�g�_. �R�Z�]�h�\�u�_�� �i�Z�j�Z��
�f�_�l�j�u����   Sm �²  �k�j�_�^�g�b�c���r�Z�]���g�_�j�h�\�g�h�k�l�_�c����S �²  �k�j�_�^�g�b�c���r�Z�]��
�f�_�k�l�g�u�o�� �\�u�k�l�m�i�h�\�� �i�j�h�n�b�e�y����tp �²  �h�l�g�h�k�b�l�_�e�v�g�Z�y�� �h�i�h�j�g�Z�y��
�^�e�b�g�Z���i�j�h�n�b�e�y�����]�^�_��p �²  �a�g�Z�q�_�g�b�y���m�j�h�\�g�y���k�_�q�_�g�b�c���i�j�h�n�b�e�y��
�b�a���j�y�^�Z����������������������������������������������������������������������������������.  
 

 
 

�<�u�k�h�l�g�u�_���i�Z�j�Z�f�_�l�j�u�����=�H�K�L����������-�����������������b�����������± �r�_�j�h��
�o�h�\�Z�l�h�k�l�v�� �i�h�\�_�j�o�g�h�k�l�b�� �� �^�_�l�Z�e�b�� �i�j�b�� �a�m�[�h�o�h�g�b�g�]�h�\�Z�g�b�b��
�r�_�\�_�j�h�f���� �H�i�j�_�^�_�e�_�g�b�_�� �r�_�j�h�o�h�\�Z�l�h�k�l�b �i�h�\�_�j�o�g�h�k�l�b�� �� �^�_��
�l�Z�e�b���i�j�b���a�m�[�h�o�h�g�b�g�]�h�\�Z�g�b�b �o�h�g�h�f�� 

Ra �²  �k�j�_�^�g�_�_�� �Z�j�b�n�f�_�l�b�q�_�k�d�h�_ �b�a�� �Z�[�k�h�e�x�l�g�u�o�� �a�g�Z�q�_��
�g�b�c���h�l�d�e�h�g�_�g�b�c �i�j�h�n�b�e�y���\���i�j�_�^�_�e�Z�o���[�Z�a�h�\�h�c���^�e�b�g�u�� 
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�>�e�y�� �l�h�q�g�h�]�h�� �b�a�f�_�j�_�g�b�y�� �h�i�j�_�^�_�e�y�_�f�� �l�j�_�[�m�_�f�u�c �d�e�Z�k�k��
�r�_�j�_�o�h�\�Z�l�h�k�l�b���l���_���h�d�j�m�]�e�y�_�f���^�h �f�Z�d�k�b�f�Z�e�v�g�h�]�h �a�g�Z�q�_�g�b�y�������� 

1.1)Ra = 0,29 �§ 0,3; 1.2) Ra 0.269 �§ 0,3;   
 2.1) Ra = 0,197�§ 0,2; 2.2) Ra = 0,207�§ 0,2;2.3) Ra = 0,0557�§ 
0,1 

 

 
�J�b�k����������Rz 

Rz �²  �k�m�f�f�Z���k�j�_�^�g�b�o���Z�[�k�h�e�x�l�g�u�o���a�g�Z�q�_�g�b�c���\�u�k�h�l���i�y�l�b��
�g�Z�b�[�h�e�v�r�b�o���\�u�k�l�m�i�h�\���i�j�h�n�b�e�y���b���]�e�m�[�b�g���i�y�l�b���g�Z�b�[�h�e�v�r�b�o��
�\�i�Z�^�b�g���i�j�h�n�b�e�y���\���i�j�_�^�_�e�Z�o���[�Z�a�h�\�h�c���^�e�b�g�u�� 

1.1)Rz = 1,293 �§ 1,3; 1.2)Rz = 1,189 �§��1,2 ; 2.1)Rz =  0,806 
�§ 0,8 2.2)Rz = 1,079 �§ 1; 2.3)Rz = 0,4918 �§ 1; 
Ra, Rz �b��Rmax �h�i�j�_�^�_�e�y�x�l�k�y�� �g�Z�� �[�Z�a�h�\�h�c�� �^�e�b�g�_��l���� �d�h�l�h�j�Z�y��
�f�h�`�_�l�� �i�j�b�g�b�f�Z�l�v�� �a�g�Z�q�_�g�b�y�� �b�a�� �j�y�^�Z�� ������������ ������������ ������������ ������������
�����������������������������������f�f�����I�Z�j�Z�f�_�l�j��Ra  �y�\�e�y�_�l�k�y���i�j�_�^�i�h�q�l�b�l�_�e�v��
�g�u�f.  

Rq �² �k�j�_�^�g�y�y���r�_�j�_�o�h�\�Z�l�h�k�l�v (�J�b�k���������± Rq) 

 
�J�b�k������. �H�p�_�g�d�Z���l�h�q�g�h�k�l�b���h�i�j�_�^�_�e�_�g�b�y���i�Z�j�Z�f�_�l�j�h�\ 

Rq �h�[�u�q�g�h���g�Z�����������\�u�r�_�����q�_�f��Ra �b���[�h�e�_�_���q�m�\�k�l�\�b�l�_�e�v�g�u��
�d���i�b�d�Z�f���b���^�h�e�y�f�����q�_�f��Ra�����l�Z�d���d�Z�d���Z�f�i�e�b�l�m�^�u���y�\�e�y�x�l�k�y���d�\�Z�^��
�j�Z�l����Rq �b�k�i�h�e�v�a�m�_�l�k�y�� �^�e�y�� �m�i�j�Z�\�e�_�g�b�y�� �k�Z�f�h�k�l�h�y�l�_�e�v�g�u�f�b��
�i�h�\�_�j�o�g�h�k�l�y�f�b���\���g�Z�m�q�g�u�o���b�a�f�_�j�_�g�b�y�o���b���k�l�Z�l�b�q�_�k�d�b�o���h�p�_�g��
�d�Z�o������������Rq =0,372 �§ 0,4; 1.2)Rq =0,335 �§ 0,3 ; 2.1)Rq = 0,239 
�§ 0,2; 2.2)Rq = 0,262 �§ 0,3; 2.3)Rq = 0,0754 �§ 0,1; �R�_�\�_�j�h�f��
Rq=0,4-0,3; �O�h�g��Rq=0,2-0,3. 

�L�Z�[�e�b�p�Z���� 
�R�_�j�_�o�h�\�Z��

�l�h�k�l�v 
�B�g�k�l�j�m�f�_�g�l 

�R�_�\�_�j �O�h�g 
Ra 0,3 0,2; 0,1 
Rq 0,4; 0,3 0,2; 0,3; 0,1 

�R�_�j�_�o�h�\�Z��
�l�h�k�l�v 

�B�g�k�l�j�m�f�_�g�l 
�R�_�\�_�j �O�h�g 

Rz 1,3; 1,2 0,8; 1; 1 

�J�:�K�Q�?�L���I�J�B���H�I�J�?�>�?�E�?�G�B�B���I�:�J�:�F�?�L�J�H�<��RA, T�J, HMAX. 

�H�i�j�_�^�_�e�y�x�l�k�y���a�g�Z�q�_�g�b�y��Rai. �?�k�e�b���a�g�Z�q�_�g�b�y��Rai �k�h�h�l�\�_�l��
�k�l�\�m�x�l�� �d�e�Z�k�k�m�� �r�_�j�h�o�h�\�Z�l�h�k�l�b���� �^�e�y�� �d�h�l�h�j�h�]�h�� �k�l�Z�g�^�Z�j�l�h�f��
�b�e�b���l�_�o�g�b�q�_�k�d�b�f�b���l�j�_�[�h�\�Z�g�b�y�f�b���j�_�]�e�Z�f�_�g�l�b�j�h�\�Z�g�Z���^�j�m�]�Z�y��
�[�Z�a�h�\�Z�y���^�e�b�g�Z��l�����^�_�c�k�l�\�b�y�����h�i�b�k�Z�g�g�u�_���\���i�m�g�d�l�Z�o�������b���������g�_�h�[��
�o�h�^�b�f�h���i�h�\�l�h�j�y�l�v���k�g�h�\�Z���i�j�b���g�h�\�h�c���[�Z�a�h�\�h�c���^�e�b�g�_�� 

�I�h�^�k�q�b�l�u�\�Z�x�l�k�y���q�b�k�e�Z���g�m�e�_�c�����i�_�j�_�k�_�q�_�g�b�c���i�j�h�n�b�e�y���k�h��
�k�j�_�^�g�_�c�� �e�b�g�b�_�c����ni�������� �g�Z�� �_�^�b�g�b�p�m�� �^�e�b�g�u�� �[�Z�a�h�\�h�c�� �e�b�g�b�b��l, 
�q�b�k�e�Z�� �f�Z�d�k�b�f�m�f�h�\���l i �g�Z�� �_�^�b�g�b�p�m�� �^�e�b�g�u�� �[�Z�a�h�\�h�c�� �e�b�g�b�b��l, 

�\�u�q�b�k�e�y�x�l�k�y���k�j�_�^�g�b�c���r�Z�]���g�_�j�h�\�g�h�k�l�_�c���i�j�h�n�b�e�y�� �g�Z���[�Z��

�a�h�\�h�c���^�e�b�g�_��l �b���k�j�_�^�g�b�c���r�Z�]���f�_�k�l�g�u�o���\�u�k�l�m�i�h�\���i�j�h�n�b�e�y  

�g�Z���[�Z�a�h�\�h�c���^�e�b�g�_��l. 
�H�i�j�_�^�_�e�y�x�l�k�y�� �k�j�_�^�g�b�_�� �a�g�Z�q�_�g�b�y�� �i�Z�j�Z�f�_�l�j�h�\�� �^�e�y���\�k�_�c��

�l�j�Z�k�k�u�� 

, 

 Sm= ,  

�]�^�_��Rai, ni(0), mi, ,  �a�g�Z�q�_�g�b�y��

Ra, n(0), �l�����6m, �b S, �h�i�j�_�^�_�e�_�g�g�u�_���g�Z���h�l�^�_�e�v�g�u�o���[�Z�a�h�\�u�o��
�^�e�b�g�Z�o����p �± �q�b�k�e�h���r�Z�]�h�\���i�j�b���\�u�q�b�k�e�_�g�b�b���k�j�_�^�g�_�]�h���r�Z�]�Z��
�g�_�j�h�\�g�h�k�l�_�c���i�j�h�n�b�e�y���g�Z��i-�l�h�c���[�Z�a�h�\�h�c���^�e�b�g�_����q - �q�b�k�e�h��
�r�Z�]�h�\�� �i�j�b�� �\�u�q�b�k�e�_�g�b�b�� �k�j�_�^�g�_�]�h�� �r�Z�]�Z�� �f�_�k�l�g�u�o�� �\�u�k�l�m��
�i�h�\�� �i�j�h�n�b�e�y�� �g�Z��i-�l�h�c�� �[�Z�a�h�\�h�c�� �^�e�b�g�_����k - �q�b�k�e�h�� �[�Z�a�h�\�u�o��
�^�e�b�g�� 

�>�Z�g�g�Z�y�� �i�j�h�p�_�^�m�j�Z�� �m�k�j�_�^�g�_�g�b�y�� �k�i�j�Z�\�_�^�e�b�\�Z���� �_�k�e�b�� �i�h��
�\�_�j�o�g�h�k�l�v�� �h�^�g�h�j�h�^�g�Z�� �i�h�� �r�_�j�h�o�h�\�Z�l�h�k�l�b���� �l���� �_���� �_�_�� �i�Z�j�Z��
�f�_�l�j�u�� �\�� �\�u�[�j�Z�g�g�h�f�� �g�Z�i�j�Z�\�e�_�g�b�b�� �i�j�b�f�_�j�g�h�� �h�^�b�g�Z�d�h�\�u����
�?�k�e�b���r�_�j�h�o�h�\�Z�l�h�k�l�v���g�_�h�^�g�h�j�h�^�g�Z�����l�h���l�j�Z�k�k�u���^�e�b�g�h�c��L �i�j�h��
�\�h�^�y�l�k�y���g�Z���j�Z�a�e�b�q�g�u�o���m�q�Z�k�l�d�Z�o���i�h�\�_�j�o�g�h�k�l�b���b���a�g�Z�q�_�g�b�y��
�i�Z�j�Z�f�_�l�j�h�\�� �m�k�j�_�^�g�y�x�l�k�y�� �d�Z�d�� �i�h�� �^�e�b�g�_�� �l�j�Z�k�k�u�����l�Z�d���b��
�i�h���m�q�Z�k�l�d�Z�f���i�h�\�_�j�o�g�h�k�l�b�� 

�H�p�_�g�b�\�Z�_�l�k�y���l�h�q�g�h�k�l�v���h�i�j�_�^�_�e�_�g�b�y���i�Z�j�Z�f�_�l�j�h�\ 

�Z) �j�Z�k�k�q�b�l�u�\�Z�_�l�k�y��  

�[) �\�u�[�b�j�Z�_�l�k�y���\�b�^���d�h�j�j�_�e�y�p�b�h�g�g�h�c���n�m�g�d�p�b�b�����^�e�y���b�g�`�_��
�g�_�j�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �`�_�e�Z�l�_�e�v�g�h�� �i�j�b�^�_�j�`�b�\�Z�l�v�k�y�� �n�m�g�d��
�p�b�b���i�_�j�\�h�]�h���l�b�i�Z�� �����^�e�y���d�h�l�h�j�h�c���D= �S2E2(0)/2; 

�\�� �^�e�y�� �i�j�b�\�_�^�_�g�g�h�c�� �\�� �i�����[���� �d�h�j�j�_�e�y�p�b�h�g�g�h�c�� �n�m�g�d�p�b�b��
�h�i�j�_�^�_�e�y�_�l�k�y�� �b�g�l�_�j�\�Z�e�� �d�h�j�j�_�e�y�p�b�b�� 

. 

�]) �i�h���b�a�\�_�k�l�g�u�f��L �b��  �\�u�q�b�k�e�y�_�l�k�y���\�_�e�b�q�b�g�Z���h�l�g�h�k�b��

�l�_�e�v�g�h�c���i�h�]�j�_�r�g�h�k�l�b���H �^�e�y���i�Z�j�Z�f�_�l�j�h�\��Ra, n(0), �l�����Wu, Rmax 
(hmax�����b�e�b��r �k�j �i�h���n�h�j�f�m�e�Z�f���b���a�g�Z�q�_�g�b�y�f���l�Z�[�e�b�p������  

�<�_�e�b�q�b�g�Z���E �b���k�h�h�l�\�_�l�k�l�\�m�x�s�_�_���_�c���a�g�Z�q�_�g�b�_��t�E, �i�j�b��
�g�b�f�Z�x�l�k�y�� �b�e�b�� �a�Z�^�Z�x�l�k�y�� �\�� �l�_�o�g�b�q�_�k�d�b�o�� �l�j�_�[�h�\�Z�g�b�y�o�� �d��
�b�a�f�_�j�_�g�b�x�� 

� )̂ �i�h�e�m�q�_�g�g�h�_�� �a�g�Z�q�_�g�b�_���H �k�j�Z�\�g�b�\�Z�_�l�k�y�� �k�� �a�Z�^�Z�g�g�u�f��
�a�g�Z�q�_�g�b�_�f�� 
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�A�Z�\�b�k�b�f�h�k�l�b�� �\�u�q�b�k�e�_�g�u�� �^�e�y�� �h�l�g�h�k�b�l�_�e�v�g�h�c�� �l�h�q�g�h�k�l�b���H = 
���������� �^�h�\�_�j�b�l�_�e�v�g�h�c�� �\�_�j�h�y�l�g�h�k�l�b���E � �� ���������� �h�l�g�h�k�b�l�_�e�v�g�h�]�h��
�m�j�h�\�g�y���k�[�e�b�`�_�g�b�y���J = 0,75) 

�?�k�e�b�� �g�Z�c�^�_�g�g�Z�y�� �h�l�g�h�k�b�l�_�e�v�g�Z�y�� �i�h�]�j�_�r�g�h�k�l�v���H �k�e�b�r�d�h�f��
�\�_�e�b�d�Z����L - �^�e�b�g�Z�� �l�j�Z�k�k�u�� �b�k�i�j�Z�\�e�y�_�l�k�y�� �k�h�]�e�Z�k�g�h�� �a�Z�\�b�k�b�f�h��
�k�l�y�f�����i�j�b�\�_�^�_�g�g�u�f���\���l�Z�[�e���������b����, �i�j�h�\�h�^�b�l�k�y���^�h�[�Z�\�h�q�g�h�_���k�g�y��
�l�b�_���i�j�h�n�b�e�h�]�j�Z�f�f�u���k���i�h�\�l�h�j�_�g�b�_�f���^�_�c�k�l�\�b�c. 

�L�Z�[�e�b�p�Z���� 
�H�k�g�h�\�g�u�_���a�Z�\�b�k �b�f  �h�k�l�b���^�e�y���i�Z�j�Z�f�_�l�j�h�\��Ra, n(0), �l����tu, 

Rmax (hmax), Sm, S �b��r �k�j �i�j�b���d�h�j�j�_�e�y�p�b�h�g�g�h�c���n�m�g�d�p�b�b���\�b�^�Z��
 

�I�Z�j�Z�f�_�l�j 
�R�_�j�h�o�h�\�Z�l�h�k�l�v���i�h�\�_�j�o�g�h�k�l�b 

�F�Z�l�_�f�Z�l�b�q�_�k�d�h�_��
�h�`�b�^�Z�g�b�_ �>�b�k�i�_�j�k�b�y �Q�b�k�e�h���b�a�f�_�j�_�g�b�c 

Ra 
 

  

n(0)    

m    

Sm   
 

S   
 

hmax  
  

t�J   
 

r�k�j 
   

 
�L�Z�[�e�b�p�Z���� 

�D�h�w�n��
�n�b�p�b��

�_�g�l 

�A�g�Z�q�_�g�b�y���d�h�w�n�n�b�p�b�_�g�l�Z��t�E 

�E t�E 

1 0,84 0,85 0,86 0,87 1,404 1,439 1,475 1,513 

2 0,88 0,88 0,88 0,88 1,554 1,554 1,554 1,554 

3 0,92 0,92 0,92 0,92 1,750 1,750 1,750 1,750 

4 0,96 0,96 0,96 0,96 2,053 2,053 2,053 2,053 

�<�� �a�Z�d�e�x�q�_�g�b�_�� �h�l�f�_�l�b�f���� �q�l�h�� �i�j�b�� �b�k�k�e�_�^�h�\�Z�g�b�b�� �g�_�j�_�]�m��
�e�y�j�g�h�c�� �r�_�j�h�o�h�\�Z�l�h�k�l�b�� �\�� �b�g�`�_�g�_�j�g�u�o�� �a�Z�^�Z�q�Z�o�� �^�h�k�l�Z�l�h�q�g�h��
�h�i�j�_�^�_�e�b�l�v���b�k�o�h�^�g�u�_���i�Z�j�Z�f�_�l�j�u���5�D�����Q���������b���l�����Q�l�h���d�Z�k�Z�_�l�k�y��
�i�Z�j�Z�f�_�l�j�h�\�� �K�P�D�[���� �W�X���� �U�F�S���� �l�h�� �l�h�q�g�h�k�l�v�� �b�o�� �h�i�j�_�^�_�e�_�g�b�y��
�g�Z�f�g�h�]�h���g�b�`�_���i�j�b���l�_�o���`�_���l�j�Z�k�k�Z�o���b�a�f�_�j�_�g�b�y�����< �p�_�e�y�o���w�d�h��
�g�h�f�b�b���\�j�_�f�_�g�b���b�o���a�g�Z�q�_�g�b�y���`�_�e�Z�l�_�e�v�g�h���i�h�e�m�q�b�l�v���Z�g�Z�e�b�l�b��
�q�_�k�d�b���i�h���k�h�h�l�\�_�l�k�l�\�m�x�s�b�f���n�h�j�f�m�e�Z�f�����l�Z�d���d�Z�d���b�o���g�Z�o�h�`�^�_��
�g�b�_���i�h���i�j�h�n�b�e�h�]�j�Z�f�f�Z�f���g�_���i�j�b�\�h�^�b�l���\���b�l�h�]�_���d���a�Z�f�_�l�g�h�f�m��
�i�h�\�u�r�_�g�b�x���l�h�q�g�h�k�l�b���i�h���k�j�Z�\�g�_�g�b�x���k���Z�g�Z�e�b�l�b�q�_�k�d�b�f�b���j�_��
�a�m�e�v�l�Z�l�Z�f�b���b�����d���l�h�f�m���`�_�����l�j�m�^�h�_�f�d�h��   

�G�?�H�;�O�H�>�B�F�H�?���Q�B�K�E�H���B�A�F�?�J�?�G�B�C���>�E�Y���I�H�E�M�Q�?�G�B�Y 
�B�K�D�H�F�U�O���I�:�J�:�F�?�L�J�H�<���K �A�:�>�:�G�G�H�C���L�H�Q�G�H�K�L�V�X. 

�W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �r�_�j�h�o�h�\�Z�l�h�k�l�b��
�h�[�u�q�g�h�� �k�\�y�a�Z�g�u�� �k�� �\�h�i�j�h�k�h�f�� �h�� �d�h�e�b�q�_�k�l�\�_�� �b�� �g�_�h�[�o�h�^�b�f�h�c��
�^�e�b�g�_�� �i�j�h�n�b�e�h�]�j�Z�f�f�� ���l�j�Z�k�k�u�� �b�a�f�_�j�_�g�b�y���� �^�e�y�� �b�a�m�q�Z�_�f�h�c��

�i�h�\�_�j�o�g�h�k�l�b���� �F�h�`�g�h�� �h�`�b�^�Z�l�v���� �q�l�h�� �q�_�f�� �[�h�e�v�r�_�� �^�e�b�g�Z��
�l�j�Z�k�k�u�� �i�j�h�n�b�e�h�]�j�Z�n�b�j�h�\�Z�g�b�y���� �l�_�f�� �[�h�e�_�_�� �l�h�q�g�u�_�� �i�h�e�m�q�Z��
�x�l�k�y���a�g�Z�q�_�g�b�y���b�k�d�h�f�u�o���i�Z�j�Z�f�_�l�j�h�\�����G�Z���i�j�Z�d�l�b�d�_�����h�^�g�Z�d�h����
�d�h�e�b�q�_�k�l�\�h�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �i�j�Z�d�l�b�q�_�k�d�b�� �h�]�j�Z�g�b�q�_�g�h���� �i�h��
�w�l�h�f�m���g�_�h�[�o�h�^�b�f���\�u�[�h�j���l�j�Z�k�k�u���h�i�l�b�f�Z�e�v�g�h�c���^�e�b�g�u�����h�[�_�k��
�i�_�q�b�\�Z�x�s�_�c���^�h�k�l�Z�l�h�q�g�m�x���l�h�q�g�h�k�l�v���^�e�y���b�g�`�_�g�_�j�g�u�o���j�_�r�_��
�g�b�c���� �D�j�h�f�_�� �h�l�f�_�q�_�g�g�h�c�� �i�h�]�j�_�r�g�h�k�l�b�� �l�h�q�g�h�k�l�v�� �i�Z�j�Z�f�_�l�j�Z��
�a�Z�\�b�k�b�l���h�l���d�Z�q�_�k�l�\�Z���a�Z�i�b�k�b���i�j�h�n�b�e�y�����h�[�j�Z�[�h�l�d�b���^�Z�g�g�u�o���b���l����
�i�� 

�>�e�y�� �f�h�^�_�e�b�� �r�_�j�h�o�h�\�Z�l�h�k�l�b���� �h�i�b�k�u�\�Z�x�s�_�c�� �_�_�� �i�j�h�n�b�e�v��
�g�h�j�f�Z�e�v�g�u�f�� �k�l�Z�p�b�h�g�Z�j�g�u�f�� �k�e�m�q�Z�c�g�u�f���i�j�h�p�_�k�k�h�f�� �K���[������
�b�f�_�x�s�b�f�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�_�� �h�`�b�^�Z�g�b�_�� �b�� �d�h�j�j�_�e�y��

�p�b�h�g�g�m�x���n�m�g�d�p�b�x���D���W)=�V2�U(�W�������\���d�Z�q�_�k�l�\�_���b�k�o�h�^�g�u�o���f�h�]�m�l��
�k�e�m�`�b�l�v���i�Z�j�Z�f�_�l�j�u���5�D���b���h�k�h�[�u�_���l�h�q�d�b���i�j�h�n�b�e�y�����Z���b�f�_�g�g�h����
�q�b�k�e�h���g�m�e�_�c���Q���������b���f�Z�d�k�b�f�m�f�h�\���l�����d�Z�d���g�Z�b�[�h�e�_�_���\�Z�`�g�u�_�� 

�J�Z�k�k�f�h�l�j�b�f���a�Z�^�Z�q�m�� �h�i�j�_�^�_�e�_�g�b�y�� �g�_�h�[�o�h�^�b�f�h�]�h�� �q�b�k�e�Z��
�b�a�f�_�j�_�g�b�c�����\�h�k�i�h�e�v�a�h�\�Z�\�r�b�k�v���f�_�l�h�^�Z�f�b���l�_�h�j�b�b���k�e�m�q�Z�c�g�u�o��
�n�m�g�d�p�b�c���� 

�I�m�k�l�v���\���j�_�a�m�e�v�l�Z�l�_���i�� �d�j�Z�l�g�u�o���g�_�a�Z�\�b�k�b�f�u�o���b�a�f�_�j�_�g�b�c��
�i�h�e�m�q�_�g�� �i�Z�j�Z�f�_�l�j�� �]���� �A�Z�i�b�r�_�f�� �\�_�j�h�y�l�g�h�k�l�v��

=�E�����]�^�_�� �²  �\�u�[�h�j�h�q�g�h�_���k�j�_�^�g�_�_���a�g�Z�q�_��

�g�b�_���i�Z�j�Z�f�_�l�j�Z���]�����'  �²  �h�l�d�e�h�g�_�g�b�_���\�u�[�h�j�h�q�g�h�]�h���k�j�_�^�g�_�]�h���h�l��
�f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h�� �h�`�b�^�Z�g�b�y �i�Z�j�Z�f�_�l�j�Z�� �]�����E - �\�_�j�h�y�l��

�g�h�k�l�v���i�h�y�\�e�_�g�b�y���h�l�d�e�h�g�_�g�b�y�� 
�J�_�r�_�g�b�_�� �a�Z�\�b�k�b�f�h�k�l�b�� �i�j�b�\�h�^�b�l�� �d�� �\�u�j�Z�`�_�g�b�x��

, �]�^�_��  - �l�Z�[�m�e�b�j�h�\�Z�g�g�Z�y���\�_�e�b�q�b�g�Z�����a�Z�\�b��

�k�y�s�Z�y���h�l���E;  �²  �k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�_�k�d�h�_���h�l�d�e�h�g�_�g�b�_���\�u�[�h��
�j�h�q�g�h�]�h���k�j�_�^�g�_�]�h��  

�M�q�b�l�u�\�Z�y���� �q�l�h�� ���� �g�Z�o�h�^�b�f�� , �]�^�_��

D{z} - �^�b�k�i�_�j�k�b�y���i�Z�j�Z�f�_�l�j�Z���]���� - �h�l�g�h�k�b�l�_�e�v�g�Z�y���i�h�]�j�_�r��

�g�h�k�l�v���h�i�j�_�^�_�e�_�g�b�y���i�Z�j�Z�f�_�l�j�Z���]�� . 

 �N�h�j�f�m�e�Z  �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �a�Z�\�b�k�b�f�h�k�l�v���� �i�h�a�\�h�e�y�x��
�s�m�x �i�j�b�� �a�Z�^�Z�g�g�u�o�� �l�h�q�g�h�k�l�b���H �b�� �^�h�k�l�h�\�_�j�g�h�k�l�b���E �h�i�j�_�^�_��
�e�b�l�v���q�b�k�e�h�����g�_�h�[�o�h�^�b�f�u�o���b�a�f�_�j�_�g�b�c���^�e�y���b�a�\�_�k�l�g�h�c���^�e�b�g�u��
�l�j�Z�k�k�u�� �b�a�f�_�j�_�g�b�y�� �/���� �I�h�� �g�_�c�� �f�h�`�g�h�� �h�p�_�g�b�l�v�� �l�Z�d�`�_�� �^�e�b�g�m��
�k�Z�f�h�c���l�j�Z�k�k�u���b�a�f�_�j�_�g�b�y�����i�h�e�Z�]�Z�y���\���n�h�j�f�m�e�_���Q��� ���O�� 

�Q�b�k�e�_�g�g�u�_�� �a�g�Z�q�_�g�b�y�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �W�E �a�Z�\�b�k�y�l�� �h�l�� �\�b�^�Z��
�j�Z�k�i�j�_�^�_�e�_�g�b�y���\�u�[�h�j�h�q�g�h�]�h���k�j�_�^�g�_�]�h�����?�k�e�b���a�Z�d�h�g���j�Z�k�i�j�_��
�^�_�e�_�g�b�y���g�_���b�a�\�_�k�l�_�g�����\�_�e�b�q�b�g�m���W�E �f�h�`�g�h���g�Z�c�l�b �^�e�y���g�_�d�h�l�h��
�j�u�o�� �j�Z�k�i�j�_�^�_�e�_�g�b�c���i�j�b�\�h�^�y�l�k�y�� �l�Z�[�e�b�p�u�����G�Z�� �i�j�Z�d�l�b�d�_�� �\��
�i�_�j�\�h�f�� �i�j�b�[�e�b�`�_�g�b�b�� �h�[�u�q�g�h�� �f�h�`�g�h�� �i�j�b�f�_�g�y�l�v�� �g�h�j�f�Z�e�v��
�g�u�c�� �a�Z�d�h�g�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �\�_�j�h�y�l�g�h�k�l�_�c���� �>�Z�e�v�g�_�c�r�b�_�� �b�k��
�k�e�_�^�h�\�Z�g�b�y�� �q�b�k�e�Z�� �b�a�f�_�j�_�g�b�c�� �Q, �k�\�y�a�Z�g�u�� �k�� �g�Z�o�h�`�^�_�g�b�_�f��
E{z} �b���'�^�]�`��- �\�_�j�h�y�l�g�h�k�l�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���i�Z�j�Z�f�_�l�j�Z���]�� 

�H�I�J�?�>�?�E�?�G�B�?���I�H�E�H�@�?�G�B�Y �K�J�?�>�G�?�C���E�B�G�B�B���I�J�H�N�B�E�Y��
�R�?�J�H�O�H�<�:�L�H�K�L�B���I�H�<�?�J�O�G�H�K�L�B 

�H�i�j�_�^�_�e�_�g�b�_�� �i�j�Z�\�b�e�v�g�h�]�h�� �i�h�e�h�`�_�g�b�y�� �k�j�_�^�g�_�c�� �e�b�g�b�b��
�i�j�h�n�b�e�y�� �i�h�� �i�j�h�n�b�e�h�]�j�Z�f�f�_�� �r�_�j�h�o�h�\�Z�l�h�c�� �i�h�\�_�j�o�g�h�k�l�b��
�h�[�m�k�e�h�\�e�b�\�Z�_�l���f�b�g�b�f�Z�e�v�g�m�x���h�r�b�[�d�m���\���h�p�_�g�d�_���o�Z�j�Z�d�l�_�j�b��
�k�l�b�d���f�b�d�j�h�j�_�e�v�_�n�Z���\���k�h�h�l�\�_�l�k�l�\�b�b���k���=�H�K�L�������������²  73. 

�I�j�_�^�e�h�`�_�g�g�u�_���\���f�_�l�h�^�b�q�_�k�d�b�o���m�d�Z�a�Z�g�b�y�o���n�h�j�f�m�e�u���^�e�y��
�Z�g�Z�e�b�l�b�q�_�k�d�h�]�h�� �j�Z�k�q�_�l�Z�� �i�h�e�h�`�_�g�b�y�� �k�j�_�^�g�_�c�� �e�b�g�b�b�� �f�h�`�g�h��
�m�i�j�h�k�l�b�l�v�� �i�m�l�_�f�� �Z�e�]�_�[�j�Z�b�q�_�k�d�b�o�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�c���� �k�^�_�e�Z�\��
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�b�o���[�h�e�_�_���^�h�k�l�m�i�g�u�f�b���^�e�y���j�m�q�g�h�]�h���k�q�_�l�Z���b���^�e�y���j�Z�k�q�_�l�h�\���g�Z��
�W�<�F�����>�e�y���w�l�h�]�h���\���h�l�e�b�q�b�_���h�l���k�o�_�f�u�����i�j�b�\�_�^�_�g�g�h�c���\���f�_�l�h��
�^�b�q�_�k�d�b�o�� �m�d�Z�a�Z�g�b�y�o���� �k�e�_�^�m�_�l�� �i�_�j�_�g�_�k�l�b�� �g�Z�q�Z�e�h�� �h�l�k�q�_�l�Z�� �g�Z��
�k�_�j�_�^�b�g�m���h�k�b���Z�[�k�p�b�k�k���l�����_�����g�Z���k�_�j�_�^�b�g�m���[�Z�a�h�\�h�c���^�e�b�g�u���O�����>�e�y��
�h�i�j�_�^�_�e�_�g�b�y���i�j�Z�\�b�e�v�g�h�]�h���i�h�e�h�`�_�g�b�y���k�j�_�^�g�_�c���e�b�g�b�b���l���²  �l��
�g�m�`�g�h���g�Z�c�l�b���h�j�^�b�g�Z�l�m���K�����b���m�]�h�e���g�Z�d�e�h�g�Z���D. 

 
�J�b�k������. �K�o�_�f�Z���d���h�i�j�_�^�_�e�_�g�b�x���i�h�e�h�`�_�g�b�y���k�j�_�^�g�_�c���e�b�g�b�b��

�i�j�h�n�b�e�y���r�_�j�h�o�h�\�Z�l�h�c���i�h�\�_�j�o�g�h�k�l�b�� 

;  

�A�^�_�k�v�� �h�[�h�a�g�Z�q�_�g�h���� - �b�g�l�_�j�\�Z�e�� �j�Z�a�[�b�_�g�b�y�� �h�k�b�� �Z�[�k��
�p�b�k�k�����Q���± �q�b�k�e�h���b�g�l�_�j�\�Z�e�h�\���j�Z�a�[�b�_�g�b�y�����K�L���± �h�j�^�b�g�Z�l�Z���l�h�q�d�b��

�i�j�h�n�b�e�h�]�j�Z�f�f�u�����[�L���± �Z�[�k�p�b�k�k�Z���w�l�h�c���l�h�q�d�b���� - �^�h�e�y��

�Z�[�k�p�b�k�k�����d�h�l�h�j�Z�y���\���p�_�e�y�o�� �m�i�j�h�s�_�g�b�y���j�_�r�_�g�b�y���\�u�j�Z�`�Z�_�l�k�y��
�\���q�b�k�e�Z�o���g�Z�l�m�j�Z�e�v�g�h�]�h���j�y�^�Z�����?�k�e�b���g�Z�q�Z�e�h���h�l�k�q�_�l�Z���i�_�j�_�g�_�k�l�b��
�\�� �l�h�q�d�m���H���� �l�h�� �n�h�j�f�m�e�Z�� �������� �m�i�j�h�k�l�b�l�k�y���� �l�Z�d�� �d�Z�d�� �\�k�e�_�^�k�l�\�b�_��
�j�Z�\�g�h�]�h�� �d�h�e�b�q�_�k�l�\�Z�� �b�g�l�_�j�\�Z�e�h�\�� �\�^�h�e�v�� �i�h�e�h�`�b�l�_�e�v�g�h�]�h�� �b��

�h�l�j�b�p�Z�l�_�e�v�g�h�]�h���g�Z�i�j�Z�\�e�_�g�b�c���h�k�b���[��. 

�W�l�h�� �\�u�j�Z�`�_�g�b�_�� �f�h�`�g�h�� �_�s�_�� �m�i�j�h�k�l�b�l�v���� �I�j�_�h�[�j�Z�a�m�_�f��
�\�l�h�j�m�x�� �q�Z�k�l�v�� �a�g�Z�f�_�g�Z�l�_�e�y���� �m�f�g�h�`�b�\�� �b�� �j�Z�a�^�_�e�b�\�� �_�_�� �g�Z��n: 

���]�^�_���V2 �± �^�b�k�i�_�j�k�b�y���j�Z�k�i�j�_�^�_�e�_�g�b�y��

�\�_�e�b�q�b�g�u��h�����M�k�e�h�\�g�h���i�h�e�Z�]�Z�y���j�Z�k�i�j�_�^�_�e�_�g�b�_���\�u�k�h�l���g�_�j�h�\��
�g�h�k�l�_�c���j�Z�\�g�h�f�_�j�g�u�f���\�u�j�Z�`�_�g�b�_�����������f�h�`�g�h���a�Z�i�b�k�Z�l�v���k�e�_�^�m��

�x�s�b�f���h�[�j�Z�a�h�f . 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���\�u�j�Z�`�_�g�b�_ �^�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �m�]�e�Z��
�g�Z�d�e�h�g�Z���k�j�_�^�g�_�c���e�b�g�b�b���a�Z�i�b�r�_�l�k�y���l�Z�d��  

. 

�<���w�l�h�f���\�u�j�Z�`�_�g�b�b���h�l�k�m�l�k�l�\�m�_�l���k�m�f�f�Z���d�\�Z�^�j�Z�l�h�\���\�u�k�h�l��
�f�b�d�j�h�g�_�j�h�\�g�h�k�l�_�c������ �q�l�h�� �a�g�Z�q�b�l�_�e�v�g�h�� �h�[�e�_�]�q�Z�_�l�� �j�Z�k��

�q�_�l�u�� 

�I�j�h�\�_�^�_�g�g�Z�y�� �i�j�h�\�_�j�d�Z�� �[�h�e�v�r�h�]�h�� �d�h�e�b�q�_�k�l�\�Z���i�j�h��
�n�b�e�h�]�j�Z�f�f �r�e�b�n�h�\�Z�g�g�u�o�� �i�h�\�_�j�o�g�h�k�l�_�c�� �i�h�d�Z�a�Z�e�Z���� �q�l�h�� �k�h��
�\�k�_�f�b���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�f�b���i�h�a�\�h�e�y�_�l���g�Z�c�l�b���i�h�e�h�`�_�g�b�_���k�j�_�^��
�g�_�c�� �e�b�g�b�b�� �k�� �h�r�b�[�d�h�c���� �h�[�m�k�e�h�\�e�b�\�Z�x�s�_�c�� �g�Z�o�h�`�^�_�g�b�_�� �h�j��
�^�b�g�Z�l�� �h�l�g�h�k�b�l�_�e�v�g�h�� �k�j�_�^�g�_�c�� �e�b�g�b�b���� �g�_�� �i�j�_�\�u�r�Z�x�s�_�c�� ����
�f�f�����l�����_�����k���i�h�]�j�_�r�g�h�k�l�v�x���b�a�f�_�j�_�g�b�y���\�u�k�h�l���g�_�j�h�\�g�h�k�l�_�c���e�b��
�g�_�c�d�h�c�� �i�h�� �b�k�k�e�_�^�m�_�f�h�c�� �i�j�h�n�b�e�h�]�j�Z�f�f�_�����>�e�y�� �^�Z�e�v�g�_�c�r�b�o��
�m�i�j�h�s�_�g�b�c�� �j�Z�k�q�_�l�Z�� �i�j�b�\�h�^�b�l�k�y�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�Z�y�� �l�Z�[�e�b�p�Z��

�a�g�Z�q�_�g�b�c���k�m�f�f�u��. 

�<�U�<�H�>�U 

�R�_�\�_�j�h�f�� �b�a���w�e�_�d�l�j�h�d�h�j�m�g�^�Z�� �g�h�j�f�Z�e�v�g�h�]�h���� �w�e�_�d�l�j�h�d�h��
�j�m�g�^�Z �[�_�e�h�]�h�� �b�� �d�Z�j�[�b�^�Z�� �d�j�_�f�g�b�y�� �a�_�e�_�g�h�]�h  �k�� �h�i�j�_�^�_�e�z�g��
�g�u�f�b���k�\�y�a�d�Z�f�b���i�h�e�m�q�b�l�k�y���l�h�e�v�d�h��Ra = 0,3. 

 Ra = ���������i�h�e�m�q�_�g���k���i�h�f�h�s�v�x���o�h�g�Z���w�e�_�d�l�j�h�d�h�j�m�g�^�Z �o�j�h��
�f�b�k�l�h�]�h�� �k�� �^�h�[�Z�\�d�h�c�� �h�d�k�b�^�Z�� �o�j�h�f�Z�� �k�� �h�i�j�_�^�_�e�z�g�g�u�f�b�� �k�\�y�a��
�d�Z�f�b. �;�u�e�b�� �^�h�k�l�b�]�g�m�l�u�� �\�u�k�h�d�b�_�� �i�h�d�Z�a�Z�l�_�e�b�� �l�h�q�g�h�k�l�b��
�a�m�[�v�_�\���i�h���=�H�K�L�������������± 81: 

�G�Z�d�h�i�e�_�g�g�Z�y���i�h�]�j�_�r�g�h�k�l�v���r�Z�]�h�\���a�m�[�q�Z�l�h�]�h���d�h�e�_�k�Z�����d�b��
�g�_�f�Z�l�b�q�_�k�d�Z�y���l�h�q�g�h�k�l�v�����±  Fpr-�����k�l�_�i�_�g�b�� �G�Z�d�h�i�e�_�g�g�Z�y���i�h��
�]�j�_�r�g�h�k�l�v�����N���r�Z�]�h�\���a�m�[�q�Z�l�h�]�h���d�h�e�_�k�Z����- Fpkr-5. �J�Z�^�b�Z�e�v�g�h�_��
�[�b�_�g�b�_���a�m�[�q�Z�l�h�]�h���\�_�g�p�Z����������-  Frr - 5. �H�l�d�e�h�g�_�g�b�_���r�Z�]�Z���a�m�[��
�q�Z�l�h�]�h���d�h�e�_�k�Z����- frr �± 6. �I�h�]�j�_�r�g�h�k�l�v���i�j�h�n�b�e�y���a�m�[�Z���a�m�[�q�Z��
�l�h�]�h���d�h�e�_�k�Z���)�.- 6 

�I�h�]�j�_�r�g�h�k�l�v���e�b�g�b�b���a�m�[�Z���a�m�[�q�Z�l�h�]�h���d�h�e�_�k�Z���± �)���U-6. 
�������I�j�b�f�_�g�_�g�b�_ �o�h�g�Z���k�h�k�l�h�y�s�_�]�h���b�a���w�e�_�d�l�j�h�d�h�j�m�g�^�Z���o�j�h��

�f�b�k�l�h�]�h �k���^�h�[�Z�\�d�h�c���h�d�k�b�^�Z���o�j�h�f�Z���k���j�Z�a�f�_�j�h�f���a�_�j�g�Z�������f�d�f��
�^�e�y���k�g�b�`�_�g�b�y �g�Z�i�j�y�`�_�g�b�y���\���i�j�h�p�_�k�k�_ �a�m�[�h�o�h�g�b�g�]�h�\�Z�g�b�_�� 

������ �<�u�y�\�e�_�g�b�_�� �\�a�Z�b�f�h�k�\�y�a�_�c�� �\�u�[�h�j�Z�� �b�g�k�l�j�m�f�_�g�l�h�\�� �i�j�b��
�b�k�i�h�e�v�a�h�\�Z�g�b�b���n�b�g�b�r�g�h�c���h�[�j�Z�[�h�l�d�b���a�m�[�q�Z�l�u�o���d�h�e�_�k�� 

�������B�k�i�h�e�v�a�h�\�Z�g�b�_���[�h�e�v�r�_���h�k�_�c���k�d�j�_�s�b�\�Z�g�b�y �o�h�g�Z���b���b�g��
�k�l�j�m�f�_�g�l�Z�� �^�e�y�� �\�u�k�h�d�b�o�� �i�h�d�Z�a�Z�l�_�e�_�c �i�h�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h��
�k�l�b���b���d�Z�q�_�k�l�\�m���b�a�]�h�l�h�\�e�_�g�b�y �a�m�[�q�Z�l�u�o���d�h�e�_�k�� 
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Research of the Operation of Gear Honing of 
Driving Gears with a Calculated-experimental 

Evaluation of Characteristics
 

Karavanova A.G., Kalashnikov A.S. 
Moscow Polytechnic University 

Moscow, Russia 
geartechniid@yandex.ru, alexandr_kalashnikov45@rambler.ru 

Abstract. The process of gear honing of gears by 2 various 
processing methods is considered. One consists of normal elec-
trocorundum, white electrocorundum, and green silicon carbide 
with a grain size of 4,6,12. The other consists of abrasive mate-
rials (chromium electrocorundum with the addition of chro-
mium oxide with a grain size of 10 ��m), polyethylene polyamide 
and epoxy resin as a binder. A technological model of hone 
crossing with a tool is developed. The manufacturing quality of 
the gears was determined by determining the roughness of the 
surface and the accumulated errors of the gears. Since the char-
acteristics of surface topography will be used in calculating the 
actual pressure in the contact of parts with rough surfaces, a 
method of converting data on processing profiles of rough sur-
faces in the direction of the tooth involute and perpendicular to 
the characteristics of the topography of these rough surfaces will 

also be required. To ensure experimental research, control pro-
grams for machine tools and instruments were performed and 
developed, on which the accuracy and precision (macrogeomet-
ric characteristics) and surface roughness (microgeometric 
characteristics) of the teeth of the experimental parts were pro-
cessed and analyzed, and a ruling and processing tool (hon and 
shaver) was prepared. The equipment for the workpiece, the 
ruling diamond wheel and the ruling diamond roller is mounted 
on the front and rear headstock of the machine, and a ruling and 
processing tool are installed. The preliminary editing of the 
abrasive it and the topography of these rough surfaces has been 
completed. 

Keywords: gear honing, cutting speed, flanking, shaver and 
hone, surface roughness, step parameters, accumulated errors.
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�:�g�g�h�l�Z�p�b�y�����<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �h�p�_�g�d�Z�� �k�h�i�j�h�l�b�\�e�_�g�b�y��
�d�Z�q�_�g�b�x�� �Z�\�l�h�f�h�[�b�e�v�g�u�o�� �r�b�g, �d�Z�d�� �b�� �h�i�j�_�^�_�e�_�g�b�_��
�d�h�w�n�n�b�p�b�_�g�l�Z�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �[�h�d�h�\�h�f�m�� �m�\�h�^�m���� �\�u�i�h�e�g�y�_�l�k�y��
�g�Z���[�Z�j�Z�[�Z�g�g�u�o���k�l�_�g�^�Z�o�� �L�Z�d�`�_���\�k�_���[�h�e�v�r�_�_���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_��
�i�j�b�h�[�j�_�l�Z�x�l���b�k�i�u�l�Z�g�b�y���Z�\�l�h�f�h�[�b�e�_�c���g�Z���[�Z�j�Z�[�Z�g�g�u�o���k�l�_�g�^�Z�o��
�j�Z�a�e�b�q�g�h�c�� �d�h�g�k�l�j�m�d�p�b�b. �H�^�g�Z�d�h�� �\�� �e�b�l�_�j�Z�l�m�j�_�� �h�l�k�m�l�k�l�\�m�x�l��
�j�Z�[�h�l�u�� �j�Z�k�k�f�Z�l�j�b�\�Z�x�s�b�_�� �f�_�o�Z�g�b�d�m�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y��
�w�e�Z�k�l�b�q�g�h�]�h�� �d�h�e�_�k�Z�� �k�� �[�Z�j�Z�[�Z�g�h�f �b�� �h�i�j�_�^�_�e�y�x�s�b�_�� �_�]�h��
�d�b�g�_�f�Z�l�b�q�_�k�d�b�_���b���k�b�e�h�\�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�����q�l�h���b���h�i�j�_�^�_�e�b�e�h��
�a�Z�^�Z�q�b�� �^�Z�g�g�h�]�h�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �<�� �h�k�g�h�\�m�� �b�k�k�e�_�^�h�\�Z�g�b�y��
�i�h�e�h�`�_�g�h�����q�l�h�� �i�j�b�� �m�k�l�Z�g�h�\�b�\�r�_�f�k�y�� �d�Z�q�_�g�b�b�� �\�k�l�m�i�Z�x�s�b�_�� �\��
�a�h�g�m�� �d�h�g�l�Z�d�l�Z�� �w�e�_�f�_�g�l�u�� �i�h�\�_�j�o�g�h�k�l�b�� �d�h�e�_�k�Z���� �g�_�� �[�m�^�m�q�b�� �_�s�_��
�©�i�h�^�]�h�l�h�\�e�_�g�g�u�f�b�ª�� �d�� �\�h�k�i�j�b�y�l�b�x�� �d�Z�k�Z�l�_�e�v�g�h�c�� �k�b�e�u�� �b�� �\��
�l�h�`�_�� �\�j�_�f�y�� �i�j�b�`�Z�l�u�_�� �d�� �h�k�g�h�\�Z�g�b�x�� �g�h�j�f�Z�e�v�g�h�c�� �k�b�e�h�c����
�g�Z�q�b�g�Z�x�l�� �^�\�b�`�_�g�b�_�� �[�_�a�� �k�d�h�e�v�`�_�g�b�y���� �i�h�e�m�q�Z�y�� �i�j�b�� �w�l�h�f��
�l�Z�g�]�_�g�p�b�Z�e�v�g�u�_�� �k�f�_�s�_�g�b�y���� �I�h�� �f�_�j�_�� �i�_�j�_�f�_�s�_�g�b�y��
�k�p�_�i�e�_�g�g�u�o�� �w�e�_�f�_�g�l�h�\�� �d�h�e�_�k�Z�� �b�� �h�i�h�j�g�h�]�h�� �h�k�g�h�\�Z�g�b�y�� �\��
�h�[�j�Z�s�_�g�g�h�f�� �f�_�o�Z�g�b�a�f�_�� �\�� �a�h�g�_�� �d�h�g�l�Z�d�l�Z�� �b�o�� �l�Z�g�]�_�g�p�b�Z�e�v�g�u�_��
�k�f�_�s�_�g�b�y�� �g�Z�j�Z�k�l�Z�x�l���� �k�e�_�^�h�\�Z�l�_�e�v�g�h���� �g�Z�j�Z�k�l�Z�_�l�� �b��
�^�_�c�k�l�\�m�x�s�Z�y�� �f�_�`�^�m�� �k�p�_�i�e�_�g�g�u�f�b�� �w�e�_�f�_�g�l�Z�f�b�� �d�Z�k�Z�l�_�e�v�g�Z�y��
�k�b�e�Z���l�j�_�g�b�y�����<���l�h�f���f�_�k�l�_���d�h�g�l�Z�d�l�Z���]�^�_���\�h�a�j�h�k�r�Z�y���k�b�e�Z���l�j�_�g�b�y��
�^�h�k�l�b�]�g�_�l�� �i�j�_�^�_�e�v�g�h�c�� �i�h�� �k�p�_�i�e�_�g�b�x���� �i�j�h�b�k�o�h�^�b�l�� �k�j�u�\�� �b�� �g�Z��
�\�k�_�c�� �q�Z�k�l�b�� �d�h�g�l�Z�d�l�Z���� �j�Z�k�i�h�e�h�`�_�g�g�h�c�� �a�Z�� �l�h�q�d�h�c�� �k�j�u�\�Z����
�i�j�h�b�k�o�h�^�b�l�� �k�d�h�e�v�`�_�g�b�_�� �G�Z�� �h�k�g�h�\�Z�g�b�b�� �w�l�h�]�h���h�i�j�_�^�_�e�y�_�l�k�y��
�d�h�h�j�^�b�g�Z�l�Z�� �m�q�Z�k�l�d�h�\�� �k�p�_�i�e�_�g�b�y�� �b�� �k�d�h�e�v�`�_�g�b�y�� �\�� �d�h�g�l�Z�d�l�_��
�d�h�e�_�k�Z�� �k�� �[�Z�j�Z�[�Z�g�h�f���� �h�l�g�h�k�b�l�_�e�v�g�Z�y�� �i�h�l�_�j�y�� �k�d�h�j�h�k�l�b �d�h�e�_�k�Z����
�l�Z�g�]�_�g�p�b�Z�e�v�g�Z�y�� �k�b�e�Z���� �^�_�c�k�l�\�m�x�s�Z�y�� �\�� �d�h�g�l�Z�d�l�_���� �f�h�f�_�g�l�� �g�Z��
�d�h�e�_�k�_�����f�h�s�g�h�k�l�v���i�h�l�_�j�v���g�Z���l�j�_�g�b�_���\���d�h�g�l�Z�d�l�_�����]�b�k�l�_�j�_�a�b�k�g�u�_��
�i�h�l�_�j�b���d�h�e�_�k�Z�� 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �d�h�e�_�k�h���� �[�Z�j�Z�[�Z�g���� �k�h�i�j�h�l�b�\�e�_�g�b�_���� �l�j�_�g�b�_����
�d�h�g�l�Z�d�l�����f�h�s�g�h�k�l�v. 

�<�<�?�>�?�G�B�? 

�<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �\�h�i�j�h�k�u���� �k�\�y�a�Z�g�g�u�_�� �k�� �f�_�o�Z�g�b�d�h�c��
�d�Z�q�_�g�b�y�� �d�h�e�_�k�Z�� �i�h�� �i�e�h�k�d�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �j�Z�k�k�f�h�l�j�_�g�u��
�^�h�k�l�Z�l�h�q�g�h���r�b�j�h�d�h���>��-�����@�����H�^�g�Z�d�h�����i�j�h�p�_�k�k���d�Z�q�_�g�b�y���d�h�e�_�k�Z��
�i�h�� �[�Z�j�Z�[�Z�g�m�� �h�k�l�Z�_�l�k�y�� �f�Z�e�h�b�a�m�q�_�g�g�u�f���� �o�h�l�y�� �w�l�h�� �b�� �l�j�_�[�m�_�l��
�i�j�b�k�l�Z�e�v�g�h�]�h���b�a�m�q�_�g�b�y�����l�Z�d���d�Z�d���\���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���r�b�j�h�d�h��
�i�j�b�f�_�g�y�x�l�k�y���h�[�d�Z�l�h�q�g�u�_ �b�� �b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�_���b�k�i�u�l�Z�g�b�y��
�Z�\�l�h�f�h�[�b�e�_�c�� �g�Z�� �[�Z�j�Z�[�Z�g�g�u�o�� �k�l�_�g�^�Z�o���� �q�l�h�� �h�[�m�k�e�Z�\�e�b�\�Z�_�l��
�g�_�h�[�o�h�^�b�f�h�k�l�v�� �i�h�e�m�q�_�g�b�y�� �a�Z�\�b�k�b�f�h�k�l�_�c���� �h�i�j�_�^�_�e�y�x�s�b�o��
�k�b�e�u�� �\���d�h�g�l�Z�d�l�_���d�h�e�_�k�Z���k�� �[�Z�j�Z�[�Z�g�h�f�����i�h�l�_�j�v���f�h�s�g�h�k�l�b�� �g�Z��
�l�j�_�g�b�_���\���d�h�g�l�Z�d�l�_�����i�j�h�k�d�Z�e�v�a�u�\�Z�g�b�y���d�h�e�_�k�Z���b���l�Z�d���^�Z�e�_�_���� 

�H�K�G�H�<�G�:�Y �Q�:�K�L�V 

�F�_�o�Z�g�b�d�Z�� �d�Z�q�_�g�b�y�� �w�e�Z�k�l�b�q�g�h�]�h�� �d�h�e�_�k�Z�� �i�h�� �[�Z�j�Z�[�Z�g�m��
�l�Z�d�Z�y�� �`�_���� �d�Z�d�� �b�� �i�j�b�� �d�Z�q�_�g�b�b�� �d�h�e�_�k�Z�� �i�h�� �i�e�h�k�d�h�c�� �`�_�k�l�d�h�c��
�h�i�h�j�g�h�c���i�h�\�_�j�o�g�h�k�l�b�� 

�I�j�b�� �d�Z�q�_�g�b�b�� �\�_�^�h�f�h�]�h�� �d�h�e�_�k�Z���� �g�Z�]�j�m�`�_�g�g�h�]�h�� �l�h�e�v�d�h��
�g�h�j�f�Z�e�v�g�h�c�� �g�Z�]�j�m�a�d�h�c���� �\�k�e�_�^�k�l�\�b�_�� �g�_�k�h�\�_�j�r�_�g�g�h�c��
�m�i�j�m�]�h�k�l�b�� �f�Z�l�_�j�b�Z�e�Z�� �b�f�_�x�l�� �f�_�k�l�h���i�h�l�_�j�b�� �g�Z�� �\�g�m�l�j�_�g�g�_�_��
�l�j�_�g�b�_�� �\�� �f�Z�l�_�j�b�Z�e�_�� �d�h�e�_�k�Z�� ���]�b�k�l�_�j�_�a�b�k������ �d�h�l�h�j�u�_��
�h�[�m�k�e�Z�\�e�b�\�Z�x�l���\�h�a�g�b�d�g�h�\�_�g�b�_���f�h�f�_�g�l�Z���k�h�i�j�h�l�b�\�e�_�g�b�y���Ff 
�b���i�h�y�\�e�_�g�b�_���k�b�e�u���k�h�i�j�h�l�b�\�e�_�g�b�y���d�Z�q�_�g�b�x���)f - �i�j�h�^�h�e�v�g�h�c��
�d�Z�k�Z�l�_�e�v�g�h�c�� �k�b�e�u���� �^�_�c�k�l�\�m�x�s�_�c�� �\�� �d�h�g�l�Z�d�l�_�� �d�h�e�_�k�Z�� �k��
�h�k�g�h�\�Z�g�b�_�f�� �\�� �g�Z�i�j�Z�\�e�_�g�b�b���� �i�j�h�l�b�\�h�i�h�e�h�`�g�h�f�� �^�\�b�`�_�g�b�x��
�d�h�e�_�k�Z���� �I�h�^�h�[�g�Z�y�� �k�b�e�Z�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �d�Z�q�_�g�b�x�� �\�h�a�g�b�d�Z�_�l��
�b�� �m�� �l�h�j�f�h�a�g�h�]�h�� �d�h�e�_�k�Z���� �g�Z�]�j�m�`�_�g�g�h�]�h���� �\�� �k�j�Z�\�g�_�g�b�b�� �k��
�\�_�^�h�f�u�f���d�h�e�_�k�h�f�����^�h�i�h�e�g�b�l�_�e�v�g�u�f�����l�h�j�f�h�a�g�u�f���f�h�f�_�g�l�h�f��
�F�l. �G�Z�e�b�q�b�_�� �w�l�h�c�� �k�b�e�u�� �i�j�b�\�h�^�b�l�� �d�� �i�j�h�k�d�Z�e�v�a�u�\�Z�g�b�x��
�w�e�_�f�_�g�l�h�\���_�]�h���[�_�]�h�\�h�c���^�h�j�h�`�d�b���h�l�g�h�k�b�l�_�e�v�g�h���h�k�g�h�\�Z�g�b�y���\��
�a�h�g�_���d�h�g�l�Z�d�l�Z���b���d���i�h�l�_�j�_���m�]�e�h�\�h�c���k�d�h�j�h�k�l�b���d�h�e�_�k�Z���� 

�I�j�b�� �d�Z�q�_�g�b�b�� �\�_�^�m�s�_�]�h�� �d�h�e�_�k�Z���� �^�\�b�`�_�g�b�_�� �d�h�l�h�j�h�]�h��
�i�j�h�b�k�o�h�^�b�l�� �i�h�^�� �^�_�c�k�l�\�b�_�f�� �d�j�m�l�y�s�_�]�h�� �f�h�f�_�g�l�Z�� �F�d���� �\��
�d�h�g�l�Z�d�l�_�� �\�h�a�g�b�d�Z�_�l�� �\�_�^�m�s�Z�y�� ���l�y�]�h�\�Z�y���� �k�b�e�Z���� �g�Z�i�j�Z�\�e�_�g�g�Z�y 
�i�h�� �o�h�^�m�� �d�h�e�_�k�Z���� �D�Z�d�� �b�� �\�� �i�j�_�^�u�^�m�s�_�f�� �k�e�m�q�Z�_���� �w�l�Z�� �k�b�e�Z��
�\�u�a�u�\�Z�_�l�� �i�j�h�k�d�Z�e�v�a�u�\�Z�g�b�_�� �w�e�_�f�_�g�l�h�\�� �[�_�]�h�\�h�c�� �^�h�j�h�`�d�b��
�d�h�e�_�k�Z���\���a�h�g�_���d�h�g�l�Z�d�l�Z���k���h�k�g�h�\�Z�g�b�_�f���b���d���i�h�l�_�j�_���e�b�g�_�c�g�h�c��
�k�d�h�j�h�k�l�b���h�k�b���d�h�e�_�k�Z�� 

�F�_�o�Z�g�b�a�f�� �\�h�a�g�b�d�g�h�\�_�g�b�y�� �k�d�h�e�v�`�_�g�b�y�� �w�e�_�f�_�g�l�h�\��
�i�h�\�_�j�o�g�h�k�l�b�� �d�h�e�_�k�Z�� �h�l�g�h�k�b�l�_�e�v�g�h �h�k�g�h�\�Z�g�b�y�� �i�h�^�j�h�[�g�h��
�j�Z�k�k�f�h�l�j�_�g�� �\�� �j�Z�[�h�l�Z�o�� �>�������������������@���K�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �k�o�_�f�u 
�h�[�j�Z�s�_�g�g�h�]�h�� �f�_�o�Z�g�b�a�f�Z�� �� �©�m�i�j�m�]�h�_�� �d�h�e�_�k�h���± �`�_�k�l�d�h�_��
�h�k�g�h�\�Z�g�b�_�ª�����g�Z���h�k�g�h�\�_���l�_�h�j�b�b���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h���k�f�_�s�_�g�b�y��
�b�f�� �i�h�d�Z�a�Z�g�h���� �q�l�h�� �i�j�b�� �m�k�l�Z�g�h�\�b�\�r�_�f�k�y�� �d�Z�q�_�g�b�b��
�\�k�l�m�i�Z�x�s�b�_���\���a�h�g�m���d�h�g�l�Z�d�l�Z���w�e�_�f�_�g�l�u���i�h�\�_�j�o�g�h�k�l�b���d�h�e�_�k�Z����
�g�_�� �[�m�^�m�q�b�� �_�s�z�� �³�i�h�^�]�h�l�h�\�e�_�g�g�u�f�b�´�� �d�� �\�h�k�i�j�b�y�l�b�x��
�d�Z�k�Z�l�_�e�v�g�h�c���k�b�e�u���b���\���l�h���`�_���\�j�_�f�y�����i�j�b�`�Z�l�u�_���d���h�k�g�h�\�Z�g�b�x��
�g�h�j�f�Z�e�v�g�h�c�� �k�b�e�h�c���� �g�Z�q�b�g�Z�x�l�� �^�\�b�`�_�g�b�_�� �[�_�a�� �k�d�h�e�v�`�_�g�b�y����
�i�h�e�m�q�Z�y�� �i�j�b�� �w�l�h�f�� �l�Z�g�]�_�g�p�b�Z�e�v�g�u�_�� �k�f�_�s�_�g�b�y��
���g�Z�i�j�Z�\�e�_�g�g�u�_���i�j�h�l�b�\�h�i�h�e�h�`�g�h���d�Z�q�_�g�b�x���^�e�y �l�h�j�f�h�a�g�h�]�h���b��
�\�_�^�h�f�h�]�h���d�h�e�_�k�����b���i�h���g�Z�i�j�Z�\�e�_�g�b�x���d�Z�q�_�g�b�y���± �^�e�y���\�_�^�m�s�_�]�h��
�d�h�e�_�k�Z������ �I�h�� �f�_�j�_�� �i�_�j�_�f�_�s�_�g�b�y�� �k�p�_�i�e�_�g�g�u�o�� �w�e�_�f�_�g�l�h�\��
�d�h�e�_�k�Z�� �b�� �h�k�g�h�\�Z�g�b�y�� �\�� �h�[�j�Z�s�_�g�g�h�f�� �f�_�o�Z�g�b�a�f�_�� �\�� �a�h�g�_��
�d�h�g�l�Z�d�l�Z�� �b�o�� �l�Z�g�]�_�g�p�b�Z�e�v�g�u�_�� �k�f�_�s�_�g�b�y�� �g�Z�j�Z�k�l�Z�x�l����
�k�e�_�^�h�\�Z�l�_�e�v�g�h���� �g�Z�j�Z�k�l�Z�_�l�� �b�� �^�_�c�k�l�\�m�x�s�Z�y�� �f�_�`�^�m��
�k�p�_�i�e�_�g�g�u�f�b���w�e�_�f�_�g�l�Z�f�b�� �d�Z�k�Z�l�_�e�v�g�Z�y���k�b�e�Z�� �l�j�_�g�b�y�����<���l�h�f��
�f�_�k�l�_�� �d�h�g�l�Z�d�l�Z���� �]�^�_�� �\�h�a�j�h�k�r�Z�y�� �k�b�e�Z�� �l�j�_�g�b�y�� �^�h�k�l�b�]�Z�_�l��
�i�j�_�^�_�e�v�g�h�c�� �i�h�� �k�p�_�i�e�_�g�b�x���� �i�j�h�b�k�o�h�^�b�l�� �k�j�u�\�� �b�� �g�Z�� �\�k�_�c��
�q�Z�k�l�b�� �d�h�g�l�Z�d�l�Z���� �j�Z�k�i�h�e�h�`�_�g�g�h�c�� �a�Z�� �l�h�q�d�h�c�� �k�j�u�\�Z���� �\�g�_��
�a�Z�\�b�k�b�f�h�k�l�b���h�l���l�h�]�h�����g�Z�o�h�^�b�l�k�y���e�b���h�g�Z���\���a�h�g�_���m�[�u�\�Z�x�s�b�o��
�b�e�b�� �\�h�a�j�Z�k�l�Z�x�s�b�o�� �g�h�j�f�Z�e�v�g�u�o�� �^�Z�\�e�_�g�b�c���� �i�j�h�b�k�o�h�^�b�l��
�k�d�h�e�v�`�_�g�b�_�����j�b�k�������� 
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�J�b�k���������G�h�j�f�Z�e�v�g�u�_���Tn �b���l�Z�g�]�_�g�p�b�Z�e�v�g�u�_���Tt �g�Z�i�j�y�`�_�g�b�y����
�d�h�g�l�Z�d�l�_���d�h�e�_�k�Z���k���[�Z�j�Z�[�Z�g�h�f����x�= �± �d�h�h�j�^�b�g�Z�l�Z���]�j�Z�g�b�p�u��

�m�q�Z�k�l�d�h�\���k�p�_�i�e�_�g�b�y���b���k�d�h�e�v�`�_�g�b�y 

�K�� �m�\�_�e�b�q�_�g�b�_�f�� �i�h�l�_�j�b�� �k�d�h�j�h�k�l�b�� �d�h�e�_�k�Z�� �b��
�k�h�h�l�\�_�l�k�l�\�m�x�s�b�f�� �m�\�_�e�b�q�_�g�b�_�f�� �^�_�c�k�l�\�m�x�s�_�c�� �\�� �d�h�g�l�Z�d�l�_��
�d�Z�k�Z�l�_�e�v�g�h�c���k�b�e�u�����m�\�_�e�b�q�b�\�Z�_�l�k�y���a�h�g�Z���k�d�h�e�v�`�_�g�b�y�����Z���l�Z�d�`�_��
�f�h�s�g�h�k�l�v�� �i�h�l�_�j�v�� �g�Z�� �l�j�_�g�b�_�� �\�� �d�h�g�l�Z�d�l�_���� �o�Z�j�Z�d�l�_�j�b�a�m�x�s�Z�y��
�b�g�l�_�g�k�b�\�g�h�k�l�v�� �b�a�g�h�k�Z�� �[�_�]�h�\�h�c�� �^�h�j�h�`�d�b�� �b�� �q�Z�k�l�b�q�g�h���± 
�k�h�i�j�h�l�b�\�e�_�g�b�_���d�Z�q�_�g�b�x���d�h�e�_�k�Z���� 

�L�Z�g�]�_�g�p�b�Z�e�v�g�u�_�� �k�f�_�s�_�g�b�y�� �l�h�q�_�d�� �[�_�]�h�\�h�c�� �^�h�j�h�`�d�b�� �\��
�a�h�g�_���d�h�g�l�Z�d�l�Z�����f�h�]�m�l���[�u�l�v���i�j�_�^�k�l�Z�\�e�_�g�u���\���\�b�^�_���k�m�f�f�u���^�\�m�o��
�k�e�Z�]�Z�_�f�u�o���� �h�^�g�h�� �b�a�� �d�h�l�h�j�u�o�� �h�[�m�k�e�h�\�e�_�g�h�� �j�_�Z�e�b�a�Z�p�b�_�c��
�d�Z�k�Z�l�_�e�v�g�h�c���k�b�e�u���\���d�h�g�l�Z�d�l�_�����Z���\�l�h�j�h�_��- �]�_�h�f�_�l�j�b�_�c�� 
�d�h�e�_�k�Z�����_�]�h���d�j�m�]�h�\�h�c���n�h�j�f�u���\���i�h�i�_�j�_�q�g�h�f���d���h�k�b���k�_�q�_�g�b�b���� 

�I�j�_�g�_�[�j�_�`�_�g�b�_�� �k�f�_�s�_�g�b�y�f�b���� �h�[�m�k�e�h�\�e�_�g�g�u�f�b��
�]�_�h�f�_�l�j�b�_�c�� �d�h�e�_�k�Z���� �g�_�� �i�j�b�\�h�^�b�l�� �d�� �k�m�s�_�k�l�\�_�g�g�h�c��
�i�h�]�j�_�r�g�h�k�l�b�� �\�� �h�i�j�_�^�_�e�_�g�b�b�� �d�b�g�_�f�Z�l�b�q�_�k�d�b�o�� �i�Z�j�Z�f�_�l�j�h�\��
�d�h�e�_�k�Z���\���n�m�g�d�p�b�b���j�_�Z�e�b�a�m�_�f�h�c���d�Z�k�Z�l�_�e�v�g�h�c���k�b�e�u�����<���k�\�y�a�b��
�k���w�l�b�f���i�j�b���j�_�r�_�g�b�b���i�h�k�l�Z�\�e�_�g�g�u�o���a�Z�^�Z�q���[�m�^�_�f���m�q�b�l�u�\�Z�l�v��
�l�h�e�v�d�h�� �l�Z�g�]�_�g�p�b�Z�e�v�g�u�_�� �k�f�_�s�_�g�b�y�� �l�h�q�_�d�� �[�_�]�h�\�h�c�� �^�h�j�h�`�d�b��
�d�h�e�_�k�Z���� �h�[�m�k�e�h�\�e�_�g�g�u�_�� �j�_�Z�e�b�a�Z�p�b�_�c�� �d�Z�k�Z�l�_�e�v�g�h�c�� �k�b�e�u��
[1,2,3]: 

�� ������������������������������������

�<�� �i�j�_�^�k�l�Z�\�e�_�g�g�h�c�� �n�h�j�f�m�e�_���[ �± �h�l�g�h�k�b�l�_�e�v�g�Z�y�� �i�h�l�_�j�y��
�k�d�h�j�h�k�l�b���� �D���± �i�h�e�m�^�e�b�g�Z�� �i�e�h�s�Z�^�d�b�� �d�h�e�_�k�Z�� �k�� �`�_�k�l�d�h�c��
�h�i�h�j�g�h�c�� �i�h�\�_�j�o�g�h�k�l�v�x���� �� �o���± �j�Z�k�k�l�h�y�g�b�_�� �h�l�� �g�Z�q�Z�e�Z��
�i�e�h�s�Z�^�d�b�� �d�h�g�l�Z�d�l�Z�� �^�h�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c�� �l�h�q�d�b�� �d�h�e�_�k�Z�� �\��
�a�h�g�_�� �d�h�g�l�Z�d�l�Z���� �Uk �± �j�Z�^�b�m�k�� �d�Z�q�_�g�b�y�� �d�h�e�_�k�Z���� �� �Uk

�k   - �j�Z�^�b�m�k��
�k�\�h�[�h�^�g�h�]�h�����d�Z�q�_�g�b�y���� 

�L�Z�d�� �d�Z�d���Zkrk � �� �9���� �]�^�_�� �9��- �k�d�h�j�h�k�l�v�� �h�k�b�� �d�h�e�_�k�Z�� �\��
�h�[�j�Z�s�_�g�g�h�f���f�_�o�Z�g�b�a�f�_�����l�h 

���������������������������������������������������������������� �� ��������

�I�j�b�f�_�g�b�l�_�e�v�g�h�� �d�� �d�Z�q�_�g�b�x�� �d�h�e�_�k�Z�� �i�h�� �`�_�k�l�d�h�f�m��
�[�Z�j�Z�[�Z�g�m���9� �9�G=�Z�Gr�G�����]�^�_���Z�G �b���U�G - �m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v���b���j�Z�^�b�m�k��
�[�Z�j�Z�[�Z�g�Z���� �<�� �j�_�a�m�e�v�l�Z�l�_�� �l�Z�g�]�_�g�p�b�Z�e�v�g�u�_�� �k�f�_�s�_�g�b�y�� �l�h�q�_�d��
�i�h�\�_�j�o�g�h�k�l�b�� �w�e�Z�k�l�b�q�g�h�]�h�� �d�h�e�_�k�Z���� �h�[�m�k�e�h�\�e�_�g�g�u�_��
�j�_�Z�e�b�a�Z�p�b�_�c���\���d�h�g�l�Z�d�l�_���k���[�Z�j�Z�[�Z�g�h�f���d�Z�k�Z�l�_�e�v�g�h�c���k�b�e�u�����g�Z��
�m�q�Z�k�l�d�_���k�p�_�i�e�_�g�b�y���f�h�]�m�l���[�u�l�v���i�j�_�^�k�l�Z�\�e�_�g�u���\�u�j�Z�`�_�g�b�_�f�� 
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- �h�l�g�h�k�b�l�_�e�v�g�Z�y���j�Z�a�g�h�k�l�v���k�d�h�j�h�k�l�_�c�� 
�I�j�b�� �b�a�\�_�k�l�g�h�c�� �\�_�e�b�q�b�g�_���[ �h�l�g�h�r�_�g�b�_�� �m�]�e�h�\�u�o��

�k�d�h�j�h�k�l�_�c���d�h�e�_�k�Z���b���[�Z�j�Z�[�Z�g�Z���[�m�^�_�l���j�Z�\�g�h�� 
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�Î                              (5) 

�B�k�o�h�^�y�� �b�a�� �i�j�h�i�h�j�p�b�h�g�Z�e�v�g�h�k�l�b�� �l�Z�g�]�_�g�p�b�Z�e�v�g�u�o��
�g�Z�i�j�y�`�_�g�b�c�����m�^�_�e�v�g�u�o���d�Z�k�Z�l�_�e�v�g�u�o���k�b�e�����l�Z�g�]�_�g�p�b�Z�e�v�g�u�f��
�k�f�_�s�_�g�b�y�f�� �f�h�`�_�f�� �g�Z�i�b�k�Z�l�v���� �q�l�h�� �l�Z�g�]�_�g�p�b�Z�e�v�g�u�_��
�g�Z�i�j�y�`�_�g�b�y���� �h�[�m�k�e�h�\�e�_�g�g�u�_�� �j�_�Z�e�b�a�Z�p�b�_�c�� �d�Z�k�Z�l�_�e�v�g�h�c��
�k�b�e�u���\���d�h�g�l�Z�d�l�_�����j�Z�\�g�u�� 

qt=�OU=�O�[(a-x),                            (6) 
�]�^�_���O - �d�h�w�n�n�b�p�b�_�g�l�� �l�Z�g�]�_�g�p�b�Z�e�v�g�h�c�� �`�_�k�l�d�h�k�l�b�� �d�h�e�_�k�Z����
�h�i�j�_�^�_�e�y�_�f�u�c���>���@���d�Z�d�� 

   (7) 

�I�j�b�� �i�Z�j�Z�[�h�e�b�q�_�k�d�h�f�� �a�Z�d�h�g�_�� �j�Z�k�i�j�_�^�_�e�_�g�b�_��
�g�h�j�f�Z�e�v�g�u�o�� �^�Z�\�e�_�g�b�c �i�h�� �^�e�b�g�_�� �i�e�h�s�Z�^�d�b�� �d�h�g�l�Z�d�l�Z��
�d�h�h�j�^�b�g�Z�l�Z�� �]�j�Z�g�b�p�u�� �m�q�Z�k�l�d�h�\�� �k�p�_�i�e�_�g�b�y�� �b�� �k�d�h�e�v�`�_�g�b�y��
���j�b�k���������� �h�i�j�_�^�_�e�y�_�f�Z�y�� �b�a�� �j�Z�\�_�g�k�l�\�Z�� �Tt=�Pqn���� �f�h�`�_�l�� �[�u�l�v��
�i�j�_�^�k�l�Z�\�e�_�g�Z���a�Z�\�b�k�b�f�h�k�l�v�x���>�����������@�� 

�T�Æ
L 
F�=
G
����

�Á�ä�Ù�,
                                (8) 

�F�h�f�_�g�l�� �g�Z�� �[�Z�j�Z�[�Z�g�_���� �h�[�m�k�e�h�\�e�_�g�g�u�c���^�_�c�k�l�\�b�_�f��
�d�Z�k�Z�l�_�e�v�g�h�c���k�b�e�u�����j�Z�\�_�g�� 

 (9) 

�<�_�e�b�q�b�g�m�� �\�� �d�\�Z�^�j�Z�l�g�u�o�� �k�d�h�[�d�Z�o���� �j�Z�\�g�m�x��
�Z�e�]�_�[�j�Z�b�q�_�k�d�h�c�� �k�m�f�f�_�� �\�k�_�o�� �m�^�_�e�v�g�u�o�� �d�Z�k�Z�l�_�e�v�g�u�o�� �k�b�e�� �\��
�d�h�g�l�Z�d�l�_�����g�Z�a�h�\�_�f���h�d�j�m�`�g�h�c���k�b�e�h�c���l�y�]�b�����j�b�k���������� 

��������(10) 

 

�J�b�k�����������K�b�e�u���\ �d�h�g�l�Z�d�l�_���d�h�e�_�k�Z���k���[�Z�j�Z�[�Z�g�h�f 

�I�h�^�k�l�Z�\�e�y�y�� �\�� ���������� �\�u�j�Z�`�_�g�b�_���O�[=�r�Pqn0(a+x�=), 
�i�h�e�m�q�_�g�g�h�_�� �b�a�� ���������� �i�h�k�e�_�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�c�� �i�j�b�o�h�^�b�f�� �d��
�m�j�Z�\�g�_�g�b�x���� �j�_�r�_�g�b�_�� �d�h�l�h�j�h�]�h�� �^�Z�_�l�� �a�Z�\�b�k�b�f�h�k�l�v�� �^�e�y��
�g�Z�o�h�`�^�_�g�b�y�� �d�h�h�j�^�b�g�Z�l�u�� �]�j�Z�g�b�p�u�� �m�q�Z�k�l�d�h�\�� �k�p�_�i�e�_�g�b�y�� �b��
�k�d�h�e�v�`�_�g�b�y�� 

   (11) 
 
�< �j�_�a�m�e�v�l�Z�l�_ 

 (12) 

�b�e�b�����k���m�q�_�l�h�f���\�u�j�Z�`�_�g�b�c���^�e�y���T�Q�h ���������b���������� 
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            (13) 

�I�h�k�e�_�^�g�_�_���\�u�j�Z�`�_�g�b�_�����_�k�e�b���g�_���m�q�b�l�u�\�Z�l�v���d�h�w�n�n�b�p�b�_�g�l��
�g�Z�k�u�s�_�g�g�h�k�l�b���j�b�k�m�g�d�Z���[�_�]�h�\�h�c���^�h�j�h�`�d�b���V�����^�e�y���d�h�e�_�k�Z���[�_�a��
�j�b�k�m�g�d�Z�� �[�_�]�h�\�h�c�� �^�h�j�h�`�d�b���V� �������� �k�h�\�i�Z�^�Z�_�l�� �k�� �Z�g�Z�e�h�]�b�q�g�h�c��
�n�h�j�f�m�e�h�c���� �i�h�e�m�q�_�g�g�h�c�� �=�� �N�j�h�f�f�h�f�� �>�������@�� ���j�Z�a�e�b�q�b�_��
�a�Z�d�e�x�q�Z�_�l�k�y���e�b�r�v���\���k�l�_�i�_�g�b���j�Z�^�b�d�Z�e�Z�����m���=���N�j�h�f�f�Z��- �d�h�j�_�g�v��
�d�\�Z�^�j�Z�l�g�u�c�������Z���a�Z�l�_�f���J���<���<�b�j�Z�[�h�\�u�f���>���@���^�e�y���n�j�b�d�p�b�h�g�g�h�c��
�i�_�j�_�^�Z�q�b�����k�h�k�l�h�y�s�_�c���b�a���^�\�m�o���p�b�e�b�g�^�j�h�\�� 

�I�j�b�� �b�a�\�_�k�l�g�h�c�� �a�Z�\�b�k�b�f�h�k�l�b�� �^�e�y���[ �h�l�g�h�r�_�g�b�_�� �m�]�e�h�\�u�o��
�k�d�h�j�h�k�l�_�c�� �w�e�Z�k�l�b�q�g�h�]�h�� �d�h�e�_�k�Z�� �b�� �`�_�k�l�d�h�]�h�� �[�Z�j�Z�[�Z�g�Z�� �\��
�n�m�g�d�p�b�b�� �j�_�Z�e�b�a�m�_�f�h�c�� �\�� �d�h�g�l�Z�d�l�_�� �k�b�e�u�� �l�y�]�b�� �)t �b��
�g�h�j�f�Z�e�v�g�h�c���g�Z�]�j�m�a�d�b���\���k�h�h�l�\�_�l�k�l�\�b�b���k���n�h�j�f�m�e�Z�f�b���������� (12) 
�b���������������f�h�`�_�l���[�u�l�v���i�j�_�^�k�l�Z�\�e�_�g�h�����d�Z�d�� 

    
(14) 

 
 
 
�I�j�b���f�Z�e�u�o�����i�h���k�j�Z�\�g�_�g�b�x���k���i�j�_�^�_�e�v�g�h�c���i�h���k�p�_�i�e�_�g�b�x��

���� �d�Z�k�Z�l�_�e�v�g�u�o�� �k�b�e�Z�o�� �i�h�k�e�_�^�g�b�_�� �n�h�j�f�m�e�u��

�f�h�]�m�l�� �[�u�l�v�� �m�i�j�h�s�_�g�u���� �_�k�e�b�� �\�u�j�Z�`�_�g�b�_�� 

�j�Z�a�e�h�`�b�l�v�� �\�� �k�l�_�i�_�g�g�h�c�� �j�y�^���� �h�l�[�j�h�k�b�\�� �a�Z�l�_�f�� �\�_�e�b�q�b�g�u��
�\�l�h�j�h�]�h���i�h�j�y�^�d�Z���f�Z�e�h�k�l�b�� 

   (15) 

    (16) 

   (17) 

�<���\�u�j�Z�`�_�g�b�y�o�������������������������������������k�b�e�Z���)t �i�h�e�h�`�b�l�_�e�v�g�Z���^�e�y��
�\�_�^�m�s�_�]�h�� �d�h�e�_�k�Z�� �b�� �h�l�j�b�p�Z�l�_�e�v�g�Z�� �^�e�y�� �\�_�^�h�f�h�]�h�� �b��
�l�h�j�f�h�a�g�h�]�h�� 

�I�h�l�_�j�b�� �f�h�s�g�h�k�l�b �g�Z�� �l�j�_�g�b�_�� �\�� �d�h�g�l�Z�d�l�_�� �w�e�Z�k�l�b�q�g�h�]�h��
�d�h�e�_�k�Z�� �k�� �`�_�k�l�d�b�f�� �[�Z�j�Z�[�Z�g�h�f���� �h�[�m�k�e�h�\�e�_�g�g�u�_�� �j�_�Z�e�b�a�Z�p�b�_�c��
�\�� �d�h�g�l�Z�d�l�_�� �k�b�e�u�� �l�y�]�b���� �h�i�j�_�^�_�e�y�x�l�k�y�� �i�h�� �l�Z�d�h�c�� �`�_��
�a�Z�\�b�k�b�f�h�k�l�b�����d�Z�d�� �b���^�e�y���k�e�m�q�Z�y���d�Z�q�_�g�b�y���d�h�e�_�k�Z�� �i�h���i�e�h�k�d�h�c��
�h�i�h�j�g�h�c���i�h�\�_�j�o�g�h�k�l�b�� 

�J�l�j.=Ft�[V=Ft�[�Z�G  r�G   (18) 
 

 
�J�b�k���������G�h�j�f�Z�e�v�g�u�_���g�Z�i�j�y�`�_�g�b�y��qn �i�j�b���i�j�b�`�Z�l�b�b���d�h�e�_�k�Z���d��

�[�Z�j�Z�[�Z�g�m 

�>�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �f�h�s�g�h�k�l�b�� �i�h�l�_�j�v�� �g�Z�� �]�b�k�l�_�j�_�a�b�k�� �\��
�f�Z�l�_�j�b�Z�e�_�� �w�e�Z�k�l�b�q�g�h�]�h�� �d�h�e�_�k�Z���� �d�Z�l�y�s�_�]�h�k�y�� �i�h�� �`�_�k�l�d�h�f�m��
�[�Z�j�Z�[�Z�g�m�����d�Z�d���b���j�Z�g�_�_�����[�m�^�_�f���m�q�b�l�u�\�Z�l�v���e�b�r�v���g�h�j�f�Z�e�v�g�m�x��
�^�_�n�h�j�f�Z�p�b�x�� �d�h�e�_�k�Z���� �d�h�l�h�j�m�x�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v���\�� �\�b�^�_��
�k�m�f�f�u���k�e�Z�]�Z�_�f�u�o�����j�b�k����): W=W�c+W�s. 

�L�Z�d���d�Z�d�� ��

�l�h 

                          (19) 

�I�h�l�_�j�b�� �f�h�s�g�h�k�l�b�� �g�Z�� �]�b�k�l�_�j�_�a�b�k�� �f�h�`�g�h�� �g�Z�c�l�b����
�b�k�i�h�e�v�a�m�y���k�e�_�^�m�x�s�m�x���a�Z�\�b�k�b�f�h�k�l�v�� 

,            (20) 

�]�^�_���E�=��- �d�h�w�n�n�b�p�b�_�g�l�� �]�b�k�l�_�j�_�a�b�k�g�u�o�� �i�h�l�_�j�v���� �G�:���G�W��- 
�k�d�h�j�h�k�l�v���^�_�n�h�j�f�b�j�h�\�Z�g�b�y���d�h�e�_�k�Z�� 

      (21) 

�A�^�_�k�v�� �d�h�h�j�^�b�g�Z�l�Z���o �e�_�`�b�l�� �g�Z�� �h�k�b�� �H�O�� ���j�b�k������); 

 - �l�Z�d�� �d�Z�d�� �b�a�f�_�g�_�g�b�_�� �g�h�j�f�Z�e�v�g�h�c��

�^�_�n�h�j�f�Z�p�b�b��dW/dt �i�h���f�_�j�_���i�_�j�_�f�_�s�_�g�b�y���w�e�_�f�_�g�l�Z���[�_�]�h�\�h�c��
�^�h�j�h�`�d�b�� �d�h�e�_�k�Z�� �\�]�e�m�[�v�� �d�h�g�l�Z�d�l�Z���� �i�j�h�b�k�o�h�^�b�l�� �k�h��
�k�d�h�j�h�k�l�v�x���� �j�Z�\�g�h�c�� �h�d�j�m�`�g�h�c�� �k�d�h�j�h�k�l�b�� �d�h�e�_�k�Z���� �K�� �m�q�_�l�h�f��
(19) 

         (22) 

�<���j�_�a�m�e�v�l�Z�l�_�� 

  (23) 

�I�j�b�� �g�Z�c�^�_�g�g�h�c�� �a�Z�\�b�k�b�f�h�k�l�b�� �^�e�y���J�= �f�h�f�_�g�l�� �h�l��
�]�b�k�l�_�j�_�a�b�k�Z�� �\�� �f�Z�l�_�j�b�Z�e�_�� �r�b�g�u�� �f�h�`�_�l�� �[�u�l�v�� �i�j�_�^�k�l�Z�\�e�_�g�� �\��
�\�b�^�_�� 

  (24) 

�L�h�]�^�Z���i�e�_�q�h���k�^�\�b�]�Z���g�h�j�f�Z�e�v�g�h�c���j�_�Z�d�p�b�b���[�Z�j�Z�[�Z�g�Z���[�m�^�_�l��
�j�Z�\�g�h�� 

             (25) 

�K�h�]�e�Z�k�g�h���>������], 
. 

�L�h�]�^�Z 

                  (26) 

�A�^�_�k�v���Z�i�e - �i�h�e�m�^�e�b�g�Z�� �d�h�g�l�Z�d�l�Z�� �d�h�e�_�k�Z�� �k�� �i�e�h�k�d�h�c��
�`�_�k�l�d�h�c���h�i�h�j�g�h�c���i�h�\�_�j�o�g�h�k�l�v�x���i�j�b���l�h�c���`�_���g�Z�]�j�m�a�d�_��Fn. 
�A�g�Z�y�� �i�e�_�q�h��h0���� �f�h�`�g�h�� �g�Z�c�l�b�� �>�������@�� �a�Z�\�b�k�b�f�h�k�l�v�� �^�e�y��
�d�Z�k�Z�l�_�e�v�g�h�c�� �k�b�e�u�� ���h�g�Z�� �`�_�� �k�b�e�Z�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �d�Z�q�_�g�b�x��
�\�_�^�h�f�h�]�h���d�h�e�_�k�Z�������h�[�m�k�e�h�\�e�_�g�g�h�c���]�b�k�l�_�j�_�a�b�k�h�f�� 

                       (27) 
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�L�Z�d�� �d�Z�d�� �h�l�g�h�r�_�g�b�_�� �k�b�e�u�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �d�Z�q�_�g�b�x�� �d��

�g�h�j�f�Z�e�v�g�h�c�� �k�b�e�_  �_�k�l�v�� �d�h�w�n�n�b�p�b�_�g�l��

�k�h�i�j�h�l�b�\�e�_�g�b�y�� �d�Z�q�_�g�b�x�� �d�h�e�_�k�Z���� �l�h�� �^�e�y�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�]�h��
�k�e�m�q�Z�y���d�Z�q�_�g�b�y���w�e�Z�k�l�b�q�g�h�]�h���d�h�e�_�k�Z���i�h���`�_�k�l�d�h�f�m���[�Z�j�Z�[�Z�g�m 

                            (28) 

�I�j�b��r �G�o �f  �a�Z�\�b�k�b�f�h�k�l�b�� ������������ ������������ ���������� �i�j�b�\�h�^�y�l�� �d��
�\�u�j�Z�`�_�g�b�y�f�����\�u�\�_�^�_�g�g�u�f���^�e�y���k�e�m�q�Z�y���d�Z�q�_�g�b�y���w�e�Z�k�l�b�q�g�h�]�h��
�d�h�e�_�k�Z�� �i�h�� �i�e�h�k�d�h�c�� �`�_�k�l�d�h�c�� �h�i�h�j�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b����
�K�j�Z�\�g�_�g�b�_�� �w�l�b�o�� �\�u�j�Z�`�_�g�b�c�� �k�� �\�u�r�_�m�d�Z�a�Z�g�g�u�f�b��
�a�Z�\�b�k�b�f�h�k�l�y�f�b���i�j�b�\�h�^�b�l���d���a�Z�d�e�x�q�_�g�b�x�����q�l�h���d�Z�d���f�h�f�_�g�l���h�l��
�]�b�k�l�_�j�_�a�b�k�Z���� �l�Z�d���b�� �k�b�e�Z���� �b�� �d�h�w�n�n�b�p�b�_�g�l�� �k�h�i�j�h�l�b�\�e�_�g�b�y��
�d�Z�q�_�g�b�x�� �\�_�^�h�f�h�]�h�� �w�e�Z�k�l�b�q�g�h�]�h�� �d�h�e�_�k�Z�� �i�h�� �`�_�k�l�d�h�f�m��
�[�Z�j�Z�[�Z�g�m���� �h�[�m�k�e�h�\�e�_�g�g�u�_�� �]�b�k�l�_�j�_�a�b�k�h�f���� �\�h�a�j�Z�k�l�Z�x�l�� �\��
a(1+r/r �G)/a�i�e. �j�Z�a�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �d�Z�q�_�g�b�_�f�� �l�h�]�h�� �`�_�� �d�h�e�_�k�Z��
�i�h���i�e�h�k�d�h�c���`�_�k�l�d�h�c���i�h�\�_�j�o�g�h�k�l�b�� 

�A�:�D�E�X�Q�?�G�B�? ���<�U�<�H�>�U) 

�G�Z�� �h�k�g�h�\�Z�g�b�b�� �j�Z�k�k�f�h�l�j�_�g�g�h�c�� �f�_�o�Z�g�b�d�b�� �d�Z�q�_�g�b�y��
�w�e�Z�k�l�b�q�g�h�]�h�� �d�h�e�_�k�Z�� �i�h�� �`�_�k�l�d�h�f�m�� �[�Z�j�Z�[�Z�g�m�� �i�h�e�m�q�_�g�u��
�a�Z�\�b�k�b�f�h�k�l�b���^�e�y���j�Z�k�q�_�l�Z���l�Z�g�]�_�g�p�b�Z�e�v�g�h�c���k�b�e�u���\���d�h�g�l�Z�d�l�_��
�d�h�e�_�k�Z�� �k�� �[�Z�j�Z�[�Z�g�h�f���� �f�h�f�_�g�l�Z�� �g�Z�� �[�Z�j�Z�[�Z�g�_���� �f�h�s�g�h�k�l�b��
�i�h�l�_�j�v�� �g�Z�� �l�j�_�g�b�_�� �\�� �d�h�g�l�Z�d�l�_���� �\�_�e�b�q�b�g�u�� �i�j�h�k�d�Z�e�v�a�u�\�Z�g�b�y��
���h�l�g�h�k�b�l�_�e�v�g�h�c �i�h�l�_�j�b���k�d�h�j�h�k�l�b�����d�h�e�_�k�Z�� 

�M�\�_�e�b�q�_�g�b�_�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �d�Z�q�_�g�b�x�� �i�h�� �[�Z�j�Z�[�Z�g�m��
�i�j�b�\�h�^�b�l�� �d�� �j�Z�a�e�b�q�b�x�� �d�h�w�n�n�b�p�b�_�g�l�h�\�� �k�h�i�j�h�l�b�\�e�_�g�b�y��
�[�h�d�h�\�h�f�m�� �m�\�h�^�m���� �h�i�j�_�^�_�e�y�_�f�u�o�� �g�Z�� �[�Z�j�Z�[�Z�g�_�� �b�� �i�j�b��
�^�\�b�`�_�g�b�b���d�h�e�_�k�Z���i�h���i�e�h�k�d�h�c���h�i�h�j�g�h�c���i�h�\�_�j�o�g�h�k�l�b�� 

�I�j�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�b�� �d�h�w�n�n�b�p�b�_�g�l�h�\���k�h�i�j�h�l�b�\�e�_�g�b�y��
�[�h�d�h�\�h�f�m�� �m�\�h�^�m�� �b�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �d�Z�q�_�g�b�x���� �i�h�e�m�q�_�g�g�u�o��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� �g�Z�� �[�Z�j�Z�[�Z�g�g�h�f�� �k�l�_�g�^�_���� �^�e�y�� �k�e�m�q�Z�y��
�^�\�b�`�_�g�b�y���d�h�e�_�k�Z���i�h���i�e�h�k�d�h�c���h�i�h�j�g�h�c���i�h�\�_�j�o�g�h�k�l�b�����k�e�_�^�m�_�l��
�\�\�h�^�b�l�v�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �i�h�i�j�Z�\�h�q�g�u�_�� �d�h�w�n�n�b�p�b�_�g�l�u�� 
�>�Z�e�_�_�� �k�e�_�^�m�_�l�� �h�i�j�_�^�_�e�b�l�v�� �l�h�q�d�b�� �i�j�b�e�h�`�_�g�b�y��
�l�Z�g�]�_�g�p�b�Z�e�v�g�h�c�� �b�� �g�h�j�f�Z�e�v�g�h�c�� �k�b�e�� �\�� �d�h�g�l�Z�d�l�_�� �d�Z�q�_�g�b�_��
�d�h�e�_�k�Z�� �i�h�� �^�\�m�f�� �[�Z�j�Z�[�Z�g�Z�f���� �h�i�j�_�^�_�e�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�Z��
�k�h�i�j�h�l�b�\�e�_�g�b�x�� �[�h�d�h�\�h�f�m�� �m�\�h�^�m�� �i�j�b�� �d�Z�q�_�g�b�b�� �d�h�e�_�k�Z�� �i�h��
�[�Z�j�Z�[�Z�g�m�� 

�;�h�e�_�_�� �i�h�^�j�h�[�g�h�� �\�h�i�j�h�k�u�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �w�e�Z�k�l�b�q�g�h�]�h��
�d�h�e�_�k�Z�� �k�� �`�_�k�l�d�h�c�� �h�i�h�j�g�h�c�� �i�h�\�_�j�o�g�h�k�l�v�x�� �b�a�e�h�`�_�g�u�� �\��
�i�j�b�\�h�^�b�f�h�f���\���d�h�g�p�_���^�Z�g�g�h�c���k�l�Z�l�v�b���k�i�b�k�d�_���e�b�l�_�j�Z�l�m�j�u���>��-
23]. 
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Abstract. At  present, �mvaluation of rolling resistance of 
automobile tires, as well as determination of the coefficient of 
resistance to lateral diversion, is carried out on drum stands. 
Testing cars on drum stands of various designs is also becoming 
increasingly common. However, there are no works in literature 
considering the mechanics of interaction of an elastic wheel with a 
drum and its kinematic and force characteristics, which has 
defined the tasks of this study. The research is based on the fact 
that with steady rolling, the wheel surface elements entering the 
�F�R�Q�W�D�F�W�� �]�R�Q�H�� �D�U�H�� �Q�R�W�� �\�H�W�� �³�S�U�H�S�D�U�H�G�´�� �W�R�� �S�H�U�F�H�L�Y�H�� �W�K�H�� �W�D�Q�J�H�Q�W�L�D�O��
force and at the same time pressed to the base by normal force, 
start moving without slipping, while obtaining tangential 
displacement. As the coupled elements of the wheel and the 
support base move in the reversed mechanism in the contact zone, 

their tangential displacements increase, and therefore the 
tangential friction force between the coupled elements also 
increases. In the place of contact, where the increased friction 
force reaches the ultimate in adhesion, there happens a 
breakdown, and on the entire part of the contact located behind 
the point of breakdown, a slip occurs. Based on this, the authors 
determine the coordinate of the areas of adhesion and slip in the 
contact of a wheel with a drum, relative loss of speed of the wheel, 
the tangential force acting in the contact, the torque on the wheel, 
power of friction loss in the contact, the hysteresis loss of the wheel. 

Keywords: wheel, drum, resistance, friction, contact, power. 
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�q�b�_���j�Z�a�e�b�q�g�u�o���n�Z�a�����Z���l�Z�d�`�_���^�b�k�i�_�j�k�g�h�k�l�v�����j�Z�a�^�j�h�[�e�_�g�g�h�k�l�v��
�l�\�_�j�^�h�c���n�Z�a�u�����d�h�l�h�j�Z�y���\�k�e�_�^�k�l�\�b�_���w�l�h�]�h���h�[�e�Z�^�Z�_�l���j�Z�a�\�b�l�h�c��
�m�^�_�e�v�g�h�c�� �i�h�\�_�j�o�g�h�k�l�v�x���� �G�Z�j�y�^�m�� �k�� �w�l�b�f�� �i�j�b�f�_�g�y�x�l�k�y�� �b��
�]�j�m�[�h�^�b�k�i�_�j�k�g�u�_�� �f�Z�l�_�j�b�Z�e�u�� �l�b�i�Z�� �s�_�[�g�y�� �b�� �]�j�Z�\�b�y���� �k�\�h�c��
�k�l�\�Z���d�h�l�h�j�u�o���h�i�j�_�^�_�e�y�x�l�k�y���l�h�e�v�d�h���l�\�_�j�^�h�c���n�Z�a�h�c�����H�^�g�Z�d�h����
�i�j�b���\�h�a�\�_�^�_�g�b�b���^�h�j�h�`�g�u�o���g�Z�k�u�i�_�c���b�a���d�j�m�i�g�h�h�[�e�h�f�h�q�g�u�o��
�]�j�m�g�l�h�\���n�h�j�f�b�j�h�\�Z�g�b�_���i�e�h�l�g�h�c���k�l�j�m�d�l�m�j�u���h�[�u�q�g�h���\�u�i�h�e��
�g�y�x�l�� �i�j�b�� �h�[�b�e�v�g�h�f�� �b�o�� �m�\�e�Z�`�g�_�g�b�b���� �G�Z�e�b�q�b�_�� �\�� �b�o�� �k�l�j�m�d��
�l�m�j�_�� �i�_�k�q�Z�g�h-�]�e�b�g�b�k�l�h�]�h�� �a�Z�i�h�e�g�b�l�_�e�y���� �k�� �m�q�_�l�h�f�� �n�Z�d�l�h�j�Z��
�m�\�e�Z�`�g�_�g�b�y�����l�Z�d�`�_���i�j�b�[�e�b�`�Z�_�l���b�o���d���g�Z�k�u�i�g�u�f���]�j�m�g�l�Z�f�� 

�L�Z�d�h�_�� �j�Z�a�g�h�h�[�j�Z�a�b�_�� �f�Z�l�_�j�b�Z�e�h�\�� �a�Z�k�l�Z�\�e�y�_�l�� �\�u�^�_�e�b�l�v��
�o�Z�j�Z�d�l�_�j�g�u�_���l�b�i�u���k�l�j�m�d�l�m�j�����K�l�j�m�d�l�m�j�Z���f�Z�l�_�j�b�Z�e�Z���a�Z�\�b�k�b�l��
�h�l�� �o�Z�j�Z�d�l�_�j�Z�� �k�b�e�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �f�_�`�^�m�� �_�]�h�� �k�h�k�l�Z�\�e�y�x��
�s�b�f�b�����Z���l�Z�d�`�_���h�l���j�Z�k�i�h�e�h�`�_�g�b�y���b���h�j�b�_�g�l�Z�p�b�b���q�Z�k�l�b�p�����W�l�b��

�k�b�e�u���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���g�Z�a�u�\�Z�x�l���k�\�y�a�y�f�b�����J�Z�a�e�b�q�Z�x�l���k�e�_�^�m��
�x�s�b�_�� �l�b�i�u�� �k�l�j�m�d�l�m�j�� �^�h�j�h�`�g�h-�k�l�j�h�b�l�_�e�v�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\����
�d�h�Z�]�m�e�y�p�b�h�g�g�Z�y�������d�j�b�k�l�Z�e�e�b�a�Z�p�b�h�g�g�Z�y���b���d�h�g�l�Z�d�l�g�Z�y �>���@��  

�:�g�Z�e�b�a�� �i�j�h�p�_�k�k�h�\���� �i�j�h�b�k�o�h�^�y�s�b�o�� �\�� �^�b�k�i�_�j�k�g�u�o�� �f�Z�l�_��
�j�b�Z�e�Z�o���g�Z���k�l�Z�^�b�b���m�i�e�h�l�g�_�g�b�y�����i�h�d�Z�a�u�\�Z�_�l���q�l�h���[�h�e�v�r�b�g�k�l�\�h��
�f�Z�l�_�j�b�Z�e�h�\�� �b�f�_�x�l�� �d�h�Z�]�m�e�y�p�b�h�g�g�m�x�� �k�l�j�m�d�l�m�j�m�����A�g�Z�q�b�l���� �k��
�l�h�q�d�b�� �a�j�_�g�b�y�� �n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �e�x�[�h�c�� �^�h��
�j�h�`�g�h-�k�l�j�h�b�l�_�e�v�g�u�c�� �f�Z�l�_�j�b�Z�e�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �d�Z�d��
�l�j�_�o�n�Z�a�g�m�x�� �k�b�k�l�_�f�m���� �k�h�k�l�h�y�s�m�x�� �b�a�� �k�d�_�e�_�l�Z���� �\�h�a�^�m�o�Z�� �b��
�\�h�^�u�����e�b�[�h���[�b�l�m�f�Z���^�e�y���Z�k�n�Z�e�v�l�h�[�_�l�h�g�g�u�o���k�f�_�k�_�c�� �>���@�����<���a�Z��
�\�b�k�b�f�h�k�l�b�� �h�l�� �j�Z�a�f�_�s�_�g�b�y�� �\�h�^�u�� �\�� �i�h�j�Z�o�� �l�Z�d�b�_�� �f�Z�l�_�j�b�Z�e�u��
�f�h�]�m�l�� �g�Z�o�h�^�b�l�v�k�y�� �\�� �k�h�k�l�h�y�g�b�b�� �e�b�[�h�� �k�� �©�a�Z�s�_�f�e�_�g�g�h�c�� �\�h��
�^�h�c�ª�����e�b�[�h���k���©�a�Z�s�_�f�e�_�g�g�u�f���\�h�a�^�m�o�h�f�ª���� 

�<�e�b�y�g�b�_���k�b�e���k�p�_�i�e�_�g�b�y���g�Z���i�j�h�q�g�h�k�l�v���l�j�_�o�n�Z�a�g�u�o���f�Z�l�_��
�j�b�Z�e�h�\���j�Z�a�e�b�q�g�h���b���g�Z�o�h�^�b�l�k�y���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���^�b�k�i�_�j�k�g�h��
�k�l�b�����n�h�j�f�u���q�Z�k�l�b�p���b���\�e�Z�`�g�h�k�l�b���]�j�m�g�l�Z�����>�_�n�h�j�f�Z�p�b�b���l�j�_�o��
�n�Z�a�g�h�]�h���]�j�m�g�l�Z���j�Z�a�e�b�q�g�u���b���g�Z�o�h�^�y�l�k�y���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���k�h��
�h�l�g�h�r�_�g�b�y���\�h�^�u���b���\�h�a�^�m�o�Z���\���_�]�h���i�h�j�Z�o�� 

�G�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �q�Z�k�l�b�p�� �h�[�j�Z�a�m�_�l�k�y�� �k�e�h�c�� �\�h�^�u���� �W�l�h�l��
�k�e�h�c�����d�h�l�h�j�u�c���i�j�b�g�y�l�h���g�Z�a�u�\�Z�l�v�� �d�j�_�i�d�h���k�\�y�a�Z�g�g�h�c���\�h�^�h�c����
�h�[�e�Z�^�Z�_�l���Z�g�h�f�Z�e�v�g�u�f�b���k�\�h�c�k�l�\�Z�f�b�����W�l�Z���\�h�^�Z���h�[�e�Z�^�Z�_�l���a�g�Z��
�q�b�l�_�e�v�g�h�c�� �\�y�a�d�h�k�l�v�x���� �m�i�j�m�]�h�k�l�v�x�� �b�� �i�j�h�q�g�h�k�l�v�x�� �g�Z�� �k�^�\�b�] 
[6].  �I�h�\�_�j�o�� �i�j�h�q�g�h�k�\�y�a�Z�g�g�h�c�� �\�h�^�u�� �j�Z�k�i�h�e�Z�]�Z�_�l�k�y�� �j�u�o��
�e�h�k�\�y�a�Z�g�g�Z�y���\�h�^�Z�����d�h�l�h�j�Z�y���m�^�_�j�`�b�\�Z�_�l�k�y���\�[�e�b�a�b���i�h�\�_�j�o�g�h��
�k�l�b���l�\�_�j�^�u�o���q�Z�k�l�b�p���f�_�g�v�r�b�f�b���k�b�e�Z�f�b�����K�\�h�c�k�l�\�h���w�l�h�c���\�h�^�u��
�[�e�b�a�d�b���d���k�\�h�c�k�l�\�Z�f���\�h�^�u���\���k�\�h�[�h�^�g�h�f���k�h�k�l�h�y�g�b�b�����<�f�_�k�l�_���k��
�l�_�f���h�g�Z���i�_�j�_�^�\�b�]�Z�_�l�k�y���a�g�Z�q�b�l�_�e�v�g�h���f�_�^�e�_�g�g�_�_���k�\�h�[�h�^�g�h�c����
�k�d�h�j�h�k�l�v���_�_���i�_�j�_�^�\�b�`�_�g�b�y���a�Z�\�b�k�b�l���h�l���l�_�f�i�_�j�Z�l�m�j�u�����D�h�e�b��
�q�_�k�l�\�h���k�\�y�a�Z�g�g�h�c���\�h�^�u���\���]�j�m�g�l�Z�o���a�Z�\�b�k�b�l���h�l���b�o���f�b�g�_�j�Z�e�h��
�]�b�q�_�k�d�h�]�h�� �k�h�k�l�Z�\�Z���� �K�o�_�f�Z�l�b�q�g�h�� �k�h�k�l�Z�\�� �l�j�_�o�n�Z�a�g�h�]�h�� �^�b�k��
�i�_�j�k�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �\�� �\�b�^�_�� �k�o�_�f�u����
�b�a�h�[�j�Z�`�_�g�g�h�c���g�Z���j�b�k�������� 

 
�J�b�k�� 1. �K�o�_�f�Z���k�l�j�m�d�l�m�j�u���g�Z�k�u�i�g�h�]�h���]�j�m�g�l�Z: 1 �± �f�b�g�_�j�Z�e�v��
�g�u�_���q�Z�k�l�b�p�u���������± �i�j�h�q�g�h�k�\�y�a�Z�g�g�Z�y���\�h�^�Z���������± �k�e�Z�[�h�k�\�y�a�Z�g��
�g�Z�y���i�e�_�g�h�q�g�Z�y���\�h�^�Z���������± �k�\�h�[�h�^�g�Z�y���\�h�^�Z���������± �©�a�Z�s�_�f�e�_�g��

�g�u�c�ª���\�h�a�^�m�o���������± �d�Z�i�b�e�e�y�j�g�Z�y���\�h�^�Z 
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�J�?�A�M�E�V�L�:�L�U���B�K�K�E�?�>�H�<�:�G�B�Y 

�I�j�_�^�k�l�Z�\�e�y�_�l�� �b�g�l�_�j�_�k�� �\�u�y�\�e�_�g�b�_�� �b�a�f�_�g�_�g�b�c�� �k�l�j�m�d��
�l�m�j�u���f�Z�l�_�j�b�Z�e�Z�����i�j�h�b�k�o�h�^�y�s�b�o���g�Z���j�Z�a�e�b�q�g�u�o���k�l�Z�^�b�y�o���^�_��
�n�h�j�f�b�j�h�\�Z�g�b�y�����K�� �w�l�h�c�� �p�_�e�v�x�� �Z�\�l�h�j�h�f���[�u�e�b���i�j�h�\�_�^�_�g�u��
�f�_�o�Z�g�b�q�_�k�d�b�_�� �b�k�i�u�l�Z�g�b�y�� �h�[�j�Z�a�p�h�\�� �]�j�m�g�l�Z�� �b�� �Z�k�n�Z�e�v�l�h�[�_��
�l�h�g�Z���\���k�h�h�l�\�_�l�k�l�\�b�b���k [7, 8] �k���h�^�g�h�\�j�_�f�_�g�g�u�f���b�k�k�e�_�^�h�\�Z��
�g�b�_�f���b�o���k�l�j�m�d�l�m�j�u�����K�l�j�m�d�l�m�j�Z���f�Z�l�_�j�b�Z�e�Z���b�a�m�q�Z�e�Z�k�v���k���i�h��
�f�h�s�v�x�� �f�b�d�j�h�k�d�h�i�Z�� �F�B�G-������ �i�j�b���w�l�h�f���i�h�^�k�q�b�l�u�\�Z�e�h�k�v��
�i�j�h�p�_�g�l�g�h�_�� �k�h�^�_�j�`�Z�g�b�_�� �a�_�j�_�g�� �j�Z�a�e�b�q�g�h�]�h �^�b�Z�f�_�l�j�Z�� �\��
�i�j�_�^�_�e�Z�o���b�k�k�e�_�^�m�_�f�h�]�h���m�q�Z�k�l�d�Z�����J�_�a�m�e�v�l�Z�l�u���b�k�k�e�_�^�h�\�Z�g�b�y��
�i�j�b�\�_�^�_�g�u���g�Z���j�b�k���������b������ 

�K�l�j�m�d�l�m�j�Z�� �f�Z�l�_�j�b�Z�e�Z�� �\�� �b�k�o�h�^�g�h�f�� �k�h�k�l�h�y�g�b�b�� �g�h�k�b�e�Z��
�i�h�[�e�h�q�g�h-�h�j�b�_�g�l�b�j�h�\�Z�g�g�u�c���o�Z�j�Z�d�l�_�j�����H�d�h�e�h�������������f�Z�l�_�j�b��
�Z�e�Z�� �k�h�k�l�h�y�e�b�� �b�a �f�b�d�j�h�[�e�h�d�h�\���� �I�j�h�k�l�j�Z�g�k�l�\�h�� �f�_�`�^�m�� �[�e�h��
�d�Z�f�b���a�Z�i�h�e�g�_�g�h���o�Z�h�l�b�q�_�k�d�b���h�j�b�_�g�l�b�j�h�\�Z�g�g�h�c���f�Z�k�k�h�c���]�e�b��
�g�b�k�l�u�o���q�Z�k�l�b�p���b���f�_�e�d�h�c���i�_�k�q�Z�g�h�c���n�j�Z�d�p�b�b�����k���o�h�j�h�r�h���\�b��
� �̂b�f�u�f�b�� �i�m�k�l�h�l�Z�f�b�� �b�� �i�h�e�h�k�l�y�f�b���� �h�[�j�Z�a�h�\�Z�\�r�b�f�b�k�y�� �\�� �j�_��

�a�m�e�v�l�Z�l�_���g�_�i�e�h�l�g�h�]�h���i�j�b�e�_�]�Z�g�b�y���[�e�h�d�h�\�����I�j�b���^�_�n�h�j�f�b�j�h��
�\�Z�g�b�b�� �i�j�h�b�k�o�h�^�y�l�� �b�a�f�_�g�_�g�b�y���� �a�Z�d�e�x�q�Z�x�s�b�_�k�y�� �\��
�m�f�_�g�v�r�_�g�b�b���d�h�e�b�q�_�k�l�\�Z���b���j�Z�a�f�_�j�Z���i�h�e�h�k�l�_�c���b���i�h�j�����d�h�l�h��
�j�u�_�� �f�_�k�l�Z�f�b�� �h�d�Z�a�u�\�Z�e�b�k�v�� �k�`�Z�l�u�f�b�� �b���\�u�l�y�g�m�l�u�f�b�� �\��
�g�Z�i�j�Z�\�e�_�g�b�b���k�^�\�b�]�Z���� �W�l�h�� �k�\�b�^�_�l�_�e�v�k�l�\�m�_�l�� �h�� �e�h�d�Z�e�v�g�u�o��
�k�f�_�s�_�g�b�y�o���q�Z�k�l �b�p�� �b�� �f �b�d�j �h�Z�]�j �_�] �Z�l�h�\�� �b�� �h�[�� �b�o�� �[ �h�e�_�_��
�d�h�f �i �Z�d�l�g�h�c�� �m�i�Z�d�h�\�d�_�� �� �Q�_�f���i�j�h�^�h�e�`�b�l�_�e�v�g�_�_���i�j�h�p�_�k�k��
�^�_�n�h�j�f�b�j�h�\�Z�g�b�y���� �l�_�f�� �\�� �[�h�e�v�r�_�c�� �k�l�_�i�_�g�b�� �i�j�h�b�k�o�h�^�b�e�h��
�m�f�_�g�v�r�_�g�b�_���i�h�e�h�k�l�_�c�� 

�:�g�Z�e�b�a�� �a�Z�\�b�k�b�f�h�k�l�_�c�� �b�a�f�_�g�_�g�b�y�� �k�l�j�m�d�l�m�j�u�� �^�b�k�i�_�j�k��
�g�h�]�h���f�Z�l�_�j�b�Z�e�Z�� �i�j�b���^�_�n�h�j�f�b�j�h�\�Z�g�b�b�� �i�h�d�Z�a�u�\�Z�_�l�����q�l�h���i�j�b��
�m�i�e�h�l�g�_�g�b�b�� �i�j�h�b�k�o�h�^�b�l�� �b�g�l�_�g�k�b�\�g�u�c�� �j�h�k�l���d�j�m�i�g�u�o���[�e�h��
�d�h�\�����j�b�k�����Z�������Z�����a�Z���k�q�_�l���m�f�_�g�v�r�_�g�b�y���j�Z�k�k�l�h�y�g�b�y���f�_�`�^�m���a�_�j��
�g�Z�f�b���� �\�a�Z�b�f�g�h�]�h�� �i�_�j�_�f�_�s�_�g�b�y�� �f�_�e�d�b�o�� �q�Z�k�l�b�p�� �i�h�� �a�h�g�Z�f��
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Abstract. During the compaction of various road-building 
materials the efficiency of the process largely depends on the 
correct choice of the roller and the purpose of its operating 
modes. To increase the efficiency of the vibrating roller it is re-
quired to adjust the magnitude of the surface stresses under the 
roller with the growth of density of the material. The physical-
mechanical processes of dispersion material structure for-

mation is studied in this paper. The paper also shows the simi-
larity of these processes for various materials and shows the con-
nection between the structure formation and the compaction 
rate.  
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�>�Z�g�g�m�x�� �a�Z�^�Z�q�m�� �j�_�r�Z�x�l�� �k�b�k�l�_�f�u���� �m�k�l�Z�g�Z�\�e�b�\�Z�_�f�u�_�� �g�Z��
�\�b�[�j�Z�p�b�h�g�g�u�c�� �d�Z�l�h�d�� �b�� �\�� �j�_�Z�e�v�g�h�f�� �\�j�_�f�_�g�b�� �b�a�f�_�j�y�x�s�b�_��
�b�a�f�_�g�_�g�b�_���k�h�k�l�h�y�g�b�_���m�i�e�h�l�g�y�_�f�u�o���f�Z�l�_�j�b�Z�e�h�\�����G�_�i�j�_�j�u�\��
�g�h�_�� �b�a�f�_�j�_�g�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �]�j�m�g�l�Z�� �\�� �i�j�h�p�_�k�k�_�� �m�i�e�h�l�g�_��
�g�b�y���_�]�h���\�b�[�j�Z�p�b�h�g�g�u�f���d�Z�l�d�h�f���a�Z���j�m�[�_�`�h�f���i�h�e�m�q�b�e�h���h�i�j�_��
�^�_�e�_�g�b�_�� �©�g�_�i�j�_�j�u�\�g�u�c�� �d�h�g�l�j�h�e�v�� �m�i�e�h�l�g�_�g�b�y�ª�� ��Continues 
Compaction Control).  

�<�_�^�m�s�b�_�� �a�Z�j�m�[�_�`�g�u�_�� �i�j�h�b�a�\�h�^�b�l�_�e�b�� �\�b�[�j�Z�p�b�h�g�g�u�o��
�d�Z�l�d�h�\���� �l�Z�d�b�_�� �d�Z�d����AMMANN , BOMAG, CATERPILLAR, 
DYNAPAC, SAKAI �����m�`�_���^�h�k�l�Z�l�h�q�g�h���^�Z�\�g�h���\�d�e�x�q�Z�x�l���\���[�Z��
�a�h�\�m�x���d�h�f�i�e�_�d�l�Z�p�b�x���k�\�h�b�o���f�Z�r�b�g���k�b�k�l�_�f�u�����i�h�a�\�h�e�y�x�s�b�_��
�g�_�i�j�_�j�u�\�g�h�� �d�h�g�l�j�h�e�b�j�h�\�Z�l�v�� �k�h�k�l�h�y�g�b�_�� �m�i�e�h�l�g�y�_�f�h�]�h��
�]�j�m�g�l�Z���\�h���\�j�_�f�y���i�j�h�b�a�\�h�^�k�l�\�Z���j�Z�[�h�l �b���^�h�d�m�f�_�g�l�b�j�h�\�Z�l�v���j�_��
�a�m�e�v�l�Z�l���m�i�e�h�l�g�_�g�b�y ���l�Z�[�e. 1).  

�L�Z�[�e�b�p�Z 1 
�K�b�k�l�_�f�u���g�_�i�j�_�j�u�\�g�h�]�h���d�h�g�l�j�h�e�y���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z���^�e�y��

�\�b�[�j�Z�p�b�h�g�g�u�o���d�Z�l�d�h�\���j�Z�a�e�b�q�g�u�o���i�j�h�b�a�\�h�^�b�l�_�e�_�c 

�I�j�h�b�a�\�h�^�b�l�_�e�v �G�Z�b�f�_�g�h�\�Z�g�b�_���k�b�k�l�_�f�u 
�I�h�d�Z�a�Z�l�_�e�v�� 
�m�i�e�h�l�g�_�g�b�y 

AMMANN/  
CASE ACE (Ammann Compaction Expert) ks 

BOMAG 
Terrameter Omega 

VarioControl Evib 
CATERPILLAR AccuGrade Compaction CMV, RMV, MDP 

DYNAPAC DCA (Dynapac Compaction  
Analyzer) CMV, RMV 

HAMM  HCQ (Hamm  
Compaction Quality) 

HMV 
(�Z�g�Z�e�h�]�b�q�g�h CMV) 

SAKAI Sakai CCV 
VOLVO CompAnalyzer, CompGauge CMV, RMV 
 
�<�� �J�h�k�k�b�b�� �`�_�� �l�Z�d�b�_�� �k�b�k�l�_�f�u�� �g�_���i�j�h�b�a�\�h�^�y�l�k�y���� �W�l�h�� �g�_��

�l�h�e�v�d�h �g�_�� �i�h�a�\�h�e�y�_�l�� �g�Z�� �^�h�e�`�g�h�f�� �m�j�h�\�g�_�� �d�h�g�d�m�j�b�j�h�\�Z�l�v��
�h�l�_�q�_�k�l�\�_�g�g�u�f�� �i�j�h�b�a�\�h�^�b�l�_�e�y�f �g�Z�� �j�u�g�d�_�� �m�i�e�h�l�g�y�x�s�_�c��
�l�_�o�g�b�d�b, �g�h���b �y�\�e�y�_�l�k�y���h�^�g�b�f���b�a���n�Z�d�l�h�j�h�\�����i�j�b�\�h�^�y�s�b�o���d��
�g�b�a�d�h�f�m���d�Z�q�_�k�l�\�m���b���k�j�h�d�m���k�e�m�`�[�u���Z�\�l�h�f�h�[�b�e�v�g�u�o���^�h�j�h�] �\��
�J�N. 
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�I�j�b�� �m�i�e�h�l�g�_�g�b�b�� �]�j�m�g�l�h�\�� �\�b�[�j�Z�p�b�h�g�g�u�f�b�� �d�Z�l�d�Z�f�b�� �\��
�r�b�j�h�d�b�o�� �i�j�_�^�_�e�Z�o�� �f�h�]�m�l�� �b�a�f�_�g�y�l�v�k�y�� �k�\�h�c�k�l�\�Z�� �m�i�e�h�l�g�y�_��
�f�h�]�h�� �]�j�m�g�l�Z�� ���\�b�^�� �]�j�m�g�l�Z���� �_�]�h�� �i�e�h�l�g�h�k�l�v�� �b�� �\�e�Z�`�g�h�k�l�v������ �Z��
�l�Z�d�`�_���j�_�`�b�f���j�Z�[�h�l�u���d�Z�l�d�Z�����q�Z�k�l�h�l�Z���d�h�e�_�[�Z�g�b�c�����\�u�g�m�`�^�Z�x��
�s�_�_�� �m�k�b�e�b�_�� �\�b�[�j�h�\�h�a�[�m�^�b�l�_�e�y���� �o�Z�j�Z�d�l�_�j�� �d�h�e�_�[�Z�g�b�c���� �k�d�h��
�j�h�k�l�v�� �^�\�b�`�_�g�b�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z������ �G�Z�� �j�Z�[�h�l�m�� �k�b�k�l�_�f��
�g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y�� �h�d�Z�a�u�\�Z�x�l�� �\�e�b�y�g�b�_��
�g�_�j�Z�\�g�h�f�_�j�g�h�k�l�v�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �m�i�e�h�l�g�y�_��
�f�h�]�h���]�j�m�g�l�Z���b���g�Z�e�b�q�b�_���i�_�j�_�o�h�^�g�u�o���i�j�h�p�_�k�k�h�\���i�j�b���b�a�f�_�g�_��
�g�b�b���j�_�`�b�f�Z���j�Z�[�h�l�u���\�b�[�j�h�\�h�a�[�m�^�b�l�_�e�y���d�Z�l�d�Z�� 

�B�k�k�e�_�^�h�\�Z�l�_�e�b�� �b�� �i�j�h�b�a�\�h�^�b�l�_�e�b�� �\�b�[�j�Z�p�b�h�g�g�u�o�� �d�Z�l�d�h�\��
�\�u�^�_�e�y�x�l�� �k�e�_�^�m�x�s�b�_�� �j�_�`�b�f�u�� �d�h�e�_�[�Z�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z�� �i�j�b�� �m�i�e�h�l�g�_�g�b�b�� �]�j�m�g�l�Z�� �>2]: 
�[�_�a�h�l�j�u�\�g�u�c�� �j�_�`�b�f�� �d�h�e�_�[�Z�g�b�c�� ��Continuous contact������ �q�Z��
�k�l�b�q�g�u�c�� �h�l�j�u�\�� ��Partial uplift������ �^�\�h�c�g�h�c�� �i�j�u�`�h�d�� ��Double 
jump), �j�Z�k�d�Z�q�b�\�Z�g�b�_�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� ��Rocking mo-
tion�����b���o�Z�h�l�b�q�_�k�d�b�c���j�_�`�b�f���d�h�e�_�[�Z�g�b�c����Chaotic motion).  

�I�j�b���j�Z�[�h�l�_���\�b�[�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z���\���j�_�`�b�f�_���i�h�k�l�h�y�g�g�h�]�h��
�d�h�g�l�Z�d�l�Z�� �k�� �m�i�e�h�l�g�y�_�f�u�f�� �]�j�m�g�l�h�f���� �d�h�e�_�[�Z�g�b�y�� �\�b�[�j�Z�p�b�h�g��
�g�h�]�h���\�Z�e�v�p�Z���b���]�j�m�g�l�Z���g�h�k�y�l���k�b�g�m�k�h�b�^�Z�e�v�g�u�c���o�Z�j�Z�d�l�_�j���k���j�Z�\��
�g�u�f�b�� �Z�f�i�e�b�l�m�^�Z�f�b�� �k�f�_�`�g�u�o�� �d�h�e�_�[�Z�g�b�c�� �j�Z�[�h�q�_�]�h�� �h�j�]�Z�g�Z��
���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����>3].  

�J�_�`�b�f�� �q�Z�k�l�b�q�g�h�]�h�� �h�l�j�u�\�Z�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �h�l��
�m�i�e�h�l�g�y�_�f�h�]�h�� �]�j�m�g�l�Z���± �h�k�g�h�\�g�h�c�� �j�_�`�b�f�� �j�Z�[�h�l�u�� �\�b�[�j�Z�p�b��
�h�g�g�h�]�h���d�Z�l�d�Z�����<���d�Z�`�^�h�f���p�b�d�e�_���d�h�e�_�[�Z�g�b�c���j�Z�[�h�q�b�c���h�j�]�Z�g���h�l��
�j�u�\�Z�_�l�k�y���h�l���]�j�m�g�l�Z�� �g�h���i�j�b���w�l�h�f���k�h�o�j�Z�g�y�_�l�k�y���k�b�g�m�k�h�b�^�Z�e�v��
�g�u�c�� �o�Z�j�Z�d�l�_�j�� �d�h�e�_�[�Z�g�b�c�� �b�� �j�Z�\�_�g�k�l�\�h�� �Z�f�i�e�b�l�m�^�� �k�f�_�`�g�u�o��
�d�h�e�_�[�Z�g�b�c���\�Z�e�v�p�Z�����<�h���\�j�_�f�y���h�l�j�u�\�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z��
�h�l�� �]�j�m�g�l�Z�� �]�j�m�g�l�� �\�h�k�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y�� �k�� �a�Z�l�m�o�Z�x�s�_�c�� �k�d�h�j�h��
�k�l�v�x�� 

�I�j�b�� �i�_�j�_�o�h�^�_�� �b�a�� �j�_�`�b�f�Z�� �q�Z�k�l�b�q�g�h�]�h�� �h�l�j�u�\�Z�� �\�� �j�_�`�b�f��
�^�\�h�c�g�h�]�h�� �i�j�u�`�d�Z�� �o�Z�j�Z�d�l�_�j�� �d�h�e�_�[�Z�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z�� �b�a�f�_�g�y�_�l�k�y�� �g�Z�� �k�m�[�]�Z�j�f�h�g�b�q�_�k�d�b�c���� �:�f�i�e�b�l�m�^�u��
�k�f�_�`�g�u�o���d�h�e�_�[�Z�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���g�_���h�^�b�g�Z�d�h�\�u����
�q�l�h���i�j�b�\�h�^�b�l���d���m�o�m�^�r�_�g�b�x �m�i�j�Z�\�e�y�_�f�h�k�l�b���\�b�[�j�Z�p�b�h�g�g�h�]�h��
�d�Z�l�d�Z�����m�\�_�e�b�q�_�g�b�x���g�Z�]�j�m�a�d�b���g�Z���i�h�^�r�b�i�g�b�d�h�\�u�_���m�a�e�u���\�b�[��
�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �b�� �d�j�_�i�e�_�g�b�y�� �\�Z�e�v�p�Z�� �d�� �j�Z�f�_���� �Z�� �l�Z�d�`�_��
�g�_�]�Z�l�b�\�g�h���k�d�Z�a�u�\�Z�_�l�k�y���g�Z���w�n�n�_�d�l�b�\�g�h�k�l�b���i�j�h�p�_�k�k�Z�� �m�i�e�h�l��
�g�_�g�b�y�����I�h�w�l�h�f�m�����\�Z�`�g�h���h�l�k�e�_�`�b�\�Z�l�v���i�_�j�_�o�h�^���\���g�_�`�_�e�Z�l�_�e�v��
�g�u�c���j�_�`�b�f���j�Z�[�h�l�u���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����j�_�`�b�f���^�\�h�c�g�h�]�h��
�i�j�u�`�d�Z���� 

�I�j�b�� �b�a�f�_�g�_�g�b�b�� �j�_�`�b�f�Z�� �j�Z�[�h�l�u�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z��
�b�a�f�_�g�y�_�l�k�y�� �o�Z�j�Z�d�l�_�j�� �d�h�e�_�[�Z�g�b�c�� �b���� �k�e�_�^�h�\�Z�l�_�e�v�g�h���� �k�i�_�d�l�j��
�\�_�j�l�b�d�Z�e�v�g�u�o���m�k�d�h�j�_�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����I�j�b�� �m�\�_��
�e�b�q�_�g�b�b���k�l�_�i�_�g�b���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z���m�\�_�e�b�q�b�\�Z�_�l�k�y���Z�f�i�e�b��
�l�m�^�Z���d�h�e�_�[�Z�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���b���\���k�i�_�d�l�j�_���m�k�d�h�j�_��
�g�b�y�� �i�h�y�\�e�y�x�l�k�y�� �^�h�i�h�e�g�b�l�_�e�v�g�u�_�� �]�Z�j�f�h�g�b�d�b�� �b�� �k�m�[�]�Z�j�f�h��
�g�b�d�b���� �<�� ���������� �]�h�^�m�� �^�h�d�l�h�j�� �+�H�L�Q�]�� �7�K�X�U�Q�H�U�� �k�� �i�Z�j�l�g�_�j�h�f��Oke 
�6�D�Q�G�V�W�U�|�P���h�k�g�h�\�Z�e���n�b�j�f�m���*�(�2�'�<�1�$�0�,�.�����q�l�h�[�u���i�j�h�^�h�e��
�`�b�l�v���j�Z�a�\�b�l�b�_���m�k�l�Z�g�Z�\�e�b�\�Z�_�f�u�o���g�Z���\�b�[�j�Z�p�b�h�g�g�u�_���]�j�m�g�l�h��
�\�u�_�� �d�Z�l�d�b�� �k�b�k�l�_�f�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y��
�]�j�m�g�l�Z�����Z���\���^�Z�e�v�g�_�c�r�_�f���b���g�_���l�h�e�v�d�h �^�e�y���]�j�m�g�l�h�\�u�o�����g�h���b���^�e�y��
�Z�k�n�Z�e�v�l�h�\�u�o�� �\�b�[�j�Z�p�b�h�g�g�u�o�� �d�Z�l�d�h�\������ �<�� �k�h�l�j�m�^�g�b�q�_�k�l�\�_�� �k��
�^�h�d�l�h�j�h�f�� �/�D�U�V�� �)�R�U�V�V�E�O�D�G�� �b�a�� �n�b�j�f�u�� �'�<�1�$�3�$�&���� �n�b�j�f�Z��
�*�(�2�'�<�1�$�0�,�.���j�Z�a�j�Z�[�h�l�Z�e�Z���b���\�g�_�^�j�b�e�Z���i�h�d�Z�a�Z�l�_�e�v���m�i�e�h�l��
�g�_�g�b�y��Compaction Meter Value ���^�Z�e�_�_ CMV�����\�������������]�h�^�m���>4, 
5].  

�H�i�j�_�^�_�e�_�g�b�_��CMV �h�k�g�h�\�Z�g�h���g�Z���Z�g�Z�e�b�a�_���k�i�_�d�l�j�Z���\�_�j�l�b��
�d�Z�e�v�g�u�o�� �m�k�d�h�j�_�g�b�c�� ���^�Z�g�g�u�_�� �k�� �Z�d�k�_�e�_�j�h�f�_�l�j�Z���� �\�b�[�j�Z�p�b�h�g��
�g�h�]�h�� �\�Z�e�v�p�Z�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z�� �a�Z�� �^�\�Z�� �p�b�d�e�Z�� �\�b�[�j�Z�p�b�b����
�I�h�d�Z�a�Z�l�_�e�v���m�i�e�h�l�g�_�g�b�y��CMV �j�Z�k�k�q�b�l�u�\�Z�_�l�k�y���>4, 6]: 

,    (1) 

�]�^�_�����: f - �Z�f�i�e�b�l�m�^�Z���]�Z�j�f�h�g�b�d�b���k�i�_�d�l�j�Z���\�_�j�l�b�d�Z�e�v�g�u�o���m�k�d�h��
�j�_�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���g�Z �q�Z�k�l�h�l�_ �b�a�f�_�g�_�g�b�y���\�u�g�m�`��
�^�Z�x�s�_�]�h���m�k�b�e�b�y��f ���g�h�f�b�g�Z�e�v�g�Z�y���q�Z�k�l�h�l�Z���d�h�e�_�[�Z�g�b�c���\�Z�e�v�p�Z��
�\�b�[�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z�������j�b�k�������������f���k2; �:2f - �Z�f�i�e�b�l�m�^�Z���]�Z�j�f�h��
�g�b�d�b�� �k�i�_�d�l�j�Z�� �\�_�j�l�b�d�Z�e�v�g�u�o�� �m�k�d�h�j�_�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z���g�Z �q�Z�k�l�h�l�_ 2f ���Z�f�i�e�b�l�m�^�Z���\�l�h�j�h�c���]�Z�j�f�h�g�b�d�b���k�i�_�d�l�j�Z��
�\�_�j�l�b�d�Z�e�v�g�h�]�h�� �m�k�d�h�j�_�g�b�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z���� ���j�b�k���� ��������
�f���k2; �K���± �d�h�w�n�n�b�p�b�_�g�l���d�Z�e�b�[�j�h�\�d�b�����k�h�]�e�Z�k�g�h���b�k�l�h�q�g�b�d�m���>6] 
�q�Z�s�_���\�k�_�]�h���j�Z�\�g�u�c����������.  
 �:�g�Z�e�b�a�� �k�i�_�d�l�j�Z�� �\�_�j�l�b�d�Z�e�v�g�u�o�� �m�k�d�h�j�_�g�b�c�� �\�b�[�j�Z�p�b�h�g��
�g�h�]�h���\�Z�e�v�p�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z���i�h�e�h�`�_�g���l�Z�d�`�_���\���h�k�g�h�\�m��
�j�Z�k�q�_�l�Z���j�_�a�h�g�Z�g�k�g�h�]�h���i�h�d�Z�a�Z�l�_�e�y���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z��Reso-
nance Meter Value (�^�Z�e�_�_ RMV)���� �g�Z�a�u�\�Z�_�f�h�]�h�� �_�s�_ �l�Z�d�`�_��
Bouncing Value (�^�Z�e�_�_ BV) [4]: 

,   (2) 

�]�^�_�����#�4�ä�9�Ù �± �Z�f�i�e�b�l�m�^�Z���k�m�[�]�Z�j�f�h�g�b�d�b�� �k�i�_�d�l�j�Z�� �\�_�j�l�b�d�Z�e�v��
�g�h�]�h�� �m�k�d�h�j�_�g�b�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�d�Z�l�d�Z���g�Z �q�Z�k�l�h�l�_���r�ä�w�B ���j�b�k�������������f���k2. 
 �I �h�d�Z�a�Z�l�_�e�v �m�i�e�h�l�g�_�g�b�y��RMV �i�h�a�\�h�e�y�_�l �b�g�^�b�p�b�j�h�\�Z�l�v 
�i�_�j�_�o�h�^���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z���b�a���j�_��
�`�b�f�Z�� �q�Z�k�l�b�q�g�h�]�h �h�l�j�u�\�Z (partial uplift���� �\���g�_�`�_�e�Z�l�_�e�v�g�u�c��
�j�_�`�b�f���^�\�h�c�g�h�]�h �i�j�u�`�d�Z (double jump). 

�K�b�k�l�_�f�u�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y�� �]�j�m�g�l�Z����
�j�Z�[�h�l�Z�� �d�h�l�h�j�u�o�� �h�k�g�h�\�Z�g�Z�� �g�Z�� �j�Z�k�q�_�l�_�� �i�h�d�Z�a�Z�l�_�e�_�c��CMV �b 
RMV���� �i�j�b�f�_�g�y�x�l�k�y�� �g�Z�� �\�b�[�j�Z�p�b�h�g�g�u�o�� �d�Z�l�d�Z�o�� �n�b�j�f��
CATERPILLAR, DYNAPAC �b��VOLVO.  

�K�_�\�_�j�h�Z�f�_�j�b�d�Z�g�k�d�Z�y�� �n�b�j�f�Z��TRIMBLE���� �k�i�_�p�b�Z�e�b�a�b�j�m��
�x�s�Z�y�k�y���g�Z���i�j�h�b�a�\�h�^�k�l�\�_���j�Z�a�e�b�q�g�h�]�h���]�_�h�^�_�a�b�q�_�k�d�h�]�h���h�[�h�j�m��
�^�h�\�Z�g�b�y���� �i�j�_�^�e�Z�]�Z�_�l�� �k�b�k�l�_�f�m�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y��
�&�&�6�)�O�H�[�����j�Z�[�h�l�Z���d�h�l�h�j�h�c���l�Z�d�`�_���h�k�g�h�\�Z�g�Z���g�Z���j�Z�k�q�_�l�_���i�h�d�Z��
�a�Z�l�_�e�y��CMV [7]. 

�G�Z�� �h�k�p�b�e�e�y�l�h�j�g�u�o�� �d�Z�l�d�Z�o��HAMM  �b�k�i�h�e�v�a�m�x�l�k�y�� �k�b��
�k�l�_�f�u�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y�� �]�j�m�g�l�Z���� �j�Z�[�h�l�Z��
�d�h�l�h�j�u�o�� �h�k�g�h�\�Z�g�Z�� �g�Z�� �j�Z�k�q�_�l�_�� �i�h�d�Z�a�Z�l�_�e�y�� �m�i�e�h�l�g�_�g�b�y��
Oscillo Meter Value ���^�Z�e�_�_ OMV�������d�h�l�h�j�u�c���y�\�e�y�_�l�k�y���Z�g�Z�e�h��
�]�h�f�� �i�h�d�Z�a�Z�l�_�e�y�� �m�i�e�h�l�g�_�g�b�y CMV���� �>�e�y�� �j�Z�k�q�_�l�Z�� �i�h�d�Z�a�Z�l�_�e�y��
OMV �i�j�h�b�a�\�h�^�b�l�k�y�� �Z�g�Z�e�b�a�� �m�k�d�h�j�_�g�b�c�� �h�k�b�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z�� �\�� �]�h�j�b�a�h�g�l�Z�e�v�g�h�c�� �i�e�h�k�d�h�k�l�b [6]���� �I�j�b�q�_�f�� �Z�e�]�h�j�b�l�f��
�j�Z�k�q�_�l�Z��OMV �b�a�f�_�g�y�_�l�k�y�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �g�Z�e�b�q�b�y�� �i�j�h��
�k�d�Z�e�v�a�u�\�Z�g�b�y���f�_�`�^�m���\�b�[�j�Z�p�b�h�g�g�u�f���\�Z�e�v�p�h�f���b���]�j�m�g�l�h�f���>8].  
 �<�������������]�h�^�m���y�i�h�g�k�d�b�c���i�j�h�b�a�\�h�^�b�l�_�e�v���k�l�j�h�b�l�_�e�v�g�h�c���l�_�o��
�g�b�d�b�� �6�$�.�$�,�� �i�j�_�^�e�h�`�b�e�� �k�\�h�c�� �i�h�d�Z�a�Z�l�_�e�v�� �m�i�e�h�l�g�_�g�b�y��
�]�j�m�g�l�Z�� �^�e�y�� �k�b�k�l�_�f�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y��- Compaction 
Control Value ���^�Z�e�_�_ CCV) [9, 10�@���� �>�Z�g�g�u�c�� �i�h�d�Z�a�Z�l�_�e�v��
�m�i�e�h�l�g�_�g�b�y�� �]�j�m�g�l�Z�� �b�k�i�h�e�v�a�m�_�l�k�y�� �\�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y���\ �k�b��
�k�l�_�f�Z�o�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y�� �]�j�m�g�l�Z���\�b�[�j�Z��
�p�b�h�g�g�u�o���d�Z�l�d�h�\��SAKAI .  
 �J�Z�k�q�_�l�� �i�h�d�Z�a�Z�l�_�e�y�� �m�i�e�h�l�g�_�g�b�y��CCV �l�Z�d�`�_���h�k�g�h�\�Z�g�� �g�Z��
�Z�g�Z�e�b�a�_�� �k�i�_�d�l�j�Z�� �\�_�j�l�b�d�Z�e�v�g�u�o�� �m�k�d�h�j�_�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h 
�\�Z�e�v�p�Z�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z���� �I�j�b�� �h�i�j�_�^�_�e�_�g�b�b��CCV �\�� �^�h��
�i�h�e�g�_�g�b�_�� �d�� �Z�f�i�e�b�l�m�^�Z�f�� �]�Z�j�f�h�g�b�d�� �k�i�_�d�l�j�Z�� �\�_�j�l�b�d�Z�e�v�g�h�]�h��
�m�k�d�h�j�_�g�b�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �k�� �q�Z�k�l�h�l�Z�f�b�� �b�a�f�_�g�_�g�b�y��
�\�u�g�m�`�^�Z�x�s�_�]�h���m�k�b�e�b�y��f �b��2f (�j�b�k������), �m�q�b�l�u�\�Z�x�l�k�y���Z�f�i�e�b��
�l�m�^�Z �]�Z�j�f�h�g�b�d�b �k�i�_�d�l�j�Z�� �\�_�j�l�b�d�Z�e�v�g�h�]�h�� �m�k�d�h�j�_�g�b�y���g�Z�� �q�Z��
�k�l�h�l�_��3f�����Z���l�Z�d�`�_���k�m�[�]�Z�j�f�h�g�b�d�b �g�Z���q�Z�k�l�h�l�Z�o 0,5f, 1,5f, 2,5f [9, 
10]: 
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�]�^�_����A1,5f - �Z�f�i�e�b�l�m�^�Z���k�m�[�]�Z�j�f�h�g�b�d�b���k�i�_�d�l�j�Z���\�_�j�l�b�d�Z�e�v�g�h�]�h��
�m�k�d�h�j�_�g�b�y���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z �g�Z���q�Z�k�l�h�l�_ 1,5f�����f���k2; A2,5f 

- �Z�f�i�e�b�l�m�^�Z���k�m�[�]�Z�j�f�h�g�b�d�b���k�i�_�d�l�j�Z���\�_�j�l�b�d�Z�e�v�g�h�]�h���m�k�d�h�j�_��
�g�b�y���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���g�Z �q�Z�k�l�h�l�_ 2,5f�����f���k2; A3f - �Z�f�i�e�b��
�l�m�^�Z���]�Z�j�f�h�g�b�d�b���k�i�_�d�l�j�Z���\�_�j�l�b�d�Z�e�v�g�h�]�h���m�k�d�h�j�_�g�b�y���\�b�[�j�Z�p�b��
�h�g�g�h�]�h���\�Z�e�v�p�Z���g�Z �q�Z�k�l�h�l�_ 3f�����f���k2. 
 �<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y���� �k�b�k�l�_�f�u�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y��
�m�i�e�h�l�g�_�g�b�y�����j�Z�[�h�l�Z���d�h�l�h�j�u�o���h�k�g�h�\�Z�g�Z���g�Z���j�Z�k�q�_�l�_���i�h�d�Z�a�Z�l�_��
�e�_�c���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z��CMV �b��RMV. �H�^�g�b�f�b���b�a���k�Z�f�u�o���j�Z�k��
�i�j�h�k�l�j�Z�g�_�g�g�u�o���� �H�^�g�Z�d�h�� �k�b�k�l�_�f�u�� �g�Z�� �[�Z�a�_�� �j�Z�k�q�_�l�Z CMV �b 
RMV �h�i�j�_�^�_�e�y�x�l�� �g�_�� �i�j�h�q�g�h�k�l�g�u�_�� �k�\�h�c�k�l�\�Z�� �]�j�m�g�l�Z���� �Z�� �d�h�k��
�\�_�g�g�u�_���i�h�d�Z�a�Z�l�_�e�b�����h�k�g�h�\�Z�g�g�u�_���g�Z���Z�g�Z�e�b�a�_���k�i�_�d�l�j�Z���\�_�j�l�b��
�d�Z�e�v�g�u�o���m�k�d�h�j�_�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���d�Z�l�d�Z�����H�k�g�h�\�g�h�c��
�`�_���p�_�e�v�x���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z���y�\�e�y�_�l�k�y���h�[�_�k�i�_�q�_�g�b�_���i�j�h�q�g�h��
�k�l�b���]�j�m�g�l�Z�����l���_�����k�i�h�k�h�[�g�h�k�l�b���\�u�^�_�j�`�b�\�Z�l�v���^�b�g�Z�f�b�q�_�k�d�b�_���b��
�k�l�Z�l�b�q�_�k�d�b�_�� �g�Z�]�j�m�a�d�b�� �h�l�� �l�j�Z�g�k�i�h�j�l�Z���� �\�u�r�_�e�_�`�Z�s�b�o�� �k�e�h�_�\��
�]�j�m�g�l�Z�� �b�� �^�h�j�h�`�g�u�o�� �h�^�_�`�^���� �I�h�w�l�h�f�m�� �\�_�^�m�s�b�_�� �i�j�h�b�a�\�h�^�b��
�l�_�e�b���\�b�[�j�Z�p�b�h�g�g�u�o���d�Z�l�d�h�\���g�_���k�l�Z�e�b���h�]�j�Z�g�b�q�b�\�Z�l�v�k�y���i�h�d�Z��
�a�Z�l�_�e�y�f�b���m�i�e�h�l�g�_�g�b�y��CMV �b��RMV �b���j�Z�a�j�Z�[�Z�l�u�\�Z�e�b���Z�e�v�l�_�j��
�g�Z�l�b�\�g�u�_�� �i�h�^�o�h�^�u�� �d�� �j�_�Z�e�b�a�Z�p�b�b�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y��
�m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z���>�����@���� 
 �I�h�d�Z�a�Z�l�_�e�v�� �m�i�e�h�l�g�_�g�b�y��Machine Drive Power ���^�Z�e�_�_������
�d�h�l�h�j�u�c���b�k�i�h�e�v�a�m�_�l�k�y�� �\���k�b�k�l�_�f�Z�o���g�_�i�j�_�j�u�\�g�h�]�h���d�h�g�l�j�h�e�y��
�m�i�e�h�l�g�_�g�b�y�� �g�Z�� �\�b�[�j�Z�p�b�h�g�g�u�o�� �d�Z�l�d�Z�o�� �n�b�j�f�u��
CATERPILLAR �k�h�\�f�_�k�l�g�h�� �k�� �i�h�d�Z�a�Z�l�_�e�y�f�b�� �m�i�e�h�l�g�_�g�b�y��
CMV �b��RMV �>���@���� �y�\�e�y�_�l�k�y�� �h�^�g�h�c�� �b�a�� �Z�e�v�l�_�j�g�Z�l�b�\�� �i�h�d�Z�a�Z�l�_��
�e�y�f�����j�Z�k�q�_�l���d�h�l�h�j�u�o���h�k�g�h�\�Z�g���g�Z���Z�g�Z�e�b�a�_���k�i�_�d�l�j�Z���m�k�d�h�j�_�g�b�c��
�\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z���� �I�j�b�f�_�g�_�g�b�_�� �i�h�d�Z�a�Z�l�_�e�y�� �m�i�e�h�l�g�_��
�g�b�y��MDP �^�e�y���d�h�g�l�j�h�e�y���i�j�h�p�_�k�k�Z���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z���h�k�g�h��
�\�Z�g�h���g�Z�� �m�f�_�g�v�r�_�g�b�b���]�e�m�[�b�g�u���i�h�]�j�m�`�_�g�b�y���\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z���\���]�j�m�g�l�� �b���k�g�b�`�_�g�b�b�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �i�_�j�_�^�\�b�`�_�g�b�x��
�d�Z�l�d�Z���i�j�b���m�\�_�e�b�q�_�g�b�b���i�e�h�l�g�h�k�l�b���]�j�m�g�l�Z���\���i�j�h�p�_�k�k�_���m�i�e�h�l��
�g�_�g�b�y���_�]�h���\�b�[�j�Z�p�b�h�g�g�u�f���d�Z�l�d�h�f���>�����@�� 

,   (4) 

�]�^�_���� ��Pg �± �f�h�s�g�h�k�l�v���� �l�j�_�[�m�_�f�Z�y�� �^�e�y�� �^�\�b�`�_�g�b�y�� �\�b�[�j�Z�p�b�h�g��
�g�h�]�h�� �d�Z�l�d�Z���� �<�l����W �± �\�_�k�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z���� �G����V �± �k�d�h��
�j�h�k�l�v���^�\�b�`�_�g�b�y���\�b�[�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z�����f���k������  �± �i�j�_�h�^�h�e�_�\�Z��
�_�f�u�c���i�j�h�^�h�e�v�g�u�c���m�d�e�h�g�����j�Z�^����a �± �m�k�d�h�j�_�g�b�_���^�\�b�`�_�g�b�y���\�b�[��
�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z�����f���k2; g �± �m�k�d�h�j�_�g�b�_���k�\�h�[�h�^�g�h�]�h���i�Z�^�_�g�b�y����
�f���k2; b1, b2 �± �d�h�w�n�n�b�p�b�_�g�l�u���\�g�m�l�j�_�g�g�b�o���i�h�l�_�j�v�����m���d�Z�`�^�h�]�h��
�d�Z�l�d�Z�� �j�Z�a�e�b�q�g�h�_�� �a�g�Z�q�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�h�\������(b1�ÂV + b2) �± 
�k�e�Z�]�Z�_�f�h�_�����o�Z�j�Z�d�l�_�j�b�a�m�x�s�_�_���a�Z�l�j�Z�l�u���f�h�s�g�h�k�l�b�����k�\�y�a�Z�g�g�u�_��
�k���\�g�m�l�j�_�g�g�b�f�b���i�h�l�_�j�y�f�b�����:�Â�9�Â(�V�L�Q�� + a/g) - �k�e�Z�]�Z�_�f�h�_�����o�Z��
�j�Z�d�l�_�j�b�a�m�x�s�_�_�� �a�Z�l�j�Z�l�u�� �f�h�s�g�h�k�l�b���� �k�\�y�a�Z�g�g�u�_�� �k�� �i�j�h�^�h�e�v��
�g�u�f���m�d�e�h�g�h�f���� 
 �B�a�\�_�k�l�g�u�c���g�_�f�_�p�d�b�c���i�j�h�b�a�\�h�^�b�l�_�e�v���m�i�e�h�l�g�y�x�s�_�c���l�_�o��
�g�b�d�b�� �n�b�j�f�Z�� �%�2�0�$�*�� �\�� ���������� �]�h�^�m�� �i�j�_�^�e�h�`�b�e�Z�� �i�h�d�Z�a�Z�l�_�e�v��
�m�i�e�h�l�g�_�g�b�y Omega �^�e�y�� �h�[�_�k�i�_�q�_�g�b�y�� �j�Z�[�h�l�u�� �k�b�k�l�_�f�u�� �g�_��
�i�j�_�j�u�\�g�h�]�h���d�h�g�l�j�h�e�y���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z���7�H�U�U�D�P�H�W�H�U�����I�h�d�Z��
�a�Z�l�_�e�v���m�i�e�h�l�g�_�g�b�y��Omega �o�Z�j�Z�d�l�_�j�b�a�m�_�l���w�g�_�j�]�b�x�����i�_�j�_�^�Z��
�\�Z�_�f�m�x���\���]�j�m�g�l���i�j�b���j�Z�[�h�l�_���\�b�[�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z���g�Z���m�i�e�h�l��
�g�y�_�f�h�f���m�q�Z�k�l�d�_�����K�b�e�Z���j�_�Z�d�p�b�b���]�j�m�g�l�Z Fs�����\�h�a�g�b�d�Z�x�s�Z�y���i�j�b��
�^�_�n�h�j�f�b�j�h�\�Z�g�b�b�� �]�j�m�g�l�Z���� �b�a�f�_�g�y�_�l�k�y�� �\�� �i�j�h�p�_�k�k�_�� �m�i�e�h�l�g�_��
�g�b�y���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���]�e�m�[�b�g�u���i�h�]�j�m�`�_�g�b�y���\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z�� �\�� �]�j�m�g�l�� ���\�_�j�l�b�d�Z�e�v�g�h�]�h�� �i�_�j�_�f�_�s�_�g�b�y�� �\�b�[�j�Z�p�b�h�g��
�g�h�]�h���\�Z�e�v�p�Z zd�������j�_�`�b�f�Z���j�Z�[�h�l�u���^�_�[�Z�e�Z�g�k�g�h�]�h���m�a�e�Z���b���o�Z�j�Z�d��
�l�_�j�b�k�l�b�d���]�j�m�g�l�Z�����l�b�i�Z�����i�e�h�l�g�h�k�l�b���b���\�e�Z�`�g�h�k�l�b���� 
 �:�d�k�_�e�_�j�h�f�_�l�j���� �m�k�l�Z�g�h�\�e�_�g�g�u�c�� �g�Z�� �j�Z�f�_�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z���� �i�j�h�b�a�\�h�^�b�l�� �i�h�k�l�h�y�g�g�m�x�� �j�_�]�b�k�l�j�Z�p�b�x�� �m�k�d�h�j�_�g�b�c��
�\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �\�� �i�j�h�p�_�k�k�_�� �d�h�e�_�[�Z�g�b�c���� �I�h�d�Z�a�Z�l�_�e�v��

�m�i�e�h�l�g�_�g�b�y��Omega �j�Z�k�k�q�b�l�u�\�Z�_�l�k�y���i�m�l�_�f���b�g�l�_�]�j�b�j�h�\�Z�g�b�y��
�d�j�b�\�h�c Fs �± zd ���j�_�Z�d�p�b�y���]�j�m�g�l�Z���h�l�g�h�k�b�l�_�e�v�g�h���i�_�j�_�f�_�s�_�g�b�y��
�\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����\�h���\�j�_�f�y���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z���\�b�[�j�Z��
�p�b�h�g�g�u�f���d�Z�l�d�h�f���a�Z���^�\�Z���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�o���p�b�d�e�Z���\�b�[�j�Z�p�b�b��
[2]: 

�]�^�_����zd  - �k�d�h�j�h�k�l�v���i�_�j�_�f�_�s�_�g�b�y���\�Z�e�v�p�Z�����f�����± �\�_�j�l�b�d�Z�e�v��

�g�h�_���m�k�d�h�j�_�g�b�_���\�Z�e�v�p�Z�����f���k2; �± �f�h�f�_�g�l���w�d�k�p�_�g�l�j�b�d�h�\�u�o��

�f�Z�k�k���� �d�]���f�����& - �d�j�m�]�h�\�Z�y�� �q�Z�k�l�h�l�Z�� �d�h�e�_�[�Z�g�b�c���� �j�Z�^���k����md �± 
�f�Z�k�k�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����d�]����mf  �± �f�Z�k�k�Z���j�Z�f�u���\�b�[�j�Z�p�b��
�h�g�g�h�]�h���\�Z�e�v�p�Z�����d�]�� 
 �<�� �d�h�g�p�_�� ��������-�o�� �]�h�^�h�\�� �d�h�f�i�Z�g�b�y�� �%�2�0�$�*�� �i�j�_�^�k�l�Z�\�b�e�Z��
�i�h�d�Z�a�Z�l�_�e�v�� �m�i�e�h�l�g�_�g�b�y�� �]�j�m�g�l�Z���<�b�[�j�Z�p�b�h�g�g�u�c�� �f�h�^�m�e�v Evib. 
�J�Z�k�q�_�l���j�Z�a�g�h�k�l�b���n�Z�a���d�h�e�_�[�Z�g�b�c���w�d�k�p�_�g�l�j�b�d�h�\���^�_�[�Z�e�Z�g�k�g�h�]�h��
�f�h�^�m�e�y���b���\�Z�e�v�p�Z���d�Z�l�d�Z�����Z���l�Z�d�`�_���j�_�Z�d�p�b�b���]�j�m�g�l�Z��Fs �h�k�m�s�_�k�l�\��
�e�y�_�l�k�y�� �g�Z�� �h�k�g�h�\�Z�g�b�b�� �^�\�m�o�f�Z�k�k�g�h�c�� �j�_�h�e�h�]�b�q�_�k�d�h�c�� �f�h�^�_�e�b����
�I�h�k�e�_�� �j�Z�k�q�_�l�Z�� �i�_�j�_�f�_�s�_�g�b�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z��zd �k�h��
�k�l�Z�\�e�y�x�l�k�y���^�b�Z�]�j�Z�f�f�u��Fs �± zd �^�e�y���d�Z�`�^�h�]�h���p�b�d�e�Z���d�h�e�_�[�Z�g�b�c��
�b���b�a�f�_�j�y�_�l�k�y���l�Z�g�]�_�g�k���m�]�e�Z���g�Z�d�e�h�g�Z���h�i�j�_�^�_�e�_�g�g�h�]�h���m�q�Z�k�l�d�Z��
�i�h�e�m�q�_�g�g�h�c���d�j�b�\�h�c Fs �± zd �d���h�k�b zd. 
 �A�g�Z�q�_�g�b�y���(�æ, �V�× �b���m�]�e�Z�� �g�Z�d�e�h�g�Z�� �d�Z�k�Z�l�_�e�v�g�h�c���k�j�Z�\�g�b�\�Z��
�x�l�k�y�� �k �l�_�h�j�_�l�b�q�_�k�d�b�f�b���� �j�Z�k�k�q�b�l�u�\�Z�_�f�u�f�b�� �i�h�� �a�Z�\�b�k�b�f�h��
�k�l�y�f�����d�h�l�h�j�u�_���i�j�_�^�e�h�`�b�e��D. Lundberg �\�������������]�h�^�m���i�j�b���b�k��
�k�e�_�^�h�\�Z�g�b�b���k�l�Z�l�b�q�_�k�d�h�]�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���`�_�k�l�d�h�]�h���p�b�e�b�g��
�^�j�Z���k���m�i�j�m�]�b�f���b�a�h�l�j�h�i�g�u�f���i�h�e�m�i�j�h�k�l�j�Z�g�k�l�\�h�f���k���f�h�^�m�e�_�f��
�m�i�j�m�]�h�k�l�b��E (�j�b�k����������[4]:  

,  (6) 

�]�^�_����v - �d�h�w�n�n�b�p�b�_�g�l���I�m�Z�k�k�h�g�Z����Fs - �k�b�e�Z���j�_�Z�d�p�b�b���]�j�m�g�l�Z�����G����
b �± �^�e�b�g�Z���o�h�j�^�u�����k�l�y�]�b�\�Z�x�s�_�c���i�h�]�j�m�`�_�g�g�m�x���\���]�j�m�g�l���q�Z�k�l�v��
�h�d�j�m�`�g�h�k�l�b���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����f����L - �r�b�j�b�g�Z���\�b�[�j�Z�p�b��
�h�g�g�h�]�h���\�Z�e�v�p�Z�����f���� 

�>�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �i�h�d�Z�a�Z�l�_�e�y�� �m�i�e�h�l�g�_�g�b�y�� �\�b�[�j�Z�p�b�h�g��
�g�h�]�h�� �f�h�^�m�e�y���' �é�Ü�Õ �b�k�i�h�e�v�a�m�_�l�k�y�� �g�h�f�h�]�j�Z�f�f�Z�� �a�Z�\�b�k�b�f�h�k�l�b��
�j�_�Z�d�p�b�b���]�j�m�g�l�Z���h�l���i�_�j�_�f�_�s�_�g�b�y���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z��[4]. 

�<�� ���������� �]�h�^�m�� �d�h�f�i�Z�g�b�y�� �$�0�0�$�1�1�� �i�j�_�^�k�l�Z�\�b�e�Z�� �i�h�d�Z�a�Z��
�l�_�e�v���m�i�e�h�l�g�_�g�b�y���D�h�w�n�n�b�p�b�_�g�l���`�_�k�l�d�h�k�l�b (ks). �A�g�Z�q�_�g�b�_��
�d�h�w�n�n�b�p�b�_�g�l�Z��ks �h�i�j�_�^�_�e�y�_�l�k�y�� �g�Z�� �h�k�g�h�\�Z�g�b�b�� �Z�g�Z�e�b�a�Z�� �^�b�Z��
�]�j�Z�f�f�u�� �h�l�g�h�r�_�g�b�y�� �k�b�e�u�� �j�_�Z�d�p�b�b�� �]�j�m�g�l�Z�� �b�� �i�_�j�_�f�_�s�_�g�b�y��
�\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z��Fs �± zd [13]: 

 ,  (7) 
�]�^�_����  - �d�j�m�]�h�\�Z�y�� �q�Z�k�l�h�l�Z�� �d�h�e�_�[�Z�g�b�c�� �\�b�[�j�h�\�h�a�[�m�^�b�l�_�e�y����

�j�Z�^���k�� �± �f�Z�k�k�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����d�]�����± �f�h�f�_�g�l��

�w�d�k�p�_�g�l�j�b�d�h�\�u�o�� �f�Z�k�k���� �d�]��̃f���� - �j�Z�a�g�h�k�l�v�� �n�Z�a�� �d�h�e�_�[�Z�g�b�c��
�\�b�[�j�h�\�h�a�[�m�^�b�l�_�e�y���b���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����]�j�Z�^�� 

�D�h�w�n�n�b�p�b�_�g�l ks �j�Z�k�k�q�b�l�u�\�Z�_�l�k�y�� �d�Z�d�� �l�Z�g�]�_�g�k�� �m�]�e�Z��
�g�Z�d�e�h�g�Z�� �i�j�y�f�h�c���� �i�j�h�o�h�^�y�s�_�c�� �q�_�j�_�a�� �l�h�q�d�b�� �f�Z�d�k�b�f�Z�e�v�g�h�]�h��
�i�h�]�j�m�`�_�g�b�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �\�� �m�i�e�h�l�g�y�_�f�u�c�� �]�j�m�g�l��
���a�g�Z�q�_�g�b�_ zd max�����b���k�l�Z�l�b�q�_�k�d�h�]�h���\�_�k�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z��
(F static�������A�g�Z�q�_�g�b�y���i�_�j�_�f�_�s�_�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z��zd 

max �j�Z�k�k�q�b�l�u�\�Z�_�l�k�y���q�_�j�_�a���b�g�l�_�]�j�b�j�h�\�Z�g�b�_���a�g�Z�q�_�g�b�c���m�k�d�h�j�_��
�g�b�c���\�Z�e�v�p�Z�����^�Z�g�g�u�_���k���Z�d�k�_�e�_�j�h�f�_�l�j�Z�����m�k�l�Z�g�Z�\�e�b�\�Z�_�f�h�]�h���g�Z��
�j�Z�f�m���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���� 
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�J�b�k�����������B�a�f�_�g�_�g�b�_���k�i�_�d�l�j�Z���\�_�j�l�b�d�Z�e�v�g�u�o���m�k�d�h�j�_�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z���\���i�j�h�p�_�k�k�_���m�i�e�h�l�g�_�g�b�y��

[8, 9, 10] 

 
�J�b�k�����������<�b�[�j�Z�p�b�h�g�g�u�c���\�Z�e�_�p���g�Z���m�i�j�m�]�h�f���i�h�e�m�i�j�h�k�l�j�Z�g�k�l�\�_���b���k�\�y�a�v���f�_�`�^�m���`�_�k�l�d�h�k�l�v�x��k �b���f�h�^�m�e�_�f��E [4]

 �J�Z�[�h�l�Z�� �g�Z�b�[�h�e�_�_�� �k�h�\�_�j�r�_�g�g�u�o�� �k�b�k�l�_�f�� �g�_�i�j�_�j�u�\�g�h�]�h��
�d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y�� �]�j�m�g�l�Z�� �\�b�[�j�Z�p�b�h�g�g�u�f�b�� �d�Z�l�d�Z�f�b�� �\�_��
�^�m�s�b�o���f�b�j�h�\�u�o���i�j�h�b�a�\�h�^�b�l�_�e�_�c���h�k�g�h�\�Z�g�Z���g�Z���f�h�^�_�e�b�j�h�\�Z��
�g�b�b�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �\�b�[�j�h�\�Z�e�v�p�Z�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z�� �k��
�m�i�e�h�l�g�y�_�f�u�f�� �]�j�m�g�l�h�f�� �j�_�h�e�h�]�b�q�_�k�d�b�f�b�� �f�h�^�_�e�y�f�b�� �j�Z�a�e�b�q��
�g�h�c���k�e�h�`�g�h�k�l�b���b���b�k�i�h�e�v�a�h�\�Z�g�b�b���i�h�d�Z�a�Z�g�b�c���Z�d�k�_�e�_�j�h�f�_�l�j�Z����
�m�k�l�Z�g�h�\�e�_�g�g�h�]�h�� �g�Z�� �\�b�[�j�Z�p�b�h�g�g�h�f�� �\�Z�e�v�p�_�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�d�Z�l�d�Z�� �^�e�y�� �j�Z�k�q�_�l�Z�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �i�e�h�l�g�h�k�l�b�� ���i�j�h�q�g�h�k�l�b����
�m�i�e�h�l�g�y�_�f�h�]�h���f�Z�l�_�j�b�Z�e�Z���>14]. 
 �: �g�Z�e�b�a�� �i�h�d�Z�a�Z�l�_�e�_�c���� �g�Z�� �h�k�g�h�\�_�� �d�h�l�h�j�u�o�� �n�m�g�d�p�b�h�g�b��
�j�m�x�l���k�b�k�l�_�f�u �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y�� �]�j�m�g�l�Z��
�\�b�[�j�Z�p�b�h�g�g�u�f�b�� �d�Z�l�d�Z�f�b�� �\�_�^�m�s�b�o�� �f�b�j�h�\�u�o�� �i�j�h�b�a�\�h�^�b�l�_��
�e�_�c�����i�h�d�Z�a�u�\�Z�_�l�����q�l�h���[�h�e�v�r�b�g�k�l�\�h���i�j�h�b�a�\�h�^�b�l�_�e�_�c���b�k�i�h�e�v��
�a�m�x�l�� �k�b�k�l�_�f�u���� �h�k�g�h�\�Z�g�g�u�_�� �g�Z�� �Z�g�Z�e�b�a�_�� �k�i�_�d�l�j�Z���\�_�j�l�b�d�Z�e�v��
�g�u�o���m�k�d�h�j�_�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�� 

�G�Z�� �h�k�g�h�\�Z�g�b�b�� �Z�g�Z�e�b�a�Z�� �\�u�r�_�i�_�j�_�q�b�k�e�_�g�g�u�o�� �i�h�d�Z�a�Z�l�_��
�e�_�c�����g�Z���d�Z�n�_�^�j�_���©�K�l�j�h�b�l�_�e�v�g�u�_���b���^�h�j�h�`�g�u�_���f�Z�r�b�g�u�ª���Y�j�h��
�k�e�Z�\�k�d�h�]�h�� �]�h�k�m�^�Z�j�k�l�\�_�g�g�h�]�h�� �l�_�o�g�b�q�_�k�d�h�]�h�� �m�g�b�\�_�j�k�b�l�_�l�Z 
�j�Z�a�j�Z�[�h�l�Z�g���g�h�\�u�c�� �i�h�d�Z�a�Z�l�_�e�v�� �^�e�y�� �n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y�� �k�b��
�k�l�_�f�u���g�_�i�j�_�j�u�\�g�h�]�h���d�h�g�l�j�h�e�y���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z���^�e�y���\�b�[��
�j�Z�p�b�h�g�g�u�o���d�Z�l�d�h�\��Compaction Value (�%�8) [15]: 

 
 

�]�^�_�� K �± �h�[�s�b�c���l�Z�j�b�j�h�\�h�q�g�u�c���d�h�w�n�n�b�p�b�_�g�l�� K0,5f, Kf, K1,5f, 
K2f, K2,5f, K3f �± �d�h�w�n�n�b�p�b�_�g�l�u���a�g�Z�q�b�f�h�k�l�b���Z�f�i�e�b�l�m�^���]�Z�j�f�h��
�g�b�d���k�i�_�d�l�j�Z�� �m�k�d�h�j�_�g�b�y���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���g�Z �q�Z�k�l�h�l�Z�o 
0,5f, f, 1,5f, 2f, 2,5f, 3f �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� 
 �B�k�i�h�e�v�a�h�\�Z�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�h�\�� �a�g�Z�q�b�f�h�k�l�b�� �Z�f�i�e�b�l�m�^��
�]�Z�j�f�h�g�b�d�� �k�i�_�d�l�j�Z�� �m�k�d�h�j�_�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �i�j�b��
�j�Z�k�q�_�l�_�� �a�g�Z�q�_�g�b�c�� �i�h�d�Z�a�Z�l�_�e�y��CV �i�h�a�\�h�e�y�_�l�� �[�h�e�_�_�� �l�h�g�d�h��
�g�Z�k�l�j�Z�b�\�Z�l�v�� �k�b�k�l�_�f�u�� �g�_�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y��
�g�Z���h�i�j�_�^�_�e�_�g�g�u�c���\�b�^���f�Z�l�_�j�b�Z�e�Z�����L�Z�d�`�_���w�l�h���i�h�a�\�h�e�y�_�l�� �i�h��
�\�u�k�b�l�v���q�m�\�k�l�\�b�l�_�e�v�g�h�k�l�v���^�Z�g�g�h�]�h���i�h�d�Z�a�Z�l�_�e�y���d���b�a�f�_�g�_�g�b�x��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d���m�i�e�h�l�g�y�_�f�h�]�h���]�j�m�g�l�Z�����G�Z���h�k�g�h�\�_���i�h�d�Z�a�Z�l�_�e�y��
CV �\�h�a�f�h�`�g�Z�� �j�Z�a�j�Z�[�h�l�d�Z�� �h�l�_�q�_�k�l�\�_�g�g�h�c�� �k�b�k�l�_�f�u�� �g�_�i�j�_��
�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �m�i�e�h�l�g�_�g�b�y�� �]�j�m�g�l�Z�� �^�e�y�� �\�b�[�j�Z�p�b�h�g�g�u�o��
�d�Z�l�d�h�\�����q�l�h���Z�d�l�m�Z�e�v�g�h���^�e�y���j�_�r�_�g�b�y���a�Z�^�Z�q���i�h�\�u�r�_�g�b�y���d�Z�q�_��
�k�l�\�Z�� �Z�\�l�h�f�h�[�b�e�v�g�u�o�� �^�h�j�h�]�� �b�� �j�_�Z�e�b�a�Z�p�b�b�� �i�j�h�]�j�Z�f�f�u�� �b�f��
�i�h�j�l�h�a�Z�f�_�s�_�g�b�y�� �\�� �^�h�j�h�`�g�h-�k�l�j�h�b�l�_�e�v�g�h�f�� �f�Z�r�b�g�h�k�l�j�h�_��
�g�b�b �J�h�k�k�b�c�k�d�h�c���N�_�^�_�j�Z�p�b�b. 
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Abstract. This article substantiates the need to improve meth-
ods for monitoring the quality of compaction of road-building ma-
terials and the use of continuous compaction control systems in the 
composition of vibratory rollers to ensure documentation and 
quality control of 100% of the compaction surface. The criterions 
of soil compaction are considered, based on which the work of 
modern systems for the continuous compaction control by Am-
mann/Case, Bomag, Caterpillar , Dynapac, Sakai and Volvo rollers 
is based. The importance of considering the different modes of op-
eration of the vibration roller: constant contact, partial separation 
and double jump and others, as well as indications of the transition 
of the drum to the undesired mode of oscillations double jump is 
indicated. The characteristics of compaction indicators are ana-

lyzed, the calculation of which is based on the analysis of the accel-
eration spectrum of the vibration roller, as well as indicators con-
sidering the strength characteristics of the material to be com-
pacted. The necessity of creating a domestic continuous compac-
tion control system by vibratory rollers has been substantiated. A 
new promising compaction criterion  for such a system is pre-
sented. The use of the proposed CV index makes it possible to fine-
tune the continuous compaction control systems of the vibratory 
roller to a specific type of material. It also allows to improve the 
sensitivity of the continuous control system to changes in the char-
acteristics of the soil being compacted. 

Keywords: soil, compaction, vibration, vibratory roller, 
continuous compaction control, soil compaction criterion.

 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 133  

 

�H�p�_�g�d�Z���l�_�i�e�h�\�h�c���g�Z�]�j�m�`�_�g�g�h�k�l�b���i�Z�j���l�j�_�g�b�y��
�Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�c���l�h�j�f�h�a�g�h�c���k�b�k�l�_�f�u��

�Z�\�l�h�f�h�[�b�e�y��
�>�u�]�Z�e�h���<���=�������@�m�d�h�\���B���K��  

�<�h�e�]�h�]�j�Z�^�k�d�b�c���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�c���l�_�o�g�b�q�_�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l 
�<�h�e�]�h�]�j�Z�^�����J�h�k�k�b�y 

dygalo@vstu.ru  

�:�g�g�h�l�Z�p�b�y. �B�a�e�h�`�_�g���i�h�^�o�h�^���d���i�j�_�^�i�j�h�_�d�l�g�h�c���h�p�_�g�d�_���l�_�i��
�e�h�\�h�c���g�Z�]�j�m�`�_�g�g�h�k�l�b���w�e�_�f�_�g�l�h�\���l�h�j�f�h�a�g�h�]�h���f�_�o�Z�g�b�a�f�Z���m���Z�\��
�l�h�f�h�[�b�e�_�c���k���:�;�K�� �H�k�g�h�\�g�Z�y���k�m�l�v���d�h�l�h�j�h�]�h���k�h�k�l�h�b�l���\���l�h�f�����q�l�h��
�[�h�e�v�r�Z�y�� �q�Z�k�l�v�� �d�b�g�_�l�b�q�_�k�d�h�c�� �w�g�_�j�]�b�b�� �Z�\�l�h�f�h�[�b�e�y�� �k�� �:�;�K���]�Z��
�k�b�l�k�y�� �a�Z�� �k�q�_�l�� �j�Z�[�h�l�u�� �l�j�_�g�b�y�� �\���l�h�j�f�h�a�g�h�f�� �f�_�o�Z�g�b�a�f�_�� �I�_�j�_��
�]�j�_�\�� �l�h�j�f�h�a�g�h�]�h�� �f�_�o�Z�g�b�a�f�Z���� �Z�� �b�f�_�g�g�h���_�]�h�� �i�Z�j�� �l�j�_�g�b�y�� �i�j�b�\�h��
�^�b�l���d���\�h�a�g�b�d�g�h�\�_�g�b�x���y�\�e�_�g�b�y���d�j�b�l�b�q�_�k�d�h�]�h���n�_�^�b�g�]�Z�����k�h�i�j�h��
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�j�Z�d�l�_�j�b�k�l�b�d�b���d�Z�d�� �b�a�f�_�g�_�g�b�_�� �\�� �i�j�h�p�_�k�k�_�� �l�h�j�f�h�`�_�g�b�y�� �f�h��
�f�_�g�l�Z�� �l�j�_�g�b�y���� �l�_�f�i�_�j�Z�l�m�j�u�� �i�h�\�_�j�o�g�h�k�l�b�� �l�h�j�f�h�a�g�u�o�� �^�b�k��
�d�h�\���� �k�d�h�j�h�k�l�b�� �b�� �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�b�� �l�h�j�f�h�`�_�g�b�y���� �Z�� �l�Z�d�`�_��
�k�h�\�_�j�r�Z�_�f�h�c�� �j�Z�[�h�l�u�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �n�b�a�b�d�h-�f�_�o�Z�g�b�q�_��
�k�d�b�o���b���l�_�i�e�h�n�b�a�b�q�_�k�d�b�o���k�\�h�c�k�l�\���f�Z�l�_�j�b�Z�e�h�\���n�j�b�d�p�b�h�g�g�h�c��
�i�Z�j�u�����Z���l�Z�d�`�_���d�h�g�k�l�j�m�d�l�b�\�g�u�o�����k�b�e�h�\�u�o���b���d�b�g�_�f�Z�l�b�q�_�k�d�b�o��
�i�Z�j�Z�f�_�l�j�h�\���l�h�j�f�h�a�Z�� 

�<�_�e�b�q�b�g�m�� �k�j�_�^�g�_�c�� �l�_�f�i�_�j�Z�l�m�j�u�� �i�Z�j�� �l�j�_�g�b�y���� �m�q�b�l�u�\�Z�y��
�d�j�Z�l�d�h�\�j�_�f�_�g�g�h�k�l�v�� �l�h�j�f�h�`�_�g�b�y���� �[�_�a�� �m�q�_�l�Z�� �l�_�i�e�h�h�l�^�Z�q�b�� �\��
�h�d�j�m�`�Z�x�s�m�x�� �k�j�_�^�m���� �f�h�`�g�h�� �h�i�j�_�^�_�e�b�l�v�� �i�h�� �a�Z�\�b�k�b�f�h�k�l�b����
�i�h�e�m�q�_�g�g�h�c���i�j�h�n�_�k�k�h�j�h�f���:���<�����Q�b�q�b�g�Z�^�a�_���>��-10] 

  (1) 

�]�^�_����  �± �i�h�e�g�Z�y���j�Z�[�h�l�Z���l�h�j�f�h�`�_�g�b�y���� �± �d�h�w�n�n�b�p�b�_�g�l��

�j�Z�k�i�j�_�^�_�e�_�g�b�y�� �l�_�i�e�h�\�u�o�� �i�h�l�h�d�h�\���� �± �g�h�f�g�Z�e�v�g�Z�y�� �i�e�h��

�s�Z�^�v�� �l�j�_�g�b�y�� �± �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v�� �l�h�j�f�h�`�_�g�b�y���� �± 

�d�h�w�n�n�b�p�b�_�g�l�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b����,  �± �\�j�_�f�_�g�g�u�_�� �o�Z��

�j�Z�d�l�_�j�b�k�l�b�d�b���f�h�s�g�h�k�l�b���b���j�Z�[�h�l�u���� �± �q�b�k�e�Z���N�m�j�v�_���n�j�b�d��

�p�b�h�g�g�u�o���w�e�_�f�_�g�l�h�\�� 
�<���k�\�h�x���h�q�_�j�_�^�v�����d�h�w�n�n�b�p�b�_�g�l���j�Z�k�i�j�_�^�_�e�_�g�b�y���l�_�i�e�h�\�u�o��

�i�h�l�h�d�h�\�����g�_�h�[�o�h�^�b�f�u�c���^�e�y���j�Z�k�q�_�l�Z���l�_�i�e�h�\�u�o���i�h�e�_�c�����f�h�`�_�l��
�[�u�l�v���g�Z�c�^�_�g���b�a���\�u�j�Z�`�_�g�b�y�� 

  (2) 

�]�^�_��  �± �l�h�e�s�b�g�Z���n�j�b�d�p�b�h�g�g�u�o���w�e�_�f�_�g�l�h�\�� 

�I�j�b�\�_�^�_�g�g�u�_�� �a�Z�\�b�k�b�f�h�k�l�b�� �i�h�a�\�h�e�y�x�l�� �\�u�i�h�e�g�b�l�v�� �j�Z�k��
�q�_�l���k�j�_�^�g�_�c���l�_�f�i�_�j�Z�l�m�j�u���l�h�j�f�h�a�g�u�o���^�b�k�d�h�\���k���i�h�f�h�s�v�x���d�h��
�g�_�q�g�h-�w�e�_�f�_�g�l�g�u�o�� �i�j�h�]�j�Z�f�f�g�u�o�� �d�h�f�i�e�_�d�k�h�\�� �>11-15�@�� �i�j�b 
�b�a�\�_�k�l�g�h�c�� �i�h�e�g�h�c�� �j�Z�[�h�l�_�� �l�h�j�f�h�`�_�g�b�y���� �B�k�o�h�^�g�u�f�b�� �i�Z�j�Z��
�f�_�l�j�Z�f�b���\���g�b�o���k�e�m�`�Z�l���^�_�l�Z�e�b���b���k�[�h�j�d�Z���l�h�j�f�h�a�g�u�o���f�_�o�Z�g�b�a��
�f�h�\�����\�_�e�b�q�b�g�u���l�_�i�e�h�\�u�o���i�h�l�h�d�h�\�����d�h�w�n�n�b�p�b�_�g�l�h�\���l�_�i�e�h�h�l��
�^�Z�q�b�����L�Z�d�����\���d�Z�q�_�k�l�\�_���i�j�b�f�_�j�Z���g�Z���j�b�k�m�g�d�_�������i�h�d�Z�a�Z�g�Z���f�h�^�_�e�v��
�j�Z�k�i�j�_�^�_�e�_�g�b�y���l�_�f�i�_�j�Z�l�m�j�u���l�h�j�f�h�a�g�h�]�h���^�b�k�d�Z���Z�\�l�h�f�h�[�b�e�y��
�k�� �:�;�K�� �i�j�b�� �d�h�w�n�n�b�p�b�_�g�l�_�� �d�h�g�\�_�d�l�b�\�g�h�c�� �l�_�i�e�h�h�l�^�Z�q�b�� ������
�<�l���f�����D���b���l�_�f�i�_�j�Z�l�m�j�_���h�d�j�m�`�Z�x�s�_�c���k�j�_�^�u�����������D [16]�����i�h��
�e�m�q�_�g�g�Z�y�� �i�j�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�b�� �d�h�g�_�q�g�h-�w�e�_�f�_�g�l�g�h�]�h�� �i�j�h��
�]�j�Z�f�f�g�h�]�h���d�h�f�i�e�_�d�k�Z�� 

�D�Z�d�� �[�u�e�h�� �m�d�Z�a�Z�g�h�� �\�u�r�_���� �^�e�y�� �i�j�b�f�_�g�_�g�b�y�� �i�h�e�m�q�_�g�g�u�o��
�:���<�����Q�b�q�b�g�Z�^�a�_���>7-10�@���a�Z�\�b�k�b�f�h�k�l�_�c���g�_�h�[�o�h�^�b�f�h���g�Z�o�h�`�^�_��
�g�b�_�� �i�h�e�g�h�c�� �j�Z�[�h�l�u�� �l�h�j�f�h�`�_�g�b�y�� �g�Z�� �h�k�g�h�\�_�� �\�_�e�b�q�b�g�u�� �l�h�j��
�f�h�a�g�h�c�� �k�b�e�u�� �g�Z�� �^�b�k�d�_�� �b�� �^�e�b�g�u�� �i�m�l�b�� �l�j�_�g�b�y�� �l�h�j�f�h�a�g�h�]�h��
�^�b�k�d�Z�����G�Z���k�l�Z�^�b�b���i�j�_�^�i�j�h�_�d�l�g�h�]�h���Z�g�Z�e�b�a�Z���^�e�y���h�i�j�_�^�_�e�_�g�b�y��

�l�h�j�f�h�a�g�h�c���k�b�e�u���\�h�a�f�h�`�g�u���g�_�k�d�h�e�v�d�h���i�h�^�o�h�^�h�\�����G�Z�b�[�h�e�_�_��
�i�_�j�k�i�_�d�l�b�\�g�u�f���y�\�e�y�_�l�k�y���i�h�^�o�h�^�����h�k�g�h�\�Z�g�g�u�c���g�Z���h�i�j�_�^�_�e�_��
�g�b�b���i�j�b�\�_�^�_�g�g�h�c���d���l�h�j�f�h�a�g�h�f�m���^�b�k�d�m���j�Z�[�h�l�u���l�h�j�f�h�`�_�g�b�y����
�d�h�l�h�j�m�x���k�� �^�h�k�l�Z�l�h�q�g�h�c���l�h�q�g�h�k�l�v�x���f�h�`�g�h���g�Z�c�l�b���q�_�j�_�a�� �k�h��
�h�l�g�h�r�_�g�b�_���i�j�h�^�h�e�v�g�h�c���j�_�Z�d�p�b�b���b���l�h�j�f�h�a�g�h�]�h���f�h�f�_�g�l�Z��[17] 

 

 
�J�b�k�����������F�h�^�_�e�v���j�Z�k�i�j�_�^�_�e�_�g�b�y���l�_�f�i�_�j�Z�l�m�j�u���l�h�j�f�h�a�g�h�]�h��

�^�b�k�d�Z���l�j�Z�g�k�i�h�j�l�g�h�]�h���k�j�_�^�k�l�\�Z���k���:�;�K 

�>�e�y�� �w�l�h�]�h�� �k�\�y�`�_�f�� �b�o�� �\�_�e�b�q�b�g�h�c�� �^�b�g�Z�f�b�q�_�k�d�h�]�h�� �j�Z�^�b��
�m�k�Z�����G�_�k�f�h�l�j�y���g�Z���m�k�e�h�\�g�h�k�l�v���l�Z�d�h�]�h���k�h�h�l�g�h�r�_�g�b�y���w�l�h�]�h���^�h��
�k�l�Z�l�h�q�g�h���^�e�y���h�p�_�g�d�b���\�_�e�b�q�b�g�u���g�_�h�[�o�h�^�b�f�h�c���j�Z�[�h�l�u�����L�h�j��
�f�h�a�g�h�c���f�h�f�_�g�l���g�Z���d�h�e�_�k�_���h�i�j�_�^�_�e�y�_�l�k�y���i�h���b�a�\�_�k�l�g�h�c���a�Z�\�b��
�k�b�f�h�k�l�b [18]  
  (3) 

�>�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �\�_�e�b�q�b�g�u�� �i�j�h�^�h�e�v�g�h�c�� �j�_�Z�d�p�b�b�� �\�h�k��
�i�h�e�v�a�m�_�f�k�y���k�l�_�i�_�g�v�x���b�k�i�h�e�v�a�h�\�Z�g�b�y���f�Z�d�k�b�f�Z�e�v�g�h�]�h���d�h�w�n��
�n�b�p�b�_�g�l�Z���k�p�_�i�e�_�g�b�y�� �i�j�b���n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�b���Z�g�l�b�[�e�h��

�d�b�j�h�\�h�q�g�h�c���l�h�j�f�h�a�g�h�c���k�b�k�l�_�f�u�����L�h�]�^�Z���\�u�j�Z�`�_�g�b�_���^�e�y���i�j�h��
�^�h�e�v�g�h�c���j�_�Z�d�p�b�b���d�h�e�_�k�Z���i�j�b�f�_�l���\�b�^ 
  (4) 

�<�_�e�b�q�b�g�Z���h�i�j�_�^�_�e�b�l�k�y�� �b�a�� �l�j�_�[�h�\�Z�g�b�c���� �i�j�_�^�t�y�\�e�y�_��

�f�u�o�� �k�l�Z�g�^�Z�j�l�Z�f�b�� �d�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �l�h�j�f�h�`�_�g�b�y�� �Z�\�l�h�f�h��
�[�b�e�y�� �k�� �:�;�K���� �L�Z�d���� �^�e�y�� �k�m�o�h�]�h�� �Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z�� �h�g�Z�� �^�h�e�`�g�Z��
�[�u�l�v���g�_���g�b�`�_���m�j�h�\�g�y���l�h�j�f�h�`�_�g�b�y���x�a�h�f���������^�e�y���f�h�d��

�j�h�]�h���b���m�d�Z�l�Z�g�g�h�]�h���k�g�_�]�Z�� [19]�����<�\�_�^�_�g�b�_���\���j�Z�k�q�_�l��

�^�Z�g�g�h�]�h�� �i�h�d�Z�a�Z�l�_�e�y�� �k�m�s�_�k�l�\�_�g�g�h�� �m�i�j�h�s�Z�_�l�� �i�j�h�p�_�k�k�� �j�Z�k��
�q�_�l�Z�� �b�� �i�h�a�\�h�e�y�_�l�� �b�k�d�e�x�q�b�l�v�� �j�Z�k�k�f�h�l�j�_�g�b�_�� �a�Z�\�b�k�b�f�h�k�l�_�c��
�j�Z�[�h�l�u�� �Z�e�]�h�j�b�l�f�Z�� �d�h�g�d�j�_�l�g�h�� �\�a�y�l�h�c�� �Z�g�l�b�[�e�h�d�b�j�h�\�h�q�g�h�c��
�k�b�k�l�_�f�u���� �i�h�k�d�h�e�v�d�m�� �k�Z�f�� �Z�e�]�h�j�b�l�f�� �b�� �f�Z�l�j�b�p�Z�� �a�g�Z�q�_�g�b�c��
�[�e�h�d�Z���m�i�j�Z�\�e�_�g�b�y���Z�g�l�b�[�e�h�d�b�j�h�\�h�q�g�h�c���k�b�k�l�_�f�u���q�Z�k�l�h���y�\�e�y��
�x�l�k�y���d�h�f�f�_�j�q�_�k�d�h�c���l�Z�c�g�h�c���i�j�h�b�a�\�h�^�b�l�_�e�_�c���l�h�j�f�h�a�g�u�o���k�b��
�k�l�_�f���� 

�A�g�Z�q�_�g�b�_���l�h�j�f�h�a�g�h�c���k�b�e�u���i�h���k�j�_�^�g�_�c���h�d�j�m�`�g�h�k�l�b���l�h�j��
�f�h�a�g�h�]�h���^�b�k�d�Z���g�Z�c�^�_�l�k�y���b�a���\�u�j�Z�`�_�g�b�y�� 

  (5) 

�]�^�_  �± �j�Z�^�b�m�k���l�h�j�f�h�a�g�h�]�h���^�b�k�d�Z�� 

�K���m�q�_�l�h�f���a�Z�\�b�k�b�f�h�k�l�b�����������i�h�e�m�q�b�f���\�u�j�Z�`�_�g�b�_���^�e�y���l�h�j��
�f�h�a�g�h�c���k�b�e�u���\���\�b�^�_ 
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  (6) 

�I �M�L�V���L�J�?�G�B�Y 

�>�e�y���g�Z�o�h�`�^�_�g�b�y���i�h�e�g�h�c���j�Z�[�h�l�u���l�j�_�g�b�y���\���l�h�j�f�h�a�g�h�f���f�_��
�o�Z�g�b�a�f�_���g�_�h�[�o�h�^�b�f�h���a�g�Z�l�v���i�m�l�v���l�j�_�g�b�y���\���i�Z�j�_���©�l�h�j�f�h�a�g�h�c��
�^�b�k�d���± �d�h�e�h�^�d�Z�ª�����L�_�h�j�_�l�b�q�_�k�d�b�_���i�j�_�^�i�h�k�u�e�d�b���^�e�y���h�i�j�_�^�_��
�e�_�g�b�y���i�m�l�b���l�j�_�g�b�y���h�l�^�_�e�v�g�h�]�h���d�h�e�_�k�Z���Z�\�l�h�f�h�[�b�e�y���\���j�_�`�b�f�_ 
�l�h�j�f�h�`�_�g�b�y���b�a�e�h�`�_�g�u���\���j�Z�[�h�l�_���>����].  

�<�j�Z�s�_�g�b�_�� �d�Z�`�^�h�]�h�� �h�l�^�_�e�v�g�h�]�h�� �d�h�e�_�k�Z�� �Z�\�l�h�f�h�[�b�e�y�� �k��
�:�;�K���i�j�b���l�h�j�f�h�`�_�g�b�b���o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y���j�Z�a�e�b�q�g�u�f���k�h�q�_�l�Z��
�g�b�_�f���k�d�h�j�h�k�l�g�u�o���j�_�`�b�f�h�\�����h�[�m�k�e�h�\�e�_�g�g�u�o���n�m�g�d�p�b�h�g�b�j�h��
�\�Z�g�b�_�f���l�h�j�f�h�a�g�h�c���k�b�k�l�_�f�u���b���d�h�g�l�Z�d�l�h�f���r�b�g�u���k���^�h�j�h�`�g�u�f��
�i�h�d�j�u�l�b�_�f���� �q�l�h�� �i�j�_�^�k�l�Z�\�e�_�g�h�� �g�Z�� �i�j�b�\�_�^�_�g�g�h�c�� �g�Z�� �j�b�k���� ����
�k�o�_�f�_���� 

 
�J�b�k�����������<�Z�j�b�Z�g�l�u���i�_�j�b�h�^�h�\���i�j�b���l�h�j�f�h�`�_�g�b�b���� 
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Abstract. The paper describes the approach for the evaluation 

of predesign-thermal load of the braking mechanism for vehicles 
with ABS. A method is proposed for determining the energy 
quenched in a braking mechanism with ABS using three 
approaches. The study was the basis for creating a computer 
model of the temperature field of the braking mechanism, which, 

on the whole, makes it possible to talk about a system for 
calculating the thermal loading of braking mechanisms with ABS.    
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�m�k�e�h�\�b�c���b�a�f�_�g�_�g�b�y���g�Z�i�j�y�`�_�g�b�y���i�b�l�Z�g�b�y�����I�j�b�\�h�^�b�l�k�y �b�k�k�e�_��
�^�h�\�Z�g�b�_�� �\�a�Z�b�f�h�k�\�y�a�b�� �l�_�o�g�b�q�_�k�d�h�]�h�� �k�h�k�l�h�y�g�b�y���[�_�g�a�b�g�h�\�h�]�h��
�w�e�_�d�l�j�b�q�_�k�d�h�]�h���g�Z�k�h�k�Z�� �k�� �_�]�h�� �d�Z�q�_�k�l�\�_�g�g�u�f�b�� �i�h�d�Z�a�Z�l�_�e�y�f�b��
�n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y���k�b�k�l�_�f�u���l�h�i�e�b�\�h�i�h�^�Z�q�b�����H�i�j�_�^�_�e�_�g�h�����q�l�h��
�d�h�g�l�j�h�e�v���l�_�o�g�b�q�_�k�d�h�]�h���k�h�k�l�h�y�g�b�y���g�Z�k�h�k�h�\���\�h�a�f�h�`�_�g���i�h���b�a�f�_��
�j�_�g�b�x���j�Z�a�g�h�k�l�b���\�_�e�b�q�b�g���q�Z�k�l�h�l�u���\�j�Z�s�_�g�b�y���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z��
�i�j�b�� �h�l�d�e�x�q�_�g�b�b�� �b�k�d�j�h�h�[�j�Z�a�h�\�Z�g�b�y�� �b�� �l�h�i�e�b�\�h�i�h�^�Z�q�b. �I�j�_�^��
�k�l�Z�\�e�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �^�b�g�Z�f�b�q�_�k�d�b�f �k�i�h�k�h�[�h�f, 
�d�h�l�h�j�u�c�� �h�[�e�Z�^�Z�_�l�� �g�Z�b�[�h�e�v�r�_�c�� �b�g�n�h�j�f�Z�l�b�\�g�h�c�� �b�� �b�g�n�h�j�f�Z�p�b��
�h�g�g�h�c���_�f�d�h�k�l�v�x. 

�D�e�x�q�_�\�u�_���k�e�h�\�Z�� �k�b�k�l�_�f�Z���l�h�i�e�b�\�h�i�h�^�Z�q�b�����l�_�k�l�h�\�h�_���^�b�Z�]�g�h��
�k�l�b�j�h�\�Z�g�b�_�����w�e�_�d�l�j�b�q�_�k�d�b�c���[�_�g�a�b�g�h�\�u�c���g�Z�k�h�k�����l�_�k�l�b�j�h�\�Z�g�b�_����
�l�_�o�g�b�q�_�k�d�h�_���k�h�k�l�h�y�g�b�_�����^�b�Z�]�g�h�k�l�b�q�_�k�d�b�c���i�Z�j�Z�f�_�l�j�� 

�<�<�?�>�?�G�B�? 

�K�h�\�j�_�f�_�g�g�Z�y�� �k�b�k�l�_�f�Z�� �l�h�i�e�b�\�h�i�h�^�Z�q�b�� ���K�L���� �g�Z�k�u�s�_�g�g�Z��
�w�e�_�d�l�j�h�g�g�u�f�b���� �f�_�o�Z�g�b�q�_�k�d�b�f�b�� �b�� �]�b�^�j�Z�\�e�b�q�_�k�d�b�f�b���w�e�_�f�_�g��
�l�Z�f�b���� �>�h�e�y�� �h�l�d�Z�a�h�\�� �k�b�k�l�_�f�u�� �l�h�i�e�b�\�h�i�h�^�Z�q�b�� �k�h�k�l�Z�\�e�y�_�l�� �����±
���������h�l���h�[�s�_�]�h���q�b�k�e�Z���h�l�d�Z�a�h�\���^�\�b�]�Z�l�_�e�y. �<�h�a�f�h�`�g�u�f�b���i�j�b�q�b��
�g�Z�f�b�� �h�l�d�Z�a�Z�� �K�L�� �f�h�]�m�l�� �[�u�l�v: �g�_�b�k�i�j�Z�\�g�h�k�l�b�� �w�e�_�d�l�j�b�q�_�k�d�h�]�h��
�[�_�g�a�h�g�Z�k�h�k�Z�����W�;�G�������h�l�d�Z�a���j�_�e�_���\�d�e�x�q�_�g�b�y���W�;�G�����g�_�b�k�i�j�Z�\�g�h�k�l�v��

�w�e�_�d�l�j�h�i�j�h�\�h�^�d�b���p�_�i�b���m�i�j�Z�\�e�_�g�b�y���b�e�b���\�d�e�x�q�_�g�b�y���W�;�G�����a�Z�k�h��
�j�_�g�b�_���l�h�i�e�b�\�g�u�o���n�b�e�v�l�j�h�\���b���^�j�����G�Z�j�m�r�_�g�b�_���j�Z�[�h�l�h�k�i�h�k�h�[�g�h��
�k�l�b���l�h�i�e�b�\�g�h�c���k�b�k�l�_�f�u���\���i�h�^�Z�\�e�y�x�s�_�f���[�h�e�v�r�b�g�k�l�\�_���k�e�m�q�Z�_�\��
�h�[�t�y�k�g�y�_�l�k�y �k�e�_�^�m�x�s�b�f: �b�k�i�h�e�v�a�h�\�Z�g�b�_�f���g�_�d�h�g�^�b�p�b�h�g�g�h�]�h��
�l�h�i�e�b�\�Z�� �g�b�a�d�h�c�� �d�\�Z�e�b�n�b�d�Z�p�b�_�c�� �i�_�j�k�h�g�Z�e�Z���� �i�j�h�b�a�\�h�^�y�s�_�]�h��
�j�_�f�h�g�l���� �w�d�k�i�e�m�Z�l�Z�p�b�x�� �b�� �l�_�o�g�b�q�_�k�d�h�_�� �h�[�k�e�m�`�b�\�Z�g�b�_�� �Z�\�l�h��
�f�h�[�b�e�_�c�� �i�j�b�f�_�g�_�g�b�_�f�� �a�Z�i�Z�k�g�u�o�� �q�Z�k�l�_�c�� �g�b�a�d�h�]�h�� �d�Z�q�_�k�l�\�Z����
�D�Z�d���i�j�Z�\�b�e�h, �\�g�_�r�g�_���h�l�d�Z�a�u���K�L���i�j�h�y�\�e�y�x�l�k�y���k�e�_�^�m�x�s�b�f���h�[��
�j�Z�a�h�f�����^�\�b�]�Z�l�_�e�v���g�_���j�Z�a�\�b�\�Z�_�l���f�h�s�g�h�k�l�b�����j�u�\�d�b�����i�j�h�\�Z�e�u�����i�h��
�^�_�j�]�b�\�Z�g�b�_�����g�_�m�k�l�h�c�q�b�\�Z�y���j�Z�[�h�l�Z���>�<�K���g�Z���o�h�e�h�k�l�h�f���o�h�^�m�����^�\�b��
�]�Z�l�_�e�v���j�_�a�d�h���g�Z�[�b�j�Z�_�l���h�[�h�j�h�l�u�����]�Z�a�m�_�l�������g�_�\�h�a�f�h�`�g�h���g�Z�k�l�j�h�b�l�v��
�a�g�Z�q�_�g�b�_ �K�H�����A�g�Z�q�b�l�_�e�v�g�m�x���k�e�h�`�g�h�k�l�v���i�j�_�^�k�l�Z�\�e�y�_�l���h�l�u�k�d�Z��
�g�b�_���g�_�b�k�i�j�Z�\�g�h�]�h���w�e�_�f�_�g�l�Z���\���K�L�����\���q�Z�k�l�g�h�k�l�b���W�;�G [1-16]. �<���l�h��
�`�_���\�j�_�f�y, �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�_���k�b�k�l�_�f�u���i�b�l�Z�g�b�y���^�\�b�]�Z�l�_�e�_�c��
�k�� �\�i�j�u�k�d�h�f�� �[�_�g�a�b�g�Z�� �g�Z�i�j�Z�\�e�_�g�h�� �g�Z�� �h�[�_�k�i�_�q�_�g�b�_�� �\�u�k�h�d�b�o��
�w�d�h�e�h�]�b�q�_�k�d�b�o���i�h�d�Z�a�Z�l�_�e�_�c�����g�h���w�l�h �\�h�a�f�h�`�g�h���e�b�r�v���a�Z���k�q�_�l��
�l�h�q�g�h�]�h���^�h�a�b�j�h�\�Z�g�b�y���i�h�^�Z�q�b���l�h�i�e�b�\�Z���g�Z���\�k�_�o���j�_�`�b�f�Z�o���j�Z��
�[�h�l�u�� �^�\�b�]�Z�l�_�e�y���� �A�Z�\�h�^�Z�f�b�� �b�a�]�h�l�h�\�b�l�_�e�y�f�b�� �Z�\�l�h�f�h�[�b�e�_�c��
�W�;�G�� �\�u�i�h�e�g�_�g�u�� �i�h���r�_�k�l�h�c �d�Z�l�_�]�h�j�b�b�� �d�h�g�l�j�h�e�_�i�j�b�]�h�^�g�h��
�k�l�b���� �q�l�h�� �k�h�a�^�Z�_�l�� �a�g�Z�q�b�l�_�e�v�g�u�_�� �i�j�h�[�e�_�f�u�� �i�j�b�� �h�p�_�g�d�_�� �b�o��
�l�_�o�g�b�q�_�k�d�h�]�h�� �k�h�k�l�h�y�g�b�y���� �l�j�_�[�m�_�l�k�y�� �j�Z�a�[�h�j�d�Z�� �l�h�i�e�b�\�g�u�o��
�f�Z�]�b�k�l�j�Z�e�_�c�� �b�� �w�e�_�f�_�g�l�h�\�� �l�h�i�e�b�\�g�h�]�h�� �[�Z�d�Z [17-28]. �<�h�a�g�b��
�d�Z�_�l�� �g�_�h�[�o�h�^�b�f�h�k�l�v�� �j�Z�a�j�Z�[�h�l�d�b�� �g�h�\�u�o�� �f�_�l�h�^�h�\�� �b�� �k�j�_�^�k�l�\��
�^�b�Z�]�g�h�k�l�b�j�h�\�Z�g�b�y���W�;�G�����h�k�m�s�_�k�l�\�e�y�_�f�h�]�h���[�_�a �j�Z�a�[�h�j�d�b���k�Z��
�f�h�]�h���g�Z�k�h�k�Z���b���l�h�i�e�b�\�g�u�o���f�Z�]�b�k�l�j�Z�e�_�c�����^�h�k�l�Z�l�h�q�g�h���[�u�k�l�j�h��
�b���k �\�u�k�h�d�h�c �^�h�k�l�h�\�_�j�g�h�k�l�v�x���^�b�Z�]�g�h�k�l�b�j�h�\�Z�g�b�y�� 

�L�?�H�J�?�L�B�Q�?�K�D�B�?���B�K�K�E�?�>�H�<�:�G�B�Y 

�P�_�e�v�x�� �g�Z�k�l�h�y�s�_�c���j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y�� �b�k�k�e�_�^�h�\�Z�g�b�_�� �\�u�o�h�^��
�g�u�o���i�Z�j�Z�f�_�l�j�h�\���w�e�_�d�l�j�b�q�_�k�d�b�o���g�Z�k�h�k�h�\���Z�\�l�h�f�h�[�b�e�_�c���i�j�b���f�h��
�^�_�e�b�j�h�\�Z�g�b�b���b�a�f�_�g�_�g�b�y �b�o�� �l�_�o�g�b�q�_�k�d�h�]�h�� �k�h�k�l�h�y�g�b�y �[�_�a�� �j�Z�a��
�[�h�j�d�b�� �K�L �k�� �i�j�b�f�_�g�_�g�b�_�f�� �g�h�\�u�o�� �f�_�l�h�^�h�\�� �^�b�Z�]�g�h�k�l�b�j�h�\�Z��
�g�b�y. �>�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �l�_�o�g�b�q�_�k�d�h�]�h�� �k�h�k�l�h�y�g�b�y���W�;�G�� �j�Z�k��
�k�f�Z�l�j�b�\�Z�x�l�k�y�� �^�\�Z�� �k�i�h�k�h�[�Z���^�b�Z�]�g�h�k�l�b�j�h�\�Z�g�b�y���± �^�b�g�Z�f�b�q�_��
�k�d�b�c���b���k�l�Z�l�b�q�_�k�d�b�c�����>�e�y���d�h�g�l�j�h�e�y���l�_�o�g�b�q�_�k�d�h�]�h���k�h�k�l�h�y�g�b�y��
�w�e�_�f�_�g�l�h�\�� �k�b�k�l�_�f�u�� �l�h�i�e�b�\�h�i�h�^�Z�q�b�� �Z�\�l�h�j�Z�f�b�� �j�Z�a�j�Z�[�h�l�Z�g��
�f�_�l�h�^���l�_�k�l�h�\�h�]�h���^�b�Z�]�g�h�k�l�b�j�h�\�Z�g�b�y�����h�k�g�h�\�Z�g�g�u�c���g�Z���g�Z�]�j�m��
�a�h�q�g�h�f���l�_�k�l�b�j�h�\�Z�g�b�b���b�� �k�l�j�_�k�k-�l�_�k�l�b�j�h�\�Z�g�b�b [1-4, 12-17]. 
�>�e�y���W�;�G�����b�k�i�h�e�v�a�m�_�f�h�]�h���g�Z���Z�\�l�h�f�h�[�b�e�_�����[�h�e�v�r�h�_���a�g�Z�q�_�g�b�_��
�b�f�_�_�l���b�a�f�_�g�_�g�b�_���_�]�h���o�Z�j�Z�d�l�_�j�b�k�l�b�d���i�j�b���l�b�i�b�q�g�u�o���^�e�y���w�l�b�o��
�m�k�e�h�\�b�c���b�a�f�_�g�_�g�b�y���g�Z�i�j�y�`�_�g�b�y���i�b�l�Z�g�b�y���>1-14, 24-26]. 

�>�e�y���h�[�h�k�g�h�\�Z�g�b�y���^�b�Z�]�g�h�k�l�b�q�_�k�d�b�o���j�_�`�b�f�h�\���b���i�Z�j�Z�f�_�l��
�j�h�\���i�j�h�\�h�^�b�e�k�y �Z�g�Z�e�b�a���\�h�a�f�h�`�g�u�o���d�h�f�i�e�_�d�k�g�u�o���\�u�o�h�^�g�u�o��
�i�Z�j�Z�f�_�l�j�h�\�� �Z�\�l�h�f�h�[�b�e�v�g�u�o�� �W�;�G���� �J�Z�k�q�_�l�g�Z�y�� ���l�_�h�j�_�l�b�q�_��
�k�d�Z�y�����i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v���g�Z�k�h�k�Z���a�Z���h�^�b�g���h�[�h�j�h�l�����j�Z�[�h�q�b�c��
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�h�[�t�_�f����q ���k�f3���h�[�����j�Z�\�g�Z�� �h�[�t�_�f�m���� �h�i�b�k�u�\�Z�_�f�h�f�m���_�]�h�� �i�h�j�r��
�g�y�f�b���>1, 7-9, 27]: 

,  (1) 

�]�^�_��d �± �^�b�Z�f�_�l�j���p�b�e�b�g�^�j�Z�����k�f����h �± �o�h�^���i�h�j�r�g�y�����k�f����z �± �q�b�k�e�h��
�i�h�j�r�g�_�c�� 

�M�q�b�l�u�\�Z�y�����q�l�h���o�h�^���i�h�j�r�g�y���j�Z�\�_�g���^�\�h�c�g�h�f�m���w�d�k�p�_�g�l�j�b��
�k�b�l�_�l�m (h=2e), �i�h�e�m�q�b�f���\�u�j�Z�`�_�g�b�_���^�e�y���h�[�t�_�f�Z�����h�i�b�k�u�\�Z�_��
�f�h�]�h���i�h�j�r�g�y�f�b���g�Z�k�h�k�Z���>1, 7-9, 27]: 

,  (2) 

�F�b�g�m�l�g�Z�y�� �l�_�h�j�_�l�b�q�_�k�d�Z�y�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v��
Q (�k�f3/�f�b�g) �[�m�^�_�l���j�Z�\�g�Z [1, 7-9, 27]: 

,  (3) 

�]�^�_��n �± �q�b�k�e�h���h�[�h�j�h�l�h�\���\�j�Z�s�_�g�b�y���\�Z�e�Z���g�Z�k�h�k�Z�����f�b�g-1. 
�H�i�j�_�^�_�e�y�_�f���j�Z�k�q�_�l�g�m�x �l�_�h�j�_�l�b�q�_�k�d�m�x �f�h�^�_�e�v���^�e�y���K�L����

�i�h�a�\�h�e�y�x�s�m�x �b�k�k�e�_�^�h�\�Z�l�v�� �\�a�Z�b�f�h�k�\�y�a�v���f�Z�d�k�b�f�Z�e�v�g�h�c�� �q�Z��
�k�l�h�l�u���\�j�Z�s�_�g�b�y���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z���^�\�b�]�Z�l�_�e�y �k �b�a�f�_�g�_�g�b�_�f 
�l�_�o�g�b�q�_�k�d�h�]�h�� �k�h�k�l�h�y�g�b�y�� �h�l�^�_�e�v�g�u�o�� �w�e�_�f�_�g�l�h�\ �l�h�i�e�b�\�g�h�c��
�k�b�k�l�_�f�u [1, 7-9, 27]: 

, (4) 

�]�^�_��K �± �d�h�w�n�n�b�p�b�_�g�l���a�Z�i�Z�k�Z���i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�b���� �± �q�b�k�e�h��
�p�b�e�b�g�^�j�h�\���^�\�b�]�Z�l�_�e�y�����r�l����Q�Pmax �± �f�Z�d�k�b�f�Z�e�v�g�Z�y���p�b�d�e�h�\�Z�y��
�i�h�^�Z�q�Z�� �i�j�b�� �f�Z�d�k�b�f�Z�e�v�g�h�c�� �q�Z�k�l�h�l�_�� �\�j�Z�s�_�g�b�y�� �^�\�b�]�Z�l�_�e�y����
�k�f3; �2max �± �^�e�b�l�_�e�v�g�h�k�l�v���b�f�i�m�e�v�k�Z���i�j�b���f�Z�d�k�b�f�Z�e�v�g�h�c���p�b�d��
�e�h�\�h�c�� �i�h�^�Z�q�_���� �k����Tmin �± �f�b�g�b�f�Z�e�v�g�u�c�� �i�_�j�b�h�^�� �k�e�_�^�h�\�Z�g�b�y��
�p�b�d�e�h�\�u�o���i�h�^�Z�q�����k����nmax �± �f�Z�d�k�b�f�Z�e�v�g�Z�y���q�Z�k�l�h�l�Z���\�j�Z�s�_�g�b�y��
�d�h�e�_�g�q�Z�l�h�]�h�� �\�Z�e�Z�� �^�\�b�]�Z�l�_�e�y���� �f�b�g-1; tp �± �\�j�_�f�y�� �\�u�j�Z�[�h�l�d�b��
�n�h�j�k�m�g�d�h�c���l�h�i�e�b�\�Z�����k����t�a �± �\�j�_�f�y���a�Z�i�h�e�g�_�g�b�y���j�Z�f�i�u���b���l�h�i��
�e�b�\�g�u�o�� �f�Z�]�b�k�l�j�Z�e�_�c�� �l�h�i�e�b�\�h�f���� �k�������n �± �d�h�w�n�n�b�p�b�_�g�l�� �j�Z�k��
�o�h�^�Z �l�h�i�e�b�\�Z �q�_�j�_�a�� �n�h�j�k�m�g�d�m; f�n �± �i�e�h�s�Z�^�v�� �k�_�q�_�g�b�y�� �n�h�j��
�k�m�g�d�b���� �f2; �!�l �± �i�e�h�l�g�h�k�l�v�� �l�h�i�e�b�\�Z���� �d�]���f3; P�l���j�� �± �^�Z�\�e�_�g�b�_��
�l�h�i�e�b�\�Z�� �\�� �j�Z�f�i�_���� �F�I�Z����P�i���\�� �± �i�j�h�l�b�\�h�^�Z�\�e�_�g�b�_�� �\�i�j�u�k�d�m����
�F�I�Z�� 

�B�a�f�_�g�_�g�b�_���^�Z�\�e�_�g�b�y���b���i�j�h�i�m�k�d�g�h�c���k�i�h�k�h�[�g�h�k�l�b���K�L���k�\�y��
�a�Z�g�u�� �k�� �b�a�f�_�g�_�g�b�_�f�� �j�Z�k�o�h�^�g�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �w�e�_�d�l�j�h�f�Z�]��
�g�b�l�g�u�o���n�h�j�k�m�g�h�d�����k�h�i�j�h�l�b�\�e�_�g�b�_�f���n�b�e�v�l�j�h�\�����l�_�o�g�b�q�_�k�d�b�f��
�k�h�k�l�h�y�g�b�_�f�� �g�Z�k�h�k�Z���� �<�� �k�\�y�a�b�� �k�� �j�Z�a�e�b�q�g�u�f�b�� �f�_�o�Z�g�b�a�f�Z�f�b��
�^�_�c�k�l�\�b�y���g�_�b�k�i�j�Z�\�g�h�k�l�_�c���w�e�_�f�_�g�l�h�\���l�h�i�e�b�\�g�h�c���k�b�k�l�_�f�u �b��
�b�a�f�_�g�_�g�b�_�f���b�o���l�_�o�g�b�q�_�k�d�h�]�h���k�h�k�l�h�y�g�b�y���j�Z�k�k�f�h�l�j�b�f���b�f�b�l�Z��
�p�b�h�g�g�m�x���f�h�^�_�e�v���K�L�����L�Z�d�����g�Z�i�j�b�f�_�j, �a�Z�k�h�j�_�g�b�_���l�h�i�e�b�\�g�h�]�h��
�n�b�e�v�l�j�Z�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�f�� �k�h�i�j�h�l�b�\��
�e�_�g�b�_�f �i�h�l�h�d�m���`�b�^�d�h�k�l�b �\���l�h�i�e�b�\�g�h�c���f�Z�]�b�k�l�j�Z�e�b�����Z���b�a�g�h�k��
�W�;�G���± �i�Z�j�Z�e�e�_�e�v�g�u�f�� �k�h�i�j�h�l�b�\�e�_�g�b�_�f���� �A�Z�i�b�r�_�f�� �^�Z�g�g�h�_��
�m�k�e�h�\�b�_���^�e�y���k�b�k�l�_�f�u���l�h�i�e�b�\�h�i�h�^�Z�q�b�����]�^�_ �h�[�s�Z�y���^�b�g�Z�f�b�q�_��
�k�d�Z�y���i�j�h�i�m�k�d�g�Z�y���k�i�h�k�h�[�g�h�k�l�v�������h�[�s����f�h�[�s��) �\�k�_�o���w�e�_�f�_�g�l�h�\���K�L 
�[�m�^�_�l���b�f�_�l�v���k�e�_�^�m�x�s�_�_���k�h�h�l�g�h�r�_�g�b�_ [1, 7-9, 27]:  

,  (5) 

�]�^�_�����i�h�k�e����f�i�h�k�e�� �± �^�b�g�Z�f�b�q�_�k�d�Z�y���i�j�h�i�m�k�d�g�Z�y���k�i�h�k�h�[�g�h�k�l�v���i�h��
�k�e�_�^�h�\�Z�l�_�e�v�g�u�o�� �w�e�_�f�_�g�l�h�\�����f 2; ���g��f�g �± �^�b�g�Z�f�b�q�_�k�d�Z�y�� �i�j�h��
�i�m�k�d�g�Z�y���k�i�h�k�h�[�g�h�k�l�v���g�Z�k�h�k�Z�����f 2. 

�<���k�\�h�x���h�q�_�j�_�^�v�����^�b�g�Z�f�b�q�_�k�d�Z�y���i�j�h�i�m�k�d�g�Z�y���k�i�h�k�h�[�g�h�k�l�v��
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�o�� �w�e�_�f�_�g�l�h�\�� �k�b�k�l�_�f�u�� �l�h�i�e�b�\�h�i�h�^�Z�q�b��
�h�i�j�_�^�_�e�b�l�k�y �b�a���\�u�j�Z�`�_�g�b�y��[1, 7-9, 27]: 

, (6) 

�]�^�_�����n��f�n �± �^�b�g�Z�f�b�q�_�k�d�Z�y���i�j�h�i�m�k�d�g�Z�y���k�i�h�k�h�[�g�h�k�l�v���n�b�e�v�l�j�Z����
�f 2; ��i�W�F�N��fi�W�F�N �± �^�b�g�Z�f�b�q�_�k�d�Z�y�� �i�j�h�i�m�k�d�g�Z�y�� �k�i�h�k�h�[�g�h�k�l�v��i-
�u�o���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�u�o���n�h�j�k�m�g�h�d�����f 2. 

�<�_�e�b�q�b�g�Z���^�Z�\�e�_�g�b�y��P�l���f�� (�F�I�Z) �\���l�h�i�e�b�\�g�h�c���f�Z�]�b�k�l�j�Z�e�b��
�h�i�j�_�^�_�e�b�l�k�y���i�h���n�h�j�f�m�e�_ [1, 7-9, 27]: 

.   (7) 

�F�?�L�H�>�B�D�:���B���J�?�A�M�E�V�L�:�L�U �W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�U�O��
�B�K�K�E�?�>�H�<�:�G�B�C 

�D�h�g�l�j�h�e�v�� �l�_�o�g�b�q�_�k�d�h�]�h�� �k�h�k�l�h�y�g�b�y�� �w�e�_�d�l�j�b�q�_�k�d�b�o�� �[�_�g��
�a�b�g�h�\�u�o�� �g�Z�k�h�k�h�\�� �\�h�a�f�h�`�_�g�� �i�h�� �b�a�f�_�j�_�g�b�x�� �j�Z�a�g�h�k�l�b�� �\�_�e�b��
�q�b�g���q�Z�k�l�h�l�u���\�j�Z�s�_�g�b�y���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z���^�\�b�]�Z�l�_�e�y���i�j�b���h�l��
�d�e�x�q�_�g�b�b�� �b�k�d�j�h�h�[�j�Z�a�h�\�Z�g�b�y�� �b�� �l�h�i�e�b�\�h�i�h�^�Z�q�b���� �L�_�o�g�b�q�_��
�k�d�h�_���k�h�k�l�h�y�g�b�_���b�k�k�e�_�^�m�_�f�h�]�h���w�e�_�f�_�g�l�Z���l�h�i�e�b�\�g�h�c���k�b�k�l�_�f�u��
�h�i�j�_�^�_�e�y�e�h�k�v �i�h�� �h�l�g�h�r�_�g�b�x�� �q�Z�k�l�h�l�u�� �\�j�Z�s�_�g�b�y�� �>�<�K�� �i�j�b��
�j�Z�[�h�l�_���k���g�h�\�u�f���b���j�_�Z�e�v�g�u�f�����^�b�Z�]�g�h�k�l�b�j�m�_�f�u�f�����W�;�G�����>�Z�g��
�g�h�_���h�l�g�h�r�_�g�b�_���i�h�a�\�h�e�y�_�l���h�i�j�_�^�_�e�b�l�v���m�j�h�\�_�g�v �m�f�_�g�v�r�_�g�b�y��
�i�h�^�Z�q�b�� �^�b�Z�]�g�h�k�l�b�j�m�_�f�u�f���W�;�G�����b���d�Z�d���k�e�_�^�k�l�\�b�_���± �k�l�_�i�_�g�v��
�_�]�h���b�a�g�h�k�Z [1]. �>�e�y���b�k�k�e�_�^�h�\�Z�g�b�y���d�Z�q�_�k�l�\�Z���n�m�g�d�p�b�h�g�b�j�h�\�Z��
�g�b�y���W�;�G���k���i�h�f�h�s�v�x���^�b�g�Z�f�b�q�_�k�d�h�]�h �k�i�h�k�h�[�h�f �[�u�e �i�j�h�\�_��
�^�_�g �w�d�k�i�_�j�b�f�_�g�l�����\���d�h�l�h�j�h�f���i�j�h�\�_�j�y�e�Z�k�v���j�Z�[�h�l�Z���^�\�b�]�Z�l�_�e�y��
�g�Z���d�Z�`�^�h�f���b�a���p�b�e�b�g�^�j�h�\���>�<�K���i�j�b���h�l�d�e�x�q�_�g�b�b���b�k�d�j�h�h�[�j�Z��
�a�h�\�Z�g�b�y���\���h�k�l�Z�e�v�g�u�o���l�j�_�o�����L�Z�d�`�_���^�e�y���i�h�\�u�r�_�g�b�y���q�m�\�k�l�\�b��
�l�_�e�v�g�h�k�l�b�� �^�b�Z�]�g�h�k�l�b�j�m�_�f�h�]�h�� �i�Z�j�Z�f�_�l�j�Z�� �m�f�_�g�v�r�Z�e�Z�k�v�� �k�l�_��
�i�_�g�v���i�h�^�Z�q�b���l�h�i�e�b�\�Z�� 

�I�j�b���i�j�h�\�_�^�_�g�b�b���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c�� �b�k��
�i�h�e�v�a�h�\�Z�e�k�y�� �b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�c�� �k�l�_�g�^�� ���j�b�k���� ������ �Z���� �g�Z�� �[�Z�a�_��
�^�\�b�]�Z�l�_�e�y�� �A�F�A-���������� �k�� �i�h�^�d�e�x�q�_�g�b�_�f�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h��
�m�k�l�j�h�c�k�l�\�Z �\�� �\�b�^�_���©�w�e�_�d�l�j�h�g�g�h-�m�i�j�Z�\�e�y�_�f�h�c�� �g�Z�]�j�m�a�d�b�ª��
�^�\�b�]�Z�l�_�e�y�����j�b�k�����������[). �K�l�_�g�^ �i�h�a�\�h�e�y�_�l �\���j�_�Z�e�v�g�h�f���\�j�_�f�_�g�b 
�n�b�d�k�b�j�h�\�Z�l�v���a�g�Z�q�_�g�b�y���\�u�o�h�^�g�u�o���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���^�Z�g��
�g�u�o���\���\�b�^�_���a�g�Z�q�_�g�b�c���i�j�h�p�_�k�k�Z���j�Z�[�h�l�u���^�\�b�]�Z�l�_�e�y���\���j�_�`�b�f�_ 
�h�l�d�e�x�q�_�g�b�y �h�^�g�h�]�h���� �^�\�m�o�� �b�� �l�j�_�o�� �p�b�e�b�g�^�j�h�\�� �<�� �j�_�a�m�e�v�l�Z�l�_��
�b�k�k�e�_�^�h�\�Z�g�b�c���i�h�e�m�q�_�g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���b�a�f�_�g�_�g�b�y���q�Z�k�l�h�l�u��
n �\�j�Z�s�_�g�b�y���d�h�e�_�g�q�Z�l�h�]�h���\�Z�e�Z�����D�<�����>�<�K�����j�b�k������, 3) [1, 7-9, 
20]. 

�J�Z�k�k�f�h�l�j�b�f���i�_�j�\�u�c���j�Z�a�^�_�e���b�k�k�e�_�^�h�\�Z�g�b�c�����d�h�]�^�Z���i�j�b���h�l��
�d�e�x�q�_�g�b�b���b�k�d�j�h�h�[�j�Z�a�h�\�Z�g�b�y���\�k�_���q�_�l�u�j�_���n�h�j�k�m�g�d�b���_�s�_���j�Z��
�[�h�l�Z�x�l�����[�u�k�l�j�h���h�i�m�k�l�h�r�Z�y���l�h�i�e�b�\�g�m�x���j�Z�f�i�m�����q�l�h���i�j�b�\�h�^�b�l��
�d���k�g�b�`�_�g�b�x���q�Z�k�l�h�l�u���\�j�Z�s�_�g�b�y �D�<���>�<�K�����I�j�_�^�_�e�u���b�a�f�_�g�_��
�g�b�y���q�Z�k�l�h�l�u���\�j�Z�s�_�g�b�y���D�<���i�j�b�����������������b��������-�c���k�l�_�i�_�g�b���h�l��
�d�j�u�l�b�y���^�j�h�k�k�_�e�v�g�h�c���a�Z�k�e�h�g�d�b���k���b�k�i�j�Z�\�g�u�f���W�;�G�����g�Z�i�j�y�`�_��
�g�b�_���i�b�l�Z�g�b�y��U� �������<�����k�h�k�l�Z�\�b�e�b����������-�����������h�[���f�b�g�����g�h���i�j�b��
20%-�c���k�l�_�i�_�g�b���h�l�d�j�u�l�b�y���a�Z�k�e�h�g�d�b���± �m�`�_����������-�����������h�[���f�b�g����
�I�j�b�� �a�Z�d�j�u�l�b�b���a�Z�k�e�h�g�d�b�� �g�b�`�_�� �������� �W�;�G�� �m�`�_�� �g�_�� �k�i�h�k�h�[�_�g��
�h�[�_�k�i�_�q�b�l�v���g�_�h�[�o�h�^�b�f�m�x���i�h�^�Z�q�m���l�h�i�e�b�\�Z���^�e�y���j�Z�[�h�l�Z�x�s�b�o��
�n�h�j�k�m�g�h�d�����\���j�_�a�m�e�v�l�Z�l�_���q�_�]�h���^�\�b�]�Z�l�_�e�v���]�e�h�o�g�_�l�����k�f�����j�b�k����������
[1, 7-�����������@�����>�Z�g�g�Z�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���h�l�h�[�j�Z�`�Z�_�l���j�Z�[�h�l�m���^�\�b��
�]�Z�l�_�e�y���l�h�e�v�d�h���k���g�h�\�u�f���b�k�i�j�Z�\�g�u�f���W�;�G�� 
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�©�w�e�_�d�l�j�h�g�g�h-�m�i�j�Z�\�e�y�_�f�Z�y���g�Z�]�j�m�a�d�Z�ª���^�\�b�]�Z�l�_�e�y ���[�� 

 

 
�J�b�k�����������B�a�f�_�g�_�g�b�_���q�Z�k�l�h�l�u���\�j�Z�s�_�g�b�y��n (�f�b�g-1) �d�h�e�_�g�q�Z��

�l�h�]�h���\�Z�e�Z���>�<�K���g�Z���d�Z�`�^�h�f �b�a����-�o���p�b�e�b�g�^�j�h�\���k���b�k�i�j�Z�\�g�u�f��
�W�;�G���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���k�l�_�i�_�g�b���h�l�d�j�u�l�b�y���^�j�h�k�k�_�e�v�g�h�c���a�Z��

�k�e�h�g�d�b (%�����i�j�b���g�Z�i�j�y�`�_�g�b�b���i�b�l�Z�g�b�y���W�;�G��U=14 �<�����j�y�^�u 1-
4 �± �i�Z�j�Z�f�_�l�j�u���d�Z�`�^�h�]�h���b�a����-�o���p�b�e�b�g�^�j�h�\ 

�<�h���\�l�h�j�h�f �j�Z�a�^�_�e�_ �b�k�k�e�_�^�h�\�Z�g�b�c���i�j�h�\�h�^�b�e�k�y���Z�g�Z�e�h�]�b�q��
�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l �k�� �b�k�i�j�Z�\�g�u�f�� �W�;�G, �g�h�� �k �i�h�g�b�`�_�g�b�_�f��
�g�Z�i�j�y�`�_�g�b�y���_�]�h���i�b�l�Z�g�b�y���^�h �m�j�h�\�g�y �����<. �O�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���j�Z��
�[�h�l�u���>�<�K �\���w�l�h�f���j�_�`�b�f�_ �i�j�_�^�k�l�Z�\�e�_�g�Z���g�Z���j�b�k�����������I�j�_�^�_�e�u��
�b�a�f�_�g�_�g�b�y���q�Z�k�l�h�l�u���\�j�Z�s�_�g�b�y���D�<���k���b�k�i�j�Z�\�g�u�f���W�;�G�����g�Z�i�j�y��
�`�_�g�b�_�� �i�b�l�Z�g�b�y��U=8 �<���� �i�j�b�� ���� �b�� ����%-�c �k�l�_�i�_�g�b�� �h�l�d�j�u�l�b�y��
�^�j�h�k�k�_�e�v�g�h�c�� �a�Z�k�e�h�g�d�b�� �k�h�k�l�Z�\�b�e�b�� ��������-���������� �h�[���f�b�g���� �i�j�b��
40%-�c �± 2800-�����������h�[���f�b�g�����i�j�b��������-�c �± 800-���������h�[���f�b�g�����^�Z��
�e�_�_���m�`�_ �^�\�b�]�Z�l�_�e�v���]�e�h�o�g�_�l [1, 7-9, 20]. 

 

 

�J�b�k�����������B�a�f�_�g�_�g�b�_���q�Z�k�l�h�l�u���\�j�Z�s�_�g�b�y��n ���f�b�g-1) �d�h�e�_�g�q�Z��
�l�h�]�h���\�Z�e�Z���>�<�K���g�Z���h�^�g�h�f���b�a����-�o���p�b�e�b�g�^�j�h�\���k���b�k�i�j�Z�\�g�u�f��

�W�;�G���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���k�l�_�i�_�g�b���h�l�d�j�u�l�b�y���^�j�h�k�k�_�e�v�g�h�c���a�Z��
�k�e�h�g�d�b (%�����i�j�b���g�Z�i�j�y�`�_�g�b�b���i�b�l�Z�g�b�y���W�;�G��U� �����<�����j�y�^�u 1-4 

�± �i�Z�j�Z�f�_�l�j�u���d�Z�`�^�h�]�h���b�a����-�o���p�b�e�b�g�^�j�h�\ 

�I�j�b�� �Z�g�Z�e�b�a�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �^�Z�g�g�u�o�� �f�h�`�g�h�� �k�^�_��
�e�Z�l�v���\�u�\�h��̂����q�l�h���i�h�^�� �g�Z�]�j�m�a�d�h�c���^�\�b�]�Z�l�_�e�y���k�g�b�`�_�g�b�_ ���i�Z�^�_��
�g�b�_���� �q�Z�k�l�h�l�u�� �\�j�Z�s�_�g�b�y�� �D�<���g�Z�[�e�x�^�Z�_�l�k�y���m�`�_�� �i�j�b�� �������� �h�l��
�d�j�u�l�b�y�� �^�j�h�k�k�_�e�v�g�h�c�� �a�Z�k�e�h�g�d�b�� �i�j�b�� �g�Z�i�j�y�`�_�g�b�b�� �i�b�l�Z�g�b�y��
�W�;�G��U� �������< ���k�f�����j�b�k��������, �b���i�j�b 4�������h�l�d�j�u�l�b�y���a�Z�k�e�h�g�d�b �\��
�k�e�m�q�Z�_ �k�g�b�`�_�g�b�y �g�Z�i�j�y�`�_�g�b�y���i�b�l�Z�g�b�y���W�;�G���^�h�������< ���k�f�����j�b�k����
3). �I�h�e�m�q�_�g�g�u�_���^�Z�g�g�u�_ �b�k�k�e�_�^�h�\�Z�g�b�c���i�h�^�l�\�_�j�`�^�Z�x�l �\�a�Z�b��
�f�h�k�\�y�a�v���b�a�f�_�g�_�g�b�y���f�Z�d�k�b�f�Z�e�v�g�h�c�� �q�Z�k�l�h�l�u�� �\�j�Z�s�_�g�b�y�� �d�h��
�e�_�g�q�Z�l�h�]�h�� �\�Z�e�Z�� �^�\�b�]�Z�l�_�e�y�� �k�� �b�a�f�_�g�_�g�b�_�f�� �l�_�o�g�b�q�_�k�d�h�]�h�� �k�h��
�k�l�h�y�g�b�y���h�l�^�_�e�v�g�u�o���w�e�_�f�_�g�l�h�\���l�h�i�e�b�\�g�h�c���k�b�k�l�_�f�u�����\���q�Z�k�l��
�g�h�k�l�b���� �k�h�k�l�h�y�g�b�y�� �W�;�G�� �k�h�� �k�g�b�`�_�g�g�u�f�� �m�j�h�\�g�_�f�� �i�b�l�Z�g�b�y������
�q�l�h���i�h�d�Z�a�u�\�Z�_�l���g�Z �Z�^�_�d�\�Z�l�g�h�k�l�v���i�j�b�f�_�g�_�g�b�y���j�Z�k�q�_�l�g�h�c���l�_�h��
�j�_�l�b�q�_�k�d�h�c���f�h�^�_�e�b���������� 

�A�:�D�E�X�Q�?�G�B�? 

�H�i�b�k�Z�g�g�u�_ �k�i�h�k�h�[�u�� �i�h�a�\�h�e�y�x�l�� �h�i�j�_�^�_�e�y�l�v�� �l�_�o�g�b�q�_��
�k�d�h�_�� �k�h�k�l�h�y�g�b�_�� �W�;�G�� �<�h-�i�_�j�\�u�o���� �\ �^�b�g�Z�f�b�q�_�k�d�h�f�� �j�_�`�b�f�_��
�h�l�k�e�_�`�b�\�Z�_�l�k�y�� �j�Z�[�h�l�Z�� �W�;�G �[�e�Z�]�h�^�Z�j�y�� �b�a�f�_�g�_�g�b�x���f�Z�d�k�b��
�f�Z�e�v�g�h�� �\�h�a�f�h�`�g�h�c�� �q�Z�k�l�h�l�u�� �\�j�Z�s�_�g�b�y�� �d�h�e�_�g�q�Z�l�h�]�h�� �\�Z�e�Z��
�^�\�b�]�Z�l�_�e�y���i�j�b���h�l�d�e�x�q�_�g�b�b���b�k�d�j�h�h�[�j�Z�a�h�\�Z�g�b�y �\���j�_�`�b�f�_���j�_��
�]�m�e�b�j�h�\�Z�g�b�y �g�Z�i�j�y�`�_�g�b�y�� �i�b�l�Z�g�b�y�� �W�;�G�����<�h-�\�l�h�j�u�o���� �\ �k�l�Z��
�l�b�q�_�k�d�h�f���j�_�`�b�f�_���j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y���j�Z�[�h�l�Z���W�;�G���i�h���j�Z�a�\�b�\�Z��
�_�f�h�f�m���^�Z�\�e�_�g�b�x���i�j�b���g�_�j�Z�[�h�l�Z�x�s�_�f���>�<�K�����>�Z�g�g�u�_���k�i�h�k�h�[�u��
�o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y�� �a�g�Z�q�b�l�_�e�v�g�h�c�� �w�n�n�_�d�l�b�\�g�h�k�l�v�x�� �i�j�h�p�_�k�k�Z��
�^�b�Z�]�g�h�k�l�b�j�h�\�Z�g�b�y���k�b�k�l�_�f�u���l�h�i�e�b�\�h�i�h�^�Z�q�b. 

�<�U�<�H�>�U 

�L�_�h�j�_�l�b�q�_�k�d�b���h�i�j�_�^�_�e�_�g�Z �b���i�h�^�l�\�_�j�`�^�_�g�Z���w�d�k�i�_�j�b�f�_�g��
�l�Z�e�v�g�u�f�b�� �b�k�k�e�_�^�h�\�Z�g�b�y�f�b �j�Z�k�q�_�l�g�Z�y �l�_�h�j�_�l�b�q�_�k�d�Z�y�� �f�h��
�^�_�e�v���^�e�y���K�L�����i�h�a�\�h�e�y�x�s�Z�y���b�k�k�e�_�^�h�\�Z�l�v���\�a�Z�b�f�h�k�\�y�a�v���f�Z�d�k�b��
�f�Z�e�v�g�h�c�� �q�Z�k�l�h�l�u�� �\�j�Z�s�_�g�b�y�� �d�h�e�_�g�q�Z�l�h�]�h�� �\�Z�e�Z�� �^�\�b�]�Z�l�_�e�y�� �k��
�b�a�f�_�g�_�g�b�_�f���l�_�o�g�b�q�_�k�d�h�]�h���k�h�k�l�h�y�g�b�y���h�l�^�_�e�v�g�u�o���w�e�_�f�_�g�l�h�\��
�l�h�i�e�b�\�g�h�c���k�b�k�l�_�f�u�� 

�>�e�y���h�i�j�_�^�_�e�_�g�b�y���l�_�o�g�b�q�_�k�d�h�]�h���k�h�k�l�h�y�g�b�y���W�;�G���i�j�_�^�e�Z��
�]�Z�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�l�v �l�Z�d�h�c �^�b�Z�]�g�h�k�l�b�q�_�k�d�b�c�� �i�j�b�a�g�Z�d���� �d�Z�d 
�i�j�_�^�_�e�� �b�a�f�_�g�_�g�b�y�� �q�Z�k�l�h�l�u�� �\�j�Z�s�_�g�b�y�� �>�<�K�����M�k�l�Z�g�h�\�e�_�g�h����
�q�l�h���q�_�f���g�b�`�_���m�j�h�\�_�g�v���i�h�^�Z�q�b���l�h�i�e�b�\�Z���\���K�L, �a�Z�\�b�k�y�s�b�c���h�l��
�w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���W�;�G�� �l�_�f���g�b�`�_���i�j�_�^�_�e�u��
�b�a�f�_�g�_�g�b�y�� �q�Z�k�l�h�l�u�� �\�j�Z�s�_�g�b�y�� �>�<�K�����W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_��
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�b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�d�Z�a�Z�e�b���� �q�l�h�� �i�j�b�f�_�g�y�_�f�u�c �^�b�g�Z�f�b�q�_�k�d�b�c��
�k�i�h�k�h�[�� �i�j�h�\�_�j�d�b�� �j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�b�� �W�;�G�� �h�[�e�Z�^�Z�_�l 
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Abstract. The purpose of this work is to study the output pa-
rameters of electric pumps in vehicles when simulating changes in 
their technical condition without dismantling the fuel system using 
new diagnostic methods. To justify the diagnostic modes and indi-
cators, we analyzed possible complex output parameters of auto-
mobile gasoline pumps. We theoretically determined the estimated 
model for the fuel supply system, which allows us to investigate the 
relationship of the maximum engine crankshaft speed with the 
change in the technical condition of individual elements of the fuel 
system. The change in the pressure and capacity of the fuel system 
is associated with the change in the flow characteristics of the elec-
tromagnetic injectors, filter resistance, and technical condition of 
the pump. In connection with various mechanisms of failures of 
the fuel system elements and changes in their technical condition, 
we considered a simulation model of the fuel system. We presented 
results of studying the output characteristics of electric gasoline 
pumps �R�I���W�K�H���Y�H�K�L�F�O�H�V�¶���I�X�H�O���V�\�V�W�H�P. We considered two diagnostic 

methods to determine the technical condition of the pump: dy-
namic and static. To control the technical condition of the fuel sys-
tem elements, we developed a testing method based on load and 
stress testing. For a pump used in a vehicle, the change in its char-
acteristics with the change in the supply voltage typical for these 
conditions is of a great importance. The paper presents a study of 
the relationship between the technical condition of the gasoline 
electric pump with its quality indicators of the fuel system opera-
tion. We determined that it is possible to monitor the technical con-
dition of the pump by measuring the difference of the values of the 
crankshaft speed when the sparking and fuel supply are off. We 
presented experimental results by the dynamic method, which has 
the most informative and information capacity. 

Keywords: fuel system; diagnostics; electric gasoline pump; 
testing, technical condition; diagnostic parameter. 
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Abstract. The article substantiates the relevance of improving 
the design of automobile pneumatic tires. The basic parameters of 
the utility model "Double-sided summer-winter pneumatic tir e" 
���3�D�W�H�Q�W���I�R�U���X�W�L�O�L�W�\���P�R�G�H�O���‹�������������������G�H�Y�H�O�R�S�H�G���E�\���W�K�H���I�H�O�O�R�Z���Z�R�U�N��
ers of the FSBEI of Higher Education Pskov State University, are 
described. The features and main disadvantages of the closest an-
alogue (patent for the invention RU 2028953) are presented: the 
inability to use it year-round, an increase in the imbalance and the 
risk of puncture during the operation of the second tread part due 
to uneven wear of the first and second tread parts. The technical 
goal, solved by the proposed useful model, is to ensure the possi-
bility of year-round use of pneumatic tires. The goal is achieved by 

the unique features: the inner part of the tire is a mirror image of 
the external part; one part of the tire is equipped with spikes; if 
necessary, the tire can be turned out. Scientific novelty of the de-
veloped double-sided pneumatic tires is consists of combining two 
traditional products, which gives a significant synergistic effect: 
savings of the cost of acquisition and use, reduction of environmen-
tal damage. 

Keywords: spike, cord, breaker, winter tire, summer tire, 
sidewall, tread pattern. 
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�k�o�_�f�_���>�x�j�v�_�a�Z�����j�b�k.���Z�������F�_�l�h�^���F�Z�j�r�Z�e�Z���>���������@���i�h�a�\�h�e�b�e���i�h��
�e�m�q�b�l�v���d�h�w�n�n�b�p�b�_�g�l���\�g�m�l�j�_�g�g�_�]�h���l�j�_�g�b�y���i�j�b���j�Z�k�d�h�e�_�����j�b�k. 
���[�����k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���a�Z�\�b�k�b�f�h�k�l�_�c�� 

    (1) 
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�]�^�_���:�f �b���:�k �± �j�Z�[�h�l�Z���k�b�e���i�j�b���^�_�n�h�j�f�Z�p�b�b���h�[�j�Z�a�p�Z���i�h���k�o�_�f�_��
�F�Z�j�r�Z�e�Z���b���i�j�b���h�^�g�h�h�k�g�h�f���k�`�Z�l�b�b���k�h�h�l�\�_�l�k�l�\�_�g�g�h�����:�f �b���:�k 
�h�i�j�_�^�_�e�y�x�l���i�h���n�h�j�f�m�e�_�� 

   (2) 

�]�^�_���)���± �j�Z�a�j�m�r�Z�x�s�_�_���m�k�b�e�b�_�����d�G�� l �± �i�j�_�^�_�e�v�g�Z�y���^�_�n�h�j�f�Z��
�p�b�y�����f�f�� 

�I�h�d�Z�a�Z�l�_�e�v���k�p�_�i�e�_�g�b�y���k���g�Z�o�h�^�y�l���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���i�h�e�m��
�q�_�g�g�h�]�h���m�]�e�Z���\�g�m�l�j�_�g�g�_�]�h���l�j�_�g�b�y���b���i�j�_�^�_�e�Z���i�j�h�q�g�h�k�l�b���Z�k��
�n�Z�e�v�l�h�[�_�l�h�g�Z���g�Z���k�`�Z�l�b�_�� 

     (3) 

�]�^�_���5�k�  ̀�± �i�j�_�^�_�e���i�j�h�q�g�h�k�l�b���h�[�j�Z�a�p�Z���Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���g�Z���h�^��
�g�h�h�k�g�h�_���k�`�Z�l�b�_�����F�I�Z�� 

�I�j�h�]�j�_�k�k�b�\�g�u�c�� �i�h�^�o�h�^���� �h�k�g�h�\�Z�g�g�u�c�� �g�Z�� �d�h�f�i�e�_�d�k�_�� �b�k��
�i�u�l�Z�g�b�c���� �j�_�Z�e�b�a�h�\�Z�g�� �\�� �f�_�l�h�^�_�� �K�m�i�_�j�\�_�c�\�� �>������ ���@���� �d�h�l�h�j�u�c��
�i�h�k�l�_�i�_�g�g�h���\�u�l�_�k�g�y�_�l���i�j�_�^�u�^�m�s�b�_���f�_�l�h�^�u�� 

�H�i�j�_�^�_�e�_�g�g�h�_���f�_�k�l�h���a�Z�g�b�f�Z�x�l���i�_�g�_�l�j�Z�p�b�h�g�g�u�_���f�_�l�h�^�u��
���j�b�k�m�g�h�d�� ���]������ �h�k�g�h�\�Z�g�g�u�_�� �g�Z �Z�g�Z�e�b�a�_�� �^�_�n�h�j�f�Z�p�b�h�g�g�u�o��
�k�\�h�c�k�l�\���Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���i�h�^���^�_�c�k�l�\�b�_�f���g�Z�]�j�m�a�d�b���>�����������������@���� 

�H�i�b�k�Z�g�g�u�_���\�u�r�_���f�_�l�h�^�u���k�i�_�p�b�Z�e�v�g�h���j�Z�a�j�Z�[�Z�l�u�\�Z�e�b�k�v��
�^�e�y���Z�g�Z�e�b�a�Z���^�e�b�l�_�e�v�g�h�c���i�j�h�q�g�h�k�l�b���b���m�k�l�h�c�q�b�\�h�k�l�b���Z�k�n�Z�e�v��
�l�h�[�_�l�h�g�g�u�o���i�h�d�j�u�l�b�c�����H�^�g�Z�d�h�����^�e�y���k�b�e�h�\�h�]�h���b���w�g�_�j�]�_�l�b�q�_��
�k�d�h�]�h���Z�g�Z�e�b�a�Z���i�j�h�p�_�k�k�Z���n�j�_�a�_�j�h�\�Z�g�b�y���l�Z�d�h�c���i�h�d�Z�a�Z�l�_�e�v���g�_��
�i�j�b�_�f�e�_�f���� �B�a�\�_�k�l�g�h���� �q�l�h�� �i�j�b�� �h�k�g�h�\�g�h�c�� �i�j�b�q�b�g�h�c�� �i�h�l�_�j�b��
�w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�h�c�� �i�j�h�q�g�h�k�l�b�� �y�\�e�y�_�l�k�y�� �g�Z�j�m�r�_�g�b�_�� �k�\�y�a�_�c��
�f�_�`�^�m���h�l�^�_�e�v�g�u�f�b���k�l�j�m�d�l�m�j�h�h�[�j�Z�a�m�x�s�b�f�b���d�h�f�i�h�g�_�g�l�Z�f�b��
�f�Z�l�_�j�b�Z�e�Z���� �W�l�h�� �\�u�a�u�\�Z�_�l�� �i�h�y�\�e�_�g�b�_�� �^�_�n�_�d�l�h�\�� �\�� �\�b�^�_�� �l�j�_��
�s�b�g�����k�d�h�e�h�\���b���\�u�[�h�b�g���\���i�h�d�j�u�l�b�b�����I�j�h�p�_�k�k���n�j�_�a�_�j�h�\�Z�g�b�y��
�k�h�i�j�h�\�h�`�^�Z�_�l�k�y�� �l�Z�d�� �`�_�� �Z�d�l�b�\�g�u�f�� �^�j�h�[�e�_�g�b�_�f�� �d�Z�f�_�g�g�h�c��
�n�j�Z�d�p�b�b�����q�l�h���g�Z���i�h�j�y�^�h�d���m�\�_�e�b�q�b�\�Z�_�l���a�Z�l�j�Z�l�u���w�g�_�j�]�b�b. 

�B�f�_�g�g�h�� �i�h�w�l�h�f�m���� �f�_�l�h�^�� �h�i�j�_�^�_�e�_�g�b�y�� �i�h�d�Z�a�Z�l�_�e�y�� �i�j�h�q��
�g�h�k�l�b�� �^�h�j�h�`�g�h�]�h�� �Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z�� �^�h�e�`�_�g�� �m�q�b�l�u�\�Z�l�v�� �d�Z�d��
�i�j�h�q�g�h�k�l�v�� �k�\�y�a�_�c�� �f�_�`�^�m�� �a�_�j�g�Z�f�b���� �l�Z�d�� �b�� �i�j�h�q�g�h�k�l�v�� �k�Z�f�b�o��
�a�_�j�_�g�� 

�J�?�A�M�E�V�L�:�L�U �B�K�K�E�?�>�H�<�:�G�B�C 

�G�Z�b�[�h�e�_�_���[�e�b�a�d�b�f���k���w�l�h�c���l�h�q�d�b���a�j�_�g�b�y���y�\�e�y�_�l�k�y���f�_�l�h�^��
�k�l�Z�l�b�q�_�k�d�h�c���i�_�g�_�l�j�Z�p�b�b�����l�Z�d���d�Z�d���i�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�b���w�l�h�]�h��
�f�_�l�h�^�Z�� �i�j�h�y�\�e�y�_�l�k�y�� �j�Z�a�j�m�r�_�g�b�_�� �d�Z�f�_�g�g�h�c�� �n�j�Z�d�p�b�b�� �f�Z�l�_��
�j�b�Z�e�Z���g�Z�j�y�^�m���k���j�Z�a�j�m�r�_�g�b�_�f���k�\�y�a�_�c���f�_�`�^�m���a�_�j�g�Z�f�b�����L�Z�d�b�_��
�y�\�e�_�g�b�y���o�Z�j�Z�d�l�_�j�g�u���b���^�e�y���i�j�h�p�_�k�k�Z���n�j�_�a�_�j�h�\�Z�g�b�y���Z�k�n�Z�e�v��
�l�h�[�_�l�h�g�Z�� 

�G�Z�� �i�j�h�q�g�h�k�l�v�� �Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z�� �k�m�s�_�k�l�\�_�g�g�h�_�� �\�e�b�y�g�b�_��
�h�d�Z�a�u�\�Z�_�l�� �_�]�h�� �l�_�f�i�_�j�Z�l�m�j�Z���� �G�_�a�Z�\�b�k�b�f�h�� �h�l�� �k�i�h�k�h�[�Z�� �b�k�i�u��
�l�Z�g�b�y�����i�j�b���b�a�f�_�g�_�g�b�b���l�_�f�i�_�j�Z�l�m�j�u���h�l���g�m�e�y���^�h���i�y�l�b�^�_�k�y�l�b��
�]�j�Z�^�m�k�h�\�� �i�h�� �P�_�e�v�k�b�x���� �i�j�h�q�g�h�k�l�v�� �b�a�f�_�g�y�_�l�k�y�� �\�� �g�_�k�d�h�e�v�d�h��
�j�Z�a���� �I�h�w�l�h�f�m���� �i�h�e�m�q�_�g�g�h�_�� �a�g�Z�q�_�g�b�_�� �i�h�d�Z�a�Z�l�_�e�y�� �i�j�h�q�g�h�k�l�b��
�Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���g�_�h�[�o�h�^�b�f�h���\�k�_�]�^�Z���i�j�b�\�y�a�u�\�Z�l�v���d���l�_�f�i�_�j�Z��
�l�m�j�_�� 

�<�� �j�Z�f�d�Z�o�� �j�Z�[�h�l�� �i�h�� �b�k�k�e�_�^�h�\�Z�g�b�x�� �g�Z�o�h�`�^�_�g�b�x�� �i�h�d�Z�a�Z��
�l�_�e�y���i�j�h�q�g�h�k�l�b���^�h�j�h�`�g�u�o���Z�k�n�Z�e�v�l�h�[�_�l�h�g�h�\���j�Z�a�e�b�q�g�u�o���f�Z��
�j�h�d�� �[�u�e�Z�� �i�j�h�\�_�^�_�g�Z�� �k�_�j�b�y�� �w�d�k�i�_�j�b�f�_�g�l�h�\���� �i�h�a�\�h�e�b�\�r�Z�y��
�h�p�_�g�b�l�v���\�e�b�y�g�b�_���j�Z�a�e�b�q�g�u�o���n�Z�d�l�h�j�h�\���g�Z���i�h�d�Z�a�Z�l�_�e�v���i�j�h�q��
�g�h�k�l�b�����K�j�Z�\�g�b�\�Z�e�b�k�v���i�h�d�Z�a�Z�l�_�e�b���i�j�h�q�g�h�k�l�b�����d�h�l�h�j�u�_���i�h�e�m��
�q�_�g�u�� �f�_�l�h�^�h�f�� �j�Z�a�j�m�r�_�g�b�y�� �g�Z�� �h�^�g�h�h�k�g�h�_�� �k�`�Z�l�b�_�� �h�[�j�Z�a�p�Z��
�p�b�e�b�g�^�j�b�q�_�k�d�h�c�� �n�h�j�f�u�� �k�l�Z�g�^�Z�j�l�g�u�o�� �j�Z�a�f�_�j�h�\�� �i�h�� �f�_�l�h��
�^�b�d�_���=�H�K�L������������-�������>�����@���b���i�h�d�Z�a�Z�l�_�e�b���i�j�h�q�g�h�k�l�b���w�l�b�o���`�_��

�h�[�j�Z�a�p�h�\�� �Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���� �i�h�e�m�q�_�g�g�u�_�� �f�_�l�h�^�h�f�� �k�l�Z�l�b�q�_��
�k�d�h�c�� �i�_�g�_�l�j�Z�p�b�b���� �I�h�k�e�_�^�g�b�c�� �f�_�l�h�^�� �g�_�� �y�\�e�y�_�l�k�y�� �k�l�Z�g�^�Z�j�l��
�g�u�f�� �b�� �j�_�Z�e�b�a�h�\�Z�g�� �g�Z�� �]�b�^�j�Z�\�e�b�q�_�k�d�h�f�� �i�j�_�k�k�_�� ���j�b�k. ������ �i�j�b��
�b�k�i�h�e�v�a�h�\�Z�g�b�b�� �r�l�Z�f�i�h�\���p�b�e�b�g�^�j�b�q�_�k�d�h�c�� �b�� �e�b�g�_�c�g�h�c��
�n�h�j�f�������k���h�l�h�[�j�Z�`�_�g�b�_�f���b���a�Z�i�b�k�v�x���a�g�Z�q�_�g�b�c���g�Z���i�_�j�k�h�g�Z�e�v��
�g�u�c���d�h�f�i�v�x�l�_�j�� 

 

 
�J�b�k���������E�e�Z�[�h�j�Z�l�h�j�g�u�c���k�l�_�g�^���^�e�y���h�i�j�_�^�_�e�_�g�b�y���i�h�d�Z�a�Z�l�_�e�y��
�i�j�h�q�g�h�k�l�b���Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���f�_�l�h�^�h�f���k�l�Z�l�b�q�_�k�d�h�c���i�_�g�_�l�j�Z��
�p�b�b�����Z���± �h�[�s�b�c���\�b�^�����[���± �i�_�g�_�l�j�Z�p�b�y���p�b�e�b�g�^�j�b�q�_�k�d�b�f���i�j�h��

�n�b�e�_�f�����\���± �i�_�g�_�l�j�Z�p�b�y���e�b�g�_�c�g�u�f���i�j�h�n�b�e�_�f 

�<���o�h�^�_���b�k�k�e�_�^�h�\�Z�g�b�y���b�k�i�h�e�v�a�h�\�Z�e�b�k�v���h�[�j�Z�a�p�u���k���l�_�f�i�_��
�j�Z�l�m�j�Z�f�b���������������b���������]�j�Z�^�m�k�h�\���i�h���P�_�e�v�k�b�x�����i�j�_�^�\�Z�j�b�l�_�e�v�g�h��
�i�h�^�\�_�j�]�r�b�_�k�y�� �l�_�j�f�h�k�l�Z�l�b�j�h�\�Z�g�b�x���� �<�u�[�j�Z�g�u�� �k�e�_�^�m�x�s�b�_��
�f�Z�j�d�b�� �^�h�j�h�`�g�u�o�� �Z�k�n�Z�e�v�l�h�[�_�l�h�g�h�\�� �:������ �;���� �b�� �>���� �i�h�� �=�H�K�L��
9128-2�������>�����@���Z���l�Z�d���`�_���S�F�:��-�������i�h���=�H�K�L������������-2002[13].  
�<���l�Z�[�e�b�p�_�������i�j�b�\�_�^�_�g���k�h�k�l�Z�\���w�l�b�o���Z�k�n�Z�e�v�l�h�[�_�l�h�g�h�\�� 

�>�e�y���f�_�l�h�^�Z���k�l�Z�l�b�q�_�k�d�h�c���i�_�g�_�l�j�Z�p�b�b���h�i�j�_�^�_�e�y�e�b�k�v���i�j�_��
�^�_�e�v�g�u�_���d�h�g�l�Z�d�l�g�u�_���g�Z�i�j�y�`�_�g�b�y�����o�Z�j�Z�d�l�_�j�b�a�m�x�s�b�_�k�y���f�Z�d��
�k�b�f�Z�e�v�g�h�c�� �k�b�e�h�c�� �\�^�Z�\�e�b�\�Z�g�b�y�� �p�b�e�b�g�^�j�b�q�_�k�d�h�]�h�� �b�� �e�b�g�_�c��
�g�h�]�h���i�j�h�n�b�e�y�����A�g�Z�q�_�g�b�y���i�j�_�^�_�e�v�g�u�o���d�h�g�l�Z�d�l�g�u�o���g�Z�i�j�y�`�_��

�g�b�c���ê�� ���F�I�Z�����h�i�j�_�^�_�e�y�e�b�k�v���i�h���n�h�j�f�m�e�Z�f�� 
- �^�e�y���p�b�e�b�g�^�j�b�q�_�k�d�h�]�h���i�j�h�n�b�e�y�� 

    (4) 

�]�^�_���)���± �k�b�e�Z���\�^�Z�\�e�b�\�Z�g�b�y���r�l�Z�f�i�Z�����G�� d �± �^�b�Z�f�_�l�j���r�l�Z�f�i�Z����
�f�f�� - �^�e�y���e�b�g�_�c�g�h�]�h���i�j�h�n�b�e�y���� 
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  (5) 

�]�^�_���Z �± �^�e�b�g�Z���i�j�h�n�b�e�y�����f�f�� �/�± �r�b�j�b�g�Z���i�j�h�n�b�e�y�����f�f. 
�G�b�`�_���i�j�_�^�k�l�Z�\�e�_�g�u���j�_�a�m�e�v�l�Z�l�u�b�k�i�u�l�Z�g�b�c �q�_�l�u�j�_�o���l�b��

�i�h�\���Z�k�n�Z�e�v�l�h�\�u�o���[�_�l�h�g�h�\�����r�b�j�h�d�h���b�k�i�h�e�v�a�m�_�f�u�o���^�e�y���j�_�r�_��
�g�b�y�� �j�Z�a�e�b�q�g�u�o�� �a�Z�^�Z�q�� �k�l�j�h�b�l�_�e�v�k�l�\�Z�� �^�h�j�h�]�� �b�� �Z�w�j�h�^�j�h�f�h�\����
�h�l�e�b�q�Z�x�s�b�_�k�y�� �i�h�� �g�Z�a�g�Z�q�_�g�b�x���� �i�j�h�q�g�h�k�l�g�u�f�� �i�h�d�Z�a�Z�l�_�e�y�f��
�b���k�h�k�l�Z�\�m���� 

�L�Z�[�e�b�p�Z���� 
�K�h�k�l�Z�\���h�[�j�Z�a�p�h�\���Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z�����i�j�b�g�y�l�u�o���^�e�y���i�j�h�\�_��

�^�_�g�b�y���b�k�k�e�_�^�h�\�Z�g�b�c 

�I�Z�j�Z�f�_�l�j 
�F�Z�j�d�Z���Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z 

�>�� �S�F�: -15 �:��  �;��  

�D�e�Z�k��
�k�b�n�b�d�Z�p�b�y 

�I�_�k�q�Z�g�u�c��
�Z�k�n�Z�e�v�l�h��

�[�_�l�h�g 

�A�_�j�g�b�k�l�u�c���Z�k��
�n�Z�e�v�l�h�[�_�l�h�g���k��
�k�h�^�_�j�`�Z�g�b�_�f��
�s�_�[�g�y���^�h�������� 

�A�_�j�g�b��
�k�l�u�c���Z�k��

�n�Z�e�v�l�h�[�_��
�l�h�g���k���k�h��
�^�_�j�`�Z��
�g�b�_�f��

�s�_�[�g�y������-
60 % 

�A�_�j�g�b��
�k�l�u�c���Z�k��

�n�Z�e�v�l�h�[�_��
�l�h�g���k���k�h��
�^�_�j�`�Z��
�g�b�_�f��

�s�_�[�g�y������-
50 % 

�S�_�[�_�g�v 
�G�_ �b�k�i�h�e�v��

�a�m�_�l�k�y �=�j�Z�g�b�l�g�u�c���s�_�[�_�g�v���f�Z�j�d�Z���F���������>�����@ 

�;�b�l�m�f �;�G�>��
60/90[15] 

�;�G�>����������������
�f�h�^�b�n�b�p�b�j�h��

�\�Z�g�g�u�c 

�;�G�>��
60/90 

�;�G�>��
60/90 

�G�Z���j�b�k�m�g�d�_�������i�j�_�^�k�l�Z�\�e�_�g�u���]�j�Z�n�b�d�b���a�Z�\�b�k�b�f�h�k�l�b���i�h�d�Z��
�a�Z�l�_�e�y���i�j�h�q�g�h�k�l�b���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���l�_�f�i�_�j�Z�l�m�j�u���i�j�b���b�k�i�u��
�l�Z�g�b�b���g�Z���h�^�g�h�h�k�g�h�_���k�`�Z�l�b�_���b�����i�h�e�m�q�_�g�g�h�_���i�j�b���\�^�Z�\�e�b�\�Z�g�b�b��
�p�b�e�b�g�^�j�b�q�_�k�d�h�]�h���i�j�h�n�b�e�y�����^�b�Z�f�_�l�j�h�f���������f�f���^�e�y���i�_�k�q�Z�g�h�]�h��
�Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z�����f�Z�j�d�b���>�������K�m�s�_�k�l�\�_�g�g�h�_���j�Z�a�e�b�q�b�_���i�h�d�Z�a�Z��
�l�_�e�y���i�j�h�q�g�h�k�l�b���m�d�Z�a�u�\�Z�_�l���g�Z���g�_�^�h�i�m�k�l�b�f�h�k�l�v���h�i�b�j�Z�l�v�k�y���g�Z��
�k�l�Z�g�^�Z�j�l�g�u�c�� �f�_�l�h�^�� �i�j�b�� �h�i�j�_�^�_�e�_�g�b�b�� �k�h�i�j�h�l�b�\�e�y�_�f�h�k�l�b��
�n�j�_�a�_�j�h�\�Z�g�b�x�� 

 
�J�b�k������. �=�j�Z�n�b�d���a�Z�\�b�k�b�f�h�k�l�b���i�j�_�^�_�e�Z���i�j�h�q�g�h�k�l�b���Z�k�n�Z�e�v�l�h��
�[�_�l�h�g�Z���f�Z�j�d�b���>�����h�l���l�_�f�i�_�j�Z�l�m�j�u�� �R - �i�j�_�^�_�e���d�h�g�l�Z�d�l�g�h�c��
�i�j�h�q�g�h�k�l�b���i�j�b���\�^�Z�\�e�b�\�Z�g�b�b���p�b�e�b�g�^�j�b�q�_�k�d�h�]�h���i�j�h�n�b�e�y����
�^�b�Z�f�_�l�j�h�f���������f�f�� �x - �i�j�_�^�_�e���i�j�h�q�g�h�k�l�b���k�l�Z�g�^�Z�j�l�g�u�o���h�[��

�j�Z�a�p�h�\���i�j�b���b�k�i�u�l�Z�g�b�b���g�Z���h�^�g�h�h�k�g�h�_���k�`�Z�l�b�_�� 

�G�Z���j�b�k�m�g�d�_�������i�h�d�Z�a�Z�g�u���]�j�Z�n�b�d�b�����i�h�e�m�q�_�g�g�u�_���i�j�b���b�k�i�u��
�l�Z�g�b�b���h�[�j�Z�a�p�h�\���a�_�j�g�b�k�l�u�o���Z�k�n�Z�e�v�l�h�[�_�l�h�g�h�\���f�Z�j�h�d���:�����b���;������
�^�e�y�� �d�h�l�h�j�u�o�� �i�h�e�m�q�_�g�u�� �a�g�Z�q�_�g�b�y�� �i�h�d�Z�a�Z�l�_�e�y�� �i�j�h�q�g�h�k�l�b�� �g�_��
�l�h�e�v�d�h���p�b�e�b�g�^�j�b�q�_�k�d�b�f���r�l�Z�f�i�h�f�����g�h���b���e�b�g�_�c�g�u�f���i�j�h�n�b��
�e�_�f�����L�Z�d���d�Z�d���h�i�j�_�^�_�e�_�g�g�Z�y���a�_�j�g�b�k�l�h�k�l�v���Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���\�u��
�a�u�\�Z�_�l���g�_�j�Z�\�g�h�f�_�j�g�h�_���k�h�i�j�h�l�b�\�e�_�g�b�_���\�^�Z�\�e�b�\�Z�g�b�x���p�b�e�b�g��
�^�j�b�q�_�k�d�h�]�h�� �i�j�h�n�b�e�y���� �j�_�a�m�e�v�l�Z�l�u�� �l�Z�d�h�]�h�� �b�k�k�e�_�^�h�\�Z�g�b�y��
�b�f�_�x�l���k�m�s�_�k�l�\�_�g�g�u�c���j�Z�a�[�j�h�k�����E�b�g�_�c�g�u�c���i�j�h�n�b�e�v���\�h�a�^�_�c��
�k�l�\�m�_�l���h�^�g�h�\�j�_�f�_�g�g�h���g�Z���g�_�k�d�h�e�v�d�h���a�_�j�_�g�����h�[�_�k�i�_�q�b�\�Z�y���[�h��
�e�_�_���k�l�Z�[�b�e�v�g�u�c���j�_�a�m�e�v�l�Z�l�����>�e�y���a�_�j�g�b�k�l�u�o���Z�k�n�Z�e�v�l�h�\�u�o���[�_��
�l�h�g�h�\���l�Z�d���`�_���o�Z�j�Z�d�l�_�j�g�h���k�m�s�_�k�l�\�_�g�g�h�_���h�l�e�b�q�b�_���i�h�d�Z�a�Z�l�_�e�y��
�i�j�h�q�g�h�k�l�b�� �g�Z�� �h�^�g�h�h�k�g�h�_�� �k�`�Z�l�b�_�� �k�l�Z�g�^�Z�j�l�g�u�o�� �h�[�j�Z�a�p�h�\�� �b��
�i�h�d�Z�a�Z�l�_�e�y�� �i�j�h�q�g�h�k�l�b���� �i�h�e�m�q�_�g�g�h�]�h�� �f�_�l�h�^�h�f�� �k�l�Z�l�b�q�_�k�d�h�c��
�i�_�g�_�l�j�Z�p�b�b.  

 

 
�J�b�k. 4�����=�j�Z�n�b�d�b���a�Z�\�b�k�b�f�h�k�l�b���i�h�d�Z�a�Z�l�_�e�_�c���i�j�h�q�g�h�k�l�b��

�Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���f�Z�j�d�b���;�������Z�����b���:�������[�����h�l���l�_�f�i�_�j�Z�l�m�j�u�� �R - 
�i�j�_�^�_�e���d�h�g�l�Z�d�l�g�h�c���i�j�h�q�g�h�k�l�b���i�j�b���\�^�Z�\�e�b�\�Z�g�b�b��

�p�b�e�b�g�^�j�b�q�_�k�d�h�]�h���i�j�h�n�b�e�y�����^�b�Z�f�_�l�j�h�f���������f�f�� �x - �i�j�_�^�_�e��
�i�j�h�q�g�h�k�l�b���i�j�b���b�k�i�u�l�Z�g�b�b���g�Z���h�^�g�h�h�k�g�h�_���k�`�Z�l�b�_���� �'  - 

�i�j�_�^�_�e���d�h�g�l�Z�d�l�g�h�c���i�j�h�q�g�h�k�l�b���i�j�b���\�^�Z�\�e�b�\�Z�g�b�b��
�i�j�y�f�h�m�]�h�e�v�g�h�]�h���i�j�h�n�b�e�y�����l�h�e�s�b�g�h�c�������f�f���b���^�e�b�g�h�c���������f�f�� 

�<�U�<�H�>�U 

�G�Z���h�k�g�h�\�Z�g�b�b���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���j�Z�[�h�l���f�h�`�g�h���k�^�_�e�Z�l�v��
�k�e�_�^�m�x�s�b�_���\�u�\�h�^�u�� 

- �k�l�Z�g�^�Z�j�l�g�u�_�� �f�_�l�h�^�u���� �i�j�b�f�_�g�y�_�f�u�_�� �^�e�y�� �h�p�_�g�d�b�� �d�Z�q�_��
�k�l�\�Z���^�h�j�h�`�g�h�]�h���i�h�d�j�u�l�b�y�����g�_���i�h�^�o�h�^�y�l���^�e�y���h�p�_�g�d�b���i�h�d�Z�a�Z��
�l�_�e�y���_�]�h���k�h�i�j�h�l�b�\�e�y�_�f�h�k�l�b���j�_�a�Z�g�b�x�� 

- �g�Z�b�[�h�e�_�_���[�e�b�a�d�b�f���f�_�l�h�^�h�f���^�e�y���h�p�_�g�d�b���i�h�d�Z�a�Z�l�_�e�y���k�h��
�i�j�h�l�b�\�e�y�_�f�h�k�l�b�� �n�j�_�a�_�j�h�\�Z�g�b�y�� �Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���� �k�� �l�h�q�d�b��
�a�j�_�g�b�y���i�h�^�h�[�b�y���i�j�h�p�_�k�k�h�\���j�Z�a�j�m�r�_�g�b�y���f�Z�l�_�j�b�Z�e�Z�����y�\�e�y�_�l�k�y��
�f�_�l�h�^���k�l�Z�l�b�q�_�k�d�h�c���i�_�g�_�l�j�Z�p�b�b�� 

- �q�b�k�e�_�g�g�u�_�� �a�g�Z�q�_�g�b�y�� �i�j�_�^�_�e�v�g�u�o�� �d�h�g�l�Z�d�l�g�u�o�� �g�Z�i�j�y��
�`�_�g�b�c�����i�h�e�m�q�_�g�g�u�o���f�_�l�h�^�h�f���k�l�Z�l�b�q�_�k�d�h�c���i�_�g�_�l�j�Z�p�b�b���\���g�_��
�k�d�h�e�v�d�h�� �j�Z�a�� �i�j�_�\�u�r�Z�x�l�� �a�g�Z�q�_�g�b�y�� �i�j�_�^�_�e�Z�� �i�j�h�q�g�h�k�l�b���� �i�h��
�e�m�q�_�g�g�h�]�h���f�_�l�h�^�h�f���j�Z�a�j�m�r�_�g�b�y���h�[�j�Z�a�p�h�\���k�l�Z�g�^�Z�j�l�g�u�o���j�Z�a��
�f�_�j�h�\���g�Z���h�^�g�h�h�k�g�h�_���k�`�Z�l�b�_�� 

- �h�i�j�_�^�_�e�_�g�b�_�� �i�h�d�Z�a�Z�l�_�e�y�� �i�j�h�q�g�h�k�l�b�� �f�_�l�h�^�h�f�� �k�l�Z�l�b�q�_��
�k�d�h�c���i�_�g�_�l�j�Z�p�b�b �a�_�j�g�b�k�l�u�o���Z�k�n�Z�e�v�l�h�[�_�l�h�g�h�\���k���[�h�e�_�_���\�u�k�h��
�d�h�c�� �i�h�\�l�h�j�y�_�f�h�k�l�v�x�� �j�_�a�m�e�v�l�Z�l�h�\�� �j�_�Z�e�b�a�m�_�f�h�� �i�j�b�� �b�k�i�h�e�v��
�a�h�\�Z�g�b�b���e�b�g�_�c�g�h�]�h���i�j�h�n�b�e�y�� 

- �d�Z�d���^�e�y���i�_�g�_�l�j�Z�p�b�h�g�g�u�o���f�_�l�h�^�h�\���l�Z�d���b���^�e�y���f�_�l�h�^�Z���j�Z�a��
�j�m�r�_�g�b�y�� �k�l�Z�g�^�Z�j�l�g�u�o�� �h�[�j�Z�a�p�h�\�� �g�Z�� �h�^�g�h�h�k�g�h�_�� �k�`�Z�l�b�_���� �o�Z��
�j�Z�d�l�_�j�g�h�� �k�m�s�_�k�l�\�_�g�g�h�_�� �m�\�_�e�b�q�_�g�b�_���i�h�d�Z�a�Z�l�_�e�y�� �i�j�h�q�g�h�k�l�b��
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�i�j�b�� �m�f�_�g�v�r�_�g�b�b�� �l�_�f�i�_�j�Z�l�m�j�u���� �H�k�h�[�_�g�g�h�� �w�l�h�� �o�Z�j�Z�d�l�_�j�g�h��
�^�e�y�� �g�b�a�d�b�o�� �l�_�f�i�_�j�Z�l�m�j���� �W�l�h�� �h�^�g�h�a�g�Z�q�g�h�� �m�d�Z�a�u�\�Z�_�l�� �g�Z�� �l�h����
�q�l�h�� �k�b�e�u�� �j�_�a�Z�g�b�y�� �Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z���� �k�h�k�j�_�^�h�l�h�q�_�g�g�u�_�� �g�Z��
�a�m�[�v�y�o�� �n�j�_�a�_�j�g�h�]�h�� �j�Z�[�h�q�_�]�h�� �h�j�]�Z�g�Z���� �b���� �k�h�h�l�\�_�l�k�l�\�_�g�g�h����
�w�g�_�j�]�h�_�f�d�h�k�l�v�� �i�j�h�p�_�k�k�Z �n�j�_�a�_�j�h�\�Z�g�b�y���� �k�m�s�_�k�l�\�_�g�g�h�� �a�Z�\�b��
�k�y�l���h�l���l�_�f�i�_�j�Z�l�m�j�u���Z�k�n�Z�e�v�l�h�[�_�l�h�g�Z�� 

�L�Z�d�b�f���h�[�j�Z�a�h�f�����j�Z�p�b�h�g�Z�e�v�g�h�_���i�j�h�_�d�l�b�j�h�\�Z�g�b�_���n�j�_�a�_�j��
�g�u�o�� �j�Z�[�h�q�b�o�� �h�j�]�Z�g�h�\�� �b�� �n�j�_�a�_�j�g�u�o�� �f�Z�r�b�g�� �\�� �p�_�e�h�f�� �g�_�b�a��
�[�_�`�g�h���a�Z�\�b�k�b�l���h�l���i�j�h�q�g�h�k�l�b���f�Z�l�_�j�b�Z�e�h�\�����>�e�y���h�i�_�j�Z�l�b�\�g�h�]�h��
�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y�� �g�Z�]�j�m�a�h�d�� �g�Z�� �n�j�_�a�_�j�g�u�c�� �j�Z�[�h�q�b�c�� �h�j�]�Z�g��
�\�h�a�f�h�`�g�h�� �m�k�l�Z�g�h�\�b�l�v�� �i�h�^�h�[�b�_�� �f�_�`�^�m�� �k�b�e�Z�f�b�� �j�_�a�Z�g�b�y�� �g�Z��
�j�_�a�p�Z�o�� �n�j�_�a�_�j�g�h�]�h�� �[�Z�j�Z�[�Z�g�Z�� �b�� �i�j�_�^�_�e�v�g�u�f�b�� �d�h�g�l�Z�d�l�g�u�f�b��
�g�Z�i�j�y�`�_�g�b�y�f�b���� �h�i�j�_�^�_�e�_�g�g�u�f�b�� �f�_�l�h�^�h�f�� �k�l�Z�l�b�q�_�k�d�h�c�� �i�_��
�g�_�l�j�Z�p�b�b�� 

�>�Z�g�g�u�c�� �f�_�l�h�^�� �l�Z�d�� �`�_�� �i�h�a�\�h�e�y�_�l���h�[�h�a�g�Z�q�b�l�v �i�h�^�o�h�^�u��
�^�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �j�Z�p�b�h�g�Z�e�v�g�u�o�� �h�[�e�Z�k�l�_�c�� �b�k�i�h�e�v�a�h�\�Z�g�b�y��
�n�j�_�a�_�j�g�h�]�h�� �h�[�h�j�m�^�h�\�Z�g�b�y���� �m�q�b�l�u�\�Z�y�� �i�h�]�h�^�g�u�_�� �m�k�e�h�\�b�y����
�\�j�_�f�y���]�h�^�Z���b���\�j�_�f�y���k�m�l�h�d���^�e�y���i�j�h�\�_�^�_�g�b�y���n�j�_�a�_�j�g�u�o���j�Z�[�h�l�� 

�E�B�L�?�J�:�L�M�J�: 

1. �J�Z�^�h�\�k�d�b�c�� �;���K���� �F�_�l�h�^�u�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�y�� �k�h�k�l�Z�\�Z��
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Abstract. The article contains the analysis of methods to deter-
mine the durability of road asphalt concrete in regards to the re-
sistance to cutting. The article also contains the results of durabil-
ity tests of several types of asphalt concrete done by static penetra-
tion, as well as the description of the method specified. It also pro-
vides the comparative evaluation of the results obtained by using 
static penetration and with the standard method. 
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�f�h�`�g�h�k�l�b���i�j�b���m�i�e�h�l�g�_�g�b�b���^�h�j�h�`�g�h-�k�l�j�h�b�l�_�e�v�g�u�o���f�Z�l�_�j�b��
�Z�e�h�\���� �y�\�e�y�x�l�k�y���� �w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�Z�y�� �f�Z�k�k�Z���� �f�Z�k�k�Z���� �i�j�b�o�h�^�y��
�s�Z�y�k�y���g�Z���\�b�[�j�h�\�Z�e�v�p�h�\�u�c���f�h�^�m�e�v�����\�u�g�m�`�^�Z�x�s�_�_���m�k�b�e�b�_���b��
�q�Z�k�l�h�l�Z�� �d�h�e�_�[�Z�g�b�c���� �^�b�Z�f�_�l�j�� �b�� �r�b�j�b�g�Z�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z���� �f�h�s�g�h�k�l�v�� �^�\�b�]�Z�l�_�e�y�� �b�� �g�_�d�h�l�h�j�u�_�� �^�j�m�]�b�_�� �i�Z�j�Z��
�f�_�l�j�u�����G�_�k�f�h�l�j�y���g�Z���f�g�h�]�h�e�_�l�g�b�c���h�i�u�l���i�j�h�b�a�\�h�^�k�l�\�Z���b���w�d�k��
�i�e�m�Z�l�Z�p�b�b�� �\�b�[�j�Z�p�b�h�g�g�u�o�� �d�Z�l�d�h�\���� �i�j�h�b�a�\�h�^�b�l�_�e�b�� �^�h�� �k�b�o��
�i�h�j���g�_���i�j�b�r�e�b���d���_�^�b�g�h�f�m���f�g�_�g�b�x���i�h���h�[�h�k�g�h�\�Z�g�b�x���q�b�k�e�_�g��
�g�u�o�� �a�g�Z�q�_�g�b�c�� �\�u�r�_�i�j�b�\�_�^�z�g�g�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d���� �k�e�_�^��
�k�l�\�b�_�f���q�_�]�h���y�\�e�y�_�l�k�y���k�m�s�_�k�l�\�_�g�g�u�c���j�Z�a�[�j�h�k���a�g�Z�q�_�g�b�c���\�u��
�r�_�i�j�b�\�_�^�_�g�g�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �m�� �f�h�^�_�e�_�c�� �\�b�[�j�Z�p�b�h�g�g�u�o��
�d�Z�l�d�h�\�� �k�h�i�h�k�l�Z�\�b�f�h�c�� �f�Z�k�k�u���� �\�u�i�m�k�d�Z�_�f�u�o�� �j�Z�a�e�b�q�g�u�f�b��
�i�j�h�b�a�\�h�^�b�l�_�e�y�f�b���>���������@�����?�s�z���k�e�h�`�g�_�_���h�[�k�l�h�b�l���^�_�e�h���k���h�[�h�k��
�g�h�\�Z�g�b�_�f�� �a�g�Z�q�_�g�b�y�� �Z�f�i�e�b�l�m�^�u�� �d�h�e�_�[�Z�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��

�\�Z�e�v�p�Z���d�Z�l�d�Z�����d�h�l�h�j�Z�y���a�Z�\�b�k�b�l���g�_���l�h�e�v�d�h���h�l���f�Z�k�k�u���\�b�[�j�Z�p�b��
�h�g�g�h�]�h�� �\�Z�e�v�p�Z���� �\�u�g�m�`�^�Z�x�s�_�]�h�� �m�k�b�e�b�y�� �b�� �q�Z�k�l�h�l�u�� �d�h�e�_�[�Z��
�g�b�c���� �g�h�� �b�� �h�l�� �k�\�h�c�k�l�\�� �m�i�e�h�l�g�y�_�f�h�]�h�� �f�Z�l�_�j�b�Z�e�Z���� �Z�� �l�Z�d�`�_�� �h�l��
�d�h�e�b�q�_�k�l�\�Z���b���o�Z�j�Z�d�l�_�j�b�k�l�b�d���Z�f�h�j�l�b�a�Z�l�h�j�h�\���\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z [3, 4]. 

�L�Z�d�b�f���h�[�j�Z�a�h�f�����g�Z�j�y�^�m���k���h�k�g�h�\�g�u�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b��
�\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z���� �d�h�e�b�q�_�k�l�\�h�� �b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �Z�f�h�j��
�l�b�a�Z�l�h�j�h�\���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���h�d�Z�a�u�\�Z�x�l���k�m�s�_�k�l�\�_�g�g�h�_��
�\�e�b�y�g�b�_���g�Z���o�Z�j�Z�d�l�_�j���d�h�e�_�[�Z�g�b�c���\�Z�e�v�p�Z�����©�i�h�k�l�h�y�g�g�u�c���d�h�g��
�l�Z�d�l�ª�����©�q�Z�k�l�b�q�g�u�c���h�l�j�u�\�ª�����©�^�\�h�c�g�h�c���i�j�u�`�h�d�ª���>5, 6, 7�@�����b����
�k�e�_�^�h�\�Z�l�_�e�v�g�h���� �g�Z�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �m�i�e�h�l�g�_�g�b�y�� �^�h�j�h�`�g�h-
�k�l�j�h�b�l�_�e�v�g�u�o���f�Z�l�_�j�b�Z�e�h�\�����L�Z�d�`�_���d�h�e�b�q�_�k�l�\�h���b���o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�b�� �Z�f�h�j�l�b�a�Z�l�h�j�h�\�� �[�m�^�m�l�� �\�e�b�y�l�v�� �g�Z�� �m�j�h�\�_�g�v�� �\�b�[�j�Z�p�b�b����
�i�_�j�_�^�Z�\�Z�_�f�h�c���g�Z���j�Z�f�m���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���b���\�k�_�]�h���d�Z�l�d�Z����
�Z���l�Z�d�`�_���g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���\�b�[�j�Z�p�b�b���g�Z���j�Z�[�h�q�_�f���f�_�k�l�_���f�Z��
�r�b�g�b�k�l�Z�� 

�B�k�k�e�_�^�h�\�Z�g�b�_�� �\�e�b�y�g�b�y�� �d�h�e�b�q�_�k�l�\�Z�� �b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d��
�Z�f�h�j�l�b�a�Z�l�h�j�h�\�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �g�Z�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b��
�d�h�e�_�[�Z�g�b�c���\�Z�e�v�p�Z���b���j�Z�f�u���\�Z�e�v�p�Z���f�h�`�_�l���[�u�l�v���h�k�m�s�_�k�l�\�e�_�g�h��
�k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���j�_�h�e�h�]�b�q�_�k�d�h�c���f�h�^�_�e�b�����i�j�_�^�e�h�`�_�g�g�h�c���\��
�j�Z�[�h�l�_���>8�@�����H�k�h�[�_�g�g�h�k�l�v�x���^�Z�g�g�h�c���f�h�^�_�e�b���y�\�e�y�_�l�k�y���\�h�a�f�h�`��
�g�h�k�l�v���m�q�_�l�Z���h�l�j�u�\�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���h�l���m�i�e�h�l�g�y�_�f�h�]�h��
�f�Z�l�_�j�b�Z�e�Z���\���i�j�h�p�_�k�k�_���_�]�h���m�i�e�h�l�g�_�g�b�y�����q�l�h���i�h�a�\�h�e�y�_�l���Z�g�Z�e�b��
�a�b�j�h�\�Z�l�v�� �h�k�h�[�_�g�g�h�k�l�b�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�\�Z�e�v�p�Z���d�Z�l�d�Z���k���m�i�e�h�l�g�y�_�f�u�f���f�Z�l�_�j�b�Z�e�h�\���\���j�_�`�b�f�Z�o���©�i�h�k�l�h��
�y�g�g�h�]�h�� �d�h�g�l�Z�d�l�Z�ª�� ���\�Z�e�_�p�� �\�� �i�j�h�p�_�k�k�_�� �d�h�e�_�[�Z�g�b�c�� �g�_�� �l�_�j�y�_�l��
�d�h�g�l�Z�d�l�Z�� �k�� �m�i�e�h�l�g�y�_�f�u�f�� �f�Z�l�_�j�b�Z�e�h�f������ �©�q�Z�k�l�b�q�g�h�]�h�� �h�l��
�j�u�\�Z�ª�� ���\�Z�e�_�p�� �\�� �d�Z�`�^�h�f�� �p�b�d�e�_�� �d�h�e�_�[�Z�g�b�c�� �h�l�j�u�\�Z�_�l�k�y�� �h�l��
�m�i�e�h�l�g�y�_�f�h�]�h���f�Z�l�_�j�b�Z�e�Z�����g�h���Z�f�i�e�b�l�m�^�Z���k�f�_�`�g�u�o���h�l�k�d�h�d�h�\��
�\�Z�e�v�p�Z�� �h�^�b�g�Z�d�h�\�Z���� �b�� �©�^�\�h�c�g�h�]�h�� �i�j�u�`�d�Z�ª�� ���\�Z�e�_�p�� �\�� �d�Z�`�^�h�f��
�p�b�d�e�_�� �d�h�e�_�[�Z�g�b�c�� �h�l�j�u�\�Z�_�l�k�y�� �h�l�� �m�i�e�h�l�g�y�_�f�h�]�h�� �f�Z�l�_�j�b�Z�e�Z����
�g�h���Z�f�i�e�b�l�m�^�Z���k�f�_�`�g�u�o���h�l�k�d�h�d�h�\���\�Z�e�v�p�Z���j�Z�a�e�b�q�g�Z�����q�l�h���\�u��
�a�u�\�Z�_�l���i�h�\�u�r�_�g�g�u�_���i�b�d�h�\�u�_���g�Z�]�j�m�a�d�b���g�Z���i�h�^�r�b�i�g�b�d�h�\�u�_��
�m�a�e�u���b���Z�f�h�j�l�b�a�Z�l�h�j�u���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���b���k�g�b�`�Z�_�l���w�n��
�n�_�d�l�b�\�g�h�k�l�v���m�i�e�h�l�g�_�g�b�y�����>7, 9]. 

�<�u�q�b�k�e�b�l�_�e�v�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l�� �i�h�� �b�k�k�e�_�^�h�\�Z�g�b�x�� �\�e�b�y��
�g�b�y���d�h�e�b�q�_�k�l�\�Z���b���o�Z�j�Z�d�l�_�j�b�k�l�b�d���Z�f�h�j�l�b�a�Z�l�h�j�h�\���\�b�[�j�Z�p�b�h�g��
�g�h�]�h�� �\�Z�e�v�p�Z�� �g�Z�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �d�h�e�_�[�Z�g�b�c�� �\�Z�e�v�p�Z�� �b�� �j�Z�f�u��
�\�Z�e�v�p�Z���i�j�h�\�h�^�b�e�k�y���\���j�Z�f�d�Z�o���f�h�^�_�j�g�b�a�Z�p�b�b���\�b�[�j�Z�p�b�h�g�g�h�]�h��
�d�Z�l�d�Z���'�F-���������i�j�h�b�a�\�h�^�k�l�\�Z���J�u�[�b�g�k�d�h�]�h���©�A�Z�\�h�^�Z���©�>�h�j�h�`��
�g�u�o�� �f�Z�r�b�g�ª�� ���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�Z�y�� �f�Z�k�k�Z��- ������������ �d�]���� �f�Z�k�k�Z��
�\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z��- �����������d�]�����f�Z�k�k�Z���j�Z�f�u���\�Z�e�v�p�Z��- 4000 
�d�]���� �q�Z�k�l�h�l�Z�� �d�h�e�_�[�Z�g�b�c�� �\�b�[�j�h�\�h�a�[�m�^�b�l�_�e�y�� ������ �=�p������ �h�^�g�h�c�� �b�a��
�a�Z�^�Z�q���d�h�l�h�j�h�c���y�\�e�y�e�h�k�v���m�\�_�e�b�q�_�g�b�_���\�u�g�m�`�^�Z�x�s�_�]�h���m�k�b�e�b�y��
�\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���k�����������^�h�����������d�G�� 
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�J�b�k����12. �I�_�j�_�f�_�s�_�g�b�_���j�Z�f�u���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���d�Z�l�d�Z���'�0-�����������������Z�f�h�j�l�b�a�Z�l�h�j�h�\ �M��������������, ks = 145 �F�G���f) 

�A�g�Z�q�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �m�i�j�m�]�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �h�^��
�g�h�]�h���Z�f�h�j�l�b�a�Z�l�h�j�Z�� �M���������������� ���^�Z�g�g�u�c�� �l�b�i�� �Z�f�h�j�l�b�a�Z�l�h�j�h�\��
�m�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y���g�Z�� �d�Z�l�d�b���>�F-�����������g�Z���h�k�g�h�\�Z�g�b�b�� �b�k�k�e�_�^�h��
�\�Z�g�b�c���>10�@���i�j�b�g�b�f�Z�e�h�k�v���j�Z�\�g�u�f��kf = �������������F�G���f�� 

�A�g�Z�q�_�g�b�_���d�h�w�n�n�b�p�b�_�g�l�Z���\�y�a�d�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y���h�^�g�h�]�h��
�Z�f�h�j�l�b�a�Z�l�h�j�Z�� ���Ef���� �h�i�j�_�^�_�e�y�e�h�k�v�� �i�h�� �a�Z�\�b�k�b�f�h�k�l�b�� �>11], 
�F�G���k���f�� 

,                                  (1) 
�]�^�_������ �± �n�Z�d�l�h�j���i�h�l�_�j�v������= 0,16 [11]); �& �± �m�]�e�h�\�Z�y���q�Z�k�l�h�l�Z��
�d�h�e�_�[�Z�g�b�c���\�b�[�j�h�\�h�a�[�m�^�b�l�_�e�y�����j�Z�^���k�_�d�� 

�<�u�q�b�k�e�b�l�_�e�v�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l�� �^�e�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h��
�]�j�m�g�l�h�\�h�]�h���d�Z�l�d�Z���'�0-���������k���m�k�l�Z�g�h�\�e�_�g�g�u�f�b���g�Z���\�Z�e�v�p�_����������
���������������b���������Z�f�h�j�l�b�a�Z�l�h�j�Z�f�b���M�����������������i�j�h�\�h�^�b�e�k�y���i�j�b���j�Z�a��
�e�b�q�g�u�o���a�g�Z�q�_�g�b�y�o���d�h�w�n�n�b�p�b�_�g�l�Z���m�i�j�m�]�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y 
�]�j�m�g�l�Z�� �Ns���� �A�g�Z�q�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �\�y�a�d�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y��
�]�j�m�g�l�Z�� �i�j�b�g�b�f�Z�e�h�k�v�� �i�h�k�l�h�y�g�g�u�f�� �b���j�Z�\�g�u�f��bs = 0,21 
�F�G�Â�k���f2 [11].  

�G�Z�� �j�b�k. 1-������ �i�j�_�^�k�l�Z�\�e�_�g�u�� �g�_�d�h�l�h�j�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �j�Z�k��
�k�q�b�l�Z�g�g�u�o�� �i�_�j�_�f�_�s�_�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �b�� �j�Z�f�u��
�\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���d�Z�l�d�Z��DM-���������i�j�b���������b���������Z�f�h�j�l�b�a�Z��
�l�h�j�Z�o�� 

�I�j�b�� �m�k�l�Z�g�h�\�d�_���������Z�f�h�j�l�b�a�Z�l�h�j�h�\���g�Z���g�Z�q�Z�e�v�g�h�c�� �b���k�j�_�^��
�g�_�c���k�l�Z�^�b�y�o���m�i�e�h�l�g�_�g�b�y���]�j�m�g�l�Z����ks � �������b���������F�G���f�����j�_�Z�e�b��
�a�m�_�l�k�y���j�_�`�b�f���d�h�e�_�[�Z�g�b�c���©�i�h�k�l�h�y�g�g�u�c���d�h�g�l�Z�d�l�ª���k���j�Z�a�f�Z�o�h�f��
�d�h�e�_�[�Z�g�b�c�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �\�� �^�b�Z�i�Z�a�h�g�_�� �h�l�� �������� �^�h��4 
�f�f�� �b�� �j�Z�a�f�Z�o�h�f�� �d�h�e�_�[�Z�g�b�c�� �j�Z�f�u�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �\��
�^�b�Z�i�Z�a�h�g�_���h�l��������8 �^�h��������2 �f�f�����k�f�����j�b�k������-2, 5-�����b���l�Z�[�e������-2). 
�I�j�b���a�g�Z�q�_�g�b�b��ks � ���������F�G���f���g�Z�[�e�x�^�Z�x�l�k�y���d�h�e�_�[�Z�g�b�y���\���j�_��
�`�b�f�_�� �©�q�Z�k�l�b�q�g�u�c���h�l�j�u�\�ª���k���j�Z�a�f�Z�o�h�f���d�h�e�_�[�Z�g�b�c���\�b�[�j�Z�p�b��
�h�g�g�h�]�h���\�Z�e�v�p�Z��5,2 �f�f���b���j�Z�a�f�Z�o�h�f���d�h�e�_�[�Z�g�b�c���j�Z�f�u���\�b�[�j�Z�p�b��
�h�g�g�h�]�h���\�Z�e�v�p�Z�����������f�f�����k�f�����j�b�k������ �b���������l�Z�[�e������-���������I�j�b���a�g�Z�q�_��
�g�b�b��ks � ���������F�G���f���g�Z�[�e�x�^�Z�_�l�k�y���g�_�`�_�e�Z�l�_�e�v�g�u�c���j�_�`�b�f���d�h��
�e�_�[�Z�g�b�c�� �©�^�\�h�c�g�h�c�� �i�j�u�`�h�d�ª���� �i�j�b�� �d�h�l�h�j�h�f�� �j�Z�a�f�Z�o�� �d�h�e�_�[�Z��
�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���^�h�k�l�b�]�Z�_�l�����������f�f���b���j�Z�a�f�Z�o���d�h�e�_��
�[�Z�g�b�c���j�Z�f�u���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�������������f�f�����k�f�����j�b�k���������b��������
�l�Z�[�e������-2).  

�L�Z�[�e�b�p�Z 1 
�J�_�a�m�e�v�l�Z�l�u���\�u�q�b�k�e�b�l�_�e�v�g�h�]�h �w�d�k�i�_�j�b�f�_�g�l�Z���i�h���h�i�j�_�^�_�e�_��

�g�b�x���o�Z�j�Z�d�l�_�j�b�k�l�b�d���d�h�e�_�[�Z�g�b�c���\�Z�e�v�p�Z���\�b�[�j�Z�p�b�h�g�g�h�]�h��
�d�Z�l�d�Z���'�0-614. 

�D�h�e�b�q�_�k�l�\�h��
�Z�f�h�j�l�b�a�Z�l�h�j�h�\ 

�J�Z�a�f�Z�o���d�h�e�_�[�Z�g�b�c���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����f�f 

ks� �����F�G���f 
(�D�m=0,900) 

ks=�����F�G���f 
(�D�m=0,95) 

ks=�������F�G���f 
(�D�m=0,97) 

ks� �������F�G���f 
(�D�m=1,00) 

20 3,1 4,0 5,2 7,2 

22 3,3 4,0 5,4 7,35 

24 3,2 4,0 5,5 7,7 

26 3,4 4,1 5,3 7,5 

 
�I�h�e�m�q�_�g�g�u�_���i�j�b���m�k�l�Z�g�h�\�d�_��20, 2�������������b���������Z�f�h�j�l�b�a�Z�l�h��

�j�h�\�� �a�g�Z�q�_�g�b�y�� �j�Z�k�q�_�l�g�h�]�h�� �j�Z�a�f�Z�o�Z�� �d�h�e�_�[�Z�g�b�c�� �\�b�[�j�Z�p�b�h�g��
�g�h�]�h�� �\�Z�e�v�p�Z�� �b�� �j�Z�f�u�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �\�Z�e�v�p�Z�� �i�j�b�\�_�^�_�g�u�� �\��
�l�Z�[�e���������b������ 

�;�e�Z�]�h�^�Z�j�y���^�Z�g�g�h�f�m���w�d�k�i�_�j�b�f�_�g�l�m���\�h�a�f�h�`�g�h���h�[�h�k�g�h�\�Z��
�g�b�_���d�h�e�b�q�_�k�l�\�Z���b���o�Z�j�Z�d�l�_�j�b�k�l�b�d���Z�f�h�j�l�b�a�Z�l�h�j�h�\���\�b�[�j�Z�p�b�h�g��
�g�h�]�h�� �\�Z�e�v�p�Z�� �^�e�y�� �h�[�_�k�i�_�q�_�g�b�y�� �[�_�a�h�i�Z�k�g�h�]�h�� �m�j�h�\�g�y�� �d�h�e�_�[�Z��

�g�b�c�����i�_�j�_�^�Z�\�Z�_�f�u�o���g�Z���d�Z�[�b�g�m���h�i�_�j�Z�l�h�j�Z�����k���m�q�z�l�h�f���b�k�i�h�e�v��
�a�h�\�Z�g�b�y�� �\�b�[�j�Z�p�b�h�g�g�h�]�h�� �d�Z�l�d�Z�� �i�j�b�� �m�i�e�h�l�g�_�g�b�b�� �j�Z�a�e�b�q�g�u�o��
�^�h�j�h�`�g�h-�k�l�j�h�b�l�_�e�v�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �\�� �r�b�j�h�d�h�f�� �^�b�Z�i�Z�a�h�g�_��
�b�a�f�_�g�_�g�b�y���d�h�w�n�n�b�p�b�_�g�l�h�\���m�i�e�h�l�g�_�g�b�y�� 

�L�Z�[�e�b�p�Z��2 
�J�_�a�m�e�v�l�Z�l�u���\�u�q�b�k�e�b�l�_�e�v�g�h�]�h���w�d�k�i�_�j�b�f�_�g�l�Z���i�h���h�i�j�_�^�_�e�_��
�g�b�x���o�Z�j�Z�d�l�_�j�b�k�l�b�d���d�h�e�_�[�Z�g�b�c���j�Z�f�u���\�b�[�j�Z�p�b�h�g�g�h�]�h���d�Z�l�d�Z��

DM-614 
�D

�D�h�e�b�q�_��
�k�l�\�h��

�Z�f�h�j�l�b��
�a�Z�l�h�j�h�\ 

�J�Z�a�f�Z�o���d�h�e�_�[�Z�g�b�c���j�Z�f�u���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z�����f�f 

ks� �����F�G���f 
(�D�m =0,900) 

ks� �����F�G���f 
(�D�m =0,95) 

ks� �������F�G���f 
(�D�m =0,97) 

ks� �������F�G���f 
(�D�m =1,00) 

20 0,18 0,22 1,22 1,75 
22 0,19 0,24 1,18 4,5 
24 0,22 0,26 1,18 2,5 
26 0,23 0,28 1,65 2,75 

 
�:�g�Z�e�h�]�b�q�g�h���f�h�`�g�h�� �i�h�e�m�q�b�l�v�� �^�Z�g�g�u�_�� �^�e�y�� �b�k�k�e�_�^�h�\�Z��

�g�b�y���\�e�b�y�g�b�y���l�_�o�g�b�q�_�k�d�b�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���d�Z�l�d�Z���g�Z���a�g�Z�q�_�g�b�y��
�m�k�b�e�b�c���\���Z�f�h�j�l�b�a�Z�l�h�j�Z�o���b���i�h�^�r�b�i�g�b�d�h�\�u�o���m�a�e�Z�o���\�b�[�j�Z�p�b��
�h�g�g�h�]�h���f�h�^�m�e�y���d�Z�l�d�Z�� 

�A�:�D�E�X�Q�?�G�B�?�����<�U�<�H�>�U) 

�:�g�Z�e�b�a���^�Z�g�g�u�o�����i�j�b�\�_�^�z�g�g�u�o���\���l�Z�[�e���������b�������i�h�d�Z�a�u�\�Z�_�l����
�q�l�h���i�j�b���������b�e�b �������Z�f�h�j�l�b�a�Z�l�h�j�Z�o���g�Z�[�e�x�^�Z�_�l�k�y���m�f�_�g�v�r�_�g�b�_��
�j�Z�a�f�Z�o�Z���d�h�e�_�[�Z�g�b�c���j�Z�f�u���\�b�[�j�Z�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���i�h���k�j�Z�\�g�_��
�g�b�x���k�h���a�g�Z�q�_�g�b�y�f�b�����k�h�h�l�\�_�l�k�l�\�m�x�s�b�f�b����2 �b�e�b 26 �Z�f�h�j�l�b��
�a�Z�l�h�j�Z�f�����q�l�h���]�h�\�h�j�b�l���h���p�_�e�_�k�h�h�[�j�Z�a�g�h�k�l�b���b�k�i�h�e�v�a�h�\�Z�g�b�y��20 
�b�e�b���������Z�f�h�j�l�b�a�Z�l�h�j�h�\���M�����������������i�j�b���f�h�^�_�j�g�b�a�Z�p�b�b���\�b�[�j�Z��
�p�b�h�g�g�h�]�h���\�Z�e�v�p�Z���g�Z���\�u�g�m�`�^�Z�x�s�_�_���m�k�b�e�b�_�����������d�G. �i�h���k�j�Z�\��
�g�_�g�b�x�� �k�� ������ �Z�f�h�j�l�b�a�Z�l�h�j�Z�f�b���� �b�k�i�h�e�v�a�m�x�s�b�f�b�k�y�� �g�Z�� �d�Z�l�d�_��
DM-���������k���\�u�g�m�`�^�Z�x�s�b�f���m�k�b�e�b�_�f�����������d�G�� 
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Abstract. The article presents the results of mathematical mod-
eling of the oscillations of the roller and the frame of the roller of 
the vibratory roller w ith a change in the characteristics of the soil 
compacted and the number of shock absorbers. The rheological 
model used makes it possible to analyze the features of the inter-
action of the vibrating roller drum with the material being com-
pacted in the continuous con-tact, partial uplift and double jump 
modes. The paper presents the results of a computational experi-
ment to study the effect of the number and characteristics of ab-
sorbers on the oscillation characteristics of the drum and the drum 
frame as part of the modernization of the DM-614 vibration roller 
produced by the Rybinsk Plant of Road Machines with the aim of 
increasing the efforts of the vibratory pathogen from 215 kN to 280 
kN. The computational experiment was carried out for different 

numbers of shock absorbers with different values of the coefficient 
of elastic resistance of the soil. The objectives of the research were 
to determine the magnitude of oscillations of the vibrating roller 
and the frame of drum of the vibrating roller DM -614 in the pro-
cess of soil compaction. The obtained results make it possible to 
justify the number and characteristics of the vibration roller shock 
absorbers to ensure a safe level of vibrations transmitted to the 
operator's cabin, considering the use of a vibrating roller in com-
pacting various road construction materials in a wide range of var-
iations in compaction coefficients.  

Keywords: soil, compaction, vibration, impact force, vibrating 
roller, vibratory drum, drum frame, drum shock abs orber.
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���k�j�_�^�g�_�_�� �Z�j�b�n�f�_�l�b�q�_�k�d�h�_�� �h�l�d�e�h�g�_�g�b�_�� �i�j�h�n�b�e�y��Ra, 
�\�h�e�g�b�k�l�h�k�l�v��HB�á �h�l�d�e�h�g�_�g�b�_ �i�j�h�n�b�e�y�� �i�j�h�^�h�e�v�g�h�]�h���/pr�á 
�i�h�i�_�j�_�q�g�h�]�h �/p �k�_�q�_�g�b�c���n�Z�k�h�g�g�h�]�h���b�a�^�_�e�b�y�����b���f�h�s�g�h�k�l�v��Nd 
�w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�y���i�j�b�\�h�^�Z���]�e�Z�\�g�h�]�h���^�\�b�`�_�g�b�y���n�j�_�a�u���� 

 

 
�J�b�k�����������;�e�h�d-�k�o�_�f�Z���Z�e�]�h�j�b�l�f�Z���j�Z�k�q�_�l�Z���i�Z�j�Z�f�_�l�j�h�\���i�j�h��
�n�b�e�v�g�h�]�h���n�j�_�a�_�j�h�\�Z�g�b�y���g�_�d�h�g�^�b�p�b�h�g�g�u�o���a�Z�]�h�l�h�\�h�d 

�<���h�i�_�j�Z�l�h�j�������i�_�j�\�h�]�h���[�e�h�d�Z���\�o�h�^�y�l���r�b�j�b�g�Z��Bn�����l�h�e�s�b�g�Z��
hn �g�_�d�h�g�^�b�p�b�h�g�g�h�c���^�j�_�\�_�k�g�h�c���a�Z�]�h�l�h�\�d�b�����i�_�j�b�n�_�j�b�c�g�h�]�h��
�k�_�]�f�_�g�l�Z������ �j�Z�a�f�_�j�u�� �n�Z�k�h�g�g�h�c�� �n�j�_�a�u�� ���\�u�k�h�l�Z���<, 
�f�b�g�b�f�Z�e�v�g�u�c��Rmin���� �f�Z�d�k�b�f�Z�e�v�g�u�c��Rmax �j�Z�^�b�m�k�u�� �b�� �j�Z�^�b�m�k��
�i�j�h�n�b�e�y��Rrk�������]�e�Z�\�g�u�c���\�_�d�l�h�j���^�b�k�[�Z�e�Z�g�k�h�\��Dst�����q�b�k�e�h���a�m�[�v�_�\��
Z���� �q�Z�k�l�h�l�Z�� �\�j�Z�s�_�g�b�y��n �r�i�b�g�^�_�e�y���� �]�e�m�[�b�g�Z�� �j�_�a�Z�g�b�y��t, 
�i�j�_�^�_�e�v�g�u�_�� �a�g�Z�q�_�g�b�y�� �i�j�h�^�h�e�v�g�h�c�� �i�h�^�Z�q�b��vs

min, vs
max �b��

�k�d�h�j�h�k�l�v�� �j�_�a�Z�g�b�y��v���� �<�� �h�i�_�j�Z�l�h�j�Z�o�� ���� �b�� ���� �\�l�h�j�h�]�h�� �[�e�h�d�Z��
�a�Z�^�Z�_�l�k�y�� �i�h�j�h�^�Z�� �^�j�_�\�_�k�b�g�u���� �i�j�b�� �w�l�h�f�� �d�Z�`�^�h�f�m�� �l�_�d�m�s�_�f�m��
�a�g�Z�q�_�g�b�x��i �k�h�h�l�\�_�l�k�l�\�m�_�l�� �h�^�g�h�� �g�Z�b�f�_�g�h�\�Z�g�b�_�� �i�h�j�h�^�u����
�g�Z�i�j�b�f�_�j�����k�h�k�g�Z�����_�e�v�����^�m�[�����[�_�j�_�a�Z�����y�k�_�g�v���b���^�j��  

�J�:�K�Q�?�L���I�:�J�:�F�?�L�J�H�<���K�J�?�A�:�?�F�H�=�H���K�E�H�Y 

�<�� �h�i�_�j�Z�l�h�j�Z�o�� ���� �b�� ���� �\�u�i�h�e�g�y�_�l�k�y�� �j�Z�k�q�_�l�� �l�h�e�s�b�g�u��amax, 
�i�e�h�s�Z�^�b��Fsl �b�� �h�[�t�_�f�Z��Vsl �k�j�_�a�Z�_�f�h�]�h�� �k�e�h�y�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h��
�i�h���n�h�j�f�m�e�Z�f�� 
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�]�^�_��Rrk, Rmin �± �k�h�h�l�\�_�l�k�l�\�_�g�g�h���j�Z�^�b�m�k���i�j�h�n�b�e�y���n�j�_�a�u���b���f�b�g�b��
�f�Z�e�v�g�u�c���_�_���j�Z�^�b�m�k����zi 
F �j�Z�k�k�l�h�y�g�b�_���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�]�h���i�h�i�_��
�j�_�q�g�h�]�h���k�_�q�_�g�b�y���n�j�_�a�u���h�l���_�_���]�_�h�f�_�l�j�b�q�_�k�d�h�]�h���p�_�g�l�j�Z����vs �± �j�Z��
�[�h�q�Z�y�� �i�h�^�Z�q�Z�� �a�Z�]�h�l�h�\�d�b�����&, z �± �m�]�e�h�\�Z�y�� �k�d�h�j�h�k�l�v�� �b�� �q�b�k�e�h��
�a�m�[�v�_�\���n�j�_�a�u���k�h�h�l�\�_�l�k�l�\�_�g�g�h����t �± �]�e�m�[�b�g�Z���j�_�a�Z�g�b�y�����a�Z�^�Z�g�g�Z�y��
�j�_�`�b�f�h�f�� �n�j�_�a�_�j�h�\�Z�g�b�y�����2 �± �\�j�_�f�y�� �h�[�j�Z�[�h�l�d�b������sb �± �k�j�_�^�g�b�c��
�k�l�Z�l�b�k�l�b�q�_�k�d�b�c���m�]�h�e�����o�Z�j�Z�d�l�_�j�b�a�m�x�s�b�c���\�_�e�b�q�b�g�m���k�[�_�]�Z���a�Z�]�h��
�l�h�\�d�b����B �± �\�u�k�h�l�Z���n�j�_�a�u�� 

�J�:�K�Q�?�L���<�G�?�R�G�?�C���J�:�;�H�Q�?�C���G�:�=�J�M�A�D�B���G�:��
�L�?�O�G�H�E�H�=�B�Q�?�K�D�M�X���K�B�K�L�?�F�M 

�F�h�s�g�h�k�l�v�� �i�j�h�n�b�e�v�g�h�]�h�� �n�j�_�a�_�j�h�\�Z�g�b�y�� �a�Z�]�h�l�h�\�d�b�� �k�� �i�h��
�e�h�`�b�l�_�e�v�g�u�f���i�j�b�j�Z�s�_�g�b�_�f���i�j�b�i�m�k�d�Z���h�i�j�_�^�_�e�y�_�f���i�h���n�h�j��
�f�m�e�_�� 

�2�å 
L �-�ç�=�ã�â�ã�@
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�7�4
�A�R�æ�4�å�Þ��arcsin(

�»

�6�Ë�Ý�Ö��
),     (4) 

�]�^�_��Kt �± �l�Z�[�e�b�q�g�h�_�� �a�g�Z�q�_�g�b�_�� �m�^�_�e�v�g�h�c�� �j�Z�[�h�l�u�� �j�_�a�Z�g�b�y����
apop=ap�Âaw�Âar�Âa�/�Âav �± �h�[�s�b�c�� �i�h�i�j�Z�\�h�q�g�u�c�� �d�h�w�n�n�b�p�b�_�g�l����ap, 
aw, ar, a�/, av �± �i�h�i�j�Z�\�h�q�g�u�c���d�h�w�n�n�b�p�b�_�g�l���k�h�h�l�\�_�l�k�l�\�_�g�g�h���g�Z��
�i�h�j�h�^�m���� �\�e�Z�`�g�h�k�l�v�� �^�j�_�\�_�k�b�g�u���� �a�Z�l�m�i�e�_�g�b�_�� �e�_�a�\�b�c�� �n�j�_�a�u����
�m�]�h�e���j�_�a�Z�g�b�y���b���k�d�h�j�h�k�l�v���j�_�a�Z�g�b�y�� 

�<���h�i�_�j�Z�l�h�j�Z�o�������b�������l�j�_�l�v�_�]�h���[�e�h�d�Z���i�j�h�\�_�j�y�_�l�k�y���k�h�h�l�\�_�l��
�k�l�\�b�_���f�h�s�g�h�k�l�b���j�_�a�Z�g�b�y���f�h�s�g�h�k�l�b���w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�y���i�j�b��
�\�h�^�Z���]�e�Z�\�g�h�]�h���^�\�b�`�_�g�b�y���n�Z�k�h�g�g�h�c���n�j�_�a�u���b���i�j�b���g�_���\�u�i�h�e��
�g�_�g�b�b���m�k�e�h�\�b�y��Pr�”��������Pd �i�j�h�b�k�o�h�^�b�l���m�f�_�g�v�r�_�g�b�_���j�Z�[�h�q�_�c��
�i�h�^�Z�q�b��vs �g�Z���h�^�g�m���k�l�m�i�_�g�v�����<���h�i�_�j�Z�l�h�j�Z�o�������b���������\�u�i�h�e�g�y�_�l�k�y��
�j�Z�k�q�_�l���]�e�Z�\�g�h�c��Pz�����j�Z�^�b�Z�e�v�g�h�c��Py �k�h�k�l�Z�\�e�y�x�s�b�o���k�b�e�u���j�_�a�Z��
�g�b�y���� �Z�� �l�Z�d�`�_�� �g�_�m�j�Z�\�g�h�\�_�r�_�g�g�h�c�� �p�_�g�l�j�h�[�_�`�g�h�c�� �k�b�e�u��Q, 
�h�[�m�k�e�h�\�e�_�g�g�h�c�� �^�_�c�k�l�\�b�_�f�� �]�e�Z�\�g�h�]�h�� �\�_�d�l�h�j�Z�� �^�b�k�[�Z�e�Z�g�k�h�\��
�n�Z�k�h�g�g�h�c���n�j�_�a�u���i�h���n�h�j�f�m�e�Z�f���� 
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   �2�ì 
L �I �2�í,   (6) 

  Q = �&�æ�ç�ñ
�6 
L �I �5�ñ

�6�é,   (7) 
�]�^�_��m �± �d�h�w�n�n�b�p�b�_�g�l�����d�h�l�h�j�u�c���y�\�e�y�_�l�k�y���n�m�g�d�p�b�_�c���b�k�o�h�^�g�u�o��
�m�k�e�h�\�b�c�� �j�_�a�Z�g�b�y���� �h�k�l�j�h�l�u�� �e�_�a�\�b�y�� �n�Z�k�h�g�g�h�c�� �n�j�_�a�u���� �k�j�_�^�g�_�c��
�l�h�e�s�b�g�u���k�j�_�a�Z�_�f�h�]�h���k�e�h�y���b���m�]�e�Z���j�_�a�Z�g�b�y�����a�g�Z�q�_�g�b�y��m �i�j�b�\�_��
�^�_�g�u���\���k�i�j�Z�\�h�q�g�b�d�Z�o���i�h���^�_�j�_�\�h�h�[�j�Z�[�h�l�d�_���>���@����Dst �± �]�e�Z�\�g�u�c��
�\�_�d�l�h�j���^�b�k�[�Z�e�Z�g�k�h�\���r�i�b�g�^�_�e�v�g�h�]�h���m�a�e�Z���k �m�k�l�Z�g�h�\�e�_�g�g�h�c���n�Z��
�k�h�g�g�h�c���n�j�_�a�h�c�����\�u�a�\�Z�g�g�u�c���g�_�l�h�q�g�h�c���m�k�l�Z�g�h�\�d�h�c���b���a�Z�d�j�_�i�e�_��
�g�b�_�f���j�_�`�m�s�b�o���i�e�Z�k�l�b�g���\���d�h�j�i�m�k�_���n�j�_�a�u�����Z���l�Z�d�`�_���i�h�]�j�_�r�g�h��
�k�l�v�x���m�k�l�Z�g�h�\�d�b���k�Z�f�h�c���n�j�_�a�u���g�Z���r�i�b�g�^�_�e�_�����& �± �m�]�e�h�\�Z�y���k�d�h��
�j�h�k�l�v���n�j�_�a�u����n �± �q�Z�k�l�h�l�Z���\�j�Z�s�_�g�b�y���n�j�_�a�u����m1 �± �g�_�m�j�Z�\�g�h�\�_��
�r�_�g�g�Z�y���f�Z�k�k�Z�����! �± �j�Z�^�b�m�k���p�_�g�l�j�Z���g�_�m�j�Z�\�g�h�\�_�r�_�g�g�h�c���f�Z�k�k�u�� 

�J�:�K�Q�?�L���=�?�H�F�?�L�J�B�Q�?�K�D�B�O �I�H�=�J�?�R�G�H�K�L�?�C���H�;�J�:�;�H�L�:�G�G�U�O��
�I�H�<�?�J�O�G�H�K�L�?�C 

�<���h�i�_�j�Z�l�h�j�_���������\�u�i�h�e�g�y�_�l�k�y���j�Z�k�q�_�l���f�Z�d�k�b�f�Z�e�v�g�u�o���m�i�j�m��
�]�b�o���i�_�j�_�f�_�s�_�g�b�c���a�Z�]�h�l�h�\�d�b���i�h�^���^�_�c�k�l�\�b�_�f���j�Z�[�h�q�_�c���g�Z�]�j�m�a�d�b��
�i�h���n�h�j�f�m�e�_�� 
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�]�^�_ lB �± �j�Z�k�k�l�h�y�g�b�_���f�_�`�^�m���k�h�k�_�^�g�b�f�b���\�Z�e�v�p�Z�f�b�����k�h�h�[�s�Z�x��
�s�b�f�b�� �a�Z�]�h�l�h�\�d�_�� �^�\�b�`�_�g�b�_�� �k�h�� �k�d�h�j�h�k�l�v�x�� �j�Z�[�h�q�_�c�� �i�h�^�Z�q�b����
�ûPy, �ûPz �± �k�h�h�l�\�_�l�k�l�\�_�g�g�h���i�_�j�_�f�_�g�g�Z�y���k�h�k�l�Z�\�e�y�x�s�Z�y���k�b�e�u��
Py �b��Pz�����h�[�m�k�e�h�\�e�_�g�g�Z�y���k�[�_�]�h�f���a�Z�]�h�l�h�\�d�b�������-1+�-2) �± �m�]�h�e���\�u��
�o�h�^�Z����Ex �± �f�h�^�m�e�v���m�i�j�m�]�h�k�l�b���^�j�_�\�_�k�b�g�u����I �± �f�h�f�_�g�l���b�g�_�j�p�b�b��
�i�h�i�_�j�_�q�g�h�]�h���k�_�q�_�g�b�y���a�Z�]�h�l�h�\�d�b�� 

�I�h�]�j�_�r�g�h�k�l�v�� �h�[�j�Z�[�h�l�Z�g�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b���� �\�u�a�\�Z�g�g�Z�y��
�d�b�g�_�f�Z�l�b�d�h�c�� �i�j�h�n�b�e�v�g�h�]�h�� �n�j�_�a�_�j�h�\�Z�g�b�y�� �b�� �i�Z�j�Z�f�_�l�j�Z�f�b��
�n�Z�k�h�g�g�h�c���n�j�_�a�u�����h�i�j�_�^�_�e�y�_�l�k�y���i�h���n�h�j�f�m�e�_���� 
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�F�Z�d�k�b�f�Z�e�v�g�Z�y�� �]�_�h�f�_�l�j�b�q�_�k�d�Z�y�� �i�h�]�j�_�r�g�h�k�l�v���� �\�u�a�\�Z�g�g�Z�y��
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�]�^�_��JB, JZ �± �k�h�h�l�\�_�l�k�l�\�_�g�g�h���`�_�k�l�d�h�k�l�v���r�i�b�g�^�_�e�v�g�h�]�h���m�a�e�Z���b��
�a�Z�]�h�l�h�\�d�b�� 

�F�Z�d�k�b�f�Z�e�v�g�Z�y�� �i�h�]�j�_�r�g�h�k�l�v���� �h�[�m�k�e�h�\�e�_�g�g�Z�y�� �^�b�k�[�Z�e�Z�g��
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�H�;�?�K�I�?�Q�?�G�B�?���L�J�?�;�M�?�F�H�C �=�?�H�F�?�L�J�B�Q�?�K�D�H�C���L�H�Q�G�H�K�L�B��
�H�;�J�:�;�H�L�:�G�G�U�O���I�H�<�?�J�O�G�H�K�L�?�C���B���F�:�D�K�B�F�:�E�V�G�H�C 

�I�J�H�B�A�<�H�>�B�L�?�E�V�G�H�K�L�B���I�J�H�N�B�E�V�G�H�=�H���N�J�?�A�?�J�H�<�:�G�B�Y���B��
�B�K�I�H�E�V�A�H�<�:�G�B�?���J�?�A�M�E�V�L�:�L�H�<���B�K�K�E�?�>�H�<�:�G�B�Y.  
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Abstract. In the article the technological operation of a wood 

profile milling and a large waste (off-grade workpieces), formed as 
a result of logs machining, is observed. Forecasting of geometrical 
characteristics of profile products from the off-grade workpieces 
on the basis of results of design calculation allows to divide out vol-
ume of experimental works on maintenance of demanded geome-
try to stages of development of products manufacture. The devel-
opment of an algorithm for calculating these output parameters 
required the mathematical support of design calculations in the 
form of analytical adequate models of the cut-off layer; the main, 
radial components of the cutting force; the profile milling power 
and the geometric errors of the machined surfaces. Models deter-
mine the regularity of the change in the power characteristics of 
profile milling, the geometry of the milled surface as a function of 

the elements of the cutting mode, the characteristics of the shaped 
cutting tool, the peripheral segment resulting from the cutting of 
the logs. The developed algorithm allows calculating the parame-
ters of profile milling of stem wood and peripheral segments (off-
grade workpieces) with curved surfaces and knots. Iterative calcu-
lations of profile milling parameters, performed using the devel-
oped algorithm, allow determining the processing conditions, un-
der which the required accuracy of the treated surfaces is provided 
at the maximum possible productivity of the profile milling. 

Keywords: profile milling, off -grade workpiece, technological 
operation, geometrical accuracy, milling cutter; cutting force. 
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�e�b�y���� �M�k�l�j�Z�g�_�g�b�_�� �m�d�Z�a�Z�g�g�u�o�� �g�_�^�h�k�l�Z�l�d�h�\�� �k�m�s�_�k�l�\�m�x�s�b�o��
�i�j�h�p�_�k�k�h�\�� �r�e�b�n�h�\�Z�g�b�y�� �\�h�a�f�h�`�g�h�� �i�m�l�_�f�� �j�Z�a�j�Z�[�h�l�d�b�� �b�� �b�k��
�i�h�e�v�a�h�\�Z�g�b�y���l�Z�d���g�Z�a�u�\�Z�_�f�h�]�h���k�h�\�f�_�s�_�g�g�h�]�h���r�e�b�n�h�\�Z�g�b�y����
�<���w�l�h�f���g�Z�i�j�Z�\�e�_�g�b�b���\�u�i�h�e�g�_�g�u���b�k�k�e�_�^�h�\�Z�g�b�y�����\���q�Z�k�l�g�h�k�l�b����
�k�_�]�f�_�g�l�g�u�o���b�g�k�l�j�m�f�_�g�l�h�\���^�e�y���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h���b���h�d�h�g�q�Z��
�l�_�e�v�g�h�]�h���r�e�b�n�h�\�Z�g�b�y���>���@���� 

�:�[�j�Z�a�b�\�g�u�_���k�_�]�f�_�g�l�u���^�e�y���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h���b���h�d�h�g�q�Z��
�l�_�e�v�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y�� �g�Z�d�e�h�g�_�g�u�� �i�h�^�� �m�]�e�h�f�� �d�� �h�k�b�� �\�j�Z�s�_��
�g�b�y���b�g�k�l�j�m�f�_�g�l�Z�����K�_�]�f�_�g�l�u���^�e�y���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h���r�e�b�n�h��
�\�Z�g�b�y�� �b�f�_�x�l�� �[�h�e�v�r�m�x�� �a�_�j�g�b�k�l�h�k�l�v���� �g�h�� �f�_�g�v�r�m�x�� �d�h�g�p�_�g��
�l�j�Z�p�b�x�� �Z�[�j�Z�a�b�\�g�u�o�� �a�_�j�_�g���� �q�_�f�� �k�_�]�f�_�g�l�u�� �^�e�y�� �h�d�h�g�q�Z�l�_�e�v��
�g�h�]�h���r�e�b�n�h�\�Z�g�b�y�����B�k�i�h�e�v�a�m�_�l�k�y���l�Z�d�`�_���b�g�k�l�j�m�f�_�g�l�����k�h�k�l�h��
�y�s�b�c�� �b�a�� �^�\�m�o�� �k�h�h�k�g�h�� �m�k�l�Z�g�h�\�e�_�g�g�u�o�� �Z�[�j�Z�a�b�\�g�u�o�� �d�j�m�]�h�\��
�^�e�y���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h���b���h�d�h�g�q�Z�l�_�e�v�g�h�]�h���r�e�b�n�h�\�Z�g�b�y�����M�d�Z��
�a�Z�g�g�u�_�� �b�g�k�l�j�m�f�_�g�l�u�� �j�_�r�Z�x�l�� �a�Z�^�Z�q�m�� �m�f�_�g�v�r�_�g�b�y�� �l�_�i�e�Z�� �\��
�a�h�g�_���h�[�j�Z�[�h�l�d�b���b�� �g�_���j�Z�k�k�f�Z�l�j�b�\�Z�x�l���\�h�i�j�h�k�u���h�[�_�k�i�_�q�_�g�b�y��
�f�Z�e�h�c�� �r�_�j�h�o�h�\�Z�l�h�k�l�b���� �\�h�e�g�b�k�l�h�k�l�b�� �i�h�\�_�j�o�g�h�k�l�b�� �b�� �i�h�\�u��
�r�_�g�b�y���i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�b���h�[�j�Z�[�h�l�d�b�� 
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�I�j�_�^�e�Z�]�Z�_�f�u�c�� �b�g�k�l�j�m�f�_�g�l�� �^�e�y�� �k�h�\�f�_�s�_�g�g�h�]�h�� �r�e�b�n�h��
�\�Z�g�b�y�� �k�h�k�l�h�b�l�� �b�a�� �d�j�m�]�Z�� �������j�b�k���� ������ �^�e�y�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h��
�r�e�b�n�h�\�Z�g�b�y���� �m�� �d�h�l�h�j�h�]�h�� �Z�[�j�Z�a�b�\�g�u�_�� �a�_�j�g�Z�� ���� �b�f�_�x�l�� �j�Z�a��
�f�_�j�u���)�������± �)�������b���[�h�e�_�_�����b���r�e�b�n�h�\�Z�e�v�g�h�]�h���d�j�m�]�Z�������^�e�y���h�d�h�g��
�q�Z�l�_�e�v�g�h�]�h���r�e�b�n�h�\�Z�g�b�y���k���Z�[�j�Z�a�b�\�g�u�f�b���a�_�j�g�Z�f�b���)�����±F120. 
�D�j�m�i�g�h�a�_�j�g�b�k�l�u�c���r�e�b�n�h�\�Z�e�v�g�u�c���d�j�m�]�������k�g�b�f�Z�_�l���i�j�b�i�m�k�d��
�œ�n�p  �g�Z���i�j�_�^�\�Z�j�b�l�_�e�v�g�m�x���h�[�j�Z�[�h�l�d�m�����Z���f�_�e�d�h�a�_�j�g�b�k�l�u�c���d�j�m�]��
3 -  �i�j�b�i�m�k�d���œ�m �g�Z���h�d�h�g�q�Z�l�_�e�v�g�m�x���b���k�e�m�`�b�l���^�e�y���h�[�_�k�i�_�q�_�g�b�y��
�l�j�_�[�m�_�f�h�]�h�� �d�Z�q�_�k�l�\�Z�� �h�[�j�Z�[�h�l�Z�g�g�h�]�h�� �i�h�\�_�j�o�g�h�k�l�g�h�]�h�� �k�e�h�y����
�D�j�m�]�� �^�e�y�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y�� �b�f�_�_�l�� �g�Z�j�m�`�g�u�c��
�^�b�Z�f�_�l�j���@�ã�å, ���d�h�l�h�j�u�c���f�_�g�v�r�_���^�b�Z�f�_�l�j�Z���†�m �d�j�m�]�Z���^�e�y���h�d�h�g��
�q�Z�l�_�e�v�g�h�]�h���r�e�b�n�h�\�Z�g�b�y�����F�_�`�^�m���r�e�b�n�h�\�Z�e�v�g�u�f�b���d�j�m�]�Z�f�b��
�����b�������j�Z�k�i�h�e�h�`�_�g�Z���i�j�h�d�e�Z�^�d�Z���������d�h�l�h�j�Z�y���m�k�l�j�Z�g�y�_�l���d�h�g�l�Z�d�l��
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�d�j�m�]�h�\�� �b���h�[�j�Z�a�m�_�l���a�Z�a�h�j���/���� �d�h�l�h�j�u�c���h�[�_�k�i�_�q�b�\�Z�_�l���\�h�a�f�h�`��
�g�h�k�l�v���j�Z�k�i�h�e�h�`�_�g�b�y���Z�e�f�Z�a�g�h�]�h���d�Z�j�Z�g�^�Z�r�Z���i�j�b���i�j�Z�\�d�_���d�j�m��
�]�h�\���k���j�Z�a�e�b�q�g�u�f�b���^�b�Z�f�_�l�j�Z�f�b�� 
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�J�b�k�������� �I�_�j�\�Z�y���k�o�_�f�Z �k�h�\�f�_�s�_�g�g�h�]�h���r�e�b�n�h�\�Z�g�b�y 

�D�j�m�i�g�h�a�_�j�g�b�k�l�u�c�� �r�e�b�n�h�\�Z�e�v�g�u�c�� �d�j�m�]�� ���� �\�u�i�h�e�g�y�_�l��
�h�k�g�h�\�g�m�x�� �j�Z�[�h�l�m�� �i�h�� �k�g�y�l�b�x�� �i�j�b�i�m�k�d�Z���� �h�^�g�h�\�j�_�f�_�g�g�h�� �k��
�w�l�b�f���d�j�m�]�������n�h�j�f�b�j�m�_�l���l�j�_�[�m�_�f�h�_���d�Z�q�_�k�l�\�h���i�h�\�_�j�o�g�h�k�l�g�h�]�h��

�k�e�h�y. �D�j�m�]�b�������b �����h�[�j�Z�[�Z�l�u�\�Z�x�l���a�Z�]�h�l�h�\�d�m���i�j�b���h�^�b�g�Z�d�h�\�h�c��
�q�Z�k�l�h�l�_�� �\�j�Z�s�_�g�b�y���� �k�d�h�j�h�k�l�y�o�� �i�j�h�^�h�e�v�g�h�c�� �b�� �i�h�i�_�j�_�q�g�h�c��
�i�h�^�Z�q�b�� �H�l�e�b�q�b�_�� �i�j�h�p�_�k�k�h�\�� �r�e�b�n�h�\�Z�g�b�y�� �d�j�m�]�Z�f�b�� ���� �b�� ����
�k�h�k�l�h�b�l�� �\�� �l�h�f���� �q�l�h�� �d�Z�`�^�u�c�� �b�a�� �g�b�o�� �k�g�b�f�Z�_�l�� �j�Z�a�e�b�q�g�u�c�� �i�h��
�\�_�e�b�q�b�g�_�� �i�j�b�i�m�k�d���� �Z�� �l�Z�d�`�_�� �b�f�_�_�l�� �j�Z�a�e�b�q�g�m�x��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�m�� �Z�[�j�Z�a�b�\�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �D�j�m�]�� ���� �j�Z�k�i�h�e�h��
�`�_�g���[�e�b�`�_���d���h�i�_�j�Z�l�h�j�m�����h�[�k�e�m�`�b�\�Z�x�s�_�f�m���k�l�Z�g�h�d�����g�Z���j�b�k����
���� �h�g�� �b�a�h�[�j�Z�`�_�g�� �\�� �\�b�^�_�� �a�Z�e�b�l�h�]�h�� �d�j�m�]�Z������ �Z�� �d�j�m�]�� �����± �f�_�`�^�m��
�d�j�m�]�h�f�������b���i�_�j�_�^�g�_�c���h�i�h�j�h�c�������r�i�b�g�^�_�e�y�������� 

�>�b�Z�f�_�l�j�u�� �h�[�h�b�o�� �r�e�b�n�h�\�Z�e�v�g�u�o�� �d�j�m�]�h�\�� �k�\�y�a�u�\�Z�x�l��
�m�j�Z�\�g�_�g�b�_�f�� 

 ,                   (1)��

�]�^�_��  �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �^�b�Z�f�_�l�j�� �r�e�b�n�h�\�Z�e�v�g�h�]�h��

�d�j�m�]�Z�� �^�e�y�� �h�d�h�g�q�Z�l�_�e�v�g�h�]�h�� �b�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h�� �r�e�b�n�h�\�Z��
�g�b�y���� �f�Z�d�k�b�f�Z�e�v�g�Z�y�� �\�u�k�h�l�Z�� �r�_�j�h�o�h�\�Z�l�h�k�l�b�� �i�h�\�_�j�o��
�g�h�k�l�b�� �i�h�k�e�_�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y�����^�_�n�_�d�l��
�g�u�c���k�e�h�c�����h�[�j�Z�a�h�\�Z�g�g�u�c���\���^�_�l�Z�e�b���\���j�_�a�m�e�v�l�Z�l�_���k�b�e�h�\�h�]�h���b��
�l�_�i�e�h�\�h�]�h���^�_�c�k�l�\�b�y���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h���r�e�b�n�h�\�Z�g�b�y�� 
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�I�j�h�p�_�k�k�� �r�e�b�n�h�\�Z�g�b�y�� �\�u�i�h�e�g�y�_�l�k�y�� �i�j�b�� �\�j�Z�s�_�g�b�b�� �d�j�m��

�]�h�\�������b���������\���g�Z�i�j�Z�\�e�_�g�b�b���k�l�j�_�e�d�b���&�å�������i�j�h�^�h�e�v�g�h�c���&�æ�ã�å, 

�i�h�i�_�j�_�q�g�h�c���&�æ�ã���i�h�^�Z�q�_���a�Z�]�h�l�h�\�d�b���\���g�Z�i�j�Z�\�e�_�g�b�b���d���h�i�_�j�Z��
�l�h�j�m���� �h�[�k�e�m�`�b�\�Z�x�s�_�f�m�� �k�l�Z�g�h�d���� �I�j�h�p�_�k�k�� �a�Z�d�Z�g�q�b�\�Z�_�l�k�y��
�f�_�e�d�h�a�_�j�g�b�k�l�u�f���d�j�m�]�h�f���i�j�b���i�h�i�_�j�_�q�g�h�c���i�h�^�Z�q�_���\���g�Z�i�j�Z�\��
�e�_�g�b�b�� �h�l�� �h�i�_�j�Z�l�h�j�Z���� �k�h�� �k�g�y�l�b�_�f�� �i�j�b�i�m�k�d�Z���� �h�i�j�_�^�_�e�y�_�f�h�]�h��
�i�h���n�h�j�f�m�e�_�� 

 ,                    (2)��

�]�^�_��  �k�m�f�f�Z�j�g�Z�y�� �k�b�e�Z�� �j�_�a�Z�g�b�y����  �k�h�h�l�\�_�l��

�k�l�\�_�g�g�h���k�b�e�Z���j�_�a�Z�g�b�y�����\�u�a�\�Z�g�g�Z�y���j�Z�[�h�l�h�c���d�j�m�]�n���^�e�y���h�d�h�g��
�q�Z�l�_�e�v�g�h�]�h�� �b�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y�����`�_�k�l��
�d�h�k�l�v�� �r�i�b�g�^�_�e�v�g�h�]�h�� �m�a�e�Z�� �\�� �g�Z�i�j�Z�\�e�_�g�b�b���� �i�_�j�i�_�g�^�b�d�m�e�y�j��
�g�h�f���d���h�[�j�Z�[�h�l�Z�g�g�h�c �i�h�\�_�j�o�g�h�k�l�b�� 

�I�j�b�i�m�k�d��  �\�� �j�Z�a�u�� �i�j�_�\�u�r�Z�_�l�� �i�j�b�i�m�k�d������ �i�h�w�l�h�f�m��

�k�b�e�Z   �a�g�Z�q�b�l�_�e�v�g�h�� �[�h�e�v�r�_�� �k�b�e�u�� ���j�b�k���� �������� �K�b�e�Z��

�j�_�a�Z�g�b�y������ �k�h�a�^�Z�\�Z�_�f�Z�y�� �d�j�m�]�h�f�� ���� �^�e�y�� �h�d�h�g�q�Z�l�_�e�v�g�h�]�h��
�r�e�b�n�h�\�Z�g�b�y���� �j�Z�k�i�h�e�h�`�_�g�Z�� �h�l�� �i�_�j�_�^�g�_�c�� �h�i�h�j�u�� ���� �g�Z��
�j�Z�k�k�l�h�y�g�b�b�� 

0,5                                (3) 

�]�^�_�� �\�u�k�h�l�Z���d�j�m�]�Z���������j�Z�k�k�l�h�y�g�b�_���h�l���d�j�m�]�Z�������^�h��

�i�_�j�_�^�g�_�c���h�i�h�j�u�������r�i�b�g�^�_�e�y������ 

 
�J�b�k���������M�i�j�m�]�b�_���i�_�j�_�f�_�s�_�g�b�y �h�k�b �r�i�b�g�^�_�e�y���i�j�b���i�_�j�\�h�c��

�k�o�_�f�_���r�e�b�n�h�\�Z�g�b�y 

�K�b�e�Z�� �j�_�a�Z�g�b�y������ �k�h�a�^�Z�\�Z�_�f�Z�y�� �d�j�m�]�h�f�� ���� �^�e�y��

�i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y���� �j�Z�k�i�h�e�h�`�_�g�Z���h�l�� �i�_�j�_�^�g�_�c��
�h�i�h�j�u���r�i�b�g�^�_�e�y���g�Z���j�Z�k�k�l�h�y�g�b�b�� 

                     (4) 

�]�^�_��  �\�u�k�h�l�Z���d�j�m�]�Z�������^�e�y���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h���r�e�b�n�h�\�Z��

�g�b�y���� �l�h�e�s�b�g�Z���i�j�h�d�e�Z�^�d�b���������j�b�k���������� 
�K�m�f�f�Z�j�g�Z�y���k�b�e�Z���j�_�a�Z�g�b�y�� �k�h�\�i�Z�^�Z�_�l���i�h���g�Z�i�j�Z�\�e�_�g�b�x��

�k���k�b�e�Z�f�b�� �b�� �����Z���_�z���a�g�Z�q�_�g�b�_���h�i�j�_�^�_�e�y�_�l�k�y���i�h���n�h�j�f�m�e�_�� 

  +                                   (5) 

�K�b�k�l�_�f�m���k�h�k�j�_�^�h�l�h�q�_�g�g�u�o���k�b�e�� �k���b�a�\�_�k�l�g�u�f�b���d�h��

�h�j�^�b�g�Z�l�Z�f�b�� �l�h�q�_�d�� �i�j�b�e�h�`�_�g�b�y�� �f�h�`�g�h�� �a�Z�f�_�g�b�l�v�� �w�d�\�b�\�Z��
�e�_�g�l�g�h�c���k�b�k�l�_�f�h�c�����\���d�h�l�h�j�h�c���^�_�c�k�l�\�m�_�l���k�m�f�f�Z�j�g�Z�y���k�b�e�Z���j�_��
�a�Z�g�b�y��. �L�h�q�d�Z���i�j�b�e�h�`�_�g�g�Z�y���k�b�e�u�� ���%�����/���d�h�h�j�^�b�g�Z�l�m��

x = . �M�k�e�h�\�b�_�f���w�d�\�b�\�Z�e�_�g�l�g�h�k�l�b���^�\�m�o���j�Z�k�k�f�h�l�j�_�g�g�u�o���k�b��

�k�l�_�f���y�\�e�y�_�l�k�y���j�Z�\�_�g�k�l�\�h���b�a�]�b�[�Z�x�s�b�o���f�h�f�_�g�l�h�\�����k�h�a�^�Z�\�Z�_��
�f�u�o�� �k�h�k�j�_�^�h�l�h�q�_�g�g�u�f�b�� �k�b�e�Z�f�b�� �h�l�g�h�k�b�l�_�e�v�g�h�� �g�Z�q�Z�e�Z�� �i�j�y��
�f�h�m�]�h�e�v�g�h�c�� �k�b�k�l�_�f�u�� �d�h�h�j�^�b�g�Z�l��x�Hy. �B�a�� �m�k�e�h�\�b�y�� �w�d�\�b�\�Z��
�e�_�g�l�g�h�k�l�b���^�\�m�o���k�b�k�l�_�f���d�h�h�j�^�b�g�Z�l�Z���l�h�q�d�b���i�j�b�e�h�`�_�g�b�y���k�b�e�u��

 ���j�b�k�����������h�i�j�_�^�_�e�b�l�k�y���i�h���n�h�j�f�m�e�_�� 

.            (6) 

�F�Z�d�k�b�f�Z�e�v�g�u�_�� �m�i�j�m�]�b�_�� �i�_�j�_�f�_�s�_�g�b�y�� �h�k�b�� �r�i�b�g�^�_�e�y�� ����
�i�h�^���^�_�c�k�l�\�b�_�f���k�m�f�f�Z�j�g�h�c���k�b�e�u���j�_�a�Z�g�b�y�� �\���l�h�q�d�_���_�z���i�j�b��

�e�h�`�_�g�b�y��x =  �j�Z�\�g�u�����j�b�k������������ 

 ,                                 (7) 
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�]�^�_��  =2,1  �F�I�Z�± �f�h�^�m�e�v���m�i�j�m�]�h�k�l�b���k�l�Z�e�b�����b�a���d�h�l�h�j�h�c��

�\�u�i�h�e�g�_�g���r�i�b�g�^�_�e�v�������� �f�h�f�_�g�l���b�g�_�j�p�b�b���i�h��

�i�_�j�_�q�g�h�]�h���k�_�q�_�g�b�y���b���i�j�b�\�_�^�_�g�g�u�c���^�b�Z�f�_�l�j���d�h�g�k�h�e�b���r�i�b�g��
�^�_�e�y���������g�Z���d�h�l�h�j�h�c���m�k�l�Z�g�h�\�e�_�g�u���r�e�b�n�h�\�Z�e�v�g�u�_���d�j�m�]�b�������b������ 

�M�]�h�e���i�h�\�h�j�h�l�Z���i�h�i�_�j�_�q�g�h�]�h���k�_�q�_�g�b�y���r�i�b�g�^�_�e�y���h�l���l�h�q�d�_��
�k���d�h�h�j�^�b�g�h�l�h�c����x =  �j�Z�\�_�g�� 

 .                                   (8) 

�M�i�j�m�]�b�_�� �i�_�j�_�f�_�s�_�g�b�y�� �h�k�b�� �r�i�b�g�^�_�e�y�� �i�h�^�� �^�_�c�k�l�\�b�_�f��
�k�b�e�u�� �g�Z���^�e�b�g�_����x  �h�i�b�k�u�\�Z�x�l�k�y���d�j�b�\�h�c���H �l�j�_��

�l�v�_�]�h���i�h�j�y�^�d�Z�����^�Z�e�_�_���h�l���l�h�q�d�b��  �h�l�j�_�a�d�h�f���i�j�y�f�h�c���e�b��

�g�b�b��  �d�Z�k�Z�l�_�e�v�g�h�c���\���l�h�q�d�_�� �d���d�j�b�\�h�c���H ���j�b�k������������
�F�Z�d�k�b�f�Z�e�v�g�u�_���m�i�j�m�]�b�_���i�_�j�_�f�_�s�_�g�b�y���e�_�\�h�]�h���l�h�j�p�Z���d�j�m�]�Z������
���j�b�k�����������i�h�^���^�_�c�k�l�\�b�_�f���k�b�e�u�� �\���l�h�q�d�_���k���d�h�h�j�^�b�g�Z�l�h�c����x =  

�����j�Z�\�g�u������ 

arctg ( ).     (9) 

�<�L�H�J�:�Y���K�O�?�F�:���K�H�<�F�?�S�?�G�G�H�=�H���R�E�B�N�H�<�:�G�B�Y 

�D�h�f�[�b�g�b�j�h�\�Z�g�g�h�_���r�e�b�n�h�\�Z�g�b�_���f�h�`�g�h���j�_�Z�e�b�a�h�\�Z�l�v���b���i�h��
�\�l�h�j�h�c���k�o�_�f�_�����d�h�]�^�Z���f�_�e�d�h�a�_�j�g�b�k�l�u�c���d�j�m�]�������j�Z�k�i�h�e�Z�]�Z�_�l�k�y��
�g�Z�� �f�Z�d�k�b�f�Z�e�v�g�h�f�� �j�Z�k�k�l�h�y�g�b�b�� �h�l�� �i�_�j�_�^�g�_�c�� �h�i�h�j�u�� ���� �r�i�b�g��
�^�_�e�y���������Z���d�j�m�i�g�h�a�_�j�g�b�k�l�u�c�������± �g�Z���f�b�g�b�f�Z�e�v�g�h�f�����<���w�l�h�f���k�e�m��

�q�Z�_���k�b�e�u���j�_�a�Z�g�b�y�� �b �f�_�g�y�x�l�k�y���f�_�k�l�Z�f�b�����g�h���b�o���a�g�Z�q�_��

�g�b�y���g�_���b�a�f�_�g�y�x�l�k�y�����K���m�q�_�l�h�f���w�l�h�]�h���\�l�h�j�Z�y���k�o�_�f�Z���k�h�\�f�_�s�_�g��
�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y�� �b�f�_�_�l�� �\�b�^���� �i�j�_�^�k�l�Z�\�e�_�g�g�u�c�� �g�Z�� �j�b�k���� ������
�D�j�m�]�������j�Z�k�i�h�e�h�`�_�g���h�l���i�_�j�_�^�g�_�c���h�i�h�j�u�������r�i�b�g�^�_�e�y�������g�Z���j�Z�k��

�k�l�h�y�g�b�b��f�����Z���d�j�m�]�������± �g�Z���j�Z�k�k�l�h�y�g�b�b(f + ). 

��
�J�b�k���������<�l�h�j�Z�y���k�o�_�f�Z �k�h�\�f�_�s�_�g�g�h�]�h���r�e�b�n�h�\�Z�g�b�y 

 

�D�Z�d�� �b�� �i�j�b�� �i�_�j�\�h�c�� �k�o�_�f�_�� �k�h�\�f�_�s�_�g�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y����

�d�j�m�]�������k�g�b�f�Z�_�l���h�k�g�h�\�g�h�c���i�j�b�i�m�k�d�������Z���d�j�m�]�������± �i�j�b�i�m�k�d

. �Q�Z�k�l�h�l�Z�� �\�j�Z�s�_�g�b�y�� �r�i�b�g�^�_�e�y�� �k�� �b�g�k�l�j�m�f�_�g�l�h�f���� �\�_�e�b��

�q�b�g�Z���i�j�h�^�h�e�v�g�h�c���b���i�h�i�_�j�_�q�g�h�c���i�h�^�Z�q�b���a�Z�]�h�l�h�\�d�b���i�j�b���\�l�h��
�j�h�c���k�o�_�f�_���h�[�j�Z�[�h�l�d�b�����j�b�k�����������h�k�l�Z�x�l�k�y���l�Z�d�b�f�b���`�_�����d�Z�d���b���i�j�b��
�i�_�j�\�h�c���k�o�_�f�_�����j�b�k�������������I�j�b���\�l�h�j�h�c���k�o�_�f�_���i�h�i�_�j�_�q�g�Z�y���i�h�^�Z�q�Z��
�a�Z�]�h�l�h�\�d�b�� �g�Z�i�j�Z�\�e�_�g�Z�� �d�� �h�i�_�j�Z�l�h�j�m���� �m�i�j�Z�\�e�y�x�s�_�f�m�� �k�l�Z�g��
�d�h�f�����\���i�j�b���i�_�j�\�h�c���k�o�_�f�_���± �h�l���h�i�_�j�Z�l�h�j�Z�����J�Z�k�k�l�h�y�g�b�_���l�h�q�d�b��

�i�j�b�e�h�`�_�g�b�y���j�Z�\�g�h�^�_�c�k�l�\�m�x�s�_�c���k�b�e�u��  �h�l���g�Z�q�Z�e�Z���d�h�h�j��

�^�b�g�Z�l��O ���j�b�k�����������i�j�b���\�l�h�j�h�c���k�o�_�f�_���k�h�\�f�_�s�_�g�g�h�]�h���r�e�b�n�h�\�Z��
�g�b�y���j�Z�\�g�h������ 

 .       (10) 

 
�J�b�k�� �������M�i�j�m�]�b�_���i�_�j�_�f�_�s�_�g�b�y �r�i�b�g�^�_�e�y �i�j�b���\�l�h�j�h�c���k�o�_�f�_ 

�J�:�K�Q�?�L���M�I�J�M�=�B�O���I�?�J�?�F�?�S�?�G�B�C���H�K�B���R�I�B�G�>�?�E�Y���I�J�B��
�<�L�H�J�H�C���K�O�?�F�?���R�E�B�N�H�<�:�G�B�Y 

�M�i�j�m�]�b�_�� �i�_�j�_�f�_�s�_�g�b�y�� �h�k�b�� �r�i�b�g�^�_�e�y�� �i�h�^�� �^�_�c�k�l�\�b�_�f��
�k�b�e�u�� �\���l�h�q�d�_��x =  �h�i�j�_�^�_�e�y�x�l�k�y���i�h���n�h�j�f�m�e�_�� 

 .                          (11) 

�M�]�h�e�� �i�h�\�h�j�h�l�Z�� �i�h�i�_�j�_�q�g�h�]�h�� �k�_�q�_�g�b�y�� �r�i�b�g�^�_�e�y���� �j�Z�k�i�h��
�e�h�`�_�g�g�h�]�h���g�Z���j�Z�k�k�l�h�y�g�b�b��x=  �h�l���l�h�q�d�b���H�����i�h�^���^�_�c�k�l�\�b�_�f��

�k�m�f�f�Z�j�g�h�c���k�b�e�u���j�_�a�Z�g�b�y�� 

 .                             (12) 

�M�i�j�m�]�b�_�� �i�_�j�_�f�_�s�_�g�b�y�� �h�k�b�� �r�i�b�g�^�_�e�y�� �i�h�^�� �^�_�c�k�l�\�b�_�f��
�k�b�e�u��  �g�Z�� �^�e�b�g�_�� ��x  �h�i�b�k�u�\�Z�x�l�k�y�� �d�j�b�\�h�c�� �H 

�l�j�_�l�v�_�]�h���i�h�j�y�^�d�Z�����^�Z�e�_�_���h�l���l�h�q�d�b��  �h�l�j�_�a�d�h�f���i�j�y�f�h�c��

�e�b�g�b�b��  �d�Z�k�Z�l�_�e�v�g�h�c�� �\�� �l�h�q�d�_�� �d�� �d�j�b�\�h�c�� �H. 
�F�Z�d�k�b�f�Z�e�v�g�u�_���m�i�j�m�]�b�_���i�_�j�_�f�_�s�_�g�b�y���e�_�\�h�]�h���l�h�j�p�Z���d�j�m�]�Z������

���j�b�k�����������i�h�^���^�_�c�k�l�\�b�_�f���k�b�e�u�� �i�j�b��x =  

�l�h���_�k�l�v���\���l�h�q�d�_ �j�Z�\�g�u�� 

arctg ( ).     (13) 

�I�j�h�Z�g�Z�e�b�a�b�j�m�_�f�� �i�h�e�m�q�_�g�g�u�_�� �n�h�j�f�m�e�u�� �k�� �i�h�a�b�p�b�b��
�\�u�k�h�d�h�c�� �]�_�h�f�_�l�j�b�q�_�k�d�h�c�� �l�h�q�g�h�k�l�b�� �i�h�\�_�j�o�g�h�k�l�_�c���� �h�[�j�Z�[�h��
�l�Z�g�g�u�o���i�h���i�_�j�\�h�c���b���\�l�h�j�h�c���k�o�_�f�_�����J�_�`�b�f���r�e�b�n�h�\�Z�g�b�y�����o�Z��
�j�Z�d�l�_�j�b�k�l�b�d�Z���Z�[�j�Z�a�b�\�g�h�]�h���f�Z�l�_�j�b�Z�e�Z���d�j�m�]�h�\�������b���������b�o���j�Z�a��

�f�_�j�u�����k�g�b�f�Z�_�f�u�_���i�j�b�i�m�k�d�b�����k�b�e�u���j�_�a�Z�g�b�y����  �b�� , 

�Z�� �l�Z�d�`�_�� �b�a�]�b�[�g�Z�y�� �`�_�k�l�d�h�k�l�v�� �r�i�b�g�^�_�e�y�� �j�Z�\�g�h�a�g�Z�q�g�u�� �^�e�y��
�k�j�Z�\�g�b�\�Z�_�f�u�o�� �k�o�_�f�� �I�j�b�� �j�Z�[�h�l�_�� �d�j�m�]�Z�� �^�e�y�� �i�j�_�^�\�Z�j�b�l�_�e�v��
�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y�� �\�h�a�g�b�d�Z�_�l�� �k�b�e�Z�� �j�_�a�Z�g�b�y���� �d�h�l�h�j�Z�y�� �a�g�Z�q�b��
�l�_�e�v�g�h�� �[�h�e�v�r�_�����q�_�f�� �i�j�b�� �j�Z�[�h�l�_�� �d�j�m�]�Z�� �^�e�y�� �h�d�h�g�q�Z�l�_�e�v�g�h�c��
�h�[�j�Z�[�h�l�d�b�����W�l�h���h�[�t�y�k�g�y�_�l�k�y���l�_�f�����q�l�h���i�j�b�i�m�k�d�����k�g�b�f�Z�_�f�u�c��
�d�j�m�]�h�f���^�e�y���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h���r�e�b�n�h�\�Z�g�b�y���\���j�Z�a�u���[�h�e�v�r�_��
�i�j�b�i�m�k�d�Z���� �k�g�b�f�Z�_�f�h�]�h�� �d�j�m�]�h�f�� �^�e�y�� �h�d�h�g�q�Z�l�_�e�v�g�h�c�� �h�[�j�Z��
�[�h�l�d�b�� 
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�: �G�:�E�B�A���M�I�J�M�=�B�O���I�?�J�?�F�?�S�?�G�B�C���H�K�B���R�I�B�G�>�?�E�Y���I�J�B��
�I�?�J�<�H�C���B �<�L�H�J�H�C���K�O�?�F�?���K�H�<�F�?�S�?�G�G�H�=�H���R�E�B�N�H�<�:�G�B�Y 

�:�g�Z�e�b�a���m�j�Z�\�g�_�g�b�c�����������b�������������i�h�d�Z�a�u�\�Z�_�l�����q�l�h���\�����������i�_�j�_�^��
�k�j�Z�\�g�b�l�_�e�v�g�h�� �f�Z�e�h�c�� �k�b�e�h�c�� �k�l�h�b�l�� �f�g�h�`�b�l�_�e�v��

���� �d�h�l�h�j�u�c�� �f�_�g�v�r�_�� �f�g�h�`�b�l�_�e�y��

 �k�l�h�y�s�_�]�h�� �i�_�j�_�^ �k�b�e�h�c�� ���� �a�g�Z�q�b��

�l�_�e�v�g�h���i�j�_�\�u�r�Z�x�s�_�c���k�b�e�m�������W�l�h�l���n�Z�d�l���k�\�b�^�_�l�_�e�v�k�l�\�m�_�l��

�h���l�h�f�����q�l�h���q�e�_�g��  �\���m�j�Z�\�g�_�g�b�b�����������k�m��

�s�_�k�l�\�_�g�g�h�� �[�h�e�v�r�_���� �q�_�f�� . �<�� �m�j�Z�\�g�_�g�b�b�� ����������

�k�b�e�u�� �b��  �i�h�f�_�g�y�e�b�k�v���f�_�k�l�Z�f�b�����i�j�b���w�l�h�f���i�_�j�_�^���[�h�e�v��

�r�h�c�� �k�b�e�h�c�� �k�l�h�b�l�� �f�g�h�`�b�l�_�e�v�� ���� �d�h�l�h�j�u�c��

�f�_�g�v�r�_�� �f�g�h�`�b�l�_�e�y�� ���� �k�l�h�y�s�_�]�h�� �i�_�j�_�^��

�f�Z�e�h�c���k�b�e�h�c�� �<���j�_�a�m�e�v�l�Z�l�_���w�l�h�]�h���q�b�k�e�b�l�_�e�v���\���m�j�Z�\�g�_�g�b�b��
�������� �[�h�e�v�r�_���� �q�_�f�� �q�b�k�e�b�l�_�e�v�� �\�� �m�j�Z�\�g�_�g�b�b�� ������������ �Z���� �k�e�_�^�h�\�Z��
�l�_�e�v�g�h�����d�h�h�j�^�b�g�Z�l�Z�� �l�h�q�d�b���i�j�b�e�h�`�_�g�b�y���k�m�f�f�Z�j�g�h�c���k�b�e�u��

 �i�j�b�� �i�_�j�\�h�c�� �k�o�_�f�_�� �[�h�e�v�r�_�� �d�h�h�j�^�b�g�Z�l�u��  �i�j�b�� �\�l�h�j�h�c����

�G�Z�� �h�k�g�h�\�Z�g�b�b�� �w�l�h�]�h�� �k�e�_�^�m�_�l�� �\�u�\�h�^�� �h�� �l�h�f���� �q�l�h�� �i�j�b�� �i�_�j�\�h�c��
�k�o�_�f�_���k�b�e�Z�� �k�h�a�^�Z�_�l���[�h�e�v�r�b�c���b�a�]�b�[�Z�x�s�b�c���f�h�f�_�g�l���\���i�_��
�j�_�^�g�_�c�� �h�i�h�j�_�� ���� �r�i�b�g�^�_�e�y�� ������ �q�_�f�� �i�j�b�� �\�l�h�j�h�c���� �Z���� �k�e�_�^�h�\�Z��
�l�_�e�v�g�h���� �b�� �d�� �[�h�e�v�r�b�f�� �m�i�j�m�]�b�f�� �i�_�j�_�f�_�s�_�g�b�y�f�� �r�i�b�g�^�_�e�y�� �k��
�b�g�k�l�j�m�f�_�g�l�h�f�����W�l�h�l���\�u�\�h�^���i�h�^�l�\�_�j�`�^�Z�_�l�k�y���l�Z�d�`�_���g�_�j�Z�\�_�g��
�k�l�\�Z�f�b�� �b ���� �J�Z�a�^�_�e�b�\�� �������� �g�Z�� ������������ �i�h�e�m�q�b�f��
�a�g�Z�q�_�g�b�_�� �d�h�w�n�n�b�p�b�_�g�l�Z���� �m�d�Z�a�u�\�Z�x�s�_�_�� �\�h�� �k�d�h�e�v�d�h�� �j�Z�a��
�m�i�j�m�]�b�_�� �i�_�j�_�f�_�s�_�g�b�y�� �\�� �l�h�q�d�_�� �i�j�b�e�h�`�_�g�b�y�� �k�b�e�u�� �i�j�b��
�i�_�j�\�h�c���k�o�_�f�_���k�h�\�f�_�s�_�g�g�h�]�h���r�e�b�n�h�\�Z�g�b�y���[�h�e�v�r�_���i�h���k�j�Z�\��
�g�_�g�b�x���k�h���\�l�h�j�h�c���k�o�_�f�h�c���� 

                    (14) 

�>�e�y���a�g�Z�q�_�g�b�c���$�Ñ 
L �$�ã�å
L 10 mm, � �����f�f����
�d�h�l�h�j�u�_�� �i�j�b�f�_�g�b�f�u�� �^�e�y�� �i�e�h�k�d�h�r�e�b�n�h�\�Z�e�v�g�h�]�h�� �k�l�Z�g�d�Z��
3M���������h�l�g�h�r�_�g�b�_�� 1,5 �± �������������Z���d�h�w�n�n�b�p�b�_�g�l�� 

3,4�±8,0.  

�F�?�L�H�>�B�D�:���I�J�:�D�L�B�Q�?�K�D�H�C �J�?�:�E�B�A�:�P�B�B���<�U�;�J�:�G�G�H�C��
�K�O�?�F�U���K�H�<�F�?�S�?�G�G�H�=�H���R�E�B�N�H�<�:�G�B�Y 

�G�Z���h�k�g�h�\�Z�g�b�b���i�j�h�\�_�^�_�g�g�h�]�h���\�u�r�_���Z�g�Z�e�b�a�Z���m�i�j�m�]�b�o���i�_��
�j�_�f�_�s�_�g�b�c���r�i�b�g�^�_�e�y���k���d�j�m�]�Z�f�b�������b�������i�j�_�^�e�Z�]�Z�_�f�u�c���k�i�h�k�h�[��
�r�e�b�n�h�\�Z�g�b�y�� �j�_�Z�e�b�a�m�x�l�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �\�l�h�j�h�c�� �k�o�_�f�u��
�k�h�\�f�_�s�_�g�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y�� ���j�b�k���� ������ �M�k�l�Z�g�Z�\�e�b�\�Z�x�l�� �b�� �a�Z��
�d�j�_�i�e�y�x�l���r�e�b�n�h�\�Z�e�v�g�u�_���d�j�m�]�b�������������g�Z���r�i�b�g�^�_�e�_�������� �A�Z�]�h��
�l�h�\�d�m�������m�k�l�Z�g�Z�\�e�b�\�Z�x�l���g�Z���f�Z�]�g�b�l�g�h�f���k�l�h�e�_���������i�e�h�k�d�h�r�e�b��
�n�h�\�Z�e�v�g�h�]�h���k�l�Z�g�d�Z�����j�b�k�����������l�Z�d�����q�l�h�[�u���h�g�Z���j�Z�k�i�h�e�Z�]�Z�e�Z�k�v���a�Z��
�d�j�m�i�g�h�a�_�j�g�b�k�l�u�f�� �r�e�b�n�h�\�Z�e�v�g�u�f�� �d�j�m�]�h�f�� ���� ���k�f�h�l�j�b�f�� �b�a��
�i�h�a�b�p�b�b���� �a�Z�g�b�f�Z�_�f�h�c�� �h�i�_�j�Z�l�h�j�h�f���� �h�[�k�e�m�`�b�\�Z�x�s�b�f�� �k�l�Z��

�g�h�d��. �<�d�e�x�q�Z�x�l���\�j�Z�s�_�g�b�_���r�i�b�g�^�_�e�y�������k���d�j�m�]�Z�f�b�������b���������j�b�k����

3) �\�� �g�Z�i�j�Z�\�e�_�g�b�b�� �k�l�j�_�e�d�b�� �b�� �i�j�h�^�h�e�v�g�m�x�� �i�h�^�Z�q�m�� �\��

�g�Z�i�j�Z�\�e�_�g�b�b�� �k�l�j�_�e�d�b��. �I�h�^�\�h�^�y�l�� �d�j�m�i�g�h�a�_�j�g�b�k�l�u�c��

�r�e�b�n�h�\�Z�e�v�g�u�c�� �d�j�m�]�� ���� �d�� �a�Z�]�h�l�h�\�d�_�� ���� �^�h�� �i�h�y�\�e�_�g�b�y�� �i�_�j�\�h�c��

�b�k�d�j�u���� �a�Z�l�_�f�� �h�i�m�k�d�Z�x�l�� �d�j�m�]�� �g�Z�� �\�_�e�b�q�b�g�m�� �i�j�b�i�m�k�d�Z��, 

�i�h�^�e�_�`�Z�s�_�]�h�� �k�g�y�l�b�x�� �d�j�m�i�g�h�a�_�j�g�b�k�l�u�f�� �d�j�m�]�h�f���� �I�h�k�e�_��
�g�Z�k�l�j�h�c�d�b�� �d�j�m�i�g�h�a�_�j�g�b�k�l�h�]�h�� �d�j�m�]�Z�� �g�Z�� �j�Z�a�f�_�j�� �\�d�e�x�q�Z�x�l��
�i�h�i�_�j�_�q�g�m�x���i�h�^�Z�q�m���\���g�Z�i�j�Z�\�e�_�g�b�b���k�l�j�_�e�d�b���&�æ�ã �d���h�i�_�j�Z�l�h�j�m��
�b�� �h�[�j�Z�[�Z�l�u�\�Z�x�l�� �a�Z�]�h�l�h�\�d�m�� �h�[�h�b�f�b�� �d�j�m�]�Z�f�b�� ���� �b�� �� (�j�b�k���� ��������
�I�j�b�� �\�u�k�h�d�b�o�� �l�j�_�[�h�\�Z�g�b�y�o�� �d�� �r�_�j�h�o�h�\�Z�l�h�k�l�b�� �i�h�\�_�j�o�g�h�k�l�b��
�^�h�i�h�e�g�b�l�_�e�v�g�h�� �\�u�i�h�e�g�y�x�l�� �r�e�b�n�h�\�Z�g�b�_�� �f�_�e�d�h�a�_�j�g�b�k�l�u�f��
�d�j�m�]�h�f���i�j�b���i�h�i�_�j�_�q�g�h�c���i�h�^�Z�q�_���\���g�Z�i�j�Z�\�e�_�g�b�b���h�l���h�i�_�j�Z�l�h�j�Z��
���j�b�k���� �������� �D�j�m�i�g�h�a�_�j�g�b�k�l�u�c�� �d�j�m�]�� ���� �^�e�y�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h��
�r�e�b�n�h�\�Z�g�b�y�� �g�_�� �d�Z�k�Z�_�l�k�y�� �h�[�j�Z�[�h�l�Z�g�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �b�� �g�_��
�m�o�m�^�r�Z�_�l���f�Z�e�m�x���r�_�j�h�o�h�\�Z�l�h�k�l�v�����n�h�j�f�b�j�m�_�f�m�x���f�_�e�d�h�a�_�j��
�g�b�k�l�u�f�� �d�j�m�]�h�f�� ������ �<�� �b�a�\�_�k�l�g�u�o�� �i�j�h�p�_�k�k�Z�o�� �r�e�b�n�h�\�Z�g�b�y��
�w�l�h�]�h�� �^�h�k�l�b�q�v�� �g�_�\�h�a�f�h�`�g�h���� �l�Z�d�� �d�Z�d�� �\�� �g�b�o�� �b�k�i�h�e�v�a�m�x�l�k�y��
�d�j�m�i�g�h- �b�� �f�_�e�d�h�a�_�j�g�b�k�l�u�c�� �d�j�m�]�b�� �k�� �j�Z�\�g�u�f�b�� �^�b�Z�f�_�l�j�Z�f�b��
�j�_�`�m�s�_�c�� �i�h�\�_�j�o�g�h�k�l�b�� �b�� �r�_�j�h�o�h�\�Z�l�h�k�l�v�� �h�[�j�Z�[�h�l�Z�g�g�h�c�� �i�h��
�\�_�j�o�g�h�k�l�b���m�o�m�^�r�Z�_�l�k�y���d�j�m�i�g�h�a�_�j�g�b�k�l�u�f���d�j�m�]�h�f�� 

 
�J�b�k�����������A�Z�d�e�x�q�b�l�_�e�v�g�u�_���i�j�h�o�h�^�u �r�e�b�n�h�\�Z�g�b�y 

�>�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �\�h�a�f�h�`�g�h�k�l�_�c�� �h�i�b��
�k�Z�g�g�h�]�h���k�i�h�k�h�[�Z���r�e�b�n�h�\�Z�g�b�y���i�j�h�\�_�^�_�g�u���h�i�u�l�u�����G�Z���k�l�Z�g�d�_��
���F�������r�e�b�n�h�\�Z�e�b���i�e�Z�k�l�b�g�u���b�a���k�l�Z�e�b�������O���k�h�\�f�_�s�_�g�g�u�f���b�g��
�k�l�j�m�f�_�g�l�h�f���� �Z�� �l�Z�d�`�_�� �h�l�^�_�e�v�g�h�� �d�j�m�i�g�h�a�_�j�g�b�k�l�u�f�� �b�� �f�_�e�d�h��
�a�_�j�g�b�k�l�u�f �d�j�m�]�h�f�� �\�u�r�_�m�d�Z�a�Z�g�g�h�c�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �Z�[�j�Z��
�a�b�\�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z���� �K�d�h�j�h�k�l�v�� �j�_�a�Z�g�b�y�� �k�h�k�l�Z�\�e�y�e�Z�� ������ �f���k����
�i�j�h�^�h�e�v�g�Z�y���i�h�^�Z�q�Z���a�Z�]�h�l�h�\�d�b���������f���f�b�g�����i�h�i�_�j�_�q�g�Z�y���i�h�^�Z�q�Z��
���� �f�f���^�\�h�c�g�h�c���o�h�^�� �k�l�h�e�Z���� �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �r�_�j�h�o�h�\�Z�l�h�k�l�v��
�h�[�j�Z�[�h�l�Z�g�g�h�c���i�h�\�_�j�o�g�h�k�l�b���i�h�k�e�_���k�h�\�f�_�s�_�g�g�h�]�h���r�e�b�n�h�\�Z��
�g�b�y���f�_�g�v�r�_���\�����������j�Z�a�Z���i�h���k�j�Z�\�g�_�g�b�x���k���h�[�j�Z�[�h�l�d�h�c���d�j�m�i�g�h��
�a�_�j�g�b�k�l�u�f���d�j�m�]�h�f�����b���[�h�e�v�r�_���g�Z�������±�����������i�h���k�j�Z�\�g�_�g�b�x���k���h�[��
�j�Z�[�h�l�d�h�c�� �f�_�e�d�h�a�_�j�g�b�k�l�u�f�� �d�j�m�]�h�f���� �m�k�l�Z�g�h�\�e�_�g�g�u�f�� �g�Z��
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�k�l�j�m�f�_�g�l�h�f�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �e�b�r�v�� �f�_�e�d�h�a�_�j�g�b�k�l�h�]�h��
�d�j�m�]�Z�� �r�_�j�h�o�h�\�Z�l�h�k�l�v�� �i�h�\�_�j�o�g�h�k�l�_�c�� �^�e�y�� �k�j�Z�\�g�b�\�Z�_�f�u�o�� �\�Z��
�j�b�Z�g�l�h�\���h�^�b�g�Z�d�h�\�Z���� 

�L�Z�d�b�f���h�[�j�Z�a�h�f�����k���i�h�a�b�p�b�b���h�[�_�k�i�_�q�_�g�b�y���\�u�k�h�d�h�c���]�_�h�f�_�l��
�j�b�q�_�k�d�h�c�� �l�h�q�g�h�k�l�b�� �r�e�b�n�h�\�Z�g�g�u�o�� �i�h�\�_�j�o�g�h�k�l�_�c�� �g�_�h�[�o�h��
�^�b�f�h���b�k�i�h�e�v�a�h�\�Z�l�v���\�l�h�j�m�x �k�o�_�f�m���k�h�\�f�_�s�_�g�g�h�]�h���r�e�b�n�h�\�Z��
�g�b�y���� �h�[�_�k�i�_�q�b�\�Z�x�s�m�x�� �f�_�g�v�r�m�x�� �b�a�]�b�[�g�m�x�� �g�Z�]�j�m�a�d�m�� �g�Z��
�r�i�b�g�^�_�e�v�����Z�����k�e�_�^�h�\�Z�l�_�e�v�g�h�����b���f�_�g�v�r�b�_���m�i�j�m�]�b�_���i�_�j�_�f�_�s�_��
�g�b�y���r�e�b�n�h�\�Z�e�v�g�h�]�h���b�g�k�l�j�m�f�_�g�l�Z. 
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�A�:�D�E�X�Q�?�G�B�?�����<�U�<�H�>�U) 

�����J�Z�a�j�Z�[�h�l�Z�g�� �k�i�h�k�h�[�� �k�h�\�f�_�s�_�g�g�h�]�h�� �r�e�b�n�h�\�Z�g�b�y�� �b�g��
�k�l�j�m�f�_�g�l�h�f�����k�h�^�_�j�`�Z�s�b�f���d�j�m�i�g�h- �b���f�_�e�d�h�a�_�j�g�b�k�l�u�c���Z�[�j�Z��
�a�b�\�g�u�_���d�j�m�]�b�����m�k�l�Z�g�h�\�e�_�g�g�u�_���g�Z���r�i�b�g�^�_�e�_�����K�i�h�k�h�[���i�h�a�\�h��
�e�y�_�l���\�u�i�h�e�g�y�l�v���h�^�g�h�\�j�_�f�_�g�g�h���i�j�_�^�\�Z�j�b�l�_�e�v�g�m�x���b���h�d�h�g�q�Z��
�l�_�e�v�g�m�x���h�[�j�Z�[�h�l�d�m���a�Z�]�h�l�h�\�h�d���g�Z���h�^�g�h�f���k�l�Z�g�d�_���� 
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The Method of the Combined Flat Peripheral 
Grinding  

Morozov A.V., Gusev V.G. 
Vladimir State University  

Vladimir, Russia 
prof_gusev@mail.ru 

Abstract. The article deals with the method of combined grind-
ing of materials, providing simultaneously preliminary and final 
surfaces treatment on one machine tool. The analysis of existing 
grinding methods showed, that depending on volume of details ex-
haustion a preliminary and final grinding can be executed at one 
or two technological operations. In the first case, the preliminary 
and final grinding is carried out on the same workplace with the 
replacement of coarse-grained with a fine-grained grinding wheel. 
In t he second case after the preliminary operation the workpiece 
is transported to another workplace for final processing. In both 
variants a large amount of auxiliary time is required, which leads 
to a decrease in the productivity of the technological operation. 
The noted deficiencies eliminated by using the method of com-
bined grinding. Possible combined peripheral grinding schemes 
were developed and analyzed, elastic displacements of the spindle 

knot with a tool under the action of cutting force were determined, 
on the basis of which a scheme was chosen, that ensures rational 
arrangement of coarse-grained and fine-grained wheels on the ma-
chine spindle. The technological possibilities of the combined 
grinding were determined, The comparative experimental data of 
the microgeometry of surfaces, processed by proposed and tradi-
tional methods, are given. Combined grinding allows reducing the 
machine and auxiliary time for the performing of technological 
operation and to increase the processing productivity with the 
same microgeometry of the surface, typical for traditional grind-
ing.   

Keywords: combined grinding, workpiece, elastic 
displacements, spindle knot, fine-grained wheel, coarse-grained 
wheel.  
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�f�Z�o���� �� �J�_�a�m�e�v�l�Z�l�u�� �j�Z�k�q�_�l�Z�� �\�� �\�b�^�_�� �]�j�Z�n�b�d�h�\�� �i�h�d�Z�a�Z�g�u�� �g�Z��
�j�b�k. 5. 
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�g�h�]�h���j�_�a�p�Z���i�h�d�Z�a�Z�g�Z���g�Z���j�b�k�m�g�d�_���j�b�k. 6.  
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Abstract. The method of calculating forces, temperatures in the 
cutting zone when turning grooves in workpieces of various struc-
tural materials with grooving cutters with a given geometry is dis-
closed. The verification strength calculation of the cutting wedge 
is performed. The geometric parameters and strength character-
istics of the tool material are justified. The wear resistant coating 
to reduce temperature and increase tool durability was analyzed 
and selected. Design features and conditions for the use of built -up 

tool, equipped with changeable multifaceted plates (CMP) of de-
veloped shape and size are justified. 

Keywords: grooving cutter, cutting forces, wear-resistant 
coatings, cutting temperature, built-up cutter, changeable 
multifaceted plate. 
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�k�d�b�o�����a�g�Z�d�h�i�_�j�_�f�_�g�g�u�o���p�b�d�e�b�q�_�k�d�b�o�����i�h���h�i�j�_�^�_�e�_�g�b�x���h�k�u��
�i�Z�_�f�h�k�l�b�� �]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h�� �i�h�d�j�u�l�b�y������ �h�[�_�k�i�_�q�b�\�Z�x�s�b�o��
�i�h�^�h�[�b�_�� �g�Z�q�Z�e�v�g�u�o�� �m�k�e�h�\�b�c�� �n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y���l�b�i�h�\�u�o��
�^�_�l�Z�e�_�c���f�Z�r�b�g. �< �w�l�h�c���k�\�y�a�b���[�u�e�b���k�n�h�j�f�b�j�h�\�Z�g�u �k�e�_�^�m�x��
�s�b�_�� �\�a�Z�b�f�h�k�\�y�a�b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �f�_�l�h�^�h�\�� �b�� �i�h�d�Z�a�Z�l�_�e�_�c��
�^�h�e�]�h�\�_�q�g�h�k�l�b [3]: 

�Z�����d�h�f�[�b�g�b�j�h�\�Z�g�g�u�c���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c���f�_�l�h�^���w�e�_�d�l�j�h��
�o�b�f�b�q�_�k�d�h�]�h�� �n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�y�� ���g�_�i�h�^�\�b�`�g�u�c�� �d�Z�l�h�^-�b�g��
�k�l�j�m�f�_�g�l�����w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�_���i�j�h�l�y�]�b�\�Z�g�b�_�����b���]�Z�e�v�\�Z�g�b�q�_��
�k�d�h�_���o�j�h�f�b�j�h�\�Z�g�b�_�� 

�[�����d�h�f�[�b�g�b�j�h�\�Z�g�g�u�c �i�Z�j�Z�e�e�_�e�v�g�h-�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c��
�f�_�l�h�^���Z�e�f�Z�a�g�h�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���o�h�g�b�g�]�h�\�Z�g�b�y���b���]�Z�e�v�\�Z��
�g�b�q�_�k�d�h�]�h���o�j�h�f�b�j�h�\�Z�g�b�y�� 

�\�����d�h�f�[�b�g�b�j�h�\�Z�g�g�u�c�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c�� �f�_�l�h�^�� �^�j�h�[�_�k��
�l�j�m�c�g�h�]�h �m�i�j�h�q�g�_�g�b�y���b���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���i�h�e�b�j�h�\�Z�g�b�y�� 

�]�����d�h�f�[�b�g�b�j�h�\�Z�g�g�u�c���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c���f�_�l�h�^���b�f�i�m�e�v��
�k�g�h- 
�p�b�d�e�b�q�_�k�d�h�]�h���n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�y���b���^�j�h�[�_�k�l�j�m�c�g�h�]�h. 

�J�?�A�M�E�V�L�:�L�U���B�K�K�E�?�>�H�<�:�G�B�C 

�J�Z�k�k�f�h�l�j�b�f���o�Z�j�Z�d�l�_�j���\�a�Z�b�f�h�k�\�y�a�b���i�Z�j�Z�f�_�l�j�h�\���d�Z�q�_�k�l�\�Z��
�k�� �^�h�k�l�b�]�Z�_�f�u�f�� �w�n�n�_�d�l�h�f�� �i�j�b�j�h�k�l�Z�� �^�h�e�]�h�\�_�q�g�h�k�l�b���� �j�_�Z�e�b��
�a�m�_�f�h�]�h�� �\�� �m�k�e�h�\�b�y�o�� �k�l�_�g�^�h�\�u�o�� �b�k�i�u�l�Z�g�b�c�� �g�Z�� �\�u�^�_�e�_�g�g�h�f��
�h�i�l�b�f�Z�e�v�g�h�f���^�b�Z�i�Z�a�h�g�_���j�_�`�b�f�h�\���w�e�_�d�l�j�h�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o��
�k�h�q�_�l�Z�g�b�c [4]�����H�[�_�k�i�_�q�_�g�b�_���^�h�e�]�h�\�_�q�g�h�k�l�b���\���m�k�e�h�\�b�y�o���l�_�j��
�f�h�f�_�o�Z�g�b�q�_�k�d�h�]�h�� �b�a�g�Z�r�b�\�Z�g�b�y���� �p�b�d�e�b�q�_�k�d�h�]�h�� �a�g�Z�d�h�i�_�j�_��
�f�_�g�g�h�]�h�� �g�Z�]�j�m�`�_�g�b�y�� �h�i�j�_�^�_�e�y�x�l�k�y�� �j�y�^�h�f�� �k�i�_�p�b�n�b�q�_�k�d�b�o��
�f�h�f�_�g�l�h�\���\���h�[�j�Z�a�h�\�Z�g�b�b���d�h�f�i�e�_�d�k�h�\���i�Z�j�Z�f�_�l�j�h�\���d�Z�q�_�k�l�\�Z����
�M�e�m�q�r�_�g�b�_�� �i�h�d�Z�a�Z�l�_�e�_�c�� �f�b�d�j�h- �b�� �f�Z�d�j�h�� �]�_�h�f�_�l�j�b�q�_�k�d�h�c��
�l�h�q�g�h�k�l�b���h�[�_�k�i�_�q�b�\�Z�_�l���i�j�b�j�h�k�l���^�h�e�]�h�\�_�q�g�h�k�l�b���^�h�������������h�^��
�g�h�\�j�_�f�_�g�g�h���^�h�k�l�b�]�Z�_�l�k�y���k�g�b�`�_�g�b�_���h�k�u�i�Z�_�f�h�k�l�b���]�Z�e�v�\�Z�g�b��
�q�_�k�d�h�]�h���o�j�h�f�b�j�h�\�Z�g�g�h�]�h���i�h�d�j�u�l�b�y���g�Z�����������������������q�l�h �k�i�h�k�h�[��
�k�l�\�m�_�l�� �^�h�k�l�b�`�_�g�b�x���a�g�Z�q�_�g�b�c�� �i�j�b�j�h�k�l�Z�� �^�h�e�]�h�\�_�q�g�h�k�l�b�� �^�_��
�l�Z�e�_�c�� �i�j�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�b�� �l�Z�d�b�o�� �i�Z�j�Z�e�e�_�e�v�g�h-�i�h�k�e�_�^�h�\�Z��
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�l�_�e�v�g�u�o�� �f�_�l�h�^�h�\���� �d�Z�d�� �Z�e�f�Z�a�g�h-�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�_�� �o�h�g�b�g��
�]�h�\�Z�g�b�_�� �b�� �]�Z�e�v�\�Z�g�b�q�_�k�d�h�_�� �o�j�h�f�b�j�h�\�Z�g�b�_���� �w�e�_�d�l�j�h�o�b�f�b�q�_��
�k�d�h�_���n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�_���b���]�Z�e�v�\�Z�g�b�q�_�k�d�h�_���o�j�h�f�b�j�h�\�Z�g�b�_�����<��
�w�l�b�o���d�h�f�[�b�g�Z�p�b�y�o���j�_�Z�e�b�a�m�_�l�k�y���\�u�i�h�e�g�_�g�b�_���\�k�_�o���l�j�_�o���\�u�^�_��
�e�_�g�g�u�o���f�_�l�h�^�b�q�_�k�d�b�o���i�j�b�g�p�b�i�h�\���d�h�f�[�b�g�b�j�h�\�Z�g�b�y�����k�h�\�f�_��
�s�_�g�b�_�����b�k�d�e�x�q�_�g�b�_�����k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�_�������J�_�Z�e�b�a�Z�p�b�y���i�_�j��
�\�h�]�h�� �i�j�b�g�p�b�i�Z�� ���Z�e�f�Z�a�g�h-�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�_�� �o�h�g�b�g�]�h�\�Z��
�g�b�_�������n�h�j�f�b�j�m�y���Z�^�]�_�a�b�h�g�g�h-�d�h�]�_�a�b�h�g�g�u�_���f�_�o�Z�g�b�a�f�u���b�a�g�Z��
�r�b�\�Z�g�b�y���� �i�h�\�u�r�Z�_�l�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v�� �^�_�l�Z�e�_�c�� �g�Z�� ������������������
�i�j�b�� �w�l�h�f�� �h�i�l�b�f�Z�e�v�g�Z�y�� �a�h�g�Z�� �j�_�`�b�f�g�h�]�h�� �h�[�_�k�i�_�q�_�g�b�y�� �k�h��
�a�^�Z�_�l���f�_�g�_�_���i�j�h�l�y�`�_�g�g�u�_���m�q�Z�k�l�d�b���d�h�]�_�a�b�h�g�g�h�]�h���b�a�g�Z�r�b�\�Z��
�g�b�y���� �q�l�h�� �h�[�t�y�k�g�y�_�l�k�y�� �i�h�\�u�r�_�g�g�u�f�� �w�n�n�_�d�l�h�f�� �m�i�j�h�q�g�_�g�b�y��
�a�Z���k�q�_�l���\�u�[�h�j�Z���h�i�l�b�f�Z�e�v�g�h�]�h���a�g�Z�q�_�g�b�y���i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�b��
�\�u�]�e�Z�`�b�\�Z�g�b�y�� �Z�e�f�Z�a�g�h-�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �o�h�g�b�g�]�h�\�Z��
�g�b�y���� �<�u�i�h�e�g�_�g�b�_�� �i�j�b�g�p�b�i�Z�� �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�y�� ���Z�e�f�Z�a�g�h-
�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�_���o�h�g�b�g�]�h�\�Z�g�b�_���b���]�Z�e�v�\�Z�g�b�q�_�k�d�h�_���o�j�h�f�b��
�j�h�\�Z�g�b�_���� �i�h�a�\�h�e�y�_�l�� �k�m�s�_�k�l�\�_�g�g�u�f�� �h�[�j�Z�a�h�f�� �k�g�b�a�b�l�v�� �\�_�e�b��
�q�b�g�m���b�a�g�h�k�Z���g�Z���������������������i�h�e�g�h�k�l�v�x�����b�k�d�e�x�q�Z�y���Z�^�]�_�a�b�h�g�g�h-
�d�h�]�_�a�b�h�g�g�u�_���w�n�n�_�d�l�u [5]�����<���w�l�h�f���k�e�m�q�Z�_���i�j�_�\�Z�e�b�j�m�x�s�b�f�b��
�h�k�h�[�_�g�g�h�k�l�y�f�b���n�j�Z�d�l�h�]�j�Z�f �y�\�e�y�x�l�k�y���h�[�e�Z�k�l�b���l�_�i�e�h���k�_�j�h�]�h��
�n�h�g�Z���� �i�j�b�q�_�f�� �m�\�_�e�b�q�_�g�b�_�� �l�h�e�s�b�g�u�� �]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h�� �i�h��
�d�j�u�l�b�y�����^�h���������f�d�f�����k�i�h�k�h�[�k�l�\�m�_�l���n�h�j�f�b�j�h�\�Z�g�b�x���l�j�_�s�b�g�u��
�g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �h�[�j�Z�a�p�Z���� �q�l�h�� �m�d�e�Z�^�u�\�Z�_�l�k�y�� �\�� �a�h�g�m �h�i�l�b��
�f�Z�e�v�g�u�o�� �j�_�`�b�f�h�\���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�o�� �k�g�b�`�_�g�b�_�� �h�k�u�i�Z�_�f�h��
�k�l�b���]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h���i�h�d�j�u�l�b�y���b���i�j�b�j�h�k�l���l�\�_�j�^�h�k�l�b�����h�[�j�Z��
�a�h�\�Z�g�b�_�� �w�i�x�j�u�� �k�`�b�f�Z�x�s�b�o�� �g�Z�i�j�y�`�_�g�b�c�� ���Z�e�f�Z�a�g�h-�w�e�_�d��
�l�j�h�o�b�f�b�q�_�k�d�h�_�� �o�h�g�b�g�]�h�\�Z�g�b�_������ �J�_�Z�e�b�a�Z�p�b�y�� �i�j�b�g�p�b�i�h�\�� �b�k��
�d�e�x�q�_�g�b�y�� �b�� �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�y�� �\���m�k�e�h�\�b�y�o�� �h�[�j�Z�a�h�\�Z�g�b�y��
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�]�h�� �f�_�l�h�^�Z�� �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �n�h�j�f�h�h�[��
�j�Z�a�h�\�Z�g�b�y�� ���g�_�i�h�^�\�b�`�g�u�c�� �d�Z�l�h�^-�b�g�k�l�j�m�f�_�g�l�� �b�� �w�e�_�d�l�j�h�o�b��
�f�b�q�_�k�d�h�_���i�j�h�l�y�]�b�\�Z�g�b�_�����]�Z�e�v�\�Z�g�b�q�_�k�d�h�_���o�j�h�f�b�j�h�\�Z�g�b�_�����b�k-
�d�e�x�q�Z�_�l�� �h�[�j�Z�a�h�\�Z�g�b�_�� �f�Z�d�j�h- �b�� �f�b�d�j�h�� �w�n�n�_�d�l�h�\�� �i�h�\�_�j�o��
�g�h�k�l�g�h�]�h���k�e�h�y�����W�l�h���h�p�_�g�b�\�Z�_�l�k�y���\�_�e�b�q�b�g�Z�f�b���\�����������������������q�l�h��
�g�Z�����������������������k�g�b�`�Z�_�l���h�k�u�i�Z�_�f�h�k�l�v���]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h���o�j�h�f�h��
�\�h�]�h���i�h�d�j�u�l�b�y�����h�[�_�k�i�_�q�b�\�Z�y���a�Z���k�q�_�l���w�l�h�]�h���������������������i�j�b�j�h�k�l��
�^�h�e�]�h�\�_�q�g�h�k�l�b�� �h�[�j�Z�a�p�h�\���� �G�_�h�[�o�h�^�b�f�h�� �i�h�^�q�_�j�d�g�m�l�v���� �q�l�h��
�j�h�k�l�� �\�_�e�b�q�b�g�u�� �]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h�� �i�h�d�j�u�l�b�y�� ���^�h�� ��������������������
�f�d�f�� �\�u�a�u�\�Z�_�l�� �\�� �m�k�e�h�\�b�y�o�� �l�j�b�[�h�e�h�]�b-�q�_�k�d�b�o�� �b�k�i�u�l�Z�g�b�c��
�f�g�h�]�h�q�b�k�e�_�g�g�u�_���l�j�_�s�b�g�u���b���k�d�Z�e�u�\�Z�g�b�y���\�k�e�_�^�k�l�\�b�_���j�_�Z�e�b��
�a�Z�p�b�b�� �w�n�n�_�d�l�Z�� �i�e�Z�k�l�b�q�_�k�d�h�]�h�� �h�l�l�_�k�g�_�g�b�y�� �\�� �m�k�e�h�\�b�y�o�� �d�h�g��
�l�Z�d�l�g�h�]�h�� �l�j�b�[�h�e�h�]�b�q�_�k�d�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y���� �J�_�Z�e�b�a�Z�p�b�y��
�g�Z�^�_�`�g�h�]�h�� �n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y�� �\�� �m�k�e�h�\�b�y�o�� �p�b�d�e�b�q�_�k�d�h�]�h��
�a�g�Z�d�h�i�_�j�_�f�_�g�g�h�]�h���g�Z�]�j�m�`�_�g�b�y�����m�^�Z�j�g�h-�m�k�l�Z�e�h�k�l�g�h�]�h���b�a�g�Z��
�r�b�\�Z�g�b�y�� �\�u�i�h�e�g�y�_�l�k�y�� �i�h�k�j�_�^�k�l�\�h�f�� �^�\�m�o�� �d�h�f�[�b�g�b�j�h�\�Z�g��
�g�u�o���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�o���k�h�q�_�l�Z�g�b�c [6, 7]: 

- �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���b�f�i�m�e�v�k�g�h-�p�b�d�e�b�q�_�k�d�h�]�h���n�h�j�f�h��
�h�[�j�Z�a�h�\�Z�g�b�y�� ���W�O�H�� �b�f�i������ �b�� �^�j�h�[�_�k�l�j�m�c�g�h�]�h�� �m�i�j�h�q�g�_�g�b�y��
���>�M���� 

- � �̂j�h�[�_�k�l�j�m�c�g�h�]�h�� �m�i�j�h�q�g�_�g�b�y�� ���>�M���� �b�� �w�e�_�d�l�j�h�o�b�f�b�q�_��
�k�d�h�]�h 
�i�h�e�b�j�h�\�Z�g�b�y�����W�O�I���� 

�N�h�j�f�b�j�h�\�Z�g�b�_�� �i�_�j�\�h�]�h�� �d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h�� �k�h�q�_�l�Z�g�b�y�� 
�h�[�_�k�i�_�q�b�\�Z�_�l�� �k�g�b�`�_�g�b�_�� �f�b�d�j�h- �b�� �f�Z�d�j�h�� �]�_�h�f�_�l�j�b�b�� �g�Z��
���������������������h�[�j�Z�a�m�_�l���i�j�b�j�h�k�l���l�\�_�j�^�h�k�l�b���g�Z�������������������������n�h�j�f�b��
�j�m�_�l���w�i�x�j�m���k�`�b�f�Z�x�s�b�o���g�Z�i�j�y�`�_�g�b�c�����h�[�_�k�i�_�q�b�\�Z�y���i�j�b�j�h�k�l��
�^�h���������������������������<���l�h���`�_���\�j�_�f�y���i�j�b�f�_�g�_�g�b�_���\�l�h�j�h�]�h���k�h�q�_�l�Z�g�b�y��
�m�e�m�q�r�Z�_�l�� �f�b�d�j�h�]�_�h�f�_�l�j�b�q�_�k�d�b�_�� �i�h�d�Z�a�Z�l�_�e�b�� �g�Z�� ���������������� ������
�l�\�_�j�^�h�k�l�v���^�h�������������� �h�[�j�Z�a�m�_�l���w�i�x�j�m���k�`�b�f�Z�x�s�b�o�� �g�Z�i�j�y�`�_��
�g�b�c��- �m�\�_�e�b�q�b�\�Z�_�l���a�g�Z�q�_�g�b�y���^�h�����������������������L�Z�d�h�_���b�a�f�_�g�_�g�b�_���\��
�j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�f���d�h�f�i�e�_�d�k�_���i�Z�j�Z�f�_�l�j�h�\���d�Z�q�_�k�l�\�Z���h�[�j�Z�a�m�_�l��

�i�j�b�j�h�k�l���^�h�e�]�h�\�_�q�g�h�k�l�b���\���m�k�e�h�\�b�y�o���p�b�d�e�b�q�_�k�d�h�]�h���a�g�Z�d�h�i�_��
�j�_�f�_�g�g�h�]�h���g�Z�]�j�m�`�_�g�b�y���^�h�����������������������W�n�n�_�d�l�Z���i�j�b�j�h�k�l�Z���l�_�j��
�f�h�p�b�d�e�b�q�_�k�d�h�c�� �^�h�e�]�h�\�_�q�g�h�k�l�b�� �g�_�� �g�Z�[�e�x�^�Z�_�l�k�y���� �J�_�Z�e�b�a�m�_��
�f�u�_���i�j�b�g�p�b�i�u�����b�k�d�e�x�q�_�g�b�y���b���k�h�\�f�_�s�_�g�b�y�����l�Z�d���`�_���\�_�k�v�f�Z��
�k�i�_�p�b�n�b�q�g�u�� �^�e�y�� �\�u�r�_�g�Z�a�\�Z�g�g�u�o�� �k�h�q�_�l�Z�g�b�c�� �l�_�o�g�h�e�h�]�b�q�_��
�k�d�b�o���f�_�l�h�^�h�\���\���m�k�e�h�\�b�y�o���l�j�b�[�h�l�_�o�g�b�q�_�k�d�b�o���k�l�_�g�^�h�\�u�o���b�k��
�i�u�l�Z�g�b�c�����W�n�n�_�d�l���k�h�q�_�l�Z�g�b�y���W�O�H���b�f�i�����b���>�H���d�Z�d���m�i�j�h�q�g�y��
�x�s�_�]�h���k�h�q�_�l�Z�g�b�y���>�M���b���W�O�I���\�� �m�k�e�h�\�b�y�o�� �l�j�b�[�h�e�h�]�b�q�_�k�d�b�o��
�b�k�i�u�l�Z�g�b�c�� �o�Z�j�Z�d�l�_�j�g�u�� �g�Z�e�b�q�b�_�f�� �f�_�o�Z�g�b�a�f�Z�� �d�h�]�_�a�b�h�g�g�h-
�Z�^�]�_�a�b�h�g�g�h�]�h���b�a�g�Z�r�b�\�Z�g�b�y�����I�j�b���w�l�h�f���k�^�\�b�]���f�_�o�Z�g�b�a�f�Z���b�a��
�g�Z�r�b�\�Z�g�b�y���\���k�l�h�j�h�g�m���Z�^�]�_�a�b�h�g�g�h�]�h���o�Z�j�Z�d�l�_�j�Z���^�e�y���m�i�j�h�q�g�y��
�x�s�_�]�h���k�h�q�_�l�Z�g�b�y���b���g�Z�h�[�h�j�h�l�����w�n�n�_�d�l���d�h�]�_�a�b�b���h�l�g�h�k�b�l�k�y���d��
�n�h�j�f�h�h�[�j�Z�a�m�x�s�_�f�m���d�h�f�[�b�g�b�j�h�\�Z�g�g�h�f�m���f�_�l�h�^�m�� 

�L�?�O�G�H�E�H�=�B�Q�?�K�D�H�?���H�;�?�K�I�?�Q�?�G�B�?��(�H�;�H�J�M�>�H�<�:�G�B�?, 
�I�J�B�K�I�H�K�H�;�E�?�G�B�Y, �B�G�K�L�J�M�F�?�G�L�U)  

�>�e�y�� �\�u�i�h�e�g�_�g�b�y�� �j�Z�a�j�Z�[�h�l�Z�g�g�u�o�� �d�h�f�[�b�g�Z�p�b�c�� �w�e�_�d�l�j�h��
�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �f�_�l�h�^�h�\�� �g�_�h�[�o�h�^�b�f�h�� �k�h�a�^�Z�l�v�� �k�h�h�l�\�_�l��
�k�l�\�m�x�s�_�_���h�[�h�j�m�^�h�\�Z�g�b�_�����l�_�o�g�h�e�h�]�b�q�_�k�d�m�x���h�k�g�Z�k�l�d�m�����i�j�b��
�k�i�h�k�h�[�e�_�g�b�y�����b�g�k�l�j�m�f�_�g�l�u�����k�h�h�l�\�_�l�k�l�\�m�x�s�b�c���d�e�Z�k�k���k�j�_�^�u��
- �w�e�_�d�l�j�h�e�b�l�h�\�����h�i�l�b�f�b�a�b�j�h�\�Z�l�v�� �j�_�`�b�f�u���� �I�j�b�� �w�l�h�f�� �i�_�j�_��
�q�_�g�v�� �\�u�i�h�e�g�y�_�f�u�o�� �l�_�o�g�b�q�_�k�d�b�o�� �k�h�q�_�l�Z�g�b�c�� �h�[�_�k�i�_�q�b�\�Z�_�l��
�^�h�k�l�b�`�_�g�b�y�� �m�k�l�Z�g�h�\�e�_�g�g�h�]�h�� �\�u�r�_�� �k�h�k�l�Z�\�Z�� �i�Z�j�Z�f�_�l�j�h�\�� �d�Z��
�q�_�k�l�\�Z���i�h�\�_�j�o�g�h�k�l�g�h�]�h���k�e�h�y�� 

�L�_�o�g�h�e�h�]�b�q�_�k�d�Z�y�� �i�j�h�j�Z�[�h�l�d�Z�� �h�[�_�k�i�_�q�_�g�b�y�� �^�h�e�]�h�\�_�q�g�h��
�k�l�b���^�_�l�Z�e�_�c���f�Z�r�b�g���\�d�e�x�q�Z�_�l���k�e�_�^�m�x�s�b�_���j�Z�a�^�_�e�u [8]: 

- �k�h�a�^�Z�g�b�_�� �k�i�_�p�b�Z�e�b�a�b�j�h�\�Z�g�g�h�]�h���� �\�u�k�h�d�h�i�j�h�b�a�\�h�^�b��
�l�_�e�v�g�h�]�h�����[�u�k�l�j�h�i�_�j�_�g�Z�e�Z�`�b�\�Z�_�f�h�]�h���h�[�h�j�m�^�h�\�Z�g�b�y�� 

- �k�h�a�^�Z�g�b�_���f�g�h�]�h�p�_�e�_�\�h�c�����g�Z�^�_�`�g�h�c���b�g�k�l�j�m�f�_�g�l�Z�e�v�g�h�c�� 
�h�k�g�Z�k�l�d�b�����i�j�b�k�i�h�k�h�[�e�_�g�b�c�������h�[�_�k�i�_�q�b�\�Z�x�s�b�o���^�h�k�l�b�`�_�g�b�_��
�l�j�_�[�m�_�f�h�]�h���g�Z�[�h�j�Z���i�Z�j�Z�f�_�l�j�h�\���d�Z�q�_�k�l�\�Z�������������������� 

- �k�h�a�^�Z�g�b�_�� �k�i�_�p�b�Z�e�v�g�u�o���� �^�h�e�]�h�\�_�q�g�u�o�� �b�g�k�l�j�m�f�_�g�l�h�\��
�^�e�y 
�j�_�Z�e�b�a�Z�p�b�b�� �d�h�f�[�b�g�b�j�h�\�Z�g�g�u�o�� �w�e�_�d�l�j�h�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o��
�f�_�l�h�^�h�\�� 

- �k�h�a�^�Z�g�b�_���k�h�h�l�\�_�l�k�l�\�m�x�s�b�o���w�e�_�d�l�j�h�e�b�l�g�u�o���k�j�_�^�����h�[�e�Z-
�^�Z�x�s�b�o���k�i�_�p�b�Z�e�v�g�u�f�b���k�\�h�c�k�l�\�Z�f�b�����h�[�_�k�i�_�q�b�\�Z�x�s�b�o���l�j�_��
�[�m�_�f�m�x �f�Z�d�j�h- �b���f�b�d�j�h�]�_�h�f�_�l�j�b�q�_�k�d�m�x���l�h�q�g�h�k�l�v�� 

- �k�h�a�^�Z�g�b�_�� �b�� �j�Z�a�j�Z�[�h�l�d�Z�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�h�]�h�� �h�[�h�j�m�^�h�\�Z��
�g�b�y�� 
�k�h�h�l�\�_�l�k�l�\�m�x�s�_�c�� �^�h�d�m�f�_�g�l�Z�p�b�b�� �^�e�y�� �\�g�_�^�j�_�g�b�y�� �m�q�Z�k�l�d�h�\��
�w�e�_�d�l�j�h�l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h���h�[�h�j�m�^�h�\�Z�g�b�y�� 

- �i�j�h�\�_�^�_�g�b�_���h�i�l�b�f�b�a�Z�p�b�b���j�_�`�b�f�h�\���d�h�f�[�b�g�b�j�h�\�Z�g�g�u�o 
�w�e�_�d�l�j�h�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �f�_�l�h�^�h�\���� �k�i�h�k�h�[�k�l�\�m�x�s�b�o�� �\�u��
�i�h�e�g�_�g�b�x���l�j�_�[�m�_�f�h�]�h���g�Z�[�h�j�Z���i�Z�j�Z�f�_�l�j�h�\���d�Z�q�_�k�l�\�Z���� �k�h�a�^�Z��
�x�s�b�o�� �m�k�e�h�\�b�y�� �h�[�_�k�i�_�q�_�g�b�y�� �g�_�h�[�o�h�^�b�f�h�]�h�� �m�j�h�\�g�y�� �^�h�e�]�h��
�\�_�q�g�h�k�l�b���^�_�l�Z�e�_�c���f�Z�r�b�g. 

�x �H�[�h�j�m�^�h�\�Z�g�b�_���^�e�y���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�o���f�_�l�h�^�h�\ �i�j�h�l�y��
�]�b�\�Z�g�b�y �b���h�[�j�Z�[�h�l�d�b���k�� �g�_�i�h�^�\�b�`�g�u�f���d�Z�l�h�^�h�f-�b�g�k�l�j�m�f�_�g��
�l�h�f [9, 10]�����^�Z�g�g�u�c���f�_�l�h�^���\�u�i�h�e�g�y�_�l�k�y���g�Z���k�_�j�b�c�g�h�c�� �m�k�l�Z��
�g�h�\�d�_���W�O�K-���M�����Z���j�_�Z�e�b�a�Z�p�b�y���f�_�l�h�^�Z���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���g�_��
�i�h�^�\�b�`�g�h�]�h���d�Z�l�h�^�Z��- �g�Z���k�i�_�p�b�Z�e�v�g�h�c���m�k�l�Z�g�h�\�d�_���� 

�x �H�[�h�j�m�^�h�\�Z�g�b�_�� �^�e�y�� �d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h�� �f�_�l�h�^�Z�� �Z�e��
�f�Z�a�g�h-�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���o�h�g�b�g�]�h�\�Z�g�b�y [11, 12]�����\ �k�h�k�l�Z�\��
�k�h�a�^�Z�g�g�h�]�h�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �^�e�y�� �j�_�Z�e�b�a�Z�p�b�b�� �d�h�f�[�b�g�b�j�h�\�Z�g��
�g�h�]�h�� �f�_�l�h�^�Z�� �Z�e�f�Z�a�g�h�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �o�h�g�b�g�]�h�\�Z�g�b�y��
�\�o�h�^�y�l�� �f�h�^�_�j�g�b�a�b�j�h�\�Z�g�g�u�_�� �\�_�j�l�b�d�Z�e�v�g�h-�o�h�g�b�g�]�h�\�Z�e�v�g�u�_��
�i�h�e�m�Z�\�l�h�f�Z�l�u���f�h�^�_�e�_�c�����F�����������D�����M�����������������H�[�h�j�m�^�h�\�Z�g�b�_��
�b�k�i�h�e�v�a�m�_�l�k�y�� �i�h�� �i�j�b�g�p�b�i�m�� �\�k�l�j�Z�b�\�Z�g�b�y�� �\�� �^�_�c�k�l�\�m�x�s�b�c��
�l�_�o�g�h�e�h�]�b�q�_�k�d�b�c�� �f�Z�j�r�j�m�l�� �b�� �k�h�a�^�Z�g�b�y�� �k�i�_�p�b�Z�e�v�g�h�]�h��
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�m�q�Z�k�l�d�Z�����<���h�[�h�b�o���k�e�m�q�Z�y�o���h�[�h�j�m�^�h�\�Z�g�b�_���h�[�_�k�i�_�q�b�\�Z�_�l�k�y���g�_��
�h�[�o�h�^�b�f�h�c�� �\�_�g�l�b�e�y�p�b�h�g�g�h�c�� �k�b�k�l�_�f�h�c���� �k�b�k�l�_�f�h�c�� �k�g�Z�[�`�_��
�g�b�y�� �w�e�_�d�l�j�h�e�b�l�h�f���� �m�k�l�Z�g�h�\�d�Z�f�b�� �^�e�y�� �i�j�h�f�u�\�d�b�� �b�� �i�Z�k�k�b�\�Z��
�p�b�b���^�_�l�Z�e�_�c�����K�l�Z�g�d�b���h�k�g�Z�s�_�g�u���j�Z�[�h�q�b�f�b���d�Z�f�_�j�Z�f�b���b�a���h�j��
�]�Z�g�b�q�_�k�d�h�]�h�� �k�l�_�d�e�Z���� �q�l�h�� �i�h�a�\�h�e�y�_�l�� �\�_�k�l�b�� �g�Z�[�e�x�^�_�g�b�_�� �a�Z��
�i�j�h�p�_�k�k�h�f���b���k�\�h�^�b�l���d���f�b�g�b�f�m�f�m���m�l�_�q�d�b���l�h�d�Z�����>�\�_�j�v���d�Z�f�_�j�u��
�\�u�i�h�e�g�_�g�Z�� �\�j�Z�s�Z�x�s�_�c�k�y�� �g�Z�� �\�_�j�l�b�d�Z�e�v�g�u�o�� �i�_�l�e�y�o�� �k�� �j�_�a�b��
�g�h�\�u�f�� �m�i�e�h�l�g�_�g�b�_�f�� �i�h�� �i�_�j�b�f�_�l�j�m���� �W�e�_�d�l�j�h�e�b�l���� �k�l�_�d�Z�x��
�s�b�c���k���^�\�_�j�p�u���i�j�b���_�_ �h�l�d�j�u�\�Z�g�b�b�����k�h�[�b�j�Z�_�l�k�y���\���`�_�e�h�[�h�d���b��
�h�l�\�h�^�b�l�k�y���g�Z���k�e�b�\�����>�e�y���i�j�h�k�l�h�l�u���k�f�_�g�u���h�k�g�Z�k�l�d�b���\���k�l�_�g�d�Z�o��
�b�k�i�h�e�v�a�m�_�l�k�y�� �i�h�^�Z�q�Z�� �w�e�_�d�l�j�h�e�b�l�Z�� �k�g�b�a�m�� �h�[�j�Z�[�Z�l�u�\�Z�_�f�h�c��
�^�_�l�Z�e�b���� 

�I�j�b���l�Z�d�h�c���k�o�_�f�_���g�_�h�[�o�h�^�b�f�h���m�k�l�j�h�c�k�l�\�h�����i�j�_�]�j�Z�`�^�Z�x��
�s�_�_���i�m�l�v���i�h�l�h�d�m���w�e�_�d�l�j�h�e�b�l�Z���b�a���d�Z�f�_�j�u���\���f�_�k�l�h���h�l�\�h�^�Z���b�a��
�g�_�_ �b�g�k�l�j�m�f�_�g�l�Z�����O�h�j�h�r�b�_���j�_�a�m�e�v�l�Z�l�u���^�Z�e�h���b�k�i�h�e�v�a�h�\�Z�g�b�_��
�^�e�y�� �w�l�h�c�� �p�_�e�b�� �]�b�^�j�h�^�b�g�Z�f�b�q�_�k�d�h�]�h�� �m�i�e�h�l�g�_�g�b�y���� �h�k�g�h�\�Z�g��
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�[�h�l�h�k�i�h�k�h�[�g�h�c�����?�k�e�b���i�_�j�_�o�h�^���h�l���m�k�d�h�j�_�g�g�h�c���i�h�^�Z�q�b���d���^�h��
�a�b�j�h�\�Z�g�g�h�c�� �k�e�m�q�Z�e�k�y�� �i�j�b�� �i�j�h�o�h�`�^�_�g�b�b�� �o�h�g�h�f�� �m�q�Z�k�l�d�Z�� �k��
�[�h�e�v�r�b�f�� �^�b�Z�f�_�l�j�h�f���� �i�j�h�b�k�o�h�^�b�e�h�� �a�Z�d�e�b�g�b�\�Z�g�b�_�� �b�g�k�l�j�m��
�f�_�g�l�Z�����>�e�y���m�k�l�j�Z�g�_�g�b�y���w�l�h�]�h���g�_�^�h�k�l�Z�l�d�Z���[�u�e�h���i�j�_�^�e�h�`�_�g�h��
�b�� �j�_�Z�e�b�a�h�\�Z�g�h�� �l�_�o�g�b�q�_�k�d�h�_�� �j�_�r�_�g�b�_���� �h�k�g�h�\�Z�g�g�h�_�� �g�Z�� �b�a�f�_��
�g�_�g�b�b���p�b�d�e�h�]�j�Z�f�f���i�_�j�_�o�h�^�Z���h�l���m�k�d�h�j�_�g�g�h�c���i�h�^�Z�q�b���[�j�m�k�d�h�\��
�d�� �^�h�a�b�j�h�\�Z�g�g�h�c �i�h�^�Z�q�_���� �� �K�m�s�g�h�k�l�v�� �j�_�r�_�g�b�y�� �k�h�k�l�h�y�e�Z�� �\�h��
�\�\�_�^�_�g�b�b�� �h�l�j�b�p�Z�l�_�e�v�g�h�c�� �h�[�j�Z�l�g�h�c�� �k�\�y�a�b�� �i�h�e�h�`�_�g�b�y�� �[�j�m�k��
�d�h�\���k���i�_�j�_�]�j�m�a�d�h�c. �I�j�b���i�_�j�_�]�j�m�a�d�_���k�j�Z�[�Z�l�u�\�Z�_�l���b���j�Z�a�f�u�d�Z��
�_�l�k�y �p�_�i�v�� �i�j�_�d�j�Z�s�_�g�b�_�� �^�h�a�b�j�h�\�Z�g�g�h�c�� �i�h�^�Z�q�b�� �b�� �a�Z�f�u�d�Z�_�l��
�^�h�[�Z�\�h�q�g�h�� �\�\�_�^�_�g�g�Z�y�� �p�_�i�v���� �^�Z�x�s�Z�y �d�h�f�Z�g�^�m�� �g�Z�� �m�k�d�h�j�_�g��
�g�u�c�� �h�l�\�h�^�� �����h�l�k�d�h�d������ �[�j�m�k�d�h�\�� �h�l�� �h�[�j�Z�[�Z�l�u�\�Z�_�f�h�c���i�h�\�_�j�o��
�g�h�k�l�b���������H�l�k�d�h�d�����i�j�h�b�k�o�h�^�b�l���g�Z���\�_�e�b�q�b�g�m�����^�h�k�l�Z�l�h�q�g�m�x���^�e�y��
�k�g�y�l�b�y�� �i�_�j�_�]�j�m�a�d�b�� �b�� �a�Z�^�Z�_�l�k�y�� �g�Z�k�l�j�h�c�d�h�c�� �j�_�a�b�k�l�h�j�Z���� �I�j�b��
�w�l�h�f�� �k�l�Z�g�h�d�� �\�h�a�\�j�Z�s�Z�_�l�k�y�� �\�� �j�_�`�b�f�� �g�h�j�f�Z�e�v�g�h�c�� �j�Z�[�h�l�u����
�i�h�a�\�h�e�y�x�s�_�c�� �h�k�m�s�_�k�l�\�e�y�l�v�� �:�W�O�O�� �[�_�a�� �a�Z�d�e�b�g�b�\�Z�g�b�y�� �b�g��
�k�l�j�m�f�_�g�l�Z. �P�_�g�l�j�Z�e�b�a�h�\�Z�g�g�Z�y���k�b�k�l�_�f�Z �k�g�Z�[�`�_�g�b�y���w�e�_�d�l�j�h��
�e�b�l�h�f���\�d�e�x�q�Z�_�l�� �k�_�d�p�b�h�g�g�m�x�� �\�Z�g�g�m�� �k�� �m�k�i�h�d�h�b�l�_�e�y�f�b�� �i�h��
�l�h�d�Z�� �b�� �a�f�_�_�\�b�d�h�f�� �^�e�y�� �h�o�e�Z�`�^�_�g�b�y�� �j�Z�k�l�\�h�j�Z���� �^�\�Z�� �[�Z�d�Z�� �h�l��
�k�l�h�c�g�b�d�Z���� �q�_�l�u�j�_�� �p�_�g�l�j�h�[�_�`�g�u�o�� �g�Z�k�h�k�Z�� �\�� �g�_�j�`�Z�\�_�x�s�_�f��
�b�k�i�h�e�g�_�g�b�b���k���n�b�e�v�l�j�Z�f�b���l�h�g�d�h�c���h�q�b�k�l�d�b���b���k�b�k�l�_�f�m���d�h�f�f�m��
�g�b�d�Z�p�b�c.  

�H�q�b�k�l�d�Z�� �w�e�_�d�l�j�h�e�b�l�Z���i�j�h�b�a�\�h�^�b�l�k�y�� �d�h�f�[�b�g�b�j�h�\�Z�g�g�u�f��
�k�i�h�k�h�[�h�f���± �n�b�e�v�l�j�h�\�Z�g�b�_�f���� �n�e�h�l�b�j�h�\�Z�g�b�_�f�� �b�� �h�l�k�l�Z�b�\�Z��
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�g�b�_�f�����N�e�h�l�h�j�_�Z�]�_�g�l�h�f���y�\�e�y�_�l�k�y���l�_�o�g�b�q�_�k�d�h�_���f�h�x�s�_�_���k�j�_�^��
�k�l�\�h���� �^�h�[�Z�\�e�y�_�f�h�_�� �\���w�e�_�d�l�j�h�e�b�l�� �\�� �d�h�e�b�q�_�k�l�\�_�� ��������������������%, 
�i�h�^�g�y�\�r�b�c�k�y�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�v�� �r�e�Z�f�� �m�^�Z�e�y�_�l�k�y�� �\�� �d�h�g�p�_��
�k�f�_�g�u�� 

�D�Z�`�^�u�c�� �b�a �g�Z�k�h�k�h�\���k�b�k�l�_�f�u���k�g�Z�[�`�Z�_�l���k�l�Z�g�d�b���w�e�_�d�l�j�h��
�e�b�l�h�f���� �>�Z�\�e�_�g�b�_�� �g�Z�� �\�u�o�h�^�_�� �g�Z�k�h�k�h�\�� �j�_�]�m�e�b�j�m�_�l�k�y�� �\�_�g�l�b��
�e�y�f�b�� �b�� �d�h�g�l�j�h�e�b�j�m�_�l�k�y�� �i�h�� �i�h�d�Z�a�Z�g�b�y�f�� �f�Z�g�h�f�_�l�j�h�\���� �� �K�l�_��
�i�_�g�v���a�Z�k�h�j�_�g�b�y���n�b�e�v�l�j�h�\���h�i�j�_�^�_�e�y�_�l�k�y���i�h���j�Z�a�g�h�k�l�b���i�h�d�Z�a�Z��
�g�b�c���f�Z�g�h�f�_�l�j�h�\�����<�_�g�l�b�e�b���f�h�]�m�l���i�_�j�_�d�j�u�\�Z�l�v���i�h�k�l�m�i�e�_�g�b�_��
�w�e�_�d�l�j�h�e�b�l�Z���d���k�l�Z�g�d�Z�f���b���j�_�]�m�e�b�j�h�\�Z�l�v���_�]�h���i�h�^�Z�q�m�������B�a���j�Z��
�[�h�q�b�o�� �d�Z�f�_�j�� �k�l�Z�g�d�h�\�� �w�e�_�d�l�j�h�e�b�l�� �k�e�b�\�Z�_�l�k�y�� �\�� �\�Z�g�g�m�� �q�_�j�_�a��
�l�j�m�[�h�i�j�h�\�h�^�u�����I�h�k�e�_���g�Z�d�h�i�e�_�g�b�y���\���\�Z�g�g�_���g�_�n�e�h�l�b�j�m�_�f�h�]�h��
�r�e�Z�f�Z���i�j�h�b�a�\�h�^�b�l�k�y���i�_�j�_�d�Z�q�d�Z���g�Z�k�h�k�h�f���a�Z�]�j�y�a�g�_�g�g�h�]�h���j�Z�k��
�l�\�h�j�Z�� �b�a�� �\�Z�g�g�u�� �\�� �g�_�a�Z�i�h�e�g�_�g�g�u�c�� �h�l�k�l�h�c�g�b�d���� �A�Z�i�h�e�g�_�g�b�_��
�\�Z�g�g�u���h�q�b�s�_�g�g�u�f���w�e�_�d�l�j�h�e�b�l�h�f���i�j�h�b�a�\�h�^�b�l�k�y���k�Z�f�h�l�_�d�h�f��
�b�a���h�l�k�l�h�c�g�b�d�Z���i�j�b���h�l�d�j�u�l�u�o���\�_�g�l�b�e�y�o���� 

�H�k�g�h�\�g�u�_���^�Z�g�g�u�_���k�b�k�l�_�f�u���k�g�Z�[�`�_�g�b�y���w�e�_�d�l�j�h�e�b�l�h�f�� 
- �h�[�t�_�f���\�Z�g�g�u: 2,5�f 3; 
- �h�[�t�_�f���h�l�k�l�h�c�g�b�d�h�\: 2 �r�l�� �î 2,5�f 3; 
- �i�h�^�Z�q�Z���h�^�g�h�]�h���g�Z�k�h�k�Z: 200 �e���f�b�g��; 
- �^�Z�\�e�_�g�b�_���w�e�_�d�l�j�h�e�b�l�Z: 6 �F�I�Z. 
�K�l�Z�g�d�b���� �� �h�[�t�_�^�b�g�_�g�g�u�_�� �k�� �p�_�g�l�j�Z�e�b�a�h�\�Z�g�g�h�c�� �k�b�k�l�_�f�h�c��

�k�g�Z�[�`�_�g�b�y�� �w�e�_�d�l�j�h�e�b�l�h�f�� �b�� �b�k�l�h�q�g�b�d�Z�f�b�� �i�b�l�Z�g�b�y���� �h�[�j�Z��
�a�m�x�l���m�k�l�Z�g�h�\�d�b�����i�h�a�\�h�e�y�x�s�b�_���j�Z�[�h�l�Z�l�v���\���g�Z�e�Z�^�h�q�g�h�f���b���i�h��
�e�m�Z�\�l�h�f�Z�l�b�q�_�k�d�h�f�� �j�_�`�b�f�Z�o���� �G�Z�e�Z�^�h�q�g�u�c�� �j�_�`�b�f�� �i�j�_�^�g�Z��
�a�g�Z�q�_�g���^�e�y���i�j�h�\�_�^�_�g�b�y���i�_�j�_�g�Z�e�Z�^�h�q�g�u�o���b���h�i�u�l�g�u�o���j�Z�[�h�l, 
�d�h�l�h�j�u�c���i�h�a�\�h�e�y�_�l�� 

�������<�d�e�x�q�Z�l�v���b���h�l�d�e�x�q�Z�l�v�� 
- �\�h�a�\�j�Z�l�g�h-�i�h�k�l�m�i�Z�l�_�e�v�g�h�_���^�\�b�`�_�g�b�_���r�i�b�g�^�_�e�y�� 
- �\�j�Z�s�_�g�b�_���r�i�b�g�^�_�e�y�� 
- �i�h�^�Z�q�m���w�e�_�d�l�j�h�e�b�l�Z�� 
- �i�h�^�Z�q�m���g�Z�i�j�y�`�_�g�b�y�� 
2) �G�Z�k�l�j�Z�b�\�Z�l�v�� �k�b�k�l�_�f�m�� �Z�d�l�b�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �g�Z�� �a�Z�^�Z�g��

�g�u�c���j�Z�a�f�_�j�����l�h�e�v�d�h���g�Z���k�l�Z�g�d�_�������������� 
�x �H�[�h�j�m�^�h�\�Z�g�b�_�� �^�e�y�� �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �f�_�l�h�^�Z 

�b�f�i�m�e�v�k�g�h-�p�b�d�e�b�q�_�k�d�h�]�h�� �n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�y [13]: �m�k�l�Z��
�g�h�\�d�Z�� �f�h�^�_�e�b�� �WX�I -I �i�j�b�f�_�g�y�_�l�k�y�� �^�e�y�� �f�_�l�h�^�Z�� �b�f�i�m�e�v�k�g�h-
�p�b�d�e�b�q�_�k�d�h�]�h�� �n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�y���� �M�k�l�Z�g�h�\�d�Z�� �\�d�e�x�q�Z�_�l����
�k�h�[�k�l�\�_�g�g�h�� �k�l�Z�g�h�d���� �� �� �� �g�Z�k�h�k�g�u�_�� �k�l�Z�g�p�b�b�� �^�e�y �i�h�^�Z�q�b�� �w�e�_�d��
�l�j�h�e�b�l�Z�����[�Z�d�b���^�e�y���o�j�Z�g�_�g�b�y���w�e�_�d�l�j�h�e�b�l�Z�����b�k�l�h�q�g�b�d���i�b�l�Z�g�b�y��
�k�_�j�b�b�� �<�:�D�� ���������� �f�h�^�_�j�g�b�a�b�j�h�\�Z�g�g�u�c�� �i�h�^�� �b�f�i�m�e�v�k�g�m�x��
�k�o�_�f�m�� 

�K�l�Z�g�h�d�� �d�h�g�k�l�j�m�d�l�b�\�g�h�� �k�h�k�l�h�b�l�� �b�a�� �d�Z�f�_�j�u���� �\�b�[�j�Z�l�h�j�Z����
�m�k�l�j�h�c�k�l�\�Z���i�h�^�Z�q�b�����i�h�k�j�_�^�k�l�\�h�f���^�\�b�`�_�g�b�y���d�Z�j�_�l�d�b���k�l�h�e�Z������
�k�l�Z�g�b�g�u�����k�b�k�l�_�f�u���m�i�j�Z�\�e�_�g�b�y�����k�b�k�l�_�f�u���d�h�g�l�j�h�e�y���a�Z���i�h�^�Z��
�q�_�c�� �k�l�h�e�Z���� �N�m�g�d�p�b�h�g�Z�e�v�g�h�� �h�g�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �^�\�b�`�_�g�b�_�� �d�Z��
�l�h�^�Z-�b�g�k�l�j�m�f�_�g�l�Z���� �i�h�^�t�_�f�� �b�� �h�i�m�k�d�Z�g�b�_�� �j�Z�[�h�q�_�c�� �d�Z�f�_�j�u����
�^�\�b�`�_�g�b�y���w�e�_�d�l�j�h�e�b�l�Z���\���a�h�g�m���h�[�j�Z�[�h�l�d�b�����k�e�b�\���w�e�_�d�l�j�h�e�b�l�Z��
�b�a�� �j�Z�[�h�q�_�c�� �d�Z�f�_�j�u�� �\�� �i�j�h�f�_�`�m�l�h�q�g�m�x���_�f�d�h�k�l�v���� �J�Z�[�h�q�Z�y��
�\�b�[�j�Z�p�b�y �k�h�h�[�s�Z�_�l�k�y�� �b�g�k�l�j�m�f�_�g�l�m�� �h�l�� �w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�y����
�f�h�s�g�h�k�l�v�x�� �������� �d�<�l���� �M�k�d�h�j�_�g�g�u�_�� �b�� �j�Z�[�h�q�b�_�� �i�_�j�_�f�_�s�_�g�b�y��
�i�j�h�b�a�\�h�^�y�l�k�y���h�l���w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�y�����f�h�s�g�h�k�l�v�x�����������d�<�l�� �K�b��
�k�l�_�f�Z���i�h�^�Z�q�b���w�e�_�d�l�j�h�e�b�l�Z���k�h�k�l�h�b�l���b�a���h�k�g�h�\�g�h�]�h���[�Z�d�Z�� �>�e�y��
�i�j�_�^�h�o�j�Z�g�_�g�b�y���i�Z�l�j�h�g�Z���h�l���i�h�i�Z�^�Z�g�b�y���\���g�_�]�h���k�d�\�h�a�v���r�l�Z�g�]�m��
�w�e�_�d�l�j�h�e�b�l�Z���� �g�Z�o�h�^�y�s�_�]�h�k�y�� �i�h�^�� �b�a�[�u�l�h�q�g�u�f�� �^�Z�\�e�_�g�b�_�f�� �\��
�a�h�g�_���h�[�j�Z�[�h�l�d�b�������k�h�i�j�y�`�_�g�b�_���d�h�j�i�m�k���o�h�g�Z��- �j�Z�a�`�b�f�g�h�c���d�h��
�g�m�k���m�i�e�h�l�g�_�g�h���j�_�a�b�g�h�\�u�f���d�h�e�v�p�h�f�� 

�H�k�g�h�\�g�h�c�� �j�Z�k�q�_�l�g�h�c�� �\�_�e�b�q�b�g�h�c�� �i�j�b�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�b��
�o�h�g�Z�� �y�\�e�y�_�l�k�y�� �^�e�b�g�Z�� �_�]�h�� �d�Z�l�h�^�g�h�]�h�� �m�q�Z�k�l�d�Z�� �G�Z�b�[�h�e�v�r�_�c��

�^�h�e�]�h�\�_�q�g�h�k�l�v�x���h�[�e�Z�^�Z�x�l���f�_�o�Z�g�b�q�_�k�d�b���a�Z�d�j�_�i�e�y�_�f�u�_���b�a�h��
�e�y�l�h�j�u�����b�a�]�h�l�h�\�e�_�g�g�u�_���b�a���i�e�Z�k�l�f�Z�k�k�������g�_���b�a�f�_�g�y�x�s�b�o���k�\�h�b��
�k�\�h�c�k�l�\�Z���\���w�e�_�d�l�j�h�e�b�l�_�����d�Z�i�j�h�e�h�g�Z�����n�l�h�j�h�i�e�Z�k�l�Z�� 

�x �H�[�h�j�m�^�h�\�Z�g�b�_���^�e�y���d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h���f�_�l�h�^�Z���^�j�h�[�_�k��
�l�j�m�c�g�h�]�h���m�i�j�h�q�g�_�g�b�y���b���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���i�h�e�b�j�h�\�Z�g�b�y: 
�h�[�h�j�m�^�h�\�Z�g�b�_�� �^�e�y�� �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �f�_�l�h�^�Z 
�b�f�i�m�e�v�k�g�h-�p�b�d�e�b�q�_�k�d�h�]�h���n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�y�����i�j�b�f�_�g�y�_�l�k�y 
�^�e�y�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�]�h�� �i�h�^�[�h�j�Z�� �j�_�`�b�f�h�\���j�Z�k�k�f�Z�l�j�b�\�Z�_��
�f�h�]�h���f�_�l�h�^�Z, �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f �k�i�_�p�b�Z�e�v�g�h�c �^�j�h�[�_�k�l�j�m�c��
�g�h�c �m�k�l�Z�g�h�\�d�b �b���l�j�Z�^�b�p�b�h�g�g�h�c �\�Z�g�g�u �^�e�y�����w�e�_�d�l�j�h�o�b�f�b�q�_��
�k�d�h�]�h���i�h�e�b�j�h�\�Z�g�b�y���k���b�k�l�h�q�g�b�d�h�f���i�b�l�Z�g�b�y�� 

�x �L�_�o�g�h�e�h�]�b�q�_�k�d�h�_���h�[�_�k�i�_�q�_�g�b�_���d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h �i�h��
�k�e�_�^�h�\�Z�l�_�e�v�g�h�]�h �f�_�l�h�^�Z �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �n�h�j�f�h�h�[�j�Z��
�a�h�\�Z�g�b�y�����g�_�i�h�^�\�b�`�g�u�c���d�Z�l�h�^-�b�g�k�l�j�m�f�_�g�l�����w�e�_�d�l�j�h�o�b�f�b�q�_��
�k�d�h�_�� �i�j�h�l�y�]�b�\�Z�g�b�_���� �b�� �]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h �o�j�h�f�b�j�h�\�Z�g�b�y [14, 
15]: �d�h�f�[�b�g�b�j�h�\�Z�g�g�u�c���f�_�l�h�^���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���n�h�j�f�h��
�h�[�j�Z�a�h�\�Z�g�b�y�� �k�� �i�j�b�f�_�g�_�g�b�_�f�� �i�h�^�\�b�`�g�h�]�h�� �b�� �g�_�i�h�^�\�b�`�g�h�]�h��
�d�Z�l�h�^�Z-�b�g�k�l�j�m�f�_�g�l�Z�� �^�h�k�l�b�]�Z�_�l�� �l�j�_�[�m�_�f�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �d�Z��
�q�_�k�l�\�Z���i�h�k�j�_�^�k�l�\�h�f���b�k�i�h�e�v�a�h�\�Z�g�b�y���k�i�_�p�b�Z�e�v�g�u�o���d�h�g�k�l�j�m�d��
�p�b�c���w�e�_�d�l�j�h�^�h�\-�b�g�k�l�j�m�f�_�g�l�h�\�����h�i�l�b�f�b�a�Z�p�b�b���j�_�`�b�f�h�\�����q�l�h��
�\�� �k�h�q�_�l�Z�g�b�b�� �k�� �i�h�k�e�_�^�m�x�s�b�f�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�� �f�_�l�h�^�h�f��
�]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h�� �o�j�h�f�b�j�h�\�Z�g�b�y�� ���������������f�d�f���� �k�i�h�k�h�[�k�l�\�m�_�l��
�^�h�k�l�b�`�_�g�b�x�� �l�j�_�[�m�_�f�h�]�h�� �m�j�h�\�g�y�� �^�h�e�]�h�\�_�q�g�h�k�l�b���� �I�j�b�� �w�l�h�f��
�^�h�k�l�b�]�g�m�l�h���i�h�\�u�r�_�g�b�_���^�h�e�]�h�\�_�q�g�h�k�l�b���^�_�l�Z�e�_�c���g�Z������������������ 
[16]. �J�Z�k�k�f�h�l�j�b�f���d�h�g�k�l�j�m�d�l�b�\�g�h-�l�_�o�g�h�e�h�]�b�q�_�k�d�b�_�� �h�l�e�b�q��
�g�Z�y���j�Z�a�j�Z�[�h�l�Z�g�g�u�o���d�Z�l�h�^�h�\-�b�g�k�l�j�m�f�_�g�l�h�\���b���^�b�Z�i�Z�a�h�g�u���h�i��
�l�b�f�b�a�b�j�h�\�Z�g�g�u�o�� �j�_�`�b�f�h�\�� �d�h�f�[�b�g�b�j�h�\�Z�g�g�u�o�� �f�_�l�h�^�h�\�� �K��
�p�_�e�v�x�� �b�k�d�e�x�q�_�g�b�y�� �f�Z�d�j�h�� �^�_�n�_�d�l�h�\���� �i�j�_�^�i�h�e�Z�]�Z�_�l�k�y�� �b�k��
�i�h�e�v�a�h�\�Z�g�b�_�� �w�e�_�d�l�j�h�^-�b�g�k�l�j�m�f�_�g�l�� �k�� �\�g�m�l�j�_�g�g�b�f�� �d�Z�g�Z�e�h�f��
�^�e�y���i�h�^�\�h�^�Z���w�e�_�d�l�j�h�e�b�l�Z�����g�Z���d�h�l�h�j�h�f���j�Z�k�i�h�e�h�`�_�g�u���g�Z�i�j�Z�\��
�e�y�x�s�b�_�����b���b�a�h�e�b�j�m�x�s�b�_���\�l�m�e�d�b�����a�Z�d�j�_�i�e�y�_�f�u�_���g�Z���k�l�_�j�`�g�_. 
�G�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �k�l�_�j�`�g�y�� �\�u�i�h�e�g�_�g�u�� �i�j�h�^�h�e�v�g�u�_�� �r�e�b�p�_��
�\�u�_ �i�Z�a�u�����h�[�j�Z�a�m�x�s�b�_���\�u�k�l�m�i�u���i�h���n�h�j�f�_���d�Z�g�Z�\�h�d�����<���a�h�g�_��
�j�Z�^�b�Z�e�v�g�h�]�h�� �d�Z�g�Z�e�Z�� �\�u�o�h�^�Z�� �w�e�_�d�l�j�h�e�b�l�Z�� �\�� �a�h�g�m�� �j�Z�k�l�\�h�j�_��
�g�b�y���m�k�l�Z�g�h�\�e�_�g�Z���]�h�e�h�\�d�Z�����i�j�_�^�k�l�Z�\�e�y�x�s�Z�y���k�h�[�h�c���p�b�e�b�g�^�j��
�k���j�Z�^�b�Z�e�v�g�u�f�b���h�l�\�_�j�k�l�b�y�f�b�����J�Z�[�h�l�Z���b�g�k�l�j�m�f�_�g�l�Z �i�j�h�b�k�o�h��
�^�b�l �l�Z�d�b�f�� �h�[�j�Z�a�h�f���� �b�g�k�l�j�m�f�_�g�l�� �m�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y�� �i�h�k�j�_�^��
�k�l�\�h�f���d�Z�l�h�^�h�^�_�j�`�Z�l�_�e�y, �i�j�b���n�b�d�k�Z�p�b�b���w�l�h�]�h���i�h�e�h�`�_�g�b�y���d�Z��
�l�h��̂Z-�b�g�k�l�j�m�f�_�g�l�Z�h�k�m�s�_�k�l�\�e�y�_�l�k�y���\�d�e�x�q�_�g�b�_���g�Z�k�h�k�h�\���b���i�h��
�^�Z�q�Z���w�e�_�d�l�j�h�e�b�l�Z���\���a�h�g�m���n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�y���b���k�e�b�\���i�h�k�j�_�^��
�k�l�\�h�f���\�Z�g�g�����I�h�k�e�_���w�l�h�]�h���i�j�h�b�k�o�h�^�b�l���\�d�e�x�q�_�g�b�_���b�k�l�h�q�g�b�d�Z��
�g�Z�i�j�y�`�_�g�b�y���� �W�e�_�d�l�j�h�e�b�l�Z�� �q�_�j�_�a�� �d�Z�g�Z�e�� �k�l�_�j�`�g�y�� �i�j�h�o�h�^�b�l��
�q�_�j�_�a���]�h�e�h�\�d�m���b���a�Z�l�_�f���i�h�^�Z�_�l�k�y���\���a�h�g�m���Z�g�h�^�g�h�]�h���j�Z�k�l�\�h�j�_��
�g�b�y�����D�Z�d���i�h�d�Z�a�Z�e�b���j�_�a�m�e�v�l�Z�l�u���g�Z�l�m�j�g�u�o���b�k�i�u�l�Z�g�b�c�����h�i�j�_��
�^�_�e�_�g�g�Z�y���]�_�h�f�_�l�j�b�y���g�Z�j�_�a�h�\���\���l�j�m�[�_�����h�[�_�k�i�_�q�b�\�Z�_�l���g�_�h�[�o�h��
�^�b�f�m�x���^�h�e�]�h�\�_�q�g�h�k�l�v���b���k�i�h�k�h�[�k�l�\�m�_�l���i�j�b�j�h�k�l�m���i�h�k�e�_�^�g�_�c 
[17, 18]�����K���w�l�h�c���p�_�e�v�x���j�Z�a�j�Z�[�h�l�Z�g�Z���k�i�_�p�b�Z�e�v�g�Z�y���d�h�g�k�l�j�m�d��
�p�b�y�� �d�Z�l�h�^�Z-�b�g�k�l�j�m�f�_�g�l�Z���h�[�_�k�i�_�q�b�\�Z�x�s�Z�y�� �^�h�k�l�b�`�_�g�b�_�� �h�i��
�l�b�f�Z�e�v�g�h�c�� �]�_�h�f�_�l�j�b�b���� �i�j�b�� �w�l�h�f�� �d�Z�l�h�^-�b�g�k�l�j�m�f�_�g�l�� �d�h�g��
�k�l�j�m�d�l�b�\�g�h���k�h�k�l�h�b�l���b�a���e�Z�l�m�g�g�h�]�h���k�l�_�j�`�g�y�����d�h�e�i�Z�q�d�h�\�����b�a�h��
�e�b�j�m�x�s�b�o�� �i�e�Z�k�l�b�g���� �\�u�i�h�e�g�_�g�g�u�o�� �\�� �m�k�e�h�\�b�y�o�� �e�b�l�v�y�� �i�h�^��
�^�Z�\�e�_�g�b�_�f�� �b�a�� �f�Z�l�_�j�b�Z�e�Z�� �l�b�i�Z�� �i�h�e�b�Z�f�b�^���� �I�j�b�� �w�l�h�f�� �e�Z�l�m�g��
�g�u�c���d�h�j�i�m�k���\�u�i�h�e�g�_�g���k���h�j�b�_�g�l�b�j�h�\�Z�g�g�u�f�b���g�Z���g�_�f���\�b�g�l�h-
�\�u�f�b�� �i�Z�a�Z�f�b�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �]�_�h�f�_�l�j�b�_�c�� �\�u�i�h�e�g�y�_�f�u�o��
�g�Z�j�_�a�h�\�����H�[�j�Z�[�h�l�d�Z���^�Z�g�g�h�]�h���]�_�h�f�_�l�j�b�q�_�k�d�h�]�h���i�j�h�n�b�e�y���i�j�h��
�b�a�\�h�^�b�l�k�y�� �g�Z�� �k�i�_�p�b�Z�e�b�a�b�j�h�\�Z�g�g�h�c�� �m�k�l�Z�g�h�\�d�_���� �D�Z�l�h�^-�b�g��
�k�l�j�m�f�_�g�l�� �i�_�j�_�f�_�s�Z�_�l�k�y�� �\�� �h�[�j�Z�[�Z�l�u�\�Z�_�f�h�c�� �^�_�l�Z�e�b�� �i�h�k�j�_�^��
�k�l�\�h�f�� �k�i�_�p�b�Z�e�v�g�h�c�� �r�l�Z�g�]�b���� �a�Z�d�j�_�i�e�y�_�f�h�c�� �g�Z�� �w�e�_�d�l�j�h�^�_�� �\��
�j�Z�c�h�g�_���i�_�j�_�^�g�_�c���[�Z�[�d�b�����K�h�h�l�\�_�l�k�l�\�m�x�s�Z�y���k�b�k�l�_�f�Z���k�g�Z�[�`�_-
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�g�b�y�� �w�e�_�d�l�j�h�e�b�l�h�f�� �h�k�m�s�_�k�l�\�e�y�_�l�� �_�]�h�� �i�h�^�Z�q�m�� �i�j�b�� �h�^�g�h�\�j�_��
�f�_�g�g�h�f���\�d�e�x�q�_�g�b�b���b�k�l�h�q�g�b�d�Z���l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h���g�Z�i�j�y�`�_��
�g�b�y�����N�h�j�f�b�j�h�\�Z�g�b�_���i�j�h�n�b�e�y���g�Z�j�_�a�Z���i�j�h�b�a�\�h�^�b�l�k�y���i�h�k�j�_�^��
�k�l�\�h�f���k�h�\�f�_�k�l�g�h�]�h���\�j�Z�s�_�g�b�y���d�Z�l�h�^�Z���b���i�_�j�_�f�_�s�_�g�b�y���d�h�i�b�j��
�g�h�]�h���i�Z�e�v�p�Z���i�h���d�h�i�b�j�m�����I�j�b���w�l�h�f���j�Z�a�j�Z�[�h�l�Z�g�g�Z�y���d�h�g�k�l�j�m�d��
�p�b�y�� �d�Z�l�h�^�Z�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �g�_�h�[�o�h�^�b�f�m�x�� �]�_�h�f�_�l�j�b�x�� �g�Z�j�_�a�Z��
�a�Z�� �k�q�_�l�� �l�h�]�h���� �q�l�h�� �b�a�h�e�b�j�m�x�s�b�_���\�d�e�Z�^�u�r�b �\�u�i�h�e�g�_�g�u �\��
�\�b�^�_�� �m�i�j�m�]�h�c�� �[�Z�e�d�b���� �a�Z�d�j�_�i�e�_�g�g�h�c�� �k�� �^�\�m�o�� �d�h�g�p�h�\�� �k�� �i�j�h��
�]�b�[�h�f���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�f�� �k�l�Z�[�b�e�b�a�Z�p�b�x�� �j�Z�k�i�j�_�^�_�e�_�g�b�y��
�w�e�_�d�l�j�h�e�b�l�g�h�]�h�� �i�h�l�h�d�Z�� �i�h�� �r�b�j�b�g�_���n�h�j�f�h�[�j�Z�a�m�_�f�h�]�h 
�g�Z�j�_�a�Z�����I�j�b�f�_�g�_�g�b�_���d�Z�l�h�^�Z���k�i�_�p�b�Z�e�v�g�h�c���d�h�g�k�l�j�m�d�p�b�b���i�h�a��
�\�h�e�b�e�h���� �\�b�^�h�b�a�f�_�g�b�\�� �a�g�Z�q�_�g�b�y�� �i�e�h�l�g�h�k�l�b�� �l�h�d�Z���� �b�a�f�_�g�b�l�v��
�a�g�Z�q�_�g�b�y�� �\�g�m�l�j�_�g�g�b�o�� �b�� �g�Z�j�m�`�g�u�o�� �j�Z�^�b�m�k�h�\�� �g�Z�j�_�a�h�\���� �r�b��
�j�b�g�u���g�Z�j�_�a�Z���b���h�[�_�k�i�_�q�b�l�v���l�j�_�[�m�_�f�u�c���m�j�h�\�_�g�v���^�h�e�]�h�\�_�q�g�h��
�k�l�b�� �^�_�l�Z�e�_�c�����H�i�l�b�f�b�a�Z�p�b�y�� �j�_�`�b�f�h�\�� �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h��
�i�j�h�l�y�]�b�\�Z�g�b�y�� �^�_�l�Z�e�_�c�� �l�b�i�Z�� ���l�_�e�Z�� �\�j�Z�s�_�g�b�y���� �\�� �k�h�\�h�d�m�i�g�h��
�k�l�b���k���g�Z�e�h�`�_�g�b�_�f���k�h�h�l�\�_�l�k�l�\�m�x�s�_�c���l�h�e�s�b�g�u���]�Z�e�v�\�Z�g�b�q�_��
�k�d�h�]�h�� �i�h�d�j�u�l�b�y�� �k�i�h�k�h�[�k�l�\�m�_�l�� �k�l�Z�[�b�e�b�a�Z�p�b�b�� �^�h�e�]�h�\�_�q�g�h��
�k�l�b��  

�x �L�_�o�g�h�e�h�]�b�q�_�k�d�h�_���h�[�_�k�i�_�q�_�g�b�_���d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h���i�Z��
�j�Z�e�e�_�e�v�g�h-�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�]�h���f�_�l�h�^�Z���Z�e�f�Z�a�g�h��- �w�e�_�d�l�j�h�o�b��
�f�b�q�_�k�d�h�]�h���o�h�g�b�g�]�h�\�Z�g�b�y �b���]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h���o�j�h�f�b�j�h�\�Z�g�b�y: 
�i�j�b�f�_�g�_�g�b�_���f�_�l�h�^�Z���Z�e�f�Z�a�g�h-�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���o�h�g�b�g�]�h-
�\�Z�g�b�y�����\���k�h�\�h�d�m�i�g�h�k�l�b���k���l�_�o�g�h�e�h�]�b�q�_�k�d�b�f���f�_�l�h�^�h�f���]�Z�e�v�\�Z��
�g�b�q�_�k�d�h�]�h�� �o�j�h�f�b�j�h�\�Z�g�b�y���� �i�j�b�f�_�g�b�l�_�e�v�g�h�� �d�� �^�_�l�Z�e�y�f�� �f�Z��
�r�b�g�����l�b�i�Z���l�_�e���\�j�Z�s�_�g�b�y���k�i�h�k�h�[�k�l�\�m�x�l���i�h�\�u�r�_�g�b�x���^�h�e�]�h��
�\�_�q�g�h�k�l�b�� �b�a�^�_�e�b�y�� �g�Z�� ������ ������ �L�Z�d�h�_�� �^�h�k�l�b�`�_�g�b�_�� �l�j�_�[�m�_�f�h�]�h��
�m�j�h�\�g�y�� �^�h�e�]�h�\�_�q�g�h�k�l�b���k�i�h�k�h�[�k�l�\�m�_�l�� �i�h�e�m�q�_�g�b�x���[�h�e�_�_�� �\�u��
�k�h�d�b�o�� �i�h�d�Z�a�Z�l�_�e�_�c�� �d�Z�q�_�k�l�\�Z�� �i�h�\�_�j�o�g�h�k�l�g�h�]�h�� �k�e�h�y���� �Z�� �l�Z�d�`�_��
�i�h�\�u�r�_�g�b�x�� �i�j�h�q�g�h�k�l�b�� �g�Z�d�e�Z�^�u�\�Z�_�f�h�]�h�� �\�i�h�k�e�_�^�k�l�\�b�b��
�]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h���o�j�h�f�h�\�h�]�h���i�h�d�j�u�l�b�y�� �G�Z���\�u�r�_�h�i�b�k�Z�g�g�u�o��
�k�l�Z�g�d�Z�o, �i�j�b�f�_�g�b�l�_�e�v�g�h���d���Z�e�f�Z�a�g�h�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�f�m �o�h��
�g�b�g�]�h�\�Z�g�b�x�� �i�j�b�f�_�g�y�x�l�k�y�� �k�i�_�p�b�Z�e�v�g�u�_�� �b�g�k�l�j�m�f�_�g�l�u�� �b��
�i�j�b�k�i�h�k�h�[�e�_�g�b�y���� �d�h�g�k�l�j�m�d�p�b�b�� �d�h�l�h�j�u�o�� �m�g�b�n�b�p�b�j�h�\�Z�g�u�� �b��
�\�a�Z�b�f�h�a�Z�f�_�g�y�_�f�u. �B�g�k�l�j�m�f�_�g�l�h�f���� �y�\�e�y�_�l�k�y�� �o�h�g�� �k�� �h�i�j�Z�\��
�d�h�c���� �H�i�j�Z�\�d�Z�� �k�h�k�l�h�b�l�� �b�a�� �e�Z�l�m�g�g�h�c�� �r�l�Z�g�]�b�� �� �k�� �w�i�h�d�k�b�^�g�u�f��
�b�a�h�e�y�p�b�h�g�g�u�f���i�h�d�j�u�l�b�_�f�����Z�j�f�b�j�h�\�Z�g�g�u�f���d�Z�i�j�h�g�h�\�h�c���g�b��
�l�v�x���� �I�j�b�f�_�g�_�g�b�_�� �g�_�j�`�Z�\�_�x�s�_�c�� �k�l�Z�e�b�� �^�e�y�� �b�a�]�h�l�h�\�e�_�g�b�y��
�r�l�Z�g�]�b�� �g�_�`�_�e�Z�l�_�e�v�g�h�� �b�a-�a�Z�� �g�b�a�d�h�c�� �w�e�_�d�l�j�h�i�j�h�\�h�^�g�h�k�l�b����
�D�h�g�b�q�_�k�d�b�f���o�\�h�k�l�h�\�b�d�h�f���r�l�Z�g�]�Z���m�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y���\���i�Z�l�j�h�g��
�b���a�Z�d�j�_�i�e�y�_�l�k�y���� �L�h�e�d�Z�l�_�e�v�� �k�\�y�a�u�\�Z�_�l�� �f�_�o�Z�g�b�a�f�� �i�h�^�Z�q�b��
�[�j�m�k�d�h�\�� �k�� �j�Z�a�`�b�f�g�u�f�� �d�h�g�m�k�h�f�� �o�h�g�Z�� �O�h�g�u�� �^�e�y�� �Z�e�f�Z�a�g�h-
�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �o�h�g�b�g�]�h�\�Z�g�b�y �k�d�\�h�a�g�u�o�� �h�l�\�_�j�k�l�b�c��
�b�f�_�x�l�� �^�\�Z�� �b�k�i�h�e�g�_�g�b�y���\�lopoe �b�k�i�h�e�g�_�g�b�_�� �h�l�e�b�q�Z�_�l�k�y�� �h�l��
�i�_�j�\�h�]�h�� �d�h�g�k�l�j�m�d�p�b�_�c�� �d�h�e�h�^�h�d���� �i�h�a�\�h�e�y�x�s�_�c�� �b�k�i�h�e�v�a�h��
�\�Z�l�v���m�g�b�n�b�p�b�j�h�\�Z�g�g�u�_���^�_�j�`�Z�l�_�e�b���[�j�m�k�d�h�\. �>�e�y���i�j�_�^�h�o�j�Z��
�g�_�g�b�y���i�Z�l�j�h�g�Z���h�l���i�h�i�Z�^�Z�g�b�y���\���g�_�]�h���k�d�\�h�a�v �r�l�Z�g�]�m���w�e�_�d�l�j�h��
�e�b�l�Z�����g�Z�o�h�^�y�s�_�]�h�k�y���i�h�^���b�a�[�u�l�h�q�g�u�f���^�Z�\�e�_�g�b�_�f���\���a�h�g�_���h�[��
�j�Z�[�h�l�d�Z - �k�h�i�j�y�`�_�g�b�_�� �d�h�j�i�m�k�� �o�h�g�Z��- �j�Z�a�`�b�f�g�h�c�� �d�h�g�m�k��
�m�i�e�h�l�g�_�g�h���j�_�a�b�g�h�\�u�f���d�h�e�v�p�h�f���� �H�k�g�h�\�g�h�c���j�Z�k�q�_�l�g�h�c���\�_�e�b��
�q�b�g�h�c���i�j�b���i�j�h�_�d�l�b�j�h�\�Z�g�b�b���o�h�g�Z���y�\�e�y�_�l�k�y���^�e�b�g�Z���_�]�h���d�Z�l�h�^��
�g�h�]�h���m�q�Z�k�l�d�Z�����G�Z�b�[�h�e�v�r�_�c���^�h�e�]�h�\�_�q�g�h�k�l�v�x���h�[�e�Z�^�Z�x�l���f�_�o�Z��
�g�b�q�_�k�d�b���a�Z�d�j�_�i�e�y�_�f�u�_���b�a�h�e�y�l�h�j�u�����b�a�]�h�l�h�\�e�_�g�g�u�_���b�a���i�e�Z�k�l��
�f�Z�k�k�����g�_���b�a�f�_�g�y�x�s�b�o���k�\�h�b���k�\�h�c�k�l�\�Z���\���w�e�_�d�l�j�h�e�b�l�_�����d�Z�i�j�h��
�e�h�g�Z���� �n�l�h�j�h�i�e�Z�k�l�Z���� �;�h�e�v�r�h�c�� �i�j�h�q�g�h�k�l�v�x�� �h�[�e�Z�^�Z�_�l�� �l�Z�d�`�_��
�b�a�h�e�y�p�b�h�g�g�h�_���i�h�d�j�u�l�b�_���b�a���l�_�j�f�h�j�_�Z�d�l�b�\�g�h�]�h���f�Z�l�_�j�b�Z�e�Z���g�Z��
�h�k�g�h�\�_���n�_�b�h�e�h�n�h�j�f�Z�e�v�^�_�]�b�^�g�h�c���k�f�h�e�u���b���k�l�_�d�e�h�\�h�e�h�d�g�Z���\��
�d�Z�q�_�k�l�\�_�� �g�Z�i�h�e�g�b�l�_�e�y [19]���� �I�h�d�j�u�l�b�_�� �g�Z�g�h�k�b�l�k�y�� �f�_�l�h�^�h�f��
�e�b�l�v�_�\�h�]�h���i�j�_�k�k�h�\�Z�g�b�y �b���h�[�e�Z�^�Z�_�l���i�j�_�^�_�e�h�f���i�j�h�q�g�h�k�l�b���g�Z��
�b�a�]�b�[���g�_���f�_�g�_�_�����������F�I�Z���b���m�^�Z�j�g�h�c���\�y�a�d�h�k�l�v�x���g�_���f�_�g�_�_��������
�F�I�Z-�f�f�� �>�e�y�� �m�e�m�q�r�_�g�b�y�� �k�p�_�i�e�y�_�f�h�k�l�b�� �i�j�_�k�k�f�Z�l�_�j�b�Z�e�Z�� �k��

�^�_�l�Z�e�v�x���g�Z���i�h�k�e�_�^�g�_�c���j�_�d�h�f�_�g�^�m�_�l�k�y���\�u�i�h�e�g�y�l�v���j�b�n�e�_�g�b�y��
�k�_�l�q�Z�l�h�c���g�Z�d�Z�l�d�h�c���b���\�u�k�\�_�j�e�b�\�Z�l�v���h�l�\�_�j�k�l�b�y���� 

�H�]�j�Z�g�b�q�b�l�_�e�b���a�Z�a�h�j�Z���k���i�h�a�b�p�b�c���l�_�h�j�b�b���l�j�_�g�b�y���b���b�a�g�h�k�Z��
�`�_�e�Z�l�_�e�v�g�h���b�a�]�h�l�h�\�e�y�l�v���b�a���f�Z�l�_�j�b�Z�e�h�\���\�u�k�h�d�h�c���l�\�_�j�^�h�k�l�b����
�H�^�g�Z�d�h���i�h�i�u�l�d�b���\�u�i�h�e�g�y�l�v���h�]�j�Z�g�b�q�b�l�_�e�b���b�a���h�d�b�k�g�h�c���d�_�j�Z��
�f�b�d�b�� �b�e�b�� �i�h�e�b�d�j�b�k�l�Z�e�e�b�q�_�k�d�b�o���k�\�_�j�o�l�\�_�j�^�u�o���f�Z�l�_�j�b�Z�e�h�\��
�h�d�Z�a�Z�e�b�k�v�� �g�_�m�^�Z�q�g�u�f�b�����l�Z�d�� �d�Z�d�� �i�j�b�� �d�h�g�l�Z�d�l�_�� �h�]�j�Z�g�b�q�b�l�_��
�e�_�c�� �k�� �h�[�j�Z�[�Z�l�u�\�Z�_�f�h�c�� �i�h�\�_�j�o�g�h�k�l�v�x�� �g�Z�� �g�_�c�� �h�[�j�Z�a�h�\�u�\�Z��
�e�b�k�v�� �p�Z�j�Z�i�b�g�u�� �b�� �m�o�m�^�r�Z�e�Z�k�v�� �r�_�j�h�o�h�\�Z�l�h�k�l�v���� �I�h�w�l�h�f�m��
�o�h�g�u�� �k�g�Z�[�`�_�g�u�� �h�]�j�Z�g�b�q�b�l�_�e�y�f�b�� �b�a�� �i�e�Z�k�l�f�Z�k�k�u�����J�Z�[�h�l�h��
�k�i�h�k�h�[�g�h�k�l�v���o�h�g�Z���a�Z�\�b�k�b�l���h�l���l�h�q�g�h�k�l�b���b�a�]�h�l�h�\�e�_�g�b�y���b���i�j�b��
�f�_�g�y�_�f�u�o�� �f�Z�l�_�j�b�Z�e�h�\���� �K�b�e�h�\�u�_�� �w�e�_�f�_�g�l�u�� �o�h�g�Z�� ���d�h�j�i�m�k����
�j�Z�a�`�b�f�g�h�c���d�h�g�m�k�����d�e�b�g�h�\�u�_���d�h�e�h�^�d�b�����b�a�]�h�l�h�\�e�_�g�u���b�a���l�_�j��
�f�h�h�[�j�Z�[�h�l�Z�g�g�h�c�����a�Z�d�Z�e�d�Z���k���g�b�a�d�b�f���h�l�i�m�k�d�h�f�����k�l�Z�e�b������X13, 
�Z�� �i�h�k�Z�^�d�b�� �i�h�^�\�b�`�g�u�o�� �k�h�_�^�b�g�_�g�b�c�� �\�u�i�h�e�g�_�g�u�� �i�h�� ��-���� �d�\�Z��
�e�b�l�_�l�Z�f���l�h�q�g�h�k�l�b [20]. 

�I�j�b�k�i�h�k�h�[�e�_�g�b�y�� �^�e�y���Z�e�f�Z�a�g�h�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �o�h��
�g�b�g�]�h�\�Z�g�b�y���f�_�o�Z�g�b�q�_�k�d�b�_���b���k�i�j�h�_�d�l�b�j�h�\�Z�g�u���k���m�q�_�l�h�f���h�k�h��
�[�_�g�g�h�k�l�_�c�� �b�o���w�d�k�i�e�m�Z�l�Z�p�b�b�����A�Z���i�_�j�b�h�^���i�j�h�k�l�h�_�\�� �\���a�Z�a�h�j�Z�o��
�i�h�^�\�b�`�g�u�o�� �k�h�_�^�b�g�_�g�b�c�� �i�j�h�b�k�o�h�^�b�l�� �h�l�e�h�`�_�g�b�_�� �k�h�e�_�c����
�Q�l�h�[�u�� �i�j�b�k�i�h�k�h�[�e�_�g�b�y�� �k�h�o�j�Z�g�y�e�b�� �i�h�^�\�b�`�g�h�k�l�v���� �\�� �g�b�o�� �g�_��
�i�j�b�f�_�g�y�x�l���l�h�q�g�u�_ �o�h�^�h�\�u�_���i�h�k�Z�^�d�b�����Z���i�e�h�s�Z�^�v���i�h�\�_�j�o�g�h��
�k�l�b�� �k�h�i�j�y�`�_�g�b�b�� �i�j�b�g�b�f�Z�_�l�k�y�� �f�b�g�b�f�Z�e�v�g�h�c���� �D�Z�d�� �i�h�d�Z�a�Z�e��
�h�i�u�l���� �i�h�\�_�j�o�g�h�k�l�v�� �d�h�g�l�Z�d�l�Z�� ���l�h�d�h�i�h�^�\�h�^��- �a�Z�]�h�l�h�\�d�Z������
�g�Z�o�h�^�y�s�Z�y�k�y���\���w�e�_�d�l�j�h�e�b�l�_�����i�h�^�\�_�j�`�_�g�Z���Z�g�h�^�g�h�f�m�����j�Z�k�l�\�h��
�j�_�g�b�x���� �I�h�w�l�h�f�m���� �i�h�^�\�h�^�� �l�h�d�Z�� �d�� �a�Z�]�h�l�h�\�d�_�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y��
�i�j�b���i�h�f�h�s�b���e�_�]�d�h���a�Z�f�_�g�y�_�f�h�]�h���k�i�_�p�b�Z�e�v�g�h�]�h���d�h�g�l�Z�d�l�g�h�]�h��
�w�e�_�f�_�g�l�Z�����\�o�h�^�y�s�_�]�h���\���k�h�k�l�Z�\���i�j�b�k�i�h�k�h�[�e�_�g�b�y�����b�k�d�e�x�q�_�g�h��
�i�j�h�l�_�d�Z�g�b�_���l�h�d�Z���\���f�_�k�l�Z�o���k�h�i�j�y�`�_�g�b�y���i�j�b�k�i�h�k�h�[�e�_�g�b�y���k���a�Z��
�]�h�l�h�\�d�h�c�����h�k�h�[�_�g�g�h���i�h���[�Z�a�b�j�m�x�s�b�f���i�h�\�_�j�o�g�h�k�l�y�f�� 

�?�k�e�b�� �a�Z�]�h�l�h�\�d�Z�� �b�f�_�_�l�� �h�l�\�_�j�k�l�b�y�� �b�e�b�� �s�_�e�b���� �i�_�j�_�k�_�d�Z�x��
�s�b�_�k�y���k���h�[�j�Z�[�Z�l�u�\�Z�_�f�h�c���i�h�\�_�j�o�g�h�k�l�v�x�����l�h���\���i�j�b�k�i�h�k�h�[�e�_��
�g�b�y�o�� �b�k�i�h�e�v�a�m�x�l�k�y�� �a�Z�]�e�m�r�d�b���� �m�k�l�j�Z�g�y�x�s�b�_�� �m�l�_�q�d�m�� �w�e�_�d��
�l�j�h�e�b�l�Z�� �;�e�Z�]�h�^�Z�j�y�� �i�j�h�k�l�h�l�_�� �i�_�j�_�g�Z�e�Z�^�d�b�� �h�[�h�j�m�^�h�\�Z�g�b�y����
�a�Z�d�e�x�q�Z�x�s�_�c�k�y�� �\�� �a�Z�f�_�g�_�� �b�g�k�l�j�m�f�_�g�l�Z���� �i�j�b�k�i�h�k�h�[�e�_�g�b�y�� �b��
�m�k�l�Z�g�h�\�d�_�� �d�m�e�Z�q�d�h�\�� �m�i�j�Z�\�e�_�g�b�y�� �\�h�a�\�j�Z�l�g�h-�i�h�k�l�m�i�Z�l�_�e�v��
�g�u�f�� �^�\�b�`�_�g�b�_�f�� �o�h�g�Z���� �g�_�k�e�h�`�g�h�k�l�b�� �b�a�]�h�l�h�\�e�_�g�b�y�� �g�h�\�h�c��
�h�k�g�Z�k�l�d�b�� �m�q�Z�k�l�h�d�� �k�l�Z�g�d�h�\�� �i�j�b�k�i�h�k�h�[�e�_�g�� �d�� �k�_�j�b�c�g�h�f�m�� �b��
�f�_�e�d�h�k�_�j�b�c�g�h�f�m�� �i�j�h�b�a�\�h�^�k�l�\�m���� �d�� �b�a�f�_�g�_�g�b�x�� �g�h�f�_�g�d�e�Z��
�l�m�j�u���h�[�j�Z�[�Z�l�u�\�Z�_�f�u�o���^�_�l�Z�e�_�c���� 

�x �L�_�o�g�h�e�h�]�b�q�_�k�d�h�_���h�[�_�k�i�_�q�_�g�b�_���d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h���f�_-
�l�h�^�Z���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���b�f�i�m�e�v�k�g�h-�p�b�d�e�b�q�_�k�d�h�]�h���n�h�j�f�h��
�h�[�j�Z�a�h�\�Z�g�b�y�� �b�� �^�j�h�[�_�k�l�j�m�c�g�h�]�h�� �m�i�j�h�q�g�_�g�b�y���� �j�_�Z�e�b�a�Z�p�b�y��
�^�Z�g�g�h�]�h �d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h �f�_�l�h�^�Z �i�h�a�\�h�e�b�e�Z�� �i�h�\�u�k�b�l�v��
�^�h�e�]�h�\�_�q�g�h�k�l�v���^�_�l�Z�e�_�c���g�Z������������������������ �H�[�h�j�m�^�h�\�Z�g�b�_���^�e�y���j�_��
�Z�e�b�a�Z�p�b�b���^�Z�g�g�h�]�h���f�_�l�h�^�Z���j�Z�k�k�f�h�l�j�_�g�h���\�u�r�_�� 

�x �L�_�o�g�h�e�h�]�b�q�_�k�d�h�_���h�[�_�k�i�_�q�_�g�b�_ �d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h �f�_��
�l�h��̂Z���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �i�h�e�b�j�h�\�Z�g�b�y�� �b�� �^�j�h�[�_�k�l�j�m�c�g�h�]�h��
�m�i�j�h�q�g�_�g�b�y: �^�Z�g�g�u�c �f�_�l�h�^�� �i�h�a�\�h�e�b�e�� �i�h�\�u�k�b�l�v�� �^�h�e�]�h�\�_�q��
�g�h�k�l�v���^�_�l�Z�e�_�c�� �g�Z������������������%�����F�_�l�h�^���^�j�h�[�_�k�l�j�m�c�g�h�]�h�� �m�i�j�h�q��
�g�_�g�b�y���h�k�m�s�_�k�l�\�e�y�_�l�k�y���^�j�h�[�v�x�����\�u�i�h�e�g�_�g�g�h�c���b�a���i�j�h�\�h�e�h�d�b��
I �d�e�� �=�H�K�L�� ��������-�������� �W�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�_�� �i�h�e�b�j�h�\�Z�g�b�_�� �\�u��
�r�_�g�Z�a�\�Z�g�g�u�o�� �^�_�l�Z�e�_�c�� �i�j�h�b�a�\�h�^�b�l�k�y�� �\�� �\�Z�g�g�_�� �k�� �j�Z�k�l�\�h�j�h�f��
�w�e�_�d�l�j�h�e�b�l�Z�����D�Z�d���i�j�Z�\�b�e�h�����^�_�l�Z�e�v���m�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y���\���k�i�_�p�b��
�Z�e�v�g�h�_�� �m�k�l�j�h�c�k�l�\�h�� �b�� �a�Z�`�b�f�Z�_�l�k�y���� �i�j�b�� �w�l�h�f�� �j�Z�k�i�h�e�h�`�_�g�b�_��
�d�Z�l�h�^�Z���h�j�b�_�g�l�b�j�m�_�l�k�y���k�l�j�h�]�h���h�l�g�h�k�b�l�_�e�v�g�h���\�g�m�l�j�_�g�g�_�c���i�h��
�\�_�j�o�g�h�k�l�b���i�j�m�`�b�g�u�����<���l�h���`�_���\�j�_�f�y���i�h�\�_�j�o�g�h�k�l�v���a�m�[�Z���^�h�k�u��
�e�Z�l�_�e�y�� �j�Z�k�i�h�e�Z�]�Z�_�l�k�y�� �l�Z�d�b�f�� �h�[�j�Z�a�h�f���� �q�l�h�[�u�� �h�[�_�k�i�_�q�b�l�v��
�i�j�h�l�_�d�Z�g�b�_���f�_�l�h�^�Z���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���i�h�e�b�j�h�\�Z�g�b�y�� 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f -�B�g�`�b�g�b�j�b�g�]�´����������9 176  

 

�A�:�D�E�X�Q�?�G�B�? 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �i�j�h�\�_�^�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�a�\�h�e�b�e�b��
�m�k�l�Z�g�h�\�b�l�v�� �h�i�j�_�^�_�e�_�g�g�u�_�� �n�b�a�b�d�h-�f�_�o�Z�g�b�q�_�k�d�b�_�� �a�Z�d�h�g�h��
�f�_�j�g�h�k�l�b�� �\�� �i�h�\�u�r�_�g�b�b�� �k�l�_�g�^�h�\�h�c�� �^�h�e�]�h�\�_�q�g�h�k�l�b�� �\�� �m�k�e�h��
�\�b�y�o�� �i�j�b�f�_�g�_�g�b�y�� �m�i�j�h�q�g�y�x�s�_-�n�h�j�f�h�h�[�j�Z�a�m�x�s�b�o�� �d�h�f�[�b��
�g�b�j�h�\�Z�g�g�u�o�� �w�e�_�d�l�j�h�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o �f�_�l�h�^�h�\���� �I�j�b�� �w�l�h�f��
�j�Z�k�k�f�h�l�j�_�g�u�� �b�� �h�[�j�Z�a�h�\�Z�g�u�� �h�i�l�b�f�Z�e�v�g�u�_�� �k�h�q�_�l�Z�g�b�y�� �j�_�`�b��
�f�h�\���\�u�^�_�e�_�g�g�u�o���d�h�f�[�b�g�Z�p�b�c���³�l�Z�[�e�������  ́[21]. 

�L�Z�[�e�b�p�Z���� 
�J�_�`�b�f�g�h�_���h�[�_�k�i�_�q�_�g�b�_���d�h�f�[�b�g�b�j�h�\�Z�g�g�u�o���f�_�l�h�^�h�\ 

�‹  �G�Z�b�f�_�g�h�\�Z�g�b�_���f�_�l�h�^�Z �H�i�l�b�f�Z�e�v�g�h�_���j�_�`�b�f�g�h�_���h�[�_�k�i�_�q�_�g�b�_ 

1 

�D�h�f�[�b�g�b�j�h�\�Z�g�g�u�c��
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c���f�_�l�h�^��
�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h��
�n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�y��
���g�_�i�h�^�\�b�`�g�u�c���d�Z�l�h�^-
�b�g�k�l�j�m�f�_�g�l�����w�e�_�d-
�l�j�h�o�b�f�b�q�_�k�d�h�_��
�i�j�h�l�y�]�b�\�Z�g�b�_�����b��
�]�Z�e�v�\�Z�g�b�q�_�k�d�h�_��
�o�j�h�f�b�j�h�\�Z�g�b�_ 

�I�e�h�l�g�h�k�l�v���l�h�d�Z��- �����«�������:���k�f2 
�G�Z�i�j�y�`�_�g�b�_��- �����«�������< 
�I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v��- 90���«�����������k 

�W�e�_�d�l�j�h�e�b�l��- �����«���������j�Z�k�l�\�h�j 
�K�d�h�j�h�k�l�v���i�_�j�_�f�_�s�_�g�b�y���d�Z�l�h�^�Z-�b�g�k�l�j�m��
�f�_�g�l�Z��- �������«���������f�f���f�b�g 

2 

�D�h�f�[�b�g�b�j�h�\�Z�g�g�u�c���i�Z�j�Z�e��
�e�_�e�v�g�h-�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c��
�f�_�l�h�^���Z�e�f�Z�a�g�h�w�e�_�d�l�j�h�o�b��
�f�b�q�_�k�d�h�]�h���o�h�g�b�g�]�h�\�Z�g�b�y���b��
�]�Z�e�v�\�Z�g�b�q�_�k�d�h�]�h���o�j�h�f�b�j�h��
�\�Z�g�b�y 

�I�e�h�l�g�h�k�l�v���l�h�d�Z��- �����«�������:���k�f2 
�M�^�_�e�v�g�h�_���^�Z�\�e�_�g�b�_���o�h�g�Z-�b�g�k�l�j�m�f�_�g�l�Z��- 
�������«���������F�I�Z 
�>�Z�\�e�_�g�b�_���w�e�_�d�l�j�h�e�b�l�Z��- �������«���������F�I�Z 
�G�Z�i�j�y�`�_�g�b�_��- �����«�������< 
�I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v��- �����«���������k 
�W�e�_�d�l�j�h�e�b�l��- �����«���������j�Z�k�l�\�h�j 

3 

�D�h�f�[�b�g�b�j�h�\�Z�g�g�u�c��
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c���f�_�l�h�^��
�^�j�h�[�_�k�l�j�m�c�g�h�]�h 
�m�i�j�h�q�g�_�g�b�y���b��
�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h��
�i�h�e�b�j�h�\�Z�g�b�y 

�I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v���^�j�h�[�_�k�l�j�m�c�g�h�]�h��
�m�i�j�h�q�g�_�g�b�y��- �������«���������k 
�I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v���w�e�_�d�l�j�h�o�b�f�b�q�_��
�k�d�h�]�h���i�h�e�b�j�h�\�Z�g�b�y��- �^�h�����������k 
�I�e�h�l�g�h�k�l�v���l�h�d�Z���w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h��
�i�h�e�b�j�h�\�Z�g�b�y���± �������«���������:���k�f2 
�G�Z�i�j�y�`�_�g�b�_��- �����«�������< 

4 

�D�h�f�[�b�g�b�j�h�\�Z�g�g�u�c��
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�c���f�_�l�h�^��
�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h��
�b�f�i�m�e�v�k�g�h- 
�p�b�d�e�b�q�_�k�d�h�]�h��
�n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�y���b��
�^�j�h�[�_�k�l�j�m�c�g�h�]�h 

�I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v��- �������«���������k 

�I�e�h�l�g�h�k�l�v���l�h�d�Z���W�O�H��- �����«�������:���k�f2 

�G�Z�i�j�y�`�_�g�b�_���W�O�H��- ���«�������< 
�W�e�_�d�l�j�h�e�b�l���W�O�H��- �����«���������j�Z�k�l�\�h�j 
�I�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v���^�j�h�[�_�k�l�j�m�c�g�h�]�h��
�m�i�j�h�q�g�_�g�b�y��- ���������«�����������k 

�E�B�L�?�J�:�L�M�J�: 

������ �M�k�h�\�� �K���<���� �G�_�l�j�Z�^�b�p�b�h�g�g�u�_�� �f�_�l�h�^�u�� �h�[�j�Z�[�h�l�d�b�� �^�_�l�Z��
�e�_�c���f�Z�r�b�g�����k�h�a�^�Z�g�g�u�_���g�Z���h�k�g�h�\�_���b�g�n�h�j�f�Z�p�b�h�g�g�u�o���l�_�o�g�h��
�e�h�]�b�c�� / �K���<�� �M�k�h�\, �H���N�����<�y�q�_�k�e�Z�\�h�\�Z���b���^�j�� �± �I�h�^�h�e�v�k�d�����K�e�Z��
�\�y�g�k�d�Z�y���r�d�h�e�Z�����������������± 150 c.  

2. �I�h�i�h�\�� �:���I�� �F�_�l�h�^�u�� �i�h�\�u�r�_�g�b�y�� �g�Z�^�_�`�g�h�k�l�b. / �:���I�� 
�I�h�i�h�\�����L���:�����I�h�i�h�\�Z���b���^�j�����������<�_�k�l�g�b�d���F�h�k�d�h�\�k�d�h�]�h���]�h�k�m�^�Z�j��
�k�l�\�_�g�g�h�]�h���h�l�d�j�u�l�h�]�h���m�g�b�\�_�j�k�b�l�_�l�Z�����K�_�j�b�y���©�L�_�o�g�b�d�Z���b���l�_�o��
�g�h�e�h�]�b�y�ª�����± 2013. �± �‹���������± �K�������� 

3. �I�h�i�h�\���:���I�� �H�i�l�b�f�b�a�Z�p�b�y���l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���i�j�h�p�_�k�k�h�\ 
/ �:���I�� �I�h�i�h�\�����L���:�� �I�h�i�h�\�Z���������F�b�j���l�j�Z�g�k�i�h�j�l�Z�����± 2015. �± �‹��
5. �± �K�������±25. 

�������M�k�h�\���K���<�����G�Z�m�q�g�u�_���h�k�g�h�\�u���k�h�a�^�Z�g�b�y���i�j�h�]�j�_�k�k�b�\�g�u�o��
�f�_�l�h�^�h�\���h�[�j�Z�[�h�l�d�b���^�_�l�Z�e�_�c���f�Z�r�b�g�� �����K���<�����M�k�h�\�����K���<�� �I�h�e�y��
�d�h�\���b���^�j�����± �I�h�^�h�e�v�k�d�����K�e�Z�\�y�g�k�d�Z�y���r�d�h�e�Z�����������������± ���������k�� 

5. �M�k�h�\�� �K���<�� �B�k�k�e�_�^�h�\�Z�g�b�_�� �\�e�b�y�g�b�y�� �d�h�f�[�b�g�b�j�h�\�Z�g�g�u�o��
�f�_�l�h�^�h�\���h�[�j�Z�[�h�l�d�b���g�Z���l�j�b�[�h�e�h�]�b�q�_�k�d�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���i�h��
�\�_�j�o�g�h�k�l�g�h�]�h���k�e�h�y���^�_�l�Z�e�_�c���f�Z�r�b�g. / �K���<�����M�k�h�\�����>���K�����K�\�b�j�b��
�^�_�g�d�h���b���^�j�����������<�_�k�l�g�b�d���<�h�j�h�g�_�`�k�d�h�]�h���]�h�k�m�^�Z�j�k�l�\�_�g�g�h�]�h���l�_�o��
�g�b�q�_�k�d�h�]�h���m�g�b�\�_�j�k�b�l�_�l�Z�����± 2012. �± �‹���������± �K���������±141. 

6. �;�h�e�^�u�j�_�\�� �:���B�����W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y��
�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �\�h�a�f�h�`�g�h�k�l�_�c�� �w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h�� �n�h�j��
�f�h�h�[�j�Z�a�h�\�Z�g�b�y. / �:���B�����;�h�e�^�u�j�_�\�����K���<�����M�k�h�\���b���^�j�����������<�_�k�l�g�b�d��

�\�h�j�h�g�_�`�k�d�h�]�h�� �]�h�k�m�^�Z�j�k�l�\�_�g�g�h�]�h�� �l�_�o�g�b�q�_�k�d�h�]�h�� �m�g�b�\�_�j�k�b��
�l�_�l�Z. �± 2014 �± �L�����������‹����-�������k����������-122. 

7. �M�k�h�\���K���<�����L�_�h�j�_�l�b�q�_�k�d�b�_���h�k�g�h�\�u���i�h�k�l�j�h�_�g�b�y���d�h�f�[�b��
�g�b�j�h�\�Z�g�g�u�o�� �w�e�_�d�l�j�h�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �f�_�l�h�^�h�\�� �h�[�j�Z�[�h�l�d�b��
�^�_�l�Z�e�_�c�� �f�Z�r�b�g���� ���� �K���<���� �M�k�h�\���� �H���N���� �<�y�q�_�k�e�Z�\�h�\�Z�� �������@�m�j�g�Z�e��
�l�_�o�g�b�q�_�k�d�b�o���b�k�k�e�_�^�h�\�Z�g�b�c - �L�������������‹���������± �K. 3. 

8. �:�e�[�Z�]�Z�q�b�_�\���:���X�����I �j�h�]�j�_�k�k�b�\�g�u�_���f�Z�r�b�g�h�k�l�j�h�b�l�_�e�v��
�g�u�_�� �l�_�o�g�h�e�h�]�b�b���� �h�[�h�j�m�^�h�\�Z�g�b�_�� �b�� �b�g�k�l�j�m�f�_�g�l�u. �L�h�f����VI  / 
�: ���X�����:�e�[�Z�]�Z�q�b�_�\, �K���D�����:�f�[�j�h�k�b�f�h�\ �b�� �^�j����- �F�������B�a�^�Z�l�_�e�v��
�k�d�b�c���^�h�f�����K�i�_�d�l�j��, 2015. �± ���������k�� 

9. �;�Z�o�\�Z�e�h�\���<���:�� �K�i�h�k�h�[���o�h�g�b�g�]�h�\�Z�g�b�y���]�e�m�[�h�d�b�o���h�l�\�_�j��
�k�l�b�c���b���b�g�k�l�j�m�f�_�g�l�� �^�e�y���_�]�h�� �j�_�Z�e�b�a�Z�p�b�b ������ �K�L�B�G�����± 2006. �± 
�‹���������± �K������-40. 

10. �A�\�h�g�p�h�\���B���N�� �L�_�o�g�h�e�h�]�b�q�_�k�d�b�_���f�_�l�h�^�u���m�i�j�Z�\�e�_�g�b�y��
�d�Z�q�_�k�l�\�h�f�� �\�� �i�j�h�b�a�\�h�^�k�l�\�_�� �^�_�l�Z�e�_�c�� �k�� �]�e�m�[�h�d�b�f�b�� �h�l�\�_�j�k�l�b��
�y�f�b / �B���N�� �A�\�h�g�p�h�\, �I���I�� �K�_�j�_�[�j�_�g�b�p�d�b�c���b���^�j�����������F�_�l�Z�e�e�h��
�h�[�j�Z�[�h�l�d�Z�����± 2016. �± �‹���������± �K�������±25. 

11. �;�Z�l�u�r�_�\���D���:�����I �j�h�_�d�l�b�j�h�\�Z�g�b�_���l�_�o�g�h�e�h�]�b�b���b�a�]�h�l�h�\��
�e�_�g�b�y�� �^�_�l�Z�e�_�c�� �f�Z�r�b�g�� �k�� �i�j�b�f�_�g�_�g�b�_�f�� �d�h�f�[�b�g�b�j�h�\�Z�g�g�h�]�h��
�f�_�l�h�^�Z���Z�e�f�Z�a�g�h-�w�e�_�d�l�j�h�o�b�f�b�q�_�k�d�h�]�h���o�h�g�b�g�]�h�\�Z�g�b�y���b���]�Z�e�v��
�\�Z�g�b�q�_�k�d�h�]�h�� �o�j�h�f�b�j�h�\�Z�g�b�y���� ���� �D���:���� �;�Z�l�u�r�_�\���� �>���K���� �K�\�b�j�b��
�^�_�g�d�h���b���^�j�����������I�_�j�k�i�_�d�l�b�\�u���j�Z�a�\�b�l�b�y���l�_�o�g�h�e�h�]�b�c���h�[�j�Z�[�h�l�d�b��
�b�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �\�� �f�Z�r�b�g�h�k�l�j�h�_�g�b�b���� �l�_�a�b�k�u�� �^�h�d�e�����<�k�_�j�h�k��
�k�b�c�k�d�h�c���g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�h�c���d�h�g�n�_�j�_�g�p�b�b���k���f�_�`�^�m�g�Z�j�h�^��
�g�u�f�� �m�q�Z�k�l�b�_�f. (�D�m�j�k�d���� ����-������ �n�_�\�j�Z�e�y�� ���������� �]��). �± �D�m�j�k�d����
2018. �± �K. 30-33. 

12. �=�Z�\�j�b�r���:���I�� �G�h�\�u�_���k�o�_�f�u���Z�e�f�Z�a�g�h�]�h���o�h�g�b�g�]�h�\�Z�g�b�y��
�\�u�k�h�d�h�e�_�]�b�j�h�\�Z�g�g�u�o���d�h�f�i�h�a�b�l�h�\���^�_�l�Z�e�_�c���l�j�_�g�b�y���i�h�e�b�]�j�Z��
�n�b�q�_�k�d�b�o���f�Z�r�b�g / �:���I�� �=�Z�\�j�b�r�����L���:�� �J�h�b�d���b���^�j�����������<�L�k�g�b�d��
�O�f�_�e�v�g�b�p�v�d�h�]�h�� �G�Z�p�L�h�g�Z�e�v�g�h�]�h�� �m�g�L�\�_�j�k�b�l�_�l�m���� �L�_�o�g�L�q�g�L��
�g�Z�m�d�b�����± 2014. �± �‹���������± �K�������±43. 

13. �K�f�h�e�_�g�p�_�\�� �<���I�� �I�j�b�f�_�g�_�g�b�_�� �f�Z�]�g�b�l�g�h-�j�_�h�e�h�]�b�q�_��
�k�d�b�o���`�b�^�d�h�k�l�_�c���\���f�_�l�Z�e�e�h�h�[�j�Z�[�h�l�d�_ / �<���I�� �K�f�h�e�_�g�p�_�\�����:���:. 
�;�h�e�^�u�j�_�\���������G�_�l�j�Z�^�b�p�b�h�g�g�u�_���f�_�l�h�^�u���h�[�j�Z�[�h�l�d�b�����F�_�`�\�m�a����
�k�[���� �g�Z�m�q���� �l�j�m�^�h�\�����± �<�u�i���� �������± �Q���������± �F������ �F�Z�r�b�g�h�k�l�j�h�_�g�b�_����
2010. �± �K���������±129. 

14. �D�m�a�h�\�d�b�g �: .�<. �J�Z�a�f�_�j�g�h�_ �n�h�j�f�h�h�[�j�Z�a�h�\�Z�g�b�_ �k�e�h�`��
�g�h�i�j�h�n�b�e�v�g�u�o �^�_�l�Z�e�_�c �k �i�j�b�f�_�g�_�g�b�_�f �l�\�_�j�^�h�]�h �l�h�d�h�i�j�h��
�\�h�^�y�s�_�]�h �g�Z�i�h�e�g�b�l�_�e�y / �: .�<. �D�m�a�h�\�d�b�g, �<.�I . �K�f�h�e�_�g�p�_�\�± 
�<�h�j�h�g�_�`: �B�a�^-�\�h �<�=�L�M, 2000. �± 176 �k. 

15. �K�\�b�j�b�^�_�g�d�h���>���K�����J�Z�k�q�_�l���b�g�k�l�j�m�f�_�g�l�h�\���^�e�y���w�e�_�d�l�j�h��
�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���f�_�l�h�^�h�\���h�[�j�Z�[�h�l�d�b���^�_�l�Z�e�_�c���f�Z�r�b�g���������>���K����
�K�\�b�j�b�^�_�g�d�h�����D���:�����;�Z�l�u�r�_�\�� �b���^�j�����������I�_�j�k�i�_�d�l�b�\�u���j�Z�a�\�b�l�b�y��
�l�_�o�g�h�e�h�]�b�c���h�[�j�Z�[�h�l�d�b���b���h�[�h�j�m�^�h�\�Z�g�b�y���\���f�Z�r�b�g�h�k�l�j�h�_�g�b�b: 
�l�_�a�b�k�u�� �^�h�d�e�����<�k�_�j�h�k�k�b�c�k�d�h�c�� �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�h�c�� �d�h�g�n�_��
�j�_�g�p�b�b���k �f�_�`�^�m�g�Z�j�h�^�g�u�f���m�q�Z�k�l�b�_�f. (�D�m�j�k�d��������-�������n�_�\�j�Z�e�y��
�����������]��). �± �D�m�j�k�d�����������������± �k����������-299. 

16. �A�\�h�g�p�h�\�� �B���N�� �W�e�_�d�l�j�h�Z�e�f�Z�a�g�h�_�� �o�h�g�b�g�]�h�\�Z�g�b�_�� �]�e�m��
�[�h�d�b�o�� �h�l�\�_�j�k�l�b�c / �B���N�� �A�\�h�g�p�h�\, �I���I�� �K�_�j�_�[�j�_�g�b�p�d�b�c��// 
�>�W�e�_�d�l�j�h�g�g�u�c�� �j�_�k�m�j�k�@����http://mirprom.ru/public/ 
elektroalmaznoe-honingovanie-glubokih-�R�W�Y�H�U�V�W�L�\���K�W�P�O���� �>�h��
�k�l�m�i������������������������ 

17. �J�y�[�p�_�\�Z���:���<��  �H�k�g�h�\�u���n�h�j�f�b�j�h�\�Z�g�b�y���h�l�\�_�j�k�l�b�c���f�Z��
�e�u�o�� �^�b�Z�f�_�l�j�h�\�� �i�j�b�f�_�g�_�g�b�_�f�� �w�e�_�d�l�j�h�l�_�o�g�h�e�h�]�b�q�_�k�d�h�c�� �h�[��
�j�Z�[�h�l�d�b���b���b�o���d�h�g�l�j�h�e�v���������:���<�� �J�y�[�p�_�\�Z�����>���K�� �K�\�b�j�b�^�_�g�d�h��������
�B�g�n�h�j�f�Z�p�b�h�g�g�u�_�� �l�_�o�g�h�e�h�]�b�b�� �\�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�b�� �b�� �i�j�h�b�a��
�\�h�^�k�l�\�_�����± 2015. �± �‹���������± �K�������±57. 

18. �>�h�f�g�b�g�� �I���<�� �<�e�b�y�g�b�_�� �j�Z�a�e�b�q�g�u�o�� �k�i�h�k�h�[�h�\�� �h�[�j�Z��
�[�h�l�d�b�� �i�h�\�_�j�o�g�h�k�l�_�c�� �\�� �]�e�m�[�h�d�b�o�� �h�l�\�_�j�k�l�b�y�o�� �g�Z�� �i�h�d�Z�a�Z�l�_�e�v��
�r�_�j�h�o�h�\�Z�l�h�k�l�b / �I���<. �>�h�f�g�b�g, �:���:�� �L�b�f�h�n�_�_�\�Z�� ������ �K�h�\�j�_-
�f�_�g�g�Z�y���l�_�o�g�b�d�Z���b���l�_�o�g�h�e�h�]�b�b�����± 2016. �± �‹���������± �K�������± 20. 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f -�B�g�`�b�g�b�j�b�g�]�´����������9 177  

 

19. Bilgi D.S. Electrochemical deep hole drilling in super 
alloy for turbine application / D.S. Bilgi, V.K . Jain // Journal of 
materials processing technology, Vol. 149, Iss. 1�±3, 2004, pp. 
445�±452. 

20. Pa P.S. Electrode form design of large holes of die ma-
terial in ultrasonic electrochemical finishing. Journal of materi-
als processing technology. Vol. 192�±193, 2007, pp. 470�±477. 

21. �M�k�h�\ �K.�<. �W�e�_�d�l�j�h�o�b�f�b�q�_�k�d�b�_ �f�_�l�h�^�u �h�[�j�Z�[�h�l�d�b 
�^�_�l�Z�e�_�c �f�Z�r�b�g. / �K.�<. �M�k�h�\, �>.�K. �K�\�b�j�b�^�_�g�d�h �± �I�h�^�h�e�v�k�d: 
�K�Z�l�m�j�g-�K, 2007. �± 122 �k. 

 
 
 

General Patterns in the Formation of the Surface 
Layer of Machine Parts Treated by Combined 

Electro-technical Methods  
Usov S.V. 

Technological systems for protective 
coats LLS 

Moscow, Russia 
s.usov@tspc.ru  

 
 

Davydenko P.A. 
Federal State Autonomous  

Educational Institution of Higher  
Education RUDN University 

Moscow, Russia  
p1308@mail.ru 

 

Sviridenko D.S.  
Federal State Unitary Enterprise All 
Russian Scientific Research Institute 

of Aviation Materials  
Moscow, Russia  

d_sviridenko@mail.ru 
 

 
Abstract. The humanity has always needed new products and 

shorter time to incorporate them. These needs can be met by new 
technological processes based on non-mechanical impact of an in-
strument on a blank, for example on combined electro-technical 
methods. Combined electro-technological methods are most popu-
lar in technologies utilized in machine parts surface treatment 
based on sophisticated processes of metal dissolution. Rig testing 
allowed identifying certain physical and mechanical patterns in 
the increase of durability under the condition that strengthening 
sizing combined electro-technical methods were used. In order to 

meet the requirements of the test, the suitable equipment, techno-
logical gear, instruments were used and the electrolyte environ-
ment class was ensured. The test confirmed the possibility of com-
bining different methods of machine parts treatment that endure 
high tribological pressure. Best combinations and regime support 
were researched and identified. 

Keywords: machine parts, combined treatment, electro-
chemical treatment, tribology, wear. 
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�a�Z�g�b�y�������f�f 100 

4. �O�h�^���i�h�i�_�j�_�q�g�h�]�h���k�m�i�i�h�j�l�Z�����h�k�v��X�����f�f 200 

5. 

�D�h�e�b�q�_�k�l�\�h���h�k�_�c�����r�l���������������������������������������� 
�h�k�v��X      -   �i�h�i�_�j�_�q�g�u�c���k�m�i�i�h�j�l�� 
�h�k�v��Z      -   �i�j�h�^�h�e�v�g�u�c���k�m�i�i�h�j�l�����\�j�_�a�Z�g�b�y���� 
�h�k�v��S      -    �\�j�Z�s�_�g�b�_���r�e�b�n�h�\�Z�e�v�g�h�]�h���d�j�m�]�Z�� 
�h�k�v���6����������-    �\�j�Z�s�_�g�b�_���a�Z�]�h�l�h�\�d�b 

4 

6. �J�Z�[�h�q�Z�y���i�h�^�Z�q�Z���i�j�h�^�h�e�v�g�h�]�h���k�m�i�i�h�j�l�Z�����f�f���f�b�g ���«������  

7. 
�>�b�k�d�j�_�l�g�h�k�l�v���i�_�j�_�f�_�s�_�g�b�y���i�h�i�_�j�_�q�g�h�]�h���k�m�i��
�i�h�j�l�Z�����f�d�f 0,1 

8. �F�h�s�g�h�k�l�v���w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�y���r�e�b�n�h�\�Z�e�v�g�h�]�h��
�d�j�m�]�Z�����d�<�l 1 

 

 

 
�J�b�k����7. �K�o�_�f�Z���Z�e�f�Z�a�g�h�]�h���r�e�b�n�h�\�Z�g�b�y���k���g�Z�d�e�h�g�h�f���h�k�b��

�d�j�m�]�Z 

�H�[�t�_�d�l�Z�f�b�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �i�j�b�� �Z�e�f�Z�a�g�h�f�� �r�e�b�n�h�\�Z�g�b�b��
�[�u�e�b�� �a�Z�]�h�l�h�\�d�b�� �b�a�� �k�b�l�Z�e�e�Z �f�Z�j�d�b�� �K�H-�������F�� �b�� �d�\�Z�j�p�_�\�h�]�h��
�k�l�_�d�e�Z�� �f�Z�j�d�b�� �D�M������ �H�[�j�Z�[�h�l�d�Z�� �a�Z�]�h�l�h�\�h�d�� �i�j�b�� �Z�e�f�Z�a�g�h�f��
�r�e�b�n�h�\�Z�g�b�b�� �h�k�m�s�_�k�l�\�e�y�e�Z�k�v�� �i�h�� �g�Z�� �k�e�_�^�m�x�s�b�o�� �j�_�`�b�f�Z�o����
�]�e�m�[�b�g�Z�� �j�_�a�Z�g�b�y��t �± ���«���� �f�d�f���� �q�Z�k�l�h�l�Z�� �\�j�Z�s�_�g�b�y��
�r�e�b�n�h�\�Z�e�v�g�h�]�h���d�j�m�]�Z��n1 �± �����������h�[���f�b�g�����q�Z�k�l�h�l�Z���\�j�Z�s�_�g�b�y��
�r�i�b�g�^�_�e�y�� �a�Z�]�h�l�h�\�d�b��n2 - 0������ �h�[���f�b�g���� �i�j�h�^�h�e�v�g�Z�y�� �i�h�^�Z�q�Z��
�a�Z�]�h�l�h�\�d�b��Sprod, - 0,0075 �f���f�b�g���� �>�b�Z�f�_�l�j�� �\�j�Z�s�_�g�b�y��
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�a�Z�]�h�l�h�\�d�b���k�h�k�l�Z�\�b�e�����������f�f�� �>�e�y���r�e�b�n�h�\�Z�g�b�y���b�k�i�h�e�v�a�h�\�Z�g��
�Z�e�f�Z�a�g�u�c�� �d�j�m�]���� �n�h�j�f�Z�� �����:���� �����ƒ���� �j�Z�a�f�_�j�u�� �d�j�m�]�Z���� �^�b�Z�f�_�l�j��
���������f�f�����\�u�k�h�l�Z���������f�f�����i�h�k�Z�^�h�q�g�u�c���^�b�Z�f�_�l�j���������f�f�����r�b�j�b�g�Z��
�Z�e�f�Z�a�h�g�h�k�g�h�]�h���k�e�h�y�� ���� �f�f���� �\�u�k�h�l�Z�� �Z�e�f�Z�a�h�g�h�k�g�h�]�h�� �k�e�h�y��- 3 
�f�f�����Z�e�f�Z�a�g�u�c���i�h�j�h�r�h�d���f�Z�j�d�b���:�K�F���a�_�j�g�b�k�l�h�k�l�v�x�����������f�d�f����
�d�h�g�p�_�g�l�j�Z�p�b�y���������� �����f�Z�j�d�Z���k�\�y�a�d�b��- �;���� 

 

 �Z�� 

 

�[�� 
�J�b�k����8. �L�h�i�h�]�j�Z�f�f�u���h�[�j�Z�[�h�l�Z�g�g�u�o���h�i�l�b�q�_�k�d�b�o���i�h�\�_�j�o�g�h��

�k�l�_�c�����Z�����k�b�l�Z�e�e�Z���K�H-�������F�����[�����d�\�Z�j�p�_�\�h�]�h���k�l�_�d�e�Z���D�M�� 

�B�a�f�_�j�_�g�b�y���r�_�j�h�o�h�\�Z�l�h�k�l�b���h�[�j�Z�[�h�l�Z�g�g�u�o���i�h�\�_�j�o�g�h�k�l�_�c��
�i�j�h�\�h�^�b�e�b�k�v���g�Z���h�i�l�b�q�_�k�d�h�f���i�j�h�n�b�e�h�f�_�l�j�_���f�h�^�_�e�b���7�D�O�\�V�X�U�I��
�&�&�/�������������G�Z���j�b�k����8 �i�j�b�\�_�^�_�g�u���l�h�i�h�]�j�Z�f�f�u���h�[�j�Z�[�h�l�Z�g�g�u�o��
�h�i�l�b�q�_�k�d�b�o�� �i�h�\�_�j�o�g�h�k�l�_�c���� �R�_�j�h�o�h�\�Z�l�h�k�l�v�� �h�[�j�Z�[�h�l�Z�g�g�u�o��
�i�h�\�_�j�o�g�h�k�l�_�c���k�h�k�l�Z�\�b�e�Z���5�D�����«�������g�f�����5�]�������«���������g�f���� 

�:�g�Z�e�b�a�� �j�_�a�m�e�v�l�Z�l�h�\�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c��
�i�h�d�Z�a�u�\�Z�_�l���� �q�l�h�� �i�j�b�� �Z�e�f�Z�a�g�h�f�� �r�e�b�n�h�\�Z�g�b�b�� �h�i�l�b�q�_�k�d�b�o��
�f�Z�l�_�j�b�Z�e�h�\�� �f�h�`�g�h�� �k�h�a�^�Z�l�v�� �m�k�e�h�\�b�y�� �^�e�y�� �i�e�Z�k�l�b�q�g�h�]�h��
�^�_�n�h�j�f�b�j�h�\�Z�g�b�y�� �f�Z�l�_�j�b�Z�e�Z�� �\�� �a�h�g�_�� �j�_�a�Z�g�b�y�� �b�� �i�h�e�m�q�b�l�v��
�r�_�j�h�o�h�\�Z�l�h�k�l�v�� �h�[�j�Z�[�Z�l�u�\�Z�_�f�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �5�D�� �f�_�g�_�_�� ��0 
�g�f���� �D�j�h�f�_�� �l�h�]�h���� �i�e�Z�k�l�b�q�g�h�_�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�_�� �f�Z�l�_�j�b�Z�e�Z�� �\��
�a�h�g�_�� �j�_�a�Z�g�b�y�� �b�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �k�o�_�f�u�� �r�e�b�n�h�\�Z�g�b�y�� �k��
�g�Z�d�e�h�g�h�f�� �d�j�m�]�Z�� �h�[�_�k�i�_�q�b�\�Z�x�l�� �m�f�_�g�v�r�_�g�b�_�� �]�e�m�[�b�g�u��
�i�h�\�j�_�`�^�_�g�g�h�]�h�� �k�e�h�y�� �^�h�� �\�_�e�b�q�b�g�u�� �f�_�g�_�_�� ������ �g�f����
�F�b�g�b�f�Z�e�v�g�Z�y�� �]�e�m�[�b�g�Z�� �l�j�_�s�b�g�h�\�Z�l�h�]�h�� �k�e�h�y�� �i�h�a�\�h�e�y�_�l��
�m�f�_�g�v�r�b�l�v�� �\�_�e�b�q�b�g�m�� �j�Z�k�k�_�y�g�b�y���� �g�Z�i�j�Z�\�e�_�g�g�h�]�h�� �g�Z��
�h�[�j�Z�[�h�l�Z�g�g�m�x�� �h�i�l�b�q�_�k�d�m�x�� �i�h�\�_�j�o�g�h�k�l�v�� �b�a�e�m�q�_�g�b�y���� �b��
�w�n�n�_�d�l�b�\�g�h�k�l�v���� �^�h�e�]�h�\�_�q�g�h�k�l�v�� �b�� �l�h�q�g�h�k�l�v�� �j�Z�[�h�l�u��
�i�j�b�[�h�j�h�\���\���p�_�e�h�f��[10,11].  

�A�:�D�E�X�Q�?�G�B�?�����<�U�<�H�>�U) 

�I�h�e�m�q�_�g�g�u�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �^�Z�g�g�u�_�� �i�h�� �Z�e�f�Z�a�g�h�c��
�e�_�a�\�b�c�g�h�c���b���Z�[�j�Z�a�b�\�g�h�c���h�[�j�Z�[�h�l�d�_���i�h�a�\�h�e�y�x�l���k�^�_�e�Z�l�v���\�u��

�\�h�^���h���l�h�f�����q�l�h���i�j�b���m�k�e�h�\�b�y�o���k�h�a�^�Z�g�b�y���i�e�Z�k�l�b�q�_�k�d�h�]�h���^�_�n�h�j��
�f�b�j�h�\�Z�g�b�y���^�e�y���h�i�l�b�q�_�k�d�b�o���f�Z�l�_�j�b�Z�e�h�\���\���a�h�g�_���j�_�a�Z�g�b�y�����h�[��
�j�Z�[�h�l�Z�g�g�Z�y���i�h�\�_�j�o�g�h�k�l�v���b�f�_�_�l���r�_�j�h�o�h�\�Z�l�h�k�l�v���5�D���f�_�g�_�_��������
�g�f���b���]�e�m�[�b�g�m���l�j�_�s�b�g�h�\�Z�l�h�]�h���k�e�h�y���g�_���[�h�e�_�_���������g�f�����I�h�e�m�q�_�g��
�g�u�_���i�Z�j�Z�f�_�l�j�u �d�Z�q�_�k�l�\�Z���h�[�j�Z�[�h�l�Z�g�g�u�o���i�h�\�_�j�o�g�h�k�l�_�c���.�'�3��
�d�j�b�k�l�Z�e�e�h�\���� �k�b�l�Z�e�e�Z �b�� �d�\�Z�j�p�_�\�h�]�h�� �k�l�_�d�e�Z�� �i�h�d�Z�a�u�\�Z�x�l���� �q�l�h��
�i�j�b�� �h�[�j�Z�[�h�l�d�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �Z�e�f�Z�a�g�u�f��
�n�j�_�a�_�j�h�\�Z�g�b�_�f�� �b�� �r�e�b�n�h�\�Z�g�b�_�f�� �g�Z�� �k�\�_�j�o�l�h�q�g�u�o�� �k�l�Z�g�d�Z�o����
�\�h�a�f�h�`�g�h���f�b�g�b�f�b�a�b�j�h�\�Z�l�v���b�e�b���b�k�d�e�x�q�b�l�v���h�i�_�j�Z�p�b�b���i�h�e�b��
�j�h�\�Z�g�b�y�� �b�a�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �i�j�h�p�_�k�k�Z���� �>�e�y�� �h�[�_�k�i�_�q�_�g�b�y��
�i�e�Z�k�l�b�q�_�k�d�h�]�h�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y �h�i�l�b�q�_�k�d�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �\��
�a�h�g�_���j�_�a�Z�g�b�y���g�_�h�[�o�h�^�b�f�h�����q�l�h�[�u���[�u�e�b���k�h�[�e�x�^�_�g�u���g�_�h�[�o�h��
�^�b�f�u�_�� �j�_�d�h�f�_�g�^�Z�p�b�b�� �i�h�� �i�Z�j�Z�f�_�l�j�Z�f�� �j�_�`�m�s�_�]�h�� �b�g�k�l�j�m��
�f�_�g�l�Z���b���j�_�`�b�f�Z�f���h�[�j�Z�[�h�l�d�b�����I�j�b���w�l�h�f���l�h�q�g�h�k�l�v���n�h�j�f�u���h�[��
�j�Z�[�h�l�Z�g�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �h�[�_�k�i�_�q�b�\�Z�_�l�k�y�� �d�b�g�_�f�Z�l�b�q�_�k�d�h�c��
�l�h�q�g�h�k�l�v�x �b�k�i�h�e�v�a�m�_�f�h�]�h�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �b�� �f�h�`�_�l�� �^�h�k�l�b��
�]�Z�l�v�����������f�d�f���g�Z���Z�i�_�j�l�m�j�_���������o������ �f�f�� 
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Ultra -precision machining of optical materials 
elements devices surfaces

Grubiy S.V. 
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Abstract. Results of theoretical and experimental studies aimed 
at improving the performance, accuracy and quality of machining 
optical materials elements devices surfaces (reducing the rough-
ness and depth of fractured layer): potassium dihydrophosphate 
(KDP), sitall, quartz glass, diamond blade and abrasive diamond 
tools, are presented in article. Kinematic schemes of ultra-precise 
machining of optical surfaces and the basic theoretical depend-
ences, setting modes and cutting conditions are considered. Exam-

ples of blade and abrasive processing on ultra-precise experi-
mental stands and results of metrological control of treated sur-
faces quality parameters are also given. 

Keywords: high-accuracy machining, optical materials, 
diamond micromilling, diamond grinding . 
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�:�g�g�h�l�Z�p�b�y. �J�Z�k�k�f�h�l�j�_�g�� �k�i�h�k�h�[�� �k�g�b�`�_�g�b�y��
�]�b�^�j�Z�\�e�b�q�_�k�d�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �l�j�m�[�h�i�j�h�\�h�^�Z�� �i�m�l�_�f��
�k�h�a�^�Z�g�b�y�� �i�j�b�k�l�_�g�g�h�]�h�� �]�Z�a�h�\�h�]�h�� �k�e�h�y�� �i�j�b�� �l�_�q�_�g�b�b��
�\�u�k�h�d�h�\�y�a�d�h�c�� �k�j�_�^�u�� �\�� �l�j�m�[�h�i�j�h�\�h�^�_���� �J�Z�a�j�Z�[�h�l�Z�g�Z��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y�� �m�k�l�Z�g�h�\�d�Z�� �k�� �m�k�l�j�h�c�k�l�\�h�f�� �^�e�y�� �k�h�a�^�Z�g�b�y��
�^�\�m�o�k�e�h�c�g�h�]�h�� �d�h�e�v�p�_�\�h�]�h�� �l�_�q�_�g�b�y���� �I�j�h�\�_�^�_�g�u��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �m�k�l�h�c�q�b�\�h�k�l�b��
�^�\�m�o�k�e�h�c�g�h�]�h�� �d�h�e�v�p�_�\�h�]�h�� �l�_�q�_�g�b�y�� �g�Z�� �i�j�b�f�_�j�_�� �f�h�^�_�e�v�g�h�c��
�\�y�a�d�h�c�� �`�b�^�d�h�k�l�b�� ���f�h�l�h�j�g�h�]�h�� �f�Z�k�e�Z���� �b�� �i�j�b�k�l�_�g�g�h�]�h�� �]�Z�a�h�\�h�]�h��
�k�e�h�y���� �W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�d�Z�a�Z�e�b��
�w�n�n�_�d�l�b�\�g�h�k�l�v�� �i�j�b�f�_�g�_�g�b�y�� �^�\�m�o�k�e�h�c�g�h�]�h�� �d�h�e�v�p�_�\�h�]�h��
�l�_�q�_�g�b�y�� �^�e�y�� �k�g�b�`�_�g�b�y�� �]�b�^�j�Z�\�e�b�q�_�k�d�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �i�j�b��
�l�j�Z�g�k�i�h�j�l�b�j�h�\�d�_���\�u�k�h�d�h�\�y�a�d�b�o���k�j�_�^���\�g�m�l�j�b���d�j�m�]�e�h�c���l�j�m�[�u����
�I�j�b�f�_�g�_�g�b�_�� �^�\�m�o�k�e�h�c�g�h�]�h�� �d�h�e�v�p�_�\�h�]�h�� �l�_�q�_�g�b�y�� �\��
�]�b�^�j�Z�\�e�b�q�_�k�d�b�o�� �k�b�k�l�_�f�Z�o�� �b�� �i�j�h�f�u�r�e�_�g�g�u�o�� �l�j�m�[�h�i�j�h�\�h�^�Z�o��
�i�h�a�\�h�e�b�l���i�h�\�u�k�b�l�v���i�j�h�i�m�k�d�g�m�x���k�i�h�k�h�[�g�h�k�l�v���]�b�^�j�Z�\�e�b�q�_�k�d�b�o��
�k�b�k�l�_�f�� �b�� �k�g�b�a�b�l�v�� �w�g�_�j�]�h�a�Z�l�j�Z�l�u�� �g�Z�� �l�j�Z�g�k�i�h�j�l�b�j�h�\�d�m��
�\�u�k�h�d�h�\�y�a�d�b�o���`�b�^�d�h�k�l�_�c���a�Z�� �k�q�_�l�� �k�g�b�`�_�g�b�y�� �i�h�l�_�j�v�� �^�Z�\�e�_�g�b�y��
�g�Z�� �i�j�_�h�^�h�e�_�g�b�_�� �k�b�e�� �l�j�_�g�b�y�� �i�j�b�� �l�_�q�_�g�b�b�� �\�u�k�h�d�h�\�y�a�d�b�o�� �k�j�_�^��
�\�g�m�l�j�b���l�j�m�[�h�i�j�h�\�h�^�Z�� 

�D�e�x�q�_�\�u�_���k�e�h�\�Z: �]�b�^�j�Z�\�e�b�q�_�k�d�h�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_, 
�i�j�b�k�l�_�g�g�u�c�� �k�e�h�c���� �\�u�k�h�d�h�\�y�a�d�Z�y�� �`�b�^�d�h�k�l�v���� �d�h�e�v�p�_�\�h�_��
�l�_�q�_�g�b�_. 

�<�<�?�>�?�G�B�? 

�J�_�r�_�g�b�_ �\�h�i�j�h�k�Z�� �i�h�� �k�g�b�`�_�g�b�x�� �]�b�^�j�Z�\�e�b�q�_�k�d�h�]�h��
�k�h�i�j�h�l�b�\�e�_�g�b�y���� �Z���� �k�e�_�^�h�\�Z�l�_�e�v�g�h���� �b�� �k�g�b�`�_�g�b�x��
�w�g�_�j�]�h�a�Z�l�j�Z�l�� �i�j�b�� �l�_�q�_�g�b�b�� �\�y�a�d�b�o�� �b�� �\�u�k�h�d�h�\�y�a�d�b�o�� �k�j�_�^�� �\��
�i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o�� �b�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �l�j�m�[�h�i�j�h�\�h�^�Z�o����
�y�\�e�y�_�l�k�y���Z�d�l�m�Z�e�v�g�h�c���a�Z�^�Z�q�_�c�����k�l�h�y�s�_�c���i�j�b���i�j�h�_�d�l�b�j�h�\�Z�g�b�b��
�g�h�\�u�o���b���j�_�d�h�g�k�l�j�m�d�p�b�b���k�m�s�_�k�l�\�m�x�s�b�o���i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o��
�l�j�m�[�h�i�j�h�\�h�^�h�\���b���]�b�^�j�Z�\�e�b�q�_�k�d�b�o���k�b�k�l�_�f�� 

�:�g�Z�e�b�a�� �k�i�h�k�h�[�h�\�� �k�g�b�`�_�g�b�y�� �]�b�^�j�Z�\�e�b�q�_�k�d�h�]�h��
�k�h�i�j�h�l�b�\�e�_�g�b�y���� �i�h�d�Z�a�Z�e�� �Z�d�l�m�Z�e�v�g�h�k�l�v�� �i�j�b�f�_�g�_�g�b�y��
�^�\�m�o�k�e�h�c�g�h�]�h�� �l�_�q�_�g�b�y�� �\�y�a�d�h�c�� �k�j�_�^�u�� �\�� �d�h�e�v�p�_�� �f�Z�e�h�\�y�a�d�h�c��
�`�b�^�d�h�k�l�b���b�e�b���]�Z�a�Z��[1-7]. 

�>�e�y�� �k�h�a�^�Z�g�b�y�� �m�k�l�h�c�q�b�\�h�]�h�� �^�\�m�o�k�e�h�c�g�h�]�h�� �d�h�e�v�p�_�\�h�]�h��
�l�_�q�_�g�b�y�� �\�� �l�j�m�[�h�i�j�h�\�h�^�Z�o�� �j�Z�a�j�Z�[�h�l�Z�g�u�� �j�Z�a�e�b�q�g�u�_��
�d�h�g�k�l�j�m�d�p�b�b���m�k�l�j�h�c�k�l�\��[8-12, 16-17]. 

�L�_�h�j�_�l�b�q�_�k�d�b�_�� �h�k�g�h�\�u�� �l�_�q�_�g�b�y �`�b�^�d�h�k�l�_�c�� �\��
�l�j�m�[�h�i�j�h�\�h�^�_�� �k�� �f�Z�e�h�\�y�a�d�b�f�� �i�j�b�k�l�_�g�g�u�f�� �k�e�h�_�f 
�j�Z�k�k�f�h�l�j�_�g�u���\�h���f�g�h�]�b�o���b�k�l�h�q�g�b�d�Z�o���b���i�j�_�^�e�h�`�_�g�u���f�h�^�_�e�b��
�l�_�q�_�g�b�y�� �^�e�y�� �\�y�a�d�b�o�� �`�b�^�d�h�k�l�_�c�� �k�� �j�Z�a�e�b�q�g�u�f�b��

�j�_�h�e�h�]�b�q�_�k�d�b�f�b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �\�� �d�h�e�v�p�_�� �f�Z�e�h�\�y�a�d�h�c��
�`�b�^�d�h�k�l�b���b�e�b���]�Z�a�Z�>����-17, 19-23]. 

�K�m�s�_�k�l�\�m�x�s�Z�y�� �f�Z�l�_�f�Z�l�b�q�_�k�d�Z�y�� �f�h�^�_�e�v�� �^�\�m�o�k�e�h�c�g�h�]�h��
�d�h�e�v�p�_�\�h�]�h���l�_�q�_�g�b�y���\�u�k�h�d�h�\�y�a�d�h�c���g�v�x�l�h�g�h�\�d�h�c���`�b�^�d�h�k�l�b��
�\���d�h�e�v�p�_���f�Z�e�h�\�y�a�d�h�c���`�b�^�d�h�k�l�b�����]�Z�a�Z�����i�h�d�Z�a�Z�e�Z�����q�l�h���j�Z�k�o�h�^��
�f�Z�e�h�\�y�a�d�h�c�� �`�b�^�d�h�k�l�b�� �^�e�y�� �k�h�a�^�Z�g�b�y�� �m�k�l�h�c�q�b�\�h�]�h��
�^�\�m�o�k�e�h�c�g�h�]�h���d�h�e�v�p�_�\�h�]�h���l�_�q�_�g�b�y���k�h�k�l�Z�\�e�y�_�l���h�l���������^�h����������
�h�l�� �j�Z�k�o�h�^�Z�� �h�k�g�h�\�g�h�c�� �\�u�k�h�d�h�\�y�a�d�h�c�� �`�b�^�d�h�k�l�b�� �>��6�@���� �I�j�b��
�w�l�h�f���i�j�h�b�k�o�h�^�b�l���a�g�Z�q�b�l�_�e�v�g�h�_���k�g�b�`�_�g�b�_���]�b�^�j�Z�\�e�b�q�_�k�d�h�]�h��
�k�h�i�j�h�l�b�\�e�_�g�b�y�� �b�� �w�g�_�j�]�h�a�Z�l�j�Z�l�� �g�Z�� �l�j�Z�g�k�i�h�j�l�b�j�h�\�d�m��
�\�u�k�h�d�h�\�y�a�d�h�c���`�b�^�d�h�k�l�b�� 

�>�e�y�� �i�h�^�l�\�_�j�`�^�_�g�b�y�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�c�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�c��
�f�h�^�_�e�b���^�\�m�o�k�e�h�c�g�h�]�h���d�h�e�v�p�_�\�h�]�h���l�_�q�_�g�b�y �[�u�e�Z���i�j�h�\�_�^�_�g�Z��
�k�_�j�b�y�� �w�d�k�i�_�j�b�f�_�g�l�h�\���� �a�Z�^�Z�q�_�c�� �d�h�l�h�j�u�o�� �y�\�e�y�e�h�k�v��
�b�k�k�e�_�^�h�\�Z�g�b�_���m�k�l�h�c�q�b�\�h�k�l�b���l�Z�d�h�]�h���l�_�q�_�g�b�y���\���\�_�j�l�b�d�Z�e�v�g�h�f��
�l�j�m�[�h�i�j�h�\�h�^�_��[16]. 

�< �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�f�� �b�k�k�e�_�^�h�\�Z�g�b�b�� �l�_�q�_�g�b�y��
�\�u�k�h�d�h�\�y�a�d�h�c�� �`�b�^�d�h�k�l�b�� �\�� �d�h�e�v�p�_�\�h�f�� �]�Z�a�h�\�h�f�� �k�e�h�_���\��
�]�h�j�b�a�h�g�l�Z�e�v�g�h�f�� �l�j�m�[�h�i�j�h�\�h�^�_�� �>�������� �����@�� �g�Z�[�e�x�^�Z�_�l�k�y��
�a�g�Z�q�b�l�_�e�v�g�h�_�� �m�\�_�e�b�q�_�g�b�_�� �h�[�t�_�f�Z�� �i�_�j�_�d�Z�q�b�\�Z�_�f�h�c���\�y�a�d�h�c��
�`�b�^�d�h�k�l�b�� �\�� �_�^�b�g�b�p�m�� �\�j�_�f�_�g�b�� �i�j�b�� �f�_�g�v�r�b�o�� �j�Z�k�o�h�^�Z�o���]�Z�a�Z 
�^�e�y�� �k�h�a�^�Z�g�b�y�� �i�j�b�k�l�_�g�g�h�]�h�� �k�e�h�y�� �D�h�g�k�l�j�m�d�p�b�y��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�c���m�k�l�Z�g�h�\�d�b���\���j�Z�[�h�l�Z�o��[17,18] �h�l�e�b�q�Z�_�l�k�y��
�l�_�f���� �q�l�h�� �l�j�m�[�h�i�j�h�\�h�^�� �i�h�� �d�h�l�h�j�h�f�m�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y��
�d�h�e�v�p�_�\�h�_�� �l�_�q�_�g�b�_���± �i�e�Z�k�l�b�d�h�\�u�c���� �g�Z�]�g�_�l�Z�l�_�e�v�g�h�_��
�m�k�l�j�h�c�k�l�\�h�� �b�k�i�h�e�v�a�m�_�f�h�_�� �\�� �i�j�_�^�k�l�Z�\�e�_�g�g�u�o�� �j�Z�[�h�l�Z�o�� �g�_��
�i�h�a�\�h�e�y�_�l�� �h�[�_�k�i�_�q�b�l�v�� �i�h�k�l�h�y�g�g�u�c�� �j�Z�k�o�h�^�� �]�Z�a�Z�� �^�e�y��
�k�h�a�^�Z�g�b�y���i�j�b�k�l�_�g�g�h�]�h���]�Z�a�h�\�h�]�h���k�e�h�y�� 

�K�e�_�^�m�_�l�� �h�l�f�_�l�b�l�v���� �q�l�h�� �\�� �]�b�^�j�h�^�b�g�Z�f�b�d�_�� �i�j�b�g�y�l�h��
�k�q�b�l�Z�l�v�����q�l�h���\�e�b�y�g�b�_���r�_�j�h�o�h�\�Z�l�h�k�l�b���g�Z���i�h�l�_�j�b���^�Z�\�e�_�g�b�y���g�Z��
�m�q�Z�k�l�d�_�� �i�j�y�f�h�]�h�� �l�j�m�[�h�i�j�h�\�h�^�Z�� �\�u�i�h�e�g�_�g�g�h�]�h�� �b�a�� �k�l�_�d�e�Z�� �b��
�i�e�Z�k�l�b�d�Z�� �f�b�g�b�f�Z�e�v�g�u��[24], �l���_���� �i�h�l�_�j�b�� �^�Z�\�e�_�g�b�y�� �i�j�b��
�l�_�q�_�g�b�b���\�y�a�d�h�c���`�b�^�d�h�k�l�b���b���l�Z�d���[�m�^�m�l���g�_�a�g�Z�q�b�l�_�e�v�g�u�f�b�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�_�� �b�k�k�e�_�^�h�\�Z�g�b�_��
�m�k�l�h�c�q�b�\�h�k�l�b���l�_�q�_�g�b�y�� �\�y�a�d�h�c�� �`�b�^�d�h�k�l�b�� �\�� �d�h�e�v�p�_��
�f�Z�e�h�\�y�a�d�h�c�� �`�b�^�d�h�k�l�b�� �b�e�b�� �]�Z�a�Z�� �g�Z�� �i�j�y�f�h�f�� �m�q�Z�k�l�d�_��
�r�_�j�h�o�h�\�Z�l�h�]�h���l�j�m�[�h�i�j�h�\�h�^�Z���y�\�e�y�_�l�k�y���Z�d�l�m�Z�e�v�g�h�c���a�Z�^�Z�q�_�c����
�i�h�a�\�h�e�y�x�s�_�c�� �\�� �k�e�m�q�Z�_�� �j�_�r�_�g�b�y�� �g�Z�c�l�b�� �h�i�l�b�f�Z�e�v�g�u�_��
�j�Z�k�o�h�^�u�� �h�k�g�h�\�g�h�c�� �\�y�a�d�h�c�� �`�b�^�d�h�k�l�b�� �b�� �]�Z�a�Z�� �^�e�y�� �k�h�a�^�Z�g�b�y��
�m�k�l�h�c�q�b�\�h�]�h���d�h�e�v�p�_�\�h�]�h���l�_�q�_�g�b�y�� 
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�h�[�j�Z�a�m�x�s�_�c�� �i�j�b�k�l�_�g�g�u�c�� �d�h�e�v�p�_�\�h�c�� �k�e�h�c�� �i�j�b�� �l�_�q�_�g�b�b�� �\��
�l�j�m�[�_. 
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�W�d�k�i�_�j�b�f�_�g�l�� �i�h�� �b�k�k�e�_�^�h�\�Z�g�b�x�� �a�Z�\�b�k�b�f�h�k�l�b�� �j�Z�k�o�h�^�Z��
�h�k�g�h�\�g�h�c�� �`�b�^�d�h�k�l�b�� ���f�h�l�h�j�g�h�_�� �b�� �j�Z�k�l�b�l�_�e�v�g�h�_�� �f�Z�k�e�h����Q�`  
�h�l�� �j�Z�k�o�h�^�Z�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�h�c�� �k�j�_�^�u�� ���\�h�a�^�m�o�Z����Q�], 
�b�k�i�h�e�v�a�m�_�f�h�c�� �\�� �d�Z�q�_�k�l�\�_�� �i�j�b�k�l�_�g�g�h�]�h�� �k�e�h�y���� �i�j�h�\�h�^�b�e�k�y�� �\��
�k�e�_�^�m�x�s�_�c���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b�� 

�x �\�� �j�Z�k�o�h�^�g�m�x�� �_�f�d�h�k�l�v������ �g�Z�e�b�\�Z�e�Z�k�v�� �h�k�g�h�\�g�Z�y��
�`�b�^�d�h�k�l�v���� �Z�� �\�� �_�f�d�h�k�l�v�� �d�h�f�i�j�_�k�k�h�j�Z�� ���� �i�j�h�b�a�\�h�^�b�e�Z�k�v��
�i�h�^�d�Z�q�d�Z���\�h�a�^�m�o�Z���i�j�b���d�h�g�l�j�h�e�_���_�]�h���^�Z�\�e�_�g�b�y���f�Z�g�h�f�_�l�j�h�f��
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�x �i�j�b���\�d�e�x�q�_�g�b�b���k�_�d�m�g�^�h�f�_�j�Z���h�l�d�j�u�\�Z�e�k�y���d�j�Z�g���������b��
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�j�Z�k�o�h�^�g�h�c�� �_�f�d�h�k�l�b�� ���� �i�h�k�l�m�i�Z�e�Z�� �q�_�j�_�a�� �d�Z�g�Z�e���\�� �]�b�e�v�a�_��
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�x �h�l�d�j�u�\�Z�e�k�y�� �g�Z�� �h�i�j�_�^�_�e�_�g�g�u�c�� �j�Z�k�o�h�^�� �d�j�Z�g�� ������ �b��
�k�`�Z�l�u�c���\�h�a�^�m�o���i�h���l�j�m�[�d�_�������i�h�k�l�m�i�Z�e���\���d�h�e�v�p�_�\�m�x���i�h�e�h�k�l�v��
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�l�j�m�[�m�� ������ �h�[�j�Z�a�m�y�� �i�j�b�k�l�_�g�g�u�c�� �d�h�e�v�p�_�\�h�c�� �]�Z�a�h�\�u�c�� �k�e�h�c��
�h�i�j�_�^�_�e�_�g�g�h�c�� �l�h�e�s�b�g�u���� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �j�Z�k�o�h�^�Z��
�i�h�^�Z�\�Z�_�f�h�c���k�j�_�^�u�� 

�x �k�e�b�\�� �h�k�g�h�\�g�h�c�� �`�b�^�d�h�k�l�b�� �h�k�m�s�_�k�l�\�e�y�e�k�y�� �\��
�i�j�b�_�f�g�m�x���_�f�d�h�k�l�v������ 

�x �q�_�j�_�a�� �h�i�j�_�^�_�e�_�g�g�h�_�� �\�j�_�f�y�� �k�_�d�m�g�^�h�f�_�j��
�h�k�l�Z�g�Z�\�e�b�\�Z�c�k�y���� �d�j�Z�g�� ���� �b�� ������ �i�_�j�_�d�j�u�\�Z�e�b�k�v�� �b�� �i�h�^�Z�q�Z��
�h�k�g�h�\�g�h�c�� �b�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�h�c�� �`�b�^�d�h�k�l�b�� ���]�Z�a�Z����
�i�j�_�d�j�Z�s�Z�x�k�v�� 

�x �b�a�f�_�j�y�e�b�k�v�� �b�a�j�Z�k�o�h�^�h�\�Z�g�g�u�_�� �h�[�t�_�f�u�� �h�k�g�h�\�g�h�c�� �b��
�\�k�i�h�f�h�]�Z�l�_�e�v�g�h�c�� �k�j�_�^�u�� �a�Z�� �\�j�_�f�y�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �b��
�h�i�j�_�^�_�e�y�e�b�k�v���b�o���h�[�t�_�f�g�u�_���j�Z�k�o�h�^�u��Q�` , Q�]; 

�x �k�� �i�h�f�h�s�v�x�� �d�j�Z�g�Z�� �i�h�^�Z�q�b�� �\�h�a�^�m�o�Z�� ���� �b�a�f�_�g�y�e�k�y��
�j�Z�k�o�h�^�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�h�c�� �k�j�_�^�u�� ���]�Z�a�Z������ �b�� �w�d�k�i�_�j�b�f�_�g�l��
�i�h�\�l�h�j�y�e�k�y�� 

�: �G�:�E�B�A���J�?�A�M�E�V�L�:�L�H�<���W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�U�O��
�B�K�K�E�?�>�H�<�:�G�B�C 

�J�_�a�m�e�v�l�Z�l�u�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c��
�a�Z�\�b�k�b�f�h�k�l�b���j�Z�k�o�h�^�Z���h�k�g�h�\�g�h�c���`�b�^�d�h�k�l�b�����f�h�l�h�j�g�h�_���f�Z�k�e�h����
Q�` ���� �h�l�� �j�Z�k�o�h�^�Z�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�h�c�� �k�j�_�^�u�� ���\�h�a�^�m�o�Z����Q�], 
�b�k�i�h�e�v�a�m�_�f�h�c�� �\�� �d�Z�q�_�k�l�\�_�� �d�h�e�v�p�_�\�h�]�h�� �i�j�b�k�l�_�g�g�h�]�h �k�e�h�y����
�i�j�_�^�k�l�Z�\�e�_�g�u�� �\�� �]�j�Z�n�b�q�_�k�d�h�c�� �n�h�j�f�_���� �b�a�h�[�j�Z�`�_�g�g�h�c�� �g�Z��
�j�b�k.3. 

�K�h�a�^�Z�g�b�_�� �i�j�b�k�l�_�g�g�h�]�h�� �d�h�e�v�p�_�\�h�]�h�� �`�b�^�d�h�]�h�� ���]�Z�a�h�\�h�]�h����
�k�e�h�y�� �i�j�b�� �l�_�q�_�g�b�b�� �h�k�g�h�\�g�h�c�� �`�b�^�d�h�k�l�b�� ���f�h�l�h�j�g�h�_�� �f�Z�k�e�h���� �\��
�l�j�m�[�_�� �k�i�h�k�h�[�k�l�\�m�_�l�� �m�f�_�g�v�r�_�g�b�x�� �]�b�^�j�Z�\�e�b�q�_�k�d�h�]�h��
�k�h�i�j�h�l�b�\�e�_�g�b�y�� �l�j�m�[�u�� �b�� �m�\�_�e�b�q�_�g�b�x�� �j�Z�k�o�h�^�Z���h�k�g�h�\�g�h�c��
�`�b�^�d�h�k�l�b���� �i�j�b�q�_�f���� �a�Z�\�b�k�b�f�h�k�l�v�� �j�Z�k�o�h�^�Z�� �h�k�g�h�\�g�h�c��
�`�b�^�d�h�k�l�b��Q�`  �h�l���j�Z�k�o�h�^�Z���\�k�i�h�f�h�]�Z�l�_�e�v�g�h�c���k�j�_�^�u�����]�Z�a�Z����Q�] 
�g�h�k�b�l���w�d�k�l�j�_�f�Z�e�v�g�u�c���o�Z�j�Z�d�l�_�j�� 

 �K�� �m�\�_�e�b�q�_�g�b�_�f�� �j�Z�k�o�h�^�Z�� �]�Z�a�Z Q�]���� �h�[�j�Z�a�m�x�s�_�c��
�i�j�b�k�l�_�g�g�u�c�� �d�h�e�v�p�_�\�h�c�� �k�e�h�c���� �j�Z�k�o�h�^�� �h�k�g�h�\�g�h�c�� �`�b�^�d�h�k�l�b����
Q�`  �m�\�_�e�b�q�b�\�Z�_�l�k�y�� �^�h �h�i�j�_�^�_�e�_�g�g�h�]�h�� �i�j�_�^�_�e�Z���� �i�h�k�e�_��
�d�h�l�h�j�h�]�h�� �i�j�b�� �a�g�Z�q�b�l�_�e�v�g�u�o�� �j�Z�k�o�h�^�Z�o�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�h�c��
�k�j�_�^�u�� ���]�Z�a�Z���� �i�j�h�b�k�o�h�^�b�l�� �_�]�h�� �m�f�_�g�v�r�_�g�b�_�� �\�k�e�_�^�k�l�\�b�_��
�\�u�l�_�k�g�_�g�b�y�� �h�k�g�h�\�g�h�c�� �`�b�^�d�h�k�l�b�� �\�h�a�j�h�k�r�b�f�� �i�h�l�h�d�h�f��
�\�k�i�h�f�h�]�Z�l�_�e�v�g�h�c�� �k�j�_�^�u���� �i�_�j�_�o�h�^�m�� �j�_�`�b�f�Z�� �l�_�q�_�g�b�y�� �b�a��

�e�Z�f�b�g�Z�j�g�h�]�h�� �\�� �l�m�j�[�m�e�_�g�l�g�u�c �b �k�h�a�^�Z�g�b�y�� �l�_�f�� �k�Z�f�u�f��
�i�h�\�u�r�_�g�g�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �^�\�b�`�_�g�b�x�� �h�k�g�h�\�g�h�c��
�`�b�^�d�h�k�l�b�� 
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�J�b�k���������A�Z�\�b�k�b�f�h�k�l�v���j�Z�k�o�h�^�Z���h�k�g�h�\�g�h�c���`�b�^�d�h�k�l�b�����f�Z�k�e�h��
�f�h�l�h�j�g�h�_����Q�`  �h�l���j�Z�k�o�h�^�Z���]�Z�a�Z���4�] 

�K�j�Z�\�g�b�f���i�h�e�m�q�_�g�g�u�_���\���o�h�^�_���w�d�k�i�_�j�b�f�_�g�l�Z���j�_�a�m�e�v�l�Z�l�u���\��
�^�Z�g�g�h�c���j�Z�[�h�l�_���k���j�_�a�m�e�v�l�Z�l�Z�f�b�����i�j�_�^�k�l�Z�\�e�_�g�g�u�f�b �\���j�Z�[�h�l�Z�o��
[17,18]���� �>�e�y�� �g�Z�]�e�y�^�g�h�k�l�b�� �h�l�h�[�j�Z�a�b�f�� �^�Z�g�g�u�_�� �\�� �\�b�^�_��
�]�j�Z�n�b�d�h�\�����b�a�h�[�j�Z�`�_�g�g�u�o���g�Z���j�bc.4. 
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�`�b�^�d�h�k�l�b�����f�Z�k�e�h���f�h�l�h�j�g�h�_����Q�`  �h�l���j�Z�k�o�h�^�Z���\�h�a�^�m�o�Z��Q�] 

1 �± �j�_�a�m�e�v�l�Z�l�u���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���^�Z�g�g�u�o����
�i�j�_�^�k�l�Z�\�e�_�g�g�u�o���\���j�Z�[�h�l�Z�o���>�����������@���������± �^�Z�g�g�u�_���i�h�e�m�q�_�g�g�u�_��

�\���o�h�^�_���w�d�k�i�_�j�b�f�_�g�l�Z 

�D�Z�d���\�b�^�g�h���b�a���]�j�Z�n�b�q�_�k�d�h�]�h���b�a�h�[�j�Z�`�_�g�b�y���a�Z�\�b�k�b�f�h�k�l�_�c 
���� �b�� ������ �j�_�a�m�e�v�l�Z�l�u�� �w�d�k�i�_�j�b�f�_�g�l�h�\�� �f�h�`�g�h�� �k�q�b�l�Z�l�v��
�d�h�j�j�_�d�l�g�u�f�b���� �l�Z�d�� �d�Z�d�� �j�_�a�m�e�v�l�Z�l�u�� �b�f�_�x�l��
�i�j�h�i�h�j�p�b�h�g�Z�e�v�g�u�_���h�l�d�e�h�g�_�g�b�y�����d�h�l�h�j�u�_���f�h�`�g�h���h�[�t�y�k�g�b�l�v��
�g�Z�e�b�q�b�_�f�� �b�� �h�l�k�m�l�k�l�\�b�_�f�� �r�_�j�h�o�h�\�Z�l�h�k�l�_�c���g�Z�� �\�g�m�l�j�_�g�g�_�c��
�i�h�\�_�j�o�g�h�k�l�b���l�j�m�[�� 

�<�� �k�e�m�q�Z�_�� �l�_�q�_�g�b�y�� �h�k�g�h�\�g�h�c�� �`�b�^�d�h�k�l�b�� ���f�h�l�h�j�g�h�]�h��
�f�Z�k�e�Z�����[�_�a���i�j�b�k�l�_�g�g�h�]�h���]�Z�a�h�\�h�]�h���k�e�h�y�����m�\�_�e�b�q�_�g�b�_���j�Z�k�o�h�^�Z��
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�f�h�l�h�j�g�h�]�h�� �f�Z�k�e�Z�� �g�Z�� �������� �\�� �g�Z�q�Z�e�v�g�h�c�� �l�h�q�d�_�� �i�h�d�Z�a�Z�g�g�h�f��
�a�Z�\�b�k�b�f�h�k�l�v�x�� ������ �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �i�h�e�m�q�_�g�g�u�f�b��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�b�� �^�Z�g�g�u�f�b�� �������� �h�[�t�y�k�g�y�_�l�k�y�� �l�Z�d�`�_��
�h�l�k�m�l�k�l�\�b�_�f���r�_�j�h�o�h�\�Z�l�h�k�l�b���g�Z���i�h�\�_�j�o�g�h�k�l�b���l�j�m�[�h�i�j�h�\�h�^�Z�� 

�<�h�k�i�j�h�b�a�\�h�^�b�f�h�k�l�v �j�_�a�m�e�v�l�Z�l�h�\�� �i�h�^�l�\�_�j�`�^�Z�_�l�k�y��
�f�Z�k�k�b�\�h�f�� �^�Z�g�g�u�o���� �i�h�e�m�q�_�g�g�u�o�� �\�� �o�h�^�_�� �i�j�h�\�_�^�_�g�g�h�]�h��
�w�d�k�i�_�j�b�f�_�g�l�Z�� �i�h�� �i�j�_�^�e�h�`�_�g�g�h�c�� �f�_�l�h�^�b�d�_���� �A�g�Z�q�b�l�_�e�v�g�h�_��
�k�g�b�`�_�g�b�_�� �j�Z�k�o�h�^�Z���]�Z�a�Z�� �\�� �o�h�^�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�� ��������
�h�[�t�y�k�g�y�_�l�k�y�� �k�l�Z�[�b�e�b�a�Z�p�b�_�c�� �d�h�e�v�p�_�\�h�]�h�� �i�j�b�k�l�_�g�g�h�]�h�� �k�e�h�y����
�a�Z�� �k�q�_�l�� �m�k�l�Z�g�h�\�d�b�� �d�h�f�i�j�_�k�k�h�j�Z���� �i�h�a�\�h�e�y�x�s�_�]�h��
�j�_�]�m�e�b�j�h�\�Z�l�v���i�h�^�Z�q�m���\�h�a�^�m�o�Z�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �g�Z�� �h�k�g�h�\�Z�g�b�b�� �i�h�e�m�q�_�g�g�u�o��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �^�Z�g�g�u�o���� �f�h�`�g�h�� �k�^�_�e�Z�l�v�� �\�u�\�h�^���� �q�l�h��
�l�_�q�_�g�b�_�� �\�u�k�h�d�h�\�y�a�d�h�c�� �g�v�x�l�h�g�h�\�k�d�h�c�� �`�b�^�d�h�k�l�b�� �k��
�i�j�b�k�l�_�g�g�u�f���]�Z�a�h�\�u�f���k�e�h�_�f���\���r�_�j�h�o�h�\�Z�l�h�c���k�l�Z�e�v�g�h�c���l�j�m�[�_��
�i�h�a�\�h�e�y�_�l���h�[�_�k�i�_�q�b�l�v���i�h�\�u�r�_�g�b�_���i�j�h�i�m�k�d�g�h�c���k�i�h�k�h�[�g�h�k�l�b��
�l�j�m�[�h�i�j�h�\�h�^�Z���\�����������j�Z�a�Z�� 

�K�j�Z�\�g�b�l�_�e�v�g�u�c�� �Z�g�Z�e�b�a�� �l�_�q�_�g�b�y�� �\�y�a�d�h�c�� �`�b�^�d�h�k�l�b�� �k��
�i�j�b�k�l�_�g�g�u�f�� �]�Z�a�h�\�u�f�� �k�e�h�_�f�� �\�� �]�e�Z�^�d�h�f�� �b�� �r�_�j�h�o�h�\�Z�l�h�f��
�l�j�m�[�h�i�j�h�\�h�^�_���� �]�h�\�h�j�b�l�� �h�� �i�h�\�u�r�_�g�b�b�� �i�j�h�i�m�k�d�g�h�c��
�k�i�h�k�h�[�g�h�k�l�b���l�j�m�[�h�i�j�h�\�h�^�h�\���\���h�[�h�b�o���k�e�m�q�Z�y�o�� 
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Abstract. The paper dwells upon reducing the hydraulic 

resistance of a pipeline by generating a wall-adjacent gas layer 
when transporting a high-viscosity medium. The research team 
has designed an experimental setup that contains a device for 
generating two-layer annular flow. The stability of such two-layer 
annular flow has been studied by simulating a viscous fluid (motor 
oil) and a wall-adjacent gas layer. Experiments show using a two-
layer annular flow effectively reduces the hydraulic resistance 
when transporting a high-viscosity medium by a round pipe. Using 
two-layer annular flows in hydraulic systems and industrial 

pipelines improves the throughput and reduces the energy costs of 
transporting high-viscosity fluids by reducing pressure losses that 
occur when overcoming the friction forces arising during such 
transport. The experimental data thus show that a wall-adjacent 
gas layer can improve the pipeline throughput by up to ~50% 
when transporting a high-viscosity Newtonian fluid through a 
rough-surfaced steel pipe. 

Keywords: hydraulic resistance, wall-adjacent layer, high-
viscosity fluid, annular flow. 
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�]�^�_�������± �k�d�h�j�h�k�l�v���g�Z�]�j�_�\�Z����Ea �± �d�Z�`�m�s�Z�y�k�y���w�g�_�j�]�b�y���Z�d�l�b�\�Z��
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�F�_�l�h�^�h�f�� �Z�i�i�j�h�d�k�b�f�Z�p�b�b �h�i�j�_�^�_�e�_�g�Z�� �k�\�y�a�b�� �l�_�f�i�_�j�Z��
�l�m�j�u���]�_�e�_�h�[�j�Z�a�h�\�Z�g�b�y���b���k�d�h�j�h�k�l�_�c���g�Z�]�j�_�\�Z �i�j�b���b�k�i�h�e�v�a�h�\�Z��
�g�b�b���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���j�_�a�m�e�v�l�Z�l�h�\���h�i�j�_�^�_�e�_�g�b�y���l�_�f�i�_�j�Z��
�l�m�j�u���]�_�e�_�h�[�j�Z�a�h�\�Z�g�b�y: 
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�L�Z�d�b�f�� �h�[�j�Z�a�h�f �h�i�j�_�^�_�e�_�g�Z�� �l�_�f�i�_�j�Z�l�m�j�Z�� �]�_�e�_�h�[�j�Z�a�h�\�Z��
�g�b�y���i�j�b���k�d�h�j�h�k�l�y�o �g�Z�]�j�_�\�Z������������ �D���f�b�g�� �I�h�e�m�q�_�g�g�u�_���a�g�Z�q�_��
�g�b�y���l�_�f�i�_�j�Z�l�m�j�u���]�_�e�_�h�[�j�Z�a�h�\�Z�g�b�y���h�l���k�d�h�j�h�k�l�b���g�Z�]�j�_�\�Z���i�h��
�d�Z�a�Z�g�u���\���l�Z�[�e�b�p�_���� 

�L�Z�[�e�b�p�Z���� 
�J�_�a�m�e�v�l�Z�l�u���a�Z�\�b�k�b�f�h�k�l�v���l�_�f�i�_�j�Z�l�m�j�u���]�_�e�_�h�[�j�Z�a�h�\�Z�g�b�y��

�h�l���k�d�h�j�h�k�l�_�c���g�Z�]�j�_�\�Z 
�K�d�h�j�h�k�l�v��

�g�Z�]�j�_�\�Z���D���f�b�g�� 
1 2 3 4 5 6 7 

�L�_�f�i�_�j�Z�l�m�j�Z���]�_��
�e�_�h�[�j�Z�a�h�\�Z�g�b�y��

���ƒ�K�� 
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�F�H�>�?�E�B�J�H�<�:�G�B�?���B���H�I�L�B�F�B�A�:�P�B�Y 

�F�h�^�_�e�b�j�h�\�Z�g�b�_�� �i�j�h�\�h�^�b�e�b�� �k�� �m�q�_�l�h�f�� �b�� �[�_�a�� �m�q�_�l�Z�� �b�a�f�_��
�g�_�g�b�y�� �Z�]�j�_�]�Z�l�g�h�]�h�� �k�h�k�l�h�y�g�b�y�� �k�\�y�a�m�x�s�_�]�h�� �\�� �i�j�h�p�_�k�k�_�� �_�]�h��
�h�l�\�_�j�`�^�_�g�b�y�����l�Z�[�e�������������G�Z���j�b�k���������i�h�d�Z�a�Z�g�Z���a�Z�\�b�k�b�f�h�k�l�v���l�_�f��
�i�_�j�Z�l�m�j�u���h�l���\�j�_�f�_�g�b���\���k�_�j�_�^�b�g�_���h�[�j�Z�a�p�Z�����h�i�j�_�^�_�e�_�g�g�Z�y���g�Z��
�m�q�Z�k�l�d�_����-�������k�f�����j�b�k������) �i�j�b���k�d�h�j�h�k�l�b���g�Z�]�j�_�\�Z�������D�������G�Z���j�b�k����
�����i�h�d�Z�a�Z�g�Z���a�Z�\�b�k�b�f�h�k�l�v���]�j�Z�^�b�_�g�l�Z���l�_�f�i�_�j�Z�l�m�j�u���h�l���\�j�_�f�_�g�b��
�\���k�_�j�_�^�b�g�_���h�[�j�Z�a�p�Z�����l�Z�d�`�_���h�i�j�_�^�_�e�_�g�g�Z�y���g�Z���m�q�Z�k�l�d�_����-�����i�j�b��
�k�d�h�j�h�k�l�b���g�Z�]�j�_�\�Z�������D���f�b�g.  

�L�Z�[�e�b�p�Z������ 
�J�_�a�m�e�v�l�Z�l�u���f�h�^�_�e�b�j�h�\�Z�g�b�y���a�g�Z�q�_�g�b�c���l�_�f�i�_�j�Z�l�m�j���\���b�k��

�k�e�_�^�m�_�f�h�f���h�[�j�Z�a�p�_���\���i�j�h�p�_�k�k�_���_�]�h���h�l�\�_�j�`�^�_�g�b�y 
�K�d�h�j�h�k�l�v��

�g�Z�]�j�_�\�Z�����D���f�b�g 
�;�_�a���m�q�_�l�Z���Z�]�j�_��

�]�Z�l�g�h�]�h���k�h�k�l�h�y�g�b�y 
�K���m�q�_�l�h�f���Z�]�j�_�]�Z�l�g�h�]�h��

�k�h�k�l�h�y�g�b�y 

�A�g�Z�q�_�g�b�y���l�_�f�i�_�j�Z�l�m�j�u���\���p�_�g�l�j�_���b�k�k�e�_�^�m�_�f�h�c���f�h�^�_�e�b�����ž�K 
1 31,7 28,9 
3 45,0 36,0 
5 58,3 44,7 
7 71,6 52,8 

�=�j�Z�^�b�_�g�l���l�_�f�i�_�j�Z�l�m�j���g�Z���i�h�\�_�j�o�g�h�k�l�b���b���\���k�_�j�_�^�b�g�_���f�h�^�_�e�b�����ž�K 
1 1,3 4,2 
3 4,0 13,1 
5 6,7 20,3 
7 9,4 28,2 
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�g�Z�]�j�_�\�Z�������D���f�b�g 

�<���i�j�h�p�_�k�k�_���f�h�^�_�e�b�j�h�\�Z�g�b�y���m�k�l�Z�g�h�\�e�_�g�h�����q�l�h���i�j�b���i�h�\�u��
�r�_�g�b�b���k�d�h�j�h�k�l�b���g�Z�]�j�_�\�Z���i�h�]�j�_�r�g�h�k�l�v���l�_�f�i�_�j�Z�l�m�j�g�h�]�h���i�h�e�y��
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�w�i�h�d�k�b�^�g�h�]�h���f�Z�l�_�j�b�Z�e�Z���i�j�b���b�a�f�_�g�_�g�b�b���_�]�h���Z�]�j�_�]�Z�l�g�h�]�h���k�h��
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�g�h�k�l�v�� 
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�^�Z�g�g�h�c�� �j�Z�[�h�l�_ �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �a�g�Z�q�_�g�b�y�� �l�_�f�i�_�j�Z�l�m�j�� �h�[��
�j�Z�a�p�Z���\���i�j�h�p�_�k�k�_���_�]�h���g�Z�]�j�_�\�Z���i�j�h�\�h�^�b�e�k�y���k���m�q�_�l�h�f���l�_�i�e�h�n�b��
�a�b�q�_�k�d�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �f�Z�l�_�j�b�Z�e�Z�� �\�� �`�b�^�d�h�f���� �]�_�e�_�h�[�j�Z�a��
�g�h�f���b���l�\�_�j�^�h�f���k�h�k�l�h�y�g�b�b�� �<���d�Z�q�_�k�l�\�_���b�k�o�h�^�g�u�o���^�Z�g�g�u�o���^�e�y��
�i�j�h�\�_�^�_�g�b�y�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �i�j�h�p�_�k�k�Z�� �h�l�\�_�j�`�^�_�g�b�y�� �[�u�e�b��
�b�k�i�h�e�v�a�h�\�Z�g�u���j�_�a�m�e�v�l�Z�l�u���j�Z�g�_�_���i�j�h�\�_�^�_�g�g�u�o���w�d�k�i�_�j�b�f�_�g��
�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c���>12�@�����>�e�y���d�Z�`�^�u�o���m�q�Z�k�l�d�h�\���k�d�h�j�h�k�l�b��
�g�Z�]�j�_�\�Z�����m�q�Z�k�l�h�d���,���b���m�q�Z�k�l�h�d���,�,�,����V I �b��V III  �\�u�[�j�Z�g�u���k�_�f�v���\�Z��
�j�b�Z�g�l�h�\���k�d�h�j�h�k�l�_�c���i�h�^�t�z�f�Z���l�_�f�i�_�j�Z�l�m�j�������������������������������D���f�b�g��
���\�k�_�]�h���������\�Z�j�b�Z�g�l�h�\���f�h�^�_�e�b�j�h�\�Z�g�b�y�������B���i�j�h�\�_�^�_�g�h���f�Z�l�_�f�Z��
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�<���d�Z�q�_�k�l�\�_���d�j�b�l�_�j�b�y���h�i�l�b�f�b�a�Z�p�b�b���b�k�i�h�e�v�a�h�\�Z�g�u���� 
(1) �i�_�j�_�i�Z�^���l�_�f�i�_�j�Z�l�m�j�u���g�Z���m�q�Z�k�l�d�_���^�h���]�_�e�_�h�[�j�Z�a�h�\�Z��

�g�b�y�����i�_�j�\�h�c���m�q�Z�k�l�d�_�������¨�LmaxI; 
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(2) �i�_�j�_�i�Z�^���l�_�f�i�_�j�Z�l�m�j�u���g�Z���m�q�Z�k�l�d�_���i�h�k�e�_���]�_�e�_�h�[�j�Z�a�h��
�\�Z�g�b�y�����l�j�_�l�v�_�c���m�q�Z�k�l�d�_�������¨�LmaxIII; 

(3) �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v���i�j�h�p�_�k�k�Z���g�Z�]�j�_�\�Z�� �g�Z�� �m�q�Z�k�l�d�Z�o��
�^�h���b���i�h�k�e�_���l�h�q�d�b���]�_�e�_�h�[�j�Z�a�h�\�Z�g�b�y�����2�� 

�H�]�j�Z�g�b�q�_�g�b�_���� 
(1) �¨�LmaxI ���������ƒ�K��  
(2) �¨�LmaxIII ���������ƒ�K���� 
(3) �2�����������f�b�g�� 
�B���b�a���h�]�j�Z�g�b�q�_�g�b�y���g�Z�c�^�_�g�u�������^�h�i�m�k�l�b�f�u�o���Z�e�v�l�_�j�g�Z�l�b�\��

�g�u�o���h�[�t�_�d�l�h�\���b�a���������\�Z�j�b�Z�g�l�h�\���f�h�^�_�e�b�j�h�\�Z�g�b�y�����I�h�e�m�q�_�g�g�u�_��
�^�h�i�m�k�l�b�f�u�_�� �Z�e�v�l�_�j�g�Z�l�b�\�g�u�_�� �h�[�t�_�d�l�u�� �i�h�d�Z�a�Z�g�u�� �\�� �l�Z�[�e�b�p�_��
3.  

�L�Z�[�e�b�p�Z��3.  
�>�h�i�m�k�l�b�f�u�_���Z�e�v�l�_�j�g�Z�l�b�\�g�u�_���h�[�t�_�d�l�u���b���b�^�_�Z�e�v�g�u�c��

�h�[�t�_�d�l �i�j�b���h�i�l�b�f�b�a�Z�p�b�b 
�‹���<�Z�j�b�Z�g�l�Z �K�d�h�j�h�k�l�v��

�g�Z�]�j�_�\�Z���g�Z���i�_�j��
�\�h�c���m�q�Z�k�l�d�_����

�D���f�b�g 

�K�d�h�j�h�k�l�v���g�Z�]�j�_�\�Z��
�g�Z���l�j�_�l�v�_�c��

�m�q�Z�k�l�d�_�����D���f�b�g 

�L�_�f�i�_�j�Z��
�l�m�j�Z���i�h�^��
�^�_�j�`�d�Z���g�Z��

�\�l�h�j�h�c��
�m�q�Z�k�l�d�_������  

1 2 4 80 
2 2 5 80 
3 3 3 98 
4 3 4 98 
5 3 5 98 
6 4 2 102 
7 4 3 102 
8 4 4 102 
9 4 5 102 

 
�<�k�_���i�j�b�\�_�^�_�g�g�u�_�� �\�� �l�Z�[�e���� ���� �\�Z�j�b�Z�g�l�u�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o��

�j�_�`�b�f�h�\���[�u�e�b���b�k�k�e�_�^�h�\�Z�g�u���f�_�l�h�^�h�f���b�^�_�Z�e�v�g�h�c���l�h�q�d�b [19-
22]. �G�Z�b�[�h�e�_�_���i�j�b�_�f�e�_�f�h�c���k�q�b�l�Z�_�l�k�y���Z�e�v�l�_�j�g�Z�l�b�\�Z�����m���d�h�l�h��
�j�h�c���j�Z�k�k�l�h�y�g�b�_���h�l�����b�^�_�Z�e�v�g�h�c���l�h�q�d�b�����B�L�� �f�b�g�b�f�Z�e�v�g�h��  

�4�º�Ü
L �I�E�J
§�Ã �:�T�Ü�×�á�Ý
F �T�Ü�Ý�;�6
�Ç
�Ü�@�5

�¿
   (3) 

�]�^�_��RAi -  �j�Z�k�k�l�h�y�g�b�_���l�h�q�d�b���L-�h�c���Z�e�v�l�_�j�g�Z�l�b�\�u���h�l���b�^�_�Z�e�v�g�h�c��
�l�h�q�d�b; N �± �d�h�e�b�q�_�k�l�\�h���d�j�b�l�_�j�b�_�\���h�p�_�g�d�b���Z�e�v�l�_�j�g�Z�l�b�\�� xid, j 

�± �b�^�_�Z�e�v�g�h�_���a�g�Z�q�_�g�b�_���i�h���M-�f�m���d�j�b�l�_�j�b�x���^�e�y���b�^�_�Z�e�v�g�h�]�h���\�Z��
�j�b�Z�g�l�Z�� xij �± �a�g�Z�q�_�g�b�_���i�h���M-�f�m���d�j�b�l�_�j�b�x���^�e�y���L-�h�c���Z�e�v�l�_�j�g�Z��
�l�b�\�u�� 

�<���^�Z�g�g�h�c���j�Z�[�h�l�_���1� ������i=8. 
�J�_�a�m�e�v�l�Z�l�u�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �]�j�Z�^�b�_�g�l�Z�� �l�_�f�i�_�j�Z�l�m�j�u�� �g�Z��

�i�h�\�_�j�o�g�h�k�l�b�� �b�� �\�� �p�_�g�l�j�_�� �h�[�j�Z�a�p�Z�� �i�j�b�� �j�Z�a�g�u�o�� �k�d�h�j�h�k�l�y�o��
�g�Z�]�j�_�\�Z�� �b�� �k�h�h�l�\�_�l�k�l�\�_�g�g�u�_ �a�g�Z�q�_�g�b�y��RAi  �i�h�d�Z�a�Z�g�u�� �\�� �l�Z�[��
�e�b�p�_��4. 

�L�Z�[�e�b�p�Z��4.  
�J�_�a�m�e�v�l�Z�l�u���f�h�^�_�e�b�j�h�\�Z�g�b�y���^�e�y���^�h�i�m�k�l�b�f�u�o���Z�e�v�l�_�j�g�Z��

�l�b�\�g�u�o���h�[�t�_�d�l�h�\���b���b�^�_�Z�e�v�g�h�]�h �h�[�t�_�d�l�Z 
�‹  �D�j�b�l�_�j�b�b RAi 

�¨�LmaxI ���ƒ�K�� �¨�LmaxIII ���ƒ�K�� �2���f�b�g�� 
1 8,8 7,7 52,5 6,88 
2 8,8 9,6 47,5 5,77 

3 13,1 5,8 51,6 6,71 

4 13,1 7,7 44,8 5,09 
5 13,1 9,5 40,7 4,37 
6 16,5 3,9 58,3 8,47 
7 16,5 5,8 45,3 5,55 

8 16,5 7,6 38,8 4,46 
9 16,5 9,4 34,9 4,48 

�B�L 8,8 5,8 34,9 --- 

 

�<���j�_�a�m�e�v�l�Z�l�_���i�h�e�m�q�_�g���f�b�g�b�f�Z�e�v�g�h�_���a�g�Z�q�_�g�b�_���5Ai �i�j�b���L� ��
5: 

�4�º�9 
L �v�á�u�y 
�L���� �_���� �h�i�l�b�f�Z�e�v�g�u�f�� �y�\�e�y�_�l�k�y�� �g�Z�]�j�_�\�� �k�h�� �k�d�h�j�h�k�l�v�x�� ����

�q�K���f�b�g���g�Z����-�h�c���m�q�Z�k�l�d�_���b�����q�K���f�b�g���g�Z����-�_�c���m�q�Z�k�l�d�_�����b���l�_�f�i�_��
�j�Z�l�m�j�Z���\�u�^�_�j�`�d�b���g�Z����-�h�c���m�q�Z�k�l�d�_�������ƒ�K�����<���w�l�h�f���k�e�m�q�Z�_���i�j�h��
�^�h�e�`�b�l�_�e�v�g�h�k�l�v���i�j�h�p�_�k�k�Z���h�l�\�_�j�`�^�_�g�b�y�� �y�\�e�y�_�l�k�y���g�Z�b�f�_�g�v��
�r�_�c���� 

�<�U�<�H�>�U 

�J�Z�a�j�Z�[�h�l�Z�g�Z���f�_�l�h�^�b�d�Z���h�i�j�_�^�_�e�_�g�b�y���l�_�i�e�h�_�f�d�h�k�l�b���b���l�_�i��
�e�h�i�j�h�\�h�^�g�h�k�l�b�� �w�i�h�d�k�b�^�g�u�o�� �k�\�y�a�m�x�s�b�o�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �b�o��
�n�Z�a�h�\�h�]�h���k�h�k�l�h�y�g�b�y�����\���`�b�^�d�h�f�����]�_�e�_�h�[�j�Z�a�g�h�f���b���l�\�_�j�^�h�f���k�h��
�k�l�h�y�g�b�b���� 

�I�h�e�m�q�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u���i�j�b�f�_�g�b�f�u���d�h���\�k�_�f���l�b�i�Z�f���l�_�j��
�f�h�j�_�Z�d�l�b�\�g�u�o���k�\�y�a�m�x�s�b�o�����h�l�\�_�j�`�^�_�g�b�_���d�h�l�h�j�u�o���i�j�h�\�h�^�y�l��
�i�j�b���i�h�\�u�r�_�g�g�u�o���l�_�f�i�_�j�Z�l�m�j�Z�o�� 

�I�j�h�\�_�^�_�g�h�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �i�j�h�p�_�k�k�Z��
�h�l�\�_�j�`�^�_�g�b�y�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �j�Z�a�g�u�o�� �k�d�h�j�h�k�l�_�c�� �g�Z�]�j�_�\�Z����
�\�u�i�h�e�g�_�g�� �j�Z�k�q�_�l�� �i�_�j�_�i�Z�^�� �l�_�f�i�_�j�Z�l�m�j�� �b�� �i�j�h�^�h�e�`�b�l�_�e�v�g�h��
�k�l�b�� �i�j�h�p�_�k�k�Z�� �^�h�� �]�_�e�_�h�[�j�Z�a�h�\�Z�g�b�y���� �<�� �j�_�a�m�e�v�l�Z�l�_�� �i�j�h�\�_�^�_�g��
�g�u�o�� �j�Z�k�q�_�l�h�\�� �m�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �h�i�l�b�f�Z�e�v�g�u�f�� �y�\�e�y�_�l�k�y�� �l�Z��
�d�h�c���j�_�`�b�f���h�l�\�_�j�`�^�_�g�b�y�����i�j�b���d�h�l�h�j�h�f���k�d�h�j�h�k�l�v���i�h�\�u�r�_�g�b�y��
�l�_�f�i�_�j�Z�l�m�j�u�� �g�Z�� ���� �m�q�Z�k�l�d�_�� �k�h�k�l�Z�\�e�y�_�l�� �����q�K���f�b�g���� �Z�� �g�Z�� ��-�_�c��
�m�q�Z�k�l�d�_�����q�K���f�b�g�����G�Z�c�^�_�g�g�u�_���j�_�`�b�f�u���h�l�\�_�j�`�^�_�g�b�y���i�h�a�\�h��
�e�b�e�b�� �k�h�d�j�Z�l�b�l�v�� �k�m�f�f�Z�j�g�m�x�� �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v�� �g�Z�]�j�_�\�Z��
�[�h�e�_�_���q�_�f���g�Z���������� 
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Abstract. Techniques for determining the thermophysical 
properties of epoxy binders depending on their curing process, i.e. 
when the phase state changes. The epoxy composition based on 
epoxy resin and modified aliphatic polyamine was used as an ob-
ject of research. Experimental studies have been carried out to de-
termine changes in the thermophysical properties of epoxy binders 
in the process of their hardening. The algorithm for determining 
the mode of curing thermosetting binders. Mathematical modeling 
of the curing process of the epoxy binder was carried out at differ-
ent heating rates by the finite element method. The experimental 
data obtained were used as initial data for modeling. When using 

the results of mathematical modeling, the kinetics of the curing 
process was optimized depending on different heating rates by the 
ideal point method. And it was found that the best option is the 
heating rate before gelation starts at 3K/min, the heating rate after 
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Keywords: optimization of the curing process; curing kinetics; 
thermal properties of epoxy binders; modeling; polymeric 
composite material. 

 

__________________ 
 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y���g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´������������ 193  

 

�F�g�h�]�h�d�j�b�l�_�j�b�Z�e�v�g�Z�y���h�i�l�b�f�b�a�Z�p�b�y���l�_�o�g�h�e�h�]�b�b��
�g�Z�g�_�k�_�g�b�y���f�_�l�Z�e�e�b�q�_�k�d�b�o���i�h�d�j�u�l�b�c���g�Z��

�m�]�e�_�j�h�^�g�u�_���e�_�g�l�u�� 
 

�G�_�e�x�[���<���:��  
�F�=�L�M���b�f�_�g�b���G���W�����;�Z�m�f�Z�g�Z 

�F�h�k�d�\�Z�����J�h�k�k�b�y 
admin@emtc.ru 

 
�:�g�g�h�l�Z�p�b�y. �I�j�b�\�_�^�_�g�u���j�_�a�m�e�v�l�Z�l�u�� �l�_�h�j�_�l�b�q�_�k�d�b�o���b���w�d�k��

�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c���^�_�n�h�j�f�Z�p�b�h�g�g�h-�i�j�h�q�g�h�k�l�g�u�o��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d���w�e�_�f�_�g�l�Z�j�g�u�o���g�b�l�_�c���k���g�Z�g�_�k�_�g�g�u�f���g�Z���g�b�o���f�_��
�l�Z�e�e�b�q�_�k�d�b�f�� �i�h�d�j�u�l�b�_�f���� �I�j�b�\�_�^�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �h�i�l�b�f�b�a�Z��
�p�b�b���l�h�e�s�b�g�u���f�_�l�Z�e�e�b�q�_�k�d�h�]�h���i�h�d�j�u�l�b�y���g�Z���m�]�e�_�j�h�^�g�h�c���e�_�g�l�_��
�E�M�I�����H�i�l�b�f�b�a�Z�p�b�x���i�j�h�\�h�^�b�e�b���f�_�l�h�^�h�f���\�a�Z�b�f�g�u�o���m�k�l�m�i�h�d�����<��
�d�Z�q�_�k�l�\�_�� �d�j�b�l�_�j�b�_�\�� �h�i�l�b�f�b�a�Z�p�b�b�� �b�k�i�h�e�v�a�h�\�Z�e�b�� �k�e�_�^�m�x�s�b�_��
�i�h�d�Z�a�Z�l�_�e�b�����k�_�[�_�k�l�h�b�f�h�k�l�v�����e�b�g�_�c�g�Z�y���i�e�h�l�g�h�k�l�v�����^�_�n�h�j�f�Z�p�b�y��
�b���Z�^�]�_�a�b�h�g�g�Z�y���i�j�h�q�g�h�k�l�v���\���k�b�k�l�_�f�_���i�h�e�b�f�_�j�g�Z�y���f�Z�l�j�b�p�Z-�w�e�_��
�f�_�g�l�Z�j�g�Z�y���g�b�l�v�����M�k�l�Z�g�h�\�e�_�g�h�����q�l�h���i�j�b���m�\�_�e�b�q�_�g�b�b���l�h�e�s�b�g�u��
�f�_�l�Z�e�e�b�q�_�k�d�h�]�h���i�h�d�j�u�l�b�y���k���������^�h�����������g�f���b�f�_�_�l���f�_�k�l�h���e�b�g�_�c��
�g�h�_���m�\�_�e�b�q�_�g�b�_�f���\�k�_�o���i�h�d�Z�a�Z�l�_�e�_�c���a�Z���b�k�d�e�x�q�_�g�b�_�f���Z�^�]�_�a�b�h�g��
�g�h�c���i�j�h�q�g�h�k�l�b�����\�_�e�b�q�b�g�Z���d�h�l�h�j�h�c���b�f�_�_�l���w�d�k�l�j�_�f�Z�e�v�g�m�x���a�Z�\�b��
�k�b�f�h�k�l�v������ �<�� �j�_�a�m�e�v�l�Z�l�_�� �i�j�h�\�_�^�_�g�g�h�c�� �h�i�l�b�f�b�a�Z�p�b�b�� �m�k�l�Z�g�h�\��
�e�_�g�h�����q�l�h���g�Z�b�e�m�q�r�b�_���a�g�Z�q�_�g�b�y���i�h���\�k�_�f���d�j�b�l�_�j�b�y�f���[�m�^�m�l���i�h�e�m��
�q�_�g�u �^�e�y���i�h�d�j�u�l�b�y���b�a���g�_�j�`�Z�\�_�x�s�_�c���k�l�Z�e�b���i�j�b���l�h�e�s�b�g�_��100 
�g�f�� �I�j�b�\�_�^�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �f�_�l�Z�e�e�b�a�b�j�h�\�Z�g��
�g�u�o�� �m�]�e�_�j�h�^�g�u�o�� �e�_�g�l�� �\�� �d�Z�q�_�k�l�\�_�� �Z�j�f�b�j�m�x�s�_�]�h�� �f�Z�l�_�j�b�Z�e�Z��
�i�j�b���j�_�f�h�g�l�_���i�h�\�j�_�`�^�_�g�g�u�o���l�j�m�[�h�i�j�h�\�h�^�h�\���\���a�b�f�g�b�c���i�_�j�b�h�^�� 

�D�e�x�q�_�\�u�_���k�e�h�\�Z�� �h�i�l�b�f�b�a�Z�p�b�y�����f�_�l�Z�e�e�b�a�Z�p�b�y�����m�]�e�_�j�h�^�g�Z�y��
�e�_�g�l�Z�����m�]�e�_�i�e�Z�k�l�b�d�� 

�<�<�?�>�?�G�B�? 

�I�j�b���i�j�h�b�a�\�h�^�k�l�\�_�� �^�_�l�Z�e�_�c�� �b�a�� �i�h�e�b�f�_�j�g�u�o�� �d�h�f�i�h�a�b�p�b��
�h�g�g�u�o���f�Z�l�_�j�b�Z�e�h�\�����r�b�j�h�d�h�_���j�Z�k�i�j�h�k�l�j�Z�g�_�g�b�_���i�h�e�m�q�b�e�b���m�]��
�e�_�j�h�^�g�u�_���l�d�Z�g�b�����e�_�g�l�u���b���\�h�e�h�d�g�Z���>���������@�����I�h���k�\�h�b�f���f�_�o�Z�g�b��
�q�_�k�d�b�f���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f���h�g�b���k�m�s�_�k�l�\�_�g�g�h���i�j�_�\�u�r�Z�x�l���\�k�_��
�b�a�\�_�k�l�g�u�_�� �d�h�g�k�l�j�m�d�p�b�h�g�g�u�_�� �f�Z�l�_�j�b�Z�e�u���� �B�a�\�_�k�l�g�h��[3-5], 
�q�l�h�� �i�h�� �\�_�e�b�q�b�g�_�� �m�^�_�e�v�g�h�c�� �i�j�h�q�g�h�k�l�b�� �b�� �m�^�_�e�v�g�h�c�� �`�_�k�l�d�h��
�k�l�b�����m�]�e�_�j�h�^�g�u�_���\�h�e�h�d�g�Z���\���^�_�k�y�l�d�b���j�Z�a���i�j�_�\�u�r�Z�x�l���Z�e�x�f�b��
�g�b�_�\�u�_���b���l�b�l�Z�g�h�\�u�_���k�i�e�Z�\�u�����H�[�e�Z�k�l�b���i�j�b�f�_�g�_�g�b�y���m�]�e�_�i�e�Z��
�k�l�b�d�h�\�� �k�� �d�Z�`�^�u�f�� �]�h�^�h�f�� �i�h�k�l�h�y�g�g�h�� �j�Z�k�r�b�j�y�x�l�k�y���� �q�l�h�� �k�\�y��
�a�Z�g�h�� �k���d�h�f�i�e�_�d�k�h�f�� �b�o���m�g�b�d�Z�e�v�g�u�o���l�_�i�e�h�n�b�a�b�q�_�k�d�b�o��
�k�\�h�c�k�l�\��[6, 7]�����K�h�a�^�Z�g�b�_���g�h�\�h�c���l�_�o�g�b�d�b���i�j�b�\�h�^�b�l���d���i�h�k�l�h��
�y�g�g�h�f�m�� �j�h�k�l�m�� �g�Z�]�j�m�a�h�d���� �\�� �l�h�f�� �q�b�k�e�_�� �b�� �l�_�i�e�h�\�u�o���� �q�l�h�� �l�j�_��
�[�m�_�l �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�y���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d��
�k�m�s�_�k�l�\�m�x�s�b�o���f�Z�l�_�j�b�Z�e�h�\ [8, 9]. 

�>�e�y�� �f�h�^�b�n�b�d�Z�p�b�b�� �k�\�h�c�k�l�\�� �m�]�e�_�j�h�^�g�u�o�� �l�d�Z�g�_�c�� �b�k�i�h�e�v��
�a�m�x�l�k�y���k�Z�f�u�_���j�Z�a�e�b�q�g�u�_���l�_�o�g�h�e�h�]�b�b�����G�Z�b�[�h�e�v�r�_�_���j�Z�k�i�j�h��
�k�l�j�Z�g�_�g�b�_�� �\�� �i�j�h�f�u�r�e�_�g�g�h�k�l�b�� �i�h�e�m�q�b�e�Z�� �l�_�o�g�h�e�h�]�b�y�� �g�Z�g�_��
�k�_�g�b�y���g�Z���i�h�\�_�j�o�g�h�k�l�v���m�]�e�_�j�h�^�g�u�o���\�h�e�h�d�h�g���b���l�d�Z�g�_�c���Z�i�i�j�_��
�l�h�\��[10-12]. �H�k�g�h�\�g�h�_���g�Z�a�g�Z�q�_�g�b�_���Z�i�i�j�_�l�h�\���w�l�h���m�e�m�q�r�_�g�b�y��
�l�h�i�h�e�h�]�b�b�� �i�h�\�_�j�o�g�h�k�l�b �Z�j�f�b�j�m�x�s�_�]�h�� �g�Z�i�h�e�g�b�l�_�e�y���� �q�l�h��
�h�[�_�k�i�_�q�b�\�Z�_�l�� �e�m�q�r�_�_�� �k�f�Z�q�b�\�Z�g�b�_ �b�� �j�Z�k�l�_�d�Z�g�b�_�� �k�\�y�a�m�x��
�s�_�]�h�����Z���l�Z�d�`�_���i�h�a�\�h�e�y�_�l���i�_�j�_�j�Z�k�i�j�_�^�_�e�y�l�v�� �g�Z�i�j�y�`�_�g�b�y���g�Z��
�f�_�`�n�Z�a�g�h�c���]�j�Z�g�b�p�_�����q�l�h���i�j�b�\�h�^�b�l���d���i�h�\�u�r�_�g�b�x���f�_�o�Z�g�b�q�_��
�k�d�h�c���i�j�h�q�g�h�k�l�b���m�]�e�_�i�e�Z�k�l�b�d�h�\�����H�^�g�Z�d�h�����k�h�k�l�Z�\�u���Z�i�i�j�_�l�h�\����

�d�Z�d�� �i�j�Z�\�b�e�h���� �y�\�e�y�x�l�k�y�� �g�h�m-�o�Z�m���� �q�l�h�� �g�_�� �i�h�a�\�h�e�y�_�l���h�i�l�b�f�b��
�a�b�j�h�\�Z�l�v���\�u�[�h�j���i�h�e�b�f�_�j�g�h�c���f�Z�l�j�b�p�u �k���m�q�_�l�h�f���o�b�f�b�q�_�k�d�h�c��
�i�j�b�j�h�^�u�� �Z�i�i�j�_�l�Z���� �D�Z�d�� �k�e�_�^�k�l�\�b�_�� �w�l�h�]�h���� �^�h�k�l�Z�l�h�q�g�h�� �q�Z�k�l�h��
�l�_�i�e�h�k�l�h�c�d�h�k�l�v�� �k�\�y�a�m�x�s�_�]�h�� �k�m�s�_�k�l�\�_�g�g�h�� �i�j�_�\�u�r�Z�_�l�� �l�_�i��
�e�h�k�l�h�c�d�h�k�l�v�� �Z�i�i�j�_�l�Z���� �q�l�h�� �\�� �b�l�h�]�_�� �k�g�b�`�Z�_�l �\�k�_�� �o�Z�j�Z�d�l�_�j�b��
�k�l�b�d�b�����\���l�h�f���q�b�k�e�_���b���l�_�i�e�h�n�b�a�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z���d�h�f�i�h�a�b�p�b��
�h�g�g�h�]�h���f�Z�l�_�j�b�Z�e�Z���� 

�?�s�_�� �h�^�g�b�f�� �f�_�l�h�^�h�f���� �i�h�a�\�h�e�y�x�s�b�f�� �j�_�]�m�e�b�j�h�\�Z�l�v�� �\��
�r�b�j�h�d�b�o�� �i�j�_�^�_�e�Z�o�� �k�\�h�c�k�l�\�Z�� �m�]�e�_�i�e�Z�k�l�b�d�h�\�����y�\�e�y�_�l�k�y���l�_�o��
�g�h�e�h�]�b�y���f�_�l�Z�e�e�b�a�Z�p�b�b���m�]�e�_�j�h�^�g�u�o���l�d�Z�g�_�c�����;�h�e�v�r�h�c���h�[�t�_�f��
�b�k�k�e�_�^�h�\�Z�g�b�c�� �i�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�x�� �f�_�l�h�^�Z�� �f�Z�]�g�_�l�j�h�g�g�h�]�h 
�g�Z�i�u�e�_�g�b�y���^�e�y���f�_�l�Z�e�e�b�a�Z�p�b�b�� �l�_�d�k�l�b�e�v�g�u�o���f�Z�l�_�j�b�Z�e�h�\���\�u��
�i�h�e�g�_�g �m�q�_�g�u�f�b�� �B�\�Z�g�h�\�k�d�h�]�h�� �]�h�k�m�^�Z�j�k�l�\�_�g�g�h�]�h�� �o�b�f�b�d�h-
�l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h���m�g�b�\�_�j�k�b�l�_�l�Z�����\���j�Z�[�h�l�Z�o���d�h�l�h�j�u�o��[13-15] 
�i�j�b�\�_�^�_�g�u�� �^�Z�g�g�u�_���� �i�h�d�Z�a�u�\�Z�x�s�b�_�� �\�e�b�y�g�b�_���l�_�o�g�h�e�h�]�b�q�_��
�k�d�b�o�� �j�_�`�b�f�h�\�� �g�Z�i�u�e�_�g�b�y�� ���l�h�d�� �j�Z�a�j�y�^�Z���� �k�h�k�l�Z�\���b�� �^�Z�\�e�_�g�b�_��
�i�e�Z�a�f�h�h�[�j�Z�a�m�x�s�_�]�h���]�Z�a�Z, �f�Z�l�_�j�b�Z�e �i�h�^�e�h�`�d�b �b���^�j���� �g�Z���w�d�k��
�i�e�m�Z�l�Z�p�b�h�g�g�u�_�� �k�\�h�c�k�l�\�Z�� �l�_�d�k�l�b�e�v�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�����:�\�l�h��
�j�Z�f�b���j�Z�[�h�l���>16, 17�@���i�h�e�m�q�_�g�u���i�h�d�j�u�l�b�y�� �b�a���Z�e�x�f�b�g�b�y�����l�b��
�l�Z�g�Z���� �f�_�^�b���� �k�_�j�_�[�j�Z���� �g�_�j�`�Z�\�_�x�s�_�c�� �k�l�Z�e�b���� �e�Z�l�m�g�b���� �[�j�h�g�a�u��
�g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �l�_�d�k�l�b�e�v�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\ �b�a�� �i�j�b�j�h�^�g�h�]�h�� �b��
�k�b�g�l�_�l�b�q�_�k�d�h�]�h�� �k�u�j�v�y. �<�� �j�Z�[�h�l�Z�o��[18-20] �i�j�b�\�_�^�_�g�u�� �^�Z�g��
�g�u�_���i�h���g�Z�g�_�k�_�g�b�x���l�h�g�d�b�o���f�_�l�Z�e�e�b�q�_�k�d�b�o���i�h�d�j�u�l�b�c���g�Z���l�_�o��
�g�b�q�_�k�d�b�_�� �l�_�d�k�l�b�e�v�g�u�_�� �f�Z�l�_�j�b�Z�e�u�����<�� �j�_�a�m�e�v�l�Z�l�_���b�o���h�[�j�Z��
�[�h�l�d�b�� �i�e�Z�a�f�h�c�� �i�h�g�b�`�_�g�g�h�]�h�� �^�Z�\�e�_�g�b�y, �i�h�e�m�q�Z�x�l�� �f�Z�l�_�j�b��
�Z�e�u���k���[�h�e�_�_���\�u�k�h�d�b�f�b���f�_�o�Z�g�b�q�_�k�d�b�f�b���k�\�h�c�k�l�\�Z�f�b�����g�Z�i�j�b��
�f�_�j�����i�j�h�q�g�h�k�l�v���i�j�b���f�_�`�k�e�h�_�\�h�f���k�^�\�b�]�_�� �l�Z�d�b�o�� �d�h�f�i�h�a�b�l�h�\��
�g�Z 15-���������\�u�r�_���i�h���k�j�Z�\�g�_�g�b�x���k���Z�g�Z�e�h�]�b�q�g�u�f�b���[�_�a���f�_�l�Z�e��
�e�b�q�_�k�d�h�]�h���i�h�d�j�u�l�b�y���� 

�H�k�g�h�\�g�h�c�� �p�_�e�v�x�� �f�_�l�Z�e�e�b�a�Z�p�b�b�� �y�\�e�y�_�l�k�y�� �b�a�f�_�g�_�g�b�_��
�f�b�d�j�h�k�l�j�m�d�l�m�j�u�� �b�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �i�h�\�_�j�o�g�h��
�k�l�b �m�]�e�_�j�h�^�g�u�o���g�Z�i�h�e�g�b�l�_�e�_�c�����q�l�h���i�h�a�\�h�e�y�_�l���j�_�]�m�e�b�j�h�\�Z�l�v��
�b�o���j�_�Z�d�p�b�h�g�g�m�x���k�i�h�k�h�[�g�h�k�l�v�����[�b�h�k�h�\�f�_�k�l�b�f�h�k�l�v, �l�_�i�e�h�n�b��
�a�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z �b���^�j�� [21, 22]�����J�Z�a�j�Z�[�h�l�d�Z���m�]�e�_�i�e�Z�k�l�b�d�h�\��
�k�� �d�h�f�i�e�_�d�k�h�f�� �g�h�\�u�o�� �n�m�g�d�p�b�h�g�Z�e�v�g�u�o�� �k�\�h�c�k�l�\�� �i�h�a�\�h�e�b�l��
�k�m�s�_�k�l�\�_�g�g�h�� �i�h�\�u�k�b�l�v �d�h�g�d�m�j�_�g�l�g�h�k�i�h�k�h�[�g�h�k�l�v�� �b�a�^�_�e�b�c��
�a�Z���k�q�_�l���i�h�\�u�r�_�g�b�_���w�n�n�_�d�l�b�\�g�h�k�l�b���b�k�i�h�e�v�a�h�\�Z�g�b�y���m�]�e�_�i�e�Z��
�k�l�b�d�h�\�����Z���l�Z�d�`�_���i�h�a�\�h�e�b�l���i�h�\�u�k�b�l�v���b�o���^�h�e�]�h�\�_�q�g�h�k�l�v. 

�I�j�b�f�_�g�y�_�f�u�_�� �\�� �g�Z�m�q�g�h�c�� �i�j�Z�d�l�b�d�_�� �l�_�j�f�b�g�� �©�n�m�g�d�p�b�h��
�g�Z�e�v�g�u�_�� �f�Z�l�_�j�b�Z�e�u�ª�� �g�_�� �b�f�_�x�l�� �g�Z�m�q�g�h-�h�[�h�k�g�h�\�Z�g�g�h�]�h��
�h�i�j�_�^�_�e�_�g�b�y�����H�l�k�m�l�k�l�\�m�_�l���f�_�l�h�^�b�d�Z���b�o���n�h�j�f�Z�e�b�a�h�\�Z�g�g�h�]�h��
�i�j�_�^�k�l�Z�\�e�_�g�b�y�����q�l�h���k�\�y�a�Z�g�h���k���g�_�^�h�k�l�Z�l�h�q�g�u�f���m�j�h�\�g�_�f���a�g�Z��
�g�b�c�� �h�� �a�Z�d�h�g�h�f�_�j�g�h�k�l�y�o�� �i�j�b�^�Z�g�b�y�� �b�a�\�_�k�l�g�u�f�� �f�Z�l�_�j�b�Z�e�Z�f��
�g�h�\�u�o���k�\�h�c�k�l�\�����[�e�Z�]�h�^�Z�j�y���d�h�l�h�j�u�f���[�m�^�m�l���i�h�e�m�q�_�g�u���g�h�\�u�_��
�h�[�e�Z�k�l�b���b�o���i�j�b�f�_�g�_�g�b�y���� �K�\�h�c�k�l�\�Z���f�_�l�Z�e�e�b�a�b�j�h�\�Z�g�g�u�o�� �m�]��
�e�_�j�h�^�g�u�o�� �l�d�Z�g�_�c�� �b�� �m�]�e�_�i�e�Z�k�l�b�d�h�\�� �g�Z�� �b�o�� �h�k�g�h�\�_�� �b�k�k�e�_�^�m��
�x�l�k�y�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f�b�� �f�_�l�h�^�Z�f�b���� �d�h�l�h�j�u�_�� �y�\�e�y�x�l�k�y��
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�l�j�m�^�h�_�f�d�b�f�b���b���^�h�j�h�]�h�k�l�h�y�s�b�f�b�����K�h�a�^�Z�g�b�_���Z�^�_�d�\�Z�l�g�u�o���f�Z��
�l�_�f�Z�l�b�q�_�k�d�b�o�� �f�h�^�_�e�_�c�� �i�h�a�\�h�e�b�l�� �k�m�s�_�k�l�\�_�g�g�h�� �k�h�d�j�Z�l�b�l�v��
�i�m�l�v���h�l���b�^�_�b���^�h���h�i�u�l�g�h-�d�h�g�k�l�j�m�d�l�h�j�k�d�h�]�h���h�[�j�Z�a�p�Z�� 

�P�_�e�v�x�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y�� �j�Z�a�j�Z�[�h�l�d�Z���f�_�l�h��
�^�b�d�b�� �h�i�l�b�f�b�a�Z�p�b�b�� �� �l�h�e�s�b�g�u�� �b�� �l�b�i�Z�� �f�_�l�Z�e�e�b�q�_�k�d�h�]�h�� �i�h��
�d�j�u�l�b�y���g�Z���m�]�e�_�j�h�^�g�h�c���e�_�g�l�_���k���p�_�e�v�x���k�h�a�^�Z�g�b�y���m�]�e�_�i�e�Z�k�l�b��
�d�h�\���k���n�m�g�d�p�b�h�g�Z�e�v�g�u�f�b���k�\�h�c�k�l�\�Z�f�b�� 

�F�?�L�H�>�B�D�B���B�K�K�E�?�>�H�<�:�G�B�Y 

�<���d�Z�q�_�k�l�\�_���h�[�t�_�d�l�Z���b�k�k�e�_�^�h�\�Z�g�b�c���b�k�i�h�e�v�a�h�\�Z�e�Z�k�v���h�l�_�q�_��
�k�l�\�_�g�g�Z�y���h�^�g�h�g�Z�i�j�Z�\�e�_�g�g�Z�y���m�]�e�_�j�h�^�g�Z�y���e�_�g�l�Z���E�M�I�����g�Z���d�h��
�l�h�j�m�x�� �f�_�l�h�^�h�f�� �f�Z�]�g�_�l�j�h�g�g�h�]�h�� �j�Z�k�i�u�e�_�g�b�y�� �g�Z�g�h�k�b�e�b�� �f�_��
�l�Z�e�e�b�q�_�k�d�h�_ �i�h�d�j�u�l�b�_�� �b�a�� �g�_�j�`�Z�\�_�x�s�_�c�� �k�l�Z�e�b �f�Z�j�d�b��
�����O�����G�����L�����I�_�j�_�^�� �g�Z�g�_�k�_�g�b�_�f�� �f�_�l�Z�e�e�b�q�_�k�d�h�]�h�� �i�h�d�j�u�l�b�y��
�i�j�h�\�h�^�b�e�b�� �i�e�Z�a�f�h�o�b�f�b�q�_�k�d�m�x�� �h�[�j�Z�[�h�l�d�m�� �m�]�e�_�j�h�^�g�h�c��
�e�_�g�l�u���� �q�l�h�� �i�h�a�\�h�e�y�e�h�� �i�h�\�u�k�b�l�v�� �i�j�h�q�g�h�k�l�v�� �k�p�_�i�e�_�g�b�y�� �f�_��
�l�Z�e�e�Z���k���m�]�e�_�j�h�^�g�h�c���e�_�g�l�h�c��[20].  

�>�e�y���h�p�_�g�d�b���l�h�e�s�b�g�u���g�Z�i�u�e�y�_�f�h�]�h���i�h�d�j�u�l�b�y, �h�^�g�h�\�j�_��
�f�_�g�g�h�� �k�� �m�]�e�_�j�h�^�g�h�c�� �e�_�g�l�h�c���� �\�� �m�k�l�Z�g�h�\�d�_���f�Z�]�g�_�l�j�h�g�g�h�]�h��
�j�Z�k�i�u�e�_�g�b�y���h�[�j�Z�[�Z�l�u�\�Z�e�b �i�h�^�e�h�`�d�b�� �b�a�� �i�h�e�b�j�h�\�Z�g�g�h�]�h��
�d�j�_�f�g�b�y�����j�Z�a�f�_�j�h�f�������o�������f�f�����L�h�e�s�b�g�m���k�e�h�y���f�_�l�Z�e�e�Z���h�p�_��
�g�b�\�Z�e�b�� �� �g�Z�� �Z�l�h�f�g�h-�k�b�e�h�\�h�f�� �f�b�d�j�h�k�d�h�i�_�� �f�Z�j�d�b�� �6�2�/�9�(�5��
�����3�5�2�����G�Z���d�j�_�f�g�b�_�\�m�x���i�e�Z�k�l�b�g�d�m���g�Z�g�h�k�b�e�b���i�h�e�h�k�d�m���n�h�l�h��
�j�_�a�b�k�l�h�j�Z �r�b�j�b�g�h�c�������f�f�����I�h�k�e�_���g�Z�g�_�k�_�g�b�y���f�_�l�Z�e�e�b�q�_�k�d�h�]�h��
�i�h�d�j�u�l�b�y�� �n�h�l�h�j�_�a�b�k�l�h�j �m�^�Z�e�y�e�b���i�m�l�_�f�� �j�Z�k�l�\�h�j�_�g�b�y�� �b�� �i�h��
�h�[�j�Z�a�h�\�Z�\�r�_�c�k�y���k�l�m�i�_�g�v�d�b �g�Z�� �]�j�Z�g�b�p�_�� �f�_�l�Z�e�e-�d�j�_�f�g�b�c�� �k��
�o�h�j�h�r�_�c�� �l�h�q�g�h�k�l�v�x�� ���g�_�k�d�h�e�v�d�h�� �g�f���� �h�p�_�g�b�\�Z�e�b �l�h�e�s�b�g�m��
�f�_�l�Z�e�e�b�q�_�k�d�h�]�h���k�e�h�y. 

�>�e�y�� �i�j�h�\�_�^�_�g�b�y�� �f�_�o�Z�g�b�q�_�k�d�b�o�� �b�k�i�u�l�Z�g�b�c�� �m�]�e�_�j�h�^�g�m�x��
�e�_�g�l�m�� �j�Z�a�^�_�e�y�e�b�� �g�Z�� �w�e�_�f�_�g�l�Z�j�g�u�_�� �g�b�l�b���� �b�k�i�u�l�Z�g�b�y�� �d�h�l�h��
�j�u�o�� �i�j�h�\�h�^�b�e�b�� �g�Z�� �j�Z�a�j�u�\�g�h�c�� �f�Z�r�b�g�_�� �n�b�j�f�u��Textechno 
�f�Z�j�d�b��Favimat�������H�k�h�[�_�g�g�h�k�l�v�x���^�Z�g�g�h�]�h���h�[�h�j�m�^�h�\�Z�g�b�y���y�\��
�e�y�e�Z�k�v���_�]�h���\�u�k�h�d�Z�y���l�h�q�g�h�k�l�v���b���\�h�a�f�h�`�g�h�k�l�v�����g�Z�j�y�^�m���k���\�_�e�b��
�q�b�g�h�c�� �j�Z�a�j�m�r�Z�x�s�_�]�h�� �g�Z�i�j�y�`�_�g�b�y�� �i�j�b�� �j�Z�k�l�y�`�_�g�b�b�� �b�� �^�_��
�n�h�j�f�Z�p�b�b�����h�i�j�_�^�_�e�y�l�v���\�_�e�b�q�b�g�m���e�b�g�_�c�g�h�c���i�e�h�l�g�h�k�l�b. 

�<�_�e�b�q�b�g�m���Z�^�]�_�a�b�h�g�g�h�c�� �i�j�h�q�g�h�k�l�b�� �h�p�_�g�b�\�Z�e�b �f�_�l�h�^�h�f��
pull-�R�X�W�����B�a�]�h�l�h�\�e�_�g�b�_���h�[�j�Z�a�p�h�\���i�j�h�\�h�^�b�e�h�k�v���g�Z���m�k�l�Z�g�h�\�d�_��
�)�L�P�D�E�R�Q�G���� �i�j�h�b�a�\�h�^�k�l�\�Z�� �n�b�j�f�u�� �7�H�[�W�H�F�K�Q�R�� �k�� �b�k�i�h�e�v�a�h�\�Z��
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�]�e�Z�\�g�h�f�m�� �d�j�b�l�_�j�b�x���� �q�l�h�� �^�h�d�Z�a�u�\�Z�_�l�� �i�j�Z�\�h�f�h�q�g�h�k�l�v�� �\�u��
�[�j�Z�g�g�h�c�� �m�k�l�m�i�d�b���� �<�u�b�]�j�u�r�� �i�h�� �k�_�[�_�k�l�h�b�f�h�k�l�b�� �l�Z�d�`�_�� �i�j�_��
�\�h�k�o�h�^�b�l�� �i�j�h�b�]�j�u�r�� �i�h�� �i�_�j�_�f�_�s�_�g�b�x�� �\�h�� �f�g�h�]�h�� �j�Z�a���� �I�h��
�k�d�h�e�v�d�m���g�Z�i�j�Z�\�e�_�g�g�h�k�l�v���d�j�b�l�_�j�b�_�\���k�_�[�_�k�l�h�b�f�h�k�l�b���b���e�b�g�_�c��
�g�h�c�� �i�e�h�l�g�h�k�l�b�� �h�^�b�g�Z�d�h�\�u�_���� �l�h�� �g�_�l�� �g�_�h�[�o�h�^�b�f�h�k�l�b�� �\�u�[�b��
�j�Z�l�v�� �m�k�l�m�i�d�m���i�h�� �d�j�b�l�_�j�b�x���k�_�[�_�k�l�h�b�f�h�k�l�b. �K�� �m�q�_�l�h�f��
�m�k�l�m�i�d�b�����\�_�e�b�q�b�g�Z �Z�^�]�_�a�b�h�g�g�h�c���i�j�h�q�g�h�k�l�b���[�m�^�_�l���j�Z�\�g�Z 100 
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�g�h�]�h�� �_�]�h�� �a�g�Z�q�_�g�b�y�� �������� �F�I�Z�� �i�j�b�� �l�h�e�s�b�g�_�� �������� �g�f���� �H�^�g�Z�d�h��
�_�k�e�b�� �j�Z�k�k�f�Z�l�j�b�\�Z�l�v�� �Z�^�]�_�a�b�h�g�g�m�x�� �i�j�h�q�g�h�k�l�v�� �\�� �d�Z�q�_�k�l�\�_��
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[21, 22�@���� �H�l�e�b�q�b�l�_�e�v�g�h�c�� �h�k�h�[�_�g�g�h�k�l�v�x�� �b�k�i�h�e�v�a�m�_�f�h�c�� �l�_�o��
�g�h�e�h�]�b�b�� �y�\�e�y�e�h�k�v�� �\�u�i�h�e�g�_�g�b�_�� �\�k�_�o�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �h�i�_��
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�l�m�j�_�����\���l�h�f���q�b�k�e�_���b �i�j�h�\�_�^�_�g�b�_���i�j�h�p�_�k�k�Z �h�l�\�_�j�`�^�_�g�b�y�����>�e�y��
�d�Z�`�^�h�c���l�j�m�[�u���b�a�]�h�l�Z�\�e�b�\�Z�e�b���^�\�Z���[�Z�g�^�Z�`�Z�����b�a���h�[�u�q�g�h�c���m�]��
�e�_�j�h�^�g�h�c�� �e�_�g�l�u���b���b�a���f�_�l�Z�e�e�b�a�b�j�h�\�Z�g�g�h�c�����<���d�Z�q�_�k�l�\�_���h�[�t��
�_�d�l�Z�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �b�k�i�h�e�v�a�h�\�Z�e�b�� �n�j�Z�]�f�_�g�l�u�� �l�j�m�[�u�� �b�a�� �g�_��
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�l�j�m�[�u���� �b�k�i�h�e�v�a�m�_�f�h�c�� �\�� �d�Z�q�_�k�l�\�_�� �h�[�j�Z�a�p�Z���� �k�h�k�l�Z�\�e�y�e�Z�� ��������
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Abstract. The results of theoretical and experimental studies of 
the deformation-strength characteristics of the filaments coated 
with a metal coating are given. The technique is shown and the 
results of optimization of the thickness and material of the metal 
coating on the carbon fiber tape LUP are given. Optimization was 
performed by the method of mutual concessions. The following in-
dicators were used as optimization criteria: cost, linear density, de-
formation, and adhesion strength in the system polymer matrix-
fil ament. It was found that with an increase in the thickness of the 
metallic coating from 50 to 200 nm, there is a linear in 

 

crease in all parameters except for adhesive strength, the magni-
tude of which has an extreme dependence. As a result of the opti-
mization performed, it was found that the best values for all The 
criteria will be obtained for a stainless steel coating at a thickness 
of 100 nm. 

Keywords: optimization, metallization, carbon tape, carbon fi-
ber. 
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�b�a�f�_�e�v�q�_�g�b�y�����l�_�f�i�_�j�Z�l�m�j�Z���h�[�`�b�]�Z���� 

�<�<�?�>�?�G�B�? 

�<�h�i�j�h�k�� �i�h�b�k�d�Z �d�Z�q�_�k�l�\�_�g�g�h�]�h�� �k�u�j�v�y�� �^�e�y�� �i�j�h�b�a�\�h�^�k�l�\�Z��
�l�_�o�� �b�e�b�� �b�g�u�o�� �\�b�^�h�\�� �k�l�j�h�b�l�_�e�v�g�h�c �d�_�j�Z�f�b�d�b�� �^�h�\�h�e�v�g�h��
�h�k�l�j�h�� �k�l�h�b�l�� �i�h�k�e�_�^�g�b�_�� �^�_�k�y�l�b�e�_�l�b�y. �H�k�g�h�\�g�h�_�� �d�_�j�Z�f�b�q�_��
�k�d�h�_�� �k�u�j�v�_���± �]�e�b�g�b�k�l�u�_�� �i�h�j�h�^�u, �h�l�e�b�q�Z�x�l�k�y �g�_�j�Z�\�g�h�f�_�j��
�g�h�k�l�v�x���k�h�k�l�Z�\�Z���b���f�Z�e�h�c���f�h�s�v�x���a�Z�e�_�]�Z�g�b�y�����q�l�h���i�j�b�\�h�^�b�l���d��
�i�h�k�l�h�y�g�g�u�f���d�h�j�j�_�d�l�b�j�h�\�d�Z�f���k�h�k�l�Z�\�Z���r�b�o�l�u�����g�_�h�[�o�h�^�b�f�h��
�k�l�b���\�\�h�^�Z���k�i�_�p�b�Z�e�v�g�u�o���^�h�[�Z�\�h�d���b�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �b�a�f�_�g�_��
�g�b�y�f���l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���i�Z�j�Z�f�_�l�j�h�\���i�j�h�b�a�\�h�^�k�l�\�Z [1]. �G�_�f�Z��
�e�h�\�Z�`�g�u�f�� �n�Z�d�l�h�j�h�f�� �y�\�e�y�_�l�k�y���p�\�_�l�� �e�b�p�_�\�u�o�� �b�a�^�_�e�b�c���� �K�h��
�\�j�_�f�_�g�g�u�_�� �l�_�g�^�_�g�p�b�b�� �^�b�d�l�m�x�l�� �f�h�^�m�� �g�Z�� �e�b�p�_�\�h�c�� �d�b�j�i�b�q��
�k�\�_�l�e�u�o���h�l�l�_�g�d�h�\�� �[�_�e�u�c�����`�_�e�l�u�c�����[�_�`�_�\�u�c�����d�j�_�f�h�\�u�c���b���b�o��
�h�l�l�_�g�d�b�����I�h�e�m�q�_�g�b�_���l�Z�d�b�o���p�\�_�l�h�\���\�h�a�f�h�`�g�h���l�h�e�v�d�h���b�a���k�\�_�l��
�e�h�`�]�m�s�b�o�k�y���i�h�j�h�^���� 

�: �D�L�M�:�E�V�G�H�K�L�V �<�H�I�J�H�K�: 

�F�_�k�l�h�j�h�`�^�_�g�b�y���k�m�]�e�b�g�d�h�\�����d�Z�d���i�j�Z�\�b�e�h�����a�Z�g�b�f�Z�x�l���i�e�h��
�s�Z�^�b �i�Z�o�h�l�g�u�o���a�_�f�_�e�v�����q�l�h���k�m�s�_�k�l�\�_�g�g�h���a�Z�l�j�m�^�g�y�_�l���i�_�j�_��
�\�h�^�� �w�l�b�o�� �a�_�f�_�e�v�� �b�a�� �k�_�e�v�k�d�h�o�h�a�y�c�k�l�\�_�g�g�h�]�h�� �\�� �i�j�h�f�u�r�e�_�g��
�g�h�_�� �i�h�e�v�a�h�\�Z�g�b�_ �b�� �\�� �^�h�e�]�h�k�j�h�q�g�h�_�� �i�_�j�k�i�_�d�l�b�\�_�� �g�_�� �j�Z�p�b�h��
�g�Z�e�v�g�h�����<���k�\�y�a�b���k���w�l�b�f�����j�Z�k�r�b�j�_�g�b�_���k�u�j�v�_�\�h�c���[�Z�a�u���d�_�j�Z�f�b��
�q�_�k�d�h�c�� �i�j�h�f�u�r�e�_�g�g�h�k�l�b�� �y�\�e�y�_�l�k�y�� �Z�d�l�m�Z�e�v�g�u�f�� �\�h�i�j�h�k�h�f��

�^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z���k�l�_�g�h�\�u�o���b�a�^�_�e�b�c�����<���d�Z�q�_�k�l�\�_���Z�e�v�l�_�j�g�Z��
�l�b�\�g�h�]�h���b�k�l�h�q�g�b�d�Z���k�u�j�v�y���g�Z�f�b���i�j�_�^�e�h�`�_�g�h���b�k�i�h�e�v�a�h�\�Z�g�b�_ 
�h�i�h�d�h�\�b�^�g�u�o �i�h�j�h�^���� �d�h�l�h�j�u�_�� �r�b�j�h�d�h�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�u�� �g�_��
�l�h�e�v�d�h�� �g�Z�� �x�]�_�� �J�h�k�k�b�b���� �g�h�� �b�� �\�� �I�h�\�h�e�`�v�_���� �g�Z�� �D�Z�\�d�Z�a�_���� �p�_�g��
�l�j�Z�e�v�g�h�c���q�Z�k�l�b �k�l�j�Z�g�u�����g�Z���M�j�Z�e�_�����\���E�_�g�b�g�]�j�Z�^�k�d�h�c���h�[�e�Z�k�l�b��
�b�� �f�g�h�]�b�o�� �^�j�m�]�b�o���j�_�]�b�h�g�Z�o. �H�g�b�� �g�_�� �b�k�i�h�e�v�a�h�\�Z�e�b�k�v�� �j�Z�g�_�_��
�i�j�b���i�j�h�b�a�\�h�^�k�l�\�_���k�l�_�g�h�\�h�c���d�_�j�Z�f�b�d�b���\���k�b�e�m���f�Z�e�h�c���b�a�m�q�_�g��
�g�h�k�l�b�� �k�\�h�b�o�� �k�\�h�c�k�l�\�����G�Z�� �k�_�]�h�^�g�y�r�g�b�c�� �^�_�g�v�� �j�Z�a�\�_�^�Z�g�u��
�d�j�m�i�g�u�_�� �f�_�k�l�h�j�h�`�^�_�g�b�y�� �h�i�h�d�� �b�� �h�i�h�d�h�\�b�^�g�u�o�� �i�h�j�h�^���� �k�h��
�k�l�Z�\�e�_�g�Z���d�Z�j�l�Z���b�o���a�Z�e�_�]�Z�g�b�y�����h�i�j�_�^�_�e�_�g�u���b�o���h�k�g�h�\�g�u�_���e�b��
�l�h�e�h�]�b�q�_�k�d�b�_���j�Z�a�g�h�\�b�^�g�h�k�l�b�����i�j�_�^�e�h�`�_�g�Z���d�e�Z�k�k�b�n�b�d�Z�p�b�y���\��
�d�Z�q�_�k�l�\�_���k�u�j�v�y���^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z���d�_�j�Z�f�b�q�_�k�d�b�o���b�a�^�_�e�b�c [1-
3].  

�H�k�g�h�\�g�h�c�� �p�_�e�v�x�� �i�j�h�\�_�^�_�g�b�y�� �d�h�f�i�e�_�d�k�Z�� �b�k�k�e�_�^�h�\�Z�g�b�c��
�y�\�e�y�_�l�k�y�� �j�Z�a�j�Z�[�h�l�d�Z �g�Z�b�[�h�e�_�_�� �h�i�l�b�f�Z�e�v�g�h�c�� �l�_�o�g�h�e�h�]�b�b��
�i�j�h�b�a�\�h�^�k�l�\�Z �b�k�o�h�^�y�� �b�a���h�k�h�[�_�g�g�h�k�l�_�c���d�_�j�Z�f�b�q�_�k�d�b�o��
�k�\�h�c�k�l�\�� �h�i�h�d�h�\�b�^�g�h�]�h�� �k�u�j�v�y�����L�Z�d�`�_�� �g�_�h�[�o�h�^�b�f�h�� �h�i�j�_�^�_��
�e�b�l�v�� �d�j�b�l�_�j�b�b�� �h�p�_�g�d�b�� �b�� �f�_�l�h�^�b�d�b�� �b�k�i�u�l�Z�g�b�c�� �k�u�j�v�y���� �h�p�_��
�g�b�l�v���g�_�h�[�o�h�^�b�f�h�k�l�v���\�\�h�^�Z �d�h�j�j�_�d�l�b�j�m�x�s�b�o���^�h�[�Z�\�h�d���b���w�d�h��
�g�h�f�b�q�_�k�d�m�x�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �i�j�_�^�e�Z�]�Z�_�f�u�o�� �j�Z�a�j�Z�[�h�l�h�d�� �\��
�w�l�h�f���g�Z�i�j�Z�\�e�_�g�b�b [4].  

�F�?�L�H�>�U���I�J�H�<�?�>�?�G�B�Y �B�K�K�E�?�>�H�<�:�G�B�C 

�>�e�y�� �b�a�m�q�_�g�b�y�� �d�_�j�Z�f�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �h�i�h�d�h�\�b�^�g�u�o�� �i�h��
�j�h�^�� �[�u�e�� �i�j�h�\�_�^�_�g�� �d�h�f�i�e�_�d�k�� �r�b�j�h�d�h�f�Z�k�r�l�Z�[�g�u�o�� �e�Z�[�h�j�Z��
�l�h�j�g�h-�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���b�k�k�e�_�^�h�\�Z�g�b�c�����M�k�l�Z�g�h�\�e�_�g�h�����q�l�h���b�a��
�d�Z�`�^�h�c�� �h�l�^�_�e�v�g�h�c�� �e�b�l�h�e�h�]�b�q�_�k�d�h�c�� �j�Z�a�g�h�\�b�^�g�h�k�l�b�� �h�i�h�d�h��
�\�b�^�g�u�o���i�h�j�h�^���\�h�a�f�h�`�g�h���i�j�h�b�a�\�h�^�k�l�\�h���f�Z�l�_�j�b�Z�e�h�\���b���b�a�^�_��
�e�b�c���k���h�]�j�h�f�g�u�f���^�b�Z�i�Z�a�h�g�h�f���k�\�h�c�k�l�\���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���g�_��
�d�h�l�h�j�u�o���l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���Z�k�i�_�d�l�h�\���± �k�l�_�i�_�g�b���b�a�f�_�e�v�q�_�g�b�y��
�b�k�o�h�^�g�h�]�h�� �k�u�j�v�y���� �\�e�Z�`�g�h�k�l�b�� �d�_�j�Z�f�b�q�_�k�d�h�c�� �f�Z�k�k�u���� �l�_�f�i�_��
�j�Z�l�m�j�u�� �h�[�`�b�]�Z�� �b�� �\�j�_�f�_�g�b�� �\�u�^�_�j�`�d�b�� �i�j�b�� �f�Z�d�k�b�f�Z�e�v�g�h�c��
�l�_�f�i�_�j�Z�l�m�j�_�����<�� �g�_�d�h�l�h�j�h�c�� �k�l�_�i�_�g�b, �\�u�r�_�i�_�j�_�q�b�k�e�_�g�g�u�_��
�n�Z�d�l�h�j�u���y�\�e�y�x�l�k�y���\�a�Z�b�f�h�a�Z�\�b�k�b�f�u�f�b�����G�Z�i�j�b�f�_�j�����i�j�b���k�g�b��
�`�_�g�b�b���l�_�f�i�_�j�Z�l�m�j�u���h�[�`�b�]�Z���^�e�y���k�h�o�j�Z�g�_�g�b�y���i�j�h�q�g�h�k�l�b���b�a��
�^�_�e�b�c�� �^�h�k�l�Z�l�h�q�g�h�� �m�\�_�e�b�q�b�l�v�� �k�l�_�i�_�g�v�� �b�a�f�_�e�v�q�_�g�b�y�� �k�u�j�v�y������
�L�Z�d�`�_�� �i�j�b�� �m�\�_�e�b�q�_�g�b�b�� �k�l�_�i�_�g�b�� �m�i�e�h�l�g�_�g�b�y�� �k�u�j�p�Z�� �^�h�k�l�Z��
�l�h�q�g�h���k�g�b�a�b�l�v���l�_�f�i�_�j�Z�l�m�j�m���h�[�`�b�]�Z�����b���i�j�h�q�g�h�k�l�v���b�a�^�_�e�b�c���g�_��
�b�a�f�_�g�b�l�k�y�� �>�Z�g�g�u�_���h�k�h�[�_�g�g�h�k�l�b���h�i�h�d�h�\�b�^�g�u�o���i�h�j�h�^���y�\�e�y��
�x�l�k�y���a�g�Z�q�b�f�u�f�b���n�Z�d�l�h�j�Z�f�b���\���m�k�e�h�\�b�y�o���i�j�h�b�a�\�h�^�k�l�\�Z���r�b��
�j�h�d�h�c���g�h�f�_�g�d�e�Z�l�m�j�u���b�a�^�_�e�b�c [5].  

�>�e�y���i�j�h�\�_�^�_�g�b�y���e�Z�[�h�j�Z�l�h�j�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c���[�u�e�b���h�l�h��
�[�j�Z�g�u�� �i�j�h�[�u�� ������ �f�_�k�l�h�j�h�`�^�_�g�b�c�� �h�i�h�d�h�\�b�^�g�u�o�� �i�h�j�h�^�� �x�]�Z��
�J�h�k�k�b�b�����F�Z�k�k�Z���d�Z�`�^�h�c���i�j�h�[�u���k�h�k�l�Z�\�e�y�e�Z���[�h�e�_�_�����������d�]���b �g�_��
�b�f�_�e�Z���h�k�l�Z�l�d�h�\���j�Z�k�l�_�g�b�c���b���i�h�q�\�u�����I�j�h�[�u���h�i�h�d �\�u�k�m�r�b�\�Z�e�b��
�\�� �a�Z�d�j�u�l�h�f�� �i�h�f�_�s�_�g�b�b�� �^�h�� �\�h�a�^�m�r�g�h-�k�m�o�h�]�h�� �k�h�k�l�h�y�g�b�y���� �Z��
�a�Z�l�_�f���b�a�f�_�e�v�q�Z�e�b���g�Z���s�_�d�h�\�h�c���b���f�h�e�h�l�d�h�\�h�c �^�j�h�[�b�e�d�Z�o���^�h��
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�g�_�h�[�o�h�^�b�f�h�]�h���a�_�j�g�h�\�h�]�h���k�h�k�l�Z�\�Z. �H�l�h�[�j�Z�g�g�u�_���i�j�h�[�u���h�i�h��
�d�h�\�b�^�g�u�o���i�h�j�h�^���[�u�e�b���b�a�m�q�_�g�u���g�Z���i�j�_�^�f�_�l���h�i�j�_�^�_�e�_�g�b�y���\�_��
�s�_�k�l�\�_�g�g�h�]�h���k�h�k�l�Z�\�Z�����b�a�m�q�_�g�b�y���^�h�h�[�`�b�]�h�\�u�o���b���h�[�`�b�]�h�\�u�o��
�k�\�h�c�k�l�\���� �Z�� �l�Z�d�`�_�� �i�j�h�\�h�^�b�e�b�k�v�� �g�Z�[�e�x�^�_�g�b�y�� �a�Z�� �k�l�j�m�d�l�m�j��
�g�u�f�b���b���n�Z�a�h�\�u�f�b�� �i�j�_�\�j�Z�s�_�g�b�y�f�b���i�j�b���\�h�a�^�_�c�k�l�\�b�b���\�u�k�h��
�d�b�o���l�_�f�i�_�j�Z�l�m�j [6-7].  

�>�e�y���i�h�e�g�h�c���j�_�a�m�e�v�l�Z�l�b�\�g�h�k�l�b���i�j�h�\�_�^�_�g�g�u�o���e�Z�[�h�j�Z�l�h�j��
�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c���� �g�_�h�[�o�h�^�b�f�h�� �[�u�e�h�� �i�j�h�\�_�k�l�b�� �h�i�u�l�g�h-
�i�j�h�f�u�r�e�_�g�g�u�_�� �b�k�i�u�l�Z�g�b�y���� �I�h�e�m�q�_�g�g�u�_�� �b�a�^�_�e�b�y�� �i�h�a�\�h��
�e�b�e�b���h�p�_�g�b�l�v���l�Z�d�b�_���\�Z�`�g�u�_���l�_�o�g�b�d�h-�w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�_���o�Z��
�j�Z�d�l�_�j�b�k�l�b�d�b���� �d�Z�d�� �i�j�h�q�g�h�k�l�v�� �g�Z�� �k�`�Z�l�b�_�� �b�� �b�a�]�b�[���� �f�h�j�h�a�h��
�k�l�h�c�d�h�k�l�v�����\�h�^�h�i�h�]�e�h�s�_�g�b�_���b���g�_�d�h�l�h�j�u�_���^�j�m�]�b�_���� 

�J�?�A�M�E�V�L�:�L�U 

�B�a�m�q�b�\���b�f�_�x�s�b�_�k�y���g�h�j�f�Z�l�b�\�g�u�_���^�h�d�m�f�_�g�l�u�����d�Z�k�Z�x�s�b��
�_�k�y�� �l�j�_�[�h�\�Z�g�b�c�� �d�� �k�u�j�v�x�� �^�e�y�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �d�_�j�Z�f�b�q�_�k�d�b�o��
�b�a�^�_�e�b�c�����f�u���\�u�y�k�g�b�e�b�����q�l�h���d���h�i�h�d�h�\�b�^�g�u�f���i�h�j�h�^�Z�f���h�i�j�_��
�^�_�e�_�g�g�u�o���l�j�_�[�h�\�Z�g�b�c���g�_���i�j�_�^�t�y�\�e�y�_�l�k�y�����<���j�_�d�h�f�_�g�^�Z�p�b�y�o��
�i�h���i�j�b�f�_�g�_�g�b�x���a�Z�i�Z�k�h�\���f�_�k�l�h�j�h�`�^�_�g�b�c���b���i�j�h�]�g�h�a�g�u�o���j�_��
�k�m�j�k�h�\���d�j�_�f�g�b�_�\�u�o���i�h�j�h�^���]�h�\�h�j�b�l�k�y�����q�l�h���e�_�]�d�h�\�_�k�g�u�c���d�b�j��
�i�b�q�� �f�h�`�_�l�� �i�j�h�b�a�\�h�^�b�l�v�k�y�� �g�Z�� �h�k�g�h�\�_�� �h�i�h�d�� �b�� �h�i�h�d�h�\�b�^�g�u�o��
�i�h�j�h�^�����d�h�l�h�j�u�_���k�h�^�_�j�`�Z�l���[�h�e�_�_�����������h�i�Z�e�h�\�h�c���k�h�k�l�Z�\�e�y�x��
�s�_�c�����[�h�e�_�_�����������]�e�b�g�b�k�l�h�c���k�h�k�l�Z�\�e�y�x�s�_�c�����f�_�g�_�_�����������i�_�k��
�q�Z�g�u�o�� �d�h�f�i�h�g�_�g�l�h�\�� �b�� �g�_�� �f�_�g�_�_�� �������� �d�Z�j�[�h�g�Z�l�h�\���� �L�Z�d�`�_����
�k�m�f�f�Z�j�g�h�_�� �k�h�^�_�j�`�Z�g�b�_��SiO2 �^�h�e�`�g�h�� �[�u�l�v�� �g�_�� �[�h�e�_�_��85%, 
CaO �± �g�_���[�h�e�_�_�����������Z���k�h�^�_�j�`�Z�g�b�_���]�e�b�g�h�a�_�f�Z���\�Z�j�v�b�j�m�_�l�k�y���h�l��
���� �^�h�� ���������� �I�j�b�� �w�l�h�f�� �h�[�t�_�f�g�Z�y�� �f�Z�k�k�Z�� �^�h�e�`�g�Z�� �[�u�l�v�� ������-1,2 
�]���k�f3. �F�u���k�q�b�l�Z�_�f�����q�l�h���w�l�b���^�Z�g�g�u�_���g�_���\�i�h�e�g�_���d�h�j�j�_�d�l�g�u���b��
�g�_�� �h�l�\�_�q�Z�x�l�� �k�h�\�j�_�f�_�g�g�u�f�� �l�j�_�[�h�\�Z�g�b�y�f���� �<�Z�`�g�u�f�� �h�l�e�b�q�b��
�l�_�e�v�g�u�f���i�j�b�a�g�Z�d�h�f���h�i�h�d�h�\�b�^�g�u�o���i�h�j�h�^���h�l���l�j�_�i�_�e�h�\���y�\�e�y��
�_�l�k�y�� �b�o�� �h�[�t�_�f�g�Z�y�� �f�Z�k�k�Z���� �d�h�l�h�j�Z�y�� �k�h�k�l�Z�\�e�y�_�l�� ������-�������� �]���k�f3. 
�?�k�e�b�� �^�Z�`�_�� �m�q�b�l�u�\�Z�l�v�� �e�b�r�v�� �h�^�b�g�� �w�l�h�l�� �n�Z�d�l�h�j���� �l�h�� �f�h�`�g�h��
�k�^�_�e�Z�l�v���\�u�\�h�^�����q�l�h���h�i�h�d�b���b���h�i�h�d�h�\�b�^�g�u�_���i�h�j�h�^�u���g�_���h�l�\�_��
�q�Z�x�l�� �l�j�_�[�h�\�Z�g�b�y�f�� �g�h�j�f�Z�l�b�\�g�u�o�� �^�h�d�m�f�_�g�l�h�\�����H�^�g�Z�d�h����
�=�H�K�L��������-�������m�`�_���h�l�f�_�g�_�g���b���i�h�g�y�l�b�_���e�_�]�d�h�\�_�k�g�u�c���d�b�j�i�b�q��
�g�_���i�j�b�f�_�g�y�_�l�k�y [8].  

�I�j�h�\�_�^�_�g�g�u�_�� �j�Z�g�_�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�a�\�h�e�y�x�l�� �g�Z�f�� �k�^�_��
�e�Z�l�v���\�u�\�h�^���h���i�j�b�]�h�^�g�h�k�l�b���[�h�e�v�r�_�c���q�Z�k�l�b�� �e�b�l�h�e�h�]�b�q�_�k�d�b�o��
�j�Z�a�g�h�\�b�^�g�h�k�l�_�c���h�i�h�d���b���h�i�h�d�h�\�b�^�g�u�o���i�h�j�h�^���\���d�Z�q�_�k�l�\�_���k�u��
�j�v�y���^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z���k�l�_�g�h�\�u�o���d�_�j�Z�f�b�q�_�k�d�b�o���b�a�^�_�e�b�c [9]. 
�B�o���i�j�b�f�_�g�_�g�b�_���h�i�j�Z�\�^�Z�g�h���d�Z�d���\���q�b�k�l�h�f���\�b�^�_�����l�Z�d���b���\���d�h�f��
�i�e�_�d�k�_���k���d�h�j�j�_�d�l�b�j�m�x�s�b�f�b���^�h�[�Z�\�d�Z�f�b�����I�h���d�Z�q�_�k�l�\�m���i�h�e�m��
�q�_�g�g�u�o�� �b�a�^�_�e�b�c�� �f�h�`�g�h�� �h�i�j�_�^�_�e�b�l�v�� �i�j�b�]�h�^�g�h�k�l�v�� �k�u�j�v�y�� �b��
�\�h�a�f�h�`�g�h�k�l�v���i�h�e�m�q�_�g�b�y���k�l�_�g�h�\�u�o���f�Z�l�_�j�b�Z�e�h�\���k���a�Z�^�Z�g�g�u�f�b��
�l�_�o�g�b�q�_�k�d�b�f�b���b���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�f�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b���� 

�G�Z�f�b���j�Z�a�j�Z�[�h�l�Z�g�u���b���k�n�h�j�f�m�e�b�j�h�\�Z�g�u���]�e�Z�\�g�u�_���l�j�_�[�h�\�Z��
�g�b�y���� �d�h�l�h�j�u�_�� �j�_�d�h�f�_�g�^�m�_�l�k�y�� �\�u�i�h�e�g�y�l�v�� �i�j�b�� �h�p�_�g�d�_�� �d�Z�q�_��
�k�l�\�Z���h�i�h�d�h�\�b�^�g�u�o���i�h�j�h�^���\���d�Z�q�_�k�l�\�_���h�k�g�h�\�u���^�e�y���i�j�h�b�a�\�h�^��
�k�l�\�Z���d�_�j�Z�f�b�q�_�k�d�b�o���b�a�^�_�e�b�c�����H�g�b���i�j�b�\�_�^�_�g�u���g�b�`�_���� 

1. �O�b�f�b�q�_�k�d�b�c���k�h�k�l�Z�\���^�h�e�`�_�g���[�u�l�v���k�e�_�^�m�x�s�b�c:  
�± �d�h�e�b�q�_�k�l�\�h���^�b�h�d�k�b�^�Z���d�j�_�f�g�b�y��(SiO2) �^�h�e�`�g�h���[�u�l�v���g�_��

�[�h�e�_�_�������������Z���k�\�h�[�h�^�g�h�]�h���d�\�Z�j�p�Z���f�_�g�_�_���������� 
�± �k�m�f�f�Z�j�g�h�_�� �k�h�^�_�j�`�Z�g�b�_�� �h�d�k�b�^�h�\�� �Z�e�x�f�b�g�b�y�� �b�� �l�b�l�Z�g�Z��

(Al 2O3+TiO2) �± �g�_���f�_�g�_�_�������� 
�± �k�m�f�f�Z�j�g�h�_���k�h�^�_�j�`�Z�g�b�_���h�d�k�b�^�h�\���d�Z�e�v�p�b�y��(CaO) �b���f�Z�]��

�g�b�y��(MgO) �± �g�_���[�h�e�_�_������%; 
�± �k�m�f�f�Z���k�h�_�^�b�g�_�g�b�c���k�_�j�u���\���i�_�j�_�k�q�_�l�_���g�Z��SiO3 �g�_���[�h�e�_�_��

1�������\���l�h�f���q�b�k�e�_���k�m�e�v�n�b�^�g�h�c���k�_�j�u���g�_���[�h�e�_�_�������������� 
�± �k�m�f�f�Z���h�d�k�b�^�h�\���`�_�e�_�a�Z��(FeO+Fe2O3) �± �g�_���[�h�e�_�_���������� 
�± �k�m�f�f�Z���h�d�k�b�^�h�\���d�Z�e�b�y���b���g�Z�l�j�b�y����K2O+Na2O) �± �g�_����-6%.  

2. �<�Z�`�g�h�� �h�i�j�_�^�_�e�b�l�v�� �l�Z�d�b�_�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�_�� �k�\�h�c��
�k�l�\�Z���h�i�h�d�h�\�b�^�g�u�o���i�h�j�h�^���d�Z�d���i�e�h�l�g�h�k�l�v���\���d�m�k�d�_�� �_�k�l�_�k�l�\�_�g��
�g�Z�y�� �\�e�Z�`�g�h�k�l�v�����i�h�j�b�k�l�h�k�l�v���� �f�b�g�_�j�Z�e�v�g�u�c�� �k�h�k�l�Z�\���� �i�j�_�^�_�e��
�i�j�h�q�g�h�k�l�b�� �i�j�b�� �k�`�Z�l�b�b�� �h�[�j�Z�a�p�h�\���� �h�]�g�_�\�Z�y�� �m�k�Z�^�d�Z���� �\�h�^�h�i�h��
�]�e�h�s�_�g�b�_���� �i�e�h�l�g�h�k�l�v�� �b�� �i�j�h�q�g�h�k�l�v�� �h�[�h�`�`�_�g�g�u�o�� �h�[�j�Z�a�p�h�\����
�I�j�b�� �w�l�h�f���� �n�j�Z�d�p�b�h�g�g�u�c�� �k�h�k�l�Z�\�� �g�_�� �^�h�e�`�_�g�� �i�j�_�\�u�r�Z�l�v��
�g�Z�b�[�h�e�v�r�m�x�� �d�j�m�i�g�h�k�l�v�� �a�_�j�_�g���������� �f�f���� �Z�� �d�h�e�b�q�_�k�l�\�h�� �n�j�Z�d��
�p�b�b�������f�f���^�h�e�`�g�h���k�h�k�l�Z�\�e�y�l�v���g�_���f�_�g�_�_�������������I�j�b���w�l�h�f�� 

�± �_�k�l�_�k�l�\�_�g�g�Z�y���\�e�Z�`�g�h�k�l�v�����d�h�l�h�j�Z�y���h�i�j�_�^�_�e�y�_�l�k�y���i�h���j�_��
�a�m�e�v�l�Z�l�Z�f�� �b�k�i�u�l�Z�g�b�c�� �h�l�h�[�j�Z�g�g�u�o�� �i�j�h�[���� �g�_�� �j�_�]�e�Z�f�_�g�l�b�j�m��
�_�l�k�y�� 

�± �i�j�_�^�_�e���i�j�h�q�g�h�k�l�b���i�j�b���k�`�Z�l�b�b���h�[�j�Z�a�p�h�\�����h�l�n�h�j�f�h�\�Z�g��
�g�u�o �i�j�b���h�i�l�b�f�Z�e�v�g�u�o���i�Z�j�Z�f�_�l�j�Z�o�����^�h�e�`�_�g���^�h�k�l�b�]�Z�l�v���g�_���f�_��
�g�_�_���������F�I�Z���� 

�± �h�]�g�_�\�Z�y�� �m�k�Z�^�d�Z���� �d�h�l�h�j�m�x�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�� �m�f�_�g�v�r�_�g�b�_��
�e�b�g�_�c�g�u�o���j�Z�a�f�_�j�h�\���h�[�j�Z�a�p�h�\�����^�h�e�`�g�Z���[�u�l�v���g�_���[�h�e�_�_�������� 

�± �\�h�^�h�i�h�]�e�h�s�_�g�b�_���h�[�h�`�`�_�g�g�u�o���h�[�j�Z�a�p�h�\���^�h�e�`�g�h���[�u�l�v��
�\���i�j�_�^�_�e�Z�o���h�l�������^�h��28%; 

�± �k�j�_�^�g�x�x���i�e�h�l�g�h�k�l�v���g�_���j�_�]�e�Z�f�_�g�l�b�j�m�x�l�� 
�H�d�h�g�q�Z�l�_�e�v�g�m�x�� �h�p�_�g�d�m�� �\�k�_�f�� �\�b�^�Z�f�� �h�i�h�d�h�\�b�^�g�h�]�h�� �k�u��

�j�v�y�� �f�h�`�g�h�� �^�Z�l�v�� �e�b�r�v�� �i�j�b�� �i�j�h�\�_�^�_�g�b�b�� �a�Z�\�h�^�k�d�b�o�� �b�k�i�u�l�Z��
�g�b�c���� �D�j�h�f�_�� �l�h�]�h���� �g�_�h�[�o�h�^�b�f�h�� �h�j�b�_�g�l�b�j�h�\�Z�l�v�k�y�� �g�Z�� �d�b�j�i�b�q��
�k�h�� �k�d�\�h�a�g�u�f�b�� �i�m�k�l�h�l�Z�f�b���� �i�j�h�q�g�h�k�l�v�� �d�h�l�h�j�h�]�h�� �b�a�g�Z�q�Z�e�v�g�h��
�f�_�g�v�r�_�����F�Z�d�k�b�f�Z�e�v�g�Z�y���l�_�f�i�_�j�Z�l�m�j�Z���h�[�`�b�]�Z���h�i�h�d�h�\�b�^�g�h�]�h��
�k�u�j�v�y���f�h�`�_�l���^�h�o�h�^�b�l�v���^�h���������� �h�K�����\���a�Z�\�b�k�b�f�h�k�l�b���h�l���k�h�k�l�Z�\�Z��
�b�k�o�h�^�g�h�]�h���k�u�j�v�y [2-3, 10-11].  

�?�k�l�_�k�l�\�_�g�g�h�����^�Z�g�g�u�_���l�j�_�[�h�\�Z�g�b�y���g�h�k�y�l���j�_�d�h�f�_�g�^�Z�l�_�e�v��
�g�u�c�� �o�Z�j�Z�d�l�_�j�� �b�� �l�j�_�[�m�x�l�� �^�_�l�Z�e�v�g�h�]�h�� �h�[�k�m�`�^�_�g�b�y�� �m�a�d�b�f�b��
�k�i�_�p�b�Z�e�b�k�l�Z�f�b���d�_�j�Z�f�b�q�_�k�d�h�c���h�l�j�Z�k�e�b�����Z���l�Z�d�`�_���]�_�h�e�h�]�Z�f�b���� 

�L�Z�d���d�Z�d���h�i�h�d�h�\�b�^�g�u�_���i�h�j�h�^�u���b�f�_�x�l���h�l�l�_�g�d�b���h�l���k�_�j�h�]�h��
�^�h�� �`�_�e�l�h�]�h���� �l�h�� �e�b�p�_�\�h�c�� �d�b�j�i�b�q�� �g�Z�� �b�o�� �h�k�g�h�\�_�� �i�h�e�m�q�Z�_�l�k�y��
�l�Z�d�`�_�� �k�\�_�l�e�u�o�� �l�h�g�h�\���� �q�l�h�� �h�q�_�g�v�� �\�h�k�l�j�_�[�h�\�Z�g�h���g�Z�� �j�u�g�d�_������
�L�Z�d�`�_���j�Z�k�l�m�s�_�c���i�h�i�m�e�y�j�g�h�k�l�v�x���\���J�h�k�k�b�b���i�h�e�v�a�m�_�l�k�y���d�b�j��
�i�b�q�� �k�� �w�n�n�_�d�l�h�f�� �k�h�k�l�Z�j�_�g�g�h�k�l�b�� �\�j�_�f�_�g�_�f���� �I�h�� �k�m�l�b���� �_�]�h��
�\�g�_�r�g�b�c�� �\�b�^�� �g�Z�i�h�f�b�g�Z�_�l�� �k�l�Z�j�b�g�g�u�c�� �d�b�j�i�b�q���� �i�j�h�b�a�\�_�^�_�g��
�g�u�c�� �\�j�m�q�g�m�x���� �A�Z�� �j�m�[�_�`�h�f�� �l�Z�d�Z�y�� �l�_�o�g�h�e�h�]�b�y�� �g�Z�a�u�\�Z�_�l�k�y��
�©soft-mud�ª�����q�l�h���^�h�k�e�h�\�g�h���i�_�j�_�\�h�^�b�l�k�y���d�Z�d���`�b�^�d�Z�y���]�j�y�a�v�����M��
�g�Z�k���\���J�h�k�k�b�b���g�_�l���a�Z�d�j�_�i�e�_�g�g�h�c���l�_�j�f�b�g�h�e�h�]�b�b���^�e�y���^�Z�g�g�h�]�h��
�k�i�h�k�h�[�Z���i�j�h�b�a�\�h�^�k�l�\�Z�����i�h�w�l�h�f�m���b�k�i�h�e�v�a�m�x�l���l�_�j�f�b�g�u���©�j�m�q��
�g�h�_���n�h�j�f�h�\�Z�g�b�_�ª �b�e�b���©�f�y�]�d�h�_���n�h�j�f�h�\�Z�g�b�_�ª. �<���h�k�g�h�\�_���^�Z�g��
�g�h�]�h�� �f�_�l�h�^�Z�� �i�j�h�b�a�\�h�^�k�l�\�Z���e�_�`�b�l�� �j�Z�[�h�l�Z�� �k�� �i�e�Z�k�l�b�q�g�u�f�b��
�]�e�b�g�Z�f�b�����\�e�Z�`�g�h�k�l�v���d�h�l�h�j�u�o���d�h�e�_�[�e�_�l�k�y���h�l���������^�h�������������L�_�o��
�g�b�q�_�k�d�b�_�� �i�Z�j�Z�f�_�l�j�u���l�Z�d�b�o���d�b�j�i�b�q�_�c���h�l�e�b�q�Z�x�l�k�y�� �h�l�� �l�_�o����
�q�l�h�� �i�j�h�b�a�\�_�^�_�g�u�� �f�_�l�h�^�h�f�� �w�d�k�l�j�m�a�b�b���� �G�Z�i�j�b�f�_�j���� �f�h�j�h�a�h��
�k�l�h�c�d�h�k�l�v���]�h�j�Z�a�^�h���\�u�r�_�����q�l�h���i�h�a�\�h�e�y�_�l���b�f�� �e�m�q�r�_�� �i�_�j�_�g�h��
�k�b�l�v���k�m�j�h�\�u�c �j�h�k�k�b�c�k�d�b�c���d�e�b�f�Z�l�����<�g�_�r�g�b�c���\�b�^���d�b�j�i�b�q�_�c��
�f�y�]�d�h�c�� �n�h�j�f�h�\�d�b�� �h�l�e�b�q�Z�_�l�k�y���a�Z�d�j�m�]�e�z�g�g�h�k�l�v�x �m�]�e�h�\���� �h�l��
�k�m�l�k�l�\�b�_�f���j�h�\�g�u�o���]�j�Z�g�_�c���b�� �k�l�h�j�h�g�����L�Z�d�`�_�����a�Z���k�q�_�l���i�j�h�k�u��
�i�Z�g�b�y�� �n�h�j�f�� �i�_�k�d�h�f�� ���^�e�y�� �i�j�_�^�h�l�\�j�Z�s�_�g�b�y�� �i�j�b�e�b�i�Z�g�b�y�� �d��
�n�h�j�f�_������ �i�h�\�_�j�o�g�h�k�l�v�� �h�[�j�_�l�Z�_�l�� �[�Z�j�o�Z�l�b�k�l�h�k�l�v���� �k�d�e�Z�^�d�b�� �b��
�m�]�e�m�[�e�_�g�b�y���i�j�h�b�a�\�h�e�v�g�h�c���n�h�j�f�u [12].  

�N�e�Z�]�f�Z�g�Z�f�b���\���i�j�h�b�a�\�h�^�k�l�\�_���h�[�h�j�m�^�h�\�Z�g�b�y���^�e�y���l�_�o�g�h�e�h��
�]�b�q�_�k�d�b�o���e�b�g�b�c���f�y�]�d�h�]�h���n�h�j�f�h�\�Z�g�b�y���y�\�e�y�_�l�k�y���g�b�^�_�j�e�Z�g�^��
�k�d�Z�y���d�h�f�i�Z�g�b�y��De Boer�����H�g�b���i�j�h�b�a�\�h�^�y�l���i�h�e�g�u�c���p�b�d�e���h�[�h��
�j�m�^�h�\�Z�g�b�y���j�Z�a�e�b�q�g�u�o���f�h�s�g�h�k�l�_�c [13].  

�I�j�b�g�p�b�i���l�_�o�g�h�e�h�]�b�b���f�y�]�d�h�]�h���n�h�j�f�h�\�Z�g�b�y���a�Z�d�e�x�q�Z�_�l�k�y��
�\���g�Z�i�h�e�g�_�g�b�b �b�g�^�b�\�b�^�m�Z�e�v�g�u�o���n�h�j�f���d�_�j�Z�f�b�q�_�k�d�h�c �f�Z�k�k�h�c��
�k���h�i�j�_�^�_�e�_�g�g�h�c���i�e�Z�k�l�b�q�g�h�k�l�v�x. �G�m�`�g�Z�y �d�h�g�k�b�k�l�_�g�p�b�y �^�h��
�k�l�b�]�Z�_�l�k�y�� �a�Z�� �k�q�_�l�� �i�j�b�f�_�g�_�g�b�y���j�Z�a�e�b�q�g�u�o�� �\�b�^�h�\�� �^�j�h�[�b�e�h�d����
�f�_�e�v�g�b�p, �l�_�j�d�b�� �]�e�b�g�u�� �b�� �g�_�k�d�h�e�v�d�b�o���k�f�_�k�b�l�_�e�_�c���� �d�h�l�h�j�u�_��
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�i�j�_�^�k�l�Z�\�e�y�x�l�� �k�h�[�h�c���[�h�e�v�r�b�_�� �q�Z�g�u�� �k�� �f�_�^�e�_�g�g�h�� �\�j�Z�s�Z�x��
�s�_�c�k�y���]�h�j�b�a�h�g�l�Z�e�v�g�h�c���h�k�v�x�����G�Z���g�_�c���g�Z�o�h�^�b�l�k�y���\�u�^�Z�\�e�b�\�Z��
�l�_�e�v�� �b�� �l�Z�d�� �g�Z�a�u�\�Z�_�f�u�_�� �]�j�Z�[�e�b���� �d�h�l�h�j�u�_���k�j�_�a�Z�x�l�� �]�e�b�g�m�� �b��
�i�j�h�o�h�^�y�l �q�_�j�_�a�� �\�h�^�y�g�m�x�� �f�Z�k�k�m���� �<�u�^�Z�\�e�b�\�Z�l�_�e�v�� �^�Z�\�b�l�� �g�Z��
�d�h�g�p�_���k�f�_�k�b�l�_�e�y���f�y�]�d�m�x���f�Z�k�k�m���]�e�b�g�u���q�_�j�_�a���Z�\�l�h�f�Z�l�b�q�_�k�d�b��
�a�Z�d�j�u�\�Z�_�f�h�_ �h�l�\�_�j�k�l�b�_�� �\�� �[�h�d�h�\�h�c�� �k�l�h�j�h�g�_�� �k�f�_�k�b�l�_�e�y���� �I�h��
�l�j�Z�g�k�i�h�j�l�b�j�m�x�s�_�c�� �e�_�g�l�_�� �d�_�j�Z�f�b�q�_�k�d�Z�y�� �f�Z�k�k�Z�� �i�h�k�l�Z�\�e�y��
�_�l�k�y���g�Z���m�k�l�Z�g�h�\�d�m���n�h�j�f�h�\�d�b�����A�Z�l�_�f���\���i�j�_�k�k-�d�h�l�e�_���i�j�h�b�k�o�h��
�^�b�l���i�h�k�e�_�^�g�y�y���]�h�f�h�]�_�g�b�a�Z�p�b�y�����i�h�k�e�_���d�h�l�h�j�h�c���i�j�b���^�Z�\�e�_�g�b�b��
1-�������� �[�Z�j�Z�� �i�j�_�k�k�m�x�l�k�y�� �n�h�j�f�h�\�h�q�g�u�_�� �d�b�j�i�b�q�b�����G�_�[�h�e�v�r�h�_ 
�d�h�e�b�q�_�k�l�\�h�� �i�_�k�d�Z�� �g�_�h�[�o�h�^�b�f�h�� �^�e�y�� �h�[�k�u�i�Z�g�b�y�� �i�j�_�k�k-�n�h�j�f��
�l�h�g�d�b�f���k�e�h�_�f�����I�j�b���w�l�h�f���i�_�k�h�d���f�h�`�_�l���[�u�l�v���j�Z�a�g�u�f���i�h���p�\�_�l�m��
�b���j�Z�a�f�_�j�m���q�Z�k�l�b�p�����q�l�h���\�h���f�g�h�]�h�f���h�i�j�_�^�_�e�y�_�l���w�k�l�_�l�b�q�_�k�d�b�_��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���� �I�_�k�h�d�� �^�e�y�� �h�[�k�u�i�Z�g�b�y�� �f�h�`�_�l�� �o�j�Z�g�b�l�v�k�y��
�d�Z�d���\���i�h�f�_�s�_�g�b�b�����l�Z�d���b���g�Z���m�e�b�p�_���i�h�^���g�Z�\�_�k�h�f�����\���a�Z�\�b�k�b�f�h��
�k�l�b�� �h�l�� �d�e�b�f�Z�l�b�q�_�k�d�b�o�� �m�k�e�h�\�b�c�����K�d�e�Z�^�� �k�u�j�v�y�� �^�h�e�`�_�g�� �o�h��
�j�h�r�h�� �i�j�h�\�_�l�j�b�\�Z�l�v�k�y���� �q�l�h�[�u�� �h�i�h�d�h�\�b�^�g�u�_�� �i�h�j�h�^�u�� �^�h�k�l�Z��
�l�h�q�g�h���[�u�k�l�j�h���i�h�^�k�m�r�b�\�Z�e�b�k�v�����G�_�h�[�o�h�^�b�f�h���i�j�_�^�m�k�f�h�l�j�_�l�v��
�i�_�j�_�\�Z�e�d�m���k�u�j�v�y�����<���e�_�l�g�_�_���\�j�_�f�y���a�Z�i�Z�k�u���k�u�j�v�y���g�_���^�h�e�`�_�g��
�[�u�l�v�� �f�_�g�v�r�_���� �q�_�f�� �g�Z�� ������ �^�g�_�c�� �j�Z�[�h�l�u�� �a�Z�\�h�^�Z���� �Z�� �\�� �a�b�f�g�_�_��
�\�j�_�f�y���± �^�h �����f�_�k�y�p�_�\ [14].  

�N�h�j�f�h�\�h�q�g�u�_�� �e�_�g�l�h�q�g�u�_�� �i�j�_�k�k�u���� �i�j�h�b�a�\�_�^�_�g�g�u�_�� �d�h�f��
�i�Z�g�b�_�c��De Boer�����f�h�]�m�l���d�h�f�[�b�g�b�j�h�\�Z�l�v�k�y���k���j�Z�a�e�b�q�g�u�f�b���w�e�_��
�f�_�g�l�Z�f�b���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���i�j�h�b�a�\�h�^�b�f�h�c���i�j�h�^�m�d�p�b�b�� 
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3. �>�e�y���i�h�e�m�q�_�g�b�y���e�b�p�_�\�h�]�h���d�b�j�i�b�q�Z���k���w�n�n�_�d�l�h�f���\�h�^��
�g�u�o�� �d�Z�i�_�e�v��(Waterstruck���� �i�h�^�d�e�x�q�Z�_�l�k�y�� �k�i�_�p�b�Z�e�v�g�h�_��
�m�k�l�j�h�c�k�l�\�h���g�Z���m�`�_���b�f�_�x�s�m�x�k�y���m�k�l�Z�g�h�\�d�m�����K���_�]�h���i�h�f�h�s�v�x��
�f�h�`�g�h���i�h�e�m�q�Z�l�v���n�Z�d�l�m�j�g�u�_���e�b�p�_�\�u�_���d�b�j�i�b�q�b���[�_�a���h�[�k�u�i�Z��
�g�b�y�� �i�_�k�d�h�f���� �H�l�e�b�q�Z�_�l�k�y�� �\�u�k�h�d�h�c�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v�x��
���j�b�k�� 3).  
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Waterstruck 

4. �>�e�y�� �f�Z�d�k�b�f�Z�e�v�g�h�c�� �b�f�b�l�Z�p�b�b�� �k�h�k�l�Z�j�_�g�g�h�k�l�b�� �d�b�j��
�i�b�q�Z�� �i�j�b�f�_�g�y�x�l�k�y�� �m�k�l�j�h�c�k�l�\�Z��Hubert���� �d�h�l�h�j�u�_�� �[�j�h�k�Z�x�l��
�r�Z�j���]�e�b�g�u���\���n�h�j�f�m�����j�b�k�� ���������L�Z�d�`�_���\���d�_�j�Z�f�b�q�_�k�d�m�x���f�Z�k�k�m 
�f�h�`�g�h���^�h�[�Z�\�e�y�l�v���j�Z�a�e�b�q�g�u�_���\�b�^�u �i�_�k�d�Z �i�h���a�_�j�g�h�\�h�f�m���k�h��
�k�l�Z�\�m�� �b�� �p�\�_�l�m�����D�h�e�b�q�_�k�l�\�h�� �b�� �j�Z�a�f�_�j�u�� �\�u�i�m�k�d�Z�_�f�h�]�h�� �d�b�j��
�i�b�q�Z���e�_�]�d�h���d�h�j�j�_�d�l�b�j�m�x�l�k�y [13].  
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�r�b�l�v�k�y�� �g�Z�� �e�h�l�d�Z�o���� �>�e�y�� �w�l�h�]�h�� �g�_�h�[�o�h�^�b�f�h�� �b�k�i�h�e�v�a�h�\�Z�l�v��
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�b�a�]�h�l�h�\�e�_�g�u���b�a���g�_�j�`�Z�\�_�x�s�_�c���k�l�Z�e�b���b���p�\�_�l�g�u�o���f�_�l�Z�e�e�h�\�����<��
�a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �k�m�r�b�e�v�g�h�c�� �d�Z�f�_�j�u���� �i�j�h�p�_�k�k�� �f�h�`�_�l�� �a�Z�g�b��
�f�Z�l�v���h�l���������^�h���������q�Z�k�h�\ [14-16].  
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�a�b�d�h-�o�b�f�b�q�_�k�d�b�o���i�j�_�h�[�j�Z�a�h�\�Z�g�b�c���� �\�� �l�h�f�� �q�b�k�e�_ �i�_�j�_�o�h�^��
�h�i�Z�e�Z���\���d�j�b�k�l�h�[�Z�e�b�l�����>�e�y���h�[�`�b�]�Z���i�j�b�f�_�g�y�x�l�����d�Z�d���i�j�Z�\�b�e�h����
�l�m�g�g�_�e�v�g�u�_���b�e�b���d�h�e�v�p�_�\�u�_�� �i�_�q�b�����L�m�g�g�_�e�v�g�u�_�� �b�f�_�x�l���i�j�y��
�f�h�c���i�h�e�m�p�b�j�d�m�e�v�g�u�c���d�Z�g�Z�e�����i�h���d�h�l�h�j�h�f�m���b�a�^�_�e�b�y���g�Z���\�Z�]�h��
�g�_�l�d�Z�o�� �^�\�b�`�m�l�k�y�� �g�Z�\�k�l�j�_�q�m�� �l�_�i�e�h�g�h�k�b�l�_�e�x���� �i�j�_�h�^�h�e�_�\�Z�y��
�k�l�Z�p�b�h�g�Z�j�g�u�_���a�h�g�u���h�[�`�b�]�Z�����I�_�q�v���m�k�e�h�\�g�h���i�h�^�_�e�_�g�Z���g�Z���g�_��
�k�d�h�e�v�d�h���a�h�g�����a�h�g�Z���i�h�^�h�]�j�_�\�Z���k���l�_�f�i�_�j�Z�l�m�j�h�c������-800 �h�K�����a�h�g�Z��
�h�[�`�b�]�Z��������-1050 �h�K���b���a�h�g�Z���h�o�e�Z�`�^�_�g�b�y���^�h���l�_�f�i�_�j�Z�l�m�j�u��������
�h�K���� �J�Z�a�]�j�m�a�d�Z�� �]�h�l�h�\�u�o�� �b�a�^�_�e�b�c�� �i�j�h�b�k�o�h�^�b�l�� �m�`�_�� �a�Z�� �i�j�_�^�_��
�e�Z�f�b���d�Z�g�Z�e�Z���i�_�q�b���� 

�G�Z�� �w�l�Z�i�_�� �h�[�`�b�]�Z�� �g�_�h�[�o�h�^�b�f�h�� �q�_�l�d�h�_�� �b�k�i�h�e�g�_�g�b�_�� �\�u��
�[�j�Z�g�g�h�]�h���j�_�`�b�f�Z���l�_�i�e�h�\�h�c���h�[�j�Z�[�h�l�d�b�����k�h�k�l�h�y�s�_�]�h���b�a���k�e�_��
�^�m�x�s�b�o�� �w�l�Z�i�h�\���� �^�h�k�m�r�d�Z�� ���^�h�� ���������h�K������ �i�h�^�h�]�j�_�\�� ��������-800 
�h�K�������\�a�\�Z�j�����h�l�����������h�K���^�h���f�Z�d�k�b�f�Z�e�v�g�h�c���l�_�f�i�_�j�Z�l�m�j�u�����b���h�o�e�Z��
�`�^�_�g�b�_�����^�h���������h�K������ 

�D�Z�d�� �i�h�d�Z�a�Z�e�b�� �i�j�h�\�_�^�_�g�g�u�_�� �g�Z�f�b�� �b�k�i�u�l�Z�g�b�y�����g�Z�b�[�h�e�_�_��
�i�j�b�]�h�^�g�u�f�b�� �^�e�y�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �e�b�p�_�\�h�]�h�� �d�_�j�Z�f�b�q�_�k�d�h�]�h��
�d�b�j�i�b�q�Z�� �f�y�]�d�h�c�� �n�h�j�f�h�\�d�b�� �y�\�e�y�x�l�k�y�� �]�e�b�g�b�k�l�h-�d�Z�j�[�h�g�Z�l��
�g�u�_���h�i�h�d�b�����H�^�g�Z�d�h���i�j�b���d�h�j�j�_�d�l�b�j�h�\�d�_���k�h�k�l�Z�\�Z���b���\�\�h�^�_���^�h��
�[�Z�\�h�d�� �i�j�b�]�h�^�g�u�f�b�� �y�\�e�y�x�l�k�y�� �i�h�q�l�b �\�k�_�� �h�i�h�d�h�\�b�^�g�u�_�� �i�h��
�j�h�^�u���� 

�A�:�D�E�X�Q�?�G�B�? 

�I�j�h�\�_�^�_�g�g�u�_�� �g�Z�f�b�� �e�Z�[�h�j�Z�l�h�j�g�h-�l�_�o�g�h�e�h�]�b�q�_�k�d�b�_�� �b�k��
�k�e�_�^�h�\�Z�g�b�y �b�� �i�h�e�m�a�Z�\�h�^�k�d�b�_�� �b�k�i�u�l�Z�g�b�y���� �Z�� �l�Z�d�`�_�� �b�f�_�x��
�s�b�c�k�y�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�c�� �h�i�u�l�� �i�h�^�l�\�_�j�^�b�e�b���� �q�l�h�� �h�i�h�d�h��
�\�b�^�g�u�_���i�h�j�h�^�u���y�\�e�y�x�l�k�y���i�_�j�k�i�_�d�l�b�\�g�u�f���k�u�j�v�z�f���^�e�y���e�b�p�_��
�\�h�]�h�� �d�_�j�Z�f�b�q�_�k�d�h�]�h�� �d�b�j�i�b�q�Z�� �f�y�]�d�h�c�� �n�h�j�f�h�\�d�b���� �L�Z�d�`�_��
�m�k�l�Z�g�h�\�e�_�g�h�����q�l�h�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �d�Z�`�^�h�]�h�� �d�h�g�d�j�_�l�g�h�]�h��
�f�_�k�l�h�j�h�`�^�_�g�b�y���h�i�h�d�h�\�b�^�g�u�o���i�h�j�h�^���g�_�h�[�o�h�^�b�f�h���d�h�j�j�_�d�l�b��
�j�h�\�Z�l�v�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�_�� �i�Z�j�Z�f�_�l�j�u�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �^�e�y�� �\�u��
�i�m�k�d�Z�� �e�b�p�_�\�h�]�h�� �d�b�j�i�b�q�Z���� �I�j�Z�d�l�b�q�_�k�d�b�� �g�_�\�h�a�f�h�`�g�h�� �k�� �i�_�j��
�\�h�]�h�� �j�Z�a�Z�� �i�h�e�m�q�b�l�v�� �d�Z�q�_�k�l�\�_�g�g�u�_�� �h�i�u�l�g�u�_�� �h�[�j�Z�a�p�u�� �d�b�j��
�i�b�q�Z���� �g�_�h�[�o�h�^�b�f�h�� �i�j�h�\�_�^�_�g�b�_�� �l�j�_�o�� �w�l�Z�i�h�\�� �i�h�e�m�a�Z�\�h�^�k�d�b�o��
�b�k�i�u�l�Z�g�b�c�� �k�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�u�f�b�� �e�Z�[�h�j�Z�l�h�j�g�u�f�b�� �b�k�k�e�_�^�h��
�\�Z�g�b�y�f�b [3, 17-18].  

�M�k�l�Z�g�h�\�e�_�g�h�����q�l�h���d���h�k�g�h�\�g�u�f���i�Z�j�Z�f�_�l�j�Z�f���l�_�o�g�h�e�h�]�b�q�_��
�k�d�h�]�h�� �i�j�h�p�_�k�k�Z�� �h�l�g�h�k�y�l�� �\�e�Z�`�g�h�k�l�v�� �d�_�j�Z�f�b�q�_�k�d�h�c�� �f�Z�k�k�u����
�^�Z�\�e�_�g�b�_���n�h�j�f�h�\�Z�g�b�y�����k�l�_�i�_�g�v���b�a�f�_�e�v�q�_�g�b�y �k�u�j�v�y �b���\�j�_�f�y��
�\�u�^�_�j�`�d�b���i�j�b���f�Z�d�k�b�f�Z�e�v�g�h�c���l�_�f�i�_�j�Z�l�m�j�_���h�[�`�b�]�Z���� 

�>�Z�g�g�u�_���i�j�h�\�_�^�_�g�g�u�o �b�k�k�e�_�^�h�\�Z�g�b�c�� �b�f�_�x�l�� �i�j�Z�d�l�b�q�_��
�k�d�h�_���a�g�Z�q�_�g�b�_���^�e�y���h�l�j�Z�k�e�b �k�l�_�g�h�\�h�c���d�_�j�Z�f�b�d�b�����<���k�b�e�m���r�b��
�j�h�d�h�c���j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�h�k�l�b�� �h�i�h�d�h�\�b�^�g�u�o���i�h�j�h�^���\�h���f�g�h�]�b�o��

�j�_�]�b�h�g�Z�o�� �g�Z�r�_�c�� �k�l�j�Z�g�u���� �b�o�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �^�e�y�� �i�j�h�b�a�\�h�^��
�k�l�\�Z���d�_�j�Z�f�b�q�_�k�d�h�]�h���d�b�j�i�b�q�Z���k���i�j�b�f�_�g�_�g�b�_�f���j�_�k�m�j�k�h�k�[�_�j�_��
�]�Z�x�s�b�o���l�_�o�g�h�e�h�]�b�c���[�m�^�_�l���w�d�h�g�h�f�b�q�_�k�d�b���\�u�]�h�^�g�h���b���l�_�o�g�h��
�e�h�]�b�q�_�k�d�b���h�[�h�k�g�h�\�Z�g�h���d�Z�d���g�Z���g�h�\�u�o���a�Z�\�h�^�Z�o�����l�Z�d���b���g�Z���^�_�c��
�k�l�\�m�x�s�b�o [19-20]. 
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Abstract. This article reflects the results of a set of studies to 
obtain a facial ceramic bricks of soft molding with the search for 
raw materials and the development of optimal production technol-
ogy. Proposed and formulated the basic requirements for opoka-
like rocks for the production of various types of products ceramic 
wall. They include recommendations on chemical composition and 
such physical-mechanical and technological properties as the den-
sity in the piece, natural moisture content, porosity, mineral com-
position, the limit of compressive strength of annealed samples, fir-
ing shrinkage, water absorption, average density, etc. as the pro-
duction technologies we have proposed the so-called "soft-mud". 
It is based on the principle of filling individual forms of ceramic 

mass with a certain plasticity and binding capacity. The appear-
ance of this brick is characterized by the absence of smooth faces 
and sides and rounded corners. Used sand for spilling forms gives 
a special effect of velvety and aging brick. Based on the results of 
laboratory and technological research and production tests the 
conclusions about the great prospects of the use of opoka-like 
rocks as raw material for production of ceramic facing brick soft 
molding.  

Keywords: face brick, opoka-like rocks, soft molding, ceramic 
weight, humidity, degree of grinding, calcination temperature. 
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�g�u�o�� �k�l�_�g�h�\�u�o�� �i�Z�g�_�e�_�c���^�e�y�� �w�g�_�j�]�h�w�n�n�_�d�l�b�\�g�u�o�� �`�b�e�u�o�� �b��
�h�[�s�_�k�l�\�_�g�g�u�o���h�[�t�_�d�l�h�\���d�j�m�i�g�h�i�Z�g�_�e�v�g�h�]�h���b���d�Z�j�d�Z�k�g�h-�i�Z��
�g�_�e�v�g�h�]�h���^�h�f�h�k�l�j�h�_�g�b�y �y�\�e�y�_�l�k�y���q�j�_�a�\�u�q�Z�c�g�h���Z�d�l�m�Z�e�v�g�h�c����
�l���d�����i�h�a�\�h�e�b�l���j�_�r�b�l�v���k�i�_�d�l�j���i�j�h�[�e�_�f���\���h�[�e�Z�k�l�b���w�g�_�j�]�h�k�[�_��
�j�_�`�_�g�b�y���� �w�d�h�e�h�]�b�b�� �b�� �j�Z�p�b�h�g�Z�e�v�g�h�]�h�� �i�j�b�j�h�^�h�i�h�e�v�a�h�\�Z�g�b�y 
[1-17]. 

�H�K�G�H�<�G�:�Y���Q�:�K�L�V 

�<���l�j�_�o�k�e�h�c�g�u�o���k�l�_�g�h�\�u�o���i�Z�g�_�e�y�o���k���m�l�_�i�e�b�l�_�e�_�f�����=�H�K�L��
31310-�������������� �\�� �d�Z�q�_�k�l�\�_�� �k�j�_�^�g�_�]�h�� �l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�h�]�h�� �b�k��
�i�h�e�v�a�h�\�Z�g�u���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_���h�[�j�Z�a�p�u���l�_�i�e�h�b�a�h�e�y�p�b�h�g��
�g�u�o���i�e�b�l���b�a���y�q�_�b�k�l�h�]�h���k�l�_�d�e�Z���g�Z���h�k�g�h�\�_���r�e�Z�d�Z���G�h�\�h�q�_�j�d�Z�k��
�k�d�h�c���=�J�W�K�����Z���\���d�Z�q�_�k�l�\�_���\�g�m�l�j�_�g�g�_�]�h���b���g�Z�j�m�`�g�h�]�h���k�e�h�_�\���± 
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �h�[�j�Z�a�p�u�� �d�h�g�k�l�j�m�d�p�b�h�g�g�h-�l�_�i�e�h�b�a�h�e�y��
�p�b�h�g�g�h�]�h���e�_�]�d�h�]�h���[�_�l�h�g�Z���i�h���=�H�K�L������������-�����������k���i�h�j�b�k�l�u�f��
�a�Z�i�h�e�g�b�l�_�e�_�f�� �g�Z�� �h�k�g�h�\�_�� �r�e�Z�d�Z�� �G�h�\�h�q�_�j�d�Z�k�k�d�h�c�� �=�J�W�K����
�G�Z�j�m�`�g�u�c�� �k�e�h�c�� �i�j�h�^�m�d�l�Z�� �i�j�_�^�m�k�f�Z�l�j�b�\�Z�_�l�� �\�h�a�f�h�`�g�h�k�l�v��
�i�j�b�f�_�g�_�g�b�y�� �^�_�d�h�j�Z�l�b�\�g�h�]�h�� �i�h�d�j�u�l�b�y���� �I�h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �b�k��
�k�e�_�^�h�\�Z�g�b�c�� �b�� �i�h�^�[�h�j�Z�� �k�h�k�l�Z�\�h�\�� �b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �i�Z�j�Z��
�f�_�l�j�h�\���k�b�g�l�_�a�Z���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���h�[�j�Z�a�p�h�\���w�g�_�j�]�h�k�[�_�j�_��
�]�Z�x�s�b�o���l�j�_�o�k�e�h�c�g�u�o���i�Z�g�_�e�_�c���^�e�y���w�g�_�j�]�h�w�n�n�_�d�l�b�\�g�u�o���`�b��

�e�u�o�� �b�� �h�[�s�_�k�l�\�_�g�g�u�o�� �h�[�t�_�d�l�h�\�� �d�j�m�i�g�h�i�Z�g�_�e�v�g�h�]�h�� �b�� �d�Z�j��
�d�Z�k�g�h-�i�Z�g�_�e�v�g�h�]�h���^�h�f�h�k�l�j�h�_�g�b�y���\���e�Z�[�h�j�Z�l�h�j�g�u�o���m�k�e�h�\�b�y�o����
�m�k�l�Z�g�h�\�e�_�g�h�����q�l�h���h�i�l�b�f�Z�e�v�g�u�f�b���y�\�e�y�x�l�k�y���k�e�_�^�m�x�s�b�_�� 

�Z�����k�h�k�l�Z�\���r�b�o�l�u���^�e�y���k�b�g�l�_�a�Z���l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�u�o���i�e�b�l����
�r�e�Z�d�� �G�h�\�h�q�_�j�d�Z�k�k�d�h�c�� �=�J�W�K���± ������ �f�Z�k���� ������ �k�l�_�d�e�h�[�h�c�± 60 
�f�Z�k�����������i�h�j�h�h�[�j�Z�a�h�\�Z�l�_�e�v���± �������f�Z�k�����������L�_�f�i�_�j�Z�l�m�j�g�h-�\�j�_��
�f�_�g�g�h�c�� �j�_�`�b�f�� �k�b�g�l�_�a�Z���� �^�\�m�o�k�l�m�i�_�g�q�Z�l�u�c���� �a�Z�]�j�m�a�d�Z�� �\���i�_�q�v��
�i�j�b���l�_�f�i�_�j�Z�l�m�j�_�����������ƒ�K�����g�Z�]�j�_�\���\���l�_�q�_�g�b�_���������f�b�g�����^�h���l�_�f��
�i�_�j�Z�l�m�j�u�� �������� �ƒ�K���� �\�u�^�_�j�`�d�Z�� �\�� �l�_�q�_�g�b�_�� ������ �f�b�g�����± �i�j�h�p�_�k�k��
�\�k�i�_�g�b�\�Z�g�b�y�� ���i�h�j�h�h�[�j�Z�a�h�\�Z�g�b�y������ �h�o�e�Z�`�^�_�g�b�_�� �\�� �l�_�q�_�g�b�_�� ������
�f�b�g�����^�h���l�_�f�i�_�j�Z�l�m�j�u�����������ƒ�K�����\�u�^�_�j�`�d�Z���\���l�_�q�_�g�b�_���������f�b�g�����± 
�k�l�Z�[�b�e�b�a�Z�p�b�y�� �k�l�j�m�d�l�m�j�u�� ���h�l�`�b�]�� �b�� �h�o�e�Z�`�^�_�g�b�_�� �\�� �l�_�q�_�g�b�_��
���������f�b�g�����^�h���l�_�f�i�_�j�Z�l�m�j�u���������ƒ�K�� 

 �[���� �k�h�k�l�Z�\�� �r�b�o�l�u�� �^�e�y�� �k�b�g�l�_�a�Z�� �a�Z�i�h�e�g�b�l�_�e�y�� �i�h�j�b�k�l�h�]�h��
�^�e�y�� �e�_�]�d�b�o�� �[�_�l�h�g�h�\�� �b�� �l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�u�o�� �a�Z�k�u�i�h�d���� �r�e�Z�d��
�G�h�\�h�q�_�j�d�Z�k�k�d�h�c���=�J�W�K���± �������f�Z�k�������������k�l�_�d�e�h�[�h�c���± �������f�Z�k����������
�i�h�j�h�h�[�j�Z�a�h�\�Z�l�_�e�v���± ������ �f�Z�k���� ������ �L�_�f�i�_�j�Z�l�m�j�g�h-�\�j�_�f�_�g�g�h�c��
�j�_�`�b�f���k�b�g�l�_�a�Z�����h�^�g�h�k�l�m�i�_�g�q�Z�l�u�c�����a�Z�]�j�m�a�d�Z���\���i�_�q�v���i�j�b���l�_�f��
�i�_�j�Z�l�m�j�_�����������ƒ�K�����g�Z�]�j�_�\���\���l�_�q�_�g�b�_���������f�b�g�����^�h���l�_�f�i�_�j�Z�l�m�j�u��
���������ƒ�K�����\�u�^�_�j�`�d�Z���\���l�_�q�_�g�b�_���������f�b�g�����± �i�j�h�p�_�k�k���\�k�i�_�g�b�\�Z�g�b�y��
���i�h�j�h�h�[�j�Z�a�h�\�Z�g�b�y�������h�o�e�Z�`�^�_�g�b�_���\���l�_�q�_�g�b�_�����������f�b�g�����^�h���l�_�f��
�i�_�j�Z�l�m�j�u���������ƒ�K�� 

�K�b�g�l�_�a���l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�u�o���i�e�b�l���b�a���y�q�_�b�k�l�h�]�h���k�l�_�d�e�Z���b��
�a�Z�i�h�e�g�b�l�_�e�y�� �i�h�j�b�k�l�h�]�h���h�k�m�s�_�k�l�\�e�y�e�k�y���i�h�j�h�r�d�h�\�u�f���f�_�l�h��
�^�h�f���� �\�d�e�x�q�Z�x�s�b�f�� �i�j�b�]�h�l�h�\�e�_�g�b�_�� �l�h�g�d�h�^�b�k�i�_�j�k�g�h�c��
�r�b�o�l�u���� �[�j�b�d�_�l�b�j�h�\�Z�g�b�_�� �b�e�b�� �]�j�Z�g�m�e�b�j�h�\�Z�g�b�_�� �h�[�j�Z�a�p�h�\����
�l�_�j�f�b�q�_�k�d�m�x�� �h�[�j�Z�[�h�l�d�m���� �<�� �j�_�a�m�e�v�l�Z�l�_�� �l�_�j�f�h�h�[�j�Z�[�h�l�d�b��
�n�h�j�f�b�j�m�_�l�k�y�� �y�q�_�b�k�l�Z�y�� �k�l�j�m�d�l�m�j�Z�� �k�l�_�d�e�Z���� �H�[�j�Z�a�p�u�� �i�j�_�^��
�k�l�Z�\�e�y�x�l���k�h�[�h�c���k�l�_�d�e�h�f�Z�l�j�b�p�m���k���j�Z�k�i�j�_�^�_�e�_�g�g�h�c���\���g�_�c���]�Z��
�a�h�\�h�c���n�Z�a�h�c�����G�Z���h�k�g�h�\�_���o�b�f�b�q�_�k�d�h�]�h���k�h�k�l�Z�\�Z���k�l�_�d�e�h�f�Z�l�j�b�p��
�y�q�_�b�k�l�h�]�h���k�l�_�d�e�Z���i�h���Z�^�^�b�l�b�\�g�u�f���n�h�j�f�m�e�Z�f���:�����:�i�i�_�g�Z���j�Z�k��
�k�q�b�l�Z�g�u���b�o���n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z�����i�e�h�l�g�h�k�l�v�����i�j�h�q��
�g�h�k�l�v���i�j�b���k�`�Z�l�b�b���b���j�Z�k�l�y�`�_�g�b�b�����\�y�a�d�h�k�l�v�����l�_�f�i�_�j�Z�l�m�j�g�u�c��
�d�h�w�n�n�b�p�b�_�g�l���e�b�g�_�c�g�h�]�h���j�Z�k�r�b�j�_�g�b�y�����i�h�\�_�j�o�g�h�k�l�g�h�_���g�Z�l�y��
�`�_�g�b�_���� �I�e�h�l�g�h�k�l�v���� �i�j�h�q�g�h�k�l�v�� �g�Z�� �k�`�Z�l�b�_�� �b�� �d�h�w�n�n�b�p�b�_�g�l��
�l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�� �m�k�l�Z�g�h�\�e�_�g�u�� �l�Z�d�`�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v��
�g�u�f�b���b�k�k�e�_�^�h�\�Z�g�b�y�f�b�����K�j�Z�\�g�b�l�_�e�v�g�Z�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���h�k��
�g�h�\�g�u�o�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �k�b�g�l�_�a�b�j�h�\�Z�g�g�u�o�� �b��
�l�j�Z�^�b�p�b�h�g�g�u�o���k�l�j�h�b�l�_�e�v�g�u�o���f�Z�l�_�j�b�Z�e�h�\���i�j�b�\�_�^�_�g�Z���\���l�Z�[�e����
1-2 

�L�Z�[�e�b�p�Z���� 
�K�j�Z�\�g�b�l�_�e�v�g�Z�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���k�b�g�l�_�a�b�j�h�\�Z�g�g�h�]�h���y�q�_�b��

�k�l�h�]�h���k�l�_�d�e�Z���b���l�j�Z�^�b�p�b�h�g�g�u�o���l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�u�o���f�Z�l�_�j�b��
�Z�e�h�\ 

�I�Z�j�Z�f�_�l�j �Y�q�_�b�k�l�h�_��
�k�l�_�d�e�h 

�I�e�b�l�u�� �b�a�� �f�b��
�g�_�j�Z�e�v�g�h�c��
���[�Z�a�Z�e�v�l�h�\�h�c����
�\�Z�l�u 

�I�_�g�h�i�h�e�b�k�l�b�j�h�e 
���i�_�g�h�i�e�Z�k�l�� 

�I�_�g�h�k�l�_�d�e�h 

�K�j�_�^�g�y�y��
�i�e�h�l�g�h�k�l�v����
�d�]���f3  

140 - 600 50 - 200 25- 150 150-400 

�D�h�w�n�n�b�p�b�_�g�l��
�l�_�i�e�h�i�j�h�\�h�^�g�h��
�k�l�b�����<�l�����f���D���� 

0,063-0,14 0,048 - 0,07 0,038 - 0,05 0,07-0,1 

�I�j�h�q�g�h�k�l�v�� �g�Z��
�k�`�Z�l�b�_�����F�I�Z�� 

0,91 - 4,53 0,03 - 0,15 0,04 - 0,2 0,1-1,5 
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�L�Z�[�e�b�p�Z���� 
�K�j�Z�\�g�b�l�_�e�v�g�Z�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���k�b�g�l�_�a�b�j�h�\�Z�g�g�h�]�h���i�h�j�b��
�k�l�h�]�h���a�Z�i�h�e�g�b�l�_�e�y���b���l�j�Z�^�b�p�b�h�g�g�u�o���l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�u�o��

�f�Z�l�_�j�b�Z�e�h�\ 

�I�Z�j�Z�f�_�l�j 

�I�h�j�b�k�l�u
�c 

�a�Z�i�h�e�g�b�l
�_�e�v 

�D�_�j�Z�f�a�b
�l 

�<�k�i�m�q�_�g�g�u
�c���i�_�j�e�b�l 

�<�k�i�m�q�_�g�g�u�c��
�\�_�j�f�b�d�m�e�b�l 

�I�_�g�h-
�i�h�e�b�k�l�b�j�h�e��
�]�j�Z�g�m�e�b-
�j�h�\�Z�g�g�u�c 

�G�Z�k�u�i�g�Z�y��
�i�e�h�l�g�h�k�l�v����
�d�]���f3 

130 - 400 250 - 800 50 - 600 100 - 200 6 - 30 

�D�h�w�n�n�b�p�b�_�g�l��
�l�_�i�e�h�i�j�h�\�h�^��
�g�h�k�l�b����
�<�l�����f���D�� 

0,060 - 
 0,100 

0,080 - 
0,180 

0,052 - 
0,093 

0,055- 0,065 0,037- 0,054 

�I�j�h�q�g�h�k�l�v�� �g�Z��
�k�`�Z�l�b�_�����F�I�Z 

0,910 - 
4,530 

0,600 - 
5,500 

0,100 - 
0,600 

�g�_��
�g�h�j�f�b�j�m�_�l�k�y 

0,005 - 0,026 

�>�e�y�� �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y�� �l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�u�o�� �k�\�h�c�k�l�\��
�w�g�_�j�]�h�k�[�_�j�_�]�Z�x�s�b�o�� �l�j�_�o�k�e�h�c�g�u�o�� �i�Z�g�_�e�_�c�� �^�e�y�� �w�g�_�j�]�h�w�n��
�n�_�d�l�b�\�g�u�o �`�b�e�u�o�� �b�� �h�[�s�_�k�l�\�_�g�g�u�o�� �h�[�t�_�d�l�h�\�� �d�j�m�i�g�h�i�Z��
�g�_�e�v�g�h�]�h�� �b�� �d�Z�j�d�Z�k�g�h-�i�Z�g�_�e�v�g�h�]�h�� �^�h�f�h�k�l�j�h�_�g�b�y�� �g�_�h�[�o�h��
�^�b�f�h���j�Z�k�k�q�b�l�Z�l�v���k�m�f�f�Z�j�g�u�c���d�h�w�n�n�b�p�b�_�g�l���l�_�i�e�h�i�j�h�\�h�^�g�h��
�k�l�b���\�k�_�c���d�h�g�k�l�j�m�d�p�b�b�����j�b�k���������� 

�G�Z�b�[�h�e�_�_�� �l�j�m�^�g�h�� �i�j�h�]�g�h�a�b�j�m�_�l�k�y�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�v��
�e�_�]�d�b�o�� �[�_�l�h�g�h�\�� �k�� �a�Z�i�h�e�g�b�l�_�e�y�f�b���� �H�k�g�h�\�g�h�c�� �i�j�b�q�b�g�h�c�� �y�\��
�e�y�_�l�k�y�� �k�e�h�`�g�h�k�l�v�� �f�g�h�]�h�d�h�f�i�h�g�_�g�l�g�h�c�� �k�l�j�m�d�l�m�j�u���� �n�h�j�f�b��
�j�m�x�s�_�c�k�y���\���i�j�h�p�_�k�k�_���b�a�]�h�l�h�\�e�_�g�b�y���b���l�\�_�j�^�_�g�b�y���[�_�l�h�g�Z�����a�Z��
�\�b�k�y�s�_�c���h�l���k�i�_�p�b�n�b�d�b���l�_�o�g�h�e�h�]�b�c���i�j�h�b�a�\�h�^�k�l�\�Z���b���l�\�_�j�^�_��
�g�b�y���f�Z�l�_�j�b�Z�e�Z�� 

�F�Z�d�k�b�f�Z�e�v�g�m�x����max���� �<�l�����f���D������ �b�� �f�b�g�b�f�Z�e�v�g�m�x����min, 
�<�l�����f���D������ �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�v�� �[�_�l�h�g�Z�� �d�Z�d�� �k�b�k�l�_�f�u���� �k�h�k�l�h�y��
�s�_�c���b�a���^�\�m�o���d�h�f�i�h�g�_�g�l�h�\���± �j�Z�k�l�\�h�j�Z���b���d�j�m�i�g�h�]�h���a�Z�i�h�e�g�b��
�l�_�e�y�����f�h�`�g�h���j�Z�k�k�q�b�l�Z�l�v�����i�j�b�f�_�g�y�y���f�_�l�h�^���w�e�_�d�l�j�h�Z�g�Z�e�h�]�b�b��
�l�Z�d�����d�Z�d���_�k�e�b���[�u���j�Z�k�l�\�h�j�g�Z�y���q�Z�k�l�v���b���a�Z�i�h�e�g�b�l�_�e�v���j�Z�k�i�h�e�Z��
�]�Z�e�b�k�v���i�h�k�e�h�c�g�h���\�^�h�e�v���b�e�b���i�h�i�_�j�_�d���g�Z�i�j�Z�\�e�_�g�b�y���l�_�i�e�h�\�h�]�h��
�i�h�l�h�d�Z. 

 

 
�J�b�k�����������E�Z�[�h�j�Z�l�h�j�g�u�c���h�[�j�Z�a�_�p���w�g�_�j�]�h�k�[�_�j�_�]�Z�x�s�_�c���l�j�_�o��
�k�e�h�c�g�h�c���i�Z�g�_�e�b���^�e�y���w�g�_�j�]�h�w�n�n�_�d�l�b�\�g�u�o���`�b�e�u�o���b���h�[�s�_��

�k�l�\�_�g�g�u�o���h�[�t�_�d�l�h�\���d�j�m�i�g�h�i�Z�g�_�e�v�g�h�]�h���b���d�Z�j�d�Z�k�g�h-�i�Z�g�_�e�v��
�g�h�]�h���^�h�f�h�k�l�j�h�_�g�b�y: 1 �± �\�g�m�l�j�_�g�g�b�c���k�e�h�c���������± �l�_�i�e�h�b�a�h�e�y��

�p�b�h�g�g�u�c���k�e�h�c���������± �\�g�_�r�g�b�c���k�e�h�c 

�F�Z�d�k�b�f�Z�e�v�g�h�_�� �a�g�Z�q�_�g�b�_�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�� �i�h�e�m�q�Z�_�l�k�y��
�i�j�b�� �j�Z�k�i�h�e�h�`�_�g�b�b�� �w�l�b�o�� �k�e�h�_�\�� �\�^�h�e�v�� �g�Z�i�j�Z�\�e�_�g�b�y�� �l�_�i�e�h��
�\�h�]�h�� �i�h�l�h�d�Z���� �n�h�j�f�m�e�Z�� ���������� �Z�� �f�b�g�b�f�Z�e�v�g�h�_���± �i�h�i�_�j�_�d���� �n�h�j��
�f�m�e�Z�����������>18-22].  

                                 ��max= ��m�Â�3m+ ��L(1- �3m),                       (1) 
                      ��min = (��m�Â ��L) / (��L�Â�3m+ ��m (1- �3m)),               (2) 

�]�^�_����m �± �d�h�w�n�n�b�p�b�_�g�l���l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b���j�Z�k�l�\�h�j�g�h�c���q�Z�k�l�b��
�[�_�l�h�g�Z���<�l�����f���D�������3m - �h�[�t�_�f�g�Z�y���^�h�e�y���[�_�l�h�g�Z���\�������f3; ��L �± �d�h��
�w�n�n�b�p�b�_�g�l�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�� �a�Z�i�h�e�g�b�l�_�e�y�� �^�e�y�� �[�_�l�h�g�Z����
�<�l�����f���D���� 

�>�e�y���h�j�b�_�g�l�b�j�h�\�h�q�g�u�o���j�Z�k�q�_�l�h�\���w�n�n�_�d�l�b�\�g�h�c���l�_�i�e�h�i�j�h��
�\�h�^�g�h�k�l�b���������<�l�����f���D�������i�j�b�g�y�l�Z���k�j�_�^�g�y�y���\�_�e�b�q�b�g�Z���f�_�`�^�m���a�g�Z��
�q�_�g�b�y�f�b�������������j�Z�k�k�q�b�l�Z�g�g�u�f�b���i�h���n�h�j�f�m�e�Z�f�����������b���������� 

�� = (��max+ ��min) / 2                             (3) 
�D�h�w�n�n�b�p�b�_�g�l�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�� �j�Z�k�l�\�h�j�g�h�c�� �q�Z�k�l�b�� �[�_��

�l�h�g�Z���j�Z�\�_�g����m� �����������<�l�����f���D�������d�h�w�n�n�b�p�b�_�g�l���l�_�i�e�h�i�j�h�\�h�^�g�h��
�k�l�b���a�Z�i�h�e�g�b�l�_�e�y���^�e�y���[�_�l�h�g�Z���j�Z�\�_�g����L� �������������<�l�����f���D�������h�[�t�_�f��
�g�Z�y���^�h�e�y���[�_�l�h�g�Z���\�������f3 �k�h�k�l�Z�\�e�y�_�l���3m=0,6. 
��max� ������������������������������������� �������������<�l�����f���D���� 
��min� ������������������������������������������������������������������� �������������<�l�����f���D���� 
�� � ���������������<�l�����f���D���� 

�K�m�f�f�Z�j�g�u�c�� �d�h�w�n�n�b�p�b�_�g�l�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�� �k�b�g�l�_�a�b��
�j�m�_�f�u�o �w�g�_�j�]�h�k�[�_�j�_�]�Z�x�s�b�o�� �l�j�_�o�k�e�h�c�g�u�o�� �i�Z�g�_�e�_�c�� �i�j�_�^��
�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �q�Z�k�l�g�h�_�� �h�l�� �k�m�f�f�u�� �l�h�e�s�b�g�� �k�e�h�_�\�� �b�� �k�m�f�f�u��
�i�h�d�Z�a�Z�l�_�e�_�c�� �l�h�e�s�b�g�� �d�Z�`�^�h�]�h�� �k�e�h�y���� �^�_�e�_�g�g�u�o�� �g�Z�� �k�h�h�l�\�_�l��
�k�l�\�m�x�s�b�_�� �d�h�w�n�n�b�p�b�_�g�l�u�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�� �f�Z�l�_�j�b�Z�e�h�\����
�D�h�w�n�n�b�p�b�_�g�l�u�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�� �l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�h�]�h�� �b��
�g�Z�j�m�`�g�u�o���k�e�h�_�\���\�k�_�c���d�h�g�k�l�j�m�d�p�b�b�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�����j�Z�\�g�u��
�������������b���������������<�l�����f���D�����>18-22�@�����E�b�g�_�c�g�u�_���j�Z�a�f�_�j�u���w�d�k�i�_�j�b��
�f�_�g�l�Z�e�v�g�u�o���h�[�j�Z�a�p�h�\���w�g�_�j�]�h�k�[�_�j�_�]�Z�x�s�b�o���l�j�_�o�k�e�h�c�g�u�o���i�Z��
�g�_�e�_�c�� �^�e�y�� �w�g�_�j�]�h�w�n�n�_�d�l�b�\�g�u�o�� �`�b�e�u�o�� �b�� �h�[�s�_�k�l�\�_�g�g�u�o��
�h�[�t�_�d�l�h�\�� �d�j�m�i�g�h�i�Z�g�_�e�v�g�h�]�h�� �b�� �d�Z�j�d�Z�k�g�h-�i�Z�g�_�e�v�g�h�]�h�� �^�h�f�h��
�k�l�j�h�_�g�b�y�� 

�������\�g�m�l�j�_�g�g�b�c���k�e�h�c������350�o�������o�������������������������������“�����f�f�������w�d�k��
�i�_�j�b�f�_�g�l�Z�e�v�g�u�c�� �h�[�j�Z�a�_�p�� �d�h�g�k�l�j�m�d�p�b�h�g�g�h-�l�_�i�e�h�b�a�h�e�y�p�b��
�h�g�g�h�]�h���e�_�]�d�h�]�h���[�_�l�h�g�Z���i�e�h�l�g�h�k�l�v�x���g�_���[�h�e�_�_�������������d�]���f3; 

������ �l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�u�c�� �k�e�h�c�� ����350�o�������o���������“�����f�f������ �w�d�k��
�i�_�j�b�f�_�g�l�Z�e�v�g�u�c�� �h�[�j�Z�a�_�p�� �l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�h�c�� �i�e�b�l�u�� �b�a��
�y�q�_�b�k�l�h�]�h���k�l�_�d�e�Z�� 

�������g�Z�j�m�`�g�u�c���k�e�h�c������350�o�������o�������������������������������“�����f�f�������w�d�k�i�_��
�j�b�f�_�g�l�Z�e�v�g�u�c�� �h�[�j�Z�a�_�p�� �d�h�g�k�l�j�m�d�p�b�h�g�g�h-�l�_�i�e�h�b�a�h�e�y�p�b�h�g��
�g�h�]�h���e�_�]�d�h�]�h���[�_�l�h�g�Z���i�e�h�l�g�h�k�l�v�x���g�_���[�h�e�_�_�������������d�]���f3 �k���^�_��
�d�h�j�Z�l�b�\�g�h�c���h�l�^�_�e�d�h�c�� 

�J�Z�k�q�_�l�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�� �i�j�h�b�a�\�h�^�b�e�k�y��
�^�e�y�� �w�g�_�j�]�h�k�[�_�j�_�]�Z�x�s�b�o�� �l�j�_�o�k�e�h�c�g�u�o�� �i�Z�g�_�e�_�c�� �l�h�e�s�b�g�h�c��
�������������������b�����������f�f�� 
��300 = (0,1+0,1+0,1)/(0,1/0,608 + 0,025/0,47 +0,1/0,08 + 
0,0����������������������������������������������� ��������������������� �������������<�l�����f���D���� 
��350 = (0,125+0,1+0,125)/(0,125/0,608 + 0,025/0,47 + 0,1/0,08 + 
0,025/0,47 + + 0,125/0,608) = 0,35/1,67 = 0,21 �<�l�����f���D��.  
��400 = (0,15+0,1+0,15)/(0,15/0,608 + 0,025/0,47 +0,1/0,08 + 
0,025/0,47 + + 0,15/0,608) = 0,4/1,75 = 0,23 �<�l�����f���D��. 

�A�:�D�E�X�Q�?�G�B�? ���<�U�<�H�>�U) 

�I�h�e�m�q�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u���j�Z�k�q�_�l�Z���d�h�w�n�n�b�p�b�_�g�l�h�\���l�_�i�e�h�i�j�h��
�\�h�^�g�h�k�l�b���w�g�_�j�]�h�k�[�_�j�_�]�Z�x�s�b�o�� �l�j�_�o�k�e�h�c�g�u�o�� �i�Z�g�_�e�_�c�� �^�e�y��
�w�g�_�j�]�h�w�n�n�_�d�l�b�\�g�u�o �`�b�e�u�o�� �b�� �h�[�s�_�k�l�\�_�g�g�u�o�� �h�[�t�_�d�l�h�\��
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�d�j�m�i�g�h�i�Z�g�_�e�v�g�h�]�h���b���d�Z�j�d�Z�k�g�h-�i�Z�g�_�e�v�g�h�]�h���^�h�f�h�k�l�j�h�_�g�b�y���g�_��
�i�j�_�\�u�r�Z�x�l�� �i�h�d�Z�a�Z�l�_�e�y���� �h�i�j�_�^�_�e�_�g�g�h�]�h�� �l�_�o�g�b�q�_�k�d�b�f�� �a�Z�^�Z��
�g�b�_�f�������������<�l�����f���D��. 

�G�Z�� �h�k�g�h�\�_�� �j�Z�k�q�_�l�g�u�o�� �i�h�d�Z�a�Z�l�_�e�_�c���n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�o��
�k�\�h�c�k�l�\�� �f�g�h�]�h�k�e�h�c�g�u�o�� �l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�h-�^�_�d�h�j�Z�l�b�\�g�u�o��
�k�l�_�d�e�h�d�h�f�i�h�a�b�p�b�h�g�g�u�o �f�Z�l�_�j�b�Z�e�h�\�� �f�h�`�g�h�� �a�Z�d�e�x�q�b�l�v���� �q�l�h��
�[�m�^�m�l�� �i�h�e�m�q�_�g�u�� �k�l�_�d�e�h�f�Z�l�_�j�b�Z�e�u���� �m�^�h�\�e�_�l�\�h�j�y�x�s�b�_�� �h�k��
�g�h�\�g�u�f�� �l�j�_�[�h�\�Z�g�b�y�f���� �i�j�_�^�t�y�\�e�y�_�f�u�f�� �d�� �l�_�i�e�h�b�a�h�e�y�p�b�h�g��
�g�u�f�� �f�Z�l�_�j�b�Z�e�Z�f���� �D�j�h�f�_�� �l�h�]�h���� �k�b�g�l�_�a�b�j�m�_�f�u�_�� �f�g�h�]�h�k�e�h�c��
�g�u�_���l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�h-�^�_�d�h�j�Z�l�b�\�g�u�_���k�l�_�d�e�h�d�h�f�i�h�a�b�p�b�h�g��
�g�u�_ �f�Z�l�_�j�b�Z�e�u���g�_���m�k�l�m�i�Z�x�l���i�h���k�\�h�b�f���n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�f��
�k�\�h�c�k�l�\�Z�f�� �l�j�Z�^�b�p�b�h�g�g�u�f�� �l�_�i�e�h�b�a�h�e�y�p�b�h�g�g�u�f�� �f�Z�l�_�j�b�Z��
�e�Z�f�����\���l���q�����i�_�g�h�k�l�_�d�e�h�����Z���i�h���i�h�d�Z�a�Z�l�_�e�y�f���i�j�h�q�g�h�k�l�b�����i�j�_�\�h�k��
�o�h�^�y�l���\���g�_�k�d�h�e�v�d�h���j�Z�a�� 
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Abstract. The relevance of the development of modern environ-

mentally friendly energy-efficient three-layer wall panels for en-
ergy-efficient residential and public facilities of large-panel and 
frame-panel housing construction, allowing to solve a range of 
problems in the field of energy saving, ecology and rational envi-
ronmental management is considered. The optimal temperature-
time regimes and the composition of the charge for the synthesis 
of heat-insulating plates of cellular glass and porous aggregate for 
lightweight concrete and heat-insulating fillings, as well as a com-
parative characteristic of the synthesized cellular glass and tradi-
tional heat-insulating materials are given. To predict the thermal 
insulation properties of energy-saving three-layer panels for en-
ergy-efficient residential and public facilities of large-panel and 

frame-panel housing construction, the calculated total coefficient 
of thermal conductivity of the entire structure. It was established 
that the synthesized energy-saving three-layer panels for energy-
efficient residential and public facilities of large-panel and frame-
panel housing construction are not inferior in their physical and 
chemical properties to traditional heat-insulating materials, in-
cluding foam glass, and in terms of strength exceed several times.    

Keywords: three-layer building panels, cellular glass, heat-
insulating plates, porous aggregate for lightweight concrete, 
energy saving, resource saving. 
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�]�h�^�g�Z�����l�Z�d���d�Z�d���b�a�]�h�l�h�\�b�l�_�e�v�����h�[�e�Z�^�Z�y���i�h�e�g�h�c���b�g�n�h�j�f�Z�p�b�_�c��
�h�[�� �m�k�e�h�\�b�y�o�� �k�e�m�`�[�u�� �^�Z�g�g�h�]�h�� �\�b�^�Z�� �f�h�g�h�e�b�l�g�u�o�� �b�a�^�_�e�b�c����
�i�h�^�[�b�j�Z�_�l���h�i�l�b�f�Z�e�v�g�u�_���j�_�`�b�f�u���m�d�e�Z�^�d�b���[�_�l�h�g�g�h�c���f�Z�k�k�u��
�b���l�_�j�f�h�h�[�j�Z�[�h�l�d�b�����q�l�h���]�Z�j�Z�g�l�b�j�m�_�l���\�u�k�h�d�h�_���d�Z�q�_�k�l�\�h���b�a�^�_��
�e�b�c�� 

�G�Z�e�b�\�g�u�_���n�m�l�_�j�h�\�d�b���f�_�l�Z�e�e�m�j�]�b���g�Z�a�u�\�Z�x�l���©�\�_�q�g�u�f�b�ª����
�l�Z�d�� �d�Z�d�� �^�e�y�� �b�o�� �j�_�f�h�g�l�Z�� �^�h�k�l�Z�l�h�q�g�h�� �m�[�j�Z�l�v�� �k�� �i�h�\�_�j�o�g�h�k�l�b��
�j�Z�a�j�m�r�_�g�g�u�_���m�q�Z�k�l�d�b���b���\�g�h�\�v���a�Z�e�b�l�v���b�o���[�_�l�h�g�g�h�c���k�f�_�k�v�x����
�J�Z�a�[�b�j�Z�l�v���i�h�e�g�h�k�l�v�x���n�m�l�_�j�h�\�d�m���g�_���l�j�_�[�m�_�l�k�y�� 

�H�l�e�b�q�b�l�_�e�v�g�h�c�� �h�k�h�[�_�g�g�h�k�l�v�x�� �g�b�a�d�h�p�_�f�_�g�l�g�u�o�� �[�_�l�h��
�g�h�\���y�\�e�y�_�l�k�y���i�h�\�u�r�_�g�g�Z�y���l�_�j�f�b�q�_�k�d�Z�y���k�l�h�c�d�h�k�l�v�����h�[�m�k�e�h�\��
�e�_�g�g�Z�y�� �n�j�Z�]�f�_�g�l�Z�j�g�h�c�� �k�l�j�m�d�l�m�j�h�c [18, 19]���� �a�Z�� �k�q�_�l�� �q�_�]�h��
�m�\�_�e�b�q�b�\�Z�_�l�k�y���i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v���w�d�k�i�e�m�Z�l�Z�p�b�b. 

�I�j�b�� �b�a�]�h�l�h�\�e�_�g�b�b�� �n�m�l�_�j�h�\�h�d�� �\�Z�]�h�g�_�l�h�d�� �\�h�a�f�h�`�g�h�� �b�k��
�i�h�e�v�a�h�\�Z�g�b�_�� �f�h�g�h�e�b�l�g�h�c�� �b�� �f�h�g�h�e�b�l�g�h-�[�e�h�q�g�h�c�� �l�_�o�g�h�e�h��
�]�b�b�� 

�I�j�_�b�f�m�s�_�k�l�\�Z���f�h�g�h�e�b�l�g�h�c�� �l�_�o�g�h�e�h�]�b�b���a�Z�d�e�x�q�Z�x�l�k�y���\��
�i�j�h�k�l�h�l�_�� �b�a�]�h�l�h�\�e�_�g�b�y���� �h�l�k�m�l�k�l�\�b�b�� �k�i�_�p�b�Z�e�v�g�h�� �b�a�]�h�l�h�\��
�e�_�g�g�u�o�� �n�h�j�f���� �^�e�b�l�_�e�v�g�h�f�� �k�j�h�d�_�� �w�d�k�i�e�m�Z�l�Z�p�b�b���� �i�j�h�k�l�h�l�_��
�i�j�h�\�_�^�_�g�b�y���j�_�f�h�g�l�h�\�����i�j�b���d�h�l�h�j�u�o���g�Z���i�h�\�j�_�`�^�_�g�g�u�c���m�q�Z��

�J�Z�[�h�l�Z���\�u�i�h�e�g�_�g�Z���i�j�b���n�b�g�Z�g�k�h�\�h�c���i�h�^�^�_�j�`�d�_���F�b�g�b�k�l�_�j�k�l�\�Z���h�[�j�Z�a�h�\�Z�g�b�y���b���g�Z�m�d�b���J�N�����‹�������������������������������������Z���l�Z�d�`�_���i�j�Z�\�b�l�_�e�v�k�l�\�Z���J�h�k�k�b�c�k�d�h�c���n�_�^�_��
�j�Z�p�b�b�����i�h�k�l�Z�g�h�\�e�_�g�b�_���‹���������h�l�������������������������]���������k�h�]�e�Z�r�_�g�b�_���‹�������:��������������������  
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�k�l�h�d���^�h�k�l�Z�l�h�q�g�h���g�Z�g�_�k�l�b���g�h�\�u�c���k�e�h�c �[�_�l�h�g�Z [19, 20]�����G�_�^�h��
�k�l�Z�l�d�h�f���w�l�h�c���l�_�o�g�h�e�h�]�b�b���y�\�e�y�_�l�k�y���g�_�h�[�o�h�^�b�f�h�k�l�v���\���i�j�h�\�_��
�^�_�g�b�b�� �i�j�h�p�_�k�k�h�\�� �k�m�r�d�b�� �b�� �h�[�`�b�]�Z�� �i�h�� �k�l�j�h�]�h�� �m�k�l�Z�g�h�\�e�_�g��
�g�h�f�m�� �j�_�`�b�f�m�� �^�e�y�� �l�h�]�h���� �q�l�h�[�u�� �b�a�[�_�`�Z�l�v�� �\�h�a�f�h�`�g�h�]�h�� �j�Z�k��
�l�j�_�k�d�b�\�Z�g�b�y���i�h�d�j�u�l�b�y [21, 22]. 

�I�j�b���f�h�g�h�e�b�l�g�h-�[�e�h�q�g�h�c���l�_�o�g�h�e�h�]�b�b���n�m�l�_�j�h�\�d�b �\�Z�]�h�g�_��
�l�h�d���d�e�Z�^�d�Z���g�Z���i�h�^�b�g�_���\�Z�]�h�g�_�l�d�b���b�a�]�h�l�Z�\�e�b�\�Z�_�l�k�y���b�a���a�Z�j�Z�g�_�_��
�h�l�e�b�l�u�o�� �\�� �^�_�j�_�\�y�g�g�u�_�� �n�h�j�f�u�� �g�Z�� �\�b�[�j�h�m�k�l�Z�g�h�\�d�_���� �i�j�h�k�m��
�r�_�g�g�u�o���b���h�[�h�`�`�_�g�g�u�o���[�e�h�d�h�\���b�a���g�b�a�d�h�p�_�f�_�g�l�g�h�]�h���[�_�l�h�g�Z����
�>�Z�g�g�Z�y�� �l�_�o�g�h�e�h�]�b�y�� �i�h�a�\�h�e�y�_�l�� �k�l�Z�[�b�e�b�a�b�j�h�\�Z�l�v�� �d�Z�q�_�k�l�\�h��
�e�b�l�u�o���[�e�h�d�h�\���i�j�b���k�h�o�j�Z�g�_�g�b�b���i�j�h�k�l�h�l�u���b�a�]�h�l�h�\�e�_�g�b�y���n�m��
�l�_�j�h�\�d�b�� 

�<�u�[�h�j�� �\�Z�j�b�Z�g�l�Z�� �l�_�o�g�h�e�h�]�b�b�� �a�Z�\�b�k�b�l�� �h�l�� �b�f�_�x�s�_�]�h�k�y��
�l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h���h�[�h�j�m�^�h�\�Z�g�b�y�����d�\�Z�e�b�n�b�d�Z�p�b�b���i�_�j�k�h�g�Z�e�Z����
�g�_�h�[�o�h�^�b�f�h�c���q�Z�k�l�h�l�u���j�_�f�h�g�l�h�\���b���l���^�� 

�I �H�K�L�:�G�H�<�D�: �A�:�>�:�Q�B 

�P�_�e�v�x�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �y�\�e�y�_�l�k�y�� �b�a�m�q�_�g�b�_�� �\�e�b�y�g�b�_��
�k�l�j�m�d�l�m�j�u���h�]�g�_�m�i�h�j�g�h�c���n�m�l�_�j�h�\�d�b���g�Z���l�_�j�f�h�f�_�o�Z�g�b�q�_�k�d�b�_��
�k�\�h�c�k�l�\�Z���n�m�l�_�j�h�\�d�b���h�[�h�j�m�^�h�\�Z�g�b�y���l�m�g�g�_�e�v�g�u�o���i�_�q�_�c�� 

�H�;�T�?�D�L�U���B���F�?�L�H�>�U���B�K�K�E�?�>�H�<�:�G�B�Y 

�<���d�Z�q�_�k�l�\�_���h�[�t�_�d�l�h�\���b�k�k�e�_�^�h�\�Z�g�b�y���b�k�i�h�e�v�a�h�\�Z�e�b���j�Z�a�j�Z��
�[�h�l�Z�g�g�u�_�� �h�[�j�Z�a�p�u�� �h�]�g�_�m�i�h�j�g�u�o�� �b�a�^�_�e�b�c�� �k�� �j�_�]�m�e�b�j�m�_�f�h�c��
�k�l�j�m�d�l�m�j�h�c���� �F�_�l�h�^�b�d�Z�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �\�d�e�x�q�Z�e�Z �h�i�j�_�^�_�e�_��
�g�b�_�� �l�_�j�f�h�f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �h�]�g�_�m�i�h�j�g�u�o�� �b�a�^�_�e�b�c�� �\��
�e�Z�[�h�j�Z�l�h�j�g�u�o���m�k�e�h�\�b�y�o���b���i�j�h�f�u�r�e�_�g�g�u�_���b�k�i�u�l�Z�g�b�y�� 

�W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�U�?���B���L�?�H�J�?�L�B�Q�?�K�D�B�? �J�?�A�M�E�V�L�:�L�U��
�B�K�K�E�?�>�H�<�:�G�B�Y 

�<�u�[�h�j���f�Z�l�_�j�b�Z�e�h�\���b���k�l�j�m�d�l�m�j�u���h�]�g�_�m�i�h�j�g�h�c���n�m�l�_�j�h�\�d�b��
�a�Z�\�b�k�b�l���h�l�� �m�k�e�h�\�b�c���_�z���w�d�k�i�e�m�Z�l�Z�p�b�b�����I�h�w�l�h�f�m���i�j�b���\�u�i�h�e��
�g�_�g�b�b�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �i�j�h�\�_�e�b�� �j�Z�k�q�z�l�� �\�_�e�b�q�b�g�u�� �g�Z�i�j�y�`�_��
�g�b�c�����^�_�c�k�l�\�m�x�s�b�o���g�Z���h�]�g�_�m�i�h�j�g�h�_���i�h�d�j�u�l�b�_���\�Z�]�h�g�_�l�d�b�� 

�<�_�k�� �f�Z�l�_�j�b�Z�e�h�\���� �a�Z�]�j�m�`�Z�_�f�u�o�� �g�Z�� �\�Z�]�h�g�_�l�d�m���� �h�i�j�_�^�_�e�y��
�_�l�k�y�� �i�j�h�q�g�h�k�l�v�x�� �d�h�e�z�k�g�u�o�� �i�Z�j�� �b�� �h�[�u�q�g�h�� �g�_�� �i�j�_�\�u�r�Z�_�l�� ����
�l�h�g�g���� �I�j�b�� �w�l�h�f�� �n�m�l�_�j�h�\�d�Z�� �i�h�^�\�_�j�]�Z�_�l�k�y�� �\�h�a�^�_�c�k�l�\�b�x��
�g�Z�]�j�m�a�d�b���� �j�Z�k�i�j�_�^�_�e�_�g�g�h�c�� �j�Z�\�g�h�f�_�j�g�h�� �i�h�� �\�k�_�c�� �i�e�h�s�Z�^�b����
�<�u�q�b�k�e�y�e�b���\�_�e�b�q�b�g�m���\�h�a�g�b�d�Z�x�s�b�o���i�j�b���w�l�h�f���k�`�b�f�Z�x�s�b�o��
�g�Z�i�j�y�`�_�g�b�c���i�h���n�h�j�f�m�e�_���������� 

�� ,�� ��������

�]�^�_���J �± �\�_�k���h�[�`�b�]�Z�_�f�u�o���h�]�g�_�m�i�h�j�h�\�����d�]; S �± �i�e�h�s�Z�^�v�����g�Z���d�h��
�l�h�j�m�x�� �m�e�h�`�_�g�u�� �h�]�g�_�m�i�h�j�u���� �f2; �I�e�h�s�Z�^�v�� �\�Z�]�h�g�_�l�d�b�� �j�Z�\�g�Z��
�����������f2. 

�I�h�k�e�_�� �i�h�^�k�l�Z�g�h�\�d�b�� �\�_�e�b�q�b�g�u�� �g�Z�]�j�m�a�d�b�� �b�� �i�e�h�s�Z�^�b�� �\��
�n�h�j�f�m�e�m�����������i�h�e�m�q�b�f�����q�l�h���k�`�b�f�Z�x�s�b�_���g�Z�i�j�y�`�_�g�b�y���j�Z�\�g�u��
�����������F�I�Z�� 

�D�j�h�f�_�� �k�`�b�f�Z�x�s�b�o�� �g�Z�i�j�y�`�_�g�b�c���� �g�Z�� �n�m�l�_�j�h�\�d�m�� �^�_�c��
�k�l�\�m�x�l���g�Z�b�[�h�e�_�_���h�i�Z�k�g�u�_���^�e�y���o�j�m�i�d�b�o���f�Z�l�_�j�b�Z�e�h�\�����j�Z�k�l�y��
�]�b�\�Z�x�s�b�_���l�_�j�f�b�q�_�k�d�b�_���g�Z�i�j�y�`�_�g�b�y 

�J�Z�k�k�q�b�l�Z�e�b���\�_�e�b�q�b�g�m���l�_�j�f�b�q�_�k�d�b�o���g�Z�i�j�y�`�_�g�b�c���i�j�b���j�Z�k��
�r�b�j�_�g�b�b���i�h���l�j�_�f���h�k�y�f���i�h���n�h�j�f�m�e�_���������� 

�� ,�� ��2����

�]�^�_ �? �± �f�h�^�m�e�v���X�g�]�Z�����=�I�Z�����. �± �d�h�w�n�n�b�p�b�_�g�l���e�b�g�_�c�g�h�]�h���l�_�j��
�f�b�q�_�k�d�h�]�h���j�Z�k�r�b�j�_�g�b�y, �]�j�Z�^-1; �� �± �d�h�w�n�n�b�p�b�_�g�l���I�m�Z�k�k�h�g�Z; 
�' �L��� ���L1 �± �L2 - �]�j�Z�^�b�_�g�l���l�_�f�i�_�j�Z�l�m�j�u�����h�K 

�F�Z�d�k�b�f�Z�e�v�g�u�c�� �]�j�Z�^�b�_�g�l�� �l�_�f�i�_�j�Z�l�m�j�u���� �j�Z�\�g�u�c�� �������ž�K��
�i�h�y�\�e�y�_�l�k�y�� �i�j�b�� �m�k�l�Z�g�h�\�d�_�� �\�Z�]�h�g�_�l�d�b�� �\�� �i�_�q�v���� �>�Z�e�v�g�_�c�r�b�c��
�g�Z�]�j�_�\���i�j�h�b�k�o�h�^�b�l���f�_�^�e�_�g�g�h���k���i�h�k�l�h�y�g�g�h�c���k�d�h�j�h�k�l�v�x�����i�h��
�w�l�h�f�m�� �\�_�e�b�q�b�g�Z�� �l�_�j�f�b�q�_�k�d�b�o �g�Z�i�j�y�`�_�g�b�c�� �\�� �i�j�h�p�_�k�k�_��
�g�Z�]�j�_�\�Z���m�f�_�g�v�r�Z�_�l�k�y�����<���l�Z�[�e�� �����i�j�b�\�_�^�_�g�u���a�g�Z�q�_�g�b�y���i�j�h�q��
�g�h�k�l�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���g�Z�b�[�h�e�_�_���j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�u�o���f�Z�l�_��
�j�b�Z�e�h�\���^�e�y���n�m�l�_�j�h�\�d�b���h�[�`�b�]�h�\�u�o���i�_�q�_�c���b���\�_�e�b�q�b�g�u���l�_�j�f�b��
�q�_�k�d�b�o���g�Z�i�j�y�`�_�g�b�c�����j�Z�k�k�q�b�l�Z�g�g�u�_���i�h���n�h�j�f�m�e�_�����������^�e�y���]�j�Z��
�^�b�_�g�l�Z���l�_�f�i�_�j�Z�l�m�j�u���������ž�K�� 

�L�Z�[�e�b�p�Z���� 
�A�g�Z�q�_�g�b�y���i�j�h�q�g�h�k�l�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���^�e�y���n�m�l�_�j�h�\�d�b      

�\�Z�]�h�g�_�l�h�d 
 �F�Z�l�_�j�b�Z�e���n�m�l�_��

�j�h�\�d�b 
�?�����=�I�Z �.�����]�j�Z�^-1 �� �1�l�������F�I�: 

1 �R�Z�f�h�l 2,04 4,5-6 10-6 1 108 3,68-4,89 

2 �W�e�_�d�l�j�h�d�h�j�m�g�^ 3,80 8 10-7 3,7 
108 

1,93 

3 �G�b�a�d�h�p�_�f�_�g�l�g�u�c 
�[�_�l�h�g���g�Z���h�k�g�h�\�_��
�w�e�_�d�l�j�h�d�h�j�m�g�^�Z 

3,74 6 10-7 3,7 
108 

1,45 

 
�B�a�� �^�Z�g�g�u�o�� �l�Z�[�e�b�p�u�� �\�b�^�g�h���� �q�l�h�� �\�_�e�b�q�b�g�Z�� �j�Z�k�l�y�]�b�\�Z�x��

�s�b�o���l�_�j�f�b�q�_�k�d�b�o���g�Z�i�j�y�`�_�g�b�c���i�j�_�`�^�_���\�k�_�]�h���a�Z�\�b�k�b�l���h�l���f�Z��
�l�_�j�b�Z�e�Z�� �n�m�l�_�j�h�\�d�b���� �F�b�g�b�f�Z�e�v�g�u�_�� �j�Z�k�l�y�]�b�\�Z�x�s�b�_�� �l�_�j�f�b��
�q�_�k�d�b�_�� �g�Z�i�j�y�`�_�g�b�y�� �i�h�y�\�e�y�x�l�k�y�� �\�� �[�_�l�h�g�g�h�c���n�m�l�_�j�h�\�d�_�� �g�Z��
�h�k�g�h�\�_���w�e�_�d�l�j�h�d�h�j�m�g�^�Z [23, 24]. 

�<�Z�`�g�u�f���n�Z�d�l�h�j�h�f���\�e�b�y�x�s�b�f���g�Z���l�_�j�f�h�k�l�h�c�d�h�k�l�v���y�\�e�y��
�_�l�k�y�� �k�l�j�m�d�l�m�j�Z�� �h�]�g�_�m�i�h�j�g�h�]�h�� �i�h�d�j�u�l�b�y���� �h�i�j�_�^�_�e�y�x�s�Z�y��
�i�j�h�p�_�k�k�u���i�_�j�_�^�Z�q�b���l�_�i�e�Z. 

�M�k�e�h�\�b�_���g�Z�^�_�`�g�h�c���w�d�k�i�e�m�Z�l�Z�p�b�b���n�m�l�_�j�h�\�d�b���f�h�`�g�h���\�u��
�j�Z�a�b�l�v���g�_�j�Z�\�_�g�k�l�\�h�f�������� 
�� ,�� ��3����

�]�^�_ �1    �± �i�j�_�^�_�e�� �i�j�h�q�g�h�k�l�b�� �n�m�l�_�j�h�\�d�b���� �F�i�Z; �1�K���± �i�j�_�^�_�e��
�i�j�h�q�g�h�k�l�b���i�j�b���k�`�Z�l�b�b�����F�i�Z; �1�L���± �j�Z�k�l�y�]�b�\�Z�x�s�b�_���l�_�j�f�b�q�_��
�k�d�b�_���g�Z�i�j�y�`�_�g�b�y�����F�I�Z 

�>�e�y���n�m�l�_�j�h�\�d�b���b�a���r�Z�f�h�l�Z���k�m�f�f�Z���j�Z�a�j�m�r�Z�x�s�b�o�� �g�Z�i�j�y��
�`�_�g�b�c���k�h�k�l�Z�\�e�y�_�l�������������± �����������F�I�Z�����q�l�h���g�_���i�h�a�\�h�e�y�_�l���k�h�o�j�Z��
�g�b�l�v�� �p�_�e�h�k�l�g�h�k�l�v�� �n�m�l�_�j�h�\�d�b�� �\�� �l�_�q�_�g�b�_�� �^�e�b�l�_�e�v�g�h�]�h�� �\�j�_��
�f�_�g�b�����I�j�h�b�k�o�h�^�b�l���k�d�Z�e�u�\�Z�g�b�_���b���j�Z�k�l�j�_�k�d�b�\�Z�g�b�_���d�e�Z�^�d�b���b�a��
�r�Z�f�h�l�g�h�]�h�� �d�b�j�i�b�q�Z���� �h�k�h�[�_�g�g�h�� �n�Z�k�h�g�g�u�o�� �[�e�h�d�h�\�� �k�e�h�`�g�h�c��
�n�h�j�f�u�� 

�G�Z���j�b�k���������i�h�d�Z�a�Z�g���\�g�_�r�g�b�c���\�b�^���k�l�Z�g�^�Z�j�l�g�h�c���n�m�l�_�j�h�\�d�b��
�\�Z�]�h�g�_�l�h�d���l�m�g�g�_�e�v�g�h�c���i�_�q�b���i�h�k�e�_���j�Z�a�]�j�m�a�d�b���h�]�g�_�m�i�h�j�h�\ 

�D�Z�d�� �\�b�^�g�h���� �i�h�k�e�_�� �d�Z�`�^�h�]�h�� �p�b�d�e�Z�� �w�d�k�i�e�m�Z�l�Z�p�b�b�� �k�l�Z�g��
�^�Z�j�l�g�Z�y���h�]�g�_�m�i�h�j�g�Z�y���n�m�l�_�j�h�\�d�Z���g�m�`�^�Z�_�l�k�y���\���j�_�f�h�g�l�_. 

 

 
�J�b�k�����������<�g�_�r�g�b�c���\�b�^���n�m�l�_�j�h�\�d�b���\�Z�]�h�g�_�l�h�d 
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�<���e�Z�[�h�j�Z�l�h�j�b�b���[�u�e�b���b�a�]�h�l�h�\�e�_�g�u���f�_�l�h�^�h�f���\�b�[�j�h�g�Z�e�b�\�Z��
�b�a�� �g�b�a�d�h�p�_�f�_�g�l�g�h�]�h�� �[�_�l�h�g�Z�� �h�]�g�_�m�i�h�j�g�u�_�� �d�b�j�i�b�q�b�� �g�Z�� �h�k��
�g�h�\�_���w�e�_�d�l�j�h�d�h�j�m�g�^�Z���b���i�j�h�\�_�^�_�g�u���b�k�i�u�l�Z�g�b�y���\���n�m�l�_�j�h�\�d�_��
�\�Z�]�h�g�_�l�d�b���\���l�_�q�_�g�b�_���������p�b�d�e�h�\���g�Z�]�j�_�\-�h�o�e�Z�`�^�_�g�b�_�� 

�G�Z���j�b�k���������i�j�b�\�_�^�_�g�u���n�h�l�h�]�j�Z�n�b�b���r�Z�f�h�l�g�h�]�h���d�b�j�i�b�q�Z��
�R�;-�����b���d�b�j�i�b�q�Z���b�a���[�_�l�h�g�Z���i�h�k�e�_���������p�b�d�e�h�\���w�d�k�i�e�m�Z�l�Z�p�b�b����
�G�Z���m�]�e�Z�o���d�b�j�i�b�q�Z���R�;-�����\�b�^�g�u���k�d�h�e�u�����l�Z�d���d�Z�d���n�h�j�f�h�\�Z�g�g�u�_��
�r�Z�f�h�l�g�u�_���b�a�^�_�e�b�y���h�[�e�Z�^�Z�x�l���\�u�k�h�d�h�c���i�j�h�q�g�h�k�l�v�x�����g�h���g�b�a��
�d�h�c�� �l�_�j�f�h�k�l�h�c�d�h�k�l�v�x�� �F�_�o�Z�g�b�a�f�� �j�Z�a�j�m�r�_�g�b�y�� �r�Z�f�h�l�g�h�]�h��
�d�b�j�i�b�q�Z�� �k�\�y�a�Z�g�� �k�� �g�b�a�d�b�f�� �k�h�i�j�h�l�b�\�e�_�g�b�_�f�� �b�a�]�b�[�Z�x�s�b�f��
�g�Z�i�j�y�`�_�g�b�y�f�����\�h�a�g�b�d�Z�x�s�b�f���i�j�b���g�Z�]�j�_�\�_���b���h�o�e�Z�`�^�_�g�b�b���b�a��
�^�_�e�b�c�� 
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�J�b�k.�������<�g�_�r�g�b�c���\�b�^���r�Z�f�h�l�g�h�]�h���d�b�j�i�b�q�Z���b���b�a�^�_�e�b�y���b�a���g�b�a��
�d�h�p�_�f�_�g�l�g�h�]�h���[�_�l�h�g�Z���i�h�k�e�_���w�d�k�i�e�m�Z�l�Z�p�b�b���\���l�m�g�g�_�e�v�g�h�c��

�i�_�q�b�����Z���± �d�b�j�i�b�q���R�;-�������[���± �g�Z�e�b�\�g�h�_���b�a�^�_�e�b�_���b�a���g�b�a�d�h�p�_��
�f�_�g�l�g�h�]�h���[�_�l�h�g�Z 

�G�Z���j�b�k�m�g�d�_�����Z �i�h�d�Z�a�Z�g���b�a�e�h�f���r�Z�f�h�l�g�h�]�h���d�b�j�i�b�q�Z���i�h�k�e�_��
�������p�b�d�e�h�\���w�d�k�i�e�m�Z�l�Z�p�b�b�� 

�I�j�b�� �f�b�g�_�j�Z�e�h�]�h-�i�_�l�j�h�]�j�Z�n�b�q�_�k�d�h�f�� �b�a�m�q�_�g�b�b�� �r�Z�f�h�l��
�g�h�]�h�� �h�]�g�_�m�i�h�j�Z�� �i�h�k�e�_�� �k�e�m�`�[�u�� �\�� �d�Z�q�_�k�l�\�_�� �n�m�l�_�j�h�\�d�b�� �\�Z�]�h��
�g�_�l�h�d�� �m�k�l�Z�g�h�\�e�_�g�h�� �f�_�l�Z�k�h�f�Z�l�b�q�_�k�d�h�_�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �n�m��
�l�_�j�h�\�d�b�� �k�� �i�Z�j�h�]�Z�a�h�\�h�c�� �k�h�k�l�Z�\�e�y�x�s�_�c�� �i�_�q�b���� �Z�� �l�Z�d�`�_�� �k�� �f�_��
�l�Z�e�e�h�f���\�Z�]�h�g�_�l�h�d�����J�_�a�m�e�v�l�Z�l�h�f���l�Z�d�h�]�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���y�\��
�e�y�_�l�k�y���h�[�j�Z�a�h�\�Z�g�b�_���`�_�e�_�a�b�k�l�u�o���©�\�u�i�e�Z�\�h�d�ª���j�Z�a�f�_�j�h�f���^�h������
�f�f�����h�d�j�m�`�_�g�g�u�o���b�a�f�_�g�_�g�g�h�c���a�h�g�h�c���h�]�g�_�m�i�h�j�Z���j�Z�a�f�_�j�h�f���^�h��
���� �f�f���� �<�� �w�l�b�o�� �a�h�g�Z�o�� �i�j�h�b�k�o�h�^�b�l�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �©�f�b�d�j�h��
�^�j�m�a�ª���� �k�e�h�`�_�g�g�u�o�� �\�l�h�j�b�q�g�u�f�b�� �f�b�g�_�j�Z�e�Z�f�b�� �l�b�i�Z�� �`�_�e�_�a�b��
�k�l�h�]�h���d�h�j�^�b�_�j�b�l�Z����FeO�‡��Al 2O3�‡��SiO2 (Ng� ���������������b���e�_�c�p�b�l�Z 
K2O�‡Al 2O3�‡��SiO2���� �H�k�g�h�\�g�Z�y�� �f�Z�k�k�Z�� �h�]�g�_�m�i�h�j�Z�� �b�g�l�_�g�k�b�\�g�h��
�i�_�j�_�d�j�b�k�l�Z�e�e�b�a�h�\�Z�g�Z���� �j�_�a�m�e�v�l�Z�l�h�f�� �q�_�]�h�� �y�\�e�y�_�l�k�y�� �j�_�d�j�b��
�k�l�Z�e�e�b�a�Z�p�b�y���k�l�_�d�e�Z���k���j�h�k�l�h�f���d�j�b�k�l�Z�e�e�h�\���f�m�e�e�b�l�Z���^�h�������f�d�f����
�Z���l�Z�d���`�_���\�l�h�j�b�q�g�u�o���d�j�b�k�l�Z�e�e�h�\���i�h�e�_�\�h�]�h���r�i�Z�l�Z�� 

�H�i�b�k�Z�g�g�u�_���b�a�f�_�g�_�g�b�y���i�j�b�\�h�^�y�l���d���h�[�j�Z�a�h�\�Z�g�b�x���f�g�h�]�h��
�q�b�k�e�_�g�g�u�o�� �m�k�Z�^�h�q�g�u�o�� �l�j�_�s�b�g���� �n�h�j�f�b�j�m�x�s�b�o�� �b�a�� �h�]�g�_��
�m�i�h�j�Z�� �l�Z�d�� �g�Z�a�u�\�Z�_�f�u�c�� �©�k�m�o�Z�j�v�ª���� �d�h�l�h�j�u�c�� �e�_�]�d�h�� �j�Z�k�k�u�i�Z��
�_�l�k�y�� �i�j�b�� �g�_�a�g�Z�q�b�l�_�e�v�g�u�o�� �g�Z�]�j�m�a�d�Z�o���� �R�b�j�b�g�Z�� �m�k�Z�^�h�q�g�u�o��
�l�j�_�s�b�g�� �d�h�e�_�[�e�_�l�k�y�� �h�l�� ������ �^�h�� �������� �f�d�f���� �j�Z�k�k�l�h�y�g�b�_�� �f�_�`�^�m��
�l�j�_�s�b�g�Z�f�b�����������± �����������f�d�f�����l�����_�����h�]�g�_�m�i�h�j���y�\�e�y�_�l�k�y���b�g�l�_�g��
�k�b�\�g�h�� �l�j�_�s�b�g�h�\�Z�l�u�f���� �i�j�b�q�_�f�� �g�Z�[�e�x�^�Z�_�l�k�y�� �g�_�d�h�l�h�j�Z�y�� �i�Z��
�j�Z�e�e�_�e�v�g�Z�y���g�Z�i�j�Z�\�e�_�g�g�h�k�l�v���l�j�_�s�b�g���i�h���h�l�g�h�r�_�g�b�x���d���i�e�h�k��
�d�h�k�l�b�����W�l�h�l���n�Z�d�l���k�\�b�^�_�l�_�e�v�k�l�\�m�_�l���h���n�h�j�f�b�j�h�\�Z�g�b�b���l�j�_�s�b�g��
�i�h�^���g�Z�]�j�m�a�d�h�c���k���i�h�k�e�_�^�m�x�s�b�f���k�d�h�e�h�f���q�Z�k�l�b���h�]�g�_�m�i�h�j�Z�� 

�G�Z���j�b�k�������[ �i�h�d�Z�a�Z�g���b�a�e�h�f���h�[�j�Z�a�p�Z���g�Z�e�b�\�g�h�]�h���b�a�^�_�e�b�y���b�a��
�[�_�l�h�g�Z���i�h�k�e�_���w�d�k�i�e�m�Z�l�Z�p�b�b���\���l�_�o���`�_���m�k�e�h�\�b�y�o�����q�l�h���b���r�Z�f�h�l��
�g�h�]�h�� �d�b�j�i�b�q�Z���� �B�g�l�_�g�k�b�\�g�h�� �j�Z�a�\�b�l�h�c�� �l�j�_�s�b�g�h�\�Z�l�h�k�l�b�� �g�_��
�g�Z�[�e�x�^�Z�_�l�k�y�����h�^�g�Z�d�h���i�j�b�k�m�l�k�l�\�m�_�l���\�h�e�h�k�h�\�b�^�g�Z�y���k�_�l�v���f�b�d��
�j�h�l�j�_�s�b�g�����j�Z�a�\�b�l�u�o���h�d�h�e�h���d�j�m�i�g�u�o���a�_�j�_�g�����F�Z�l�j�b�p�Z���[�_�l�h�g�Z��
�k�h���k�i�_�p�b�Z�e�v�g�u�f�b���r�Z�j�h�\�b�^�g�u�f�b���^�h�[�Z�\�d�Z�f�b���n�j�Z�]�f�_�g�l�Z�j�g�Z����
�^�h�k�l�Z�l�h�q�g�h���w�e�Z�k�l�b�q�g�Z�����g�h���l�Z�d�`�_���i�h�^�\�_�j�`�_�g�Z���\�l�h�j�b�q�g�h�c���j�_��
�d�j�b�k�l�Z�e�e�b�a�Z�p�b�b�����q�l�h���^�_�e�Z�_�l���_�_���o�j�m�i�d�h�c���b���©�k�m�o�Z�j�_�\�b�^�g�h�c�ª����
�G�Z���i�h�\�_�j�o�g�h�k�l�b���b�a�^�_�e�b�y���k�d�h�e�u���b���j�Z�a�j�m�r�_�g�b�y���g�_���h�l�f�_�q�_�g�u����
�M�� �g�b�a�d�h�p�_�f�_�g�l�g�h�]�h�� �[�_�l�h�g�Z�� �b�� �b�a�^�_�e�b�c�� �b�a�� �g�_�]�h�� �h�l�k�m�l�k�l�\�m�_�l��
�m�k�Z�^�d�Z�� �Z���i�j�b���g�Z�]�j�_�\�_���i�j�h�b�k�o�h�^�b�l���j�Z�k�r�b�j�_�g�b�_���g�Z�����������������d�h��
�l�h�j�h�_�� �k�i�h�k�h�[�k�l�\�m�_�l�� �©�a�Z�e�_�q�b�\�Z�g�b�x�ª�� �l�j�_�s�b�g�� �b�� �i�h�\�u�r�_�g�b�x��
�l�_�j�f�h�k�l�h�c�d�h�k�l�b���h�]�g�_�m�i�h�j�Z�� 
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�J�b�k������. �B�a�e�h�f���h�]�g�_�m�i�h�j�Z���i�h�k�e�_���k�e�m�`�[�u �^�\�m�o�k�e�h�c�g�h�]�h���h�[��
�j�Z�a�p�Z�����Z�����r�Z�f�h�l�g�u�c���h�]�g�_�m�i�h�j�����[�����g�Z�e�b�\�g�h�_���b�a�^�_�e�b�_ 

�I�j�h�\�_�^�_�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y �i�h�d�Z�a�Z�e�b���� �q�l�h�� �f�h�g�h�e�b�l�g�u�_��
�b�a�^�_�e�b�y���b�a���g�b�a�d�h�p�_�f�_�g�l�g�u�o���[�_�l�h�g�h�\���k���d�h�j�m�g�^�h�\�u�f���a�Z�i�h�e��
�g�b�l�_�e�_�f���h�[�e�Z�^�Z�x�l���\�u�k�h�d�h�c���i�j�h�q�g�h�k�l�v�x���b���k�l�h�c�d�h�k�l�v�x���d���b�k��
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Abstract. �$���V�W�X�G�\���R�I���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���U�H�I�U�D�F�W�R�U�L�H�V�¶���V�W�U�X�F�W�X�U�H���R�Q��

the thermomechanical properties of the lining of the equipment of 
tunnel kilns has been carried out. The lining of kiln trolleys is sub-
jected to mechanical stress distributed evenly over the entire area 
and most dangerous to brittle materials as well as to tensile ther-
mal stresses. The magnitude of the tensile thermal stress depends 
on the material and structure of the lining. The mechanisms of de-
struction of products made of fireclay and liquid concrete have 
been studied. Mineralogical and petrographic analysis of fireclay 
refractories having been used as trolley lining has established met-
asomatic interaction of the lining with the vapor-gas component of 
the kiln, as well as with the metal of the trolleys. Monolithic prod-
ucts made of low-cement concrete with corundum filler are char-
acterised by high strength and resistance to abrasion. The total 
value of compression and thermal expansion stresses for them is 

3.08 MPa, which is half the value of those of fireclay. When con-
ducting research to optimize the composition of trolley lining, tech-
nology has been developed for manufacturing two-layer concrete 
blocks combining the advantages of compositions based on corun-
dum and fireclay. The chemical and granulometric composition of 
fireclay-based concrete in the lower thermal insulation layer and 
electrocorundum-based concrete in the upper reinforcing layer 
were selected in such a way as to ensure similar values of linear 
thermal expansion coefficients and prevent possible destruction 
along the boundary between the layers during operation. 

Keywords: structure, refractory lining, thermomechanical 
properties, electrocorundum, fireclay, increased performance. 
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�Z�g�h�f�Z�e�v�g�u�_�� �k�\�h�c�k�l�\�Z���� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �b�k�d�m�k�k�l�\�_�g�g�h��
�i�h�e�m�q�_�g�g�u�f�� �Z�f�h�j�n�g�u�f�� �^�b�h�d�k�b�^�h�f�� �d�j�_�f�g�b�y�� �b��
�f�_�e�d�h�d�j�b�k�l�Z�e�e�b�q�_�k�d�b�f�� �d�\�Z�j�p�_�f���� �I�h�w�l�h�f�m�� �l�_�f�i�_�j�Z�l�m�j�Z��
�i�e�Z�\�e�_�g�b�y�� �d�j�_�f�g�_�a�_�f�Z���� �k�h�^�_�j�`�Z�s�_�]�h�k�y�� �\�� �^�b�Z�l�h�f�b�l�_����
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�g�b�`�_������������-�����������ƒ�K�������q�_�f���l�_�f�i�_�j�Z�l�m�j�Z���i�e�Z�\�e�_�g�b�y���d�\�Z�j�p�Z��
(1713-���������� �ƒ�&������ �q�l�h�� �i�h�a�\�h�e�y�_�l�� �k�g�b�`�Z�l�v�� �l�_�f�i�_�j�Z�l�m�j�m��
�\�Z�j�d�b�� �k�l�_�d�e�Z�����<�� �k�h�k�l�Z�\�_�� �^�b�Z�l�h�f�b�l�Z�� �b�f�_�_�l�k�y�� �g�_�[�h�e�v�r�h�_��
�d�h�e�b�q�_�k�l�\�h�� �j�Z�k�l�b�l�_�e�v�g�u�o�� �h�k�l�Z�l�d�h�\���� �Z�� �l�Z�d�`�_�� �j�_�^�d�b�_�� �q�Z-
�k�l�b�q�d�b�� �h�[�h�]�Z�s�z�g�g�u�_�� �h�d�k�b�^�Z�f�b�� �`�_�e�_�a�Z���� �B�a�\�_�k�l�d�h�\�u�o��
�\�d�e�x�q�_�g�b�c���g�_���g�Z�[�e�x�^�Z�_�l�k�y�� 

�O�b�f�b�q�_�k�d�b�c�� �k�h�k�l�Z�\�� �^�b�Z�l�h�f�b�l�Z���Q�_�j�g�h�y�j�k�d�h�]�h 
�f�_�k�l�h�j�h�`�^�_�g�b�y���i�j�_�^�k�l�Z�\�e�_�g���\���l�Z�[�e�b�p�_ 1. 

�L�Z�[�e�b�p�Z���� 
�J�_�a�m�e�v�l�Z�l�u���o�b�f�b�q�_�k�d�h�]�h���Z�g�Z�e�b�a�Z���^�b�Z�l�h�f�b�l�Z��
�Q�_�j�g�h�y�j�k�d�h�]�h �f�_�k�l�h�j�h�`�^�_�g�b�y���������i�h���f�Z�k�k�_�� 

�F�Z�l�_�j�b�Z�e 

�F�Z�k�k�h�\�h�_���k�h�^�_�j�`�Z�g�b�_������ 

SiO2 Al2O3 Fe2O3 CaO MgO �i���i���i 

�>�b�Z�l�h�f�b�l��
�Q�_�j�g�h�y�j�k�d�h�]�h 

�f�_�k�l�h�j�h�`�^�_�g�b�y 
76,19 6,76 3,54 1,04 0,92 11,55 

 
�I�h�� �k�h�^�_�j�`�Z�g�b�x��Al 2O3 �\�� �i�j�h�d�Z�e�z�g�g�h�f�� �k�h�k�l�h�y�g�b�b��

�i�j�h�[�Z�� �^�b�Z�l�h�f�b�l�h�\���Q�_�j�g�h�y�j�k�d�h�]�h �f�_�k�l�h�j�h�`�^�_�g�b�y��
�h�l�g�h�k�b�l�k�y�� �d�� �]�j�m�i�i�_�� �d�b�k�e�h�]�h�� �k�u�j�v�y���� �I�h�� �k�h�^�_�j�`�Z�g�b�x��
�d�j�Z�k�y�s�b�o�� �h�d�k�b�^�h�\�� ��Fe2O3 �b�� TiO2���� �\�� �i�j�h�d�Z�e�z�g�g�h�f��
�k�h�k�l�h�y�g�b�b�� �i�j�h�[�Z�� �h�l�g�h�k�b�l�k�y�� �d�� �]�j�m�i�i�_�� �k�� �\�u�k�h�d�b�f��
�k�h�^�_�j�`�Z�g�b�_�f���d�j�Z�k�y�s�b�o���h�d�k�b�^�h�\���� 

�<�� �k�\�y�a�b�� �l�_�f���� �q�l�h���\�� �i�j�h�b�a�\�h�^�k�l�\�_�� �k�l�_�d�e�h�f�Z�l�_�j�b�Z�e�h�\��
�g�_�`�_�e�Z�l�_�e�v�g�u�f�� �y�\�e�y�_�l�k�y�� �k�h�^�_�j�`�Z�g�b�_�� �\�� �[�h�e�v�r�h�f��
�d�h�e�b�q�_�k�l�\�_�� �\�h�^�h�j�Z�k�l�\�h�j�b�f�u�o�� �k�h�e�_�c�� �s�_�e�h�q�g�u�o�� �b��
�s�_�e�h�q�g�h�a�_�f�_�e�v�g�u�o�� �f�_�l�Z�e�e�h�\���� �[�u�e�b�� �i�j�h�\�_�^�_�g�u��
�b�k�k�e�_�^�h�\�Z�g�b�y���i�h���g�Z�e�b�q�b�x���^�Z�g�g�u�o���k�h�_�^�b�g�_�g�b�c���\���k�h�k�l�Z�\�_��
�^�b�Z�l�h�f�b�l�Z���� �J�_�a�m�e�v�l�Z�l�u�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�_�^�k�l�Z�\�e�_�g�u���\��
�l�Z�[�e�b�p�_������ 

�L�Z�[�e�b�p�Z���� 
�K�h�^�_�j�`�Z�g�b�_�� �\�h�^�h�j�Z�k�l�\�h�j�b�f�u�o�� �k�h�e�_�c���� �f�]���w�d�\���� �������� �]��

�i�h�j�h�^�u 

 
�<�� �j�_�a�m�e�v�l�Z�l�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �m�k�l�Z�g�h�\�e�_�g�h���� �q�l�h��

�^�b�Z�l�h�f�b�l���Q�_�j�g�h�y�j�k�d�h�]�h�� �f�_�k�l�h�j�h�`�^�_�g�b�y �h�l�g�h�k�b�l�k�y�� �d��
�k�u�j�v�x���k�h���k�j�_�^�g�b�f���k�h�^�_�j�`�Z�g�b�_�f���\�h�^�h�j�Z�k�l�\�h�j�b�f�u�o���k�h�e�_�c�� 

�J�?�G�L�=�?�G�H�N�:�A�H�<�U�C���B���>�B�N�N�?�J�?�G�P�B�:�E�V�G�H-�L�?�J�F�B�Q�?�K�D�B�C��
�:�G�:�E�B�A���>�B�:�L�H�F�B�L�:���Q�?�J�G�H�Y�J�K�D�H�=�H���F�?�K�L�H�J�H�@�>�?�G�B�Y 

�J�_�g�l�]�_�g�h�n�Z�a�h�\�u�c�� �Z�g�Z�e�b�a�� �^�b�Z�l�h�f�b�l�Z�� ���j�b�k�m�g�h�d�� ������
�i�h�d�Z�a�Z�e���� �q�l�h�� �_�]�h�� �Z�f�h�j�n�g�Z�y�� �k�h�k�l�Z�\�e�y�x�s�Z�y�� �i�j�_�^�k�l�Z�\�e�_�g�Z��
�j�Z�a�g�h�\�b�^�g�h�k�l�v�x�� �h�i�Z�e�Z���� �d�h�l�h�j�Z�y�� �\�u�j�Z�`�_�g�Z��
�^�b�n�j�Z�d�p�b�h�g�g�u�f�b�� �h�l�j�Z�`�_�g�b�y�f�b�� �k�� �j�Z�a�f�u�l�u�f�b��
�f�Z�d�k�b�f�m�f�Z�f�b�� �\�� �h�[�e�Z�k�l�b�� �f�Z�e�u�o�� �b�� �k�j�_�^�g�b�o�� �m�]�e�h�\����
�d�j�b�k�l�Z�e�e�b�q�_�k�d�Z�y�� �`�_�� �k�h�k�l�Z�\�e�y�x�s�Z�y�� �i�j�_�^�k�l�Z�\�e�_�g�Z��
�i�j�b�f�_�k�v�x���d�\�Z�j�p�Z���� 

 

 
�J�b�k�� 2. �J�_�g�l�]�_�g�h�]�j�Z�f�f�Z���^�b�Z�l�h�f�b�l�Z���Q�_�j�g�h�y�j�k�d�h�]�h��

�f�_�k�l�h�j�h�`�^�_�g�b�y ���v��- �]�e�Z�m�d�h�g�b�l�����x���± �d�\�Z�j�p�� 

�A�g�Z�q�b�l�_�e�v�g�Z�y�� �q�Z�k�l�v�� �^�b�Z�l�h�f�b�l�Z���Q�_�j�g�h�y�j�k�d�h�]�h 
�f�_�k�l�h�j�h�`�^�_�g�b�y�� �� �i�j�_�^�k�l�Z�\�e�_�g�Z �Z�f�h�j�n�g�u�f�� �d�j�_�f�g�_�a�_�f�h�f����
�]�e�b�g�b�k�l�u�f�b�� �f�b�g�_�j�Z�e�Z�f�b���� �d�\�Z�j�p�_�f���� �_�]�h�� �i�h�e�b�f�h�j�n�g�u�f�b��
�f�h�^�b�n�b�d�Z�p�b�y�f�b�� �\�� �k�h�k�l�Z�\�_�� �h�i�Z�e�h�\�� �b�� �i�h�e�_�\�u�o�� �r�i�Z�l�h�\����
�G�_�[�h�e�v�r�h�c�� �i�b�d�� �������� �g�f�� �]�h�\�h�j�b�l�� �h�� �l�h�f���� �q�l�h��
�j�_�g�l�]�_�g�h�Z�f�h�j�n�g�u�c���h�i�Z�e���\���i�j�h�p�_�k�k�_���^�b�Z�]�_�g�_�a�Z���i�_�j�_�o�h�^�b�l��
�\�� �d�j�b�k�l�h�[�Z�e�b�l�� �b�� �i�j�h�p�_�k�k�� �w�l�h�l�� �g�Z�o�h�^�b�l�k�y�� �\�� �g�Z�q�Z�e�v�g�h�c��
�k�l�Z�^�b�b���� �G�Z�b�[�h�e�_�_�� �b�g�l�_�g�k�b�\�g�u�_�� �b�� �h�l�q�_�l�e�b�\�u�_�� �i�b�d�b��
�i�j�b�g�Z�^�e�_�`�Z�l�� �.-�d�\�Z�j�p�m���± ���������� ���������� �������� �g�f������ �g�Z�[�e�x�^�Z�_�l�k�y����
�g�_�[�h�e�v�r�h�c�� �i�b�d�� �o�Z�j�Z�d�l�_�j�g�u�c�� �^�e�y�� �]�e�Z�m�d�h�g�b�l�Z���± �������� �g�f����
�H�[�h�[�s�z�g�g�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �b�a�m�q�_�g�b�y�� �f�b�g�_�j�Z�e�h�]�b�q�_�k�d�h�]�h��
�k�h�k�l�Z�\�Z�� �^�b�Z�l�h�f�b�l�Z���Q�_�j�g�h�y�j�k�d�h�]�h�� �f�_�k�l�h�j�h�`�^�_�g�b�y 
�i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�b�p�_������ 

�L�Z�[�e�b�p�Z���� 
�F�b�g�_�j�Z�e�h�]�b�q�_�k�d�b�c���k�h�k�l�Z�\���^�b�Z�l�h�f�b�l�Z���Q�_�j�g�h�y�j�k�d�h�]�h��

�f�_�k�l�h�j�h�`�^�_�g�b�y 
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�I�j�b�� �h�i�j�_�^�_�e�_�g�b�b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\��

�^�b�Z�l�h�f�b�l�Z���[�h�e�v�r�h�_���a�g�Z�q�_�g�b�_���b�f�_�_�l���i�h�\�_�^�_�g�b�_���f�Z�l�_�j�b�Z�e�Z��
�i�j�b�� �g�Z�]�j�_�\�Z�g�b�b�����L�_�j�f�b�q�_�k�d�b�c�� �Z�g�Z�e�b�a�� �i�h�a�\�h�e�y�_�l�� �i�h��
�i�j�h�p�_�k�k�Z�f�����i�j�h�b�k�o�h�^�y�s�b�f���i�j�b���g�Z�]�j�_�\�Z�g�b�b���b���h�o�e�Z�`�^�_�g�b�b��
�m�k�l�Z�g�h�\�b�l�v�� �\�_�s�_�k�l�\�_�g�g�u�c�� �k�h�k�l�Z�\�� �f�Z�l�_�j�b�Z�e�Z���� �Z�� �l�Z�d�`�_��
�i�j�h�]�g�h�a�b�j�h�\�Z�l�v�� �h�i�l�b�f�Z�e�v�g�u�c �j�_�`�b�f�� �h�[�`�b�]�Z�� �b�a�^�_�e�b�c����
�G�Z�j�y�^�m�� �k�� �>�L�:�� �i�j�h�\�h�^�b�l�k�y�� �b�� �>�L�=���� �d�h�l�h�j�u�c�� �^�Z�_�l��
�\�h�a�f�h�`�g�h�k�l�v�� �m�k�l�Z�g�Z�\�e�b�\�Z�l�v�� �b�a�f�_�g�_�g�b�y�� �f�Z�k�k�u�� �\�� �h�[�j�Z�a�p�_��
�i�j�b���g�Z�]�j�_�\�Z�g�b�b�����I�j�b���w�l�h�f���L�=���± �d�j�b�\�Z�y�����i�j�_�^�k�l�Z�\�e�y�x�s�Z�y����
�k�h�[�h�c���]�j�Z�n�b�d���a�Z�\�b�k�b�f�h�k�l�b���b�a�f�_�g�_�g�b�y���f�Z�k�k�u���\�_�s�_�k�l�\�Z���h�l��
�\�j�_�f�_�g�b�� �b�e�b�� �l�_�f�i�_�j�Z�l�m�j�u���� �D�j�b�\�Z�y�� �>�L�=�� �j�_�]�b�k�l�j�b�j�m�_�l��
�k�d�h�j�h�k�l�v�� �b�a�f�_�g�_�g�b�y�� �f�Z�k�k�u�� �\�_�s�_�k�l�\�Z�� �d�Z�d�� �n�m�g�d�p�b�x�� �h�l��

�F�Z�l�_�j�b�Z�e �D�Z�l�b�h�g�u�� �:�g�b�h�g�u �K�m�f
�f�Z����
�f�]�Â�w
�d�\�� 

Ca2+
 Mg2+ Na + �D+ HCO3

- CI- SO4
2

- 

�>�b�Z�l�h�f�b�l�� 
�Q�_�j�g�h�y�j�k

�d�h�]�h��
�f�_�k�l�h�j�h�`

�^�_�g�b�y 0,
79

 

0,
56

 

0,
95

 

0,
43

 

1,
28

 

0,
43

 

1,
02

 

5,
46
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�\�j�_�f�_�g�b�� �b�e�b�� �l�_�f�i�_�j�Z�l�m�j�u���\�g�_�r�g�_�c���k�j�_�^�u�����<���j�_�a�m�e�v�l�Z�l�_��
�d�h�f�i�e�_�d�k�g�h�]�h�� �l�_�j�f�b�q�_�k�d�h�]�h�� �Z�g�Z�e�b�a�Z�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h-�k�d�Z�g�b�j�m�x�s�_�]�h�� �d�Z�e�h�j�b�f�_�l�j�Z�� ���>�K�D����
���j�b�k�m�g�h�d���������m�k�l�Z�g�h�\�e�_�g�h�����q�l�h���w�g�^�h�l�_�j�f�b�q�_�k�d�b�c���w�n�n�_�d�l���k��
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Abstract. The macro- and microstructure is investigated 

by microscopic analysis methods. The elemental, 
granulometric and mineralogical composition of diatomite of 
the Chernoyarskoe deposit is determined. As a result of 
complex thermal analysis using a differential scanning 
calorimeter, intervals of continuous dehydration of diatomite 
were studied, as well as polymorphic transformations of 
quartz and other minerals. Physical-chemical methods of 

research have discovered that diatomite of the Chernoyarskoe 
deposit contains amorphous silica, quartzite, clay impurities, 
opal and minor amounts of calcite, mica, zeolite, and so this 
diatomite is a promising raw material for the synthesis of foam 
glass. 

Keywords: diatomite, raw materials, foam glass, chemical 
composition, structure.
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�g�u�o���[�j�_�d�q�b�c�����n�j�Z�]�f�_�g�l�h�\���f�_�l�_�h�j�b�l�h�\���b���l�����^�����>���@ 
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Abstract. The article presents the results of full-scale experi-
mental studies on the analogue of the lunar regolith, including 
finding its particle size distribution and physico-mechanical prop-
erties for comparison with the original. It is established that the 
main range of analog particle sizes is in the same range as that of 
the lunar regolith. Physical and mechanical properties of LGA-3 
are similar to lunar regolith. This mixture of LGA -3 can be used 
for further technological research as a terrestrial analogue of the 

lunar regolith. Selective laser fusion, as well as microwave and 
electric pulse sintering, are proposed as technological methods for 
consolidating regolith structures. 

Keywords: moon, regolith, analogue, particle size distribution, 
physicomechanical properties, selective laser fusion, microwave 
and electropulse sintering.
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���M�j�Z�e�o�b�f�i�e�Z�k�l�� 

2 �K�f�_�k�v�� �g�Z�� �h�k�g�h�\�_�� �E�K�L��
�f�h�^�b�n�b�p�b�j�h�\�Z�g�g�u�o��
�G�I�:�<�����E�K�L�F�� 
�������E�K�L�F���± ���������f���q�� 
�������M�K�D���± ���������f���q�� 
�������H�k�l�Z�e�v�g�h�_���g�Z�i�h�e�g�b�l�_�e�v 

�H�l�\�_�j�`�^�_�g�b�_�� �i�j�h�^�m�\�d�h�c��
�]�h�j�y�q�b�f�� �\�h�a�^�m�o�h�f���� �k��
�l�_�f�i�_�j�Z�l�m�j�h�c����������0�K 

3 �L�h�`�_���q�l�h���\���k�h�k�l�Z�\�_���� �H�l�\�_�j�`�^�_�g�b�_�� �i�j�h�^�m�\�d�h�c��
�]�h�j�y�q�b�f�� �\�h�a�^�m�o�h�f���� �k��
�l�_�f�i�_�j�Z�l�m�j�h�c�� ������0�K���� �k��
�i�h�k�e�_�^�m�x�s�_�c�� �\�_�g�l�b�e�y�p�b�_�c��
�i�j�h�^�m�d�l�h�\���i�h�e�b�d�h�g�^�_�g�k�Z�p�b�b 
�\�h�a�^�m�o�h�f�� �b�f�_�x�s�b�f��
�d�h�f�g�Z�l�g�m�x���l�_�f�i�_�j�Z�l�m�j�m 

�D�h�f�i�h�g�_�g�l�u���i�j�b�]�h�l�Z�\�e�b�\�Z�_�f�u�o���k�h�k�l�Z�\�h�\���k�f�_�k�_�c���b�f�_�e�b��
�l�_�f�i�_�j�Z�l�m�j�m������0�K�����i�j�b���\�e�Z�`�g�h�k�l�b���g�Z�i�h�e�g�b�l�_�e�y���������������b���i�h��
�d�Z�a�Z�l�_�e�_���j�G���j�Z�\�g�h�f�m�������_�^�b�g�b�p�Z�f�� 

�I�j�b�]�h�l�h�\�e�_�g�b�_���i�_�k�q�Z�g�h-�k�f�h�e�y�g�h�c���k�f�_�k�b���h�k�m�s�_�k�l�\�e�y�e�b��
�\�� �k�e�_�^�m�x�s�_�f�� �i�h�j�y�^�d�_���� �\�� �d�Z�l�d�h�\�u�c�� �k�f�_�k�b�l�_�e�v���� �[�_�]�m�g�u���� �a�Z��
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�k�u�i�Z�e�b���i�_�k�h�d�����i�_�j�_�f�_�r�b�\�Z�e�b���\���l�_�q�_�g�b�b���f�b�g�m�l�u�����a�Z�l�_�f���^�h��
�[�Z�\�e�y�e�b���d�h�f�i�h�g�_�g�l�u���k�\�y�a�m�x�s�_�]�h�����<�g�Z�q�Z�e�_���d�h�f�i�h�g�_�g�l���<�����k��
�i�_�j�_�f�_�r�b�\�Z�g�b�_�f���\�� �l�_�q�_�g�b�b�� �f�b�g�m�l�u�����a�Z�l�_�f���d�h�f�i�h�g�_�g�l�� �:���k��
�l�Z�d�b�f���`�_���\�j�_�f�_�g�_�f���i�_�j�_�f�_�r�b�\�Z�g�b�y���� 

�>�e�y���i�j�b�]�h�l�h�\�e�_�g�b�y���e�b�]�g�h�k�m�e�v�n�h�g�Z�l�g�u�o���k�f�_�k�_�c�����i�_�j�\�h��
�g�Z�q�Z�e�v�g�h���i�j�h�b�a�\�h�^�b�e�b���f�h�^�b�n�b�p�b�j�h�\�Z�g�b�_���E�K�L�����b�a���k�h�h�l�g�h��
�r�_�g�b�y�� ���f�Z�k�k�h�\�u�o�� �q�Z�k�l�_�c�� �f�h�^�b�n�b�d�Z�l�h�j�Z���� ������ �f�Z�k�k�h�\�u�o�� �q�Z��
�k�l�_�c�� �E�K�L���� �I�h�k�e�_�� �w�l�h�]�h�� �]�h�l�h�\�b�e�b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �j�_�p�_�i��
�l�m�j�_���g�Z�\�_�k�d�b �f�Z�l�_�j�b�Z�e�Z�����b���]�h�l�h�\�b�e�b���k�f�_�k�v���� 

�I�j�b�]�h�l�h�\�e�_�g�b�_���i�_�k�q�Z�g�h-�e�b�]�g�h�k�m�e�v�n�h�g�Z�l�g�h�c���k�f�_�k�b���h�k�m��
�s�_�k�l�\�e�y�e�b�� �\�� �l�Z�d�h�f�� �i�h�j�y�^�d�_���� �\�� �k�f�_�k�b�l�_�e�v�� �a�Z�k�u�i�Z�e�b�� �i�_�k�h�d����
�i�_�j�_�f�_�r�b�\�Z�e�b���\���l�_�q�_�g�b�b���f�b�g�m�l�u�����a�Z�l�_�f���^�h�a�b�j�h�\�Z�e�b���k�\�y�a�m��
�x�s�_�_���� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�u�_�� �E�K�L���� �i�_�j�_�f�_�r�b�\�Z�e�b�� �\�� �l�_�q�_�g�b�b��
���� �f�b�g�m�l���� �a�Z�l�_�f�� �k�f�_�k�v�� �\�u�i�m�k�d�Z�e�Z�k�v�� �b�� �i�h�^�Z�\�Z�e�Z�k�v�� �\�� �[�m�g�d�_�j��
�i�_�k�d�h�k�l�j�_�e�v�g�h�c���f�Z�r�b�g�u���k�h���k�l�_�j�`�g�_�\�u�f���y�s�b�d�h�f���^�e�y���i�h�e�m��
�q�_�g�b�y���k�l�Z�g�^�Z�j�l�g�u�o���h�[�j�Z�a�p�h�\-�\�h�k�v�f�_�j�h�d�� 

 �I�j�h�^�m�\�d�m���b���i�h�e�m�q�_�g�b�_���h�[�j�Z�a�p�h�\���i�j�h�\�h�^�b�e�b���i�h���k�e�_�^�m�x��
�s�_�f�m���j�_�`�b�f�m�����^�Z�\�e�_�g�b�_���\���j�_�k�b�\�_�j�_���k�`�Z�l�h�]�h���\�h�a�^�m�o�Z���k�h�k�l�Z�\��
�e�y�e�h�� �������� �F�I�Z���� �\�j�_�f�y�� �i�j�h�^�m�\�d�b�� �l�j�_�l�b�q�g�u�f�b�� �Z�f�b�g�Z�f�b�� �k�h��
�k�l�Z�\�e�y�e�h�������k�_�d�������\�j�_�f�y���\�_�g�l�b�e�y�p�b�b���y�s�b�d�Z���i�h�^�h�]�j�_�l�u�f���\�h�a��
�^�m�o�h�f�����k�����>�h�a�Z���d�Z�l�Z�e�b�a�Z�l�h�j�Z���k�h�h�l�\�_�l�k�l�\�h�\�Z�e�Z���g�h�j�f�Z�l�b�\�Z�f�� 

 �I�h�e�m�q�_�g�b�_�� �h�[�j�Z�a�p�h�\�� �b�a�� �k�f�_�k�_�c�� �g�Z�� �e�b�]�g�h�k�m�e�v�n�h�g�Z�l�g�h�c��
�h�k�g�h�\�_���i�j�h�b�a�\�h�^�b�e�b���Z�g�Z�e�h�]�b�q�g�u�f���h�[�j�Z�a�h�f�����k���l�h�c���j�Z�a�g�b�p�_�c����
�q�l�h���g�_���b�k�i�h�e�v�a�h�\�Z�e�b�k�v���l�j�_�l�b�q�g�u�_���Z�f�b�g�u�����Z���\�f�_�k�l�h���g�b�o���i�j�b��
�f�_�g�y�e�k�y���i�h�^�h�]�j�_�l�u�c���^�h���l�_�f�i�_�j�Z�l�m�j�u�����������K���\�h�a�^�m�o�����\���k�e�m��
�q�Z�_�� �k�h�k�l�Z�\�Z�� ������ �i�j�h�\�h�^�b�e�Z�k�v�� �\�_�g�l�b�e�y�p�b�y�� �\�h�a�^�m�o�h�f�� �d�h�f�g�Z�l��
�g�h�c���l�_�f�i�_�j�Z�l�m�j�u���� 

 �B�a�]�h�l�h�\�e�_�g�g�u�_�� �h�[�j�Z�a�p�u�� �b�k�i�u�l�u�\�Z�e�b�� �g�Z�� �j�Z�a�j�u�\�� �i�h�� �f�_��
�l�h�^�b�d�_�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �=�H�K�L�� ��������������-�������� �B�a�]�h�l�h�\�e�_�g�g�u�_����
�l�Z�d�b�f�� �h�[�j�Z�a�h�f�� �h�[�j�Z�a�p�u���� �b�k�i�u�l�u�\�Z�e�b�� �q�_�j�_�a�� ���������� ������ ���� �b�� ������
�q�Z�k�Z���i�h�k�e�_�� �b�a�]�h�l�h�\�e�_�g�b�y���� �I�h���i�y�l�v���h�[�j�Z�a�p�h�\�� �b�a�� �d�Z�`�^�h�]�h���b�a��
�b�k�i�u�l�m�_�f�u�o���k�h�k�l�Z�\�h�\���k�f�_�k�_�c���� 

 �J�_�a�m�e�v�l�Z�l�u���b�k�i�u�l�Z�g�b�c���i�j�_�^�k�l�Z�\�e�_�g�u���g�Z���j�b�k. 1.  

 
�J�b�k�����������J�_�a�m�e�v�l�Z�l�u���b�k�i�u�l�Z�g�b�c���k�f�_�k�_�c�����d�j�b�\�Z�y�������± �i�h��Cold-
�%�R�[���$�P�L�Q���i�j�h�p�_�k�k�m�����d�j�b�\�Z�y�������± �^�e�y���k�f�_�k�_�c���k���E�K�L�F���k���i�j�h��

�^�m�\�d�h�c���]�h�j�y�q�b�f���]�Z�a�h�f�����d�j�b�\�Z�y������- �^�e�y���k�f�_�k�_�c���k���E�K�L�F���k��
�i�j�h�^�m�\�d�h�c���]�h�j�y�q�b�f���]�Z�a�h�f���b���i�h�k�e�_�^�m�x�s�_�c���\�_�g�l�b�e�y�p�b�_�c 

�\�h�a�^�m�o�h�f 

 �J�_�a�m�e�v�l�Z�l�u�� �i�h�d�Z�a�Z�e�b�� �i�j�b�g�p�b�i�b�Z�e�v�g�m�x�� �\�h�a�f�h�`�g�h�k�l�v��
�i�j�b�f�_�g�_�g�b�y�� �i�_�k�q�Z�g�h-�e�b�]�g�h�k�m�e�v�n�h�g�Z�l�g�u�o�� �k�f�_�k�_�c�� �f�h�^�b�n�b��
�p�b�j�h�\�Z�g�g�u�o���G�I�:�<���^�e�y���i�j�b�f�_�g�_�g�b�y���\���i�j�h�b�a�\�h�^�k�l�\�_���e�b�l�_�c��
�g�u�o�� �k�l�_�j�`�g�_�c�� �i�j�h�^�m�\�h�q�g�u�f�b�� �f�_�l�h�^�Z�f�b�� �n�h�j�f�h�h�[�j�Z�a�h�\�Z��
�g�b�y���� 

 �D�Z�d�� �\�b�^�g�h�� �b�a�� �j�_�a�m�e�v�l�Z�l�h�\���� �i�j�h�p�_�k�k�u�� �k�l�j�m�d�l�m�j�h�h�[�j�Z�a�h��
�\�Z�g�b�y���\���j�Z�a�g�u�o���k�b�k�l�_�f�Z�o�����$�P�L�Q���b���e�b�]�g�b�g�����g�h�k�y�l���i�j�b�g�p�b�i�b��

�Z�e�v�g�h���j�Z�a�g�u�c���o�Z�j�Z�d�l�_�j�����\���k�e�m�q�Z�_���k��Amin�±�i�j�h�p�_�k�k�h�f�����i�h�e�b��
�f�_�j�b�a�Z�p�b�y���a�Z�i�m�k�d�Z�_�l�k�y���\���f�h�f�_�g�l���i�j�h�^�m�\�d�b���d�Z�l�Z�e�b�a�Z�l�h�j�h�f����
�Z���\���k�e�m�q�Z�_���k���e�b�]�g�b�g-�i�j�h�p�_�k�k�h�f���i�j�h�l�_�d�Z�x�l���i�j�h�p�_�k�k�u���i�h�e�b��
�d�h�g�^�_�g�k�Z�p�b�b�� �k�� �h�[�j�Z�a�h�\�Z�g�b�_�f�� �i�j�h�^�m�d�l�h�\�� �j�_�Z�d�p�b�b�� �l�j�_�[�m�x��
�s�b�o�� �m�^�Z�e�_�g�b�y�� �b�a�� �k�b�k�l�_�f�u���� �g�Z�i�j�b�f�_�j���� �\�_�g�l�b�e�b�j�h�\�Z�g�b�_�f��
�l�_�e�Z�� �k�l�_�j�`�g�y�� �\�h�a�^�m�o�h�f, �b�f�_�x�s�b�f�� �d�h�f�g�Z�l�g�m�x�� �l�_�f�i�_�j�Z��
�l�m�j�m���� 

 �I�h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �i�j�h�\�_�^�_�g�g�u�o�� �Z�^�Z�i�l�b�\�g�u�o�� �w�d�k�i�_�j�b�f�_�g��
�l�h�\�� �[�u�e�Z�� �b�a�]�h�l�h�\�e�_�g�Z�� �h�i�u�l�g�h-�i�j�h�f�u�r�e�_�g�g�Z�y�� �i�Z�j�l�b�y�� �f�_�e��
�d�b�o���i�_�k�q�Z�g�u�o���k�l�_�j�`�g�_�c�����k�f�����j�b�k�������������i�h���m�k�e�h�\�b�y�f���h�l�\�_�j�`�^�_��
�g�b�y���k�h�k�l�Z�\�Z���������k�f�����l�Z�[�e���������� 

 

�J�b�k��2�����K�l�_�j�`�g�b���^�e�y���i�j�h�b�a�\�h�^�k�l�\�Z���n�Z�k�h�g�g�h�]�h���q�m�]�m�g��
�g�h�]�h���e�b�l�v�y�����i�h�e�m�q�_�g�g�u�_���i�h���i�j�h�^�m�\�h�q�g�h�c���l�_�o�g�h�e�h��
�]�b�b���b�a���i�_�k�q�Z�g�h-�e�b�]�g�h�k�m�e�v�n�h�g�Z�l�g�h�c���k�f�_�k�b 

 �I�h�e�m�q�_�g�g�u�_�� �k�l�_�j�`�g�b�� �[�u�e�b�� �b�k�i�h�e�v�a�h�\�Z�g�u�� �^�e�y�� �i�j�h�b�a��
�\�h�^�k�l�\�Z�� �f�_�e�d�h�]�h�� �n�Z�k�h�g�g�h�]�h�� �q�m�]�m�g�g�h�]�h�� �e�b�l�v�y���� �H�l�e�b�\�d�b��
�b�f�_�e�b���q�b�k�l�m�x���i�h�\�_�j�o�g�h�k�l�v�����[�_�a���d�Z�d�h�]�h-�e�b�[�h���k�e�_�^�Z���i�j�b�]�Z�j�Z����
�K�l�_�j�`�g�b �i�h�k�e�_�� �a�Z�e�b�\�d�b�� �\�u�k�u�i�Z�e�b�k�v�� �b�a�� �i�h�e�h�k�l�b�� �h�l�e�b�\�d�b����
�q�l�h���b�k�d�e�x�q�Z�e�h���d�Z�d�b�_-�e�b�[�h���l�j�m�^�g�h�k�l�b���k���\�u�[�b�\�d�h�c���b���h�q�b�k�l��
�d�h�c���g�Z���w�l�Z�i�_���n�b�g�b�r�g�u�o���h�i�_�j�Z�p�b�c�� 

�A�:�D�E�X�Q�?�G�B�? ���<�U�<�H�>�U) 

�I�j�h�\�_�^�_�g�g�u�c���d�h�f�i�e�_�d�k���b�k�k�e�_�^�h�\�Z�g�b�c���i�h�d�Z�a�Z�e���i�j�b�g�p�b��
�i�b�Z�e�v�g�m�x���\�h�a�f�h�`�g�h�k�l�v���i�j�b�f�_�g�_�g�b�y���e�b�]�g�b�g�h�k�f�h�^�_�j�`�Z�s�b�o��
�f�Z�l�_�j�b�Z�e�h�\�� �^�e�y�� �i�j�b�f�_�g�_�g�b�y�� �\�� �k�f�_�k�y�o���� �i�j�_�^�g�Z�a�g�Z�q�_�g�g�u�o��
�^�e�y�� �b�a�]�h�l�h�\�e�_�g�b�y�� �e�b�l�_�c�g�u�o�� �i�_�k�q�Z�g�u�o�� �k�f�_�k�_�c�� �i�j�b�� �i�j�h�b�a��
�\�h�^�k�l�\�_���f�_�e�d�h�]�h���q�m�]�m�g�g�h�]�h���e�b�l�v�y���� 

�M�k�l�Z�g�h�\�e�_�g�u�� �d�h�g�p�_�g�l�j�Z�p�b�h�g�g�u�_�� �]�j�Z�g�b�p�u�� �k�h�^�_�j�`�Z�g�b�y��
�e�b�]�g�h�k�m�e�v�n�h�g�Z�l�g�h�]�h���k�\�y�a�m�x�s�_�]�h���\���k�f�_�k�b�������������f���q������ 

�<�� �k�h�k�l�Z�\�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o �k�f�_�k�_�c�� �b�k�i�h�e�v�a�h�\�Z�e�b�k�v��
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Abstract. The work investigated the possibility of using the 
technical lignosulfonate as a binder for the manufacture of small 
cores by blow-off methods in the production of shaped cast-iron 
casting, similar to the dominant at the present time Cold-Box-
Amin process. It is shown that the advantage of lignin materials is 
their safety, manifested both in the workplace - directly in the 
foundry, and in ensuring environmental cleanliness in the area of 
the location of such production. It is indicated, that when switching 
to the proposed lignin materials, the price of binders can be re-
duced by two orders of magnitude (from 375 rubles per kg to sev-
eral tens of rubles, taking into account the modification). Experi-
mental compositions of mixtures are proposed and their tests are 

carried out. The quantitative characteristics of the composition of 
the sand-oligosulfonate mixture are established. As a result, a pilot 
batch of rods was produced and high-quality shaped cast iron cast-
ings were made. Special attention is paid to the demand for de-
velop the specialized equipment, focused on lignin binders. 

Keywords: casting core, technical lignosulphonates, Cold-Box-
Amin process, binding capacity, core mixtures, sand-
oligosulfonate mixtures, purging methods, technological 
equipment of the process. 
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�:�g�g�h�l�Z�p�b�y�� �<���j�Z�[�h�l�_���[�u�e���i�j�h�\�_�^�_�g���Z�g�Z�e�b�a���k�m�s�_�k�l�\�m�x�s�b�o��
�l�_�o�g�h�e�h�]�b�c���b�a�]�h�l�h�\�e�_�g�b�y���^�_�l�Z�e�_�c���o�h�e�h�^�g�h�c���r�l�Z�f�i�h�\�d�b���� �j�Z�a��
�j�Z�[�h�l�Z�g�u�� �\�h�a�f�h�`�g�u�_�� �\�Z�j�b�Z�g�l�u�� �b�a�]�h�l�h�\�e�_�g�b�y�� �^�_�l�Z�e�b�� �f�_�l�h��
�^�h�f���o�h�e�h�^�g�h�]�h���\�u�^�Z�\�e�b�\�Z�g�b�y�����[�u�e�b���i�h�k�l�j�h�_�g�u�����'-�f�h�^�_�e�b���i�_��
�j�_�o�h�^�h�\�� �\�Z�j�b�Z�g�l�h�\�� �l�_�o�g�h�e�h�]�b�b���� �Z�� �l�Z�d�`�_�� �d�h�g�_�q�g�h-�w�e�_�f�_�g�l�g�h�_��
�f�h�^�_�e�b�j�h�\�Z�g�b�_���\�h�a�f�h�`�g�u�o���\�Z�j�b�Z�g�l�h�\���l�_�o�g�h�e�h�]�b�b�����G�Z���h�k�g�h�\�_��
�j�_�a�m�e�v�l�Z�l�h�\�� �f�h�^�_�e�b�j�h�\�Z�g�b�y���� �Z�� �l�Z�d�`�_�� �g�Z�� �h�k�g�h�\�_�� �Z�g�Z�e�b�l�b�q�_��
�k�d�b�o�� �j�Z�k�q�_�l�h�\�� �[�u�e�b�� �h�i�j�_�^�_�e�_�g�u�� �i�Z�j�Z�f�_�l�j�u�� �l�_�o�g�h�e�h�]�b�q�_��
�k�d�h�]�h���i�j�h�p�_�k�k�Z�����d�h�l�h�j�u�_���i�h�a�\�h�e�b�e�b���i�h�^�h�[�j�Z�l�v���k�h�h�l�\�_�l�k�l�\�m�x��
�s�_�_�� �h�[�h�j�m�^�h�\�Z�g�b�_�� �b�� �k�i�j�h�_�d�l�b�j�h�\�Z�l�v���d�h�g�k�l�j�m�d�p�b�x�� �r�l�Z�f�i�h��
�\�h�c�� �h�k�g�Z�k�l�d�b���� �L�_�o�g�h�e�h�]�b�q�_�k�d�b�c�� �i�j�h�p�_�k�k�� �h�^�g�h�k�l�h�j�h�g�g�_�]�h�� �\�u��
�^�Z�\�e�b�\�Z�g�b�y�� �k�h�k�l�h�y�e �b�a�� �l�j�_�o�� �h�i�_�j�Z�p�b�c���� �i�j�y�f�h�]�h�� �\�u�^�Z�\�e�b�\�Z��
�g�b�y���k�l�_�j�`�g�y�����\�u�k�Z�^�d�b���n�e�Z�g�p�Z���b���\�u�^�Z�\�e�b�\�Z�g�b�y���i�j�h�n�b�e�y�����>�e�y��
�i�_�j�\�u�o���^�\�m�o���h�i�_�j�Z�p�b�c���_�k�l�v���\�h�a�f�h�`�g�h�k�l�v���i�j�b�f�_�g�_�g�b�y���f�g�h�]�h��
�i�h�a�b�p�b�h�g�g�h�]�h�� �r�l�Z�f�i�Z���� �N�h�j�f�h�\�Z�g�b�_�� �h�k�m�s�_�k�l�\�e�y�e�h�k�v �\��
�r�l�Z�f�i�_���g�Z���i�j�_�k�k�_���^�\�h�c�g�h�]�h���^�_�c�k�l�\�b�y�����I�j�b���i�j�b�f�_�g�_�g�b�b���i�e�Z�\�Z��
�x�s�_�c�� �f�Z�l�j�b�p�u�� �[�m�^�_�l�� �\�h�a�f�h�`�g�u�f�� �b�a�]�h�l�h�\�b�l�v�� �^�_�l�Z�e�v�� �g�Z�� �]�b�^��
�j�Z�\�e�b�q�_�k�d�h�f���i�j�_�k�k�_���i�j�h�k�l�h�]�h���^�_�c�k�l�\�b�y�� 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �r�l�Z�f�i�h�\�d�Z���� �h�k�g�Z�k�l�d�Z���� �f�Z�l�j�b�p�Z���� �f�h�^�_�e�b��
�j�h�\�Z�g�b�_�����l�_�o�g�h�e�h�]�b�q�_�k�d�b�c���i�j�h�p�_�k�k�����g�Z�d�e�_�i�����^�_�l�Z�e�v. 

�<�<�?�>�?�G�B�? 

�H�^�g�h�c���b�a���h�k�g�h�\�g�u�o���a�Z�^�Z�q���k�h�\�j�_�f�_�g�g�h�c���l�_�o�g�h�e�h�]�b�b���f�Z��
�r�b�g�h�k�l�j�h�_�g�b�y���y�\�e�y�_�l�k�y���i�h�\�u�r�_�g�b�_���l�h�q�g�h�k�l�b���b���d�Z�q�_�k�l�\�Z���a�Z��
�]�h�l�h�\�h�d���� �G�Z�b�[�h�e�_�_�� �i�h�e�g�h�� �w�l�Z�� �a�Z�^�Z�q�Z�� �j�_�Z�e�b�a�m�_�l�k�y�� �i�j�b�� �b�k��
�i�h�e�v�a�h�\�Z�g�b�b�� �i�j�h�p�_�k�k�h�\���� �h�k�g�h�\�Z�g�g�u�o�� �g�Z�� �o�h�e�h�^�g�h�c�� �i�e�Z�k�l�b��
�q�_�k�d�h�c���^�_�n�h�j�f�Z�p�b�b�����D���q�b�k�e�m���g�Z�b�[�h�e�_�_���i�j�h�]�j�_�k�k�b�\�g�u�o���i�j�h��
�p�_�k�k�h�\���� �h�k�g�h�\�Z�g�g�u�o�� �g�Z�� �o�h�e�h�^�g�h�c�� �i�e�Z�k�l�b�q�_�k�d�h�c�� �^�_�n�h�j�f�Z��
�p�b�b�����h�l�g�h�k�b�l�k�y���o�h�e�h�^�g�Z�y���h�[�t�_�f�g�Z�y���r�l�Z�f�i�h�\�d�Z�>��-5].  

�O�h�e�h�^�g�Z�y�� �h�[�t�_�f�g�Z�y�� �r�l�Z�f�i�h�\�d�Z�� �y�\�e�y�_�l�k�y�� �h�^�g�b�f�� �b�a��
�g�Z�b�[�h�e�_�_���i�j�h�b�a�\�h�^�b�l�_�e�v�g�u�o���f�_�l�h�^�h�\���b�a�]�h�l�h�\�e�_�g�b�y���^�_�l�Z�e�_�c��
�b�a���k�l�Z�e�_�c�����p�\�_�l�g�u�o���f�_�l�Z�e�e�h�\���b���b�o���k�i�e�Z�\�h�\���k���\�u�k�h�d�h�c�� �i�e�Z��
�k�l�b�q�g�h�k�l�v�x�����W�l�h�l���f�_�l�h�^���r�b�j�h�d�h���i�j�b�f�_�g�y�x�l���\���f�Z�r�b�g�h�k�l�j�h��
�_�g�b�b�����i�j�b�[�h�j�h�k�l�j�h�_�g�b�b���b���^�j�m�]�b�o���h�l�j�Z�k�e�y�o���f�_�l�Z�e�e�h�h�[�j�Z�[�Z��
�l�u�\�Z�x�s�_�c���i�j�h�f�u�r�e�_�g�g�h�k�l�b [6-11].  

�I�j�b�f�_�g�_�g�b�_�� �w�l�h�c�� �l�_�o�g�h�e�h�]�b�b�� �i�h�a�\�h�e�y�_�l�� �b�a�]�h�l�Z�\�e�b�\�Z�l�v��
�^�_�l�Z�e�b�� �h�k�h�[�h�� �k�e�h�`�g�u�o�� �n�h�j�f���� �d�h�l�h�j�u�_�� �g�_�\�h�a�f�h�`�g�h�� �i�h�e�m��
�q�b�l�v���� �b�k�i�h�e�v�a�m�y�� �^�j�m�]�b�_�� �f�_�l�h�^�u�� �h�[�j�Z�[�h�l�d�b���� �N�h�j�f�h�\�d�Z�� �f�_��
�l�Z�e�e�Z���[�_�a���j�Z�a�j�m�r�_�g�b�y���_�]�h���p�_�e�h�k�l�g�h�k�l�b���i�h�a�\�h�e�y�_�l���m�\�_�e�b�q�b�l�v��
�d�h�w�n�n�b�p�b�_�g�l�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �f�Z�l�_�j�b�Z�e�Z�� �^�h�� ������ ���� �^�Z�`�_�� �^�e�y��
�^�_�l�Z�e�_�c���k�e�h�`�g�h�c���d�h�g�n�b�]�m�j�Z�p�b�b[12-16].  

�L�Z�d�Z�y���h�[�j�Z�[�h�l�d�Z���h�k�m�s�_�k�l�\�e�y�_�l�k�y���\���g�_�k�d�h�e�v�d�h���h�i�_�j�Z�p�b�c����
�q�l�h���h�[�_�k�i�_�q�b�\�Z�_�l���i�h�k�l�_�i�_�g�g�h�_���b���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�_���b�a�f�_�g�_��
�g�b�_���n�h�j�f�u�����h�l���b�a�g�Z�q�Z�e�v�g�h�c���n�h�j�f�u���a�Z�]�h�l�h�\�d�b���^�h���l�j�_�[�m�_�f�h�c��
�n�h�j�f�u���b�a�^�_�e�b�y�����<���i�j�h�p�_�k�k�_���f�_�l�Z�e�e�h�h�[�j�Z�[�h�l�d�b���i�j�h�b�k�o�h�^�b�l��
�m�i�j�h�q�g�_�g�b�_�� �f�Z�l�_�j�b�Z�e�Z�� �b�� �k�g�b�`�_�g�b�_�� �_�]�h�� �i�e�Z�k�l�b�q�g�h�k�l�b���� �>�e�y��
�m�\�_�e�b�q�_�g�b�y�� �i�e�Z�k�l�b�q�g�h�k�l�b�� �b�� �m�f�_�g�v�r�_�g�b�y�� �k�h�i�j�h�l�b�\�e�_�g�b�y��
�i�h�k�e�_�^�m�x�s�b�f�� �^�_�n�h�j�f�Z�p�b�y�f�� �i�j�b�f�_�g�y�x�l�� �f�_�`�h�i�_�j�Z�p�b�h�g��
�g�u�_���h�l�`�b�]�b���� 

�<�u�k�h�d�h�_���k�h�i�j�h�l�b�\�e�_�g�b�_���^�_�n�h�j�f�Z�p�b�b���i�j�b�\�h�^�b�l���d���m�\�_�e�b��
�q�_�g�b�x���q�b�k�e�Z���r�l�Z�f�i�h�\�h�q�g�u�o���i�_�j�_�o�h�^�h�\�����k�g�b�`�_�g�b�x���k�l�h�c�d�h��
�k�l�b�� �r�l�Z�f�i�h�\�h�c�� �h�k�g�Z�k�l�d�b���� �l�j�_�[�m�_�l���i�j�b�f�_�g�_�g�b�y�� �l�_�o�g�h�e�h�]�b��
�q�_�k�d�b�o�� �k�f�Z�a�h�d���� �b�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �i�h�\�u�r�_�g�g�h�c�� �f�h�s�g�h�k�l�b����
�q�l�h�� �i�j�b�\�h�^�b�l�� �d�� �h�s�m�l�b�f�u�f�� �i�_�j�\�h�g�Z�q�Z�e�v�g�u�f�� �\�e�h�`�_�g�b�y�f�� �\��
�^�Z�g�g�u�c�� �f�_�l�h�^�� �h�[�j�Z�[�h�l�d�b�� �f�_�l�Z�e�e�Z�� �^�Z�\�e�_�g�b�_�f���� �A�Z�l�j�Z�l�u��
�^�h�e�`�g�u���d�h�f�i�_�g�k�b�j�h�\�Z�l�v�k�y���[�h�e�v�r�_�c���i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v�x��
�b���\�h�a�f�h�`�g�h�k�l�v�x���Z�\�l�h�f�Z�l�b�a�Z�p�b�b [17-19]. 

�H�^�g�b�f�� �b�a�� �h�k�g�h�\�g�u�o�� �n�Z�d�l�h�j�h�\���� �e�b�f�b�l�b�j�m�x�s�b�o�� �i�j�b�f�_��
�g�_�g�b�_�� �i�j�h�p�_�k�k�h�\�� �o�h�e�h�^�g�h�c�� �r�l�Z�f�i�h�\�d�b���� �y�\�e�y�_�l�k�y�� �j�Z�a�j�m�r�_��
�g�b�_�� �f�_�l�Z�e�e�Z�� �\�� �i�j�h�p�_�k�k�_�� �i�e�Z�k�l�b�q�_�k�d�h�c�� �^�_�n�h�j�f�Z�p�b�b���� �<��
�g�Z�k�l�h�y�s�b�c�� �f�h�f�_�g�l�� �g�_�� �k�m�s�_�k�l�\�m�_�l�� �h�[�s�_�i�j�b�a�g�Z�g�g�h�c�� �f�_�l�h��
�^�b�d�b���i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y���j�Z�a�j�m�r�_�g�b�y���f�_�l�Z�e�e�h�\���i�j�b���[�h�e�v�r�b�o 
�i�e�Z�k�l�b�q�_�k�d�b�o���^�_�n�h�j�f�Z�p�b�y�o�����D�j�b�l�_�j�b�_�\���j�Z�a�j�m�r�_�g�b�y�����h�i�j�_��
�^�_�e�y�x�s�b�o�� �f�h�f�_�g�l�� �h�[�j�Z�a�h�\�Z�g�b�y�� �f�b�d�j�h�l�j�_�s�b�g�u�� �b�e�b�� �m�k�e�h��
�\�b�y���_�_���j�Z�a�\�b�l�b�y�����k�m�s�_�k�l�\�m�_�l���[�h�e�v�r�h�_���d�h�e�b�q�_�k�l�\�h [20]. 

�K�j�_�^�b���h�l�_�q�_�k�l�\�_�g�g�u�o���m�q�_�g�u�o���g�Z�b�[�h�e�_�_���]�b�[�d�b�f�b���b���b�f�_��
�x�s�b�f�b�� �e�m�q�r�_�_���k�h�h�l�\�_�l�k�l�\�b�_���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f���^�Z�g�g�u�f��
�k�q�b�l�Z�_�l�k�y���d�j�b�l�_�j�b�c���j�Z�a�j�m�r�_�g�b�y���<���E�����D�h�e�f�h�]�h�j�h�\�Z�����m�q�b�l�u��
�\�Z�x�s�b�c�� �k�i�h�k�h�[�g�h�k�l�v�� �f�Z�l�_�j�b�Z�e�h�\�� �d�� �k�Z�f�h�a�Z�e�_�q�b�\�Z�g�b�x�� �^�_��
�n�_�d�l�h�\�� �i�j�b�� �k�e�h�`�g�h�f�� �g�Z�i�j�y�`�_�g�g�h�f�� �k�h�k�l�h�y�g�b�b���� �d�j�b�l�_�j�b�c��
�>�_�e�y���± �H�]�h�j�h�^�g�b�d�h�\�Z���� �m�q�b�l�u�\�Z�x�s�b�c���Z�g�b�a�h�l�j�h�i�b�x�� �g�Z�d�h�i��
�e�_�g�b�y���i�h�\�j�_�`�^�_�g�b�c�����b���f�h�^�_�e�v���g�Z�d�h�i�e�_�g�b�y���i�h�\�j�_�`�^�_�g�g�h�k�l�b 
[21]. 

�>�e�y���h�i�j�_�^�_�e�_�g�b�y���j�Z�p�b�h�g�Z�e�v�g�h�]�h���\�Z�j�b�Z�g�l�Z���l�_�o�g�h�e�h�]�b�q�_��
�k�d�h�]�h�� �i�j�h�p�_�k�k�Z�� �b�a�]�h�l�h�\�e�_�g�b�y�� �^�_�l�Z�e�_�c�� �f�_�l�h�^�h�f�� �o�h�e�h�^�g�h�]�h��
�\�u�^�Z�\�e�b�\�Z�g�b�y���k�_�]�h�^�g�y���f�h�`�g�h���w�n�n�_�d�l�b�\�g�h���i�j�h�\�h�^�b�l�v�����d�h�f��
�i�v�x�l�_�j�g�h�_���f�h�^�_�e�b�j�h�\�Z�g�b�_���� 

�G�b�`�_���i�j�b�\�_�^�_�g�u���j�_�a�m�e�v�l�Z�l�u���f�h�^�_�e�b�j�h�\�Z�g�b�y���h�^�g�h�]�h���b�a��
�\�Z�j�b�Z�g�l�h�\�� �o�h�e�h�^�g�h�]�h�� �\�u�^�Z�\�e�b�\�Z�g�b�y�� �l�b�i�h�\�h�c�� �^�_�l�Z�e�b���� �>�e�y��
�i�j�h�\�_�^�_�g�b�y���j�Z�k�q�_�l�Z���\���i�j�h�]�j�Z�f�f�g�h�f���d�h�f�i�e�_�d�k�_��QForm �[�u�e�b��
�i�j�b�g�y�l�u���k�e�_�^�m�x�s�b�_���l�_�o�g�h�e�h�]�b�q�_�k�d�b�_���^�Z�g�g�u�_�� 

������ �=�_�h�f�_�l�j�b�q�_�k�d�b�_�� �d�h�g�l�m�j�u�� �a�Z�]�h�l�h�\�d�b�� �b�� �b�g�k�l�j�m�f�_�g�l�h�\��
�b�f�i�h�j�l�b�j�h�\�Z�g�u���b�a���&�$�'���� 

�������A�Z�]�h�l�h�\�d�Z���± �i�e�Z�k�l�b�q�_�k�d�h�_���l�_�e�h�����b�g�k�l�j�m�f�_�g�l�u���± �m�i�j�m��
�]�h�_���l�_�e�h���� 

�����H�[�h�j�m�^�h�\�Z�g�b�_���± �]�b�^�j�Z�\�e�b�q�_�k�d�b�c���i�j�_�k�k�����k�d�h�j�h�k�l�v���^�\�b��
�`�_�g�b�y���b�g�k�l�j�m�f�_�g�l�h�\���i�h�k�l�h�y�g�g�Z���� 

�����G�Z�q�Z�e�v�g�Z�y���l�_�f�i�_�j�Z�l�m�j�Z���a�Z�]�h�l�h�\�d�b���b���b�g�k�l�j�m�f�_�g�l�Z��- 20 
�ƒ�K���� 

�������D�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y���ä=0,1.  
�������F�h�^�_�e�b�j�h�\�Z�e�Z�k�v�����������a�Z�]�h�l�h�\�d�b���� 
7. �A�Z�^�Z�g�u���i�Z�j�Z�f�_�l�j�u���d�j�b�\�h�c���m�i�j�h�q�g�_�g�b�y�����f�_�o�Z�g�b�q�_�k�d�b�_��

�b���l�_�f�i�_�j�Z�l�m�j�g�u�_���k�\�h�c�k�l�\�Z���k�l�Z�e�b�������O���>���@���� 
�I�j�h�\�_�^�_�g�h�� �l�\�_�j�^�h�l�_�e�v�g�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �d�h�f�i�e�_�d�l�Z��

�b�g�k�l�j�m�f�_�g�l�Z���k���a�Z�]�h�l�h�\�d�h�c���b�a���k�l�Z�e�b�� 
�J�Z�k�k�f�h�l�j�_�g�u�� �h�k�_�k�b�f�f�_�l�j�b�q�g�u�_�� �k�o�_�f�u�� �i�e�Z�k�l�b�q�_�k�d�h�c 

�^�_�n�h�j�f�Z�p�b�b�����^�e�y���w�l�h�]�h���i�j�h�j�b�k�h�\�Z�g�Z���i�h�e�h�\�b�g�Z���k�_�q�_�g�b�y���l�_�e��
�\�j�Z�s�_�g�b�y���³�j�b�k������� .́ 
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�J�b�k�����������<�_�j�o�g�b�c���b�g�k�l�j�m�f�_�g�l�����a�Z�]�h�l�h�\�d�Z���b���g�b�`�g�b�c���b�g�k�l�j�m��
�f�_�g�l�����f�h�^�m�e�v���4�'�U�D�I�W �i�j�h�]�j�Z�f�f�u���4�)�R�U�P 

�>�Z�e�_�_�� �\�u�[�j�Z�g�Z�� �k�o�_�f�Z�� �^�_�n�h�j�f�Z�p�b�b���� �l�b�i�� �h�[�h�j�m�^�h�\�Z�g�b�y����
�g�Z�q�Z�e�v�g�u�_���l�_�f�i�_�j�Z�l�m�j�u���a�Z�]�h�l�h�\�d�b�� �b�� �b�g�k�l�j�m�f�_�g�l�Z�����k�f�Z�a�d�Z����
�f�Z�l�_�j�b�Z�e���a�Z�]�h�l�h�\�d�b���b���b�g�k�l�j�m�f�_�g�l�Z�����i�Z�j�Z�f�_�l�j�u���j�Z�k�q�_�l�Z�� 

�>�e�y�� �a�Z�d�j�_�i�e�_�g�b�y�� �b�g�k�l�j�m�f�_�g�l�Z�� �i�j�b�g�y�l�u�� �]�j�Z�g�b�q�g�u�_��
�m�k�e�h�\�b�y���� �f�Z�l�j�b�p�Z�� �h�i�b�j�Z�_�l�k�y�� �g�Z�� �g�b�`�g�b�c�� �l�h�j�_�p���� �i�j�b�q�_�f�� �g�Z��
�h�i�h�j�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �l�j�_�g�b�_�� �i�j�b�g�y�l�h�� �i�j�_�g�_�[�j�_�`�b�l�_�e�v�g�h��
�f�Z�e�u�f �³�j�b�k������� .́   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

�J�b�k������. �K�_�l�d�Z���d�h�g�_�q�g�u�o���w�e�_�f�_�g�l�h�\���b���w�d�\�b�\�Z�e�_�g�l�g�u�o���g�Z�i�j�y��
�`�_�g�b�c���\���f�Z�l�j�b�p�_ 

 
�J�Z�k�q�_�l�g�u�_���a�g�Z�q�_�g�b�y���w�d�\�b�\�Z�e�_�g�l�g�u�o���g�Z�i�j�y�`�_�g�b�c �\���f�Z�l��

�j�b�p�_���^�e�y���l�Z�d�h�c���\�u�k�h�d�h�c���k�l�_�i�_�g�b���o�h�e�h�^�g�h�c���^�_�n�h�j�f�Z�p�b�b���i�j�b��
�\�u�^�Z�\�e�b�\�Z�g�b�b���i�j�m�l�d�Z���f�h�]�m�l���i�j�_�\�u�r�Z�l�v 5-�����l�u�k�����F�I�Z�����q�l�h��
�\�� �g�_�k�d�h�e�v�d�h�� �j�Z�a�� �\�u�r�_�� �^�h�i�m�k�l�b�f�u�o�� �a�g�Z�q�_�g�b�c�� �^�e�y�� �b�g�k�l�j�m��
�f�_�g�l�Z�e�v�g�u�o�� �k�l�Z�e�_�c���� �i�j�b�q�_�f�� �^�Z�`�_�� �l�\�_�j�^�u�_�� �k�i�e�Z�\�u���� �i�j�b�f�_��
�g�y�_�f�u�_���^�e�y���k�j�Z�\�g�b�l�_�e�v�g�h���f�Z�e�u�o���b�a�^�_�e�b�c�����\�u�^�_�j�`�b�\�Z�x�l���g�_��
�[�h�e�_�_����������-�����������F�I�Z�����F�h�^�_�e�b�j�h�\�Z�g�b�_�f���i�h�e�m�q�_�g�u���i�h�e�y���i�_��
�j�_�f�_�s�_�g�b�c�� �l�_�e�Z�� �f�Z�l�j�b�p�u�� �b�� �^�j�m�]�b�_�� �i�Z�j�Z�f�_�l�j�u���³�j�b�k���� ���  ́ �b��
�³�j�b�k������� .́ 

�H�i�h�j�g�Z�y���g�b�`�g�y�y���i�h�\�_�j�o�g�h�k�l�v���f�Z�l�j�b�p�u���\���w�l�h�f���\�b�j�l�m�Z�e�v��
�g�h�f���w�d�k�i�_�j�b�f�_�g�l�_���a�Z�d�j�_�i�e�_�g�Z���k���\�h�a�f�h�`�g�h�k�l�v�x���k�d�h�e�v�`�_�g�b�y��
�\���j�Z�^�b�Z�e�v�g�h�f���g�Z�i�j�Z�\�e�_�g�b�b. 

�B�a�� �w�l�h�]�h�� �k�e�_�^�m�_�l���� �q�l�h�� �w�d�\�b�\�Z�e�_�g�l�g�u�_�� �g�Z�i�j�y�`�_�g�b�y�� �i�j�_��
�\�u�r�Z�x�l���^�h�i�m�k�l�b�f�u�_���a�g�Z�q�_�g�b�y�����Z���f�Z�l�j�b�p�Z���j�Z�a�j�m�r�b�l�k�y���i�j�b��
�i�_�j�\�u�o�� �p�b�d�e�Z�o�� �h�[�j�Z�[�h�l�d�b���� �H�[�u�q�g�u�f�b�� �k�i�h�k�h�[�Z�f�b�� �k�g�b�`�_��
�g�b�y���g�Z�]�j�m�a�h�d���\���i�h�e�h�k�l�b���f�Z�l�j�b�p�u���y�\�e�y�x�l�k�y���m�\�_�e�b�q�_�g�b�_���l�h�e��
�s�b�g�u�� �_�z�� �k�l�_�g�d�b�� ���j�b�k���� ������ �b�� �g�Z�i�j�_�k�k�h�\�d�h�c�� �h�^�g�h�]�h�� �b�e�b���g�_��
�k�d�h�e�v�d�b�o���[�Z�g�^�Z�`�_�c �³�j�b�k������� .́ 
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�j�b�p�u���i�h�^���g�Z�]�j�m�a�d�h�c 

 

 

 

 

 

 

 

 

 

 
�J�b�k������. �W�d�\�b�\�Z�e�_�g�l�g�u�_���g�Z�i�j�y�`�_�g�b�y���\���f�Z�l�j�b�p�_���i�j�b        �^�\�m��

�d�j�Z�l�g�h�f���m�\�_�e�b�q�_�g�b�b���l�h�e�s�b�g�u���k�l�_�g�d�b 

�B�a���j�b�k�m�g�d�Z���\�u�r�_���k�e�_�^�m�_�l�����q�l�h�����i�j�b �m�\�_�e�b�q�_�g�b�b���k�l�_�g�d�b��
�f�Z�l�j�b�p�u�� �k�� ������ �^�h�� ������ �f�f�� �g�Z�i�j�y�`�_�g�b�y�� �\�� �g�_�c�� �k�g�b�`�Z�x�l�k�y�� �^�h��
�����������F�I�Z�����g�h���b���h�g�b���a�g�Z�q�b�l�_�e�v�g�h���i�j�_�\�u�r�Z�x�l���^�h�i�m�k�l�b�f�u�_��
�a�g�Z�q�_�g�b�y���� �I�j�b�f�_�g�_�g�b�_�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h�� �g�Z�i�j�y�`�_�g�g�u�o��
�d�h�g�k�l�j�m�d�p�b�c�� �q�Z�k�l�b�q�g�h�� �j�_�r�Z�_�l�� �i�j�h�[�e�_�f�m�� �i�j�h�q�g�h�k�l�b�� �\�u�k�h��
�d�h�g�Z�]�j�m�`�_�g�g�h�]�h���b�g�k�l�j�m�f�_�g�l�Z�����h�^�g�Z�d�h���i�j�b���r�b�j�h�d�h�c���Z�f�i�e�b��
�l�m�^�_���p�b�d�e�b�q�_�k�d�b�o���^�_�n�h�j�f�Z�p�b�c���g�Z���\�g�m�l�j�_�g�g�_�c���i�h�\�_�j�o�g�h�k�l�b��
�f�Z�l�j�b�p�u�� �i�j�h�b�k�o�h�^�b�l�� �m�k�l�Z�e�h�k�l�g�h�_�� �j�Z�a�j�m�r�_�g�b�_�� �b�g�k�l�j�m��
�f�_�g�l�Z��  

�<���j�_�a�m�e�v�l�Z�l�_���i�j�h�\�_�^�_�g�g�h�]�h���d�h�g�_�q�g�h-�w�e�_�f�_�g�l�g�h�]�h���f�h�^�_��
�e�b�j�h�\�Z�g�b�y�� �i�j�h�p�_�k�k�h�\�� �o�h�e�h�^�g�h�]�h�� �\�u�^�Z�\�e�b�\�Z�g�b�y���� �h�i�j�_�^�_��
�e�_�g�u���i�h�e�y���m�i�j�m�]�b�o���^�_�n�h�j�f�Z�p�b�c���b���w�d�\�b�\�Z�e�_�g�l�g�u�o���g�Z�i�j�y�`�_��
�g�b�c���\���\�u�k�h�d�h�g�Z�]�j�m�`�_�g�g�u�o���^�_�l�Z�e�y�o���h�k�g�Z�k�l�d�b. 
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2. �L�_�o�g�h�e�h�]�b�q�_�k�d�b�c�� �i�j�h�p�_�k�k�� �h�^�g�h�k�l�h�j�h�g�g�_�]�h�� �\�u�^�Z�\�e�b��
�\�Z�g�b�y�� �k�h�k�l�h�b�l�� �b�a�� �l�j�_�o�� �h�i�_�j�Z�p�b�c���� �i�j�y�f�h�]�h�� �\�u�^�Z�\�e�b�\�Z�g�b�y��
�k�l�_�j�`�g�y���� �\�u�k�Z�^�d�b�� �n�e�Z�g�p�Z�� �b�� �\�u�^�Z�\�e�b�\�Z�g�b�y�� �i�j�h�n�b�e�y���� �>�e�y��
�i�_�j�\�u�o���^�\�m�o���h�i�_�j�Z�p�b�c���_�k�l�v���\�h�a�f�h�`�g�h�k�l�v���i�j�b�f�_�g�_�g�b�y���f�g�h��
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Abstract. In the article the existing production process of parts 

by cold forming was analyzed, possible options for parts produc-
tion by cold pressing were developed, 3D models of transitions of 
technology options were built, and finite element simulation of pos-
sible technology options was also built. On the basis of the simula-
tion results, as well as on the basis of analytical calculations, the 
parameters of the technological process were determined, which 
made it possible to select the appropriate equipment and design 
the construction of die tooling. The technological process of one-

side pressing consists of three operations: direct pressing of the 
rod, upsetting of the flange and pressing of the profile. For the first 
two operations there is the possibility of using a multi-position 
stamp. The molding will be carried out in a stamp on a double-
action press. Using a floating matrix, it will be possible to produce 
a part on a simple-action hydraulic press. 

Keywords: forming, tooling, matrix, simulation, technological 
process, work hardening, part. 
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�g�_�g�b�_�� �Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�g�g�u�o�� �d�j�b�\�u�o�� �h�l�h�`�`�_�g�g�u�o�� �b�� �g�_��
�h�l�h�`�`�_�g�g�u�o�� �f�_�l�Z�e�e�h�\�� �f�_�`�^�m�� �k�h�[�h�c���� �G�Z�d�h�i�e�_�g�g�Z�y�� �^�_�n�h�j��
�f�Z�p�b�y���Ý�4 �b�f�_�_�l���k�m�s�_�k�l�\�_�g�g�h�_���a�g�Z�q�_�g�b�_���^�e�y���g�_���l�_�j�f�h�h�[�j�Z��
�[�h�l�Z�g�g�h�c���k�l�Z�e�b�����l�Z�d���d�Z�d���k�l�Z�e�v���i�h�e�m�q�_�g�Z���i�m�l�_�f���i�j�h�d�Z�l�d�b�����b��
�q�_�f�� �[�h�e�_�_�� �l�h�g�d�b�c�� �e�b�k�l�� �f�_�l�Z�e�e�Z���� �l�_�f�� �[�h�e�v�r�_�� �g�Z�d�h�i�e�_�g�h�� �\��
�g�_�f���^�_�n�h�j�f�Z�p�b�c�� 

�<�� �l�_�h�j�b�b�� �i�e�Z�k�l�b�q�g�h�k�l�b�� �^�e�y�� �m�q�_�l�Z�� �\�e�b�y�g�b�y�� �b�a�f�_�g�_�g�b�c��
�k�\�h�c�k�l�\�� �f�Z�l�_�j�b�Z�e�Z�� �i�j�b�� �_�]�h�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�b�� �r�b�j�h�d�h�� �i�j�b��
�f�_�g�y�_�l�k�y�� �l�_�j�f�b�g�� �©�g�Z�d�h�i�e�_�g�g�h�c�� �i�e�Z�k�l�b�q�_�k�d�h�c�� �^�_�n�h�j�f�Z��
�p�b�b�ª�����b�e�b���i�Z�j�Z�f�_�l�j���H�^�d�\�b�k�l�Z�����W�l�Z���\�_�e�b�q�b�g�Z���y�\�e�y�_�l�k�y���\�h�a��
�j�Z�k�l�Z�x�s�b�f�� �i�Z�j�Z�f�_�l�j�h�f�� �i�j�h�p�_�k�k�Z�� �^�_�n�h�j�f�b�j�h�\�Z�g�b�y���� �b�� �_�_��
�i�j�_�^�_�e�v�g�Z�y�� �\�_�e�b�q�b�g�Z�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �j�Z�a�j�m�r�_�g�b�x���� �I�j�b�� �h�^��
�g�h�h�k�g�u�o���i�j�h�p�_�k�k�Z�o���G�I�>���h�i�j�_�^�_�e�y�_�l�k�y���k�m�f�f�b�j�h�\�Z�g�b�_�f���Z�[��
�k�h�e�x�l�g�u�o�� �a�g�Z�q�_�g�b�c�� �i�j�b�j�Z�s�_�g�b�c�� �i�e�Z�k�l�b�q�_�k�d�h�c�� �^�_�n�h�j�f�Z��
�p�b�b���>������������������ 25]. 

�B�ã�- 
L �ì �����@�B�ã����   (2) 
�I�j�b���j�Z�k�l�y�`�_�g�b�b���b�e�b���k�`�Z�l�b�b���h�[�j�Z�a�p�Z���j�Z�a�j�m�r�_�g�b�x���k�h�h�l��

�\�_�l�k�l�\�m�_�l���\�_�e�b�q�b�g�Z���0p�� = �/�����H�l�e�b�q�Z�l�v���_�_���h�l���l�_�d�m�s�_�c���i�e�Z�k�l�b��
�q�_�k�d�h�c���^�_�n�h�j�f�Z�p�b�b 

�B�ã��
L���ì �@�B�ã   (3) 
�b�f�_�_�l�� �k�f�u�k�e�� �l�h�e�v�d�h�� �i�j�b�� �a�g�Z�d�h�i�_�j�_�f�_�g�g�u�o�� �i�j�h�p�_�k�k�Z�o���� �d�h��
�]�^�Z���\���g�_�d�h�l�h�j�u�_���f�h�f�_�g�l�u���i�j�b�j�Z�s�_�g�b�_��d�0p �b�f�_�_�l���a�g�Z�d�����i�j�h��
�l�b�\�h�i�h�e�h�`�g�u�c���a�g�Z�d�m���k�Z�f�h�c���i�e�Z�k�l�b�q�_�k�d�h�c���^�_�n�h�j�f�Z�p�b�b�����l���_����
�0pd�0p �����������i�j�b�q�_�f���\�k�_�]�^�Z���0p�� �•���0p. 

�>�e�y���Z�i�i�j�h�d�k�b�f�Z�p�b�b �d�j�b�\�h�c�� �m�i�j�h�q�g�_�g�b�y�� �i�j�b�f�_�g�y�_�l�k�y��
�a�Z�\�b�k�b�f�h�k�l�v�����������\���d�h�l�h�j�h�c���d�h�w�n�n�b�p�b�_�g�l���Ý�4 �m�k�e�h�\�g�h���[�m�^�_�f��
�k�q�b�l�Z�l�v���w�d�\�b�\�Z�e�_�g�l�_�g���i�Z�j�Z�f�_�l�j�m���0p. 

�F�?�L�H�>�B�D�: �J�:�K�Q�?�L�: 

�I�j�b�� �j�Z�k�q�z�l�_�� �^�Z�g�g�h�]�h�� �i�j�h�p�_�k�k�Z���� �g�Z�d�h�i�e�_�g�g�Z�y�� �^�_�n�h�j�f�Z��
�p�b�y�� �h�i�j�_�^�_�e�y�e�Z�k�v���� �h�k�g�h�\�u�\�Z�y�k�v�� �g�Z�� �i�h�e�m�q�_�g�g�u�o�� �]�j�Z�n�b�d�Z�o����
�:�i�i�j�h�d�k�b�f�b�j�m�y �^�Z�g�g�u�_���w�d�k�i�_�j�b�f�_�g�l�h�\�����f�h�`�g�h���g�Z���]�j�Z�n�b�d�_��
�i�j�h�\�_�k�l�b�� �e�b�g�b�x���� �m�o�h�^�y�s�m�x�� �\�� �a�h�g�m�� �h�l�j�b�p�Z�l�_�e�v�g�u�o�� �a�g�Z�q�_��
�g�b�c���� �>�e�y�� �l�h�e�s�b�g�� ���� �f�f�� �b�� �������� �f�f���� �w�l�Z�� �\�_�e�b�q�b�g�Z�� �j�Z�\�g�y�e�Z�k�v��
�00� �����������b�������������k�h�h�l�\�_�l�k�l�\�_�g�g�h�����>�e�y�����������f�f���b�����������f�f �^�Z�g�g�h�_ 
�a�g�Z�q�_�g�b�_���[�e�b�a�d�h���d���00=0,05. 

�F�_�l�h�^�b�d�Z���j�Z�k�q�_�l�Z�����k�e�_�^�m�x�s�Z�y [23, 26]: 
b=b0-�ûb   (4)  
s=s0-�ûs   (5) 

�]�^�_��b0 �b��s0 �± �r�b�j�b�g�Z���b���l�h�e�s�b�g�Z���b�k�o�h�^�g�h�]�h���h�[�j�Z�a�p�Z���k�h�h�l��
�\�_�l�k�l�\�_�g�g�h�� 

�ûb� �û1���û2 �b���ûs� �û3  (6) 
�]�^�_���û1�����û2�����û3 �± �i�h�d�Z�a�Z�l�_�e�b���������������b�g�^�b�d�Z�l�h�j�Z���k�h�h�l�\�_�l��
�k�l�\�_�g�g�h�� 

1. �H�i�j�_�^�_�e�y�_�f���^�_�n�h�j�f�Z�p�b�x���\�h�e�h�d�h�g���\���]�e�Z�\�g�u�o��
�g�Z�i�j�Z�\�e�_�g�b�y�o�� 

�B�Õ
L �H�J
�Õ

�Õ�,
   (7) 

�B�æ
L �H�J
�æ

�æ�,
   (8) 

�B�ç 
L �H�J
�Õ�, �æ�,
�Õ�æ

   (9) 

�I�h�k�e�_���w�l�h�]�h���h�i�j�_�^�_�e�y�_�f���g�Z�i�j�y�`�_�g�b�_�����\�h�a�g�b�d�Z�x�s�_�_��
�i�j�b���j�Z�k�l�y�`�_�g�b�b���h�[�j�Z�a�p�Z���b�a���a�Z�\�b�k�b�f�h�k�l�b�� 

�P�ç 
L
�É

�Õ�æ
   (10) 

�>�Z�e�_�_���h�i�j�_�^�_�e�y�_�f���d�h�w�n�n�b�p�b�_�g�l���Z�g�b�a�h�l�j�h�i�b�b���f�Z�l�_�j�b��
�Z�e�Z�� 

�4 
L
�•�Í
�•�Þ

   (11) 

2. �I�h�� �j�Z�k�q�z�l�g�u�f�� �^�Z�g�g�u�f�� �k�l�j�h�y�l�k�y�� �]�j�Z�n�b�d�b��R=R(�0t), 
�i�h���]�j�Z�n�b�d�Z�f���h�i�j�_�^�_�e�y�x�l���d�h�w�n�n�b�p�b�_�g�l�u���Z�g�b�a�h�l�j�h�i�b�b���i�j�b��
�0t� �����������^�e�y���d�Z�`�^�h�]�h���h�l�^�_�e�v�g�h�]�h���b�k�i�u�l�Z�g�b�y�� 

3. �G�Z�o�h�^�b�f���b�g�l�_�g�k�b�\�g�h�k�l�v���^�_�n�h�j�f�Z�p�b�b�� 

�B
L 
§
�6

�7
�T

�6�>�Ë

�5�>�Ë
�B�ç  (12) 

�P
L 
§
�7

�6
�T

�5�>�Ë

�6�>�Ë
�P�ç  (13) 

 
4. �I�h���j�_�a�m�e�v�l�Z�l�Z�f���\�u�q�b�k�e�_�g�b�c���k�l�j�h�b�f���]�j�Z�n�b�d���1� ��

�1���0���� 
5. �A�Z�l�_�f���Z�i�i�j�h�d�k�b�f�b�j�m�_�f���]�j�Z�n�b�d�b���k�l�_�i�_�g�g�h�c���a�Z�\�b�k�b��

�f�h�k�l�v�x���b���i�j�b�\�h�^�b�f���]�j�Z�n�b�d�b���k���Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�g�g�u�f�b���d�j�b��
�\�u�f�b�� 

�K�\�h�c�k�l�\�Z���f�Z�l�_�j�b�Z�e�h�\���q�Z�k�l�h���k�\�y�a�Z�g�u���k���f�g�h�]�b�f�b���i�h�d�Z�a�Z��
�l�_�e�y�f�� �>����-31�@���� �g�h�� �_�k�e�b�� �k�q�b�l�Z�l�v�� �m�k�e�h�\�b�_�� �^�_�n�h�j�f�Z�p�b�b�� �k�l�Z��
�[�b�e�v�g�u�f�b�� �b�� �h�^�g�h�j�h�^�g�u�f�b�� �i�h�� �l�h�e�s�b�g�_���� �l�h�� �f�h�`�g�h�� �h�i�j�_�^�_��
�e�b�l�v�� �k�j�_�^�g�b�_�� �a�g�Z�q�_�g�b�_�� �^�e�y�� �d�h�g�d�j�_�l�g�h�]�h�� �f�Z�l�_�j�b�Z�e�Z���� �I�h�k�e�_��
�i�h�k�l�j�h�_�g�b�y�� �l�Z�[�e�b�p�u�� �k�� �d�h�w�n�n�b�p�b�_�g�l�Z�f�b�� �Z�i�i�j�h�d�k�b�f�Z�p�b�b��
�i�h�k�l�j�h�b�l���]�j�Z�n�b�d���b���Z�i�i�j�h�d�k�b�f�b�j�m�_�f���_�]�h���e�b�g�_�c�g�h�c���a�Z�\�b�k�b��
�f�h�k�l�v���� 

�J�_�a�m�e�v�l�Z�l�u���f�_�o�Z�g�b�q�_�k�d�b�o���b�k�i�u�l�Z�g�b�c���i�h�d�Z�a�Z�e�b���k�e�_�^�m�x��
�s�b�_�� �b�a�f�_�g�_�g�b�_�� �f�_�o�Z�g�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\�� �h�[�j�Z�a�p�h�\�� �\�� �a�Z�\�b�k�b��
�f�h�k�l�b���h�l���l�h�e�s�b�g�u���f�Z�l�_�j�b�Z�e�Z�����J�_�a�m�e�v�l�Z�l�u���b�k�o�h�^�g�u�o���h�[�j�Z�a��
�p�h�\���i�j�_�^�k�l�Z�\�e�_�g�u�� �\���l�Z�[�e�b�p�_���‹�������Z���h�[�j�Z�a�p�h�\���i�h�k�e�_�� �l�_�j�f�b��
�q�_�k�d�h�c���h�[�j�Z�[�h�l�d�b���\���l�Z�[�e�b�p�_���‹���� 

 
�L�Z�[�e�b�p�Z���‹�� 

�F�_�o�Z�g�b�q�_�k�d�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���h�[�j�Z�a�p�h�\���j�Z�a�e�b�q�g�h�c���l�h�e��
�s�b�g�u���\���k�h�k�l�h�y�g�b�b���i�h�k�l�Z�\�d�b�����[�_�a���l�_�j�f�b�q�_�k�d�h�c���h�[�j�Z�[�h�l�d�b�� 
�L�h�e�s�b�g�Z��
�h�[�j�Z�a�p�h�\, 
�f�f  

�I�j�_�^�_�e��
�l�_�d�m�q�_�k�l�b, 
�F�I�Z 

�I�j�_�^�_�e��
�i�j�h�q�g�h�k�l�b, 
�F�I�Z 

�I�j�_�^�_�e�v�g�Z�y��
�^�_�n�h�j�f�Z�p�b�y 

3 264 430 0,18 
1,5 257 496 0,18 
0,7 277 504 0,16 
0,5 327 501 0,13 

 
�L�Z�[�e�b�p�Z���‹�� 

�F�_�o�Z�g�b�q�_�k�d�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���h�[�j�Z�a�p�h�\���j�Z�a�e�b�q�g�h�c��
�l�h�e�s�b�g�u���\���h�l�h�`�`�z�g�g�h�f���k�h�k�l�h�y�g�b�b�����i�h�k�e�_���l�_�j�f�b�q�_�k�d�h�c��

�h�[�j�Z�[�h�l�d�b�� 
�L�h�e�s�b�g�Z��
�h�[�j�Z�a�p�h�\, 
�f�f  

�I�j�_�^�_�e��
�l�_�d�m�q�_�k�l�b, 
�F�I�Z 

�I�j�_�^�_�e��
�i�j�h�q�g�h�k�l�b, 
�F�I�Z 

�I�j�_�^�_�e�v�g�Z�y��
�^�_�n�h�j�f�Z�p�b�y 

3 242 400 0,25 
1,5 240 434 0,29 
0,7 241 456 0,30 
0,5 287 449 0,29 
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�J�_�a�m�e�v�l�Z�l�u���w�d�k�i�_�j�b�f�_�g�l�h�\���i�h�d�Z�a�Z�e�b�����q�l�h���i�h�^�\�_�j�]�g�m�l�u�_��
�l�_�j�f�h�h�[�j�Z�[�h�l�d�_���h�[�j�Z�a�p�u���b�f�_�x�l���f�_�g�v�r�b�c���i�j�_�^�_�e���l�_�d�m�q�_�k�l�b��
�b���i�j�_�^�_�e�� �i�j�h�q�g�h�k�l�b�����D�j�h�f�_���w�l�h�]�h�� �j�Z�a�[�j�h�k���a�g�Z�q�_�g�b�c���f�Z�l�_��
�j�b�Z�e�Z�� �\�� �h�l�h�`�`�_�g�g�h�f�� �k�h�k�l�h�y�g�b�b�� �g�_�a�g�Z�q�b�l�_�e�v�g�u�c���� �<�� �i�j�h��
�p�_�k�k�_���h�l�`�b�]�Z�� �i�j�h�b�k�o�h�^�b�l���l�Z�d�`�_�� �m�\�_�e�b�q�_�g�b�_���i�e�Z�k�l�b�q�g�h�k�l�b��
�f�Z�l�_�j�b�Z�e�Z�����b���d�Z�d���k�e�_�^�k�l�\�b�_���\�h�a�j�Z�k�l�Z�g�b�_���i�j�_�^�_�e�v�g�h�c���^�_�n�h�j��
�f�Z�p�b�b���h�[�j�Z�a�p�Z���^�h���j�Z�a�j�m�r�_�g�b�y�����L�Z�d�`�_���b�f�_�_�l���f�_�k�l�h���l�_�g�^�_�g��
�p�b�y���i�h���\�u�j�Z�\�g�b�\�Z�g�b�b���d�h�w�n�n�b�p�b�_�g�l�Z���Z�g�b�a�h�l�j�h�i�b�b���i�h�k�e�_���h�l��
�`�b�]�Z�� 

�K�j�Z�\�g�b�f���Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�g�g�u�_���]�j�Z�n�b�d�b�����k�l�_�i�_�g�g�h�c���a�Z��
�\�b�k�b�f�h�k�l�b�������J�_�a�m�e�v�l�Z�l�u���k�j�Z�\�g�_�g�b�c���i�j�_�^�k�l�Z�\�e�_�g�u���g�Z���j�b�k�m�g��
�d�Z�o����-4. 

 
�J�b�k. 1. �K�j�Z�\�g�_�g�b�_���d�j�b�\�u�o���m�i�j�h�q�g�_�g�b�y���^�e�y���l�h�e�s�b�g�u�������f�f 

 
�J�b�k�� 2. �K�j�Z�\�g�_�g�b�_���d�j�b�\�u�o���m�i�j�h�q�g�_�g�b�y �^�e�y���l�h�e�s�b�g�u���������f�f 

 
�J�b�k. 3. �K�j�Z�\�g�_�g�b�_���d�j�b�\�u�o���m�i�j�h�q�g�_�g�b�y �^�e�y���l�h�e�s�b�g�u���������f�f 

 
�J�b�k. 4. �K�j�Z�\�g�_�g�b�_���d�j�b�\�u�o���m�i�j�h�q�g�_�g�b�y �^�e�y���l�h�e�s�b�g�u���������f�f 

�D�h�w�n�n�b�p�b�_�g�l�u���d�j�b�\�h�c���m�i�j�h�q�g�_�g�b�y�����������i�j�_�^�k�l�Z�\�e�_�g��
�g�u�o���g�Z���j�b�k�m�g�d�Z�o����-�����k�\�_�^�_�g�u���\���l�Z�[�e�b�p�m �‹��  �^�e�y���h�[�j�Z�a�p�h�\��
�k�h�k�l�h�y�g�b�b���i�h�k�l�Z�\�d�b���k���a�Z�\�h�^�Z�����\���b�k�o�h�^�g�h�f���k�h�k�l�h�y�g�b�b�������b���\��
�l�Z�[�e�b�p�m���‹ �����^�e�y���h�l�h�`�`�z�g�g�u�o���h�[�j�Z�a�p�h�\�����l�_�j�f�h�h�[�j�Z�[�h�l�Z�g��
�g�u�o�� 

�L�Z�[�e�b�p�Z���‹�� 
�A�g�Z�q�_�g�b�y���d�h�w�n�n�b�p�b�_�g�l�h�\���d�j�b�\�h�c���m�i�j�h�q�g�_�g�b�y���^�e�y �b�k��

�o�h�^�g�u�o���h�[�j�Z�a�p�h�\ 

�L�h�e�s�b�g�Z�����f�f A, �F�I�Z n 

S=3 488,2 0,055 

S=1,5 575,7 0,078 

S = 0,7 623,9 0,087 

S = 0,5 599,3 0,054 

 
�L�Z�[�e�b�p�Z���‹4 

�A�g�Z�q�_�g�b�y���d�h�w�n�n�b�p�b�_�g�l�h�\���d�j�b�\�h�c���m�i�j�h�q�g�_�g�b�y �^�e�y��
�h�l�h�`�`�z�g�g�u�o �h�[�j�Z�a�p�h�\ 

�L�h�e�s�b�g�Z���f�f A, �F�I�Z n 

S=3 576,6 0,235 

S=1,5 781,1 0,336 

S = 0,7 604,7 0,243 

S = 0,5 631,8 0,206 

�>�e�y���\�u�y�\�e�_�g�b�y���a�Z�\�b�k�b�f�h�k�l�b���b�a�f�_�g�_�g�b�y���d�h�w�n�n�b�p�b�_�g�l�h�\��
�d�j�b�\�h�c���m�i�j�h�q�g�_�g�b�y���h�l���l�h�e�s�b�g�u �\���b�k�o�h�^�g�h�f���k�h�k�l�h�y�g�b�b �a�Z��
�]�h�l�h�\�d�b���[�u�e�b���i�h�k�l�j�h�_�g�u���]�j�Z�n�b�d�b�� �i�j�_�^�k�l�Z�\�e�_�g�g�u�_���g�Z���j�b��
�k�m�g�d�Z�o����-6. 

 

 
�J�b�k. 5. �A�Z�\�b�k�b�f�h�k�l�v���d�h�w�n�n�b�p�b�_�g�l�Z �:���^�e�y���k�l�_�i�_�g�g�h�c���a�Z�\�b��

�k�b�f�h�k�l�b���h�l���l�h�e�s�b�g�u �f�Z�l�_�j�b�Z�e�Z��S 
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�J�b�k. 6. �A�Z�\�b�k�b�f�h�k�l�v���d�h�w�n�n�b�p�b�_�g�l�Z �k�l�_�i�_�g�b���m�i�j�h�q�g�_��

�g�b�y���f�Z�l�_�j�b�Z�e�Z���Q���h�l���l�h�e�s�b�g�u �f�Z�l�_�j�b�Z�e�Z��S 

�=�j�Z�n�b�d�b���[�u�e�b���Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�g�u���e�b�g�_�c�g�h�c���a�Z�\�b�k�b�f�h��
�k�l�v�x���� 

�I�j�h�\�_�^�_�g�g�u�_���w�d�k�i�_�j�b�f�_�g�l�u���i�h�d�Z�a�Z�e�b�����q�l�h���l�h�e�s�b�g�Z���f�Z��
�l�_�j�b�Z�e�Z���\�e�b�y�_�l���g�Z���d�j�b�\�u�_���m�i�j�h�q�g�_�g�b�y�����N�h�j�f�m�e�u�� �i�h���d�h�l�h��
�j�u�f���f�h�`�g�h���i�j�h�]�g�h�a�b�j�h�\�Z�l�v���b�a�f�_�g�_�g�b�_���i�Z�j�Z�f�_�l�j�h�\���d�j�b�\�h�c��
�m�i�j�h�q�g�_�g�b�y�� �h�l�� �l�h�e�s�b�g�u�� �f�Z�l�_�j�b�Z�e�Z�� �f�h�`�g�h�� �i�j�_�^�k�l�Z�\�b�l�v�� �\��
�k�e�_�^�m�x�s�b�f���\�b�^�_�� 

�• 
L �x�v�u
F �w�r�Û�� ;  (14) 
�• 
L �r�á�r�z
F �r�á�r�r�x�Û�� ;  (15) 
�B�4 
L �r�á�r�w�z�æ�r�á�r�r�z����  ,  (16) 

�]�^�_��S �± �l�h�e�s�b�g�Z���^�_�n�h�j�f�b�j�m�_�f�h�]�h���e�b�k�l�Z�� 

�A�:�D�E�X�Q�?�G�B�? 

�<�� �o�h�^�_�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �g�Z�r�e�h�� �i�h�^�l�\�_�j�`�^�_�g�b�_�� �m�l�\�_�j�`�^�_��
�g�b�_�����q�l�h���^�e�y���h�^�g�h�c���f�Z�j�d�b���f�Z�l�_�j�b�Z�e�Z���_�]�h���k�\�h�c�k�l�\�Z���j�Z�a�e�b�q�g�u��
�i�j�b���j�Z�a�g�h�c���l�h�e�s�b�g�_���e�b�k�l�Z�������I�h�k�l�j�h�_�g�u���d�j�b�\�u�_���m�i�j�h�q�g�_�g�b�y��
�^�e�y���d�Z�`�^�h�c���l�h�e�s�b�g�u���f�_�l�Z�e�e�Z���\���g�_�k�d�h�e�v�d�b�o���k�h�k�l�h�y�g�b�y�o (�i�h��
�k�e�_�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �g�Z�� �k�l�Z�e�_�i�j�h�d�Z�l�g�u�o�� �i�j�_�^�i�j�b�y�l�b�y�o�� �b��
�h�l�h�`�`�_�g�g�u�_�� �h�[�j�Z�a�p�u)���� �I�j�b�\�_�^�_�g�u�� �]�j�Z�n�b�d�b�� �b�� �i�h�e�m�q�_�g�u��
�n�h�j�f�m�e�u�� �i�h�� �d�h�l�h�j�u�f�� �f�h�`�g�h�� �Z�i�i�j�h�d�k�b�f�b�j�h�\�Z�l�v�� �^�Z�g�g�m�x��
�f�Z�j�d�m�� �f�Z�l�_�j�b�Z�e�Z�� �^�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �h�k�g�h�\�g�h�]�h�� �g�Z�[�h�j�Z�� �l�h�e��
�s�b�g�� �\�u�i�m�k�d�Z�_�f�h�c�� �i�j�h�f�u�r�e�_�g�g�h�k�l�v�x�� �\�� �o�h�e�h�^�g�h�d�Z�l�Z�g�h�f��
�k�h�k�l�h�y�g�b�b�� �<�u�y�\�e�_�g�h�����q�l�h���k���m�\�_�e�b�q�_�g�b�_�f���l�h�e�s�b�g�u���f�Z�l�_�j�b��
�Z�e�Z�� �d�h�w�n�n�b�p�b�_�g�l�u�� �d�j�b�\�h�c�� �m�i�j�h�q�g�_�g�b�y�� �m�f�_�g�v�r�Z�x�l�k�y�� �G�Z��
�h�k�g�h�\�Z�g�b�b���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���^�Z�g�g�u�o���i�j�_�^�e�h�`�_�g�u���e�b�g�_�c��
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�g�_�g�b�y���h�l���l�h�e�s�b�g�u���f�Z�l�_�j�b�Z�e�Z�� 
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Abstract. The authors hereof have studied how the thickness of 
0.08% carbon cold-rolled sheet steel affects its properties. They 
experimented with tensioning such sheets and plotted the metal 
hardening curves. The paper presents comparative analysis of how 
the material thickness affects the coefficients approximating the 
hardening curves.  A comparison of the hardening curves of con-
trol and annealed specimens is given. Experiments have identified 
the effects that the pre-accumulated plastic strain has on the ma-
terial  properties. It is revealed that lower thickness alters the force 
parameters of the process and affects the ultimate tensile strain. 

The paper formulates recommendations on using the estimates ob-
tained by the software simulation of the deformation process. 
Hardening-curve coefficients approximation functions are pro-
posed in order to predict how changing the thickness would affect 
the material properties. 

Keywords: altered thickness, specimen tensioning, hardening 
curve, accumulated strain, mechanical properties of the sheet, 
hardening degree. 
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�k�b�k�l�_�f�u�� �I�Z�m�e�b�d���� �L�_�j�f�h�]�j�Z�\�b�f�_�l�j�b�q�_�k�d�b�c�� �Z�g�Z�e�b�a�� �i�j�h�\�h��
�^�b�e�b�� �\�� �j�_�`�b�f�_�� �e�b�g�_�c�g�h-�i�h�e�b�l�_�j�f�b�q�_�k�d�h�]�h�� �g�Z�]�j�_�\�Z�� �k�h��
�k�d�h�j�h�k�l�v�x�� ������ �ž�K���f�b�g�� �\�� �i�h�l�h�d�_�� �Z�l�f�h�k�n�_�j�g�h�]�h�� �\�h�a�^�m�o�Z���� �i�h��
�^�Z�\�Z�_�f�h�]�h���k�h���k�d�h�j�h�k�l�v�x�����������f�e���f�b�g�����f�Z�d�k�b�f�Z�e�v�g�Z�y���l�_�f�i�_��
�j�Z�l�m�j�Z�� �g�Z�]�j�_�\�Z�� �k�h�k�l�Z�\�e�y�_�l�� �������� �ž�K���� �g�Z�\�_�k�d�Z�� �\�_�s�_�k�l�\�Z�� ��������- 
���������f�]�� 

 

�F�?�L�H�>���I�H�E�M�Q�?�G�B�Y��1% PT/SM2O3 (TB2O3, YB2O3)  
�D�:�L�:�E�B�A�:�L�H�J�H�< 

�< �k�l�Z�d�Z�g�� �i�h�f�_�s�Z�e�b�� �j�Z�k�q�_�l�g�u�c�� �h�[�t�_�f�� �i�e�Z�l�b�g�h�o�e�h�j�b��
�k�l�h�\�h�^�h�j�h�^�g�h�c�� �d�b�k�e�h�l�u�� ���G2PtCl6�Â��H2O������ �^�h�[�Z�\�e�y�e�b�� ������ �f�e��
�\�h�^�u�� �b�� �i�_�j�_�f�_�r�b�\�Z�e�b�� �\�� �l�_�q�_�g�b�_�� ������ �f�b�g���� �H�^�g�h�\�j�_�f�_�g�g�h��
�]�h�l�h�\�b�e�b���k�m�k�i�_�g�a�b�x���g�h�k�b�l�_�e�y�����h�d�k�b�^�Z���J�A�W�����\���������f�e���\�h�^�u����
�A�Z�l�_�f�� �d�� �k�m�k�i�_�g�a�b�b�� �g�h�k�b�l�_�e�y�� �^�h�[�Z�\�e�y�e�b���j�Z�k�l�\�h�j�� �d�b�k�e�h�l�u����
�I�j�h�i�b�l�d�m�� �g�h�k�b�l�_�e�y�� �j�Z�k�l�\�h�j�h�f�� �k�h�e�b�� �i�e�Z�l�b�g�u�� �i�j�h�\�h�^�b�e�b��
�i�j�b�� �i�_�j�_�f�_�r�b�\�Z�g�b�b�� �\�� �l�_�q�_�g�b�_�� ������ �f�b�g�m�l���� �i�h�k�e�_�� �q�_�]�h�� �k�m�k��
�i�_�g�a�b�x�� �\�u�e�b�\�Z�e�b�� �\�� �n�Z�j�n�h�j�h�\�m�x�� �q�Z�r�d�m�� �b�� �k�m�r�b�e�b�� �^�h�� �i�h��
�k�l�h�y�g�g�h�]�h���\�_�k�Z���i�j�b���l�_�f�i�_�j�Z�l�m�j�_�����������r 1�q�K�����I�h�k�e�_���\�u�k�m�r�b��
�\�Z�g�b�y�� �d�Z�l�Z�e�b�a�Z�l�h�j�� �b�a�f�_�e�v�q�Z�e�b�� �b�� �i�j�h�k�_�b�\�Z�e�b�� �q�_�j�_�a�� �k�b�l�h�� �k��
�j�Z�a�f�_�j�h�f���y�q�_�_�d�����������f�d�f���� 

�>�Z�g�g�u�c�� �f�_�l�h�^�� �i�h�e�m�q�_�g�b�y�� �g�h�\�u�o��1%Pt-�d�Z�l�Z�e�b�a�Z�l�h�j�h�\��
�h�l�e�b�q�Z�_�l�k�y�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�c�� �i�j�h�k�l�h�l�h�c�� �b�� �g�_�� �l�j�_�[�m�x�l�� �k�i�_��
�p�b�Z�e�v�g�h�]�h�� �h�[�h�j�m�^�h�\�Z�g�b�y���� �M�q�b�l�u�\�Z�y���� �q�l�h�� �Z�d�l�b�\�Z�p�b�y�� �d�Z�l�Z��
�e�b�a�Z�l�h�j�Z�� �i�j�h�b�k�o�h�^�b�l�� �i�_�j�_�^�� �_�]�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f���� �k�j�h�d�b��
�o�j�Z�g�_�g�b�y�� �d�Z�l�Z�e�b�a�Z�l�h�j�Z�� �f�h�`�g�h�� �g�_�� �j�_�]�e�Z�f�_�g�l�b�j�h�\�Z�l�v���� �i�j�b��
�w�l�h�f�� �g�_�� �l�j�_�[�m�_�l�k�y�� �b�� �k�h�a�^�Z�g�b�_�� �k�i�_�p�b�Z�e�v�g�u�o�� �m�k�e�h�\�b�c�� �^�e�y��
�_�]�h���o�j�Z�g�_�g�b�y��  

�H�;�K�M�@�>�?�G�B�?���J�?�A�M�E�V�L�:�L�H�< 

�J�Z�\�g�h�f�_�j�g�h�k�l�v�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �Z�d�l�b�\�g�u�o�� �d�h�f�i�h�g�_�g�l�h�\��
�i�h�� �]�j�Z�g�m�e�_�� �d�Z�l�Z�e�b�a�Z�l�h�j�Z�� �[�u�e�Z�� �h�p�_�g�_�g�Z�� �g�Z�� �j�Z�k�l�j�h�\�h�f�� �k�d�Z��
�g�b�j�m�x�s�_�f�� �f�b�d�j�h�k�d�h�i�_��JSM-������������ �G�Z�� �j�b�k���� ���� �i�j�b�\�_�^�_�g�u��
�k�g�b�f�d�b�� �i�h�\�_�j�o�g�h�k�l�b�� �k�� �j�Z�a�f�_�j�Z�f�b�� �q�Z�k�l�b�p�� ����Pt/Sm2O3, 

1%Pt/ Tb2O3, 1%Pt/ Yb2O3 �d�Z�l�Z�e�b�a�Z�l�h�j�h�\�� 
 �:�g�Z�e�b�a���i�h�e�m�q�_�g�g�u�o���k�g�b�f�d�h�\���i�h�\�_�j�o�g�h�k�l�b���d�Z�l�Z�e�b�a�Z�l�h��

�j�h�\���i�h�a�\�h�e�b�e���m�k�l�Z�g�h�\�b�l�v���j�Z�k�i�j�_�^�_�e�_�g�b�_���b�o���q�Z�k�l�b�p���i�h���j�Z�a��
�f�_�j�Z�f�� ���j�b�k���������� �B�a�� �]�b�k�l�h�]�j�Z�f�f�u�� ���Z���� �k�h�h�l�\�_�l�k�l�\�m�x�s�_�c��
1%Pt/Sm2O3 �d�Z�l�Z�e�b�a�Z�l�h�j�m�� �\�b�^�g�h���� �q�l�h�� �h�d�h�e�h�� �������� �q�Z�k�l�b�p��
�b�f�_�x�l�� �j�Z�a�f�_�j�� �������� �g�f���� �>�e�y�� ����Pt/Yb2O3 �d�Z�l�Z�e�b�a�Z�l�h�j�Z�� �����\����
�l�Z�d�`�_�� �b�f�_�_�l�k�y�� �\�u�j�Z�`�_�g�g�u�c�� �f�Z�d�k�b�f�m�f�� �\�� �j�Z�k�i�j�_�^�_�e�_�g�b�b��
�j�Z�a�f�_�j�h�\�����h�d�h�e�h�����������������d�h�l�h�j�u�c���k�h�h�l�\�_�l�k�l�\�m�_�l���q�Z�k�l�b�p�Z�f���k��
�^�b�Z�f�_�l�j�h�f�� �������� �g�f���� �M�� �d�Z�l�Z�e�b�a�Z�l�h�j�Z�� ������Pt/Tb2O3 �����[����40% 
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�J�_�g�l�]�_�g�h�n�Z�a�h�\�u�c���Z�g�Z�e�b�a���i�h�d�Z�a�Z�e�����q�l�h���j�_�n�e�_�d�k�u�� �g�Z���^�b��
�n�j�Z�d�l�h�]�j�Z�f�f�Z�o���� �i�h�e�m�q�_�g�g�u�o�� �i�h�j�h�r�d�h�\�u�o�� �d�Z�l�Z�e�b�a�Z�l�h�j�h�\����
�b�^�_�g�l�b�q�g�u���b�a�\�_�k�l�g�u�f���b�a���[�Z�a�u���^�Z�g�g�u�o��Power derdiffraction 
file (PDF-2) [23]. �I�h�� �^�Z�g�g�u�f�� �J�N�:�� �g�Z�c�^�_�g�h�� �g�Z�e�b�q�b�_ �h�d�k�b��
�^�h�\���k�Z�f�Z�j�b�y�����l�_�j�[�b�y���b���b�l�l�_�j�[�b�y���k�h���k�l�_�i�_�g�v�x���h�d�b�k�e�_�g�b�y����������
�d�j�h�f�_�� �l�h�]�h���� �k�e�_�^�m�_�l�� �h�l�f�_�l�b�l�v���� �q�l�h�� �d�j�h�f�_�� �\�u�r�_�m�d�Z�a�Z�g�g�u�o��
�k�h�_�^�b�g�_�g�b�c�� �b�f�_�_�l�k�y�� �k�e�h�`�g�u�c�� �g�Z�[�h�j�� �l�b�i�b�q�g�u�o�� �n�Z�a�� �g�h�k�b��
�l�_�e�y�����Z���i�e�Z�l�b�g�Z���g�Z�o�h�^�b�l�k�y���\���m�e�v�l�j�Z�^�b�k�i�_�j�k�g�h�f���k�h�k�l�h�y�g�b�b�� 

�J�_�g�l�]�_�g�h�]�j�Z�f�f�Z��1%Pt/Sm2O3 �d�Z�l�Z�e�b�a�Z�l�h�j�Z�� �m�d�Z�a�u�\�Z�_�l��
�g�Z�� �g�Z�e�b�q�b�_�� �h�d�k�b�^�Z�� �k�Z�f�Z�j�b�y�� �k�� �i�Z�j�Z�f�_�l�j�Z�f�b�� �j�_�r�_�l�d�b��
3.748�u3.748�u5.790, 90�u90�u���������� �y�q�_�c�d�Z�� �b�f�_�_�l�� �]�_�d�k�Z�]�h�g�Z�e�v��
�g�m�x�� �n�h�j�f�m���� �J�_�g�l�]�_�g�h�]�j�Z�f�f�Z��1%Pt/Tb2O3 �d�Z�l�Z�e�b�a�Z�l�h�j�Z��
�i�h�^�l�\�_�j�`�^�Z�_�l�� �i�j�b�k�m�l�k�l�\�b�_���h�d�k�b�^�Z�� �l�_�j�[�b�y�� �k�� �i�Z�j�Z�f�_�l�j�Z�f�b��
�j�_�r�_�l�d�b�������������u5.270�u5.270, 90�u90�u���������y�q�_�c�d�Z���b�f�_�_�l���d�m�[�b��
�q�_�k�d�m�x�� �n�h�j�f�m���� �J�_�g�l�]�_�g�h�]�j�Z�f�f�Z��1%Pt/Yb2O3 �d�Z�l�Z�e�b�a�Z�l�h�j�Z��
�i�h�^�l�\�_�j�`�^�Z�_�l�� �i�j�b�k�m�l�k�l�\�b�_ �h�d�k�b�^�Z�� �b�l�l�_�j�[�b�y�� �k�� �i�Z�j�Z�f�_�l�j�Z��
�f�b�� �j�_�r�_�l�d�b�� �������������u10.436�u10.436, 90�u90�u�������� �y�q�_�c�d�Z�� �b�f�_��
�_�l���d�m�[�b�q�_�k�d�m�x���n�h�j�f�m 

�L�_�j�f�b�q�_�k�d�Z�y�� �k�l�Z�[�b�e�v�g�h�k�l�v�� �b�a�m�q�Z�_�f�u�o�� �d�Z�l�Z�e�b�a�Z�l�h�j�h�\��
�b�k�k�e�_�^�h�\�Z�g�Z���f�_�l�h�^�h�f���>�L�:��- �L�=�:�����J�_�a�m�e�v�l�Z�l�u�����i�h�e�m�q�_�g�g�u�_��
�i�h�k�e�_�� �h�[�j�Z�[�h�l�d�b�� �^�_�j�b�\�Z�l�h�]�j�Z�f�f�� �b�k�i�u�l�Z�g�g�u�o�� �d�Z�l�Z�e�b�a�Z�l�h��
�j�h�\�����i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�b�p�_���� 

�D�Z�d�� �\�b�^�g�h�� �b�a�� �^�Z�g�g�u�o�� �l�Z�[�e�b�p�u�� �d�Z�l�Z�e�b�a�Z�l�h�j�u�� �l�_�j�y�x�l��
�f�Z�k�k�m�� �i�j�b�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �\�u�r�_�� �������� �ž�K�� �\�h�� �\�k�_�f�� �b�g�l�_�j�\�Z�e�_��
�l�_�f�i�_�j�Z�l�m�j���� �i�j�b�� �w�l�h�f�� �f�Z�d�k�b�f�Z�e�v�g�Z�y�� �i�h�l�_�j�y�� �f�Z�k�k�u�� �i�j�h�b�k��
�o�h�^�b�l�� �i�j�b�� �g�Z�]�j�_�\�Z�g�b�b�� �\�i�e�h�l�v�� �^�h�� ��������- �������ž�K���� �K�e�_�^�m�_�l�� �h�l��
�f�_�l�b�l�v���l�Z�d�`�_���g�Z�e�b�q�b�_���w�g�^�h- �b���w�d�a�h�l�_�j�f�b�q�_�k�d�b�o���i�j�h�p�_�k�k�h�\��
�i�j�b�� �g�Z�]�j�_�\�Z�g�b�b���� �I�j�h�l�_�d�Z�g�b�_�� �w�g�^�h�l�_�j�f�b�q�_�k�d�b�o�� �i�j�h�p�_�k�k�h�\����
�i�h-�\�b�^�b�f�h�f�m���� �k�\�y�a�Z�g�h�� �k�� �m�^�Z�e�_�g�b�_�f�� �Z�^�k�h�j�[�p�b�h�g�g�h�c�� �\�h�^�u����
�d�h�l�h�j�Z�y���g�_���m�o�h�^�b�l���b�a���h�[�j�Z�a�p�h�\���i�j�b���b�o���k�m�r�d�_�����I�h�l�_�j�y���f�Z�k��
�k�u�� �d�Z�l�Z�e�b�a�Z�l�h�j�h�\�� �\�� �b�k�k�e�_�^�m�_�f�h�f�� �b�g�l�_�j�\�Z�e�_�� �l�_�f�i�_�j�Z�l�m�j��
�k�h�k�l�Z�\�e�y�_�l������������- 9,87%.  

 
�L�Z�[�e�b�p�Z���� 

�J�_�a�m�e�v�l�Z�l�u���>�L�:���b���>�=�:���h�[�j�Z�a�p�h�\���d�Z�l�Z�e�b�a�Z�l�h�j�h�\ 

 
�I�j�h�\�_�^�_�g�u�� �b�k�k�e�_�^�h�\�Z�g�b�y���w�n�n�_�d�l�b�\�g�h�k�l�b�� �i�h�e�m�q�_�g�g�u�o��

�i�e�Z�l�b�g�h�\�u�o�� �d�Z�l�Z�e�b�a�Z�l�h�j�h�\���� �g�Z�g�_�k�_�g�g�u�o�� �g�Z�� �h�d�k�b�^�u�� �J�A�W�� �\��
�j�_�Z�d�p�b�y�o�� �]�b�^�j�b�j�h�\�Z�g�b�y�� �j�y�^�Z�� �h�j�]�Z�g�b�q�_�k�d�b�o�� �k�h�_�^�b�g�_�g�b�c����
�g�b�l�j�h�[�_�g�a�h�e�Z�� �>�����@���� �[�_�g�a�Z�e�v�^�_�]�b�^�Z�� �>�����@�����i-�g�b�l�j�h�l�h�e�m�h�e�Z��
[25], n-�g�b�l�j�h�n�_�g�h�e�Z�� �>�����@���� �G�h�\�u�_�� �d�Z�l�Z�e�b�l�b�q�_�k�d�b�_�� �k�b�k�l�_�f�u��
�i�h�d�Z�a�Z�e�b�� �k�\�h�_�� �i�j�_�b�f�m�s�_�k�l�\�h�� �\�� �k�j�Z�\�g�_�g�b�b�� �k�� �i�e�Z�l�b�g�h�\�u�f�b��
�d�Z�l�Z�e�b�a�Z�l�h�j�Z�f�b�� �g�Z��Al 2O3���� �I�e�Z�l�b�g�h�\�u�_�� �d�Z�l�Z�e�b�a�Z�l�h�j�u����
�g�Z�g�_�k�_�g�g�u�_�� �g�Z�� �h�d�k�b�^�u�� �J�A�W���� �m�\�_�e�b�q�b�e�b�� �k�d�h�j�h�k�l�v�� �j�_�Z�d�p�b�b��
�]�b�^�j�b�j�h�\�Z�g�b�y�� �\�� ��������- �������� �j�Z�a�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �k�� �d�Z�l�Z�e�b�a�Z�l�h��
�j�h�f���k�j�Z�\�g�_�g�b�y��- 1%Pt/Al 2O3�����=�b�^�j�b�j�h�\�Z�g�b�_���i�j�h�\�h�^�b�e�h�k�v���\��
�f�y�]�d�b�o���m�k�e�h�\�b�y�o����t = 18-25 �q�K����P � �����������f�I�:�������K�j�_�^�Z�� �\�h�^�Z����
�\�h�^�Z-�w�l�Z�g�h�e�����w�l�Z�g�h�e�� 
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�q�Z�e�h 
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�f�Z�d�k�b 
�f�m�f 

�g�Z 
�q�Z�e�h 

�d�h 
�g�_�p 

�f�Z�d�k�b 
�f�m�f 

1 1%Pt/ 
Sm2O3 

100 200 120 

200 300 290 9,87 300 370 345 

370 475 450 

2 
1%Pt/ 
Tb2O3 

100 200 130 

200 390 250 7,12 380 500 410 

500 600 570 

3 1%Pt/ 
Yb2O3 

100 200 135 
200 600 

278 
5,82 

400 430 415 350 
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Abstract. The paper presents a method for the production of 
1% platinum catalysts containing oxides of rare-earth elements 
(REE); it also dwells upon the results of analyzing such catalysts 
by scanning electron microscopy (SEM), x-ray diffraction 
analysis (XDA), and thermal analysis (DTA-TGA). 
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�g�h�k�l�v���d���^�_�n�h�j�f�Z�p�b�h�g�g�h�f�m���m�i�j�h�q�g�_�g�b�x�����k�m�s�_�k�l�\�_�g�g�h���m�\�_��
�e�b�q�b�\�Z�_�l���k�i�h�k�h�[�g�h�k�l�v���f�_�l�Z�e�e�Z���k�h�i�j�h�l�b�\�e�y�l�v�k�y���j�Z�k�i�j�h�k�l�j�Z��
�g�_�g�b�x���l�j�_�s�b�g���b���_�]�h���b�a�g�h�k�h�k�l�h�c�d�h�k�l�v���� 

�<���f�_�k�l�_���k���l�_�f�����^�j�m�]�b�f���w�n�n�_�d�l�b�\�g�u�f���f�_�l�h�^�h�f���m�i�j�h�q�g�_��
�g�b�y���f�_�l�Z�e�e�Z�� �y�\�e�y�_�l�k�y�� �e�_�]�b�j�h�\�Z�g�b�_���_�]�h���[�h�j�h�f���>����-�����@�����I�j�b 
�g�Z�i�e�Z�\�d�_���^�e�y���w�l�h�]�h���b�k�i�h�e�v�a�m�x�l���l�Z�d�b�_���k�h�_�^�b�g�_�g�b�y���[�h�j�Z���d�Z�d��
�n�_�j�j�h�[�h�j�����d�Z�j�[�b�^���[�h�j�Z�����^�b�[�h�j�b�^���o�j�h�f�Z���b���^�j�����>����-�����@�����M�k�l�Z��
�g�h�\�e�_�g�h���i�h�e�h�`�b�l�_�e�v�g�h�_���\�e�b�y�g�b�_���^�b�[�h�j�b�^�h�\���l�b�l�Z�g�Z���b���p�b�j��
�d�h�g�b�y�� �g�Z�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v�� �o�j�h�f�h�g�b�d�_�e�_�\�u�o���f�Z�j�l�_�g�k�b�l�g�h��

�k�l�Z�j�_�x�s�b�o�� �k�l�Z�e�_�c�� �g�Z�i�e�Z�\�e�_�g�g�u�o�� �i�h�j�h�r�d�h�\�u�f�b�� �i�j�h�\�h�e�h��
�d�Z�f�b���>����-�����@�����H�k�h�[�u�c���b�g�l�_�j�_�k���i�j�_�^�k�l�Z�\�e�y�_�l���b�k�i�h�e�v�a�h�\�Z�g�b�_��
�^�e�y�� �w�l�b�o�� �p�_�e�_�c�� �g�b�l�j�b�^�Z�� �[�h�j�Z���� �y�\�e�y�x�s�_�]�h�k�y�� �\�k�e�_�^�k�l�\�b�_��
�k�o�h�^�k�l�\�Z�� �j�y�^�Z�� �k�\�h�c�k�l�\���� �w�e�_�d�l�j�h�g�g�u�f�� �Z�g�Z�e�h�]�h�f�� �m�]�e�_�j�h�^�Z��
�>�����@�����J�Z�g�_�_���Z�\�l�h�j�Z�f�b���i�h�d�Z�a�Z�g�Z���w�n�n�_�d�l�b�\�g�h�k�l�v���b�k�i�h�e�v�a�h�\�Z��
�g�b�y�� �\�� �o�j�h�f�b�k�l�u�o�� �i�h�j�h�r�d�h�\�u�o�� �i�j�h�\�h�e�h�d�Z�o�� �d�h�f�i�e�_�d�k�Z�� �k�h��
�_�^�b�g�_�g�b�c�� �[�h�j�Z�� �b�� �Z�a�h�l�Z���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�o�� �i�h�e�m�q�_�g�b�_�� �b�a�g�h��
�k�h�k�l�h�c�d�h�]�h���g�Z�i�e�Z�\�e�_�g�g�h�]�h���f�_�l�Z�e�e�Z���>�������������@�� 

�<�� �l�h�`�_�� �\�j�_�f�y�� �k�h�\�j�_�f�_�g�g�h�_�� �k�h�k�l�h�y�g�b�_�� �i�j�h�[�e�_�f�u�� �b�a�g�Z��
�r�b�\�Z�g�b�y�� �l�j�_�[�m�_�l�� �a�g�Z�g�b�c�� �h�k�g�h�\�g�u�o�� �a�Z�d�h�g�h�f�_�j�g�h�k�l�_�c��
�m�i�j�h�q�g�_�g�b�y�� �b�� �j�Z�a�j�m�r�_�g�b�y�� �i�h�\�_�j�o�g�h�k�l�g�u�o�� �k�e�h�_�\�� �f�_�l�Z�e�e�Z��
�i�j�b���_�]�h���n�j�b�d�p�b�h�g�g�h�f���g�Z�]�j�m�`�_�g�b�b�� 

�B�k�o�h�^�y���b�a���w�l�h�]�h�����p�_�e�v�x���g�Z�k�l�h�y�s�_�c���j�Z�[�h�l�u���y�\�e�y�_�l�k�y���b�k��
�k�e�_�^�h�\�Z�g�b�_���b�a�g�h�k�h�k�l�h�c�d�h�k�l�b���b���o�Z�j�Z�d�l�_�j�b�k�l�b�d���i�h�\�_�j�o�g�h�k�l�b��
�l�j�_�g�b�y�� �f�_�l�Z�e�e�Z�� �g�Z�i�e�Z�\�e�_�g�g�h�]�h�� �o�j�h�f�b�k�l�h�c�� �i�h�j�h�r�d�h�\�h�c 
�i�j�h�\�h�e�h�d�h�c �k �d�h�f�i�e�_�d�k�h�f���k�h�_�^�b�g�_�g�b�c���[�h�j�Z���b���Z�a�h�l�Z�� 

�H�;�T�?�D�L�U �B���F�?�L�H�>�U���B�K�K�E�?�>�H�<�:�G�B�Y 

�B�k�k�e�_�^�h�\�Z�e�b�� �\�e�b�y�g�b�_�� �[�h�j�b�^�g�h-�g�b�l�j�b�^�g�h�]�h�� �e�_�]�b�j�h�\�Z��
�g�b�y���g�Z�� �b�a�g�h�k�h�k�l�h�c�d�h�k�l�v�� �b�� �l�j�b�[�h�e�h�]�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z�� �o�j�h��
�f�b�k�l�h�c�� �k�l�Z�e�b���� �i�h�e�m�q�_�g�g�h�c�� �g�Z�i�e�Z�\�d�h�c�� �i�h�j�h�r�d�h�\�h�c�� �i�j�h�\�h��
�e�h�d�h�c�� �k�h�k�l�Z�\�Z���� �������� �&�U���� ���������� �%�1���� ������������TiB2; 0,5% ZrB2. 
�>�e�y���k�j�Z�\�g�_�g�b�y���b�k�k�e�_�^�h�\�Z�e�b���k�l�Z�e�v���[�_�a���[�h�j�b�^�h�\�� 

�G�Z�i�e�Z�\�d�m���h�k�m�s�_�k�l�\�e�y�e�b���g�Z���i�e�Z�k�l�b�g�u���b�a���k�l�Z�e�b���K�l�����j�Z�a��
�f�_�j�h�f�� �������î�����î������ �f�f�� �h�i�u�l�g�u�f�b�� �i�h�j�h�r�d�h�\�u�f�b�� �i�j�h�\�h�e�h��
�d�Z�f�b���^�b�Z�f�_�l�j�h�f�����������f�f���\���Z�j�]�h�g�_���\���l�j�b���k�e�h�y�����B�k�k�e�_�^�h�\�Z�e�k�y��
�f�_�l�Z�e�e���\���k�h�k�l�h�y�g�b�b���g�Z�i�e�Z�\�d�b���� 

�B�k�i�u�l�Z�g�b�y�� �\ �m�k�e�h�\�b�y�o�� �Z�^�]�_�a�b�h�g�g�h�]�h�� �b�a�g�Z�r�b�\�Z�g�b�y�� �i�Z�j��
�f�_�l�Z�e�e-�f�_�l�Z�e�e�� �h�k�m�s�_�k�l�\�e�y�e�b�� �i�j�b�� �l�j�_�g�b�b�� �k�d�h�e�v�`�_�g�b�y�� �[�_�a��
�k�f�Z�a�d�b���i�h�� �k�o�_�f�_�� �i�Z�e�_�p���± �\�j�Z�s�Z�x�s�b�c�k�y�� �^�b�k�d�� ���d�h�g�l�j�l�_�e�h������
�g�Z���f�Z�r�b�g�_���l�j�_�g�b�y���M�F�L-�������������G�Z���^�b�k�d���i�j�h�b�a�\�h�^�b�e�Z�k�v���d�h�e�v��
�p�_�\�Z�y���g�Z�i�e�Z�\�d�Z���i�h�d�j�u�l�u�f���w�e�_�d�l�j�h�^�h�f���f�Z�j�d�b���2�.���:�H�D�U�W�U�R�G�H��
55 �+�'���������O�����=�K�������h�[�_�k�i�_�q�b�\�Z�x�s�_�]�h���l�\�_�j�^�h�k�l�v���f�_�l�Z�e�e�Z���i�h��
�d�j�u�l�b�y������-�������+�5�&�����I�h�k�e�_���r�e�b�n�h�\�d�b���i�h���g�Z�i�e�Z�\�e�_�g�g�h�f�m���i�h��
�d�j�u�l�b�x�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �d�h�g�l�Z�d�l�� �k�� �h�[�j�Z�a�p�Z�f�b�� �\�� �\�b�^�_��
�i�Z�e�v�p�Z�����l�h�j�_�p���d�h�l�h�j�h�]�h���g�Z�i�e�Z�\�e�_�g���b�k�k�e�_�^�m�_�f�u�f���k�h�k�l�Z�\�h�f����
�<�u�k�h�l�Z�� �g�Z�i�e�Z�\�e�_�g�g�h�]�h�� �k�e�h�y�� �k�h�k�l�Z�\�e�y�e�Z�� ���� �f�f���� �G�Z�� �d�Z�`�^�u�c��
�k�h�k�l�Z�\�� �b�k�i�u�l�u�\�Z�e�h�k�v�� �l�j�b�� �h�[�j�Z�a�p�Z���� �B�k�i�u�l�Z�g�b�_�� �i�j�h�\�h�^�b�e�b��
�i�j�b���g�Z�]�j�m�a�d�_���)��� �������������d�G���b���q�Z�k�l�h�l�_���\�j�Z�s�_�g�b�y���^�b�k�d�Z���d�h�g�l�j��
�l�_�e�Z�����������h�[���f�b�g�����I�h�k�e�_���d�Z�`�^�u�o�����������h�[�h�j�h�l�h�\���^�b�k�d�Z���i�j�h�b�a��
�\�h�^�b�e�h�k�v�� �\�a�\�_�r�b�\�Z�g�b�_�� �h�[�j�Z�a�p�h�\���� �I�m�l�v�� �l�j�_�g�b�y�� �h�[�j�Z�a�p�Z��
���i�Z�e�v�p�Z�����k�h�k�l�Z�\�e�y�e�����������f�� 

�F�_�l�Z�e�e�h�]�j�Z�n�b�q�_�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �g�Z�i�e�Z�\�e�_�g�g�h�]�h�� �f�_��
�l�Z�e�e�Z�� �i�j�h�\�h�^�b�e�b�� �g�Z�� �h�i�l�b�q�_�k�d�h�f�� �f�b�d�j�h�k�d�h�i�_�� �:�;�,�2��
�2�E�V�H�U�Y�H�U���$���P�����&�D�U�O���=�H�L�V�V�������F�b�d�j�h�k�l�j�m�d�l�m�j�Z���\�u�y�\�e�y�e�Z�k�v���o�b��
�f�b�q�_�k�d�b�f���l�j�Z�\�e�_�g�b�_�f���\���j�_�Z�d�l�b�\�_���k�h�k�l�Z�\�Z�����&�X�6�24 �± �����]�����+�&�O��
�± �������f�e�����+2O �± �������f�e���� 

�J�Z�[�h�l�Z���\�u�i�h�e�g�_�g�Z �a�Z���k�q�_�l���]�j�Z�g�l�Z �J�h�k�k�b�c�k�d�h�]�h���G�Z�m�q�g�h�]�h���N�h�g�^�Z���‹������-19-01224 
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�>�x�j�h�f�_�l�j�b�q�_�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�h�\�h�^�b�e�b�� �g�Z �h�[�j�Z�a��
�p�Z�o�� �b�a�� �f�_�l�Z�e�e�Z�� �i�h�k�e�_�� �g�Z�i�e�Z�\�d�b�� �F�� �i�h�f�h�s�v�x�� �l�\�_�j�^�h�f�_�j�h�\��
�L�D-���� �i�h�� �f�_�l�h�^�m�� �J�h�d�\�_�e�e�Z�� �b�� �6�K�L�P�D�G�]�X�� �+�0�9-���� �i�h�� �f�_�l�h�^�m��
�<�b�d�d�_�j�k�Z�� 

�J�?�A�M�E�V�L�:�L�U���W�D�K�I�?�J�B�F�?�G�L�: �B���H�;�K�M�@�>�?�G�B�Y 

�J�_�a�m�e�v�l�Z�l�u���b�k�i�u�l�Z�g�b�c���g�Z���Z�^�]�_�a�b�h�g�g�h�_���b�a�g�Z�r�b�\�Z�g�b�_���f�_��
�l�Z�e�e�Z�� �i�h�d�j�u�l�b�c�� �[�_�a�� �[�h�j�b�^�h�\�� �b�� �e�_�]�b�j�h�\�Z�g�g�h�]�h�� �[�h�j�b�^�g�u�f�b��
�k�h�_�^�b�g�_�g�b�y�f�b�� �i�j�b�\�_�^�_�g�u���\�� �l�Z�[�e�������±�������H�k�g�h�\�g�u�_�� �l�j�b�[�h�e�h��
�]�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z�� �g�Z�i�e�Z�\�e�_�g�g�h�]�h�� �f�_�l�Z�e�e�Z�� �i�h�d�j�u�l�b�y�� �[�_�a��
�[�h�j�b�^�h�\���b���e�_�]�b�j�h�\�Z�g�g�h�]�h���[�h�j�b�^�g�u�f�b���k�h�_�^�b�g�_�g�b�y�f�b���i�j�b�\�_��
�^�_�g�u���\���l�Z�[�e�������� 

�F�_�l�Z�e�e���i�h�d�j�u�l�b�y���[�_�a���[�h�j�b�^�h�\���\�u�^�_�j�`�Z�e���\�k�_�]�h�����������h�[�h��
�j�h�l�h�\���i�j�b���i�m�l�b���l�j�_�g�b�y�����������f�����K�j�_�^�g�b�c���f�Z�k�k�h�\�u�c���b�a�g�h�k���h�[��
�j�Z�a�p�h�\�� �m�`�_�� �i�h�k�e�_�� �������� �h�[�h�j�h�l�h�\�� �k�h�k�l�Z�\�e�y�_�l�� ������������ �]���� �I�h�k�e�_��
���������h�[�h�j�h�l�h�\���f�Z�k�k�h�\�u�c���b�a�g�h�k���k�h�k�l�Z�\�b�e���m�`�_�������������]�����i�j�b���w�l�h�f��
�b�a�g�h�k���i�h���^�e�b�g�_���^�h�k�l�b�]�������������f�f�����a�g�Z�q�_�g�b�_���d�h�l�h�j�h�]�h���k�h�i�h�k�l�Z��
�\�b�f�h�� �k�� �^�e�b�g�h�c�� �g�Z�i�e�Z�\�e�_�g�g�h�c�� �q�Z�k�l�b�� �i�Z�e�v�p�Z���� �I�h�w�l�h�f�m�� �h�[��
�j�Z�a�p�u���[�u�e�b���k�g�y�l�u���k���^�Z�e�v�g�_�c�r�b�o���b�k�i�u�l�Z�g�b�c�� 

 
�L�Z�[�e�b�p�Z���� 

�F�Z�k�k�h�\�u�c���b�a�g�h�k���h�[�j�Z�a�p�h�\���f�_�l�Z�e�e�Z�����]�j�� 

�D�h�e-�\�h��
�h�[�h�j�h�l�h�\ 

�I�h�d�j�u�l�b�_���[�_�a���[�h�j�b�^�h�\ 

�H�[�j�Z�a�_�p���� �H�[�j�Z�a�_�p���� �H�[�j�Z�a�_�p���� �K�j�_�^�g�_�_��
�a�g�Z�q�_�g�b�_ 

�H�l�g�h�k�b�l�_�e�v�g�u�c��
�b�a�g�h�k�����]���f 

300 0,965 1,1382 0,9861 1,029767 0,0091 
600 1,6093 1,849 1,6531 1,7038 0,0060 

�I�h�d�j�u�l�b�_���k���[�h�j�b�^�Z�f�b 
300 0,9085 0,9296 0,8099 0,88267 0,0078 
600 1,0872 1,356 1,0938 1,179 0,0026 
900 1,458 1,5954 1,1925 1,4153 0,0021 

 
�L�Z�[�e�b�p�Z���� 

�B�a�f�_�g�_�g�b�_���i�h���^�e�b�g�_���h�[�j�Z�a�p�Z���f�_�l�Z�e�e�Z�����f�f 

�D�h�e-�\�h��
�h�[�h�j�h�l�h�\ 

�I�h�d�j�u�l�b�_���[�_�a���[�h�j�b�^�h�\ 

�H�[�j�Z�a�_�p���� �H�[�j�Z�a�_�p���� �H�[�j�Z�a�_�p���� �K�j�_�^�g�_�_��
�a�g�Z�q�_�g�b�_ 

0 18,1 18,03 18,06 18,063 
600 12,63 13,15 12,44 12,74 

�B�a�g�h�k���i�h���^�e�b�g�_���h�[�j�Z�a�p�h�\���[�_�a���[�h�j�b�^�h�\�����f�f 
0-600 5,47 4,88 5,62 5,323 

�I�h�d�j�u�l�b�_���k���[�h�j�b�^�Z�f�b 
0 17,74 17,94 17,75 17,81 

900 13,05 13,46 14,45 13,6533 
�B�a�g�h�k���i�h���^�e�b�g�_���h�[�j�Z�a�p�h�\���k���[�h�j�b�^�Z�f�b�����f�f 

0-900 4,69 4,48 3,3 4,15667 
 

�L�Z�[�e�b�p�Z���� 
�L�j�b�[�h�e�h�]�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z���f�_�l�Z�e�e�Z 

�D�h�e-�\�h��
�h�[�h�j�h�l�h�\ 

�I�h�d�j�u�l�b�_���[�_�a���[�h�j�b�^�h�\ 
�K�j�_�^�g�_�_���a�g�Z�q�_�g�b�_���f�h�f�_�g�l�Z��

�l�j�_�g�b�y�����G���f 
�D�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y 

0-300 23,709 0,504 
300-600 19,601 0,423 
0-600 21,634 0,464 

�I�h�d�j�u�l�b�_���k���[�h�j�b�^�Z�f�b 
0-300 23,071 0,462 

300-600 20,045 0,420 
600-900 19,678 0,393 
0-900 20,960 0,425 
 
�K�j�_�^�g�_�_���a�g�Z�q�_�g�b�_���f�_�l�Z�e�e�Z���i�h�d�j�u�l�b�y���[�_�a���[�h�j�b�^�h�\���h�l�g�h��

�k�b�l�_�e�v�g�h�]�h�� �b�a�g�h�k�Z�� �a�Z�� �b�k�i�u�l�Z�g�b�_�� �k�h�k�l�Z�\�b�e�h�� ���������������� �]���f����
�F�Z�k�k�h�\�u�c���b�a�g�h�k���^�e�y���i�m�l�b���l�j�_�g�b�y���\�����������f���k�h�k�l�Z�\�b�e���������������]����
�K�j�_�^�g�_�_�� �a�g�Z�q�_�g�b�_�� �e�b�g�_�c�g�h�]�h�� �b�a�g�h�k�Z�� �a�Z�� �b�k�i�u�l�Z�g�b�_�� �k�h�k�l�Z��
�\�b�e�h�����������������f�f���f�����<���j�_�a�m�e�v�l�Z�l�_���b�k�i�u�l�Z�g�b�c���f�h�f�_�g�l���l�j�_�g�b�y��

�m�i�Z�e���k�� �������������� �G���f�� ���^�e�y�� �i�m�l�b�� �l�j�_�g�b�y�� �������� �f���� �^�h�� ���������������G�‡�f��
���^�e�y���i�m�l�b���l�j�_�g�b�y�����������f�������K�j�_�^�g�_�_���a�g�Z�q�_�g�b�_���f�h�f�_�g�l�Z���l�j�_�g�b�y��
�a�Z���i�m�l�v���l�j�_�g�b�y�����������f���k�h�k�l�Z�\�b�e�h�����������������G���f�����D�h�w�n�n�b�p�b�_�g�l��
�l�j�_�g�b�y���m�i�Z�e���k�����������������^�e�y���i�m�l�b���l�j�_�g�b�y�����������f�����^�h�����������������^�e�y��
�i�m�l�b���l�j�_�g�b�y�����������f�������Z���k�j�_�^�g�_�_���a�g�Z�q�_�g�b�_���a�Z���b�k�i�u�l�Z�g�b�_���k�h�k�l�Z��
�\�b�e�h�������������� 

�F�_�l�Z�e�e�� �i�h�d�j�u�l�b�y�� �k�� �[�h�j�b�^�Z�f�b�� �\�u�^�_�j�`�Z�e�� �������� �h�[�h�j�h�l�h�\��
�i�j�b���i�m�l�b���l�j�_�g�b�y�����������f�����Z���a�Z�l�_�f���h�[�j�Z�a�p�u���[�u�e�b���k�g�y�l�u���k���^�Z�e�v��
�g�_�c�r�b�o���b�k�i�u�l�Z�g�b�c�����K�j�_�^�g�b�c���f�Z�k�k�h�\�u�c���b�a�g�h�k���h�[�j�Z�a�p�h�\���i�h��
�k�e�_�����������h�[�h�j�h�l�h�\���k�h�k�l�Z�\�b�e���������������]�����Z���i�h�k�e�_�����������h�[�h�j�h�l�h�\���± 
�������������]�����I�h�k�e�_�����������h�[�h�j�h�l�h�\���h�g���^�h�k�l�b�]���\�k�_�]�h�������������]�����H�l�g�h�k�b��
�l�_�e�v�g�u�c���b�a�g�h�k���k�m�s�_�k�l�\�_�g�g�h���i�Z�^�Z�_�l���k�����������������]���f�f���\���g�Z�q�Z�e�_��
�i�m�l�b���l�j�_�g�b�y���^�h�����������������]���f���\���d�h�g�p�_�����K�j�_�^�g�_�_���a�g�Z�q�_�g�b�_���h�l�g�h��
�k�b�l�_�e�v�g�h�]�h���b�a�g�h�k�Z���a�Z���b�k�i�u�l�Z�g�b�_���k�h�k�l�Z�\�b�e�h�������������������]���f�����q�l�h��
�\�����������j�Z�a�Z���f�_�g�v�r�_���q�_�f���m���f�_�l�Z�e�e�Z���i�h�d�j�u�l�b�y���[�_�a���[�h�j�b�^�h�\�����I�j�b��
�w�l�h�f�� �b�a�g�h�k�� �i�h�� �^�e�b�g�_�� �k�h�k�l�Z�\�b�e�� ���������� �f�f���� �K�j�_�^�g�_�_�� �a�g�Z�q�_�g�b�_��
�e�b�g�_�c�g�h�]�h�� �b�a�g�h�k�Z�� �k�h�k�l�Z�\�b�e�h�� �������������� �f�f���f���� �q�l�h�� �\�� �������� �j�Z�a�Z��
�f�_�g�v�r�_���q�_�f���m���f�_�l�Z�e�e�Z���i�h�d�j�u�l�b�y���[�_�a���[�h�j�b�^�h�\�����F�h�f�_�g�l���l�j�_��
�g�b�y���m�i�Z�e���k�����������������G���f�����^�e�y���i�m�l�b���l�j�_�g�b�y�����������f�����^�h���������������G���f��
���^�e�y���i�m�l�b���l�j�_�g�b�y�����������f�������K�j�_�^�g�_�_���a�g�Z�q�_�g�b�_���f�h�f�_�g�l�Z���l�j�_�g�b�y��
�a�Z���\�_�k�v���i�m�l�v���l�j�_�g�b�y���k�h�k�l�Z�\�b�e�h���������������G���f�����D�h�w�n�n�b�p�b�_�g�l���l�j�_��
�g�b�y���m�i�Z�e���k�����������������^�e�y���i�m�l�b���l�j�_�g�b�y�����������f�����^�h�����������������^�e�y���i�m�l�b��
�l�j�_�g�b�y�� �������� �f������ �b�� �k�h�k�l�Z�\�b�e�� �k�j�_�^�g�_�_�� �a�g�Z�q�_�g�b�_�� �i�j�b�� �b�k�i�u�l�Z��
�g�b�y�o�������������� 

�>�h�i�h�e�g�b�l�_�e�v�g�m�x���b�g�n�h�j�f�Z�p�b�x���h���i�j�h�p�_�k�k�Z�o���j�Z�a�j�m�r�_�g�b�y��
�i�h�\�_�j�o�g�h�k�l�g�h�]�h�� �k�e�h�y�� �b�k�k�e�_�^�m�_�f�u�o�� �i�h�d�j�u�l�b�c�� �^�Z�_�l�� �Z�g�Z�e�b�a��
�b�o���l�h�i�h�]�j�Z�n�b�b�����j�b�k������) 

�J�b�k�����������I�h�\�_�j�o�g�h�k�l�v���h�[�j�Z�a�p�Z���g�Z�i�e�Z�\�e�_�g�g�h�]�h���i�h�d�j�u�l�b�y��
�i�h�k�e�_���b�k�i�u�l�Z�g�b�y���g�Z���b�a�g�h�k�� �Z�����[�_�a���[�h�j�b�^�h�\�����[�����k���[�h�j�b�^�Z�f�b 
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�>�e�y�� �h�[�j�Z�a�p�h�\�� �[�_�a�� �[�h�j�b�^�h�\ �i�j�h�r�_�^�r�b�o�� �b�k�i�u�l�Z�g�b�_�� �\��
�[�h�e�v�r�_�c���f�_�j�_���o�Z�j�Z�d�l�_�j�_�g���[�h�j�h�a�^�q�Z�l�u�c���k���]�e�m�[�b�g�g�u�f�b���\�u��
�j�u�\�Z�f�b�� �j�_�e�v�_�n�� �i�h�\�_�j�o�g�h�k�l�b�� �b�a�g�h�k�Z�� �k�� �i�j�b�k�m�l�k�l�\�b�_�f�� �d�Z�d��
�f�_�e�d�b�o���� �l�Z�d�� �b�� �d�j�m�i�g�u�o�� �q�Z�k�l�b�p�� �i�j�h�^�m�d�l�h�\�� �b�a�g�Z�r�b�\�Z�g�b�y��
���j�b�k�����������Z�������q�l�h���k�\�b�^�_�l�_�e�v�k�l�\�m�_�l���h���i�j�h�l�_�d�Z�g�b�b���i�j�h�p�_�k�k�h�\���Z�^��
�]�_�a�b�h�g�g�h�]�h�� �k�o�\�Z�l�u�\�Z�g�b�y�� �d�h�g�l�Z�d�l�b�j�m�x�s�b�o�� �i�h�\�_�j�o�g�h�k�l�_�c����
�k�h�i�j�h�\�h�`�^�Z�x�s�b�o�k�y���b�o���a�Z�^�b�j�h�f���b���a�Z�_�^�Z�g�b�_�f�����I�h�d�j�u�l�b�_���[�_�a��
�[�h�j�b�^�h�\�� �k�� �_�]�h�� �h�l�g�h�k�b�l�_�e�v�g�h�� �g�b�a�d�h�c�� �l�\�_�j�^�h�k�l�v�x 
(�§��40 HRC���� �g�_�� �h�[�e�Z�^�Z�_�l�� �^�h�k�l�Z�l�h�q�g�u�f�� �k�h�i�j�h�l�b�\�e�_�g�b�_�f��
�\�g�_�^�j�_�g�b�x���\�_�j�r�b�g���f�b�d�j�h�g�_�j�h�\�g�h�k�l�_�c���d�h�g�l�j�l�_�e�Z�����q�l�h���k�i�h��
�k�h�[�k�l�\�m�_�l�� �\�u�k�h�d�h�c�� �b�g�l�_�g�k�b�\�g�h�k�l�b�� �b�a�g�Z�r�b�\�Z�g�b�y�� �b�� �i�h�\�u��
�r�_�g�g�h�f�m���d�h�w�n�n�b�p�b�_�g�l�m���l�j�_�g�b�y���a�Z���k�q�_�l���m�\�_�e�b�q�_�g�g�h�]�h���q�b�k�e�Z��
�h�q�Z�]�h�\�� �f�b�d�j�h�k�o�\�Z�l�u�\�Z�g�b�y���� �>�e�b�l�_�e�v�g�h�_�� �n�j�b�d�p�b�h�g�g�h�_��
�g�Z�]�j�m�`�_�g�b�_�� �i�j�b�\�h�^�b�l�� �d�� �i�j�h�]�j�_�k�k�b�j�m�x�s�_�f�m�� �j�Z�a�j�u�o�e�_�g�b�x��
�i�h�\�_�j�o�g�h�k�l�g�h�]�h�� �k�e�h�y�� �f�_�l�Z�e�e�Z���� �k�\�y�a�Z�g�g�h�f�m�� �k�� �\�h�a�j�Z�k�l�Z�g�b�_�f��
�q�b�k�e�Z���h�q�Z�]�h�\���j�Z�a�j�m�r�_�g�b�y���>�����@�����J�Z�a�j�m�r�_�g�b�_���w�l�h�]�h���k�e�h�y���i�j�b��
�\�h�^�b�l���d���d�Z�l�Z�k�l�j�h�n�b�q�_�k�d�h�f�m���b�a�g�Z�r�b�\�Z�g�b�x�����d�h�l�h�j�h�_���g�Z�[�e�x��
�^�Z�_�l�k�y���i�h�k�e�_�����������f���i�m�l�b���l�j�_�g�b�y�� 

�I�h�\�_�j�o�g�h�k�l�v���h�[�j�Z�a�p�Z���i�h�d�j�u�l�b�y���k���[�h�j�b�^�Z�f�b���b�f�_�_�l���h�l�g�h��
�k�b�l�_�e�v�g�h�� �]�e�Z�^�d�b�c�� �\�b�^�� �b�� �o�Z�j�Z�d�l�_�j�b�a�b�j�m�_�l�k�y�� �g�_�a�g�Z�q�b�l�_�e�v��
�g�u�f�b���]�e�m�[�b�g�g�u�f�b���\�u�j�u�\�Z�f�b�����j�b�k�����������[�������G�Z�[�e�x�^�Z�_�l�k�y���y�\��
�g�h�_���k�]�e�Z�`�b�\�Z�g�b�_���i�h�\�_�j�o�g�h�k�l�b���j�_�e�v�_�n�Z�����^�h�j�h�`�d�b���[�h�e�_�_���m�a��
�d�b�_���b���]�e�Z�^�d�b�_�����I�h�k�e�_���n�j�b�d�p�b�h�g�g�h�]�h���g�Z�]�j�m�`�_�g�b�y���b�f�_�_�l���f�_��
�k�l�h�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �[�e�h�q�g�h�c�� �k�l�j�m�d�l�m�j�u�� �d�\�Z�a�b�j�Z�\�g�h�f�_�j�g�h��
�j�Z�k�i�j�_�^�_�e�_�g�g�h�c���i�h���h�[�t�_�f�m���i�h�\�_�j�o�g�h�k�l�g�h�]�h���k�e�h�y�����<���i�h�\�_�j�o��
�g�h�k�l�g�h�f�� �k�e�h�_�� �l�Z�d�`�_�� �j�_�Z�e�b�a�m�_�l�k�y���� �g�Z�j�y�^�m�� �k�� �m�i�j�h�q�g�_�g�b�_�f����
�g�_�d�h�l�h�j�Z�y���i�e�Z�k�l�b�q�g�h�k�l�v���f�Z�l�_�j�b�Z�e�Z���a�Z���k�q�_�l���\�u�k�h�d�h�c���i�j�h�l�y��
�`�_�g�g�h�k�l�b���[�e�h�q�g�u�o���]�j�Z�g�b�p�� �b���]�j�Z�g�b�q�g�h�]�h�� �i�j�h�k�d�Z�e�v�a�u�\�Z�g�b�y��
�>�����@���� �B�a�f�_�e�v�q�_�g�b�_�� �[�e�h�q�g�h�c�� �f�b�d�j�h�k�l�j�m�d�l�m�j�u�� �i�j�b�\�h�^�b�l�� �d��
�m�\�_�e�b�q�_�g�b�x���i�j�_�^�_�e�Z���f�Z�d�j�h�k�d�h�i�b�q�_�k�d�h�c���m�i�j�m�]�h�k�l�b���b���k�h�i�j�h��
�l�b�\�e�_�g�b�y�� �m�k�l�Z�e�h�k�l�g�h�f�m�� �j�Z�a�j�m�r�_�g�b�x�� �a�Z�� �k�q�_�l�� �m�f�_�g�v�r�_�g�b�y��
�a�_�j�g�h�]�j�Z�g�b�q�g�h�]�h���j�Z�k�l�j�_�k�d�b�\�Z�g�b�y���>�����@�� 

�>�e�y���\�u�y�\�e�_�g�b�y���i�j�b�q�b�g���j�Z�a�e�b�q�b�c���\���l�\�_�j�^�h�k�l�b���i�h�d�j�u�l�b�c����
�g�Z�i�e�Z�\�e�_�g�g�u�o�� �i�h�j�h�r�d�h�\�u�f�b�� �i�j�h�\�h�e�h�d�Z�f�b�� �b�k�k�e�_�^�m�_�f�u�o��
�k�h�k�l�Z�\�h�\�� �\�u�i�h�e�g�_�g�� �d�h�f�i�e�_�d�k�� �f�_�l�Z�e�e�h�]�j�Z�n�b�q�_�k�d�b�o�� �b�� �w�e�_�d��
�l�j�h�g�g�h�f�b�d�j�h�k�d�h�i�b�q�_�k�d�b�o���b�k�k�e�_�^�h�\�Z�g�b�c�� 

�F�b�d�j�h�k�l�j�m�d�l�m�j�Z�� �f�_�l�Z�e�e�Z���� �g�Z�i�e�Z�\�e�_�g�g�h�]�h�� �i�j�h�\�h�e�h�d�h�c��
�[�_�a�� �[�h�j�b�^�h�\���� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �k�f�_�k�v�� �g�b�a�d�h�m�]�e�_�j�h�^�b��

�k�l�h�]�h�� �f�Z�j�l�_�g�k�b�l�Z�� �k�� �\�u�k�h�d�h�^�b�k�i�_�j�k�g�u�f�� �i�_�j�e�b�l�h�f���� �I�h�� �]�j�Z��
�g�b�p�Z�f���a�_�j�_�g���g�Z�[�e�x�^�Z�_�l�k�y���\�u�^�_�e�_�g�b�y���q�Z�k�l�b�p�����i�h-�\�b�^�b�f�h�f�m����
�d�Z�j�[�b�^�h�\���b���/-�n�_�j�j�b�l�Z�����L�Z�d�Z�y���k�f�_�r�Z�g�g�Z�y���k�l�j�m�d�l�m�j�Z���b���h�[�_�k��
�i�_�q�b�\�Z�_�l���l�\�_�j�^�h�k�l�v���f�_�l�Z�e�e�Z���\���i�j�_�^�_�e�Z�o���^�h���������+�5�&�� 

�G�Z�i�e�Z�\�e�_�g�g�u�c�� �f�_�l�Z�e�e�� �i�h�d�j�u�l�b�y�� �k�� �[�h�j�b�^�Z�f�b�� �b�f�_�_�l��
�k�e�h�`�g�m�x���d�h�f�i�h�a�b�p�b�h�g�g�m�x���k�l�j�m�d�l�m�j�m���k���f�Z�j�l�_�g�k�b�l�g�h�c���f�Z�l��
�j�b�p�_�c���� �[�h�e�v�r�h�]�h���d�h�e�b�q�_�k�l�\�Z���w�\�l�_�d�l�b�d�b�� �b���q�Z�k�l�b�p�� �m�i�j�h�q�g�y��
�x�s�b�o���n�Z�a�����L�\�_�j�^�h�k�l�v���l�Z�d�h�]�h���f�_�l�Z�e�e�Z���^�h�k�l�b�]�Z�_�l���f�Z�d�k�b�f�Z�e�v��
�g�h�]�h���a�g�Z�q�_�g�b�y���\���������+�5�&�� 

�>�x�j�h�f�_�l�j�b�q�_�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�d�Z�a�Z�e�b�� �k�m�s�_�k�l�\�_�g��
�g�u�_�� �j�Z�a�e�b�q�b�y�� �\�� �f�b�d�j�h�l�\�_�j�^�h�k�l�b�� �k�l�j�m�d�l�m�j�g�u�o�� �k�h�k�l�Z�\�e�y�x��
�s�b�o���f�_�l�Z�e�e�Z���b�k�k�e�_�^�m�_�f�u�o���i�h�d�j�u�l�b�c�����j�b�k�����������b���l�Z�[�e���������� 

�L�Z�[�e�b�p�Z���� 
�F�b�d�j�h�l�\�_�j�^�h�k�l�v���+�9���������
���b���+�9�����������k�l�j�m�d�l�m�j�g�u�o�� 
�k�h�k�l�Z�\�e�y�x�s�b�o���f�_�l�Z�e�e�Z���i�h�d�j�u�l�b�y�����g�Z�i�e�Z�\�e�_�g�g�h�]�h 

 �i�h�j�h�r�d�h�\�u�f�b���i�j�h�\�h�e�h�d�Z�f�b 
�‹���m�d�h�e�Z �L�\�_�j�^�h�k�l�v����HV �‹���m�d�h�e�Z �L�\�_�j�^�h�k�l�v����HV 

�[�_�a���[�h�j�b�^�h�\ �k���[�h�j�b�^�Z�f�b 
1 408 1 646 
2* 376 2* 1247 
3* 358 3 783 
4* 551 4* 847 
5* 384 5 656 
6 424 6 646 
7 393 7 617 
8 429 8 667 
9 389 9* 847 
10 411 10 641 
11* 609 11 764 
12* 572 12* 1128 

 
�D�Z�d���\�b�^�g�h���f�b�d�j�h�l�\�_�j�^�h�k�l�v�� �f�Z�l�j�b�p�u���f�_�l�Z�e�e�Z���[�_�a���[�h�j�b��

�^�h�\���b�a�f�_�g�y�_�l�k�y���h�l�����������^�h�����������+�9�����/-�n�_�j�j�b�l�Z���h�l�����������^�h����������
�+�9�����Z���m�i�j�h�q�g�y�x�s�b�o���n�Z�a��������-610 HV. 

�F�b�d�j�h�l�\�_�j�^�h�k�l�v�� �k�l�j�m�d�l�m�j�g�u�o�� �k�h�k�l�Z�\�e�y�x�s�b�o�� �f�_�l�Z�e�e�Z��
�g�Z�i�e�Z�\�e�_�g�g�h�]�h�� �i�h�j�h�r�d�h�\�h�c�� �i�j�h�\�h�e�h�d�h�c�� �k�� �[�h�j�b�^�Z�f�b�� �k�h��
�k�l�Z�\�e�y�_�l���^�e�y���f�Z�l�j�b�p�u��������-648 �+�9�����w�\�l�_�d�l�b�d�b��������-���������+�9���b��
�m�i�j�h�q�g�y�x�s�b�o���n�Z�a����������-1247 HV. 

�W�e�_�d�l�j�h�g�g�h�f�b�d�j�h�k�d�h�i�b�q�_�k�d�b�c�� �Z�g�Z�e�b�a�� �i�h�d�j�u�l�b�y��
�g�Z�i�e�Z�\�e�_�g�g�h�]�h���i�h�j�h�r�d�h�\�h�c���i�j�h�\�h�e�h�d�h�c���k�� �[�h�j�b�^�Z�f�b���i�h�d�Z��
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�J�b�k�����������B�a�h�[�j�Z�`�_�g�b�_���f�b�d�j�h�k�l�j�m�d�l�m�j�u���k���j�Z�k�i�j�_�^�_�e�_�g�b�_�f���f�_�k�l���a�Z�f�_�j�Z���f�b�d�j�h�l�\�_�j�^�h�k�l�b���k�h�k�l�Z�\�e�y�x�s�b�o���f�_�l�Z�e�e�Z���i�h�d�j�u��
�l�b�c�����g�Z�i�e�Z�\�e�_�g�g�u�o���i�h�j�h�r�d�h�\�u�f�b���i�j�h�\�h�e�h�d�Z�f�b�����Z�����[�_�a���[�h�j�b� �̂h�\�����[�����k���[�h�j�b� �̂Z�f�b 
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�a�Z�e�����q�l�h���k�l�j�m�d�l�m�j�Z���f�_�l�Z�e�e�Z���i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���`�_�e�_�a�h-�o�j�h��
�f�b�k�l�m�x���f�Z�j�l�_�g�k�b�l�g�m�x���f�Z�l�j�b�p�m���k���w�\�l�_�d�l�b�q�_�k�d�h�c���k�h�k�l�Z�\�e�y��
�x�s�_�c���� �h�[�j�Z�a�h�\�Z�g�g�h�c�� �g�Z�� �[�Z�a�_�� �[�h�j�b�^�Z�� ���)�_���� �&�U��2�%�� �b�f�_�x�s�_�]�h��
�d�Z�j�d�Z�k�g�h�_���k�l�j�h�_�g�b�_���b���\�u�k�h�d�h�i�j�h�q�g�h�]�h���g�b�l�j�b�^�Z�����)�_�����&�U��2-3N. 
�;�h�j�b�^�g�Z�y���w�\�l�_�d�l�b�d�Z�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y���g�Z�e�b�q�b�_�f���a�g�Z�q�b�l�_�e�v��
�g�h�]�h�� �d�h�e�b�q�_�k�l�\�Z�� �^�b�k�i�_�j�k�g�u�o�� �\�d�e�x�q�_�g�b�c���[�h�e�v�r�_�c�� �q�Z�k�l�v�x��
�g�b�l�j�b�^�h�\�� �b�� �d�Z�j�[�b�^�h�\�� �l�b�l�Z�g�Z�� �b�� �f�_�g�v�r�_�c�� �q�Z�k�l�v�x�� �g�b�l�j�b�^�h�\��
�p�b�j�d�h�g�b�y���j�Z�a�f�_�j�h�f���h�l�����������^�h�����������f�d�f�� 

�I�h�e�m�q�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u���m�d�Z�a�u�\�Z�x�l���g�Z���l�h�����q�l�h���f�_�o�Z�g�b�a�f��
�b�a�g�h�k�Z�� �f�_�l�Z�e�e�Z�� �i�h�d�j�u�l�b�y�� �k�� �[�h�j�b�^�Z�f�b�� �k�\�y�a�Z�g�� �k�� �_�]�h�� �i�h�\�u��
�r�_�g�g�h�c���l�\�_�j�^�h�k�l�v�x���h�[�m�k�e�h�\�e�_�g�g�h�c���g�_���l�h�e�v�d�h���^�b�k�i�_�j�k�g�u�f��
�m�i�j�h�q�g�_�g�b�_�f���q�Z�k�l�b�p�Z�f�b���[�h�j�b�^�g�u�o���k�h�_�^�b�g�_�g�b�c�����g�h���b���g�Z�e�b��
�q�b�_�f���[�h�j�b�^�g�h�c���w�\�l�_�d�l�b�d�b�����y�\�e�y�x�s�_�c�k�y���w�n�n�_�d�l�b�\�g�u�f���i�j�_��
�i�y�l�k�l�\�b�_�f���^�e�y���k�d�h�e�v�`�_�g�b�y���^�b�k�e�h�d�Z�p�b�c���\���m�k�e�h�\�b�y�o���i�e�Z�k�l�b��
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Abstract. The wear resistance and characteristics of the friction 
surface of metal coatings with nitride -boride alloying are investi-
gated. The object of the study was the steel deposited with flux-
cored wire containing 15% chromium, 0,5% boron nitride, 1,25% 
titanium diboride and 0,5% zirconium diboride. It was established 
that the average value of the relative wear per test was 0.00416 
g/m, which is 1,8 times less than that of the coating metal without 
borides. The average value of linear wear was 0,0122 mm/m, which 
is 1,9 times less than that of the coating metal without borides. The 
average value of the friction torque for the entire friction path in 
�������� �P�� �Z�D�V�� ������������ �1�‡�P���� �7�K�H�� �F�R�H�I�I�Lcient of friction was 0,425. The 
hardness of such a metal reaches a maximum value of 57 HRC. 

The microhardness of structural objects is for the matrix 617-648 
HV, eutectic 764-847 HV and strengthening phases 1128-1247 HV. 
It is shown that the metal structure is an iron-chromium marten-
sitic matrix with an eutectic component formed on the basis of bo-
ride (Fe, Cr)2B and high-strength nitride �0-(Fe, Cr)2-3N, which is 
an effective obstacle to dislocation slip under conditions of plastic 
deformation of the surface at wear.  

Keywords: surfacing; flux-cored wire; alloying, borides, 
structure; hardness; wear resistance. 
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�]�Z�s�b�o �m�k�l�j�h�c�k�l�\�� 
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�<�<�?�>�?�G�B�? 

�W�d�h�e�h�]�b�q�_�k�d�Z�y�� �[�_�a�h�i�Z�k�g�h�k�l�v�� �j�Z�[�h�l�u�� �h�[�h�j�m�^�h�\�Z�g�b�y��
�l�_�i�e�h�\�u�o���m�k�l�Z�g�h�\�h�d���h�i�j�_�^�_�e�y�_�l�k�y���j�y�^�h�f���n�Z�d�l�h�j�h�\�����\���l�h�f����
�q�b�k�e�_���k�l�_�i�_�g�v�x���k�]�h�j�Z�g�b�y���l�h�i�e�b�\�Z�������B�a�\�_�k�l�g�h�����q�l�h���i�j�b���g�_��
�i�h�e�g�h�f���_�]�h���k�]�h�j�Z�g�b�b�����h�[�j�Z�a�m�x�l�k�y���\�j�_�^�g�u�_���^�e�y���q�_�e�h�\�_�d�Z��
�b���h�d�j�m�`�Z�x�s�_�c���k�j�_�^�u���h�d�k�b�^�u���Z�a�h�l�Z����NO���������k�_�j�u����SO�������m�]��
�e�_�j�h�^�Z�� ���K�H���� �b���^�j�� [1]. �Q�l�h�[�u�� �i�h�\�u�k�b�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v��
�k�]�h�j�Z�g�b�y�� �l�h�i�e�b�\�Z�� �\�� �]�Z�a�h�f�Z�a�m�l�g�u�o�� �]�h�j�_�e�d�Z�o�� �b�� �m�e�m�q�r�b�l�v��
�w�d�h�e�h�]�b�q�_�k�d�b�_���i�h�d�Z�a�Z�l�_�e�b���h�l�j�Z�[�h�l�Z�g�g�u�o���]�Z�a�h�\���i�j�_�^�e�Z�]�Z��
�_�l�k�y���i�j�b�f�_�g�b�l�v���d�h�j�i�m�k�d�m�e�y�j�g�h�_���e�_�]�b�j�h�\�Z�g�b�_���\�g�m�l�j�_�g�g�b�o��
�j�Z�[�h�q�b�o�� �i�h�\�_�j�o�g�h�k�l�_�c�� �]�h�j�_�e�h�d���� �d�h�l�h�j�h�_�� �y�\�e�y�_�l�k�y�� �h�^�g�b�f��
�b�a�� �g�Z�b�[�h�e�_�_�� �i�_�j�k�i�_�d�l�b�\�g�u�o�� �k�i�h�k�h�[�h�\�� �f�h�^�b�n�b�d�Z�p�b�b�� �i�h��
�\�_�j�o�g�h�k�l�b [2]���� �G�Z�� �]�h�j�_�e�d�b�� �h�^�g�h�\�j�_�f�_�g�g�h�� �� �g�Z�g�h�k�y�l�k�y�� �d�Z�d��
�d�Z�l�Z�e�b�l�b�q�_�k�d�b�_�����l�Z�d�� �b���`�Z�j�h�i�j�h�q�g�u�_���i�h�d�j�u�l�b�y�� �<�j�_�^�g�u�_��
�\�_�s�_�k�l�\�Z���� �d�h�l�h�j�u�_�� �k�h�^�_�j�`�Z�l�k�y�� �\�� �h�l�j�Z�[�h�l�Z�g�g�u�o�� �]�Z�a�Z�o����
�h�d�b�k�e�y�x�l�k�y���g�Z���i�h�\�_�j�o�g�h�k�l�b���d�Z�l�Z�e�b�a�Z�l�h�j�Z���^�h���[�_�a�\�j�_�^�g�u�o��
�k�h�_�^�b�g�_�g�b�c���± �h�d�b�k�e�h�\�����Z���l�h�i�e�b�\�h���^�h�`�b�]�Z�_�l�k�y���^�h���m�]�e�_�d�b�k��
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�q�_�g�b�_�� �f�_�l�Z�e�e�b�q�_�k�d�b�o�� �d�Z�l�Z�e�b�a�Z�l�h�j�h�\�� �\�� �i�j�h�f�u�r�e�_�g�g�h�f��
�f�Z�k�r�l�Z�[�_���j�_�Z�e�b�a�h�\�Z�g�h���f�_�l�h�^�h�f���i�j�h�i�b�l�d�b���k�h�_�^�b�g�_�g�b�y�f�b��
�j�Z�a�e�b�q�g�u�o���f�_�l�Z�e�e�h�\���d�Z�l�Z�e�b�l�b�q�_�k�d�b���b�g�_�j�l�g�u�o���g�h�k�b�l�_�e�_�c����
�\���d�Z�q�_�k�l�\�_���d�h�l�h�j�u�o�����g�Z�i�j�b�f�_�j�����f�h�]�m�l���[�u�l�v���b�k�i�h�e�v�a�h�\�Z�g�u��
�d�Z�d�� �b�k�d�m�k�k�l�\�_�g�g�u�_�� �l�\�_�j�^�u�_�� �l�_�e�Z�� �k�� �\�u�k�h�d�h�c�� �j�Z�a�\�b�l�h�c��
�m�^�_�e�v�g�h�c�� �i�h�\�_�j�o�g�h�k�l�v�x�� �b�� �i�h�j�b�k�l�h�k�l�v�x�� ���k�b�e�b�d�Z�]�_�e�v����
Al 2O3�����Z�e�x�f�h�k�b�e�b�d�Z�l����MgO�������l�Z�d�� �b���_�k�l�_�k�l�\�_�g�g�u�_�����i�_�f�a�Z����
�Z�k�[�_�k�l�����^�b�Z�l�h�f�b�l���� �g�h���i�h�k�e�_�^�g�b�_���j�_�`�_�������L�Z�d�h�c���k�i�h�k�h�[���i�j�b��
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�q�b�k�e�_�����m�f�_�g�v�r�Z�_�l�k�y���h�[�s�b�c���h�[�t�_�f���i�h�j���g�Z�������±�����������i�j�b���j�Z��
�[�h�l�_�� �i�j�h�b�k�o�h�^�b�l�� �k�g�b�`�_�g�b�_�� �m�^�_�e�v�g�h�c�� �i�h�\�_�j�o�g�h�k�l�b�� �g�Z�g�_��
�k�_�g�g�h�]�h���d�Z�l�Z�e�b�a�Z�l�h�j�Z���a�Z���k�q�_�l���Z�]�e�h�f�_�j�b�j�h�\�Z�g�b�y���d�Z�l�Z�e�b�l�b��
�q�_�k�d�h�]�h�� �d�h�f�i�h�g�_�g�l�Z���� �� �i�_�j�_�j�Z�k�o�h�^�� �d�Z�l�Z�e�b�l�b�q�_�k�d�h�]�h�� �d�h�f��
�i�h�g�_�g�l�Z�����^�h�j�h�]�h�\�b�a�g�Z���d�Z�l�Z�e�b�a�Z�l�h�j�Z�����>���@�� 

�I�h�w�l�h�f�m���h�q�_�g�v���Z�d�l�m�Z�e�_�g���i�h�b�k�d���f�_�j�h�i�j�b�y�l�b�c�����m�k�l�j�Z�g�y��
�x�s�b�o���g�_�^�h�k�l�Z�l�d�b���o�b�f�b�q�_�k�d�h�]�h���f�_�l�h�^�Z���i�j�b�]�h�l�h�\�e�_�g�b�y���d�Z��
�l�Z�e�b�a�Z�l�h�j�Z���� �I�j�b�f�_�g�_�g�b�_�� �g�Z�g�h�l�_�o�g�h�e�h�]�b�c���± �b�h�g�g�h�c�� �b�f��
�i�e�Z�g�l�Z�p�b�b���± �a�g�Z�q�b�l�_�e�v�g�h���j�Z�k�r�b�j�y�_�l���l�_�o�g�b�d�h-�w�d�h�g�h�f�b�q�_��
�k�d�b�_ �i�Z�j�Z�f�_�l�j�u�� �b�a�^�_�e�b�c�� �k�� �l�Z�d�b�f�� �i�h�d�j�u�l�b�_�f���� �D�� �i�j�_�b�f�m��
�s�_�k�l�\�Z�f���^�Z�g�g�h�]�h���f�_�l�h�^�Z���i�h���k�j�Z�\�g�_�g�b�x���k���l�j�Z�^�b�p�b�h�g�g�u�f�b��
�k�i�h�k�h�[�Z�f�b�� �g�Z�g�_�k�_�g�b�y�� �i�h�d�j�u�l�b�c�� ���^�b�n�n�m�a�b�_�c���� �k�i�e�Z�\�e�_��
�g�b�_�f���� �e�_�]�b�j�h�\�Z�g�b�_�f�� �b�a�� �j�Z�k�i�e�Z�\�Z���� �e�_�]�b�j�h�\�Z�g�b�_�f�� �\�� �i�j�h��
�p�_�k�k�_���w�i�b�l�Z�d�k�b�b�����h�l�g�h�k�y�l�k�y���k�e�_�^�m�x�s�_�_�>��,4]:  

�� �o�b�f�b�q�_�k�d�b�_���b���n�b�a�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z���i�h�\�_�j�o�g�h�k�l�b��
�f�h�]�m�l���b�a�f�_�g�y�l�v�k�y���\���r�b�j�h�d�h�f���^�b�Z�i�Z�a�h�g�_���[�_�a���k�\�y�a�b���k���h�[�t��
�_�f�g�u�f�b���k�\�h�c�k�l�\�Z�f�b���h�[�j�Z�a�p�Z�����l�Z�d�b�f�b�����d�Z�d���i�j�_�^�_�e���j�Z�k�l�\�h��
�j�b�f�h�k�l�b�� 

�� �h�l�k�m�l�k�l�\�m�x�l�� �i�h�\�_�j�o�g�h�k�l�b�� �j�Z�a�^�_�e�Z�� �f�_�`�^�m�� �\�g�_�^��
�j�_�g�g�u�f���k�e�h�_�f���b���f�Z�l�_�j�b�Z�e�h�f���h�k�g�h�\�u�����d�h�l�h�j�u�_���q�Z�k�l�h���y�\�e�y��
�x�l�k�y���i�j�b�q�b�g�h�c���d�h�j�j�h�a�b�b���a�Z���k�q�_�l���d�h�g�l�Z�d�l�g�h�c���j�Z�a�g�h�k�l�b���i�h��
�l�_�g�p�b�Z�e�h�\�� �b�e�b�� �b�k�l�h�q�g�b�d�h�f�� �m�o�m�^�r�_�g�b�y�� �f�_�o�Z�g�b�q�_�k�d�b�o��
�k�\�h�c�k�l�\�� �a�Z�� �k�q�_�l�� �g�_�^�h�k�l�Z�l�h�q�g�u�o�� �Z�^�]�_�a�b�h�g�g�u�o�� �k�\�h�c�k�l�\��
�f�_�`�^�m���k�e�h�y�f�b�� 

�� �j�Z�k�o�h�^�m�_�l�k�y�� �h�q�_�g�v�� �f�Z�e�h�_�� �d�h�e�b�q�_�k�l�\�h�� �e�_�]�b�j�m�x��
�s�_�]�h���f�Z�l�_�j�b�Z�e�Z�����i�h�w�l�h�f�m�����i�j�b���g�_�h�[�o�h�^�b�f�h�k�l�b�����f�h�`�g�h���b�k��
�i�h�e�v�a�h�\�Z�l�v���^�h�j�h�]�b�_���b���j�_�^�d�b�_���w�e�_�f�_�g�l�u���[�_�a���a�g�Z�q�b�l�_�e�v�g�h�]�h��
�i�h�\�u�r�_�g�b�y�� �k�l�h�b�f�h�k�l�b�� �i�j�h�p�_�k�k�Z�� ���^�e�y�� �d�Z�l�Z�e�b�a�Z�l�h�j�h�\����
�g�Z�g�h�k�b�f�u�o�� �d�h�j�i�m�k�d�m�e�y�j�g�u�f�� �e�_�]�b�j�h�\�Z�g�b�_�f���� �g�Z�� �]�Z�a�h�f�Z��
�a�m�l�g�u�_�� �]�h�j�_�e�d�b�� �^�h�k�l�Z�l�h�q�g�h�� �g�Z�g�_�k�l�b�� ������������ �i�e�Z�l�b�g�u�� �h�l��
�\�_�k�Z�� �\�g�m�l�j�_�g�g�_�]�h�� �w�d�j�Z�g�Z�� �]�h�j�_�e�d�b�� �^�e�y�� �i�h�e�m�q�_�g�b�y�� �w�n�n�_�d��
�l�b�\�g�h�]�h���^�h�`�b�]�Z�g�b�y���l�h�i�e�b�\�Z���b���^�h�h�d�b�k�e�_�g�b�y���\�j�_�^�g�u�o���i�j�b��
�f�_�k�_�c���� 

�� �i�j�h�p�_�k�k���l�_�o�g�h�e�h�]�b�q�_�g�����o�h�j�h�r�h���d�h�g�l�j�h�e�b�j�m�_�l�k�y���b��
�\�h�k�i�j�h�b�a�\�h�^�b�l�k�y�� 

�M�K�L�:�G�H�<�D�:���B�H�G�G�H�=�H���E�?�=�B�J�H�<�:�G�B�Y 

�>�e�y���j�_�Z�e�b�a�Z�p�b�b���w�l�h�]�h���k�i�h�k�h�[�Z���[�u�e�Z���k�h�a�^�Z�g�Z���m�k�l�Z�g�h�\�d�Z��
�b�h�g�g�h�c�� �b�f�i�e�Z�g�l�Z�p�b�b���� �k�o�_�f�Z���b���\�g�_�r�g�b�c�� �\�b�^���d�h�l�h�j�h�c��
�i�j�_�^�h�k�l�Z�\�e�_�g�u �g�Z���j�b�k. 1, 2 [4,5]. �H�g�Z���k�h�k�l�h�b�l���b�a���\�Z�d�m�m�f��
�g�h�c���j�Z�[�h�q�_�c���d�Z�f�_�j�u��- �������\���d�h�l�h�j�h�c���m�k�l�Z�g�h�\�e�_�g���h�^�b�g���b�e�b��
�g�_�k�d�h�e�v�d�h���b�k�l�h�q�g�b�d�h�\���b�h�g�h�\��- �������k�b�k�l�_�f�Z �\�Z�d�m�m�f�g�h�c���h�l��
�d�Z�q�d�b���\�h�a�^�m�o�Z�����n�h�j�\�Z�d�m�m�f�g�u�c���g�Z�k�h�k - �����b���\�u�k�h�d�h�\�Z�d�m�m�f��
�g�u�c���Z�]�j�_�]�Z�l - �������d�h�l�h�j�u�_���k�h�_�^�b�g�_�g�u���k���\�Z�d�m�m�f�g�h�c���d�Z�f�_�j�h�c��
�q�_�j�_�a���\�_�g�l�b�e�b�� - �����b���������k�b�k�l�_�f�Z���^�h�a�b�j�h�\�Z�g�g�h�c �i�h�^�Z�q�b���i�e�Z�a��
�f�h�h�[�j�Z�a�m�x�s�_�]�h���b�g�_�j�l�g�h�]�h���]�Z�a�Z�����\�d�e�x�q�Z�x�s�Z�y�����g�Z�l�_�d�Z�l�_�e�v��
-�����b���[�Z�e�e�h�g���k���b�g�_�j�l�g�u�f���]�Z�a�h�f��- �������k�l�h�e - �������]�^�_�����j�Z�a�f�_�s�Z��
�x�l�k�y���h�[�j�Z�[�Z�l�u�\�Z�_�f�u�_���^�_�l�Z�e�b - ���������I�h�^�^�_�j�`�Z�g�b�_���j�Z�[�h�q�b�o��
�i�Z�j�Z�f�_�l�j�h�\���m�k�l�Z�g�h�\�d�b���\�u�i�h�e�g�y�_�l�k�y���k���i�h�f�h�s�v�x���[�e�h�d�Z���i�b��
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�l�Z�g�b�y���b���m�i�j�Z�\�e�_�g�b�y - ���������;�e�h�d���m�i�j�Z�\�e�_�g�b�y���m�k�l�Z�g�h�\�d�h�c���k�h��
�^�_�j�`�b�l�� �k�o�_�f�u�� �m�i�j�Z�\�e�_�g�b�y�� �a�Z�l�\�h�j�h�f�� �\�u�k�h�d�h�\�Z�d�m�m�f�g�h�]�h��
�Z�]�j�_�]�Z�l�Z���� �w�e�_�d�l�j�h�i�b�l�Z�g�b�y�� �i�e�b�l�d�b�� �\�u�k�h�d�h�\�Z�d�m�m�f�g�h�]�h�� �Z�]��
�j�_�]�Z�l�Z���b���n�h�j�\�Z�d�m�m�f�g�h�]�h���g�Z�k�h�k�Z���b���k�b�k�l�_�f�m���[�e�h�d�b�j�h�\�d�b���b�k��
�l�h�q�g�b�d�h�\���w�e�_�d�l�j�h�i�b�l�Z�g�b�y���i�h���l�h�d�m���b���i�h���g�Z�i�j�y�`�_�g�b�x�����B�a��
�f�_�j�_�g�b�_���^�Z�\�e�_�g�b�y���\���\�Z�d�m�m�f�g�h�c���d�Z�f�_�j�_���b���g�Z�k�h�k�_���Z�]�j�_�]�Z�l�Z��
�i�j�h�b�a�\�h�^�b�l�k�y���k���i�h�f�h�s�v�x���^�Z�l�q�b�d�h�\���I�F�L-�����b���I�F�B-�����\�Z��
�d�m�m�f�f�_�l�j�h�f���<�B�L-2 - 12. 
 

 
�J�b�k������. �K�o�_�f�Z���m�k�l�Z�g�h�\�d�b���b�h�g�g�h�c���b�f�i�e�Z�g�l�Z�p�b�b���������± �\�Z�d�m��
�m�f�g�Z�y���d�Z�f�_�j�Z���������± �b�k�l�h�q�g�b�d���b�h�g�h�\���������± �n�h�j�\�Z�d�m�m�f�g�u�c��

�g�Z�k�h�k�� 4 �± �\�u�k�h�d�h�\�Z�d�m�m�f�g�u�c���Z�]�j�_�]�Z�l�����������������± �\�_�g�l�b�e�b���������± 
�g�Z�l�_�d�Z�l�_�e�v���������± �[�Z�e�e�h�g���k���Z�a�h�l�h�f���������± �k�l�h�e�����������± �h�[�j�Z�[�Z�l�u��
�\�Z�_�f�Z�y���^�_�l�Z�e�v�����������± �[�e�h�d���i�b�l�Z�g�b�y���b���m�i�j�Z�\�e�_�g�b�y������2 �± �\�Z��

�d�m�m�f�f�_�l�j 

�<���h�k�g�h�\�m���j�Z�[�h�l�u���b�k�l�h�q�g�b�d�Z���b�h�g�h�\���i�h�e�h�`�_�g���i�j�b�g�p�b�i��
�w�e�_�d�l�j�b�q�_�k�d�h�]�h�� �j�Z�a�j�y�^�Z�� �\�� �k�d�j�_�s�_�g�g�u�o�� �w�e�_�d�l�j�b�q�_�k�d�h�f�� �b��
�f�Z�]�g�b�l�g�h�f���i�h�e�y�o���\���i�Z�j�Z�o���e�_�]�b�j�m�x�s�_�]�h���w�e�_�f�_�g�l�Z���b���i�e�Z�a��
�f�h�h�[�j�Z�a�m�x�s�_�]�h���]�Z�a�Z�����A�Z�f�_�g�y�y���\���b�k�l�h�q�g�b�d�_���b�h�g�h�\���f�b�r�_�g�v��
���p�_�g�l�j�Z�e�v�g�m�x���k�f�_�g�g�m�x���q�Z�k�l�v�������i�h�e�m�q�Z�x�l���b�h�g�u���g�_�h�[�o�h�^�b��
�f�h�]�h���e�_�]�b�j�m�x�s�_�]�h���w�e�_�f�_�g�l�Z. �>�e�y���\�g�_�^�j�_�g�b�y���b�h�g�h�\���e�_�]�b��
�j�m�x�s�_�]�h�� �w�e�_�f�_�g�l�Z�� �b�k�i�h�e�v�a�m�_�l�k�y�� �d�Z�l�h�^�g�h�_�� �j�Z�k�i�u�e�_�g�b�_��
�f�b�r�_�g�b���b�k�l�h�q�g�b�d�Z���b�h�g�Z�f�b���j�Z�[�h�q�_�]�h���]�Z�a�Z�����\���d�Z�q�_�k�l�\�_���d�h��
�l�h�j�h�]�h���f�h�]�m�l���k�e�m�`�b�l�v���Z�a�h�l�����d�b�k�e�h�j�h�^�����Z�j�]�h�g���� 

�<�g�_�r�g�b�c���\�b�^���b�k�l�h�q�g�b�d�Z���b�h�g�h�\���i�j�_�^�k�l�Z�\�e�_�g���g�Z���j�b�k. 1. 
�H�^�b�g���b�a���w�e�_�d�l�j�h�^�h�\���y�\�e�y�_�l�k�y���Z�g�h�^�h�f�����Z���^�\�Z���^�j�m�]�b�o���± �d�Z��
�l�h�^�Z�f�b�� �\�� �d�h�l�h�j�u�o�� �j�Z�k�i�h�e�h�`�_�g�u�� �f�Z�]�g�b�l�u���� �k�h�a�^�Z�x�s�b�_��
�f�Z�]�g�b�l�g�h�_�� �i�h�e�_���� �i�j�h�^�h�e�v�g�h�_�� �h�k�b�� �b�k�l�h�q�g�b�d�Z�� �b�h�g�h�\���� �F�b��
�r�_�g�v �\�� �\�b�^�_�� �p�b�e�b�g�^�j�Z�� �b�e�b�� �^�b�k�d�Z�� �d�j�_�i�b�l�k�y�� �k�� �i�h�f�h�s�v�x��
�g�Z�d�b�^�g�h�c���]�Z�c�d�b���g�Z���i�h�e�h�f���r�l�m�p�_�j�_�����d�h�l�h�j�u�c���h�o�e�Z�`�^�Z�_�l�k�y��
�\�h�^�h�c�����<���a�Z�a�h�j���f�_�`�^�m���Z�g�h�^�h�f���b���d�Z�l�h�^�Z�f�b���q�_�j�_�a���l�j�m�[�d�m���i�h��
�^�Z�_�l�k�y���j�Z�[�h�q�b�c���]�Z�a���b���i�j�b���i�h�^�Z�q�_���g�Z�i�j�y�`�_�g�b�y���f�_�`�^�m���g�b�f�b��
�a�Z�`�b�]�Z�_�l�k�y�� �l�e�_�x�s�b�c�� �j�Z�a�j�y�^�� �\�� �k�d�j�_�s�_�g�g�u�o�� �w�e�_�d�l�j�b�q�_��
�k�d�h�f���b���f�Z�]�g�b�l�g�h�f���i�h�e�y�o�����A�Z�l�_�f���i�h�^�Z�_�l�k�y�� �g�Z���f�b�r�_�g�v���h�l��
�j�b�p�Z�l�_�e�v�g�h�_���g�Z�i�j�y�`�_�g�b�_���^�h���������d�<���h�l�g�h�k�b�l�_�e�v�g�h���d�Z�l�h�^�h�\����
�i�j�b���w�l�h�f���i�h�e�h�`�b�l�_�e�v�g�u�_���b�h�g�u���j�Z�[�h�q�_�]�h���]�Z�a�Z���\�u�o�h�^�y�l���b�a��
�d�h�e�v�p�_�\�h�c���s�_�e�b���d�Z�l�h�^�Z���d�h�e�v�p�_�\�h�]�h���j�Z�a�j�y�^�Z���b���[�h�f�[�Z�j�^�b��
�j�m�x�l���f�b�r�_�g�v�� 

 �G�_�c�l�j�Z�e�b���g�Z�g�h�k�b�f�h�]�h���\�_�s�_�k�l�\�Z�����\�u�[�b�l�u�_���b�a���f�b�r�_�g�b����
�i�h�i�Z�^�Z�x�l���\���j�Z�a�j�y�^�g�u�c���i�j�h�f�_�`�m�l�h�d�����h�[�j�Z�a�h�\�Z�g�g�u�c���f�b�r�_��
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Abstract. The advantages of ion implantation method com-
pared to existing methods of vacuum deposition. It was shown 
that the surface properties may vary within a wide range. The 
specific surface of the sample material may increase after the 
surface treatment. As a result of implantation the surface en-
hances catalytic activity and modifies the mechanical proper-
ties. There is a presentation an ion implanter for the imple-
mentation of the method and how it works. A process for ap-

plying the catalytic coatings working surfaces for various pur-
poses is disclosed. The results of X-ray diffraction analysis of 
samples are introduced into the surface by alloying the cata-
lyst corpuscular ions. The research on prototypes of various 
shapes. As a result, comparing them with samples. 

Keywords: ion implantation, vacuum deposition, the 
crystal lattice, catalytic coating. 
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�g�b�q�_�k�d�Z�y���h�[�j�Z�[�h�l�d�Z���i�h�d�j�u�l�b�y���r�e�b�n�h�\�Z�g�b�_�f�����d�h�g�l�j�h�e�v���d�Z�q�_��
�k�l�\�Z���i�h�d�j�u�l�b�y�����J�Z�a�j�Z�[�h�l�Z�g�g�u�_���l�_�o�g�h�e�h�]�b�q�_�k�d�b�_���h�k�g�h�\�u���b�a�]�h��
�l�h�\�e�_�g�b�y�� �a�Z�]�h�l�h�\�h�d�� �n�j�b�d�p�b�h�g�g�u�o�� �^�b�k�d�h�\�� �k�� �f�h�e�b�[�^�_�g�h�\�u�f��
�]�Z�a�h�l�_�j�f�b�q�_�k�d�b�f�� �i�h�d�j�u�l�b�_�f���� �g�Z�g�_�k�_�g�g�u�f�� �i�e�Z�a�f�_�g�g�u�f��
�g�Z�i�u�e�_�g�b�_�f�����^�e�y���j�Z�[�h�l�u���\���f�Z�k�e�_���\���m�a�e�Z�o���l�j�Z�g�k�f�b�k�k�b�c���l�j�Z�g�k��
�i�h�j�l�g�u�o�� �f�Z�r�b�g�� �k�i�h�k�h�[�k�l�\�m�x�l�� �k�h�a�^�Z�g�b�x�� �w�n�n�_�d�l�b�\�g�h�c�� �i�j�h��
�^�m�d�p�b�b�� �k�� �i�h�\�u�r�_�g�g�u�f�b�� �w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�f�b�� �i�h�d�Z�a�Z�l�_�e�y�f�b��
�i�h���d�h�w�n�n�b�p�b�_�g�l�m���l�j�_�g�b�y�����b�a�g�h�k�h�k�l�h�c�d�h�k�l�b�����g�Z�^�_�`�g�h�k�l�b���\���k�h��
�\�j�_�f�_�g�g�u�o���m�k�e�h�\�b�y�o���g�Z���i�j�_�^�i�j�b�y�l�b�y�o�� 
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���k�l�Z�e�v �± �k�l�Z�e�v�����q�m�]�m�g �± �q�m�]�m�g�����k�l�Z�e�v �± �q�m�]�m�g���b���^�j���������d�h�l�h�j�u�_��
�_�s�z���i�j�b�f�_�g�y�x�l�k�y���i�j�b���j�Z�[�h�l�_���k�h���k�f�Z�a�d�h�c���b�a-�a�Z���j�_�Z�e�b�a�Z�p�b�b��
�i�j�h�q�g�h�k�l�g�u�o���d�Z�q�_�k�l�\���b���h�k�h�[�_�g�g�h���n�j�b�d�p�b�h�g�g�h�c���w�n�n�_�d�l�b�\��
�g�h�k�l�b�� �i�h�^�\�b�`�g�h�]�h�� �k�h�_�^�b�g�_�g�b�y���� �o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y�� �g�_�k�l�Z��
�[�b�e�v�g�u�f�� �d�h�w�n�n�b�p�b�_�g�l�h�f�� �l�j�_�g�b�y���� �j�_�a�d�h�� �i�h�g�b�`�Z�x�s�b�f�k�y�� �k 
�i�h�\�u�r�_�g�b�_�f�� �k�d�h�j�h�k�l�b�� �k�d�h�e�v�`�_�g�b�y�� �b�� �l�_�f�i�_�j�Z�l�m�j�u���� �k�d�e�h�g��
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�g�h�f���k�l�Z�e�v�g�h�f���d�h�g�l�Z�d�l�_�����o�Z�j�Z�d�l�_�j�g�u�o���^�e�y���h�^�g�h�j�h�^�g�u�o���l�j�m��
�s�b�o�k�y���f�Z�l�_�j�b�Z�e�h�\�����i�h�\�u�r�_�g�b�y���g�Z�^�z�`�g�h�k�l�b�� �b���^�h�e�]�h�\�_�q�g�h��
�k�l�b���j�Z�[�h�l�u���n�j�b�d�p�b�h�g�g�u�o���m�a�e�h�\���\���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���b�k�i�h�e�v��
�a�m�x�l�k�y�� �g�h�\�u�_�� �d�h�g�k�l�j�m�d�l�b�\�g�u�_�� �b�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�_�� �j�_�r�_��
�g�b�y���� �d�� �d�h�l�h�j�u�f�� �f�h�`�g�h�� �h�l�g�_�k�l�b�� �i�j�b�f�_�g�_�g�b�_�� �i�h�j�b�k�l�u�o��
�n�j�b�d�p�b�h�g�g�u�o�� �k�i�_�q�_�g�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �b�� �]�Z�a�h�l�_�j�f�b�q�_�k�d�b�o��
�i�h�d�j�u�l�b�c��[2, 3]. 
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�g�u�o�� �f�Z�r�b�g���� �<�f�_�k�l�_�� �k�� �l�_�f���� �w�l�h�l�� �f�Z�l�_�j�b�Z�e�� �b�f�_�_�l�� �j�y�^�� �g�_�^�h��
�k�l�Z�l�d�h�\�����h�k�g�h�\�g�u�f�b���b�a���d�h�l�h�j�u�o���y�\�e�y�x�l�k�y���g�Z�e�b�q�b�_���\���_�]�h���k�h��
�k�l�Z�\�_�� �^�h�j�h�]�h�k�l�h�y�s�b�o�� �d�h�f�i�h�g�_�g�l�h�\�� ���f�_�^�v���� �k�\�b�g�_�p���� �h�e�h�\�h�� �b��
�^�j�������� �g�b�a�d�b�c�� �d�h�w�n�n�b�p�b�_�g�l�� �l�j�_�g�b�y���� �a�g�Z�q�b�l�_�e�v�g�Z�y�� �l�j�m�^�h�z�f��
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�F�_�l�h�^���i�e�Z�a�f�_�g�g�h�]�h���g�Z�i�u�e�_�g�b�y���i�h�a�\�h�e�y�_�l���i�h�e�m�q�b�l�v���j�Z�a��
�e�b�q�g�u�_�� �i�h�� �k�h�k�l�Z�\�m�� �i�h�j�b�k�l�u�_�� �]�Z�a�h�l�_�j�f�b�q�_�k�d�b�_�� �i�h�d�j�u�l�b�y����
�i�j�h�q�g�h���k�\�y�a�Z�g�g�u�_���k���h�k�g�h�\�g�u�f���f�_�l�Z�e�e�h�f���^�_�l�Z�e�b�����W�l�h�l���k�i�h��
�k�h�[���i�h�a�\�h�e�y�_�l���h�[�t�_�^�b�g�b�l�v���i�j�h�p�_�k�k�u���n�h�j�f�b�j�h�\�Z�g�b�y���b���k�i�_��
�d�Z�g�b�y���d�h�g�]�e�h�f�_�j�b�j�h�\�Z�g�g�u�o���q�Z�k�l�b�p���g�Z���g�Z�i�u�e�_�g�g�u�o���i�h�\�_�j�o��
�g�h�k�l�y�o��[4, 5]���� �I�j�h�p�_�k�k�� �g�Z�g�_�k�_�g�b�y�� �i�e�Z�a�f�_�g�g�h�]�h�� �g�Z�i�u�e�_�g�b�y��
�e�_�]�d�h���f�_�o�Z�g�b�a�b�j�m�_�l�k�y���b���Z�\�l�h�f�Z�l�b�a�b�j�m�_�l�k�y�����G�Z���i�h�\�h�j�h�l�g�h�f��
�k�l�h�e�_���f�h�`�g�h���m�k�l�Z�g�h�\�b�l�v���g�_�k�d�h�e�v�d�h���^�b�k�d�h�\���i�h�^���g�Z�i�u�e�_�g�b�_��
�i�h�d�j�u�l�b�y�����F�_�l�h�^���Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�]�h���i�e�Z�a�f�_�g�g�h�]�h���g�Z�i�u��
�e�_�g�b�y�� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�b�l�v�� �]�Z�a�h�l�_�j�f�b�q�_�k�d�b�_�� �i�h�d�j�u�l�b�y����
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�[�h�l�u���\���f�Z�k�e�_���\���m�a�e�Z�o���l�j�Z�g�k�i�h�j�l�g�u�o���f�Z�r�b�g���k���i�h�\�u�r�_�g�g�u�f�b��
�d�h�w�n�n�b�p�b�_�g�l�h�f���l�j�_�g�b�y���b���b�a�g�h�k�h�k�l�h�c�d�h�k�l�v�x�����J�Z�[�h�l�Z���i�j�h�\�h��
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�i�e�Z�a�f�_�g�g�u�f���n�j�b�d�p�b�h�g�g�u�f���f�h�e�b�[�^�_�g�h�\�u�f���i�h�d�j�u�l�b�_�f�����h�[��
�e�Z�^�Z�x�s�b�f���i�h�\�u�r�_�g�g�u�f���d�h�w�n�n�b�p�b�_�g�l�h�f���l�j�_�g�b�y���b���b�a�g�h�k�h��
�k�l�h�c�d�h�k�l�v�x�� �i�j�b�� �j�Z�[�h�l�_�� �\�� �f�Z�k�e�_���� �g�Z�^�_�`�g�h�k�l�v�x�� �k�p�_�i�e�_�g�b�y��
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�i�h�d�j�u�l�b�y�� �h�[�_�k�i�_�q�b�\�Z�_�l�k�y�� �\�u�k�h�d�h�c�� �l�\�_�j�^�h�k�l�v�x�� �q�Z�k�l�b�p��
�g�Z�i�u�e�y�_�f�h�]�h�� �f�Z�l�_�j�b�Z�e�Z�� �b�� �k�Z�f�h�k�f�Z�a�u�\�Z�x�s�b�f�� �k�\�h�c�k�l�\�h�f����
�h�[�m�k�e�h�\�e�_�g�g�u�f���i�j�h�i�b�l�d�h�c���i�h�j�b�k�l�h�]�h���i�h�d�j�u�l�b�y���f�b�g�_�j�Z�e�v��
�g�u�f���f�Z�k�e�h�f�����d�h�l�h�j�h�_���\�u�^�Z�\�e�b�\�Z�_�l�k�y���b�a���i�h�j���g�Z���i�h�\�_�j�o�g�h�k�l�v��
�n�j�b�d�p�b�h�g�g�h�]�h���d�h�g�l�Z�d�l�Z���>�����±10]. 
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�J�b�k�����������M�k�l�j�h�c�k�l�\�h���^�e�y���g�Z�i�u�e�_�g�b�y���^�b�k�d�h�\���������± �d�j�u�r�d�Z���������± 
�h�k�g�h�\�Z�g�b�_���������± �j�_�^�m�d�l�h�j���������± �w�e�_�d�l�j�h�^�\�b�]�Z�l�_�e�v���^�e�y���h�[�_�k�i�_��
�q�_�g�b�y���i�h�\�h�j�h�l�Z���^�b�k�d�Z���i�j�b���g�Z�i�u�e�_�g�b�b���n�j�b�d�p�b�h�g�g�h�]�h���f�Z�l�_��
�j�b�Z�e�Z���������± �j�m�q�g�h�c���i�j�b�\�h�^���������± �n�j�b�d�p�b�h�g�g�u�c���^�b�k�d�����'1, D2, 
D3 �± �j�Z�a�f�_�j�u���m�k�l�j�h�c�k�l�\�Z���^�e�y���g�Z�i�u�e�_�g�b�y�����K�l�j�_�e�d�Z�f�b���i�h�d�Z��

�a�Z�g�u���k�\�y�a�b���m�a�e�h�\���b���^�_�l�Z�e�_�c�� 

�<���l�Z�[�e. �����i�j�b�\�_�^�_�g�u���j�Z�a�f�_�j�u���m�k�l�j�h�c�k�l�\�Z���^�e�y���g�Z�i�u�e�_�g�b�y��
�i�h�d�j�u�l�b�y�� �^�b�k�d�h�\�� �^�\�m�o�� �l�b�i�h�j�Z�a�f�_�j�h�\���� �^�b�k�d���‡�������� �f�f �^�e�y��
�l�h�j�f�h�a�Z-�k�b�g�o�j�h�g�b�a�Z�l�h�j�Z���� �^�b�k�d���‡�������� �f�f �^�e�y�� �n�j�b�d�p�b�h�g�h�\��
�i�_�j�_�d�e�x�q�_�g�b�y���i�_�j�_�^�Z�q���\���=�F�� 

�L�Z�[�e�b�p�Z���� 
�J�Z�a�f�_�j�u���h�k�g�Z�k�l�d�b���^�e�y���g�Z�i�u�e�_�g�b�y���^�b�k�d�h�\ 

�G�Z�b�f�_�g�h�\�Z�g�b�_ D1�����f�f D2�����f�f D3�����f�f 

�>�b�k�d���‡216 �������“������ �������“������ 158+0,25 

�>�b�k�d���‡176 �������“������ �������“������ 125+0,25 

 
�G�Z�i�u�e�_�g�b�_�� �i�j�h�b�a�\�h�^�b�l�k�y�� �g�Z�� �i�e�Z�a�f�_�g�g�h�c�� �m�k�l�Z�g�h�\�d�_����

�i�j�_�^�g�Z�a�g�Z�q�_�g�g�h�c���^�e�y���g�Z�g�_�k�_�g�b�y���i�h�d�j�u�l�b�c���k���i�h�f�h�s�v�x���^�m��
�]�h�\�h�c�� �i�e�Z�a�f�u�� �f�Z�l�_�j�b�Z�e�Z�f�b�� �\�� �\�b�^�_�� �i�j�h�\�h�e�h�d�b���� �<�� �]�h�j�_�e�d�_��
�\�h�a�[�m�`�^�Z�_�l�k�y�� �^�m�]�Z�� �f�_�`�^�m�� �\�h�e�v�n�j�Z�f�h�\�u�f�� �w�e�_�d�l�j�h�^�h�f�� �b��
�f�_�^�g�u�f�� �\�h�^�h�h�o�e�Z�`�^�Z�x�s�b�f�� �k�h�i�e�h�f���� �Q�_�j�_�a�� �^�m�]�m�� �i�j�h�^�m�\�Z��
�_�l�k�y���i�e�Z�a�f�h�h�[�j�Z�a�m�x�s�b�c���]�Z�a�����d�h�l�h�j�u�c���q�Z�k�l�b�q�g�h���b�h�g�b�a�b�j�m��
�_�l�k�y���b���i�j�b���\�u�k�h�d�h�c���l�_�f�i�_�j�Z�l�m�j�_���������������±�������������ƒ�K�����b�k�l�_�d�Z�_�l��

�b�a���k�h�i�e�Z���k�h���k�d�h�j�h�k�l�v�x�����i�j�_�\�u�r�Z�x�s�_�c���k�d�h�j�h�k�l�v���a�\�m�d�Z�����<���d�Z��
�q�_�k�l�\�_���i�e�Z�a�f�h�h�[�j�Z�a�m�x�s�_�]�h���]�Z�a�Z���b�k�i�h�e�v�a�m�x�l�k�y���Z�j�]�h�g���b���Z�a�h�l����
�M�k�l�Z�g�Z�\�e�b�\�Z�x�l���^�b�k�l�Z�g�p�b�x���g�Z�i�u�e�_�g�b�y���������±11�����f�f���� 

�<�d�e�x�q�Z�x�l�� �\�u�l�y�`�g�m�x�� �\�_�g�l�b�e�y�p�b�x���� �i�e�Z�a�f�_�g�g�m�x�� �m�k�l�Z��
�g�h�\�d�m���� �j�_�]�m�e�b�j�m�x�l�� �j�_�`�b�f�� �j�Z�[�h�l�u���� �g�Z�i�j�y�`�_�g�b�_�� �����±������ �<����
�k�b�e�Z���l�h�d�Z���������±���������:�����j�Z�k�o�h�^���i�e�Z�a�f�h�h�[�j�Z�a�m�x�s�_�]�h���]�Z�a�Z�����Z�j��
�]�h�g���������±�������e���f�b�g�����^�Z�\�e�_�g�b�_���i�e�Z�a�f�h�h�[�j�Z�a�m�x�s�_�]�h���]�Z�a�Z�����������±
�����������F�I�Z�����k�d�h�j�h�k�l�v���i�h�^�Z�q�b���f�h�e�b�[�^�_�g�h�\�h�c���i�j�h�\�h�e�h�d�b�������±25 
�_�^�b�g�b�p�� �i�h�� �g�h�g�b�m�k�m�� �b�� �i�j�h�\�_�j�y�x�l�� �d�Z�q�_�k�l�\�h�� �j�Z�k�i�u�e�y�_�f�h�]�h��
�f�_�l�Z�e�e�Z���� �>�e�y�� �w�l�h�]�h�� �i�h�e�h�k�m�� �e�b�k�l�h�\�h�c�� �k�l�Z�e�b�� �j�Z�a�f�_�j�h�f��
���������“�������o���������“�������o�������“�������f�f���h�[�_�a�`�b�j�b�\�Z�x�l���\���g�_�n�j�Z�k�_�����i�j�h��
�b�a�\�h�^�y�l���^�j�h�[�_�k�l�j�m�c�g�m�x���h�[�j�Z�[�h�l�d�m���_�z���i�h�\�_�j�o�g�h�k�l�b�����\�\�h�^�y�l��
�\���k�l�j�m�x���j�Z�k�i�u�e�y�_�f�h�]�h���f�_�l�Z�e�e�Z���g�Z���j�Z�k�k�l�h�y�g�b�b���������±���������f�f��
�h�l�� �k�j�_�a�Z�� �k�h�i�e�Z�� �b�� �i�j�h�b�a�\�h�^�y�l�� �g�Z�i�u�e�_�g�b�_�� �\�� �l�_�q�_�g�b�_�� ���±������ �k����
�\�u�d�e�x�q�Z�x�l�� �m�k�l�Z�g�h�\�d�m�� �b�� �i�j�h�\�_�j�y�x�l�� �d�Z�q�_�k�l�\�h�� �j�Z�k�i�u�e�_�g�b�y����
�G�Z�i�u�e�_�g�g�u�c���k�e�h�c���^�h�e�`�_�g���b�f�_�l�v���q�Z�k�l�b�p�u���n�h�j�f�u���j�Z�k�i�e�x�k��
�g�m�l�h�c���d�Z�i�e�b�� 

�<�d�e�x�q�Z�x�l�� �m�k�l�j�h�c�k�l�\�h�� �^�e�y�� �g�Z�i�u�e�_�g�b�y�� �h�k�g�h�\�u�� �^�b�k�d�Z����
�h�[�_�k�i�_�q�b�\�Z�y���^�b�k�d�m���k�d�h�j�h�k�l�v���\�j�Z�s�_�g�b�y�������±�������j�Z�^���k�����I�h�^�\�h��
�^�y�l�� �i�e�Z�a�f�h�l�j�h�g�� �d�� �h�k�g�h�\�_�� �^�b�k�d�Z���� �\�d�e�x�q�Z�x�l�� �i�e�Z�a�f�_�g�g�m�x��
�m�k�l�Z�g�h�\�d�m���� �\�d�e�x�q�Z�x�l�� �i�h�^�Z�q�m���f�h�e�b�[�^�_�g�h�\�h�c�� �i�j�h�\�h�e�h�d�b�� �g�Z��
�j�Z�k�i�u�e�_�g�b�_�� �b�� �k�h�\�f�_�s�Z�x�l�� �i�y�l�g�h�� �g�Z�i�u�e�_�g�b�y�� �k�� �i�h�\�_�j�o�g�h��
�k�l�v�x�� �h�k�g�h�\�u�� �^�b�k�d�Z���� �i�j�h�b�a�\�h�^�y�l�� �g�Z�i�u�e�_�g�b�_���� �G�Z�i�u�e�y�_�f�u�c��
�k�e�h�c���^�h�e�`�_�g �b�f�_�l�v���q�Z�k�l�b�p�u���g�_���[�h�e�_�_�����������f�f�����H�i�l�b�f�Z�e�v�g�u�c��
�l�_�i�e�h�\�h�c�� �j�_�`�b�f�� �b�� �d�b�g�_�l�b�q�_�k�d�b�_�� �i�Z�j�Z�f�_�l�j�u�� �g�Z�i�u�e�_�g�b�y��
�b�f�_�x�l���q�Z�k�l�b�p�u���j�Z�a�f�_�j�h�f�������±�������f�d�f�����<�u�d�e�x�q�Z�x�l���i�e�Z�a�f�_�g��
�g�m�x�� �m�k�l�Z�g�h�\�d�m���� �\�u�l�y�`�g�m�x�� �\�_�g�l�b�e�y�p�b�x�� �b�� �m�k�l�j�h�c�k�l�\�h�� �^�e�y��
�g�Z�i�u�e�_�g�b�y�� �^�b�k�d�h�\���� �k�g�b�f�Z�x�l�� �a�Z�]�h�l�h�\�d�m�� �^�b�k�d�Z�� �b�� �a�Z�f�_�j�y�x�l��
�l�h�e�s�b�g�m�� �g�Z�i�u�e�_�g�g�h�]�h�� �f�h�e�b�[�^�_�g�h�\�h�]�h�� �i�h�d�j�u�l�b�y���� �d�h�l�h�j�Z�y��
�^�h�e�`�g�Z���[�u�l�v���j�Z�\�g�Z���������“�����������f�f���i�h���\�k�_�c���i�h�\�_�j�o�g�h�k�l�b���g�Z�i�u��
�e�_�g�b�y�����?�k�e�b���g�_�l���l�j�_�[�m�_�f�h�]�h���j�Z�a�f�_�j�Z�����l�h���g�_�h�[�o�h�^�b�f�h���i�j�h�b�a��
�\�_�k�l�b���i�h�\�l�h�j�g�h�_���g�Z�i�u�e�_�g�b�_���� 

�������F�_�o�Z�g�b�q�_�k�d�Z�y���h�[�j�Z�[�h�l�d�Z���i�h�d�j�u�l�b�y.  
�R�e�b�n�h�\�Z�g�b�_���a�Z�]�h�l�h�\�h�d���^�b�k�d�h�\���l�j�_�g�b�y���± �i�j�h�b�a�\�h�^�y�l���g�Z��

�i�e�h�k�d�h�r�e�b�n�h�\�Z�e�v�g�h�f���k�l�Z�g�d�_���i�h���j�_�`�b�f�m�����k�d�h�j�h�k�l�v���j�_�a�Z�g�b�y��
30�±�������f���k�����]�e�m�[�b�g�Z���j�_�a�Z�g�b�y�����������±���������f�f�����i�h�i�_�j�_�q�g�Z�y���i�h�^�Z�q�Z��
0,9�±���������f�f���i�j�h�o�h�^�����h�o�e�Z�`�^�Z�x�s�Z�y���`�b�^�d�h�k�l�v���± �w�f�m�e�v�k�b�y�� 

�������D�h�g�l�j�h�e�v���d�Z�q�_�k�l�\�Z���i�h�d�j�u�l�b�y�� 
�I�h�k�e�_�� �r�e�b�n�h�\�Z�g�b�y�� �i�h�d�j�u�l�b�_�� �^�b�k�d�Z�� �l�j�_�g�b�y�� �g�_�� �^�h�e�`�g�h��

�b�f�_�l�v���k�d�h�e�h�\�����l�j�_�s�b�g�����j�Z�d�h�\�b�g�����I�h�d�j�u�l�b�y�����b�a�]�h�l�h�\�e�_�g�g�u�_��
�k�� �i�j�b�f�_�g�_�g�b�_�f�� �f�_�l�h�^�Z�� �i�e�Z�a�f�_�g�g�h�]�h�� �g�Z�i�u�e�_�g�b�y���� �j�Z�[�h�l�Z�x�l��
�\���a�Z�d�j�u�l�u�o���m�a�e�Z�o���k���f�Z�k�e�h�f�����\���i�j�h�p�_�k�k�_���j�Z�[�h�l�u���l�h�d�k�b�q�g�u�_��
�\�_�s�_�k�l�\�Z���g�_���h�[�j�Z�a�m�x�l�k�y���� 

�<�� �l�Z�[�e. ���� �i�j�b�\�_�^�_�g�u�� �j�Z�k�q�z�l�g�u�_�� �g�h�j�f�u�� �j�Z�k�o�h�^�Z�� �k�u�j�v�y����
�f�Z�l�_�j�b�Z�e�h�\�� �b�� �w�g�_�j�]�h�j�_�k�m�j�k�h�\�� �g�Z�� �b�a�]�h�l�h�\�e�_�g�b�_�� �a�Z�]�h�l�h�\�h�d��
�^�b�k�d�h�\���l�j�_�g�b�y���k���f�h�e�b�[�^�_�g�h�\�u�f���i�h�d�j�u�l�b�_�f��  

�L�Z�[�e�b�p�Z���� 
�J�Z�k�q�z�l�g�u�_���g�h�j�f�u���j�Z�k�o�h�^�h�\���g�Z���b�a�]�h�l�h�\�e�_�g�b�_���a�Z�]�h�l�h�\�h�d��

�f�h�e�b�[�^�_�g�h�\�u�o���^�b�k�d�h�\�� 
�G�Z�b�f�_�g�h�\�Z�g�b�_���k�u�j�v�y�����f�Z�l�_�j�b�Z�e�h�\�����\�b�^�Z���w�e�_�d�l�j�h�w�g�_�j��

�]�b�b�����j�Z�k�o�h�^�m�_�f�u�o���^�e�y���b�a�]�h�l�h�\�e�_�g�b�y���f�h�e�b�[�^�_�g�h�\�u�o��
�^�b�k�d�h�\ 

�J�Z�k�o�h�^���g�Z���^�b�k�d 

�‡176 �‡216 

�:�j�]�h�g���]�Z�a�h�h�[�j�Z�a�g�u�c�����f3 0,480 0,600 

�I�j�h�\�h�e�h�d�Z���f�h�e�b�[�^�_�g�h�\�Z�y�����d�] 0,250 0,36 

�>�j�h�[�v���l�_�o�g�b�q�_�k�d�Z�y�����d�] 0,020 0,030 

�L�_�o�g�h�e�h�]�b�q�_�k�d�Z�y���\�h�^�Z�����f3 0,400 0,500 

�K�`�Z�l�u�c���\�h�a�^�m�o�����f3 20,00 28,00 

�G�_�n�j�Z�k�����d�] 0,010 0,012 

�I�j�h�a�\�h�^�b�l�_�e�v�g�h�k�l�v���g�Z�i�u�e�_�g�b�y���i�h���f�h�e�b�[�^�_�g�m�����d�]���q 1,1 1,1 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 252  

 

�G�Z�b�f�_�g�h�\�Z�g�b�_���k�u�j�v�y�����f�Z�l�_�j�b�Z�e�h�\�����\�b�^�Z���w�e�_�d�l�j�h�w�g�_�j��
�]�b�b�����j�Z�k�o�h�^�m�_�f�u�o���^�e�y���b�a�]�h�l�h�\�e�_�g�b�y���f�h�e�b�[�^�_�g�h�\�u�o��

�^�b�k�d�h�\ 

�J�Z�k�o�h�^���g�Z���^�b�k�d 

�‡176 �‡216 

�D�I�>���b�k�i�h�e�v�a�h�\�Z�g�b�y���f�h�e�b�[�^�_�g�Z 0,8 0,8 

�I�h�l�j�_�[�e�y�_�f�Z�y���f�h�s�g�h�k�l�v�����d�<�l 27,5 27,5 

�J�Z�k�o�h�^���w�e�_�d�l�j�h�w�g�_�j�]�b�b�����F�>�`�����d�<�l���q���� 27(7,33) 33(9,17) 

 
�<�� �l�Z�[�e. ���� �i�j�b�\�_�^�_�g�u�� �g�h�j�f�u�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �j�_�`�b�f�Z��

�i�j�b���b�a�]�h�l�h�\�e�_�g�b�b���a�Z�]�h�l�h�\�h�d���f�h�e�b�[�^�_�g�h�\�u�o���^�b�k�d�h�\���l�j�_�g�b�y�� 
�L�Z�[�e�b�p�Z���� 

�G�h�j�f�u���l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h���j�_�`�b�f�Z 

�G�Z�b�f�_�g�h�\�Z�g�b�_���h�i�_�j�Z�p�b�b 
�I�j�h�^�h�e�`�b�l�_�e�v��

�g�h�k�l�v�����f�b�g 
�L�_�f�i�_��

�j�Z��
�l�m�j�Z��0�K �‡176 �‡216 

�H�[�_�a�`�b�j�b�\�Z�g�b�_���h�k�g�h�\�u���^�b�k�d�Z���b���_�z���k�m�r�d�Z�
 5 5 �����“���� 

�M�k�l�Z�g�h�\�d�Z���h�k�g�h�\�u���^�b�k�d�Z���\���^�j�h�[�_�k�l�j�m�c�g�m�x��
�d�Z�f�_�j�m 

1 1 �����“���� 

�>�j�h�[�_�k�l�j�m�c�g�Z�y���h�[�j�Z�[�h�l�d�Z���h�k�g�h�\�u���^�b�k�d�Z 4 6 �����“���� 

�<�u�]�j�m�a�d�Z�� �h�k�g�h�\�u�� �^�b�k�d�Z�� �b�a�� �^�j�h�[�_�k�l�j�m�c�g�h�c��
�d�Z�f�_�j�u 1 1 �����“���� 

�M�k�l�Z�g�h�\�d�Z�� �h�k�g�h�\�u�� �^�b�k�d�Z�� �\�� �d�Z�f�_�j�m��
�g�Z�i�u�e�_�g�b�y 

2 2 �����“���� 

�G�Z�g�_�k�_�g�b�_���i�h�d�j�u�l�b�y���f�_�l�h�^�h�f���g�Z�i�u�e�_�g�b�y 16 20 10000 

�<�u�]�j�m�a�d�Z�� �a�Z�]�h�l�h�\�d�b�� �^�b�k�d�Z�� �b�a�� �d�Z�f�_�j�u��
�g�Z�i�u�e�_�g�b�y 2 2 �����“���� 

�R�e�b�n�h�\�Z�g�b�_���a�Z�]�h�l�h�\�d�b���^�b�k�d�Z 10 12 �����“���� 

�
�I�h�]�j�m�`�Z�l�v���g�Z���������±���������f�b�g���\���g�_�n�j�Z�k�� 
�A�Z�]�h�l�h�\�d�b�� �n�j�b�d�p�b�h�g�g�u�o�� �^�b�k�d�h�\���� �b�a�]�h�l�h�\�e�_�g�g�u�o�� �i�h��

�l�_�o�g�h�e�h�]�b�b���i�e�Z�a�f�_�g�g�h�]�h���g�Z�i�u�e�_�g�b�y�����b�f�_�x�l���k�e�_�^�m�x�s�b�_��
�i�h�d�Z�a�Z�l�_�e�b: 

�����I�h�\�_�j�o�g�h�k�l�v���l�j�_�g�b�y���± �����������f�h�e�b�[�^�_�g�Z�� 
������ �N�b�a�b�d�h- �f�_�o�Z�g�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z�� �f�h�e�b�[�^�_�g�h�\�h�]�h�� �i�h��

�d�j�u�l�b�y���� �l�\�z�j�^�h�k�l�v���± 4800�±���������� �F�I�Z�� �i�h�� �<�b�d�d�_�j�k�m���� �i�h�j�b��
�k�l�h�k�l�v���± 18�±�������� ���i�e�h�l�g�h�k�l�v�� ���������±���������� �]���k�f3������ �Z�^�]�_�a�b�h�g�g�Z�y��
�i�j�h�q�g�h�k�l�v���± �g�_���f�_�g�_�_���������F�I�Z�� 

3. �J�Z�a�f�_�j�u���a�Z�]�h�l�h�\�d�b���i�h�^���^�b�k�d�b����   �‡176          �‡216: 
-�g�Z�j�m�`�g�u�c���^�b�Z�f�_�l�j���i�h���i�h�d�j�u�l�b�x���±     �������f�f������    �������f�f ; 
-�\�g�m�l�j�_�g�g�b�c���^�b�Z�f�_�l�j���i�h���i�h�d�j�u�l�b�x���±   �������f�f������   �������f�f ; 
-�h�[�s�Z�y���l�h�e�s�b�g�Z���±                       ���������“�������������f�f�����������“�����������f�f; 
-�l�h�e�s�b�g�Z���i�h�d�j�u�l�b�y���g�Z���k�l�h�j�h�g�m���±             (0,5�“�������������f�f�� 

�������N�j�b�d�p�b�h�g�g�u�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���k�h�]�e�Z�k�g�h���b�k�i�u�l�Z�g�b�y�f 
�g�Z�� �f�Z�r�b�g�_�� �l�j�_�g�b�y�� �F�L-������ ���m�k�e�h�\�b�y�� �b�k�i�u�l�Z�g�b�c���� �k�d�h�j�h�k�l�v��
�k�d�h�e�v�`�_�g�b�y���± �������f���k�����m�^�_�e�v�g�h�_���^�Z�\�e�_�g�b�_���± �����F�I�Z�����l�j�_�g�b�_���± 
�\�� �m�k�e�h�\�b�y�o�� �h�]�j�Z�g�b�q�_�g�g�h�c�� �i�h�^�Z�q�b�� �f�Z�k�e�Z�� �L�K�A�i-���� �H�K�L��
38.01365-84) �k�h�k�l�Z�\�e�y�x�l�����d�h�w�n�n�b�p�b�_�g�l���l�j�_�g�b�y���•�������������l�_�f�i��
�b�a�g�h�k�Z���\���i�Z�j�_���k�h���k�l�Z�e�v�x�������= �± �g�_���[�h�e�_�_�������f�d�f���d�f�� 

�������J�_�`�b�f���g�Z�i�u�e�_�g�b�y�����k�b�e�Z���l�h�d�Z���± ���������:�����g�Z�i�j�y�`�_�g�b�_���± 
�������<�����^�b�k�l�Z�g�p�b�y���± ���������f�f�����i�e�Z�a�f�h�h�[�j�Z�a�m�x�s�b�c���]�Z�a���± �Z�j�]�h�g����
�j�Z�k�o�h�^���]�Z�a�Z���± �������e���f�b�g�� 
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Abstract. This material is devoted to the development of tech-
nological bases for the manufacture of blanks of friction discs with 
molybdenum gas-thermal porous coating deposited by plasma 
spraying for work in oil in the transmission units of transport ve-
hicles. To ensure high performance, we offer a technological 
scheme for manufacturing friction disc blanks: bead-blasting 
preparation of the surface of the steel base of the disc, applying a 
molybdenum coating characterized by high adhesion to ferrous 
metals, mechanical processing of the coating by grinding, monitor-
ing the quality of the coating. The developed technological bases 
for the manufacture of felted discs with molybdenum gas-thermal 

coating applied by plasma spraying for operation in oil in the 
transmission units of transport vehicles contribute to the creation 
of efficient products with enhanced performance in terms of fric-
tion coefficient, wear resistance, reliability in modern conditions 
at the enterprises.  

Keywords: billet, friction disc, gas-thermal coating, plasma 
spraying, molybden, friction in oil, transmission. 
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�:�g�g�h�l�Z�p�b�y. �G�Z�b�[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�u�f�� �k�i�h�k�h�[�h�f, �h�[�_�k�i�_�q�b��

�\�Z�x�s�b�f �\�u�k�h�d�m�x �k�l�h�c�d�h�k�l�v �k�l�Z�e�v�g�u�o���b�a�^�_�e�b�c���d���d�h�j�j�h�a�b�b���b�a��
�b�a�\�_�k�l�g�u�o�� �l�_�o�g�h�e�h�]�b�c���y�\�e�y�_�l�k�y���b�o���w�f�Z�e�b�j�h�\�Z�g�b�_���� �<�� �k�l�Z�l�v�_��
�j�Z�k�k�f�h�l�j�_�g�Z�� �i�j�h�[�e�_�f�Z�� �a�Z�s�b�l�u�� �k�l�Z�e�v�g�u�o�� �l�j�m�[�h�i�j�h�\�h�^�h�\�� �b��
�i�m�l�b���_�_���j�_�r�_�g�b�y�����Z�d�l�m�Z�e�v�g�h�k�l�v���b�o���b�k�i�h�e�v�a�h�\�Z�g�b�y�����k�h�\�j�_�f�_�g��
�g�u�_���l�_�g�^�_�g�p�b�b���w�g�_�j�]�h�k�[�_�j�_�`�_�g�b�y �\���^�Z�g�g�h�c���h�l�j�Z�k�e�b�����<�g�m�l�j�_�g��
�g�b�_�� �k�l�_�d�e�h�w�f�Z�e�_�\�u�_�� �i�h�d�j�u�l�b�y�� �a�Z�s�b�s�Z�x�l�� �l�j�m�[�h�i�j�h�\�h�^�u�� �h�l��
�d�h�j�j�h�a�b�h�g�g�h�]�h�� �\�h�a�^�_�c�k�l�\�b�y�� �l�j�Z�g�k�i�h�j�l�b�j�m�_�f�h�c�� �k�j�_�^�u���� �k�g�b��
�`�Z�x�l�� �r�_�j�h�o�h�\�Z�l�h�k�l�v�� �b�� �m�\�_�e�b�q�b�\�Z�x�l�� �i�j�h�i�m�k�d�g�m�x�� �k�i�h�k�h�[��
�g�h�k�l�v���� �q�l�h�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �b�o�� �^�h�e�]�h�\�_�q�g�h�k�l�v�����<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_��
�i�j�_�^�k�l�Z�\�e�_�g�Z�� �j�Z�a�j�Z�[�h�l�d�Z�� �w�g�_�j�]�h�k�[�_�j�_�]�Z�x�s�_�c�� �l�_�o�g�h�e�h�]�b�b�� �k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f���k�u�j�v�y���>�Z�e�v�g�_�]�h���<�h�k�l�h�d�Z��- �^�b�Z�l�h�f�b�l�Z���Q�_�j�g�h��
�y�j�k�d�h�]�h�� �f�_�k�l�h�j�h�`�^�_�g�b�y���� �g�Z�� �h�k�g�h�\�_�� �d�h�l�h�j�h�]�h �j�Z�a�j�Z�[�h�l�Z�g�� �k�h��
�k�l�Z�\�� �h�^�g�h�k�e�h�c�g�h�]�h�� �k�l�_�d�e�h�w�f�Z�e�_�\�h�]�h�� �i�h�d�j�u�l�b�y. �<�� �q�Z�k�l�g�h�k�l�b����
�i�j�h�b�a�\�_�^�_�g�Z �q�Z�k�l�b�q�g�Z�y�� �a�Z�f�_�g�Z�� �\�� �r�b�o�l�h�\�h�f�� �k�h�k�l�Z�\�_�� �i�_�k�d�Z�� �g�Z��
�^�b�Z�l�h�f�b�l�� �\�� �i�j�h�i�h�j�p�b�b�� ���������������� �q�l�h���y�\�e�y�_�l�k�y�� �[�h�e�_�_�� �w�n�n�_�d�l�b�\��
�g�u�f  �k�� �l�h�q�d�b���a�j�_�g�b�y�� �b�g�l�_�g�k�b�n�b�d�Z�p�b�b�� �i�j�h�p�_�k�k�h�\�� �k�l�_�d�e�h�h�[�j�Z��
�a�h�\�Z�g�b�y���i�j�b���\�Z�j�d�_���n�j�b�l�l�u�� 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�h�_�� �i�h�d�j�u�l�b�_�����a�Z�s�b�l�Z��
�h�l�� �d�h�j�j�h�a�b�b�����o�b�f�b�q�_�k�d�Z�y�� �k�l�h�c�d�h�k�l�v���� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�_��
�k�\�h�c�k�l�\�Z�����n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z�� 

�<�<�?�>�?�G�B�? 

�<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �k�b�e�b�d�Z�l�g�u�_�� �w�f�Z�e�b�� �y�\�e�y�x�l�k�y�� �i�_�j��
�k�i�_�d�l�b�\�g�u�f���\�b�^�h�f���i�h�d�j�u�l�b�c���^�e�y���a�Z�s�b�l�u���k�l�Z�e�v�g�u�o���l�j�m�[�h��
�i�j�h�\�h�^�h�\�����I�h���o�b�f�b�q�_�k�d�h�c���k�l�h�c�d�h�k�l�b���w�f�Z�e�b�j�h�\�Z�g�g�u�_���k�l�Z�e�v��
�g�u�_���l�j�m�[�u���g�_���m�k�l�m�i�Z�x�l���f�_�^�g�u�f�����l�b�l�Z�g�h�\�u�f���b���k�\�b�g�p�h�\�u�f����
�Z���i�h���k�_�[�_�k�l�h�b�f�h�k�l�b���h�g�b���\���g�_�k�d�h�e�v�d�h���j�Z�a���^�_�r�_�\�e�_�����I�j�b�f�_�g�_��
�g�b�_�� �w�f�Z�e�b�j�h�\�Z�g�g�u�o�� �l�j�m�[�� �b�a�� �m�]�e�_�j�h�^�b�k�l�u�o�� �k�l�Z�e�_�c�� �\�f�_�k�l�h��
�g�_�j�`�Z�\�_�x�s�b�o�� �^�Z�_�l�� �^�_�k�y�l�b�d�j�Z�l�g�m�x�� �w�d�h�g�h�f�b�x�� �k�j�_�^�k�l�\���� �D��
�q�b�k�e�m���^�h�k�l�h�b�g�k�l�\���l�Z�d�h�c���i�j�h�^�m�d�p�b�b���h�l�g�h�k�b�l�k�y���[�h�e�v�r�Z�y���f�_��
�o�Z�g�b�q�_�k�d�Z�y���i�j�h�q�g�h�k�l�v�����\���l�h�f���q�b�k�e�_���\���k�j�Z�\�g�_�g�b�b���k���^�j�m�]�b�f�b��
�\�b�^�Z�f�b�� �i�h�d�j�u�l�b�c��- �w�i�h�d�k�b�^�g�u�f�b���� �i�h�e�b�w�l�b�e�_�g�h�\�u�f�b����
�i�e�Z�k�l�f�Z�k�k�h�\�u�f�b�����Z���l�Z�d�`�_���[�h�e�_�_���\�u�k�h�d�Z�y���k�l�h�c�d�h�k�l�v���i�j�h�l�b�\��
�b�k�l�b�j�Z�g�b�y�����[�e�Z�]�h�^�Z�j�y���q�_�f�m���i�h�y�\�e�y�_�l�k�y���\�h�a�f�h�`�g�h�k�l�v���m�f�_�g�v��
�r�b�l�v���^�b�Z�f�_�l�j���l�j�m�[�h�i�j�h�\�h�^�h�\���[�_�a���k�g�b�`�_�g�b�y���b�o���i�j�h�i�m�k�d�g�h�c��
�k�i�h�k�h�[�g�h�k�l�b�� [1] �H�^�g�Z�d�h���g�_�h�[�o�h�^�b�f�h���l�Z�d�`�_ �m�q�b�l�u�\�Z�l�v���k�e�_��
�^�m�x�s�b�_���k�l�Z�l�v�b���w�d�h�g�h�f�b�b���� 

- �m�\�_�e�b�q�_�g�b�_���h�[�t�_�f�h�\���l�j�Z�g�k�i�h�j�l�b�j�h�\�d�b���a�Z���k�q�_�l���m�k�l�j�Z�g�_��
�g�b�y���d�h�j�j�h�a�b�h�g�g�u�o���h�l�e�h�`�_�g�b�c���g�Z���\�g�m�l�j�_�g�g�_�c���i�h�\�_�j�o�g�h�k�l�b��
�l�j�m�[�h�i�j�h�\�h�^�h�\���� 

- �k�g�b�`�_�g�b�_���f�_�l�Z�e�e�h�_�f�d�h�k�l�b���h�[�h�j�m�^�h�\�Z�g�b�y���� 
- �k�g�b�`�_�g�b�_�� �w�g�_�j�]�_�l�b�q�_�k�d�b�o�� �a�Z�l�j�Z�l�� �a�Z�� �k�q�_�l�� �m�f�_�g�v�r�_�g�b�y��

�]�b�^�j�Z�\�e�b�q�_�k�d�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �i�j�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�b�� �\�g�m�l��
�j�_�g�g�b�o���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�o���i�h�d�j�u�l�b�c�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f�����h�`�b�^�Z�_�f�u�c �l�_�o�g�b�d�h-�w�d�h�g�h�f�b�q�_�k�d�b�c 
�w�n�n�_�d�l���h�l���i�j�b�f�_�g�_�g�b�y���k�l�Z�e�v�g�u�o���l�j�m�[���k���\�g�m�l�j�_�g�g�b�f���k�b�e�b��
�d�Z�l�g�h-�w�f�Z�e�_�\�u�f�� �i�h�d�j�u�l�b�_�f�� �^�Z�k�l�� �\�h�a�f�h�`�g�h�k�l�v�� �m�\�_�e�b�q�b�l�v��
�k�j�h�d���k�e�m�`�[�u���l�j�m�[�h�i�j�h�\�h�^�h�\���^�h������-�������e�_�l���� 
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�B�K�K�E�?�>�H�<�:�G�B�Y 

�K�l�Z�e�v�g�u�_�� �l�j�m�[�h�i�j�h�\�h�^�u�� �y�\�e�y�x�l�k�y�� �h�k�g�h�\�g�u�f�� �m�k�l�j�h�c��
�k�l�\�h�f���^�e�y���l�j�Z�g�k�i�h�j�l�b�j�h�\�d�b���i�j�b�j�h�^�g�h�]�h���]�Z�a�Z�� �k�u�j�h�c���g�_�n�l�b 
�b�� �^�j�m�]�b�o�� �`�b�^�d�h�k�l�_�c �i�h�� �\�k�_�f�m���f�b�j�m. �H�^�g�Z�d�h�� �k�Z�f�u�f�� �k�m�s�_��
�k�l�\�_�g�g�u�f���g�_�^�h�k�l�Z�l�d�h�f���\�k�_�o���k�l�Z�e�v�g�u�o���l�j�m�[���y�\�e�y�_�l�k�y���b�o���d�h�j��
�j�h�a�b�h�g�g�h�_���j�Z�a�j�m�r�_�g�b�_�����q�l�h���\���k�\�h�x���h�q�_�j�_�^�v���i�j�b�\�h�^�b�l �d �i�h��
�k�l�h�y�g�g�u�f�b���n�b�g�Z�g�k�h�\�u�f�b���a�Z�l�j�Z�l�Z�f�b �^�e�y���_�]�h���i�j�_�^�h�l�\�j�Z�s�_��
�g�b�y. 

�I�h�^���i�h�g�y�l�b�_�f���d�h�j�j�h�a�b�y���i�h�^�j�Z�a�m�f�_�\�Z�_�l�k�y���o�b�f�b�q�_�k�d�h�_���b��
�f�_�o�Z�g�b�q�_�k�d�h�_�� �j�Z�a�j�m�r�_�g�b�_�� �f�_�l�Z�e�e�b�q�_�k�d�b�o�� �i�h�\�_�j�o�g�h�k�l�_�c��
�\�k�e�_�^�k�l�\�b�_�� �\�h�a�^�_�c�k�l�\�b�y�� �k�j�_�^�u���� �J�Z�a�e�b�q�Z�x�l���\�g�_�r�g�x�x �b��
�\�g�m�l�j�_�g�g�x�x���d�h�j�j�h�a�b�x�����i�j�b�q�b�g�h�c���d�h�l�h�j�h�c���y�\�e�y�x�l�k�y���Z�l�f�h��
�k�n�_�j�g�u�_���y�\�e�_�g�b�y�����]�j�m�g�l�h�\�u�_���\�h�^�u���b�e�b���Z�]�j�_�k�k�b�\�g�Z�y���k�j�_�^�Z����
�l�j�Z�g�k�i�h�j�l�b�j�m�_�f�Z�y�� �\�g�m�l�j�b�� �f�Z�]�b�k�l�j�Z�e�v�g�u�o�� �l�j�m�[�h�i�j�h�\�h�^�h�\����
�K�d�h�j�h�k�l�v�� �d�h�j�j�h�a�b�b�� �a�Z�\�b�k�b�l�� �h�l�� �Z�]�j�_�k�k�b�\�g�h�k�l�b�� �l�j�Z�g�k�i�h�j�l�b��
�j�m�_�f�h�c���k�j�_�^�u �w�l�h �f�h�`�_�l���[�u�l�v�����d�Z�d �f�_�^�e�_�g�g�u�c���i�j�h�p�_�k�k�����d�h��
�l�h�j�u�c���f�h�`�_�l���^�e�b�l�v�k�y���]�h�^�Z�f�b�����i�h�k�l�_�i�_�g�g�h���j�Z�a�j�m�r�Z�y���k�l�j�m�d��
�l�m�j�m���f�_�l�Z�e�e�Z�����l�Z�d���b���\�u�k�h�d�h�k�d�h�j�h�k�l�g�h�_���j�Z�a�j�m�r�_�g�b�_�����i�j�b�\�h��
�^�y�s�_�_���d���[�u�k�l�j�h�f�m���\�u�o�h�^�m���b�a���k�l�j�h�y���h�[�h�j�m�^�h�\�Z�g�b�y�����A�Z�s�b�l�Z��
�g�_�n�l�_�i�j�h�f�u�k�e�h�\�u�o���b���^�j�m�]�b�o���\�b�^�h�\���l�j�m�[�h�i�j�h�\�h�^�h�\���h�l���d�h�j��
�j�h�a�b�b�� �y�\�e�y�_�l�k�y�� �\�Z�`�g�h�c�� �a�Z�^�Z�q�_�c���^�e�y�� �i�j�h�n�b�e�v�g�h�c�� �h�l�j�Z�k�e�b��
�i�j�h�f�u�r�e�_�g�g�h�k�l�b�� 

�G�Z���f�g�h�]�b�o���f�_�k�l�h�j�h�`�^�_�g�b�y�o���g�_�n�l�b�� �]�Z�a�Z �b���^�j�m�]�b�o�� �`�b�^��
�d�h�k�l�_�c �g�Z�� �\�g�m�l�j�_�g�g�_�c�� �i�h�\�_�j�o�g�h�k�l�b�� �l�j�m�[�h�i�j�h�\�h�^�h�\�� �\�� �i�j�h��
�p�_�k�k�_���b�o���w�d�k�i�e�m�Z�l�Z�p�b�b���h�[�j�Z�a�m�x�l�k�y���h�l�e�h�`�_�g�b�y���g�_�h�j�]�Z�g�b�q�_��
�k�d�b�o�� �k�h�e�_�c�� [2] �H�g�b�� �i�j�b�\�h�^�y�l�� �d�� �a�g�Z�q�b�l�_�e�v�g�h�f�m�� �m�f�_�g�v�r�_��
�g�b�x���i�j�h�o�h�^�g�h�]�h���k�_�q�_�g�b�y���l�j�m�[�h�i�j�h�\�h�^�h�\�����q�l�h���\�e�_�q�_�l���a�Z���k�h��
�[�h�c���j�h�k�l���\�g�m�l�j�_�g�g�_�]�h���^�Z�\�e�_�g�b�y�����b�����k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �m�\�_�e�b��
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�g�h�k�l�v���f�_�l�Z�e�e�Z�� 

�I �j�b�f�_�g�_�g�b�_�� �w�f�Z�e�b�j�h�\�Z�g�g�u�o�� �i�h�d�j�u�l�b�c�� �^�e�y�� �a�Z�s�b�l�u��
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�i�j�h�p�_�k�k�Z���g�Z�g�_�k�_�g�b�y���i�h�d�j�u�l�b�y �b���h�l�k�m�l�k�l�\�b�_���k�b�e�b�d�Z�l�g�h-�w�f�Z��
�e�_�\�u�o���i�h�d�j�u�l�b�c���k���h�i�l�b�f�Z�e�v�g�u�f�b���l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�b���b���n�b��
�a�b�d�h-�o�b�f�b�q�_�k�d�b�f�b���k�\�h�c�k�l�\�Z�f�b. 
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�h�g�g�u�o���h�^�g�h�k�e�h�c�g�u�o���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�o���i�h�d�j�u�l�b�c [5] �^�e�y��
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�x  �k�l�_�d�e�h�w�f�Z�e�_�\�h�_���i�h�d�j�u�l�b�_���^�h�e�`�g�h���i�j�_�^�h�l�\�j�Z�s�Z�l�v���h�l��
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�M�k�l�Z�g�h�\�e�_�g�h�����q�l�h���j�Z�a�j�Z�[�Z�l�u�\�Z�_�f�h�_���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�h�_��
�i�h�d�j�u�l�b�_���^�h�e�`�g�h���[�u�l�v���k�b�g�l�_�a�b�j�h�\�Z�g�h���\���k�b�k�l�_�f�_���5�2�±R2O�±
B2O3�±Al 2O3�±SiO2�±TiO2���� �K�b�g�l�_�a�� �k�h�k�l�Z�\�Z�� �w�f�Z�e�_�c�� �\�� �^�Z�g�g�h�c��
�Z�e�x�f�h�[�h�j�h�k�b�e�b�d�Z�l�g�h�c�� �� �k�b�k�l�_�f�_�� �i�h�a�\�h�e�b�l�� �i�j�b�� �h�i�l�b�f�Z�e�v��
�g�u�o�� �k�h�h�l�g�h�r�_�g�b�y�o�� �h�d�k�b�^�h�\�� �k�l�_�d�e�h�h�[�j�Z�a�h�\�Z�l�_�e�_�c�� �b�� �f�h�^�b��
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�h�[�j�Z�a�h�\�Z�g�b�_�� �i�j�h�q�g�h�� �k�\�y�a�Z�g�g�h�c�� �l�j�_�o�f�_�j�g�h�c�� �k�l�j�m�d�l�m�j�g�h�c��
�k�_�l�d�b�����h�k�g�h�\�g�u�f�b���w�e�_�f�_�g�l�Z�f�b���d�h�l�h�j�h�c���y�\�e�y�x�l�k�y���l�_�l�j�Z�w�^�j�u��
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�a�^�Z�g�b�y���d�h�j�j�h�a�b�h�g�g�h�k�l�h�c�d�h�]�h���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�h�]�h���i�h�d�j�u��
�l�b�y���[�u�e�Z���\�u�[�j�Z�g�Z���Z�e�x�f�h�[�h�j�h�k�b�e�b�d�Z�l�g�Z�y���k�b�k�l�_�f�Z���5�2�±R2O�±
B2O3�±Al 2O3�±SiO2�±TiO2�����d�Z�d���g�Z�b�[�h�e�_�_���i�j�b�_�f�e�_�f�Z�y�����\���l�_�o�g�h��
�e�h�]�b�b���h�^�g�h�k�e�h�c�g�h�]�h���w�f�Z�e�b�j�h�\�Z�g�b�y���d�h�l�h�j�h�_���^�h�e�`�g�h���h�[�_�k�i�_��
�q�b�\�Z�l�v�� �g�_�� �l�h�e�v�d�h�� �\�u�k�h�d�m�x�� �k�l�h�c�d�h�k�l�v�� �w�f�Z�e�b���� �g�h�� �b�� �[�_�a�^�_��
�n�_�d�l�g�h�_���n�h�j�f�b�j�h�\�Z�g�b�_���i�h�d�j�u�l�b�y�����q�l�h���\�h�a�f�h�`�g�h���i�j�b���h�i�j�_��
�^�_�e�_�g�g�u�o�� �� �a�g�Z�q�_�g�b�y�o�� �\�y�a�d�h�k�l�b�� �b�� �i�h�\�_�j�o�g�h�k�l�g�h�]�h�� �g�Z�l�y�`�_��
�g�b�y���j�Z�k�i�e�Z�\�Z�����>�e�y���d�Z�q�_�k�l�\�_�g�g�h�c���a�Z�s�b�l�u���h�l���d�h�j�j�h�a�b�b���\���k�h��
�k�l�Z�\���k�l�_�d�e�h�w�f�Z�e�_�\�h�]�h���i�h�d�j�u�l�b�y���^�h�e�`�g�u���\�o�h�^�b�l�v���g�Z�b�[�h�e�_�_��
�l�m�]�h�i�e�Z�\�d�b�_�����h�d�k�b�^�u���± SiO2�����:�O2�H3, TiO2�����H�k�g�h�\�g�u�f���k�l�_�d�e�h��
�h�[�j�Z�a�m�x�s�b�f���h�d�k�b�^�h�f�����\�h���\�k�_�o���b�a�\�_�k�l�g�u�o���k�h�k�l�Z�\�Z�o���y�\�e�y�_�l�k�y��
�d�j�_�f�g�_�a�_�f�����d�h�e�b�q�_�k�l�\�h���d�h�l�h�j�h�]�h���\���j�Z�g�_�_���j�Z�a�j�Z�[�h�l�Z�g�g�u�o���k�h��
�k�l�Z�\�Z�o���\�Z�j�v�b�j�m�_�l�k�y�����\���^�h�\�h�e�v�g�h���r�b�j�h�d�b�o���i�j�_�^�_�e�Z�o �± �h�l��������
�^�h���������������K�h�^�_�j�`�Z�g�b�_���h�k�l�Z�e�v�g�u�o���d�h�f�i�h�g�_�g�l�h�\���\���j�Z�a�e�b�q�g�u�o��
�k�h�k�l�Z�\�Z�o���f�h�`�_�l���^�h�o�h�^�b�l�v���^�h���������b���\�e�b�y�_�l���l�_�f���b�e�b���b�g�u�f���h�[��
�j�Z�a�h�f���g�Z���l�_�o�g�h�e�h�]�b�q�_�k�d�b�_���b�e�b���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�_���k�\�h�c�k�l�\�Z���� 

�<�� �k�\�y�a�b�� �k�� �l�_�f���� �q�l�h�� �k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�h�_�� �i�h�d�j�u�l�b�_�� �^�e�y��
�k�l�Z�e�v�g�u�o�� �g�_�n�l�_-, �]�Z�a�h�i�j�h�\�h�^�h�\���b �^�j�m�]�b�o�� �`�b�^�d�h�k�l�_�c���i�h�^��
�\�_�j�]�Z�_�l�k�y���\�h�a�^�_�c�k�l�\�b�x���Z�]�j�_�k�k�b�\�g�h�c���k�j�_�^�u�����k�h�^�_�j�`�Z�s�_�c���m�]��
�e�_�\�h�^�h�j�h�^�u�� �b�� �i�e�Z�k�l�h�\�m�x�� �\�h�^�m���� �\�� �d�h�l�h�j�h�c�� �i�j�b�k�m�l�k�l�\�m�x�l��
�o�e�h�j�b�^�u���� �k�m�e�v�n�Z�l�u�� �b�� �h�j�]�Z�g�b�q�_�k�d�b�_�� �d�b�k�e�h�l�u���� �Z�� �l�Z�d�`�_�� �^�h��
���������k�_�j�h�\�h�^�h�j�h�^�Z���b�����������^�\�m�h�d�b�k�b�� �m�]�e�_�j�h�^�Z�����i�h�w�l�h�f�m���o�b��
�f�b�q�_�k�d�b�c�� �k�h�k�l�Z�\�� �i�h�d�j�u�l�b�y �‹���� �j�Z�a�j�Z�[�h�l�Z�g�� �g�Z�� �h�k�g�h�\�_�� �b�a��
�\�_�k�l�g�h�]�h���j�Z�g�_�_���d�b�k�e�h�l�h�k�l�h�c�d�h�]�h���k�h�k�l�Z�\�Z���k�l�_�d�e�Z���>7�@���k���i�h�\�u��
�r�_�g�g�u�f�� �k�h�^�_�j�`�Z�g�b�_�f�� �d�\�Z�j�p�Z�� �b�� �i�h�g�b�`�_�g�g�u�f�� �[�h�j�g�h�]�h�� �Z�g��
�]�b�^�j�b�^�Z�� �b�� �s�_�e�h�q�g�u�o�� �h�d�k�b�^�h�\���� �q�l�h�� �i�h�a�\�h�e�b�l�� �i�h�\�u�k�b�l�v�� �o�b��
�f�b�q�_�k�d�m�x�� �k�l�h�c�d�h�k�l�v�� �w�f�Z�e�_�c�� �b�� �j�Z�k�r�b�j�b�l�v�� �b�g�l�_�j�\�Z�e�� �b�o�� �h�[��
�`�b�]�Z���� �>�h�i�h�e�g�b�l�_�e�v�g�u�_ �^�h�[�Z�\�d�b�� �7�L�22 �b�� �n�l�h�j�b�^�h�\�� �\�\�_�^�_�g�u��
�^�e�y���m�f�_�g�v�r�_�g�b�y���\�h�a�f�h�`�g�h�c���k�d�e�h�g�g�h�k�l�b���d���l�Z�d�b�f���^�_�n�_�d�l�Z�f��
�d�Z�d���k�d�h�e�u���b���i�j�h�]�Z�j�u���� 

�F�g�h�]�h�d�h�f�i�h�g�_�g�l�g�h�_�� �g�Z�l�j�b�_�\�h�[�h�j�h�k�b�e�b�d�Z�l�g�h�_�� �i�h�d�j�u��
�l�b�_�� �‹���� �j�Z�a�j�Z�[�h�l�Z�g�h�� �g�Z�� �h�k�g�h�\�_�� �b�a�\�_�k�l�g�h�]�h�� �j�Z�g�_�_�� �k�h�k�l�Z�\�Z��
�k�l�_�d�e�Z��[7�@���k���\�u�k�h�d�b�f���k�h�^�_�j�`�Z�g�b�_�f���h�d�k�b�^�h�\���`�_�e�_�a�Z�� �s�_�e�h�q��
�g�u�o�� �h�d�k�b�^�h�\���� �[�h�j�g�h�]�h�� �Z�g�]�b�^�j�b�^�Z�� �b�� �i�h�g�b�`�_�g�g�u�f�� �h�d�k�b�^�h�f��
�d�j�_�f�g�b�y�����>�e�y���a�g�Z�q�b�l�_�e�v�g�h�]�h���i�h�g�b�`�_�g�b�y���\�y�a�d�h�k�l�b���b���l�_�f�i�_��
�j�Z�l�m�j�u���j�Z�a�f�y�]�q�_�g�b�y���w�f�Z�e�b�����g�_���m�o�m�^�r�Z�y���d�b�k�e�h�l�h�m�k�l�h�c�q�b�\�h��
�k�l�b���� �i�j�h�b�a�\�h�^�b�l�k�y�� �q�Z�k�l�b�q�g�Z�y�� �a�Z�f�_�g�Z�� �1�D2�2�� �h�d�k�b�^�h�f�� �e�b�l�b�y����
�>�Z�g�g�h�_���i�h�d�j�u�l�b�_���y�\�e�y�_�l�k�y���e�_�]�d�h�i�e�Z�\�d�b�f �k���g�b�a�d�b�f�b���l�_�f�i�_��
�j�Z�l�m�j�Z�f�b���\�Z�j�d�b���b���h�[�`�b�]�Z���� 

�O�b�f�b�q�_�k�d�b�c���k�h�k�l�Z�\���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�h�]�h���i�h�d�j�u�l�b�y���‹����
�j�Z�a�j�Z�[�h�l�Z�g���g�Z���h�k�g�h�\�_���k�h�k�l�Z�\�h�\���‹ �����b�������k���m�q�_�l�h�f���\�\�h�^�b�f�h�]�h��
�d�h�e�b�q�_�k�l�\�Z���b���\�e�b�y�g�b�y���h�d�k�b�^�h�\���g�Z���k�\�h�c�k�l�\�Z���k�l�_�d�e�h�n�j�b�l�l�u���b��
�i�h�d�j�u�l�b�y�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �\�� �d�Z�q�_�k�l�\�_�� �a�Z�s�b�l�g�u�o�� �i�h�d�j�u�l�b�c�� �^�e�y��
�k�l�Z�e�v�g�u�o�� �l�j�m�[�h�i�j�h�\�h�^�h�\�� �[�u�e�b�� �j�Z�a�j�Z�[�h�l�Z�g�u�� �o�b�f�b�q�_�k�d�b�_��
�k�h�k�l�Z�\�u���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�o���i�h�d�j�u�l�b�c���^�e�y���a�Z�s�b�l�u���k�l�Z�e�v��
�g�u�o���l�j�m�[�h�i�j�h�\�h�^�h�\�����i�j�_�^�k�l�Z�\�e�_�g�g�u�_���\���l�Z�[�e���������� 

�J�Z�a�j�Z�[�h�l�Z�g�g�u�_�� �h�^�g�h�k�e�h�c�g�u�_�� �k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�_�� �i�h��
�d�j�u�l�b�y [8] �[�e�Z�]�h�^�Z�j�y�� �h�i�l�b�f�Z�e�v�g�h�f�m�� �k�h�q�_�l�Z�g�b�x�� �h�d�k�b�^�h�\��
�k�l�_�d�e�h�h�[�j�Z�a�h�\�Z�l�_�e�_�c�� �b�� �f�h�^�b�n�b�d�Z�l�h�j�h�\�� �^�h�e�`�g�u�� �h�[�e�Z�^�Z�l�v��
�d�Z�d�� �\�u�k�h�d�b�f�b�� �l�_�o�g�b�d�h-�w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�f�b�� �k�\�h�c�k�l�\�Z�f�b����
�l�Z�d�� �b�� �[�u�l�v�� �l�_�o�g�h�e�h�]�b�q�g�u�f�b�� �\�� �k�e�m�q�Z�_�� �g�Z�g�_�k�_�g�b�y�� �b�� �h�[�`�b�]�Z��
�g�Z�� �\�g�m�l�j�_�g�g�x�x�� �i�h�\�_�j�o�g�h�k�l�v�� �k�l�Z�e�v�g�u�o�� �l�j�m�[�h�i�j�h�\�h�^�h�\��
�g�_�n�l�_�o�b�f�b�q�_�k�d�h�]�h���i�j�h�b�a�\�h�^�k�l�\�Z. 
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�G�Z�� �h�k�g�h�\�Z�g�b�b�� �d�Z�`�^�h�]�h�� �o�b�f�b�q�_�k�d�h�]�h�� �k�h�k�l�Z�\�Z�� ���l�Z�[�e���� ������
�j�Z�k�k�q�b�l�Z�g�u���i�h�������r�b�o�l�h�\�u�o �k�h�k�l�Z�\�Z�����i�j�_�^�k�l�Z�\�e�_�g�g�u�o���l�j�_�f�y��
�k�_�j�b�y�f�b�����l�Z�[�e����3�������k���\�\�_�^�_�g�b�_�f���h�k�g�h�\�g�h�]�h���h�d�k�b�^�Z���6�L�22 �j�Z�a��
�g�u�f�b���d�h�f�i�h�g�_�g�l�Z�f�b���^�e�y���b�a�m�q�_�g�b�y���\�e�b�y�g�b�y���\�b�^�Z���b���n�Z�a�h�\�h�]�h��
�k�h�k�l�Z�\�Z�� ���d�j�b�k�l�Z�e�e�b�q�_�k�d�h�]�h�� �b�e�b�� �Z�f�h�j�n�g�h�]�h���� �g�Z�� �b�g�l�_�g�k�b�\��
�g�h�k�l�v���i�j�h�p�_�k�k�h�\���k�l�_�d�e�h�h�[�j�Z�a�h�\�Z�g�b�y�����I�h�w�l�h�f�m���[�u�e�b���j�Z�a�j�Z��
�[�h�l�Z�g�u���g�Z �h�k�g�h�\�Z�g�b�b���\�u�[�j�Z�g�g�u�o���o�b�f�b�q�_�k�d�b�o���k�h�k�l�Z�\�h�\���l�j�b��
�k�_�j�b�b���� �\�� �j�Z�f�d�Z�o�� �d�h�l�h�j�u�o�� �\�Z�j�v�b�j�h�\�Z�e�b�k�v�� �k�u�j�v�_�\�u�_�� �d�h�f�i�h��
�g�_�g�l�u���^�e�y���\�\�h�^�Z���h�d�k�b�^�Z���d�j�_�f�g�b�y�����L�Z�d�b�f���h�[�j�Z�a�h�f�����\���k�_�j�b�b������
�i�_�j�\�u�c���k�h�k�l�Z�\���‹��1 �j�Z�a�j�Z�[�h�l�Z�g���k���\�\�_�^�_�g�b�_�f���6�L�22 �d�j�_�f�g�b�_��
�\�h�c���d�b�k�e�h�l�h�c�����Q�6�L�22�ÂmH2�2�������\�l�h�j�h�c���‹��2 �± �d�\�Z�j�p�_�\�u�f���i�_�k��
�d�h�f���Q�Z�e�]�Z�g�k�d�h�]�h���f�_�k�l�h�j�h�`�^�_�g�b�y �>�Z�e�v�g�_�]�h���<�h�k�l�h�d�Z�����l�j�_�l�b�c��
�‹�� 3 �± �q�Z�k�l�b�q�g�h�c���a�Z�f�_�g�h�c���i�_�k�d�Z���d�j�_�f�g�_�a�_�f�k�h�^�_�j�`�Z�s�b�f���k�u��
�j�v�_�f�� �Q�_�j�g�h�y�j�k�d�h�]�h�� �f�_�k�l�h�j�h�`�^�_�g�b�y�� �>�Z�e�v�g�_�]�h�� �<�h�k�l�h�d�Z���� �Z��
�b�f�_�g�g�h�� �^�b�Z�l�h�f�b�l�h�f�� �\�� �k�h�h�l�g�h�r�_�g�b�b�� �������������� ���i�_�k�h�d���^�b�Z�l�h��
�f�b�l������ �� �q�_�l�\�_�j�l�u�c�� �‹��4 �± �h�i�h�d�h�c���;�h�l�q�b�g�k�d�h�]�h�� �f�_�k�l�h�j�h�`�^�_��
�g�b�y���>�Z�e�v�g�_�]�h���<�h�k�l�h�d�Z���\���k�h�h�l�g�h�r�_�g�b�b������4���������i�_�k�h�d���h�i�h�d�Z������
�L�Z�d�b�f�� �`�_�� �i�j�b�g�p�b�i�h�f�� �j�Z�a�j�Z�[�h�l�Z�g�u�� �h�k�l�Z�e�v�g�u�_�� �k�h�k�l�Z�\�u�� �k�_��
�j�b�c�� 
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� �̂h���\�e�Z�`�g�h�k�l�b���g�_���[�h�e�_�_������. 

�<�� �o�h�^�_�� �\�Z�j�d�b�� �k�l�_�d�h�e�� �m�k�l�Z�g�h�\�e�_�g�u�� �j�_�`�b�f�u�� �k�l�_�d�e�h�\�Z�j�_��
�g�b�y�����k�h�k�l�Z�\�u���k�_�j�b�c �����������b�������g�Z���h�k�g�h�\�_���d�j�_�f�g�b�_�\�h�c���d�b�k�e�h�l�u��
���‹�� 1, 21, 31�����b���i�_�k�d�Z�����‹��2, 22, 32�����b�f�_�x�l���\�u�k�h�d�m�x���l�_�f�i�_�j�Z��
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�\�u�^�_�j�`�d�b�� �i�j�b�� �h�i�l�b�f�Z�e�v�g�h�c�� �l�_�f�i�_�j�Z�l�m�j�_�� �k�� ������ �^�h�� ������ �f�b�g����
�L�Z�d�h�_�� �k�h�d�j�Z�s�_�g�b�_�� �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�b�� �\�Z�j�d�b�� �w�f�Z�e�b�� �b�� �_�_��
�l�_�f�i�_�j�Z�l�m�j�u���a�g�Z�q�b�l�_�e�v�g�h���m�k�d�h�j�y�_�l���i�j�h�p�_�k�k���k�l�_�d�e�h�\�Z�j�_�g�b�y��
�b�� �k�g�b�`�Z�_�l�� �w�g�_�j�]�h�a�Z�l�j�Z�l�u [12]. �W�l�h�l�� �w�n�n�_�d�l�� �^�h�k�l�b�]�Z�_�l�k�y����
�\�k�e�_�^�k�l�\�b�_�� �i�j�b�f�_�g�_�g�b�y�� �Z�f�h�j�n�g�h�c�� �n�h�j�f�Z�� �d�j�_�f�g�_�a�_�f�Z�� �\��
�\�b�^�_���^�b�Z�l�h�f�b�l�Z���Q�_�j�g�h�y�j�k�d�h�]�h���f�_�k�l�h�j�h�`�^�_�g�b�y���b���h�i�h�d�b���;�h�l��
�q�b�g�k�d�h�]�h���f�_�k�l�h�j�h�`�^�_�g�b�y�����h�[�e�Z�^�Z�x�s�b�o�����[�h�e�_�_���\�u�k�h�d�h�c���o�b��
�f�b�q�_�k�d�h�c���Z�d�l�b�\�g�h�k�l�v�x���i�h���k�j�Z�\�g�_�g�b�x���k���i�_�k�d�h�f���b���d�j�_�f�g�b�_��
�\�h�c�� �d�b�k�e�h�l�h�c�� �b���� �k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �� �m�k�d�h�j�y�x�s�_�]�h�� �i�j�h�p�_�k�k��
�i�e�Z�\�d�b���w�f�Z�e�_�\�h�c���n�j�b�l�l�u�����I�h�w�l�h�f�m���b�k�i�h�e�v�a�h�\�Z�g�b�_���d�j�_�f�g�b��
�k�l�u�o�� �i�h�j�h�^�� ���^�b�Z�l�h�f�b�l�� �b�� �h�i�h�d�Z���� �f�_�k�l�h�j�h�`�^�_�g�b�c�� �>�Z�e�v�g�_�]�h��
�<�h�k�l�h�d�Z���\���d�Z�q�_�k�l�\�_���k�b�e�b�d�Z�l�g�h�]�h���k�u�j�v�y���i�j�b���\�Z�j�d�_���w�f�Z�e�_�\�u�o��
�n�j�b�l�l�� �y�\�e�y�_�l�k�y�� �� �i�_�j�k�i�_�d�l�b�\�g�u�f�� �g�Z�i�j�Z�\�e�_�g�b�_�f�� �\�� �l�_�o�g�h�e�h��
�]�b�b���w�f�Z�e�b�j�h�\�Z�g�b�y�� 
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�k�\�h�c�k�l�\�� �k�l�_�d�e�h�]�j�Z�g�m�e�y�l�Z�� �j�Z�a�j�Z�[�h�l�Z�g�g�u�o�� �k�h�k�l�Z�\�h�\�� �i�j�h�\�h��
�^�b�e�b���i�h���f�_�l�h�^�b�d�Z�f���\���k�h�h�l�\�_�l�k�l�\�b�b���k���l�j�_�[�h�\�Z�g�b�y�f�b���=�H�K�L�Z��
�J���������������±���������� �©�N�j�b�l�l�u�����L�_�o�g�b�q�_�k�d�b�_�� �m�k�e�h�\�b�y�ª���i�j�b�e�h�`�_��
�g�b�c �=�����>�����?�� 

�J�_�a�m�e�v�l�Z�l�u�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �k�\�h�c�k�l�\�� �k�l�_�d�e�h�]�j�Z�g�m�e�y�l�Z��
�i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�b�p�_��4. 
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�j�b�a�m�x�l�k�y���k�h�k�l�Z�\�h�\���k�_�j�b�b���������h�^�g�Z�d�h���\�Z�`�g�h�_���^�e�y���g�_�n�l�_- �b���]�Z��
�a�h�i�j�h�\�h�^�h�\�� �k�\�h�c�k�l�\�h�� �i�h�l�_�j�y�� �f�Z�k�k�u�� �i�j�b�� �\�h�a�^�_�c�k�l�\�b�b�� �d�b�k��
�e�h�l�u�� �i�j�_�\�u�r�Z�_�l�� �^�h�i�m�k�l�b�f�u�_�� �g�h�j�f�u���� �j�_�]�e�Z�f�_�g�l�b�j�m�_�f�u�_��
�=�H�K�L�h�f���J���������������±2006�����K�h�k�l�Z�\�u���k�_�j�b�b�������o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y��
�^�h�k�l�Z�l�h�q�g�h�c���d�b�k�e�h�l�h�k�l�h�c�d�h�k�l�v�x�����g�h���k�h�k�l�Z�\���‹��4 �b�f�_�_�l���g�b�a��
�d�h�_���a�g�Z�q�_�g�b�_���j�Z�k�l�_�d�Z�_�f�h�k�l�b�����q�l�h���[�m�^�_�l���g�_�]�Z�l�b�\�g�h���\�e�b�y�l�v���g�Z��
�d�j�h�x�s�m�x�� �k�i�h�k�h�[�g�h�k�l�v�� �i�j�b�� �i�h�e�m�q�_�g�b�b�� �k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_��
�\�h�]�h�� �i�h�d�j�u�l�b�y�� �g�Z�� �k�l�Z�e�b���� �W�l�h�� �k�\�y�a�Z�g�h�� �k�� �l�_�f���� �q�l�h�� �j�Z�k�l�_�d�Z�_��
�f�h�k�l�v���y�\�e�y�_�l�k�y���\�_�e�b�q�b�g�h�c���d�h�k�\�_�g�g�h���o�Z�j�Z�d�l�_�j�b�a�m�x�s�_�c���\�y�a��
�d�h�k�l�v�����i�h�w�l�h�f�m���i�j�b���f�Z�e�h�f���_�_���a�g�Z�q�_�g�b�b���i�j�h�b�k�o�h�^�b�l �q�Z�k�l�b�q��

�g�h�_���h�]�h�e�_�g�b�_���f�_�l�Z�e�e�Z���\���j�_�a�m�e�v�l�Z�l�_���k�[�h�j�d�b���j�Z�k�i�e�Z�\�Z���b���f�_�^��
�e�_�g�g�h�]�h�� �a�Z�i�e�Z�\�e�_�g�b�y�� �d�j�Z�l�_�j�h�\�� �\�u�^�_�e�b�\�r�b�o�k�y�� �i�m�a�u�j�_�c���� �<��
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�k�e�m�`�[�u���l�j�m�[���k���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�f���i�h�d�j�u�l�b�_�f�� [13]  
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�k�e�m�`�[�u���l�j�m�[���k���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�f���i�h�d�j�u�l�b�_�f�� [13]  

�I�h�e�m�q�_�g�g�u�_���j�_�a�m�e�v�l�Z�l�u���b�k�i�u�l�Z�g�b�c���h�k�l�Z�e�v�g�u�o���k�\�h�c�k�l�\��
�l�Z�[�e���� �� �i�h�a�\�h�e�b�e�b�� �m�k�l�Z�g�h�\�b�l�v���� �q�l�h�� �\�k�_�� �k�b�g�l�_�a�b�j�h�\�Z�g�g�u�_��
�n�j�b�l�l�u���o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y���[�e�b�a�d�b�f�b���i�h���a�g�Z�q�_�g�b�x���i�h�d�Z�a�Z�l�_��
�e�y�f�b���k�\�h�c�k�l�\���b���\�o�h�^�y�l���\���b�g�l�_�j�\�Z�e�u�����^�h�i�m�k�l�b�f�u�_���^�e�y���n�j�b�l�l��
�\���k�h�h�l�\�_�l�k�l�\�b�b���k���=�H�K�L�h�f���J���������������±2006.  

�L�Z�d�b�f���h�[�j�Z�a�h�f�����\���o�h�^�_���b�k�i�u�l�Z�g�b�c���m�k�l�Z�g�h�\�e�_�g�h�����q�l�h���h�i��
�l�b�f�Z�e�v�g�u�f�b���k�\�h�c�k�l�\�Z�f�b���h�[�e�Z�^�Z�x�l���k�l�_�d�e�h�]�j�Z�g�m�e�y�l�u���k�h�k�l�Z��
�\�h�\����3, 33 �b����4 �l�Z�d���d�Z�d���a�g�Z�q�_�g�b�y���l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���b���l�_�o�g�b�d�h-
�w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���k�\�h�c�k�l�\���\�o�h�^�y�l���\���i�j�_�^�_�e�u�����j�_�]�e�Z�f�_�g�l�b��
�j�h�\�Z�g�g�u�o�����=�H�K�L�h�f���J���������������±2006. 

�L�Z�d���d�Z�d���w�f�Z�e�b�j�h�\�Z�g�b�_���k�l�Z�e�v�g�u�o�� �b�a�^�_�e�b�c���i�j�h�b�a�\�h�^�b�l�k�y��
�i�h���f�h�d�j�h�f�m���k�i�h�k�h�[�m�����l�h���^�e�y���w�l�h�c���p�_�e�b���]�h�l�h�\�b�l�k�y���w�f�Z�e�_�\�u�c��
�r�e�b�d�_�j���� �k�h�k�l�h�y�s�b�c�� �b�a�� �q�Z�k�l�b�p�� �w�f�Z�e�_�\�h�c�� �n�j�b�l�l�u���� �\�h�^�u�� �b��
�f�_�e�v�g�b�q�g�u�o�� �^�h�[�Z�\�h�d���� �j�_�]�m�e�b�j�m�x�s�b�o�� �k�\�h�c�k�l�\�Z�� �r�e�b�d�_�j�Z����
�I�j�b�]�h�l�h�\�e�_�g�b�_�� �w�f�Z�e�_�\�u�o�� �r�e�b�d�_�j�h�\�� �h�k�m�s�_�k�l�\�e�y�e�b�� �i�m�l�_�f��
�i�h�f�h�e�Z���k�l�_�d�e�h�n�j�b�l�l�u���\���n�Z�j�n�h�j�h�\�h�f���[�Z�j�Z�[�Z�g�_���g�Z���\�Z�e�d�h�\�h�c��
�f�_�e�v�g�b�p�_���\���l�_�q�_�g�b�_�������q�Z�k�h�\���^�h���l�h�g�b�g�u���i�h�f�h�e�Z����7-�������_�^�����i�h��
�k�h�k�m�^�m���E�b�k�_�g�d�h���k���^�h�[�Z�\�d�h�c�����������f�Z�k�����q�����h�]�g�_�m�i�h�j�g�h�c���]�e�b�g�u����
�g�_�h�[�o�h�^�b�f�h�c�� �^�e�y�� �i�j�_�^�h�l�\�j�Z�s�_�g�b�y�� �k�_�^�b�f�_�g�l�Z�p�b�b�� �q�Z�k�l�b�p��
�w�f�Z�e�_�\�h�]�h�� �]�j�Z�g�m�e�y�l�Z���� �\�h�^�u���± ���������� �f�Z�k���� �q���� �b�� �i�h�� �������� �f�Z�k���� �q����
�w�e�_�d�l�j�h�e�b�l�h�\��NaNO3 �b�� �.�&�O���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�o�� �g�_�h�[�o�h�^�b��
�f�m�x�� �d�h�g�k�b�k�l�_�g�m�b�x���� �>11] �G�Z�g�_�k�_�g�b�_�� �k�l�_�d�e�h�w�f�Z�e�_�c�� �h�k�m��
�s�_�k�l�\�e�y�e�b���\���e�Z�[�h�j�Z�l�h�j�g�u�o���m�k�e�h�\�b�y�o���r�e�b�d�_�j�g�u�f���f�_�l�h�^�h�f��
�g�Z���i�j�_�^�\�Z�j�b�l�_�e�v�g�h�� �h�[�j�Z�[�h�l�Z�g�g�m�x���i�h�\�_�j�o�g�h�k�l�v�� �i�e�h�k�d�b�o��
�k�l�Z�e�v�g�u�o�� �h�[�j�Z�a�p�h�\�� �f�Z�j�d�b�� �k�l�Z�e�b�� �����=���K���� �b�k�i�h�e�v�a�m�_�f�h�c�� �^�e�y��
�l�j�m�[�h�i�j�h�\�h�^�h�\��  

�K�m�r�d�m�� �r�e�b�d�_�j�Z�� �i�j�h�\�h�^�b�e�b�� �\�� �k�m�r�b�e�v�g�h�f�� �r�d�Z�n�m�� �i�j�b��
�l�_�f�i�_�j�Z�l�m�j�_���g�_���[�h�e�_�_�����������ƒ�K���\���l�_�q�_�g�b�_�������±�������f�b�g���� 

�>�Z�e�_�_�� �h�[�j�Z�a�p�u�� �k�� �\�u�k�m�r�_�g�g�u�f�� �r�e�b�d�_�j�h�f�� �a�Z�]�j�m�`�Z�e�b�� �\��
�j�Z�a�h�]�j�_�l�m�x�� �f�m�n�_�e�v�g�m�x�� �i�_�q�v�� �i�j�b�� �l�_�f�i�_�j�Z�l�m�j�_ �������ƒ�K���� �<�u��
�^�_�j�`�d�m�� �i�j�h�\�h�^�b�e�b�� �\�� �l�_�q�_�g�b�_�� ���� �f�b�g�� �i�h�k�e�_�� �q�_�]�h�� �h�[�j�Z�a�p�u�� �k��
�h�i�e�Z�\�e�_�g�g�u�f�� �k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�f�� �i�h�d�j�u�l�b�_�f�� �\�u�]�j�m�`�Z�e�b��
�b���h�o�e�Z�`�^�Z�e�b���i�j�b���d�h�f�g�Z�l�g�h�c���l�_�f�i�_�j�Z�l�m�j�_���� 

�L�Z�d�b�f���h�[�j�Z�a�h�f�����\���o�h�^�_���h�[�`�b�]�Z���b���n�h�j�f�b�j�h�\�Z�g�b�y���w�f�Z�e�_��
�\�h�]�h���i�h�d�j�u�l�b�y���g�Z���k�l�Z�e�b���i�h�e�m�q�_�g�u���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�_���i�h��
�d�j�u�l�b�y���b���i�j�_�^�\�Z�j�b�l�_�e�v�g�u�c���\�b�a�m�Z�e�v�g�u�c���Z�g�Z�e�b�a���i�h�d�Z�a�Z�e�����q�l�h��
�\�k�_���w�f�Z�e�b���b�f�_�x�l���j�Z�\�g�h�f�_�j�g�h���h�k�l�_�d�e�h�\�Z�g�g�m�x�� �i�h�\�_�j�o�g�h�k�l�v��
�[�_�a���^�_�n�_�d�l�h�\�����k���o�h�j�h�r�_�c���k�i�e�h�r�g�h�k�l�v�x�����]�e�y�g�p�_�f���b���[�e�_�k�d�h�f. 

�B�a�m�q�_�g�b�_�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �b�� �n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�o��[14-
15] �k�\�h�c�k�l�\���j�Z�a�j�Z�[�h�l�Z�g�g�u�o���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�o���i�h�d�j�u�l�b�c��
�i�j�h�\�h�^�b�e�b�� �i�h�� �f�_�l�h�^�b�d�Z�f���� �h�i�b�k�Z�g�g�u�o�� �\�� �=�H�K�L�_ �J�� �������������±
�����������©�N�j�b�l�l�u�����L�_�o�g�b�q�_�k�d�b�_���m�k�e�h�\�b�y�ª���\���i�j�b�e�h�`�_�g�b�y�o �@�����B����
�D�����E�� 

�:�g�Z�e�b�a���j�_�a�m�e�v�l�Z�l�h�\�����i�j�_�^�k�l�Z�\�e�_�g�g�u�o���\���l�Z�[�e����5 �i�h�d�Z�a�Z�e����
�q�l�h���i�h�d�Z�a�Z�l�_�e�b���k�\�h�c�k�l�\���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�o���i�h�d�j�u�l�b�c���k�h��
�k�l�Z�\�h�\�� �‹��3 �b�� ��4 �i�h�e�g�h�k�l�v�x�� �m�^�h�\�e�_�l�\�h�j�y�x�l�� �l�j�_�[�h�\�Z�g�b�y�f����
�i�j �_�^�t�y�\�e�y�_�f�u�f���=�H�K�L�h�f���J�������������±2006�����I�j�b���w�l�h�f���k�h�k�l�Z�\����3 
�b�f�_�_�l�� �i�h�\�_�j�o�g�h�k�l�g�u�_�� �^�_�n�_�d�l�h�\�� �\�� �\�b�^�_�� �g�_�a�Z�i�e�Z�\�b�\�r�b�o�k�y��
�d�j�Z�l�_�j�h�\���e�h�i�g�m�\�r�b�o���]�Z�a�h�\�u�o���i�m�a�u�j�_�c�����d�h�l�h�j�u�_���g�Z�j�m�r�Z�x�l��
�k�i�e�h�r�g�h�k�l�v�� �i�h�d�j�u�l�b�y�� �b�� �\�� �^�Z�e�v�g�_�c�r�_�f�� �i�j�b�� �w�d�k�i�e�m�Z�l�Z�p�b�b��
�f�h�]�m�l�� �i�j�b�\�_�k�l�b�� �d�� �e�h�d�Z�e�v�g�h�f�m�� �j�Z�a�j�m�r�_�g�b�x�� �k�b�e�b�d�Z�l�g�h�c��
�w�f�Z�e�b�� 
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�L�Z�d�b�f���h�[�j�Z�a�h�f�����h�i�l�b�f�Z�e�v�g�u�f���k�h�k�l�Z�\�h�f���i�h���l�_�o�g�b�d�h-�w�d�k��

�i�e�m�Z�l�Z�p�b�h�g�g�u�f���b���l�_�o�g�h�e�h�]�b�q�_�k�d�b�f���k�\�h�c�k�l�\�Z�f���y�\�e�y�_�l�k�y���k�h��
�k�l�Z�\���‹��3�����l�Z�d���d�Z�d���q�Z�k�l�b�q�g�Z�y���a�Z�f�_�g�Z���\���_�]�h���r�b�o�l�h�\�h�f���k�h�k�l�Z�\�_��
�i�_�k�d�Z�� �g�Z�� �^�b�Z�l�h�f�b�l�� �\�� �i�j�h�i�h�j�p�b�b�� �������������� �y�\�e�y�_�l�k�y�� �[�h�e�_�_�� �w�n��
�n�_�d�l�b�\�g�h�c���k���l�h�q�d�b���a�j�_�g�b�y���b�g�l�_�g�k�b�n�b�d�Z�p�b�b���i�j�h�p�_�k�k�h�\���k�l�_�d��
�e�h�h�[�j�Z�a�h�\�Z�g�b�y���i�j�b���\�Z�j�d�_���n�j�b�l�l�u�����K�h�k�l�Z�\���`�_���‹��4 �\���^�Z�g�g�h�f��
�k�e�m�q�Z�_���m�k�l�m�i�Z�_�l���k�h�k�l�Z�\�m���‹��3 �i�h���w�l�h�f�m���i�Z�j�Z�f�_�l�j�m�����l�Z�d���d�Z�d���\��
�h�i�h�d�_���k�h�^�_�j�`�b�l�k�y���a�g�Z�q�b�l�_�e�v�g�h�_���d�h�e�b�q�_�k�l�\�h���h�d�k�b�^�Z���Z�e�x�f�b��
�g�b�y���b���\���_�]�h���r�b�o�l�h�\�h�f���k�h�k�l�Z�\�_���k�h�h�l�g�h�r�_�g�b�_���i�_�k�d�Z���b���h�i�h�d�b��
�f�h�`�_�l���^�h�k�l�b�]�Z�l�v���e�b�r�v��������������  

�>�e�y���b�a�m�q�_�g�b�y���f�b�d�j�h�k�l�j�h�_�g�b�y �m�q�Z�k�l�d�Z���d�h�g�l�Z�d�l�Z���w�f�Z�e�b���b��
�f�_�l�Z�e�e�b�q�_�k�d�h�c���h�k�g�h�\�u �h�[�j�Z�a�p�Z �k���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�f���i�h��
�d�j�u�l�b�_�f�� �‹��3 �i�j�h�\�_�^�_�g�h�� �b�k�k�e�_�^�h�\�Z�g�b�_�� �f�b�d�j�h�k�l�j�m�d�l�m�j�u�� �b��
�w�e�_�f�_�g�l�g�h�]�h���k�h�k�l�Z�\�Z���h�[�j�Z�a�p�h�\, �\�u�i�h�e�g�_�g�g�h�]�h���g�Z���j�Z�k�l�j�h�\�h�f��
�w�e�_�d�l�j�h�g�g�h�f���f�b�d�j�h�k�d�h�i�_���9�(�*�$���,�,���/�0�8�����n�b�j�f�u���7�H�V�F�D�Q�����k��
�k�b�k�l�_�f�Z�f�b�� �w�g�_�j�]�h�^�b�k�i�_�j�k�b�h�g�g�h�]�h�� �f�b�d�j�h�Z�g�Z�e�b�a�Z�� �,�1�&�$��
�(�1�(�5�*�<�����������;�7�����^�_�l�_�d�l�h�j���6�L�O�L�F�R�Q���'�U�L�I�W�����$�'�'������ 
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�:�g�Z�e�b�a�� �j�b�k.1. �i�h�a�\�h�e�b�e�� �\�u�y�\�b�l�v�� �g�Z�e�b�q�b�_�� �^�h�k�l�Z�l�h�q�g�h��
�r�b�j�h�d�h�c�� �i�j�h�f�_�`�m�l�h�q�g�h�c�� �a�h�g�u���� �h�[�j�Z�a�h�\�Z�\�r�_�c�k�y�� �f�_�`�^�m��
�k�l�Z�e�v�g�h�c���a�h�g�u���b���k�l�_�d�e�h�w�f�Z�e�_�\�u�f���i�h�d�j�u�l�b�_�f���\���i�_�j�b�h�^���h�[��
�`�b�]�Z�� �\�� �j�_�a�m�e�v�l�Z�l�_�� �o�b�f�b�q�_�k�d�b�o�� �j�_�Z�d�p�b�c�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y���� �\��
�o�h�^�_�� �d�h�l�h�j�u�o�� �h�[�j�Z�a�h�\�Z�e�b�k�v�� �d�j�b�k�l�Z�e�e�u�� �b�]�h�e�v�q�Z�l�h�c�� �n�h�j�f�u��
�k�h�_�^�b�g�_�g�b�c���6�L-Fe-�2�����g�Z�e�b�q�b�_���d�h�l�h�j�u�o���h�[�_�k�i�_�q�b�\�Z�_�l���i�j�h�q��
�g�h�_���k�p�_�i�e�_�g�b�_���\���k�b�k�l�_�f�_���f�_�l�Z�e�e-�w�f�Z�e�v�����W�e�_�f�_�g�l�g�u�c���k�h�k�l�Z�\��
�j�Z�a�e�b�q�g�u�o�� �a�h�g�� �i�h�i�_�j�_�q�g�h�]�h�� �j�Z�a�j�_�a�Z�� �l�Z�d�`�_�� �i�h�^�l�\�_�j�`�^�Z�_�l��
�g�Z�e�b�q�b�_���k�p�_�i�e�y�x�s�_�]�h���i�j�h�f�_�`�m�l�h�q�g�h�]�h���k�e�h�y�����k�h�^�_�j�`�Z�s�_�]�h��
Fe 49,25; Si 13,19; Mn 1,07�����I�j�h�q�g�h�k�l�v�� �k�p�_�i�e�_�g�b�y [16-18], 
�h�[�_�k�i�_�q�b�\�Z�x�s�Z�y�k�y�� �g�Z�e�b�q�b�_�f�� �i�j�h�f�_�`�m�l�h�q�g�h�]�h�� �k�e�h�y�� �i�j�_�^��
�h�i�j�_�^�_�e�b�l�� �f�_�o�Z�g�b�q�_�k�d�m�x�� �i�j�h�q�g�h�k�l�v�� �d�h�f�i�h�a�b�p�b�b [19, 20] 
�f�_�l�Z�e�e-�w�f�Z�e�v�� �b�� �[�m�^�_�l�� �k�i�h�k�h�[�k�l�\�h�\�Z�l�v�� �i�h�\�u�r�_�g�b�x�� �b�o�� �l�_�o��
�g�b�d�h-�w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o�� �k�\�h�c�k�l�\�� �b�� �^�e�b�l�_�e�v�g�h�f�m�� �k�j�h�d�m��
�k�e�m�`�[�u���k�l�Z�e�v�g�u�o���l�j�m�[�h�i�j�h�\�h�^�h�\���k���\�g�m�l�j�_�g�g�b�f���k�b�e�b�d�Z�l�g�h-
�w�f�Z�e�_�\�u�f���i�h�d�j�u�l�b�_�f��  

�<�U�<�H�>�U 

�< �o�h�^�_���b�k�k�e�_�^�h�\�Z�g�b�c���[�u�e�b���b�a�m�q�_�g�u���i�j�h�[�e�_�f�u���\���h�[�e�Z�k�l�b��
�w�d�k�i�e�m�Z�l�Z�p�b�b���l�j�m�[�h�i�j�h�\�h�^�h�\���b���m�k�l�Z�g�h�\�e�_�g�h�����q�l�h���^�e�y���i�h�\�u��
�r�_�g�b�y�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �b�o�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �\�� �j�Z�a�e�b�q�g�u�o�� �h�l��
�j�Z�k�e�y�o�� �l�j�_�[�m�_�l�k�y�� �g�Z�g�_�k�_�g�b�_�� �a�Z�s�b�l�g�u�o�� �Z�g�l�b�d�h�j�j�h�a�b�h�g�g�u�o��
�k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�o�� �i�h�d�j�u�l�b�c�� �g�Z�� �\�g�m�l�j�_�g�g�x�x�� �i�h�\�_�j�o��
�g�h�k�l�v�� 

1. �<�u�[�j�Z�g�Z �k�b�k�l�_�f�Z�� �5�2�±R2O�±B2O3�±Al 2O3�±SiO2�±TiO2���� �\��
�d�h�l�h�j�h�c�� �j�Z�a�j�Z�[�h�l�Z�g�u�� �l�j�b�� �o�b�f�b�q�_�k�d�b�o�� �k�h�k�l�Z�\�Z�� �k�b�e�b�d�Z�l�g�h-
�w�f�Z�e�_�\�u�o���i�h�d�j�u�l�b�c���^�e�y���a�Z�s�b�l�u���k�l�Z�e�v�g�u�o���l�j�m�[�h�i�j�h�\�h�^�h�\���� 

������ �I�j�h�b�a�\�_�^�_�g�� �j�Z�k�q�_�l�� �r�b�o�l�h�\�u�o�� �k�h�k�l�Z�\�h�\�� �^�e�y�� �\�u�k�h�d�h��
�l�_�f�i�_�j�Z�l�m�j�g�h�]�h���k�b�g�l�_�a�Z���k�l�_�d�e�h�n�j�b�l�l�����\�� �d�h�l�h�j�u�o���\�\�_�^�_�g�b�_��
�h�k�g�h�\�g�h�]�h�� �h�d�k�b�^�Z�� �6�L�22 �i�j�h�b�a�\�_�^�_�g�h�� �i�h�k�j�_�^�k�l�\�h�f�� �d�j�_�f�g�_��
�a�_�f�k�h�^�_�j�`�Z�s�_�]�h���k�u�j�v�y���>�Z�e�v�g�_�]�h���<�h�k�l�h�d�Z���\���n�h�j�f�_���d�j�b�k�l�Z�e��
�e�b�q�_�k�d�h�]�h�� �d�\�Z�j�p�Z�� ���d�\�Z�j�p�_�\�h�]�h�� �i�_�k�d�Z�� �Q�Z�e�]�Z�g�k�d�h�]�h�� �f�_�k�l�h��
�j�h�`�^�_�g�b�y�� �b���d�j�_�f�g�b�_�\�h�c�� �d�b�k�e�h�l�u�����b���Z�f�h�j�n�g�h�]�h�����^�b�Z�l�h�f�b�l��
�Q�_�j�g�h�y�j�k�d�h�]�h���f�_�k�l�h�j�h�`�^�_�g�b�y���b���h�i�h�d�Z���;�h�l�q�b�g�k�d�h�]�h���f�_�k�l�h��
�j�h�`�^�_�g�b�y������ �I�j�b�� �w�l�h�f�� �i�j�h�b�a�\�h�^�b�e�Z�k�v�� �q�Z�k�l�b�q�g�Z�y�� �a�Z�f�_�g�Z��
�i�_�k�d�Z���^�b�Z�l�h�f�b�l�h�f���b���h�i�h�d�h�c���\���d�h�e�b�q�_�k�l�\�_�����������������b���������������k�h��
�h�l�\�_�l�k�l�\�_�g�g�h�� 

3. �M�k�l�Z�g�h�\�e�_�g�h�����q�l�h �q�Z�k�l�b�q�g�Z�y���a�Z�f�_�g�Z���d�\�Z�j�p�_�\�h�]�h���i�_�k�d�Z��
�Z�f�h�j�n�g�u�f�b���j�Z�a�g�h�\�b�^�g�h�k�l�y�f�b���d�j�_�f�g�_�a�_�f�Z���i�j�b�j�h�^�g�h�]�h���i�j�h��
�b�k�o�h�`�^�_�g�b�y���i�h�a�\�h�e�y�_�l���k�g�b�a�b�l�v���l�_�f�i�_�j�Z�l�m�j�m���\�Z�j�d�b���w�f�Z�e�b���g�Z��
100�±�������ƒ�K�� �b�� �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�v�� �b�a�h�l�_�j�f�b�q�_�k�d�h�c�� �\�u��
�^�_�j�`�d�b���i�j�b���h�i�l�b�f�Z�e�v�g�h�c���l�_�f�i�_�j�Z�l�m�j�_���k���������^�h���������f�b�g�����q�l�h��
�y�\�e�y�_�l�k�y���k�e�_�^�k�l�\�b�_�f���b�o���[�h�e�_�_���\�u�k�h�d�h�c���o�b�f�b�q�_�k�d�h�c���Z�d�l�b�\��
�g�h�k�l�b���� 

������ �<�u�y�\�e�_�g�u�� �h�i�l�b�f�Z�e�v�g�u�_�� �k�h�k�l�Z�\�u�� �k�l�_�d�e�h�n�j�b�l�l�� ���‹��3, 
33 �b�� ��4������ �h�[�e�Z�^�Z�x�s�b�_�� �l�j�_�[�m�_�f�u�f�b�� �a�g�Z�q�_�g�b�y�f�b�� �l�_�o�g�h�e�h�]�b��
�q�_�k�d�b�o���b���n�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�o���k�\�h�c�k�l�\. 

������ �I�h�e�m�q�_�g�u�� �k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�_�� �i�h�d�j�u�l�b�y�� �g�Z�� �h�k�g�h�\�_��
�k�b�g�l�_�a�b�j�h�\�Z�g�g�u�o���k�h�k�l�Z�\�h�\���‹��3, 33 �b����4�����^�e�y���d�h�l�h�j�u�o���\���d�Z��
�q�_�k�l�\�_�� �f�_�l�Z�e�e�b�q�_�k�d�h�c�� �h�k�g�h�\�u�� �b�k�i�h�e�v�a�h�\�Z�e�Z�k�v�� �m�]�e�_�j�h�^�b��
�k�l�Z�y���k�l�Z�e�b���f�Z�j�d�b�������=���K���� 

�������<���o�h�^�_���b�a�m�q�_�g�b�y���l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���b���n�b�a�b�d�h-�o�b�f�b�q�_��
�k�d�b�o���k�\�h�c�k�l�\���k�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�o���i�h�d�j�u�l�b�c���\�u�[�j�Z�g���h�i�l�b��
�f�Z�e�v�g�u�c���k�h�k�l�Z�\���‹��3 �>�Z�g�g�u�c���k�h�k�l�Z�\���o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y���h�l�k�m�l��
�k�l�\�b�_�f�� �^�_�n�_�d�l�h�\���� �m�^�Z�j�g�h�c�� �i�j�h�q�g�h�k�l�v�x�� �i�h�d�j�u�l�b�y�� �������� �>�`����
�i�e�h�l�g�h�k�l�v�x�� �i�h�d�j�u�l�b�y�� �������� �]���k�f3���� �i�j�h�q�g�h�k�l�v�x�� �i�h�d�j�u�l�b�y�� �g�Z��
�j�Z�a�j�u�\���������F�I�Z���b���i�j�h�q�g�h�k�l�v�x���k�p�_�i�e�_�g�b�y���i�h�d�j�u�l�b�y���k�h���k�l�Z��
�e�v�x�� �\�� ���� �[�Z�e�e�Z���� �q�l�h�� �m�^�h�\�e�_�l�\�h�j�y�_�l�� �l�j�_�[�h�\�Z�g�b�y�f�� �=�H�K�L�Z�� �J��
525696�±2006. 

������ �M�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �q�Z�k�l�b�q�g�Z�y�� �a�Z�f�_�g�Z�� �\�� �r�b�o�l�h�\�h�f�� �k�h��
�k�l�Z�\�_���‹��3 �i�_�k�d�Z���g�Z���^�b�Z�l�h�f�b�l���\���i�j�h�i�h�j�p�b�b�����������������y�\�e�y�_�l�k�y��

�[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�h�c�� �k�� �l�h�q�d�b�� �a�j�_�g�b�y�� �b�g�l�_�g�k�b�n�b�d�Z�p�b�b�� �i�j�h��
�p�_�k�k�h�\�� �k�l�_�d�e�h�h�[�j�Z�a�h�\�Z�g�b�y�� �i�j�b�� �\�Z�j�d�_�� �n�j�b�l�l�u���� �K�h�k�l�Z�\�� �`�_��
�‹�� 4 �\���^�Z�g�g�h�f���k�e�m�q�Z�_���m�k�l�m�i�Z�_�l���k�h�k�l�Z�\�m���i�h���w�l�h�f�m���i�Z�j�Z�f�_�l�j�m����
�l�Z�d�� �d�Z�d�� �\�� �h�i�h�d�_�� �k�h�^�_�j�`�b�l�k�y�� �a�g�Z�q�b�l�_�e�v�g�h�_�� �d�h�e�b�q�_�k�l�\�h�� �h�d��
�k�b�^�Z�� �Z�e�x�f�b�g�b�y�� �b�� �\�� �_�]�h�� �r�b�o�l�h�\�h�f�� �k�h�k�l�Z�\�_�� �k�h�h�l�g�h�r�_�g�b�_��
�i�_�k�d�Z���b���h�i�h�d�b���f�h�`�_�l���^�h�k�l�b�]�Z�l�v���e�b�r�v�������������� 

�E�B�L�?�J�:�L�M�J�: 

1. �<�g�m�l�j�_�g�g�y�y���d�h�j�j�h�a�b�y���l�j�m�[�h�i�j�h�\�h�^�h�\���± �i�j�b�q�b�g�u�����f�_��
�o�Z�g�b�a�f���b���k�i�h�k�h�[�u���a�Z�s�b�l�u���± URL: http://oilloot.ru ���^�Z�l�Z���h�[��
�j�Z�s�_�g�b�y�������������������������� 

2. Yatsenko E.A. Complex protection of pipelines using 
silicate materials based on local raw materials of the Far East / 
Yatsenko E.A., Goltsman B.M., Ryabova A.V. // Materials Sci-
ence Forum. �± 2019. �± In press. 

3. �J�y�[�h�\�Z���:���<�����J�Z�a�j�Z�[�h�l�d�Z���Z�g�l�b�d�h�j�j�h�a�b�h�g�g�u�o���k�l�_�d�e�h�w��
�f�Z�e�_�\�u�o���i�h�d�j�u�l�b�c���^�e�y���k�l�Z�e�v�g�u�o���l�j�m�[�h�i�j�h�\�h�^�h�\�������:���<�����J�y��
�[�h�\�Z�����E���<�� �D�e�b�f�h�\�Z�����?���<�� �N�b�e�Z�l�h�\�Z�����F���<�� �>�Z�\�b�l�y�g�����<���<�� �O�h��
�j�h�r�Z�\�b�g�Z�����:���X�� �<�_�e�b�q�d�h // �G�Z�m�d�Z���\���k�h�\�j�_�f�_�g�g�h�f���b�g�n�h�j�f�Z��
�p�b�h�g�g�h�f���h�[�s�_�k�l�\�_�������f�Z�l�_�j�b�Z�e�u���9�,�,���F�_�`�^�m�g�Z�j�����g�Z�m�q��-�i�j�Z�d�l����
�d�h�g�n��������-�������g�h�y�[���������������]���������V�S�F���$�F�D�G�H�P�L�F����- North Charleston, 
USA, 2015. - �L����������- �K����������- 168. 

4. �;�j�Z�]�b�g�Z���E���E�����L�_�o�g�h�e�h�]�b�y���w�f�Z�e�b���b���a�Z�s�b�l�g�u�o���i�h�d�j�u��
�l�b�c�����m�q�_�[�g�����i�h�k�h�[���������E���E�����;�j�Z�]�b�g�Z�����:���I�����A�m�[�_�o�b�g���± �O�Z�j�v�d�h�\����
�G�L�M���©�O�I�B�ª�����G�h�\�h�q�_�j�d�Z�k�k�d�����X�J�=�L�M�����G�I�B�������������������± �������k�� 

5. �O�b�f�b�q�_�k�d�b�_�� �j�_�Z�d�l�b�\�u���± URL: 
https://standartgost.ru/0/1087-himicheskie_reaktivy?page=1 
���^�Z�l�Z���h�[�j�Z�s�_�g�b�y����������������������). 

6. �I�_�l�p�h�e�v�^���:�����W�f�Z�e�v�����m�q�_�[���� �i�h�k�h�[�b�_���i�_�j�����k���g�_�f���������i�h�^��
�j�_�^�����<���<�����<�Z�j�]�b�g�Z���± �F�������F�_�l�Z�e�e�m�j�]�b�a�^�Z�l�����������������± 511 �k�� 

7. �Y�p�_�g�d�h�� �?���:���� �B�a�m�q�_�g�b�_�� �\�e�b�y�g�b�y�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�c��
�i�h�^�]�h�l�h�\�d�b�� �j�Z�a�g�h�j�h�^�g�u�o�� �f�_�l�Z�e�e�h�\�� �g�Z�� �d�Z�q�_�k�l�\�h�� �w�f�Z�e�_�\�h�]�h��
�i�h�d�j�u�l�b�y����// �I�j�Z�d�l�b�d�Z�� �i�j�h�l�b�\�h�d�h�j�j�h�a�b�h�g�g�h�c�� �a�Z�s�b�l�u�� �± 
2010. �± �‹���������������� �± �K����-12. 

8. �Y�p�_�g�d�h�� �?���:�� �B�a�m�q�_�g�b�_�� �\�e�b�y�g�b�y�� �k�i�h�k�h�[�Z�� �h�[�j�Z�[�h�l�d�b��
�i�h�\�_�j�o�g�h�k�l�b�� �k�l�Z�e�b���� �d�Z�d�� �n�Z�d�l�h�j�Z�� �h�[�j�Z�a�h�\�Z�g�b�y�� �d�h�g�l�Z�d�l�g�h�]�h��
�k�e�h�y�����g�Z���i�j�h�q�g�h�k�l�v���k�p�_�i�e�_�g�b�y���k�b�k�l�_�f�u���f�_�l�Z�e�e���i�h�d�j�u�l�b�_�� / 
�?���:�� �Y�p�_�g�d�h�����?���;�� �>�a�x�[�Z�����G���<�����<�_�j�h�i�Z�o�Z��// �B�a�\�_�k�l�b�y���K�Z�g�d�l-
�I�_�l�_�j�[�m�j�]�k�d�h�]�h�� �]�h�k�m�^�Z�j�k�l�\�_�g�g�h�]�h�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �b�g��
�k�l�b�l�m�l�Z�����l�_�o�g�b�q�_�k�d�h�]�h���m�g�b�\�_�j�k�b�l�_�l�Z�������± 2012. �± �‹���������������������± 
�K��������-128. 

9. �Y�p�_�g�d�h�� �?���:���� �N�Z�a�h�\�u�c�� �k�h�k�l�Z�\�� �b�� �k�l�j�m�d�l�m�j�Z�� �d�h�g�l�Z�d�l��
�g�h�]�h���k�e�h�y���k�b�k�l�_�f�u���f�_�l�Z�e�e-�k�b�e�b�d�Z�l�g�h�_���i�h�d�j�u�l�b�_����// �J�h�k�l�h�\��
�g���>�����K�D�G�P���<�R�����± 2007. �± �������k�� 

10. �I�h�l�Z�i�h�\���<.�;�����H�[���h�i�u�l�_���b���i�_�j�k�i�_�d�l�b�\�Z�o���b�k�i�h�e�v�a�h�\�Z��
�g�b�y�� �k�l�Z�e�v�g�u�o�� �l�j�m�[�� �k�� �Z�g�l�b�d�h�j�j�h�a�b�h�g�g�u�f�b���� �l�_�i�e�h�\�u�f�b�� �b��
�]�e�Z�^�d�h�k�l�g�u�f�b�� �i�h�d�j�u�l�b�y�f�b�� �������G�_�n�l�_�]�Z�a�h�\�Z�y�� �<�_�j�l�b�d�Z�e�v �± 
2004. �± �‹�� . 

11. �D�Z�a�Z�d�� �D���<�����K�b�e�b�d�Z�l�g�h-�w�f�Z�e�_�\�u�_�� �i�h�d�j�u�l�b�y�� �l�j�m�[����
�D���<�����D�Z�a�Z�d�����:���D�����D�Z�a�Z�d�����<���<�����>�b�^�_�g�d�h �������W�g�_�j�]�_�l�b�d�Z���j�_�]�b�h�g�Z����
�± 2004. �± �L�����������± �‹�������± �K��������-33. 

12. �L�b�r�d�h�\�� �:���I�� �K�b�g�l�_�a�� �[�_�a�]�j�m�g�l�h�\�u�o�� �[�_�e�u�o�� �e�_�]�d�h��
�i�e�Z�\�d�b�o���w�f�Z�e�_�c / �:���I�� �L�b�r�d�h�\�� �:���<�� �J�y�[�h�\�Z�� �?���:�����Y�p�_�g�d�h // 
�K�[�h�j�g�b�d�� �k�l�Z�l�_�c�� �b�� �d�j�Z�l�d�b�o�� �k�h�h�[�s�_�g�b�c�� �i�h�� �f�Z�l�_�j�b�Z�e�Z�f��
�g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�h�c���d�h�g�n�_�j�_�g�p�b�b���k�l�m�^�_�g�l�h�\���b���Z�k�i�b�j�Z�g�l�h�\��
�G�=�L�M�����]�����G�h�\�h�q�_�j�d�Z�k�k�d��������-�������Z�i�j�_�e�y�������������]�� �G�h�\�h�q�_�j�d�Z�k�k�d����
�G�=�L�M�������������� �± �K��������-85. 

13. �A�m�[�_�o�b�g�� �:���I���� �N�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�_�� �f�_�l�h�^�u�� �b�k�k�e�_�^�h��
�\�Z�g�b�y���\���o�b�f�b�b���b���l�_�o�g�h�e�h�]�b�b���l�m�]�h�i�e�Z�\�d�b�o���g�_�f�_�l�Z�e�e�b�q�_�k�d�b�o��
�b�� �k�b�e�b�d�Z�l�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\���� �m�q�_�[���� �i�h�k�h�[�b�_�� �� �A�m�[�_�o�b�g�� �:���I����



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 260  

 

�Y�p�_�g�d�h�� �?���:���� �>�_�_�\�Z�� �:���K������ �K�f�h�e�b�c�� �<���:�����G�h�\�h�q�_�j�d�Z�k�k�d����
�X�J�=�I�M�����G�I�B�������������������± ���������k�� 

14. �A�m�[�_�o�b�g�� �:���I. �N�b�a�b�d�h-�o�b�f�b�q�_�k�d�b�_�� �f�_�l�h�^�u�� �b�k�k�e�_�^�h��
�\�Z�g�b�y���l�m�]�h�i�e�Z�\�d�b�o���g�_�f�_�l�Z�e�e�b�q�_�k�d�b�o���b���k�b�e�b�d�Z�l�g�u�o���f�Z�l�_�j�b��
�Z�e�h�\�� / �A�m�[�_�o�b�g���:���I�������K�l�j�Z�o�h�\���<���B�������Q�_�o�h�\�k�d�b�c���<���=�� �± �K�I�[������
�K�b�g�l�_�a�����������������± �������k�� 

15. �<�Z�j�]�b�g �<���<�����W�f�Z�e�b�j�h�\�Z�g�b�_���f�_�l�Z�e�e�b�q�_�k�d�b�o���b�a�^�_�e�b�c����
�± �E�������F�Z�r�b�g�h�k�l�j�h�_�g�b�_�����������������± ���������k�� 

16. �=�m�d�Z�k�h�\ �+���$���� �L�_�h�j�b�y���� �i�j�Z�d�l�b�d�Z�� �b�� �i�_�j�k�i�_�d�l�b�\�u�� �b�k��
�i�h�e�v�a�h�\�Z�g�b�y���l�j�m�[�����i�h�d�j�u�l�u�o���w�f�Z�e�v�x / H.A. �=�m�d�Z�k�h�\�����X���G����
�F�b�o�Z�c�e�h�\�k�d�b�c���� �<���B���� �J�b�d�d�_�j�����± �F�� �H�:�H ���<�G�B�B�H�W�G�=", 
2000. �± ���������k�� 

17. �J�y�[�h�\�Z�� �:���<�� �N�m�g�d�p�b�h�g�Z�e�v�g�u�_�� �d�h�f�i�h�a�b�p�b�h�g�g�u�_��
�k�l�_�d�e�h�w�f�Z�e�_�\�u�_���i�h�d�j�u�l�b�y���^�e�y���a�Z�s�b�l�u���k�l�Z�e�v�g�u�o���b�a�^�_�e�b�c. / 
�J�y�[�h�\�Z���:���<�������O�h�j�h�r�Z�\�b�g�Z���<���<�������>�Z�\�b�l�y�g���F���<�� // �<���k�[�h�j�g�b�d�_�� 
�I�j�h�f-�B�g�`�b�g�b�j�b�g�] �l�j�m�^�u�� �f�_�`�^�m�g�Z�j�h�^�g�h�c�� �g�Z�m�q�g�h-�l�_�o�g�b��
�q�_�k�d�h�c���d�h�g�n�_�j�_�g�p�b�b�����N�=�;�H�M���<�I�H���©�X�`�g�h-�M�j�Z�e�v�k�d�b�c���]�h�k��
�m�^�Z�j�k�l�\�_�g�g�u�c�� �m�g�b�\�_�j�k�b�l�_�l�ª�� ���g�Z�p�b�h�g�Z�e�v�g�u�c�� �b�k�k�e�_�^�h�\�Z��
�l�_�e�v�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l�������± 2015. �± �K����������-145. 

18. �J�y�[�h�\�Z�� �:���<�� �J�_�k�m�j�k�h�k�[�_�j�_�]�Z�x�s�b�_�� �l�_�o�g�h�e�h�]�b�b�� �w�f�Z��
�e�b�j�h�\�Z�g�b�y���k�l�Z�e�v�g�u�o���b�a�^�_�e�b�c / �J�y�[�h�\�Z���:���<�������>�Z�\�b�l�y�g���F���<������
�<�_�e�b�q�d�h���:���X�������O�h�j�h�r�Z�\�b�g�Z���<���<�� // �<���k�[�h�j�g�b�d�_�� �N�m�g�^�Z�f�_�g��
�l�Z�e�v�g�u�_���b���i�j�b�d�e�Z�^�g�u�_���g�Z�m�d�b���k�_�]�h�^�g�y �F�Z�l�_�j�b�Z�e�u���9�,�,���f�_�`��
�^�m�g�Z�j�h�^�g�h�c�� �g�Z�m�q�g�h-�i�j�Z�d�l�b�q�_�k�d�h�c�� �d�h�g�n�_�j�_�g�p�b�b�� �± 2016. �± 
�K��������-79. 

19. Ryabova A.V. Glass-enamel corrosion-resistant coat-
ings for steel pipelines. / Ryabova A.V., Yatsenko E.A., Khoro-
shavina V.V., Klimova L.V. // Glass and Ceramics. �± 2017. �±�L. 
74, �‹  7-8. �± �K. 282-287. 

20. �J�y�[�h�\�Z�� �:���<�� �H�k�h�[�_�g�g�h�k�l�b�� �k�l�_�d�e�h�h�[�j�Z�a�g�h�]�h�� �k�h�k�l�h�y��
�g�b�y�� �w�f�Z�e�_�\�u�o�� �i�h�d�j�u�l�b�c�� �^�e�y�� �Z�g�l�b�d�h�j�j�h�a�b�h�g�g�h�c�� �a�Z�s�b�l�u��
�k�l�Z�e�v�g�u�o�� �b�a�^�_�e�b�c. / �J�y�[�h�\�Z�� �:���<������ �O�h�j�h�r�Z�\�b�g�Z�� �<���<������ �D�e�b��
�f�h�\�Z���E���<�������<�_�e�b�q�d�h���:���X�� // �<���d�g�b�]�_�� �K�l�_�d�e�h�����g�Z�m�d�Z���b���i�j�Z�d��
�l�b�d�Z �K�[�h�j�g�b�d �l�_�a�b�k�h�\�� �f�_�`�^�m�g�Z�j�h�^�g�h�c�� �d�h�g�n�_�j�_�g�p�b�b�����± 
2017. �± �K����������-204. 
 

 

 
The problem of Protecting Steel Pipelines and 

Ways to Solve it  
Fanda A.Yu., Kerimova V.V., Yatsenko L.A. 

South-Russian State Polytechnic University (NPI) named after M.I. Platov  
Novocherkassk, Russia 

velichko.anyuta@yandex.ru 
 

Abstract. The most effective way to ensure high corrosion re-
sistance of steel products from known technologies is to enamel 
them. The article discusses the problem of protecting steel pipe-
lines and ways to solve it, the relevance of their use, the current 
trends in energy saving in the industry. Internal glass-enamel coat-
ing protects pipelines from the corrosive effects of the transported 
medium, reduces roughness and increases throughput, which en-
sures their durability. This paper presents the development of en-
ergy-saving technology using raw materials from the Far East - the 
diatom of the Chernoyarsk deposit, on the basis of which the com-
position of a single-layer glass-enamel coating was developed. In 

particular, the partial replac ement of sand for diatomite in the 
mixture of sand in the proportion of 1.25: 1 was made, which is 
more effective from the point of view of intensification of glass for-
mation processes during frit cooking. 

Keywords: silicate-enamel coating, corrosion protection, 
chemical resistance, technological properties, physical and 
chemical properties. 
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�\�h�^�h�\�� 
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�L�j�_�[�h�\�Z�g�b�y���d���k�g�y�l�u�f���i�h�d�Z�a�Z�g�b�y�f�� 
- �h�^�g�h�\�j�_�f�_�g�g�h�k�l�v�� �b�a�f�_�j�_�g�b�y�� �i�Z�j�Z�f�_�l�j�h�\�� �w�e�_�d�l�j�b�q�_��

�k�d�h�c���w�g�_�j�]�b�b�� 
- �i�h�e�g�h�l�Z���^�Z�g�g�u�o�� 
- �g�Z�o�h�`�^�_�g�b�_���i�h�]�j�_�r�g�h�k�l�b���b�a�f�_�j�_�g�b�c���\���m�k�l�Z�g�h�\�e�_�g�g�u�o��

�j�Z�f�d�Z�o�� 
�A�Z�^�Z�g�b�_���k�_�l�b���i�j�h�b�a�\�h�^�b�l�k�y���i�h���m�q�Z�k�l�d�Z�f�����\�_�l�\�y�f�������<���h�[��
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�k�l�h�d�� 

- �^�e�b�g�Z���m�q�Z�k�l�d�Z�� 
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�f�_�`�^�m���k�b�e�h�c���l�h�d�Z�����h�l�^�Z�\�Z�_�f�h�]�h���i�h�^�k�l�Z�g�p�b�_�c���b���]�_�h�f�_�l�j�b�q�_��
�k�d�h�c���k�m�f�f�h�c���l�h�d�h�\���i�h�l�j�_�[�b�l�_�e�_�c�����I�j�b�f�_�g�_�g�b�_���]�_�h�f�_�l�j�b�q�_��
�k�d�h�c�� �k�m�f�f�u�� �h�[�h�k�g�h�\�Z�g�h�� �l�_�f���� �q�l�h�� �d�h�w�n�n�b�p�b�_�g�l�� �f�h�s�g�h�k�l�b��
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�f�h�k�l�v���\���h�i�j�_�^�_�e�_�g�b�b���^�h�i�h�e�g�b�l�_�e�v�g�u�o�� �i�Z�j�Z�f�_�l�j�h�\���± �\�_�e�b��
�q�b�g�u���i�j�h�l�_�d�Z�x�s�_�]�h���q�_�j�_�a���i�j�b�[�h�j���m�q�_�l�Z���l�h�d�Z�����g�Z�i�j�y�`�_�g�b�y��
�\���f�_�k�l�_���_�]�h���i�h�^�d�e�x�q�_�g�b�y���b���Z�d�l�b�\�g�h�c���f�h�s�g�h�k�l�b�����i�h�l�j�_�[�e�y��
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�^�Z�g�g�u�o���h�i�j�_�^�_�e�y�_�l�k�y���j�Z�k�k�l�h�y�g�b�_��(�û�O) �h�l���[�e�b�`�Z�c�r�_�c���k�h���k�l�h��
�j�h�g�u���i�h�^�k�l�Z�g�p�b�b���l�h�q�d�b���m�k�l�Z�g�h�\�d�b���i�j�b�[�h�j�Z���m�q�_�l�Z���^�h���l�h�q�d�b��
�g�_�m�q�l�_�g�g�h�]�h���i�h�^�d�e�x�q�_�g�b�y��  

�<���h�[�s�_�f���k�e�m�q�Z�_�����b�f�_�y���\���k�_�l�b���g�_�k�d�h�e�v�d�h���m�q�Z�k�l�d�h�\, �g�_�h�[��
�o�h�^�b�f�h�� �h�i�j�_�^�_�e�b�l�v�� �m�q�Z�k�l�d�b���� �n�Z�d�l�b�q�_�k�d�b�_�� �i�Z�^�_�g�b�y�� �g�Z�i�j�y��
�`�_�g�b�y��(�ûU�n) �g�Z�� �d�h�l�h�j�u�o�� �i�j�_�\�u�r�Z�x�l�� �j�Z�k�k�q�b�l�Z�g�g�m�x�� �\�_�e�b��
�q�b�g�m�� �h�l�� �m�q�l�_�g�g�u�o�� �l�h�d�h�\���� �<�� �b�^�_�Z�e�v�g�h�f�� �k�e�m�q�Z�_�� �i�h�j�h�]�� �w�l�h�c��
�\�_�e�b�q�b�g�u���^�h�e�`�_�g���k�h�k�l�Z�\�e�y�l�v���������h�^�g�Z�d�h���g�_�h�[�o�h�^�b�f�h���m�q�b�l�u��
�\�Z�l�v���f�_�k�l�g�u�_���m�k�e�h�\�b�y�����g�Z�i�j�b�f�_�j�����g�Z�e�b�q�b�_���k�h�_�^�b�g�_�g�b�c���i�j�h��
�\�h�^�Z�� �g�Z�� �m�q�Z�k�l�d�_���� �q�l�h�� �i�j�b�\�h�^�b�l�� �d�� �m�\�_�e�b�q�_�g�g�h�f�m�� �i�Z�^�_�g�b�x��
�g�Z�i�j�y�`�_�g�b�y�� �g�Z�� �g�_�f�� �b�a-�a�Z�� �m�\�_�e�b�q�_�g�b�y�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �i�j�h��
�\�h�^�g�b�d�Z�����b���m�k�l�Z�g�Z�\�e�b�\�Z�l�v���i�h�j�h�]�����d�h�l�h�j�u�c���[�u���h�l�k�_�d�Z�e���h�r�b��
�[�h�q�g�h�_���h�i�j�_�^�_�e�_�g�b�_���g�Z�e�b�q�b�y���g�Z���w�l�h�f���m�q�Z�k�l�d�_���g�_�m�q�l�_�g�g�h�]�h��
�i�h�^�d�e�x�q�_�g�b�y�� 

�<�� �l�h�f�� �k�e�m�q�Z�_���� �_�k�e�b�� �\�� �k�_�l�b�� �g�Z�o�h�^�b�l�k�y�� �g�_�k�d�h�e�v�d�h�� �m�q�Z�k�l��
�d�h�\���� �k�h�^�_�j�`�Z�s�b�o�� �l�h�q�d�b�� �g�_�m�q�l�_�g�g�h�]�h�� �i�h�l�j�_�[�e�_�g�b�y���� �k�l�Z�g�h��
�\�b�l�k�y���g�_�\�h�a�f�h�`�g�u�f���h�^�g�h�a�g�Z�q�g�h���h�i�j�_�^�_�e�b�l�v���h�[�t�_�f���m�l�_�q�d�b��
�\�� �d�Z�`�^�h�c�� �l�h�q�d�_���� �I�h�w�l�h�f�m�� �l�h�q�g�h�k�l�v�� �j�Z�k�q�_�l�Z�� �k�g�b�`�Z�_�l�k�y�� �^�h��
�m�j�h�\�g�y�� �h�i�j�_�^�_�e�_�g�b�y�� �m�q�Z�k�l�d�Z�� �k�� �g�_�m�q�l�_�g�g�u�f�� �l�_�o�g�h�e�h�]�b�q�_��
�k�d�b�f���i�j�b�k�h�_�^�b�g�_�g�b�_�f���d���k�_�l�b���k���m�d�Z�a�Z�g�b�_�f���f�_�k�l�Z���m�l�_�q�d�b���d�Z�d��
�p�_�g�l�j�Z���\�k�_�o���g�Z�o�h�^�y�s�b�o�k�y���g�Z���m�q�Z�k�l�d�_���l�h�q�_�d���g�_�m�q�l�_�g�g�h�]�h���i�h��
�l�j�_�[�e�_�g�b�y���� �H�^�g�Z�d�h�� �^�Z�g�g�u�c�� �n�Z�d�l�� �g�_�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�m�s�_��
�k�l�\�_�g�g�h�c���m�]�j�h�a�u�����i�h�k�d�h�e�v�d�m���i�j�h�l�y�`�_�g�g�h�k�l�v���m�q�Z�k�l�d�h�\���\���j�Z�k��
�k�f�Z�l�j�b�\�Z�_�f�u�o���k�_�l�y�o���\���h�k�g�h�\�g�h�f���g�_���i�j�_�\�u�r�Z�_�l���k�l�Z���f�_�l�j�h�\����
�q�l�h���i�h�a�\�h�e�y�_�l���\���d�j�Z�l�d�b�_���k�j�h�d�b���i�j�h�b�a�\�_�k�l�b���i�j�_�^�f�_�l�g�u�c���\�b��
�a�m�Z�e�v�g�u�c���h�k�f�h�l�j���b���m�l�h�q�g�b�l�v���f�_�k�l�h���g�_�a�Z�d�h�g�g�h�]�h���i�h�^�d�e�x�q�_��
�g�b�y���g�Z���h�k�g�h�\�_���^�Z�g�g�u�o�����i�h�e�m�q�_�g�g�u�o���\���j�_�a�m�e�v�l�Z�l�_���j�Z�k�q�_�l�Z�� 

�J�Z�a�[�_�j�_�f�� �i�j�b�f�_�j�� �j�Z�[�h�l�u�� �f�_�l�h�^�b�d�b�� �^�e�y�� �k�_�l�b�� �i�j�h�k�l�h�c��
�d�h�g�n�b�]�m�j�Z�p�b�b�����>�e�y���g�Z�q�Z�e�Z���j�Z�k�k�f�h�l�j�b�f���m�q�Z�k�l�h�d���k�_�l�b�����i�j�_�^��
�k�l�Z�\�e�_�g�g�u�c �g�Z���j�b�k�� 1, �^�e�b�g�h�c���O��� �����������f�����\�u�i�h�e�g�_�g�g�h�]�h���i�j�h��
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�\�h�^�h�f���:�K�����������������U��� ���������������H�f���d�f�������\���g�Z�q�Z�e�_���b���d�h�g�p�_���d�h�l�h��
�j�h�]�h���m�k�l�Z�g�h�\�e�_�g�u���i�j�b�[�h�j�u���m�q�_�l�Z���,����� �����������:�����,����� �����������:�����8����
� �����������<�����8����� ���������������<�� 

 

 

�J�b�k�����������M�q�Z�k�l�h�d���w�e�_�d�l�j�b�q�_�k�d�h�c���k�_�l�b 

�H�q�_�\�b�^�g�h�����q�l�h�� �\�� �k�_�l�b�� �i�j�b�k�m�l�k�l�\�m�_�l�� �n�Z�d�l�� �g�_�m�q�l�_�g�g�h�]�h��
�i�h�l�j�_�[�e�_�g�b�y���w�e�_�d�l�j�h�w�g�_�j�]�b�b�����l�Z�d���d�Z�d���h�l�^�Z�\�Z�_�f�u�c���\���k�_�l�v���l�h�d��
�i�j�_�\�u�r�Z�_�l���i�h�l�j�_�[�e�y�_�f�u�c���l�h�d���g�Z���\�_�e�b�q�b�g�m���û�,��� ���������:�����h�g���b��
�[�m�^�_�l�� �h�i�j�_�^�_�e�y�l�v�� �k�m�f�f�Z�j�g�m�x�� �\�_�e�b�q�b�g�m�� �g�_�m�q�l�_�g�g�h�]�h�� �i�h��
�l�j�_�[�e�_�g�b�y���� �H�i�j�_�^�_�e�b�f�� �\�_�e�b�q�b�g�m�� �i�Z�^�_�g�b�y�� �g�Z�i�j�y�`�_�g�b�y�� �g�Z��
�m�q�Z�k�l�d�_�� �h�l�� �l�h�d�Z�� �g�Z�]�j�m�a�d�b���� �i�j�h�l�_�d�Z�x�s�_�]�h�� �i�h�� �\�k�_�c�� �^�e�b�g�_��
�m�q�Z�k�l�d�Z�����:�d�l�b�\�g�h�_���k�h�i�j�h�l�b�\�e�_�g�b�_���m�q�Z�k�l�d�Z���b���i�Z�^�_�g�b�_���g�Z�i�j�y��
�`�_�g�b�y�����\�u�a�\�Z�g�g�h�_���l�h�d�h�f���g�Z�]�j�m�a�d�b���[�m�^�m���j�Z�\�g�u���� 
�� R � ��������������������������� �����������������H�f���� ��
�� �����û�8�g�Z�]��� ����������������������������� ���������������<���� ��

�N�Z�d�l�b�q�_�k�d�h�_�� �i�Z�^�_�g�b�_�� �g�Z�i�j�y�`�_�g�b�y�� �g�Z���m�q�Z�k�l�d�_�� �k�h�k�l�Z�\��
�e�y�_�l: 
�� �û�8�n�Z�d�l��� ����������- ������������� �����������<��  

�L�Z�d�b�f���h�[�j�Z�a�h�f�����i�j�b�k�m�l�k�l�\�m�_�l���^�h�i�h�e�g�b�l�_�e�v�g�h�_���i�Z�^�_�g�b�_��
�g�Z�i�j�y�`�_�g�b�y���û�8�^�����\�u�a�u�\�Z�_�f�h�_���g�_�m�q�l�_�g�g�u�f���l�h�d�h�f���û�, = 20 �:��
�[�m�^�_�l���j�Z�\�g�h�� 
�� �û�8�^��� ����������- ������������� ���������������<��  

�W�l�h�l�� �l�h�d�� �\�u�a�u�\�Z�_�l�� �j�Z�k�k�q�b�l�Z�g�g�h�_�� �i�Z�^�_�g�b�_�� �g�Z�i�j�y�`�_�g�b�y����
�i�j�h�l�_�d�Z�y���i�h���q�Z�k�l�b���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�]�h���m�q�Z�k�l�d�Z�����L�Z�d�b�f���h�[�j�Z��
�a�h�f���j�Z�k�k�l�h�y�g�b�_���h�l���i�j�b�[�h�j�Z���m�q�_�l�Z���^�h���f�_�k�l�Z���g�_�m�q�l�_�g�g�h�]�h���i�h��
�l�j�_�[�e�_�g�b�y�� �[�m�^�_�l�� �l�Z�d�h�\�u�f���� �q�l�h�� �k�h�i�j�h�l�b�\�e�_�g�b�_�� �m�q�Z�k�l�d�Z���� �i�h��
�d�h�l�h�j�h�f�m���i�j�h�l�_�d�Z�_�l���g�_�m�q�l�_�g�g�u�c���l�h�d���\�u�a�h�\�_�l���k�h�h�l�\�_�l�k�l�\�m��
�x�s�_�_���i�Z�^�_�g�b�_���g�Z�i�j�y�`�_�g�b�y�����l���_�����k�h�k�l�Z�\�e�y�_�l: 
�� �û�O = �û�8 / (�û�, �Â��r������� ���������������������������Â����������������� ���������������d�f��  

�>�Z�g�g�u�c���k�i�h�k�h�[���i�j�b�f�_�g�b�f���b���^�e�y���k�_�l�_�c���k�e�h�`�g�h�c���d�h�g�n�b��
�]�m�j�Z�p�b�b���b���g�_�k�d�h�e�v�d�b�o���f�_�k�l���g�_�m�q�l�_�g�g�h�]�h���i�h�l�j�_�[�e�_�g�b�y���w�e�_�d��
�l�j�h�w�g�_�j�]�b�b�����\���l�Z�d�h�f���k�e�m�q�Z�_���^�e�y���h�i�j�_�^�_�e�_�g�b�y���f�_�k�l�Z���g�_�m�q�l�_�g��
�g�h�]�h�� �i�h�l�j�_�[�e�_�g�b�y�� �w�e�_�d�l�j�h�w�g�_�j�]�b�b�� �k�e�_�^�m�_�l�� �^�\�b�]�Z�l�v�k�y�� �i�h��
�k�o�_�f�_���h�l���i�h�^�k�l�Z�g�p�b�b���^�h���i�h�l�j�_�[�b�l�_�e�_�c�����?�k�e�b���8�j�Z�k�q���b���8�n�Z�d�l����
�\���d�h�g�p�_���m�q�Z�k�l�d�Z���g�_���k�h�\�i�Z�^�Z�x�l�����l�h���g�_�m�q�l�_�g�g�u�c���l�h�d���û�,���g�Z�o�h��
�^�b�l�k�y���g�Z���^�Z�g�g�h�f���m�q�Z�k�l�d�_���b���\�u�a�u�\�Z�_�l���^�h�i�h�e�g�b�l�_�e�v�g�h�_���i�Z�^�_��
�g�b�_���g�Z�i�j�y�`�_�g�b�y�����i�j�h�l�_�d�Z�y���i�h���q�Z�k�l�b���k�h�i�j�h�l�b�\�e�_�g�b�y���� 

�J�Z�k�k�l�h�y�g�b�_���^�h���l�h�q�d�b���g�_�m�q�l�_�g�g�h�]�h���i�h�l�j�_�[�e�_�g�b�y���w�e�_�d�l�j�h��
�w�g�_�j�]�b�b���h�l���g�Z�q�Z�e�Z���m�q�Z�k�l�d�Z���h�i�j�_�^�_�e�y�_�l�k�y���i�h���k�h�i�j�h�l�b�\�e�_�g�b�x��
�m�q�Z�k�l�d�Z�����g�Z���d�h�l�h�j�h�f���i�j�h�b�k�o�h�^�b�l���i�Z�^�_�g�b�_���g�Z�i�j�y�`�_�g�b�y�����?�k�e�b��
�8�j�Z�k�q���b���8�n�Z�d�l���k�h�\�i�Z�^�Z�x�l�����l�h���l�h�d�����\�u�a�\�Z�g�g�u�c���g�_�m�q�l�_�g�g�u�f��
�i�h�l�j�_�[�e�_�g�b�_�f�����g�Z�o�h�^�b�l�k�y���g�Z���^�j�m�]�h�f���m�q�Z�k�l�d�_���b���^�\�b�`�_�g�b�_���i�h��
�k�o�_�f�_�� �i�j�h�^�h�e�`�Z�_�l�k�y���� �H�k�m�s�_�k�l�\�e�y�y�� �l�Z�d�h�_�� �^�\�b�`�_�g�b�_���� �\�� �d�h��
�g�_�q�g�h�f���b�l�h�]�_���h�i�j�_�^�_�e�y�_�l�k�y���m�q�Z�k�l�h�d�����k�h�^�_�j�`�Z�s�b�c���l�h�q�d�m���g�_��
�m�q�l�_�g�g�h�]�h���i�h�l�j�_�[�e�_�g�b�y�����b���h�i�j�_�^�_�e�y�_�l�k�y���_�]�h���f�_�k�l�h�� 

�I �J�B�F�?�G�?�G�B�?���F�?�L�H�>�B�D�B���G�:���I�J�:�D�L�B�D�? 

�>�e�y�� �Z�g�Z�e�b�a�Z�� �j�Z�a�\�_�l�\�e�_�g�g�u�o�� �k�_�l�_�c �h�[�s�_�]�h�� �k�e�m�q�Z�y �[�u�e�Z��
�j�Z�a�j�Z�[�h�l�Z�g�Z�� �b�� �Z�i�j�h�[�b�j�h�\�Z�g�Z �i�j�h�]�j�Z�f�f�Z�� �^�e�y�� �W�<�F, �\�o�h�^�y��
�s�Z�y�� �\�� �k�h�k�l�Z�\ �k�i�_�p�b�Z�e�b�a�b�j�h�\�Z�g�g�h�]�h�� �i�j�h�]�j�Z�f�f�g�h�]�h �d�h�f��
�i�e�_�d�k�Z �g�Z���d�h�l�h�j�m�x���i�h�e�m�q�_�g�h���k�\�b�^�_�l�_�e�v�k�l�\�h���h���]�h�k�m�^�Z�j�k�l�\�_�g��
�g�h�c���j�_�]�b�k�l�j�Z�p�b�b �>�����@�����\���i�h�e�g�h�c���f�_�j�_���j�_�Z�e�b�a�m�x�s�Z�y���h�i�b�k�Z�g��
�g�m�x���\�u�r�_���f�_�l�h�^�b�d�m�����>�Z�g�g�Z�y���i�j�h�]�j�Z�f�f�Z���k�i�h�k�h�[�g�Z���Z�g�Z�e�b�a�b��

�j�h�\�Z�l�v�� �k�_�l�v�� �e�x�[�h�c���d�h�g�n�b�]�m�j�Z�p�b�b�� �b�� �m�j�h�\�g�y�� �j�Z�a�\�_�l�\�e�_�g�g�h��
�k�l�b�����q�l�h���i�h�a�\�h�e�y�_�l���i�j�b�f�_�g�y�l�v���_�_ �\���j�Z�[�h�l�_���w�e�_�d�l�j�h�k�g�Z�[�`�Z�x��
�s�b�o���d�h�f�i�Z�g�b�c�� 

�H�^�g�Z�d�h�� �\ �j�_�Z�e�v�g�u�o�� �k�_�l�y�o�� �a�Z�q�Z�k�l�m�x�� �i�j�b�f�_�g�y�_�l�k�y�� �g�_��
�k�e�h�`�g�h-�j�Z�a�\�_�l�\�e�_�g�g�Z�y���d�h�g�n�b�]�m�j�Z�p�b�y���k�_�l�b�����Z���h�l�g�h�k�b�l�_�e�v�g�h��
�i�j�h�k�l�Z�y���k�o�_�f�Z�����d�h�]�^�Z�����g�Z�i�j�b�f�_�j�����k�_�l�v���y�\�e�y�_�l�k�y���f�Z�]�b�k�l�j�Z�e�v��
�g�h�c���k���i�h�^�d�e�x�q�_�g�b�_�f���d�Z�`�^�h�]�h���i�h�l�j�_�[�b�l�_�e�y���d���f�Z�]�b�k�l�j�Z�e�b���\��
�l�h�q�d�_���� �h�[�_�k�i�_�q�_�g�g�h�c�� �i�j�b�[�h�j�h�f�� �m�q�_�l�Z���� �b�e�b�� �j�Z�a�\�_�l�\�e�_�g�g�h�c����
�g�h���k���m�k�l�Z�g�h�\�d�h�c���i�j�b�[�h�j�Z���m�q�_�l�Z���g�Z���h�i�h�j�_���e�b�g�b�b���\���d�Z�`�^�h�c���b�a��
�l�h�q�_�d�� �\�_�l�\�e�_�g�b�y�� �k�_�l�b���� �<�� �k�e�m�q�Z�_�� �Z�g�Z�e�b�a�Z�� �l�Z�d�h�c�� �k�_�l�b�� �k�l�Z�g�h��
�\�b�l�k�y�� �\�h�a�f�h�`�g�u�f�� �g�Z�c�l�b�� �l�h�q�g�m�x���d�h�h�j�^�b�g�Z�l�m�� �b�� �f�h�s�g�h�k�l�v��
�g�_�k�Z�g�d�p�b�h�g�b�j�h�\�Z�g�g�h�]�h�� �i�h�^�d�e�x�q�_�g�b�y�� �\�� �e�x�[�h�c�� �k�b�l�m�Z�p�b�b�� 
�L�Z�d�Z�y�� �\�h�a�f�h�`�g�h�k�l�v�� �j�_�Z�e�b�a�m�_�l�k�y�� �a�Z�� �k�q�_�l���\�u�r�_�h�i�b�k�Z�g�g�h�]�h��
�k�i�h�k�h�[�Z�� �m�k�l�Z�g�h�\�d�b�� �i�j�b�[�h�j�h�\�� �m�q�_�l�Z���� �\�� �k�_�l�b�� �n�h�j�f�b�j�m�x�l�k�y��
�i�j�h�k�l�_�c�r�b�_���m�q�Z�k�l�d�b���i�h���l�b�i�m���i�h�d�Z�a�Z�g�g�u�o���g�Z���j�b�k�����������\���d�h�l�h��
�j�u�o�� �f�_�k�l�h�� �g�_�k�Z�g�d�p�b�h�g�b�j�h�\�Z�g�g�h�]�h�� �i�h�^�d�e�x�q�_�g�b�y�� �b���h�[�t�_�f��
�g�_�m�q�l�_�g�g�h���i�h�l�j�_�[�e�y�_�f�h�c���w�e�_�d�l�j�h�w�g�_�j�]�b�b���h�i�j�_�^�_�e�y�x�l�k�y���i�h��
�i�j�h�k�l�_�c�r�b�f���n�h�j�f�m�e�Z�f�����>�Z�g�g�u�c���\�Z�j�b�Z�g�l���f�_�l�h�^�b�d�b �h�i�j�_�^�_��
�e�_�g�b�y�� �n�Z�d�l�Z�� �b�� �f�_�k�l�Z�� �g�_�m�q�l�_�g�g�h�]�h �i�h�l�j�_�[�e�_�g�b�y�� �w�e�_�d�l�j�h��
�w�g�_�j�]�b�b �i�h�e�m�q�b�e���j�Z�a�\�b�l�b�_���\���\�b�^�_���i�j�h�]�j�Z�f�f�u���^�e�y���W�<�F���>21]. 

�I�j�b�f�_�g�_�g�b�_�� �K�B�I�� �d�h�l�h�j�u�_�� �g�_�� �i�h�a�\�h�e�y�x�l�� �i�j�h�k�l�u�f�b��
�k�i�h�k�h�[�Z�f�b�� �i�j�b�k�h�_�^�b�g�b�l�v�k�y�� �d�� �k�_�l�b�� �\�g�_�� �i�j�_�^�m�k�f�h�l�j�_�g�g�u�o��
�^�e�y���w�l�h�]�h���f�_�k�l���g�Z�d�e�Z�^�u�\�Z�_�l���k�\�h�b���h�]�j�Z�g�b�q�_�g�b�y���g�Z���g�Z�o�h�`�^�_��
�g�b�_�� �l�h�q�_�d�� �k�Z�f�h�\�h�e�v�g�h�]�h�� �i�h�^�d�e�x�q�_�g�b�y���� �k�g�b�`�Z�y�� �d�j�m�]�� �i�h�b�k��
�d�h�\���^�h���g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�c���[�e�b�a�h�k�l�b���d���m�k�l�Z�g�h�\�e�_�g�g�h�f�m���i�j�b��
�[�h�j�m�� �m�q�_�l�Z���� �>�Z�g�g�u�c�� �n�Z�d�l�� �i�h�a�\�h�e�y�_�l�� �k�q�b�l�Z�l�v���� �q�l�h�� �l�h�q�d�b��
�m�l�_�q�d�b���f�h�]�m�l���g�Z�o�h�^�b�l�v�k�y���l�h�e�v�d�h���\���f�_�k�l�_���m�k�l�Z�g�h�\�d�b���i�j�b�[�h�j�Z��
�m�q�_�l�Z���b���a�Z���k�q�_�l���w�l�h�]�h���^�h�i�m�s�_�g�b�y���i�j�b�f�_�g�_�g�b�_ �g�_�k�d�h�e�v�d�h���b�a��
�f�_�g�_�g�g�h�c �f�_�l�h�^�b�d�b�� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�b�l�v�� �l�h�q�g�u�_�� �j�_�a�m�e�v��
�l�Z�l�u���h���f�_�k�l�Z�o���b���h�[�t�_�f�Z�o���g�_�m�q�l�_�g�g�h�]�h���i�h�l�j�_�[�e�_�g�b�y���\���k�_�l�b�� 
�\�u�i�h�e�g�_�g�g�h�c���k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���K�B�I�� �<�Z�j�b�Z�p�b�y���h�k�g�h�\�g�h�c��
�f�_�l�h�^�b�d�b���� �b�k�i�h�e�v�a�m�x�s�Z�y�� �^�h�i�m�s�_�g�b�y���� �k�i�j�Z�\�_�^�e�b�\�u�_�� �^�e�y��
�k�_�l�_�c���k���i�j�b�f�_�g�_�g�b�_���K�B�I�����m�i�j�h�s�Z�_�l���j�Z�k�q�_�l���a�Z���k�q�_�l �\�h�a�f�h�`��
�g�h�k�l�b�� �k�q�b�l�Z�l�v�� �l�h�d�� �g�_�b�a�f�_�g�g�u�f�� �g�Z�� �\�k�_�f�� �i�j�h�l�y�`�_�g�b�b�� �j�Z�k��
�k�f�Z�l�j�b�\�Z�_�f�h�]�h�� �m�q�Z�k�l�d�Z�����<�� �w�l�h�f�� �k�e�m�q�Z�_�� �l�Z�d�� �`�_�� �j�Z�k�q�_�l�� �\�k�_�c��
�k�_�l�b���k�\�h�^�b�l�k�y���d���j�Z�k�q�_�l�m���h�l�^�_�e�v�g�u�o���m�q�Z�k�l�d�h�\���i�h���l�b�i�m���i�j�_�^��
�k�l�Z�\�e�_�g�g�u�o�� �g�Z�� �j�b�k���� ������ �h�^�g�Z�d�h���� �l�j�_�[�m�x�l�k�y�� �i�_�j�\�h�g�Z�q�Z�e�v�g�u�_��
�j�Z�k�q�_�l�u���^�e�y���h�i�j�_�^�_�e�_�g�b�y���l�h�d�h�\���g�Z���m�q�Z�k�l�d�_�����L�Z�d�h�c���\�Z�j�b�Z�g�l��
�f�_�l�h�^�b�d�b���l�Z�d���`�_���i�j�_�^�k�l�Z�\�e�_�g���\���\�b�^�_���i�j�h�]�j�Z�f�f�u���^�e�y���W�<�F��
[22]. 

�<�\�b�^�m���l�h�]�h�����q�l�h���K�B�I���g�Z�[�b�j�Z�_�l���\�k�_ �[�h�e�v�r�_�_���j�Z�k�i�j�h�k�l�j�Z��
�g�_�g�b�_�� �\�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y���� �k�l�Z�e�b�� �i�h�y�\�e�y�l�v�k�y�� �k�_�l�b�� �k�� �f�Z�]�b��
�k�l�j�Z�e�v�g�h�c�� �d�h�g�n�b�]�m�j�Z�p�b�_�c���� �\�u�i�h�e�g�_�g�g�u�_�� �k�� �i�j�b�f�_�g�_�g�b�_�f��
�K�B�I���� �B�k�i�h�e�v�a�h�\�Z�g�b�_�� �h�k�h�[�_�g�g�h�k�l�_�c�� �w�l�h�c�� �k�_�l�b�� �i�h�a�\�h�e�b�e�h��
�k�h�a�^�Z�l�v�� �f�_�l�h�^�b�d�m���� �i�h�a�\�h�e�y�x�s�m�x�� �g�_�� �l�h�e�v�d�h�� �l�h�q�g�h�� �h�i�j�_�^�_��
�e�b�l�v���f�_�k�l�h���i�h�^�d�e�x�q�_�g�b�y���b���\�_�e�b�q�b�g�m���g�_�m�q�l�_�g�g�h�]�h���l�h�d�Z���q�_��
�j�_�a�� �g�_�]�h���� �g�h�� �l�Z�d�`�_�� �b�� �i�j�h�k�b�]�g�Z�e�b�a�b�j�h�\�Z�l�v�� �h�� �g�Z�e�b�q�b�b�� �\�� �b�k��
�o�h�^�g�u�o�� �^�Z�g�g�u�o���h�r�b�[�d�b���i�j�b���a�Z�^�Z�g�b�b���h�^�g�h�]�h���b�e�b�� �g�_�k�d�h�e�v��
�d�b�o�� �m�q�Z�k�l�d�h�\�� �\�� �k�_�l�b���� �q�l�h���� �\�� �k�\�h�x�� �h�q�_�j�_�^�v���� �i�h�a�\�h�e�b�l�� �g�_��
�l�h�e�v�d�h�� �\�u�y�\�e�y�l�v�� �g�Z�j�m�r�_�g�b�y���� �k�\�y�a�Z�g�g�u�_�� �k�� �g�_�i�j�Z�\�h�f�_�j�g�u�f��
�l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�� �i�j�b�k�h�_�^�b�g�_�g�b�_�f�� �d�� �k�_�l�b���� �g�h�� �b�� �h�[�g�Z�j�m�`�b��
�\�Z�l�v�� �g�_�l�h�q�g�h�k�l�b�� �\�� �i�h�d�Z�a�Z�g�b�y�o�� �i�j�b�[�h�j�h�\�� �m�q�_�l�Z�� �b�e�b�� �a�Z�^�Z�g��
�g�u�o�� �i�Z�j�Z�f�_�l�j�Z�o�� �e�b�g�b�b�� �H�i�b�k�u�\�Z�_�f�Z�y�� �d�h�g�n�b�]�m�j�Z�p�b�y �k�_�l�b��
�i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �g�Z�b�[�h�e�_�_�� �i�j�h�k�l�h�c�� �^�e�y�� �Z�g�Z�e�b�a�Z�� �b�� �j�Z�k��
�q�_�l�Z�� �\�Z�j�b�Z�g�l���� �h�[�t�_�^�b�g�y�x�s�b�c�� �m�^�h�[�k�l�\�Z�� �^�e�y�� �j�Z�k�q�_�l�Z�� �h�[�h�b�o��
�\�Z�j�b�Z�g�l�h�\�� �k�_�l�_�c. �>�e�y�� �^�Z�g�g�h�]�h�� �k�e�m�q�Z�y�� �j�Z�a�j�Z�[�h�l�Z�g�Z�� �i�j�h��
�]�j�Z�f�f�Z���^�e�y���W�<�F���>�����@����  

�M�K�L�J�H�C�K�L�<�H���>�E�Y���H�P�?�G�D�B �I�:�J�:�F�?�L�J�H�< �K�?�L�B 

�>�Z�g�g�m�x���f�_�l�h�^�b�d�m���f�h�`�g�h���b�k�i�h�e�v�a�h�\�Z�l�v���l�Z�d���`�_���b���i�j�b���h�l��
�k�m�l�k�l�\�b�b�� �\�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c�� �k�_�l�b�� �k�b�k�l�_�f�u�� �:�B�B�K�� �D�M�W���� �d��

 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 264  

 

�i�j�b�f�_�j�m���l�Z�f�����]�^�_���b�k�i�h�e�v�a�m�x�l�k�y���k�l�Z�j�u�_���e�b�g�b�b���w�e�_�d�l�j�h�i�_�j�_��
�^�Z�q�� �b�e�b�� �b�k�k�e�_�^�m�_�l�k�y�� �\�g�m�l�j�_�g�g�_�_�� �w�e�_�d�l�j�h�o�h�a�y�c�k�l�\�h�� �d�j�m�i��
�g�u�o���i�j�h�f�u�r�e�_�g�g�u�o���i�j�_�^�i�j�b�y�l�b�c�����^�e�y���w�l�h�]�h���[�u�e�h���j�Z�a�j�Z�[�h��
�l�Z�g�h�� �i�_�j�_�g�h�k�g�h�_�� �m�k�l�j�h�c�k�l�\�h�����k�i�h�k�h�[�g�h�_ �k�g�b�f�Z�l�v���i�Z�j�Z��
�f�_�l�j�u�� �w�e�_�d�l�j�b�q�_�k�d�h�c�� �k�_�l�b���\�� �l�j�_�[�m�_�f�u�o�� �l�h�q�d�Z�o�� �k�� �l�h�q�g�h��
�k�l�v�x���� �i�h�a�\�h�e�y�x�s�_�c�� �m�\�_�j�_�g�g�h�� �]�h�\�h�j�b�l�v�� �h�� �g�Z�e�b�q�b�b�� �b�e�b�� �h�l��
�k�m�l�k�l�\�b�b���\���k�_�l�b���l�h�q�_�d���g�_�m�q�l�_�g�g�h�]�h���i�h�l�j�_�[�e�_�g�b�y���w�e�_�d�l�j�b�q�_��
�k�d�h�c���w�g�_�j�]�b�b�����I�j�b�[�h�j���i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���b�f�b�l�Z�p�b�x �k�q�_�l��
�q�b�d�Z���w�e�_�d�l�j�b�q�_�k�d�h�c���w�g�_�j�]�b�b���\���f�h�^�m�e�v�g�h�f���b�k�i�h�e�g�_�g�b�b���k���^�h��
�i�h�e�g�b�l�_�e�v�g�u�f�b�� �n�m�g�d�p�b�y�f�b���� �N�m�g�d�p�b�h�g�Z�e�v�g�h�� �m�k�l�j�h�c�k�l�\�h��
�k�h�k�l�h�b�l�� �b�a�� �k�e�_�^�m�x�s�b�o�� �[�e�h�d�h�\���� �[�e�h�d�� �b�a�f�_�j�_�g�b�y�� �g�Z�i�j�y�`�_��
�g�b�y���� �[�e�h�d�� �b�a�f�_�j�_�g�b�y�� �l�h�d�Z���� �[�e�h�d�� �j�Z�k�q�_�l�Z�� �Z�d�l�b�\�g�h�c�� �f�h�s�g�h��
�k�l�b���b���[�e�h�d���o�j�Z�g�_�g�b�y���b���i�_�j�_�^�Z�q�b���j�_�a�m�e�v�l�Z�l�h�\���b�a�f�_�j�_�g�b�c�����<��
�k�e�m�q�Z�_���m�k�l�Z�g�h�\�d�b���i�j�b�[�h�j�Z���\���f�_�k�l�Z�o���\�_�l�\�e�_�g�b�y���e�b�g�b�b���b�a�f�_��
�j�_�g�b�_�� �g�Z�i�j�y�`�_�g�b�y�� �^�h�k�l�Z�l�h�q�g�h�� �i�j�h�\�h�^�b�l�v�� �\�� �l�h�q�d�_�� �m�k�l�Z��
�g�h�\�d�b�����Z���b�a�f�_�j�_�g�b�_���l�h�d�h�\���b���j�Z�k�q�_�l���f�h�s�g�h�k�l�b���^�h�e�`�g�h���i�j�h��
�b�a�\�h�^�b�l�v�k�y���\���d�Z�`�^�h�c���\�_�l�\�b���i�j�b�f�u�d�Z�x�s�_�c���d���^�Z�g�g�h�f�m���m�a�e�m����
�:�f�i�_�j�f�_�l�j�u���i�j�_�^�k�l�Z�\�e�y�x�l���k�h�[�h�c���l�h�d�h�\�u�_ �d�e�_�s�b�����m�k�l�Z�g�Z�\��
�e�b�\�Z�_�f�u�_�� �g�Z�� �i�j�h�\�h�^�� �[�_�a�� �g�_�h�[�o�h�^�b�f�h�k�l�b�� �_�]�h�� �j�Z�a�j�u�\�Z�l�v���� �Z��
�\�h�e�v�l�f�_�l�j�u�� �g�_�h�[�o�h�^�b�f�h�� �i�h�^�d�e�x�q�Z�l�v�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �d��
�i�j�h�\�h�^�g�b�d�Z�f�� �k�_�l�b���� �H�^�g�Z�d�h�� �g�_�h�[�o�h�^�b�f�h�k�l�v�� �n�b�a�b�q�_�k�d�h�]�h��
�i�j�b�k�h�_�^�b�g�_�g�b�y���d���i�j�h�\�h�^�g�b�d�Z�f���k�_�l�b���g�_���\�e�_�q�_�l���a�Z���k�h�[�h�c���k�h��
�a�^�Z�g�b�_���^�h�i�h�e�g�b�l�_�e�v�g�u�o���l�h�q�_�d���k�h�_�^�b�g�_�g�b�c���i�j�h�\�h�^�h�\���\�\�b�^�m��
�l�h�]�h�����q�l�h���^�Z�g�g�h�_���m�k�l�j�h�c�k�l�\�h���i�j�_�^�i�h�e�Z�]�Z�_�l�k�y���m�k�l�Z�g�Z�\�e�b�\�Z�l�v��
�\�� �f�_�k�l�Z�o���� �\�� �d�h�l�h�j�u�o�� �m�`�_�� �k�h�a�^�Z�g�u�� �d�h�g�l�Z�d�l�g�u�_�� �i�e�h�s�Z�^�d�b����
�G�Z�i�j�b�f�_�j���� �l�h�q�d�Z�� �i�j�b�k�h�_�^�b�g�_�g�b�y�� �i�h�l�j�_�[�b�l�_�e�y�� �b�e�b�� �l�h�q�d�Z��
�j�Z�a�\�_�l�\�e�_�g�b�y�� �k�_�l�b���� �W�l�h�� �i�h�a�\�h�e�b�l�� �f�Z�d�k�b�f�Z�e�v�g�h�� �[�u�k�l�j�h�� �b��
�i�j�h�k�l�h���h�k�m�s�_�k�l�\�e�y�l�v���f�h�g�l�Z�`���b���^�_�f�h�g�l�Z�`���i�j�b�[�h�j�Z���k���e�b�g�b�b����
�K�o�_�f�Z���i�h�^�d�e�x�q�_�g�b�y�� �m�k�l�j�h�c�k�l�\�Z���^�e�y���h�[�h�b�o���k�e�m�q�Z�_�\���i�j�b�\�_��
�^�_�g�Z���g�Z���j�b�k�������� 

�M�k�l�j�h�c�k�l�\�h�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �f�h�^�m�e�v�g�m�x�� �d�h�g�k�l�j�m�d��
�p�b�x���k���^�\�m�f�y���l�b�i�Z�f�b���f�h�^�m�e�_�c�� 

- �Z�f�i�_�j�f�_�l�j���� �k�h�\�f�_�s�_�g�g�u�c�� �k�� �l�j�_�f�y�� �\�h�e�v�l�f�_�l�j�Z�f�b����
�m�i�j�Z�\�e�y�x�s�b�f�� �m�k�l�j�h�c�k�l�\�h�f���� �b�� �m�k�l�j�h�c�k�l�\�h�f�� �^�e�y�� �i�j�b�_�f�Z�� �b��
�i�_�j�_�^�Z�q�b���^�Z�g�g�u�o��(�m�i�j�Z�\�e�y�x�s�b�c���f�h�^�m�e�v); 
- �Z�f�i�_�j�f�_�l�j���� �i�h�^�d�e�x�q�Z�_�f�u�c�� �d�� �m�i�j�Z�\�e�y�x�s�_�f�m�� �f�h�^�m�e�x��
�i�h�k�j�_�^�k�l�\�h�f�� �i�j�h�\�h�^�h�\�� �b�e�b�� �i�h�� �d�Z�g�Z�e�m�� �[�_�k�i�j�h�\�h�^�g�h�c�� �k�\�y�a�b 
(�b�a�f�_�j�b�l�_�e�v�g�u�c���f�h�^�m�e�v).  

 
�J�b�k�����������K�o�_�f�Z���i�h�^�d�e�x�q�_�g�b�y���m�k�l�j�h�c�k�l�\�Z 

�I�h���\�g�_�r�g�_�f�m���k�b�]�g�Z�e�m���m�i�j�Z�\�e�y�x�s�b�c���f�h�^�m�e�v���h�l�^�Z�_�l���d�h��
�f�Z�g�^�m���g�Z���k�q�b�l�u�\�Z�g�b�_���b���h�l�i�j�Z�\�d�m���^�Z�g�g�u�o���d�Z�`�^�h�f�m���b�a�f�_�j�b��
�l�_�e�v�g�h�f�m�� �f�h�^�m�e�x���� �Z�� �a�Z�l�_�f�� �n�h�j�f�b�j�m�_�l�� �b�g�n�h�j�f�Z�p�b�h�g�g�m�x��
�i�h�k�u�e�d�m�����\�d�e�x�q�Z�x�s�m�x���^�Z�g�g�u�_���h���l�_�d�m�s�b�o���i�Z�j�Z�f�_�l�j�Z�o���k�_�l�b��

�\���l�h�q�d�_���m�k�l�Z�g�h�\�d�b���i�j�b�[�h�j�Z�����H�^�g�h�\�j�_�f�_�g�g�h�k�l�v���k�g�y�l�b�y���i�h�d�Z��
�a�Z�g�b�c�� �h�[�_�k�i�_�q�b�\�Z�_�l�k�y�� �k�b�g�o�j�h�g�g�u�f�� �\�g�_�r�g�b�f�� �k�b�]�g�Z�e�h�f�� �b��
�h�^�g�h�l�b�i�g�h�k�l�v�x���f�h�^�m�e�_�c�� 

�< �k�e�m�q�Z�_���g�_�h�[�o�h�^�b�f�h�k�l�b���d�h�g�l�j�h�e�y���a�Z���l�h�q�d�h�c���\�_�l�\�e�_�g�b�y��
�k�_�l�b�� �[�_�a�� �i�h�^�d�e�x�q�_�g�g�u�o�� �i�h�l�j�_�[�b�l�_�e�_�c�� �\�� �w�l�h�c�� �l�h�q�d�_�� �^�h�k�l�Z��
�l�h�q�g�h���m�k�l�Z�g�h�\�d�b���l�h�e�v�d�h���\�h�e�v�l�f�_�l�j�h�\���� 

�M�k�l�j�h�c�k�l�\�h�� �i�h�a�\�h�e�y�_�l�� �h�p�_�g�b�l�v�� �m�j�h�\�_�g�v�� �d�h�f�f�_�j�q�_�k�d�b�o��
�i�h�l�_�j�v�� �\���k�_�l�b�� �b�� �i�j�b�� �b�o�� �h�[�g�Z�j�m�`�_�g�b�b�� �\�u�i�h�e�g�b�l�v�� �i�h�e�g�u�c��
�Z�g�Z�e�b�a���g�Z���i�j�_�^�f�_�l���h�i�j�_�^�_�e�_�g�b�y���l�h�q�_�d���g�_�m�q�l�_�g�g�h�]�h���i�h�l�j�_�[��
�e�_�g�b�y�� �b�� �j�Z�a�f�_�j�Z�� �m�l�_�q�d�b���� �>�e�y�� �Z�g�Z�e�b�a�Z�� �k�_�l�b�� �f�h�`�g�h�� �m�k�l�Z�g�h��
�\�b�l�v���^�h�k�l�Z�l�h�q�g�h�_���d�h�e�b�q�_�k�l�\�h���m�k�l�j�h�c�k�l�\���a�Z���d�h�j�h�l�d�h�_���\�j�_�f�y����
�Z�� �i�h�k�e�_�� �h�d�h�g�q�Z�g�b�y�� �Z�g�Z�e�b�a�Z�� �m�k�l�j�h�c�k�l�\�Z�� �f�h�]�m�l�� �[�u�l�v�� �^�_�f�h�g��
�l�b�j�h�\�Z�g�u�����q�l�h�����\���k�\�h�x���h�q�_�j�_�^�v�����^�_�e�Z�_�l���\�h�a�f�h�`�g�u�f���f�g�h�]�h��
�d�j�Z�l�g�h�_���b�k�i�h�e�v�a�h�\�Z�g�b�_���h�^�g�h�]�h���b���l�h�]�h���`�_���g�Z�[�h�j�Z���i�j�b�[�h�j�h�\��
�^�e�y�� �h�p�_�g�d�b�� �j�Z�a�e�b�q�g�u�o�� �k�_�l�_�c�����B�k�i�h�e�v�a�h�\�Z�g�b�_ �l�Z�d�h�]�h��
�m�k�l�j�h�c�k�l�\�Z �i�h�a�\�h�e�b�l�� �^�h�i�h�e�g�b�l�_�e�v�g�h�� �k�g�b�a�b�l�v�� �b�a�^�_�j�`�d�b����
�i�j�b���w�l�h�f���k�h�o�j�Z�g�b�\���\�u�k�h�d�b�c���m�j�h�\�_�g�v���w�n�n�_�d�l�b�\�g�h�k�l�b���h�[�g�Z��
�j�m�`�_�g�b�y���d�h�f�f�_�j�q�_�k�d�b�o���i�h�l�_�j�v�� 

�A�:�D�E�X�Q�?�G�B�?�����<�U�<�H�>�U) 

�G�Z�� �^�Z�g�g�h�f�� �w�l�Z�i�_�� �j�Z�a�j�Z�[�h�l�Z�g�Z�� �b�� �i�j�h�l�_�k�l�b�j�h�\�Z�g�Z�� �f�_�l�h��
�^�b�d�Z���h�i�j�_�^�_�e�_�g�b�y���n�Z�d�l�Z���b���f�_�k�l�Z���g�_�m�q�l�_�g�g�h�]�h���i�h�l�j�_�[�e�_�g�b�y��
�w�e�_�d�l�j�b�q�_�k�d�h�c���w�g�_�j�]�b�b�����K�h�a�^�Z�g�u���q�_�l�u�j�_���a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�g��
�g�u�o���j�Z�a�e�b�q�g�u�o���i�j�h�]�j�Z�f�f�u���^�e�y���W�<�F�����i�j�_�^�g�Z�a�g�Z�q�_�g�g�u�o���^�e�y��
�j�Z�k�q�_�l�Z�� �h�i�j�_�^�_�e�_�g�g�u�o�� �d�h�g�n�b�]�m�j�Z�p�b�c�� �k�_�l�_�c�� �i�h�� �i�j�_�^�k�l�Z�\��
�e�_�g�g�h�c���f�_�l�h�^�b�d�_���b���_�_ �q�Z�k�l�g�u�o���k�e�m�q�Z�y�o�� 

- �k�e�h�`�g�Z�y���j�Z�a�\�_�l�\�e�_�g�g�Z�y���k�_�l�v���h�[�s�_�]�h���k�e�m�q�Z�y�� 
- �f�Z�]�b�k�l�j�Z�e�v�g�Z�y�� �k�_�l�v�� ���b�e�b���k�_�l�v�� �k�� �\�_�l�\�e�_�g�b�y�f�b�� �\�� �l�h�q�d�_����

�h�[�_�k�i�_�q�_�g�g�h�c���m�q�_�l�h�f���� 
- �k�_�l�v�� �k�� �i�j�b�f�_�g�_�g�b�_�f�� �K�B�I�� ���d�h�g�d�j�_�l�g�Z�y�� �d�h�g�n�b�]�m�j�Z�p�b�y��

�g�_���b�f�_�_�l���a�g�Z�q�_�g�b�y���� 
- �f�Z�]�b�k�l�j�Z�e�v�g�Z�y�� �k�_�l�v���� �\�u�i�h�e�g�_�g�g�Z�y�� �k�� �i�j�b�f�_�g�_�g�b�_�f��

�K�B�I�� 
�I�j�h�b�a�\�_�^�_�g�g�Z�y�� �Z�i�j�h�[�Z�p�b�y�� �i�h�d�Z�a�Z�e�Z���� �q�l�h�� �i�j�b�f�_�g�_�g�b�_��

�g�Z�j�Z�[�h�l�h�d���� �h�i�b�k�Z�g�g�u�o�� �\�� �^�Z�g�g�h�c�� �k�l�Z�l�v�_���� �i�h�a�\�h�e�y�_�l�� �w�n�n�_�d��
�l�b�\�g�h�� �i�j�h�b�a�\�h�^�b�l�v�� �h�p�_�g�d�m�� �j�Z�k�i�j�_�^�_�e�b�l�_�e�v�g�u�o�� �k�_�l�_�c�� �j�Z�a��
�e�b�q�g�u�o �l�b�i�h�\���g�Z���i�j�_�^�f�_�l���g�Z�e�b�q�b�y���\���g�b�o���\�u�k�h�d�h�]�h���m�j�h�\�g�y��
�i�h�l�_�j�v�����h�k�g�h�\�u�\�Z�y�k�v���l�h�e�v�d�h���g�Z���m�^�Z�e�_�g�g�h���i�h�e�m�q�Z�_�f�u�o���^�Z�g��
�g�u�o�����q�l�h�����\���k�\�h�x���h�q�_�j�_�^�v�����i�h�a�\�h�e�b�e�h���a�g�Z�q�b�l�_�e�v�g�h���k�g�b�a�b�l�v��
�a�Z�l�j�Z�l�u�� �g�Z�� �h�j�]�Z�g�b�a�Z�p�b�h�g�g�u�_�� �b�� �l�_�o�g�b�q�_�k�d�b�_�� �f�_�j�h�i�j�b�y�l�b�y��
�i�h���k�g�b�`�_�g�b�x���i�h�l�_�j�v���\���b�k�k�e�_�^�m�_�f�u�o���k�_�l�y�o�� 

�I�j�_�^�k�l�Z�\�e�_�g�g�Z�y�� �f�_�l�h�^�b�d�Z�� �b�� �i�j�b�[�h�j�� �^�e�y�� �_�_ �j�_�Z�e�b�a�Z�p�b�b��
�i�j�_�^�k�l�Z�\�e�y�x�l���k�h�[�h�c���k�h�\�_�j�r�_�g�g�h���g�h�\�h�_���\�b�^�_�g�b�_���d�h�f�f�_�j�q�_��
�k�d�b�o�� �i�h�l�_�j�v���� �a�g�Z�q�b�l�_�e�v�g�h�� �h�l�e�b�q�Z�x�s�_�_�k�y�� �h�l�� �k�h�\�j�_�f�_�g�g�u�o��
�d�h�g�p�_�i�p�b�c�����i�j�_�^�e�Z�]�Z�_�f�u�o���\���g�Z�m�q�g�h�f���f�b�j�_���>��4-28]. 
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Abstract. This paper presents a complete research of non-tech-
nical losses detection methods and give a method to define fact, 
place and volume of energy losses in low and medium voltage elec-
tric networks. Method based on capabilities of modern counting 
electricity devices in conjunction with automatic system for com-
mercial accounting of power consumption. In addition, this article 
describes a device, which can be used for same things in networks 
that are not equipped with modern counting devices. The fact of 
unaccounted consumption can be determined using information 
�D�E�R�X�W���F�X�U�U�H�Q�W�¶�V���E�D�O�D�Q�F�H���L�Q���Q�H�W�Z�R�U�N�����,�I���X�Q�D�F�F�R�X�Q�W�H�G���F�R�Q�V�X�P�S�W�L�R�Q��
is confirmed, method gives a way to calculate a volume of unac-
counted  consumption and its place in network. Method is based in 
general on Ohm's law: in electrical circuit all currents cause a volt-
age drop on a load, and on a resistance of power wires too. There-

fore, the voltage drop that should be on a fragment of network un-
der review can be counted using data from electricity counting de-
vices. If calculated volt drop does not match to the actual, conclu-
sion about unaccounted consumption on this fragment of network 
is made. Using information about physical parameters of power 
�Z�L�U�H�V�����F�D�O�F�X�O�D�W�H�G���F�X�U�U�H�Q�W�¶�V���L�P�E�D�O�D�Q�F�H���D�Q�G���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���D�F��
tual and estimated value of voltage drop, places of unaccounted 
consumption in network can be found as well as values of currents, 
flowing through them. The obtained error of received values are 
comparable to errors of counting devices used in the network. So, 
values obtained using this method can be considered quite reliable.  

Keywords: electrical networks, losses of energy, automation, 
remote control,  losses reduction. 
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�l�_�e�b���g�Z�o�h�^�y�l���\���©�M�f�g�h�f���^�h�f�_�ª���[�h�e�v�r�b�_���i�j�_�b�f�m�s�_�k�l�\�Z�����l�Z��
�d�b�_���d�Z�d���m�k�b�e�_�g�b�_���e�b�q�g�h�c���[�_�a�h�i�Z�k�g�h�k�l�b���b���\�h�a�f�h�`�g�h�k�l�v���d�h�g��
�l�j�h�e�y���g�Z�^���w�g�_�j�]�h�k�[�_�j�_�`�_�g�b�_�f�� 

�K�g�Z�[�`�_�g�b�_�� �h�[�t�_�d�l�h�\�� �i�j�h�b�k�o�h�^�b�l�� �i�h�� �g�_�k�d�h�e�v�d�b�f��
�g�Z�i�j�Z�\�e�_�g�b�y�f�����\���l�h�f���q�b�k�e�_���i�h���g�Z�i�j�Z�\�e�_�g�b�x���w�e�_�d�l�j�h-�h�[�_�k��
�i�_�q�_�g�b�y�����I�h�w�l�h�f�m���h�^�g�h�c���b�a���h�k�g�h�\�g�u�o���n�m�g�d�p�b�c �j�Z�a�j�Z�[�Z�l�u��
�\�Z�_�f�u�o���k�b�k�l�_�f���^�h�e�`�_�g���[�u�l�v���d�h�g�l�j�h�e�v���a�Z���w�e�_�d�l�j�h-�h�[�_�k�i�_�q�_��
�g�b�_�f�����<���l�Z�d�b�o���m�k�e�h�\�b�y�o���i�j�h�b�k�o�h�^�b�l���i�h�k�l�h�y�g�g�u�c���i�h�b�k�d���g�h��

�\�u�o�� �i�h�^�o�h�^�h�\�� �d�� �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�x�� �h�l�j�Z�k�e�b�� �w�g�_�j�]�h�k�g�Z�[��
�`�_�g�b�y�� �`�b�e�b�s�g�h�c���b�g�n�j�Z�k�l�j�m�d�l�m�j�u�����W�l�h���k�i�h�k�h�[�k�l�\�m�_�l���j�Z�a��
�\�b�l�b�x���b�g�g�h�\�Z�p�b�h�g�g�u�o���[�_�a�h�i�Z�k�g�u�o���l�_�o�g�h�e�h�]�b�c�����<���i�h�b�k�d�Z�o��
�k�i�h�k�h�[�h�\�� �\�h�i�e�h�s�_�g�b�y�� �l�Z�d�b�o�� �b�^�_�c�� �i�h�y�\�b�e�Z�k�v�� �d�h�g�p�_�i�p�b�y��
�©�b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c�� �k�_�l�b�� �w�e�_�d�l�j�h�k�g�Z�[�`�_�g�b�y�ª�� ���6�P�D�U�W�� �*�U�L�G������
�k�h�k�l�Z�\�g�h�c�� �q�Z�k�l�v�x�� �d�h�l�h�j�h�c�� �y�\�e�y�_�l�k�y�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�c��
�d�h�g�l�j�h�e�v���b���m�q�_�l���w�g�_�j�]�h�j�_�k�m�j�k�h�\�����©�6�P�D�U�W���*�U�L�G�ª��- �w�l�h���f�h�^�_�j��
�g�b�a�b�j�h�\�Z�g�g�u�_�� �a�Z�� �k�q�z�l�� �\�g�_�^�j�_�g�b�y�� �w�e�_�f�_�g�l�h�\�� �Z�\�l�h�f�Z�l�b�q�_��
�k�d�h�]�h�� �f�h�g�b�l�h�j�b�g�]�Z�� �b�� �m�i�j�Z�\�e�_�g�b�y�� �k�_�l�b�� �w�e�_�d�l�j�h�k�g�Z�[�`�_�g�b�y����
�d�h�l�h�j�u�_�� �b�k�i�h�e�v�a�m�x�l�� �b�g�n�h�j�f�Z�p�b�h�g�g�u�_�� �b�� �d�h�f�f�m�g�b�d�Z�p�b�h�g��
�g�u�_�� �k�_�l�b�� �b�� �l�_�o�g�h�e�h�]�b�b�� �^�e�y�� �k�[�h�j�Z�� �b�g�n�h�j�f�Z�p�b�b�� �h�[�� �w�g�_�j�]�h��
�i�j�h�b�a�\�h�^�k�l�\�_�� �b�� �w�g�_�j�]�h�i�h�l�j�_�[�e�_�g�b�b���� �i�h�a�\�h�e�y�x�s�_�c�� �i�h�\�u��
�r�Z�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v���� �g�Z�^�z�`�g�h�k�l�v���� �Z�� �l�Z�d�`�_�� �m�k�l�h�c�q�b�\�h�k�l�v��
�i�j�h�b�a�\�h�^�k�l�\�Z���b���j�Z�k�i�j�_�^�_�e�_�g�b�y���w�e�_�d�l�j�h�w�g�_�j�]�b�b [1]�����L�_�o�g�h��
�e�h�]�b�q�_�k�d�b�_���j�_�r�_�g�b�y���6�P�D�U�W���*�U�L�G���i�h�^�j�Z�a�m�f�_�\�Z�x�l���\���k�\�h�_�f���k�h��
�k�l�Z�\�_���g�_���l�h�e�v�d�h���j�_�r�_�g�b�y���,�R�7���\���k�b�k�l�_�f�Z�o���w�e�_�d�l�j�h�k�_�l�_�c�����g�h���b��
�\�� �k�b�k�l�_�f�Z�o�� �\�h�^�h�k�g�Z�[�`�_�g�b�y���� �i�j�b�l�h�q�g�h-�\�u�l�y�`�g�h�c�� �\�_�g�l�b�e�y��
�p�b�b���� �\�� �k�h�\�_�j�r�_�g�k�l�\�h�\�Z�g�b�b�� �i�h�^�o�h�^�h�\�� �i�_�j�_�^�Z�q�b�� �^�Z�g�g�u�o�� �b��
�l���^�� 

�D�H�G�P�?�I�P�B�Y���M�G�B�<�?�J�K�:�E�V�G�H�=�H���B�G�L�?�E�E�?�D�L�M�:�E�V�G�H�=�H��
�K�F�:�J�L-�:�<�L�H�F�:�L�: 

�J�Z�a�\�b�l�b�_���d�h�g�p�_�i�p�b�b��"�b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c���k�_�l�b" �w�e�_�d�l�j�h��
�k�g�Z�[�`�_�g�b�y���i�h�a�\�h�e�b�l�� 
- �\�u�\�_�k�l�b���g�Z���i�j�b�g�p�b�i�b�Z�e�v�g�h���g�h�\�u�c���m�j�h�\�_�g�v���d�Z�q�_�k�l�\�h���k�[�h�j�Z��
�b���Z�g�Z�e�b�a�Z���^�Z�g�g�u�o���h�[���w�g�_�j�]�h�i�h�l�j�_�[�e�_�g�b�b���i�h�l�j�_�[�b�l�_�e�_�c�� 
- �i�h�\�u�k�b�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �h�i�_�j�Z�l�b�\�g�h�]�h�� �m�i�j�Z�\�e�_�g�b�y��
�w�g�_�j�]�h �Z�d�l�b�\�Z�f�b�� 
- �i�h�k�i�h�k�h�[�k�l�\�h�\�Z�l�v�� �Z�d�l�b�\�g�h�f�m�� �\�h�\�e�_�q�_�g�b�x�� �i�h�l�j�_�[�b�l�_�e�_�c��
�w�g�_�j�]�b�b���\���i�j�h�p�_�k�k�u���j�_�]�m�e�b�j�h�\�Z�g�b�y���k�h�[�k�l�\�_�g�g�h�]�h���w�g�_�j�]�h�i�h��
�l�j�_�[�e�_�g�b�y�� 

�<���i�h�k�e�_�^�g�b�_���]�h�^�u���d���h�k�m�s�_�k�l�\�e�_�g�b�x���i�j�h�]�j�Z�f�f���b���i�j�h�_�d��
�l�h�\�� �\�� �g�Z�i�j�Z�\�e�_�g�b�b�� �6�P�D�U�W�� �*�U�L�G���� �h�o�\�Z�l�u�\�Z�x�s�b�o�� �r�b�j�h�d�b�c��
�k�i�_�d�l�j�� �i�j�h�[�e�_�f�� �b�� �a�Z�^�Z�q���� �i�j�b�k�l�m�i�b�e�h�� �i�h�^�Z�\�e�y�x�s�_�_�� �[�h�e�v��
�r�b�g�k�l�\�h���b�g�^�m�k�l�j�b�Z�e�v�g�h���j�Z�a�\�b�l�u�o���]�h�k�m�^�Z�j�k�l�\�����Z���l�Z�d�`�_���f�g�h��
�]�b�_�� �j�Z�a�\�b�\�Z�x�s�b�_�k�y�� �k�l�j�Z�g�u���� �G�Z�b�[�h�e�_�_�� �f�Z�k�r�l�Z�[�g�u�_�� �i�j�h��
�]�j�Z�f�f�u���b���i�j�h�_�d�l�u���\���w�l�h�f���g�Z�i�j�Z�\�e�_�g�b�b���j�Z�a�j�Z�[�h�l�Z�g�u���b���h�k�m��
�s�_�k�l�\�e�y�x�l�k�y���\���K�R�:�����D�Z�g�Z�^�_���b���k�l�j�Z�g�Z�o���?�\�j�h�k�h�x�a�Z�����Z���l�Z�d�`�_��
�D�b�l�Z�_�����X�`�g�h�c���D�h�j�_�_���b���Y�i�h�g�b�b�����I�j�b�g�y�l�h���j�_�r�_�g�b�_���h���j�_�Z�e�b��
�a�Z�p�b�b�� �Z�g�Z�e�h�]�b�q�g�u�o�� �i�j�h�]�j�Z�f�f�� �b�� �i�j�h�_�d�l�h�\�� �\�� �j�y�^�_�� �^�j�m�]�b�o��
�d�j�m�i�g�u�o���]�h�k�m�^�Z�j�k�l�\�����B�g�^�b�y�����;�j�Z�a�b�e�b�y�����F�_�d�k�b�d�Z�� [2,3]. 

�H�^�g�b�f���b�a���w�e�_�f�_�g�l�h�\���k�b�k�l�_�f���d�h�g�p�_�i�p�b�b���6�P�D�U�W���*�U�L�G���f�h��
�`�_�l�� �[�u�l�v�� �©�k�f�Z�j�l-�Z�\�l�h�f�Z�l�ª���� �i�h�a�\�h�e�y�x�s�b�c�� �h�^�g�h�\�j�_�f�_�g�g�h��
�h�k�m�s�_�k�l�\�e�y�l�v�� �n�m�g�d�p�b�b�� �k�[�h�j�Z���� �Z�g�Z�e�b�a�Z�� �b�� �i�_�j�_�^�Z�q�b�� �b�g�n�h�j��
�f�Z�p�b�b���h���i�Z�j�Z�f�_�l�j�Z�o���k�_�l�b���g�_�i�j�_�j�u�\�g�h���\�h���\�j�_�f�_�g�b�����b���n�m�g�d��
�p�b�b���a�Z�s�b�l�u���i�h�^�d�e�x�q�_�g�g�h�]�h���d���g�_�f�m���w�e�_�d�l�j�h�h�[�h�j�m�^�h�\�Z�g�b�y����
�L�Z�d�� �d�Z�d�� �j�Z�a�\�b�l�b�_�� �l�Z�d�h�c�� �\�_�l�d�b�� �w�e�_�d�l�j�h�h�[�h�j�m�^�h�\�Z�g�b�y�� �g�Z�q�Z��
�e�h�k�v�� �h�l�g�h�k�b�l�_�e�v�g�h�� �g�_�^�Z�\�g�h���� �g�Z�� �j�u�g�d�_�� �k�m�s�_�k�l�\�m�_�l�� �h�l�g�h�k�b��
�l�_�e�v�g�h�� �g�_�[�h�e�v�r�h�_�� �d�h�e�b�q�_�k�l�\�h�� �Z�g�Z�e�h�]�h�\���� �d�h�l�h�j�u�_�� �f�h�]�m�l��
�i�j�_�^�h�k�l�Z�\�b�l�v�� �e�b�r�v�� �q�Z�k�l�v�� �g�_�h�[�o�h�^�b�f�h�]�h�� �^�e�y�� �j�_�Z�e�b�a�Z�p�b�b��
�n�m�g�d�p�b�h�g�Z�e�Z�����D�Z�`�^�u�c���b�a�� �l�Z�d�b�o���Z�g�Z�e�h�]�h�\���i�j�_�^�h�k�l�Z�\�e�y�_�l�k�y��

�H�l�^�_�e�v�g�u�_���j�_�a�m�e�v�l�Z�l�u���i�h�e�m�q�_�g�u���i�j�b���i�h�^�^�_�j�`�d�_���F�H�G���J�N���\���j�Z�f�d�Z�o���i�j�h�_�d�l�Z���i�h���K�h�]�e�Z�r�_�g�b�x���1�R�����������������������������������8�,�'���5�)�0�(�)�,�����������;�������� 
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�k�h�k�l�Z�\�g�u�f�� �j�_�r�_�g�b�_�f���� �G�Z�i�j�b�f�_�j�� �d�h�f�[�b�g�Z�p�b�y�� �j�_�e�_-�g�Z�i�j�y��
�`�_�g�b�y�� ���e�h�d�Z�e�v�g�u�c�� �f�h�g�b�l�h�j�b�g�]���� �b�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�]�h�� �Z�\��
�l�h�f�Z�l�Z�� �i�h�a�\�h�e�y�_�l�� �h�k�m�s�_�k�l�\�e�y�l�v�� �h�^�g�h�\�j�_�f�_�g�g�u�c�� �f�h�g�b�l�h��
�j�b�g�]���b���a�Z�s�b�l�m���w�e�_�d�l�j�h�h�[�h�j�m�^�h�\�Z�g�b�y���i�h���i�h�d�Z�a�Z�l�_�e�y�f���g�Z�i�j�y��
�`�_�g�b�y�� �b�� �g�Z�e�b�q�b�x�� �m�l�_�q�_�d���� �G�Z�� �j�b�k. ������ �I�j�_�^�k�l�Z�\�e�_�g�Z�� �d�h�f�i�h��
�g�h�\�d�Z���l�Z�d�h�]�h���j�_�r�_�g�b�y�� 

��
�J�b�k. 1. �D�h�f�[�b�g�Z�p�b�y���j�_�e�_-�g�Z�i�j�y�`�_�g�b�y���b���^�b�n�n�_�j�_�g�p�b�Z�e�v��

�g�h�]�h���Z�\�l�h�f�Z�l�Z 

�H�^�g�Z�d�h�� �l�Z�d�h�_�� �j�_�r�_�g�b�_�� �g�_�� �i�h�a�\�h�e�y�_�l�� �k�h�o�j�Z�g�y�l�v�� �b�� �i�_�j�_��
�^�Z�\�Z�l�v���b�a�f�_�j�_�g�g�u�_���i�Z�j�Z�f�_�l�j�u�����Z���a�g�Z�q�b�l���b���g�_���i�h�a�\�h�e�y�_�l���j�_��
�Z�e�b�a�h�\�Z�l�v���m�^�Z�e�z�g�g�u�c���f�h�g�b�l�h�j�b�g�]���b���Z�g�Z�e�b�a���^�Z�g�g�u�o���k���p�_�e�v�x��
�i�h�\�u�r�_�g�b�y�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �w�e�_�d�l�j�h�w�g�_�j��
�]�b�b�� 

�F�g�h�]�b�_�� �j�_�r�_�g�b�y�� �f�h�]�m�l�� �i�j�_�^�h�k�l�Z�\�b�l�v�� �g�Z�� �Z�g�Z�e�b�a�� �d�Z�q�_��
�k�l�\�h���i�j�_�^�h�k�l�Z�\�e�y�_�f�h�]�h���w�e�_�d�l�j�b�q�_�k�l�\�Z���e�b�r�v���i�h���g�_�d�h�l�h�j�u�f��
�i�h�d�Z�a�Z�l�_�e�y�f�� ���g�Z�i�j�b�f�_�j���� �g�Z�i�j�y�`�_�g�b�_���� �k�b�e�Z�� �l�h�d�Z����[4]���� �H�^��
�g�Z�d�h�� �g�b�d�Z�d�h�c�� �k�l�Z�l�b�k�l�b�q�_�k�d�h�c�� �b�g�n�h�j�f�Z�p�b�b�� �h�g�b�� �g�_�� �i�j�_�^�h��
�k�l�Z�\�e�y�x�l�����f�h�`�g�h���j�Z�k�k�f�h�l�j�_�l�v���e�b�r�v���n�Z�d�l�b�q�_�k�d�m�x���o�Z�j�Z�d�l�_��
�j�b�k�l�b�d�m�� �g�Z�� �f�_�k�l�_�� ���l���_���� �l�h�e�v�d�h�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �m�� �s�b�l�d�Z������
�L�Z�d�`�_���i�j�b���\�h�a�g�b�d�g�h�\�_�g�b�b���g�_�r�l�Z�l�g�h�c���k�b�l�m�Z�p�b�b���\���w�e�_�d�l�j�h-
�p�_�i�b�� �i�j�h�b�k�o�h�^�b�l�� �_�_�� �j�Z�a�j�u�\���� �h�� �i�j�b�q�b�g�_�� �d�h�l�h�j�h�]�h�� �g�b�d�Z�d�h�c��
�b�g�n�h�j�f�Z�p�b�b���g�_���k�h�o�j�Z�g�y�_�l�k�y�����H�k�g�h�\�g�u�f���g�_�^�h�k�l�Z�l�d�h�f���l�Z�d�b�o��
�j�_�r�_�g�b�c���y�\�e�y�_�l�k�y���k�d�m�^�g�u�c���n�m�g�d�p�b�h�g�Z�e�����g�_���i�j�_�^�h�k�l�Z�\�e�y�x��
�s�b�c�� �k�l�Z�l�b�k�l�b�q�_�k�d�h�c�� �b�g�n�h�j�f�Z�p�b�b���� �g�_�� �i�h�a�\�h�e�y�x�s�b�c�� �\�_�k�l�b��
�m�q�_�l���b���j�Z�a�]�j�Z�g�b�q�_�g�b�_���d�j�b�l�b�q�_�k�d�b�o���f�h�f�_�g�l�h�\�� 

�H�k�g�h�\�g�Z�y�� �n�m�g�d�p�b�y�� �i�j�_�^�e�Z�]�Z�_�f�h�]�h�� �k�f�Z�j�l-�Z�\�l�h�f�Z�l�Z�� �a�Z��
�d�e�x�q�Z�_�l�k�y���\���f�h�g�b�l�h�j�b�g�]�_�� �b���a�Z�s�b�l�_���h�k�g�h�\�g�u�o���]�j�m�i�i���w�g�_�j��
�]�h�i�h�l�j�_�[�e�_�g�b�y�����<���k�h�k�l�Z�\�_ �k�b�k�l�_�f�u���©�M�f�g�h�]�h���^�h�f�Z�ª�����h�g���^�h�e��
�`�_�g�� �h�i�h�\�_�s�Z�l�v�� �h�� �g�_�r�l�Z�l�g�u�o�� �k�b�l�m�Z�p�b�y�o���� �d�h�l�h�j�u�_�� �\�h�a�g�b��
�d�Z�x�l���g�Z���h�[�t�_�d�l�Z�o �`�b�e�b�s�g�h�c���b�g�n�j�Z�k�l�j�m�d�l�m�j�u�����b�e�b���`�_���i�j�h��
�f�u�r�e�_�g�g�h�c���\���f�Z�e�u�o���f�Z�k�r�l�Z�[�Z�o�������b���i�j�_�^�h�k�l�Z�\�e�y�l�v���^�Z�g�g�u�_��
�^�e�y���\�u�y�\�e�_�g�b�y���i�j�b�q�b�g���g�_�r�l�Z�l�g�u�o���k�b�l�m�Z�p�b�c�����W�l�h���j�_�Z�e�b�a�m��
�_�f�h�� �[�e�Z�]�h�^�Z�j�y�� �h�k�m�s�_�k�l�\�e�_�g�b�x�� �k�f�Z�j�l-�Z�\�l�h�f�Z�l�h�f���� �i�h�f�b�f�h��
�n�m�g�d�p�b�c���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�]�h���Z�\�l�h�f�Z�l�Z���b���j�_�e�_���g�Z�i�j�y�`�_�g�b�y����
�[�_�k�i�j�_�j�u�\�g�h�]�h�� �d�h�g�l�j�h�e�y�� �d�Z�q�_�k�l�\�Z�� �w�e�_�d�l�j�h�k�_�l�b�� �h�^�g�h�\�j�_��
�f�_�g�g�h�� �i�h�� �f�g�h�`�_�k�l�\�m�� �i�Z�j�Z�f�_�l�j�h�\���� �i�j�_�\�u�r�_�g�b�_�� �k�b�e�u�� �l�h�d�Z����
�g�Z�i�j�y�`�_�g�b�y�����g�Z�e�b�q�b�_���b�k�d�j�u�����m�l�_�q�d�b�����i�_�j�_�]�j�_�\�Z���p�_�i�b���b���l���^������
�Z���l�Z�d���`�_���\�h�a�f�h�`�g�h�k�l�b���i�_�j�_�^�Z�q�b���^�Z�g�g�u�o���i�h���h�l�d�j�u�l�h�f�m���i�j�h��
�\�h�^�g�h�f�m�� �b�g�l�_�j�n�_�c�k�m�� �g�Z�� �d�h�g�l�j�h�e�e�_�j�� �©�M�f�g�h�]�h�� �^�h�f�Z�ª��[5-8]. 
�<�h�a�f�h�`�g�u�c���\�b�^���l�Z�d�h�]�h���Z�\�l�h�f�Z�l�Z���b�a�h�[�j�Z�`�z�g���g�Z���j�b�k�������� 

�� ��

�J�b�k�����������<�h�a�f�h�`�g�u�c���\�b�^���k�f�Z�j�l-�Z�\�l�h�f�Z�l�Z 

�N�Z�d�l�b�q�_�k�d�b���l�Z�d�h�_�� �m�k�l�j�h�c�k�l�\�h���h�[�t�_�^�b�g�y�_�l���\���k�_�[�_���n�m�g�d��
�p�b�b�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�]�h�� �Z�\�l�h�f�Z�l�Z���� �^�Z�l�q�b�d�Z�� �l�h�d�Z���� �i�e�Z�l�u��
�Z�g�Z�e�b�a�Z���i�Z�j�Z�f�_�l�j�h�\���k�_�l�b�����b���i�e�Z�l�u���,�R�7-�d�h�g�l�j�h�e�e�_�j�Z�����h�[�u�q�g�h��
�b�k�i�h�e�v�a�m�_�f�h�c���^�e�y���k�\�y�a�b���m�k�l�j�h�c�k�l�\�Z���k���k�b�k�l�_�f�h�c�� �K�f�Z�j�l-�Z�\��
�l�h�f�Z�l���d�Z�d���w�e�_�f�_�g�l���h�l�e�b�q�g�h�� �\�i�b�k�u�\�Z�_�l�k�y���\���d�h�g�p�_�i�p�b�x�� �m�f��
�g�h�]�h���^�h�f�Z�����j�_�Z�e�b�a�h�\�Z�g�g�m�x���g�Z���[�Z�a�_���m�k�l�j�h�c�k�l�\���f�h�g�b�l�h�j�b�g�]�Z��
�m�i�j�Z�\�e�_�g�b�y���� �m�k�l�Z�g�Z�\�e�b�\�Z�_�f�u�o�� �\�� �w�e�_�d�l�j�b�q�_�k�d�b�c�� �s�b�l�h�d����
�D�h�g�p�_�i�p�b�y���l�Z�d�h�c���k�b�k�l�_�f�u���b�a�h�[�j�Z�`�_�g�Z���g�Z���j�b�k�� 3. 

��
�J�b�k������. �D�h�g�p�_�i�p�b�y���k�b�k�l�_�f�u���f�h�g�b�l�h�j�b�g�]�Z���b���m�i�j�Z�\�e�_�g�b�y���g�Z��

�[�Z�a�_���w�e�_�d�l�j�b�q�_�k�d�h�]�h���s�b�l�d�Z 

�L�J�?�;�H�<�:�G�B�Y���I�J�B���J�:�A�J�:�;�H�L�D�?���K�F�:�J�L-�:�<�L�H�F�:�L�: 

�I�j�b�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�b�� �Z�\�l�h�f�Z�l�Z�� �m�q�l�_�g�u�� �k�h�\�j�_�f�_�g�g�u�_��
�l�j�_�[�h�\�Z�g�b�y�� �a�Z�s�b�l�u�� �[�u�l�h�\�h�c�� �b�� �i�j�h�f�u�r�e�_�g�g�h�c�� �w�e�_�d�l�j�h��
�g�b�d�b�����D���n�m�g�d�p�b�y�f���Z�\�l�h�f�Z�l�Z���h�l�g�h�k�y�l�k�y�� 

- �l�_�i�e�h�\�Z�y���a�Z�s�b�l�Z���h�l���i�_�j�_�]�j�m�a�d�b�� 
- �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�Z�y�� �a�Z�s�b�l�Z�� �h�l�� �k�\�_�j�o�l�h�d�h�\�� �b�� �d�h�j�h�l�d�h�]�h��

�a�Z�f�u�d�Z�g�b�y; 
- �a�Z�s�b�l�Z�� �h�l�� �m�l�_�q�d�b�� �l�h�d�Z�� ���k�j�Z�[�Z�l�u�\�Z�_�l�� �i�j�b�� �\�h�a�g�b�d�g�h�\�_��

�g�b�b���j�Z�a�g�b�p�u���l�h�d�h�\���n�Z�a�u���b���g�_�c�l�j�Z�e�b���� 
- �a�Z�s�b�l�Z���h�l���\�h�a�g�b�d�g�h�\�_�g�b�y���^�m�]�b���g�Z���e�b�g�b�b�����k�j�Z�[�Z�l�u�\�Z�_�l��

�i�j�b���i�h�y�\�e�_�g�b�b���^�m�]�b���^�e�b�l�_�e�v�g�h�k�l�v�x���[�h�e�_�_����.�������k�_�d�m�g�^���� 
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- �h�l�d�e�x�q�_�g�b�_���i�h���\�g�_�r�g�_�c���d�h�f�Z�g�^�_���i�h�e�v�a�h�\�Z�l�_�e�y�����q�_�j�_�a��
�b�g�l�_�j�n�_�c�k�u�����5�6-���������b���:�,�)�,���� 

- �b�a�f�_�j�_�g�b�_���i�h�l�j�_�[�e�y�_�f�h�]�h���g�Z�]�j�m�a�d�h�c���l�h�d�Z�����f�h�s�g�h�k�l�b�� 
- �b�a�f�_�j�_�g�b�_�� �g�Z�i�j�y�`�_�g�b�y�� �g�Z�� �e�b�g�b�b���� �Z�� �l�Z�d�� �`�_�� �h�k�g�h�\�g�h�c��

�q�Z�k�l�h�l�u���b���q�Z�k�l�h�l�g�h�]�h���k�i�_�d�l�j�Z���k�_�l�b�� 
- �k�h�o�j�Z�g�_�g�b�_���b�g�n�h�j�f�Z�p�b�b���h���i�j�b�q�b�g�Z�o���h�l�d�e�x�q�_�g�b�y���Z�\�l�h��

�f�Z�l�Z���b���h�l�i�j�Z�\�d�Z���^�Z�g�g�u�o���g�Z���\�g�_�r�g�b�_���m�k�l�j�h�c�k�l�\�Z�����i�h���b�g�l�_�j��
�n�_�c�k�Z�f���5�6-485, WIFI). 

�<�g�m�l�j�_�g�g�y�y���k�b�k�l�_�f�Z���k�f�Z�j�l-�Z�\�l�h�f�Z�l�Z�����K�:�����i�h���i�j�b�g�p�b�i�m��
�j�Z�[�h�l�u�� �m�k�e�h�\�g�h�� �^�_�e�b�l�k�y�� �g�Z�� �^�\�Z�� �n�m�g�d�p�b�h�g�Z�e�v�g�u�o�� �[�e�h�d�Z����
�w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�b�c�� �[�e�h�d�� ���W�F�;������ �\�d�e�x�q�Z�x�s�b�c�� �f�_�o�Z��
�g�b�a�f�u�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�c�� �b�� �l�_�i�e�h�\�h�c�� �a�Z�s�b�l�u���� �Z�� �l�Z�d�� �`�_��
�l�j�Z�g�k�n�h�j�f�Z�l�h�j�u�����\�u�i�h�e�g�y�x�s�b�_���n�m�g�d�p�b�b���^�Z�l�q�b�d�h�\���l�h�d�Z�����b��
�w�e�_�d�l�j�b�q�_�k�d�b�c�� �[�e�h�d���� �\�d�e�x�q�Z�x�s�b�c�� �i�e�Z�l�m�� �Z�g�Z�e�b�a�Z�� ���I�:���� �b��
�m�k�l�Z�g�h�\�e�_�g�g�h�c���g�Z���g�_�c���B�F�K [9]. 

�W�e�_�d�l�j�b�q�_�k�d�b�c���[�e�h�d���^�h�e�`�_�g���\�u�i�h�e�g�y�l�v���l�_���n�m�g�d�p�b�b���K�:����
�d�h�l�h�j�u�_���g�_�\�h�a�f�h�`�g�h���j�_�Z�e�b�a�h�\�Z�l�v���b�e�b���g�_�p�_�e�_�k�h�h�[�j�Z�a�g�h���j�_��
�Z�e�b�a�h�\�u�\�Z�l�v�� �\�� �\�b�^�_�� �w�e�_�d�l�j�h�f�_�o�Z�g�b�q�_�k�d�h�c�� �Z�\�l�h�f�Z�l�b�d�b���� �<��
�W�F�;�� �j�Z�a�m�f�g�h�� �j�_�Z�e�b�a�h�\�Z�l�v�� �n�m�g�d�p�b�b�� �l�_�i�e�h�\�h�c�� �a�Z�s�b�l�u�� �h�l��
�i�_�j�_�g�Z�]�j�m�a�d�b���� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�c�� �a�Z�s�b�l�u�� �h�l�� �d�h�j�h�l�d�h�]�h�� �a�Z��
�f�u�d�Z�g�b�y�����n�m�g�d�p�b�x���a�Z�s�b�l�u���h�l���m�l�_�q�d�b���l�h�d�Z�����k�b�k�l�_�f�m���j�Z�a�f�u��
�d�Z�g�b�y���p�_�i�b���i�h���w�e�_�d�l�j�b�q�_�k�d�h�f�m���k�b�]�g�Z�e�m�����b���^�Z�l�q�b�d���l�h�d�Z���^�e�y��
�b�a�f�_�j�_�g�b�y���l�h�d�Z���n�Z�a�u�����;�e�h�d���w�e�_�d�l�j�h�g�b�d�b���^�h�e�`�_�g���\�u�i�h�e�g�y�l�v��
�n�m�g�d�p�b�b�� �h�[�j�Z�[�h�l�d�b�� �^�Z�g�g�u�o�� �k�� �^�Z�l�q�b�d�Z�� �l�h�d�Z�� �n�Z�a�u�� �b�� �l�j�Z�g�k��
�n�h�j�f�Z�l�h�j�Z���b�a�f�_�j�_�g�b�y���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�]�h���l�h�d�Z�����b�a�f�_�j�_�g�b�y��
�g�Z�i�j�y�`�_�g�b�y���g�Z���\�o�h�^�_���b���\�u�o�h�^�_���K�:�����h�i�j�_�^�_�e�_�g�b�y���i�Z�j�Z�f�_�l��
�j�h�\�� �k�_�l�b�� ���l�Z�d�b�o���� �d�Z�d�� �w�g�_�j�]�h�i�h�l�j�_�[�e�_�g�b�_���� �q�Z�k�l�h�l�Z���� �m�j�h�\�_�g�v��
�b�k�d�Z�`�_�g�b�c���k�b�g�m�k�h�b�^�u�������h�l�d�e�x�q�_�g�b�y���Z�\�l�h�f�Z�l�Z���i�j�b���i�_�j�_�g�Z��
�i�j�y�`�_�g�b�b���b�e�b���\�h�a�g�b�d�g�h�\�_�g�b�b���^�m�]�b���g�Z���e�b�g�b�b�����h�l�i�j�Z�\�d�b���^�Z�g��
�g�u�o���g�Z���\�g�_�r�g�_�_���m�k�l�j�h�c�k�l�\�h���b���m�i�j�Z�\�e�_�g�b�y���b�g�^�b�d�Z�p�b�_�c�� 

�M�q�b�l�u�\�Z�y�����q�l�h���n�m�g�d�p�b�b���h�[�j�Z�[�h�l�d�b���^�Z�g�g�u�o�� �b���i�j�b�g�y�l�b�y��
�j�_�r�_�g�b�c���\���[�e�h�d�_���w�e�_�d�l�j�h�g�b�d�b���j�_�Z�e�b�a�m�x�l�k�y���B�F�K�����n�m�g�d�p�b�b��
�I�:���k�\�h�^�y�l�k�y���d���h�[�_�k�i�_�q�_�g�b�x���n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y���B�F�K�����i�j�_��
�h�[�j�Z�a�h�\�Z�g�b�x�� �k�b�]�g�Z�e�h�\�� �k�� �W�F�;�� �d�� �^�h�i�m�k�l�b�f�u�f�� �^�e�y�� �B�F�K��
�m�j�h�\�g�y�f�����Z���l�Z�d���`�_���i�j�_�h�[�j�Z�a�h�\�Z�g�b�x���m�i�j�Z�\�e�y�x�s�_�]�h���k�b�]�g�Z�e�Z��
�B�F�K���g�Z���h�l�d�e�x�q�_�g�b�_���Z�\�l�h�f�Z�l�Z���d���j�Z�[�h�q�_�f�m���m�j�h�\�g�x���h�l�d�e�x��
�q�Z�x�s�_�]�h�� �f�_�o�Z�g�b�a�f�Z�� �W�F�;���� �I�h�f�b�f�h�� �w�l�h�]�h�� �g�Z�� �I�:�� �^�h�e�`�g�u��
�[�u�l�v�� �m�k�l�Z�g�h�\�e�_�g�u�� �w�e�_�f�_�g�l�u�� �b�g�^�b�d�Z�p�b�b�� �k�h�k�l�h�y�g�b�y�� �Z�\�l�h��
�f�Z�l�Z�����b���d�g�h�i�d�b���^�e�y���j�m�q�g�h�]�h���m�i�j�Z�\�e�_�g�b�y���K�:�� 

�I�_�j�_�q�_�g�v���g�_�h�[�o�h�^�b�f�u�o���n�m�g�d�p�b�c���I�:�� 
������ �i�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �i�_�j�_�f�_�g�g�h�]�h�� �Z�g�Z�e�h�]�h�\�h�]�h�� �k�b�]�g�Z�e�Z���k 

�\�o�h�^�Z���K�:�����i�b�d�h�\�h�_���g�Z�i�j�y�`�_�g�b�_���������<�����\���i�j�h�i�h�j�p�b�h�g�Z�e�v�g�u�c��
�Z�g�Z�e�h�]�h�\�u�c�� �k�b�]�g�Z�e�� �\�� �^�b�Z�i�Z�a�h�g�_�� ��-UADC ���k�h�� �k�f�_�s�_�g�b�_�f��
0.5UADC�������]�^�_��UADC �± �f�Z�d�k�b�f�Z�e�v�g�h�_���g�Z�i�j�y�`�_�g�b�_���:�P�I���B�F�K�� 

������ �i�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �i�_�j�_�f�_�g�g�h�]�h�� �Z�g�Z�e�h�]�h�\�h�]�h�� �k�b�]�g�Z�e�Z�� �k��
�\�u�o�h�^�Z���K�:�����i�b�d�h�\�h�_���g�Z�i�j�y�`�_�g�b�_���������<�����\���Z�g�Z�e�h�]�h�\�u�c���k�b�]��
�g�Z�e���\���^�b�Z�i�Z�a�h�g�_����-UADC ���k�h���k�f�_�s�_�g�b�_�f����.5UADC); 

���������i�j�_�h�[�j�Z�a�h�\�Z�g�b�_���i�_�j�_�f�_�g�g�h�]�h���Z�g�Z�e�h�]�h�\�h�]�h���k�b�]�g�Z�e�Z���k��
�^�Z�l�q�b�d�Z���l�h�d�Z���n�Z�a�u�����i�b�d�h�\�h�_���g�Z�i�j�y�`�_�g�b�_�����<�����\���Z�g�Z�e�h�]�h�\�u�c��
�k�b�]�g�Z�e���\���^�b�Z�i�Z�a�h�g�_����-UADC ���k�h���k�f�_�s�_�g�b�_�f����.5UADC); 

������ �i�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �i�_�j�_�f�_�g�g�h�]�h�� �Z�g�Z�e�h�]�h�\�h�]�h�� �k�b�]�g�Z�e�Z�� �k��
�^�Z�l�q�b�d�Z�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�]�h�� �l�h�d�Z�� ���i�b�d�h�\�h�_�� �g�Z�i�j�y�`�_�g�b�_��
���<���� �\�� �Z�g�Z�e�h�]�h�\�u�c�� �k�b�]�g�Z�e�� �\�� �^�b�Z�i�Z�a�h�g�_�� ��-UADC ���k�h�� �k�f�_�s�_��
�g�b�_�f����.5UADC); 

�������m�k�b�e�_�g�b�_���m�i�j�Z�\�e�y�x�s�_�]�h���k�b�]�g�Z�e�Z���B�F�K���^�h���f�h�s�g�h�k�l�b����
�^�h�k�l�Z�l�h�q�g�h�c�� �^�e�y�� �k�j�Z�[�Z�l�u�\�Z�g�b�y�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�]�h�� �l�h�e�d�Z��
�l�_�e�y���b���h�l�d�e�x�q�_�g�b�y���K�:�� 

�������g�Z�e�b�q�b�_���b�g�^�b�d�Z�p�b�b�����i�h�a�\�h�e�y�x�s�_�c���h�l�h�[�j�Z�`�Z�l�v���k�h�k�l�h��
�y�g�b�_���Z�\�l�h�f�Z�l�Z���b���i�j�b�q�b�g�m���h�l�d�e�x�q�_�g�b�y�� 

������ �g�Z�e�b�q�b�_���d�g�h�i�d�b�� �j�m�q�g�h�]�h�� �m�i�j�Z�\�e�_�g�b�y�� �j�_�`�b�f�h�f�� �j�Z��
�[�h�l�u���K�:�����b���d�g�h�i�d�b���i�_�j�_�a�Z�]�j�m�a�d�b���w�e�_�d�l�j�b�q�_�k�d�h�]�h���[�e�h�d�Z���K�:�� 

�������g�Z�e�b�q�b�_���i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�y���b�g�l�_�j�n�_�c�k�Z���\�u�\�h�^�Z���^�Z�g�g�u�o��
�B�F�K���\���b�g�l�_�j�n�_�c�k���5�6-485. 

 
�J�b�k�� �������<�Z�j�b�Z�g�l���j�Z�k�i�h�e�h�`�_�g�b�y���k�b�k�l�_�f���k�f�Z�j�l-�Z�\�l�h�f�Z�l�Z 

�H�i�j�_�^�_�e�_�g�b�_�� �g�Z�e�b�q�b�y�� �^�m�]�b�� �g�Z�� �e�b�g�b�b�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y��
�q�_�j�_�a���Z�g�Z�e�b�a���k�i�_�d�l�j�Z���k�_�l�b�����Z���l�Z�d���`�_���Z�g�Z�e�b�a�Z���n�h�j�f�u���k�b�g�m�k�h��
�b�^�u�� �i�_�j�_�f�_�g�g�h�]�h�� �l�h�d�Z���� �I�j�b�� �\�h�a�g�b�d�g�h�\�_�g�b�b�� �^�m�]�b�� �i�j�h�[�h�c��
�i�j�h�b�k�o�h�^�b�l�� �i�j�b�� �h�i�j�_�^�_�e�z�g�g�h�c�� �n�Z�a�_�� �k�b�g�m�k�h�b�^�u�� �g�Z�i�j�y�`�_��
�g�b�y���k�_�l�b�����^�Z�e�_�_���g�Z�]�j�m�a�d�Z���j�_�a�d�h���\�h�a�j�Z�k�l�Z�_�l���b���k�b�g�m�k�h�b�^�Z���b�k��
�d�Z�`�Z�_�l�k�y���� �W�l�h�� �\�u�a�u�\�Z�_�l�� �i�h�y�\�e�_�g�b�_�� �\�u�k�h�d�h�q�Z�k�l�h�l�g�u�o�� �]�Z�j��
�f�h�g�b�d�����d�h�l�h�j�u�_���f�h�`�g�h���^�_�l�_�d�l�b�j�h�\�Z�l�v�����g�_�i�j�_�j�u�\�g�h���Z�g�Z�e�b��
�a�b�j�m�y�� �k�i�_�d�l�j�� �k�_�l�b���� �I�j�b�� �w�l�h�f�� �\�h�a�g�b�d�Z�_�l�� �^�j�m�]�Z�y�� �i�j�h�[�e�_�f�Z����
�k�\�y�a�Z�g�g�Z�y���k���h�l�k�m�l�k�l�\�b�_�f���j�Z�a�g�b�p�u���f�_�`�^�m���b�k�d�Z�`�_�g�b�y�f�b���k�b�]��
�g�Z�e�Z�����\�u�a�\�Z�g�g�u�f�b���i�h�y�\�e�_�g�b�_�f���^�m�]�b���g�Z���e�b�g�b�b���^�h���Z�\�l�h�f�Z�l�Z����
�b���i�h�k�e�_���g�_�]�h�����J�_�r�_�g�b�_�f���l�Z�d�h�c���i�j�h�[�e�_�f�u���y�\�e�y�_�l�k�y���\�\�_�^�_�g�b�_��
�\�� �k�o�_�f�m�� �Z�\�l�h�f�Z�l�Z�� �n�b�e�v�l�j�m�x�s�_�]�h�� �w�e�_�f�_�g�l�Z���� �b�a�f�_�g�y�x�s�_�]�h��
�Z�f�i�e�b�l�m�^�m���\�u�k�h�d�b�o���]�Z�j�f�h�g�b�d [10-12]�����I�h���j�Z�a�g�b�p�_���k�b�]�g�Z�e�Z��
�^�h���b���i�h�k�e�_���l�Z�d�h�]�h���w�e�_�f�_�g�l�Z���f�h�`�g�h���[�m�^�_�l���h�i�j�_�^�_�e�b�l�v�����k���d�Z��
�d�h�c���k�l�h�j�h�g�u���k�o�_�f�u���g�Z�o�h�^�b�l�k�y���b�k�l�h�q�g�b�d���\�u�k�h�d�b�o���]�Z�j�f�h�g�b�d����
�?�k�e�b���^�m�]�Z���\�h�a�g�b�d�e�Z���k�h���k�l�h�j�h�g�u���b�k�l�h�q�g�b�d�Z���g�Z�i�j�y�`�_�g�b�y�����l�h��
�m�j�h�\�_�g�v�� �\�u�k�h�d�b�o�� �]�Z�j�f�h�g�b�d�� �k�h�� �k�l�h�j�h�g�u�� �g�Z�]�j�m�a�d�b�� �[�m�^�_�l��
�g�b�`�_���� �<�� �k�e�m�q�Z�_�� �`�_�� �\�h�a�g�b�d�g�h�\�_�g�b�y�� �^�m�]�b�� �k�h�� �k�l�h�j�h�g�u��
�g�Z�]�j�m�a�d�b�����m�j�h�\�_�g�v���]�Z�j�f�h�g�b�d���[�m�^�_�l���g�b�`�_���k�h���k�l�h�j�h�g�u���b�k�l�h�q��
�g�b�d�Z���g�Z�i�j�y�`�_�g�b�y�� 

�<���k�Z�f�h�f���i�j�h�k�l�h�f���k�e�m�q�Z�_���l�Z�d�b�f���w�e�_�f�_�g�l�h�f���f�h�`�_�l���[�u�l�v��
�d�Z�l�m�r�d�Z�� �b�g�^�m�d�l�b�\�g�h�k�l�b���� �B�a�f�_�j�_�g�b�_�� �Z�f�i�e�b�l�m�^�u�� �\�u�k�h�d�b�o��
�]�Z�j�f�h�g�b�d���^�h���b���i�h�k�e�_���b�g�^�m�d�l�b�\�g�h�k�l�b�����m�q�b�l�u�\�Z�y���g�_�i�j�_�^�k�d�Z��
�a�m�_�f�h�k�l�v���b�o���k�h�k�l�Z�\�Z�����i�j�h�b�a�\�h�^�b�l�k�y���q�_�j�_�a���b�a�f�_�j�_�g�b�_���Z�f�i�e�b��
�l�m�^�u���k�b�]�g�Z�e�Z�����i�j�h�i�m�s�_�g�g�h�]�h���q�_�j�_�a���n�b�e�v�l�j���<�Q���b���h�^�g�h�i�h�e�m��
�i�_�j�b�h�^�g�u�c���\�u�i�j�y�f�b�l�_�e�v���� 

�J�:�K�Q�,�L���B�G�>�M�D�L�B�<�G�H�K�L�B���<�O�H�>�G�H�C���D�:�L�M�R�D�B 

�J�Z�k�k�q�b�l�Z�_�f�� �a�g�Z�q�_�g�b�_�� �b�g�^�m�d�l�b�\�g�h�k�l�b�� �d�Z�l�m�r�d�b���� �g�_�h�[�o�h��
�^�b�f�h�_�� �^�e�y�� �\�h�a�f�h�`�g�h�k�l�b�� �h�i�j�_�^�_�e�_�g�b�y�� �j�Z�a�g�b�p�u�� �Z�f�i�e�b�l�m�^��
�<�Q�� �k�b�]�g�Z�e�Z�� �^�h�� �b�� �i�h�k�e�_�� �n�b�e�v�l�j�m�x�s�_�]�h�� �w�e�_�f�_�g�l�Z���� �L�Z�d�� �d�Z�d��
�n�Z�d�l�b�q�_�k�d�b�� �b�a�f�_�j�y�_�l�k�y�� �j�Z�a�g�b�p�Z�� �g�Z�i�j�y�`�_�g�b�c�� �g�Z�� �\�u�o�h�^�Z�o��
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�\�u�i�j�y�f�b�l�_�e�_�c�����k�g�Z�q�Z�e�Z���g�_�h�[�o�h�^�b�f�h���h�i�j�_�^�_�e�b�l�v���f�b�g�b�f�Z�e�v��
�g�u�c�� �r�Z�]�� �:�P�I�� �f�b�d�j�h�d�h�g�l�j�h�e�e�_�j�Z���� �J�Z�a�j�y�^�g�h�k�l�v�� �:�P�I�� �f�b�d��
�j�h�d�h�g�l�j�h�e�e�_�j�Z�� ������ �[�b�l���� �^�b�Z�i�Z�a�h�g�� �b�a�f�_�j�y�_�f�h�]�h�� �g�Z�i�j�y�`�_�g�b�y��
0-���<�����J�Z�k�k�q�b�l�Z�_�f���f�b�g�b�f�Z�e�v�g�u�c���r�Z�]���i�h���n�h�j�f�m�e�_ (1): 

�7�Ì�Í�É 
L
�� �º�½�¼

�t�R

L

�s���‘

�t�5�6
L �r�ä�t�v�v���I�8  (1)  

�]�^�_���7�Ì�Í�É- �f�b�g�b�f�Z�e�v�g�u�c���r�Z�]���b�a�f�_�j�_�g�b�y���:�P�I������ �º�½�¼ �± �\�_�j�o��
�g�y�y�� �]�j�Z�g�b�p�Z�� �^�b�Z�i�Z�a�h�g�Z�� �b�a�f�_�j�_�g�b�y�� �:�P�I���� �1��- �j�Z�a�j�y�^�g�h�k�l�v��
�:�P�I���� �M�j�h�\�_�g�v�� �r�m�f�Z�� �g�Z�� �\�u�o�h�^�_�� �\�u�i�j�y�f�b�l�_�e�y���� �h�i�j�_�^�_�e�z�g��
�g�u�c�� �w�f�i�b�j�b�q�_�k�d�b�f�� �i�m�l�z�f���� �g�_�� �i�j�_�\�u�r�Z�_�l�� ��.���f�<���� �m�j�h�\�_�g�v��
�i�h�]�j�_�r�g�h�k�l�b�� �:�P�I�� ��.���� �f�b�g�b�f�Z�e�v�g�h�]�h�� �r�Z�]�Z���� �L���_���� �i�h�e�_�a�g�u�c��
�r�Z�]���:�P�I���j�Z�\�_�g�� �i�j�b�f�_�j�g�h����.���f�<�����b�e�b���������������h�l���^�b�Z�i�Z�a�h�g�Z��
�b�a�f�_�j�y�_�f�h�]�h���f�b�d�j�h�d�h�g�l�j�h�e�e�_�j�h�f���g�Z�i�j�y�`�_�g�b�y�� 

�>�m�]�Z���f�h�`�_�l���\�h�a�g�b�d�g�m�l�v���d�Z�d���i�j�b���g�Z�e�b�q�b�b���g�Z�]�j�m�a�d�b�����l�Z�d��
�b���i�j�b���_�z���h�l�k�m�l�k�l�\�b�b[13-16]�����<���w�l�h�f���k�e�m�q�Z�_���^�m�]�Z���k�Z�f�Z���[�m�^�_�l��
�y�\�e�y�l�v�k�y�� �g�Z�]�j�m�a�d�h�c���� �a�g�Z�q�_�g�b�_�� �d�h�l�h�j�h�c�� �[�m�^�_�l�� �a�Z�\�b�k�_�l�v�� �h�l��
�j�Z�k�k�l�h�y�g�b�y�� �f�_�`�^�m�� �i�j�h�\�h�^�g�b�d�Z�f�b���� �g�Z�� �d�h�l�h�j�h�f�� �\�h�a�g�b�d�e�Z��
�^�m�]�Z�����I�Z�^�_�g�b�_���Z�f�i�e�b�l�m�^�u���<�Q���k�b�]�g�Z�e�Z���g�Z���d�Z�l�m�r�d�_���[�m�^�_�l���a�Z��
�\�b�k�_�l�v�� �h�l�� �a�g�Z�q�_�g�b�y�� �i�h�e�g�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �d�Z�l�m�r�d�b�� �b��
�g�Z�]�j�m�a�d�b���� �l���_���� �h�l�� �m�j�h�\�g�y�� �g�Z�]�j�m�a�d�b�� �b�� �a�g�Z�q�_�g�b�y�� �b�g�^�m�d�l�b�\�g�h��
�k�l�b[9,11]�����Q�_�f���[�h�e�v�r�_���i�h�e�g�h�_���k�h�i�j�h�l�b�\�e�_�g�b�_���g�Z�]�j�m�a�d�b�����l�_�f��
�f�_�g�v�r�_���i�Z�^�_�g�b�_���<�Q���g�Z���d�Z�l�m�r�d�_�����Z���a�g�Z�q�b�l���b���j�Z�a�g�b�p�Z���m�j�h�\�g�y��
�k�b�]�g�Z�e�Z���� �I�h�w�l�h�f�m�� �j�Z�k�k�q�b�l�Z�_�f�� �g�_�h�[�o�h�^�b�f�h�_�� �a�g�Z�q�_�g�b�_�� �b�g��
�^�m�d�l�b�\�g�h�k�l�b���i�j�b���f�b�g�b�f�Z�e�v�g�h���\�h�a�f�h�`�g�h�c���g�Z�]�j�m�a�d�_�� 

�<�h�a�g�b�d�g�h�\�_�g�b�_�� �^�m�]�b���� �k�h�]�e�Z�k�g�h�� �b�k�l�h�q�g�b�d�m[17]���� �\�h�a��
�f�h�`�g�h���i�j�b���g�Z�i�j�y�`�_�g�b�b���g�_���g�b�`�_�������<���b���l�h�d�m���g�_���f�_�g�_�_����.���: . 
�B�k�o�h�^�y�� �b�a�� �w�l�b�o�� �i�Z�j�Z�f�_�l�j�h�\���� �j�Z�k�k�q�b�l�Z�_�f�� �g�_�h�[�o�h�^�b�f�h�_�� �Z�d��
�l�b�\�g�h�_���k�h�i�j�h�l�b�\�e�_�g�b�_���n�b�e�v�l�j�m�x�s�_�]�h���w�e�_�f�_�g�l�Z (2-4): 

�: �Ü�á�×�è�Ö�ç

�: �Ü�á�×�è�Ö�ç
E�: �å

L �r�ä�r�w�  ̈ (2)  

�: �Ü�á�×�è�Ö�ç
L��
�r�ä�r�r�r�w�:�N

�r�ä�{�{�{�w
 (3)  

�: �Ü�á�×�è�Ö�ç
L �r�ä�r�r�r�w
H�: �å (4)  

�I�j�b���f�b�g�b�f�Z�e�v�g�h�f���l�h�d�_��0,1A �b���g�Z�i�j�y�`�_�g�b�b���������<���i�h�e�g�h�_��
�k�h�i�j�h�l�b�\�e�_�g�b�_���^�m�]�b���j�Z�\�g�h ���n�h�j�f�m�e�Z������: 

�: �å 
L
�7�Æ�º�Ñ

�+�Æ�Â�Ç

L �t�w�r�r���•�Ï  (5)  

�L�h�]�^�Z 
�: �Ü�á�×�è�Ö�ç
L �s�á�t�w���•�Ï   

�Q�_�f���\�u�r�_���k�j�_�^�g�y�y���q�Z�k�l�h�l�Z���k�i�_�d�l�j�Z���^�m�]�b�����l�_�f���[�h�e�v�r�_���Z�d��
�l�b�\�g�h�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_�� �b�g�^�m�d�l�b�\�g�h�k�l�b�� �b�� �[�h�e�v�r�_�� �j�Z�a�g�b�p�Z��
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�: �Ü�á�×�è�Ö�ç
L �t�è�B�. (6)  
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N�t�r�r�Ï�Í�’�Ð (7)  
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�A�:�D�E�X�Q�?�G�B�? ���<�U�<�H�>�U) 

�J�Z�a�j�Z�[�Z�l�u�\�Z�_�f�u�c�� �k�f�Z�j�l-�Z�\�l�h�f�Z�l�� �f�h�`�g�h�� �b�k�i�h�e�v�a�h�\�Z�l�v��
�i�h�\�k�_�f�_�k�l�g�h�����d�Z�d���g�Z���h�[�t�_�d�l�Z�o���q�Z�k�l�g�u�o���^�h�f�h�o�h�a�y�c�k�l�\�����l�Z�d���b��
�\���f�Z�e�u�o���]�h�k�m�^�Z�j�k�l�\�_�g�g�u�o���b���d�h�f�f�_�j�q�_�k�d�b�o���i�j�h�f�u�r�e�_�g�g�u�o��

�i�j�_�^�i�j�b�y�l�b�y�o���� �K�f�Z�j�l-�Z�\�l�h�f�Z�l�� �i�h�a�\�h�e�b�l�� �h�[�e�_�]�q�b�l�v�� �m�q�_�l��
�^�Z�g�g�u�o���i�h���i�h�l�j�_�[�e�_�g�b�x���w�e�_�d�l�j�h�w�g�_�j�]�b�b�����d�Z�q�_�k�l�\�m �w�e�_�d�l�j�h��
�k�g�Z�[�`�_�g�b�y�����m�f�_�g�v�r�b�l�v���d�h�e�b�q�_�k�l�\�h���g�_�r�l�Z�l�g�u�o���k�b�l�m�Z�p�b�c�����a�Z��
�k�q�z�l���m�i�j�h�s�_�g�b�y���b�o���^�b�Z�]�g�h�k�l�b�d�b�����G�Z���j�b�k�m�g�d�_��5 �i�j�_�^�k�l�Z�\�e�_�g��
�]�j�Z�n�b�d�� �^�b�g�Z�f�b�d�b�� �d�h�e�b�q�_�k�l�\�Z�� �i�h�^�d�e�x�q�_�g�g�u�o�� �,�R�7-
�m�k�l�j�h�c�k�l�\���b���i�j�h�]�g�h�a���^�h�������������]�h�^�Z���d�h�f�i�Z�g�b�b���7�$�G�Y�L�V�H�U�� 

 
�J�b�k. 5. �=�j�Z�n�b�d���a�Z�\�b�k�b�f�h�k�l�b���m�k�l�j�h�c�k�l�\���,oT 

�>�Z�g�g�u�c�� �i�j�h�]�g�h�a�� �i�h�d�Z�a�u�\�Z�_�l���� �q�l�h�� �i�_�j�_�o�h�^�� �k�b�k�l�_�f��
�w�e�_�d�l�j�h-�h�[�_�k�i�_�q�_�g�b�y�� �g�Z�� �d�h�g�p�_�i�p�b�x�� �,o�7�� �y�\�e�y�_�l�k�y�� �g�_�h�[�o�h��
�^�b�f�h�k�l�v�x�� �\�� �m�k�e�h�\�b�y�o�� �k�l�j�_�f�b�l�_�e�v�g�h�]�h�� �j�Z�a�\�b�l�b�y�� �b�g�n�h�j�f�Z��
�p�b�h�g�g�u�o���l�_�o�g�h�e�h�]�b�c�� 

�E�B�L�?�J�:�L�M�J�: 

1. Amruthnath, N. & Gupta, T. 2018. A research study on 
unsupervised machine learning algorithms for early fault detec-
tion in predictive maintenance, In: 2018 5th International Con-
ference on Industrial Engineering and Applications, IEEE, 355-
361, http://dx.doi.org/10.13140/RG.2.2.28822.24648.    

2. Andreev K.A. Vlasov A.I. & Shakhnov V.A. Silicon pres-
sure transmitters with overload protection, Automation and Re-
mote Control. �± 2016. �± 77(7). �± P. 1281-1285. 

3. Baptista M. Sankararaman S. de Medeiros, I.P. Nasci-
mento C., Prendinger H., & Henriques E.M.P. Forecasting fault 
events for predictive maintenance using data-driven techniques 
and ARMA modeling, Computers & Industrial Engineering. 
2018. �± 115. �± �J 41-53. 
http://dx.doi.org/10.1016/j.cie.2017.10.033. 

4. Mobley R.K. An introduction to predictive maintenance, 
Elsevier Science. 2002. 

5. Vlasov A.I.; Yudin, A.V.; Salmina, M.A.; Shakhnov, 
V.A.; & Usov, K.A. 2017a. Design methods of teaching the de-
velopment of internet of things components with considering 
predictive maintenance on the basis of mechatronic devices, In-
ternational Journal of Applied Engineering Research 12(20): 
9390-9396. 

6. �:�K�L�W�D�N�H�U���� �'���$������ �(�J�D�Q���� �'������ �2�¶�%�U�L�H�Q���� �(������ �	�� �.�L�Q�Q�H�D�U���� �'����
2018. Application of multivariate data analysis to machine 
power measurements as a means of tool life predictive mainte-
nance for reducing product waste, from 
https://arxiv.org/abs/1802.08338, accessed March 16, 2018.  

7. Vlasov A.I., Berdyugina O.N., Krivoshein A.I. Techno-
logical Platform for Innovative Social Infrastructure Develop-
ment on Basis of Smart Machines and Principles of Internet of 
Things 2018 Global Smart Industry Conference (GloSIC) �± 
2018. �± �J. 1�±7 

8. �*�����3�U�D�X�V�H���D�Q�G���6�����$�W�D�U�L�����³�2�Q���V�X�V�W�D�L�Q�D�Ele production net-
�Z�R�U�N�V���I�R�U���,�Q�G�X�V�W�U�\�����������´���(�Q�W�U�H�S�U�H�Q�H�X�U�V�K�L�S���D�Q�G���6�X�V�W�D�L�Q�D�E�L�O�L�W�\���,�V��
sues, �± 2017 �± vol. 4, no. 4. �± �J. 421-431. 
https://doi.org/10.9770/jesi.2017.4.4(2) 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 271  

 

9. Ragulina Y.V. Perspectives of solving the problems of 
regional development with the help of new Internet technolo-
gies / Y.V. Ragulina, E.I. Semenova, I.A. Zueva, E.V. 
Kletskova, and E.N. Belkina // Entrepreneurship and Sustaina-
bility Issues. �± 2018. �± vol. 5, no. 4. �± �J. 890-898, 
https://doi.org/10.9770/jesi.2018.5.4(13)  

10. Akberdina V.V. A methodological approach to forecast-
ing spatial distribution of workplaces in an industrial metropolis 
/ V.V. Akberdina, O.V. Tretyakova, and A.I. Vlasov // Prob-
lems and Perspectives in Management. �± 2017. �± vol. 15, no.4 
(87). �± �J. 50-61. 

11. Rudenko L.G. Analysis of the state of housing and util-
ities infrastructure of Russia under current conditions. // Bulle-
tin of Vitte Moscow University. Series 1: Economy and Man-
agement. �± 2015. �± no. 2. �±�J. 67-78. 

12. Kolarzh V.V. Analysis of housing and utilities branch as 
a perspective field of entrepreneurship // Scientific Journal of 
�6�5�8���,�7�0�2�����6�H�U�L�H�V���³�(�Fonomy and Economical management. �± 
2017. �±no. 1. �± �J. 10-14.  

13. Berdyugina O.N. Investment capacity of the economy 
during the implementation of projects of public-private partner-
ship / O.N. Berdyugina, A.I. Vlasov, and E.A. Kuzmin // In-
vestment Management and Financial Innovations. �± 2017. �±vol. 
14, no. 3. �± �J. 189-198. 

14. �)�X�Q�G�� �³�&�H�Q�W�H�U�� �R�I�� �6�W�U�D�W�H�J�L�F�D�O�� �'�H�Y�H�O�R�S�P�H�Q�W�V�� �³�1�R�U�W�K-
�:�H�V�W���´���³�³�,�Q�W�H�O�O�L�J�H�Q�W�´���(�Q�Y�L�U�R�Q�P�H�Q�W�V�����³�,�Q�W�H�O�O�L�J�H�Q�W�´���6�\�V�W�H�P�V�����³�,�Q��
�W�H�O�O�L�J�H�Q�W�´���3�U�R�G�X�F�W�L�R�Q�V�����6�H�U�L�H�V���R�I���5�H�S�R�U�W�V�����*�U�H�H�Q���%�R�R�N�V�����Z�L�W�K�L�Q��
�W�K�H�� �)�U�D�P�H�Z�R�U�N�� �R�I�� �W�K�H�� �3�U�R�M�H�F�W�� �³�,�Q�G�X�V�W�U�L�Dl and Technological 
�)�R�U�H�V�L�J�K�W���R�I���W�K�H���5�X�V�V�L�D�Q���)�H�G�H�U�D�W�L�R�Q�´�����L�V�V�����������6�D�L�Q�W���3�H�W�H�U�V�E�X�U�J����
2012. 

15. Vlasov A.I. Design methods of teaching the develop-
ment of internet of things components with considering predic-
tive maintenance on the basis of mechatronic devices / A.I. 
Vlasov, A.V. Yudin, V.A. Shakhnov, K.A. Usov and M.A. Sal-
mina // International Journal of Applied Engineering Research. 
�± 2017. �±vol. 12, no. 20. �± �J. 9390-9396. 

16. Mobley R.K. An Introduction To Predictive Mainte-
nance. Elsevier Science, 2002. 

17. Zaid R. Machinery Predictive Analytics. SPE 128559, 
2010. 

Universal Smart Circuit Breaker Concept 
Vlasov A.I.  

Bauman Moscow State Technical University  
Moscow, Russia 
vlasov@iu4.ru 

Filin S.S., Krivoshein A.I. 
�/�/�&���©�.�R�Q�Q�H�N�W�ª 
Moscow, Russia 

info@konnekt.pro, alexeykrivoshein@mail.ru
 

Abstract. The paper dwells upon the principles of creating a 
technological platform for developing innovative social infrastruc-
ture to diagnose and monitor individual and collective power sup-
ply systems, building life support, home appliance conditions, In-
ternet of Things devices, and public utilities. The paper proposes 
novel circuitries and design solutions to optimize and reduce the 
sizing of the existing energy flux quality monitoring tech by two 
orders of magnitude. It also proposes: an element-base implemen-
tation that considers the complex effects of destabilizing factors; 
an optimal-topology design of hybrid integrated circuits (HIS) and 
micro-assemblies; models and algorithms for the statistical estima-
tion of analog-circuit parameter distributions to create an auto-
mated subsystem for statistical analysis and optimization of the 
functional parameters of analog HIS and micro-assembles; an 

analysis of how process factors affect the reliability of internal con-
nections when assembling components on substrates and connect-
ing the substrate contact pads to the HIS and micro-assembly out-
puts; as well as a bill of materials and technologies. The conclusion 
formulates the opportunities to improve the design technology and 
to design energy-efficient buildings, as well as to provide novel in-
formation services (such as power-infrastructure monitoring, etc.) 
to industries and people alike. Some of the results have been ob-
tained within research funded by the Russian Ministry of Educa-
tion and Science under the Project Agreement No. 14.579.21.0158 
UID RFMEFI57918X0158. 

Keywords: smart home, monitoring, control, smart grids, 
Internet of Things, automated circuit breaker. 
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�f�Z�k�k�u�����H�[�s�Z�y���w�g�_�j�]�_�l�b�q�_�k�d�Z�y���f�h�s�g�h�k�l�v���k�b�k�l�_�f�u��- ���������]�b��
�]�Z�\�Z�l�l���� �q�l�h���� �k�h�]�e�Z�k�g�h�� �f�h�^�_�e�b���� �g�Z�� �������� �]�b�]�Z�\�Z�l�l�Z�� �\�u�r�_�� �k�i�h��
�k�h�[�g�h�k�l�b���l�_�d�m�s�_�c���w�g�_�j�]�h�k�b�k�l�_�f�u���>���@��  

�I�h���f�g�_�g�b�x���w�d�k�i�_�j�l�h�\�����i�_�j�_�o�h�^���g�Z�������������b�k�i�h�e�v�a�m�_�f�h�c��
�w�g�_�j�]�b�b���b�a���\�h�a�h�[�g�h�\�e�y�_�f�u�o���b�k�l�h�q�g�b�d�h�\���d�������������]�h�^�m��- �p�_�e�v��
�[�h�e�_�_�� �q�_�f�� �^�h�k�l�b�`�b�f�Z�y���� �D�j�h�f�_�� �l�h�]�h���� �k�b�k�l�_�f�Z�� �f�_�g�_�_�� �a�Z��
�l�j�Z�l�g�Z���� �q�_�f�� �Z�g�Z�e�h�]�b���� �h�k�g�h�\�Z�g�g�u�_�� �g�Z�� �y�^�_�j�g�h�c�� �w�g�_�j�]�_�l�b�d�_��
�b�e�b�� �l�_�o�g�h�e�h�]�b�y�o�� �m�e�Z�\�e�b�\�Z�g�b�y�� �b�� �a�Z�o�h�j�h�g�_�g�b�y�� �m�]�e�_�d�b�k�e�h�]�h��
�]�Z�a�Z����- �_�_���\�g�_�^�j�_�g�b�_���i�h�a�\�h�e�b�l���k�h�d�j�Z�l�b�l�v���a�Z�l�j�Z�l�u���g�Z�����������>������
10]. 

�<�h�a�h�[�g�h�\�e�y�_�f�Z�y�� �w�g�_�j�]�b�y�� �f�h�`�_�l�� �h�d�Z�a�Z�l�v�k�y�� �k�m�s�_�k�l�\�_�g��
�g�u�f���d�h�f�i�h�g�_�g�l�h�f���w�g�_�j�]�h�k�b�k�l�_�f�u���j�_�]�b�h�g�Z�����h�k�h�[�_�g�g�h���\���l�h�c��
�f�_�k�l�g�h�k�l�b���� �]�^�_�� �b�f�_�_�l�k�y�� �[�h�e�v�r�h�c�� �_�_�� �i�h�l�_�g�p�b�Z�e���� �G�_�h�[�o�h��
�^�b�f�h���j�Z�a�j�Z�[�h�l�Z�l�v �f�_�l�h�^�b�q�_�k�d�b�c �i�h�^�o�h�^���d���h�p�_�g�d�_���\�h�\�e�_�q�_��
�g�b�y���\�h�a�h�[�g�h�\�e�y�_�f�h�c���w�g�_�j�]�b�b���\���w�g�_�j�]�h�[�Z�e�Z�g�k���j�_�]�b�h�g�Z�� 

�A�Z�^�Z�q�Z�� �w�n�n�_�d�l�b�\�g�h�]�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �\�h�a�h�[�g�h�\�e�y�_�f�u�o��
�b�k�l�h�q�g�b�d�h�\���w�g�_�j�]�b�b���\���w�g�_�j�]�h�[�Z�e�Z�g�k�_���j�_�]�b�h�g�Z���^�h�e�`�g�Z���[�u�l�v��
�j�_�r�_�g�Z�� �i�j�b�� �\�k�_�k�l�h�j�h�g�g�_�f�� �j�Z�k�k�f�h�l�j�_�g�b�b�� �b�a�m�q�Z�_�f�h�c�� �k�b��
�k�l�_�f�u���k���m�q�_�l�h�f���_�_���\�g�_�r�g�b�o���b�e�b���\�g�m�l�j�_�g�g�b�o���\�a�Z�b�f�h�k�\�y�a�_�c����
�K�e�_�^�h�\�Z�l�_�e�v�g�h���� �\�� �i�j�h�p�_�k�k�_�� �j�_�r�_�g�b�y�� �g�_�h�[�o�h�^�b�f�h�� �i�j�b�f�_��
�g�y�l�v���f�_�l�h�^�u���k�b�k�l�_�f�g�h�]�h���Z�g�Z�e�b�a�Z�� 

�W�g�_�j�]�_�l�b�d�Z���� �d�Z�d�� �k�b�k�l�_�f�Z���� �\�d�e�x�q�Z�_�l�� �\�� �k�_�[�y�� �\�_�k�v�� �l�h�i��
�e�b�\�g�h-�w�g�_�j�]�_�l�b�q�_�k�d�b�c�� �d�h�f�i�e�_�d�k���� �<�� �r�b�j�h�d�h�f�� �k�f�u�k�e�_�� �^�e�y��
�w�g�_�j�]�h�j�_�k�m�j�k�h�\�� �b�� �w�g�_�j�]�h�g�h�k�b�l�_�e�_�c�� �\�k�_�o�� �\�b�^�h�\�� �h�g�Z�� �i�j�_�^�m��
�k�f�Z�l�j�b�\�Z�_�l�� �b�o�� �i�h�e�m�q�_�g�b�_���� �i�_�j�_�j�Z�[�h�l�d�m���� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�_����
�l�j�Z�g�k�i�h�j�l�b�j�h�\�Z�g�b�_�����b�k�i�h�e�v�a�h�\�Z�g�b�_ [5]. 

�H�^�g�b�f���b�a���w�l�Z�i�h�\ �k�b�k�l�_�f�g�h�]�h���b�k�k�e�_�^�h�\�Z�g�b�y �\���w�g�_�j�]�_�l�b�d�_��
�y�\�e�y�_�l�k�y���b�_�j�Z�j�o�b�q�_�k�d�h�_���i�j�_�^�k�l�Z�\�e�_�g�b�_���w�g�_�j�]�_�l�b�q�_�k�d�b�o���k�b��
�k�l�_�f���� �I�h�w�l�h�f�m�� �g�Z�b�[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�u�f�� �k�i�h�k�h�[�h�f�� �k�l�j�m�d�l�m��
�j�b�a�Z�p�b�b���p�_�e�_�c�����i�j�_�k�e�_�^�m�_�f�u�o���i�j�b���\�d�e�x�q�_�g�b�b���<�B�W���\���w�g�_�j��
�]�_�l�b�q�_�k�d�b�_�� �k�b�k�l�_�f�u���� �y�\�e�y�_�l�k�y�� �i�h�k�l�j�h�_�g�b�_�� �b�_�j�Z�j�o�b�b�� �p�_�e�_�c��
[5, 8, 9�@���� �H�g�Z�� �g�Z�q�b�g�Z�_�l�k�y�� �k�� �k�Z�f�u�o�� �h�[�s�b�o�� �]�e�Z�\�g�u�o�� �p�_�e�_�c����
�g�Z�o�h�^�y�s�b�o�k�y�� �g�Z�� �\�u�k�r�b�o�� �m�j�h�\�g�y�o���� �b�� �a�Z�d�Z�g�q�b�\�Z�_�l�k�y�� �[�h�e�_�_��
�m�a�d�b�f�b���g�Z���g�b�a�r�b�o�� 

�B�_�j�Z�j�o�b�y���p�_�e�_�c���^�e�y���h�p�_�g�d�b���w�n�n�_�d�l�b�\�g�h�k�l�b���\�h�a�f�h�`�g�u�o��
�\�Z�j�b�Z�g�l�h�\���\�h�\�e�_�q�_�g�b�y���<�B�W���\���w�g�_�j�]�h�[�Z�e�Z�g�k���k�l�j�h�b�l�k�y���g�Z���h�k��
�g�h�\�_�� �i�h�e�g�h�c�� �b�_�j�Z�j�o�b�b�� �p�_�e�_�c�� �k�b�k�l�_�f�u�� �w�g�_�j�]�h�k�g�Z�[�`�_�g�b�y�� �k��
�<�B�W [8�@���� �H�g�Z�� �i�h�a�\�h�e�y�_�l�� �i�j�b�k�i�h�k�Z�[�e�b�\�Z�l�v�� �l�j�_�[�h�\�Z�g�b�y�� �h�[��
�s�b�o���p�_�e�_�c���d���d�h�g�d�j�_�l�g�u�f���i�j�h�[�e�_�f�Z�f�����W�l�h���h�[�_�k�i�_�q�b�\�Z�_�l���g�_��
�h�[�o�h�^�b�f�m�x���h�k�g�h�\�m���^�e�y���m�k�l�Z�g�h�\�e�_�g�b�y���d�j�b�l�_�j�b�_�\���w�n�n�_�d�l�b�\��
�g�h�k�l�b�����K���^�j�m�]�h�c���k�l�h�j�h�g�u�����\���o�h�^�_���h�l�[�h�j�Z���f�h�`�_�l���\�u�y�k�g�b�l�v�k�y����
�q�l�h�� �g�_�d�h�l�h�j�u�_�� �b�a�� �p�_�e�_�c�� �g�_�� �y�\�e�y�x�l�k�y�� �g�_�h�[�o�h�^�b�f�u�f�b���� �i�h��
�k�d�h�e�v�d�m���\�h�a�f�h�`�g�u�_���\�Z�j�b�Z�g�l�u���j�Z�\�g�h�a�g�Z�q�g�u���i�h���w�l�b�f���p�_�e�y�f�� 

�<�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �h�k�g�h�\�g�u�f�b�� �i�j�b�g�p�b�i�Z�f�b�� �k�b�k�l�_�f�g�h�]�h��
�i�h�^�o�h�^�Z�� �>5�@���� �k�b�k�l�_�f�u�� �w�g�_�j�]�h�k�g�Z�[�`�_�g�b�y���� �d�Z�d�� �i�h�^�k�b�k�l�_�f�u��
�h�[�s�_�c�� �w�g�_�j�]�_�l�b�q�_�k�d�h�c�� �k�b�k�l�_�f�u���� �^�h�e�`�g�u�� �k�l�j�h�b�l�v�k�y�� �g�Z�� �h�k��
�g�h�\�_�� �m�q�z�l�Z�� �\�k�_�o�� �k�m�s�_�k�l�\�_�g�g�u�o�� �d�j�b�l�_�j�b�Z�e�v�g�u�o �k�\�h�c�k�l�\����
�D�Z�`�^�h�_���k�\�h�c�k�l�\�h���o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y���h�^�g�b�f���b�e�b���g�_�k�d�h�e�v�d�b�f�b��
�d�j�b�l�_�j�b�y�f�b�� �w�n�n�_�d�l�b�\�g�h�k�l�b���� �M�q�b�l�u�\�Z�y���� �q�l�h�� �h�k�g�h�\�g�u�f��
�m�k�e�h�\�b�_�f�� �k�h�i�h�k�l�Z�\�e�_�g�b�y�� �\�Z�j�b�Z�g�l�h�\�� �y�\�e�y�_�l�k�y�� �m�^�h�\�e�_�l�\�h�j�_��
�g�b�_���d�Z�`�^�u�f���b�a���g�b�o���k�i�j�h�k�Z���i�h�l�j�_�[�b�l�_�e�_�c���g�Z���w�g�_�j�]�b�x�����g�Z���p�_��
�e�u�c�� �j�y�^�� �d�j�b�l�_�j�b�_�\�� �^�h�e�`�g�u�� �[�u�l�v�� �g�Z�e�h�`�_�g�u�� �h�]�j�Z�g�b�q�_�g�b�y����
�l���_�����h�i�l�b�f�b�a�Z�p�b�y���i�j�h�\�h�^�b�l�k�y���\���h�]�j�Z�g�b�q�_�g�g�h�c���h�[�e�Z�k�l�b���� 

�:�\�l�h�j�Z�f�b���[�u�e�Z���j�Z�a�j�Z�[�h�l�Z�g�Z���i�h�e�g�Z�y���k�b�k�l�_�f�Z���g�Z�[�h�j�Z���d�j�b��
�l�_�j�b�_�\���^�e�y���h�p�_�g�d�b���w�n�n�_�d�l�b�\�g�h�k�l�b���k�b�k�l�_�f���\���Z�e�v�l�_�j�g�Z�l�b�\�g�h�c��
�w�g�_�j�]�_�l�b�d�_�����k���k�h�[�e�x�^�_�g�b�_�f���h�^�g�h�]�h���b�a���h�k�g�h�\�g�u�o���l�j�_�[�h�\�Z�g�b�c��
�k�b�k�l�_�f�g�h�]�h���Z�g�Z�e�b�a�Z���± �i�h�e�g�h�l�u���b���\�k�_�k�l�h�j�h�g�g�h�k�l�b���j�Z�k�k�f�h�l��
�j�_�g�b�y���h�[�t�_�d�l�Z���b�k�k�e�_�^�h�\�Z�g�b�y�����j�b�k�����������d�h�l�h�j�Z�y���^�Z�_�l���\�h�a�f�h�`��
�g�h�k�l�v�� �h�p�_�g�b�l�v�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �d�Z�d�� �h�l�^�_�e�v�g�u�o���w�g�_�j�]�_�l�b�q�_��
�k�d�b�o���d�h�f�i�e�_�d�k�h�\ �k���<�B�W�����l�Z�d���b���w�g�_�j�]�_�l�b�q�_�k�d�b�o���k�b�k�l�_�f���k���b�k��
�i�h�e�v�a�h�\�Z�g�b�_�f���<�B�W���>6, 9]. 
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�w�g�_�j�]�b�b���^�e�y���h�p�_�g�d�b���_�_���i�h�l�_�g�p�b�Z�e�Z���\���a�Z�^�Z�g�g�h�f���j�Z�c�h�g�_���i�j�_�^��
�k�l�Z�\�e�y�_�l���k�h�[�h�c���k�b�g�l�_�a���f�Z�l�_�f�Z�l�b�q�_�k�d�b�o���f�h�^�_�e�_�c�����h�i�b�k�u�\�Z��
�x�s�b�o���i�j�h�p�_�k�k�u���i�h�k�l�m�i�e�_�g�b�y���w�g�_�j�]�b�b���h�l���j�Z�a�e�b�q�g�u�o���b�k�l�h�q��
�g�b�d�h�\�����b���i�Z�j�Z�f�_�l�j�h�\���l�_�o�g�h�e�h�]�b�b���_�_���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���>2, 5]. 

�?�k�l�_�k�l�\�_�g�g�u�_���i�h�l�h�d�b���\�h�a�h�[�g�h�\�e�y�_�f�h�c���w�g�_�j�]�b�b�����d�Z�d���g�_��
�i�j�_�j�u�\�g�u�_�� �n�b�a�b�q�_�k�d�b�_�� �i�j�h�p�_�k�k�u���� �f�h�]�m�l�� �[�u�l�v�� �i�j�_�^�k�l�Z�\��
�e�_�g�u���\���\�b�^�_���m�g�b�\�_�j�k�Z�e�v�g�u�o���Z�g�Z�e�b�l�b�q�_�k�d�b�o���f�h�^�_�e�_�c���k���i�_�j�_��
�f�_�g�g�u�f�b���i�Z�j�Z�f�_�l�j�Z�f�b�����a�Z�\�b�k�y�s�b�f�b���h�l���k�i�_�p�b�n�b�d�b���i�j�b�j�h�^��
�g�u�o�� �b�� �l�_�o�g�h�]�_�g�g�u�o�� �m�k�e�h�\�b�c�� �b�k�k�e�_�^�m�_�f�h�c�� �f�_�k�l�g�h�k�l�b�� �I�h��
�k�l�m�i�e�_�g�b�_���\�h�a�h�[�g�h�\�e�y�_�f�h�c�� �w�g�_�j�]�b�b �^�h�e�`�g�h�� �[�u�l�v�� �h�i�b�k�Z�g�h��
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�i�h�e�g�h���b�o���i�j�b�j�h�^�Z���f�h�`�_�l���h�i�b�k�u�\�Z�l�v�k�y���d�Z�d���g�_�k�l�Z�p�b�h�g�Z�j�g�u�c��
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�G�Z�� �j�b�k�m�g�d�_�� ���� �i�j�_�^�k�l�Z�\�e�_�g�� �d�h�f�i�e�_�d�k�� �f�Z�l�_�f�Z�l�b�q�_�k�d�b�o��
�f�h�^�_�e�_�c�� �h�k�g�h�\�g�u�o�� �<�B�W���� �d�h�l�h�j�u�_�� �i�j�_�^�k�l�Z�\�e�y�x�l�k�y�� �g�Z�b�[�h��
�e�_�_�� �i�h�^�o�h�^�y�s�b�f�b�� �^�e�y�� �i�_�j�k�i�_�d�l�b�\�g�h�c�� �h�p�_�g�d�b�� �i�h�l�_�g�p�b�Z�e�Z��
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�<�<�?�>�?�G�B�? 

�L�_�j�j�b�l�h�j�b�y���D�u�j�]�u�a�k�l�Z�g�Z �k�h�k�l�h�b�l�����������b�a���]�h�j�g�h�c���f�_�k�l��
�g�h�k�l�b�����q�l�h���k�h�a�^�Z�_�l���l�j�m�^�g�h�k�l�b���\���k�l�j�h�b�l�_�e�v�k�l�\�_���e�b�g�b�c���w�e�_�d��
�l�j�h�i�_�j�_�^�Z�q ���E�W�I���� �b�� �i�h�^�d�e�x�q�_�g�b�_���i�h�l�j�_�[�b�l�_�e�_�c���d �_�^�b�g�h�c 
�w�g�_�j�]�h�k�b�k�l�_�f�_ �k�l�j�Z�g�u���� �K�l�j�Z�g�Z�� �[�h�]�Z�l�Z�� �\�h�^�g�u�f�b�� �j�_�k�m�j�k�Z�f�b��
�b���a�Z�g�b�f�Z�_�l �i�h���b�o���a�Z�i�Z�k�Z�f���l�j�_�l�v�_���f�_�k�l�h���\���P�_�g�l�j�Z�e�v�g�h�c���:�a�b�b 
[1]. �H�^�g�Z�d�h, �g�_�k�f�h�l�j�y���g�Z���b�f�_�x�s�b�c�k�y���h�]�j�h�f�g�u�c���i�h�l�_�g�p�b�Z�e��
�]�b�^�j�h�w�g�_�j�]�_�l�b�q�_�k�d�b�o�� �j�_�k�m�j�k�h�\�����k�l�j�Z�g�Z���b�a-�a�Z �w�d�h�g�h�f�b�q�_��
�k�d�b�o���b���i�h�e�b�l�b�q�_�k�d�b�o���k�h�h�[�j�Z�`�_�g�b�c���g�_���f�h�`�_�l���k�l�j�h�b�l�v���d�j�m�i��
�g�u�_�� �]�b�^�j�h�w�e�_�d�l�j�h�k�l�Z�g�p�b�b���� �K�� �d�Z�`�^�u�f�� �]�h�^�h�f�� �i�h�l�j�_�[�e�_�g�b�_ 
�w�e�_�d�l�j�h�w�g�_�j�]�b�b�� �\�� �k�l�j�Z�g�_�� �j�Z�k�l�_�l���� �k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �j�Z�k�l�_�l���b��
�^�_�n�b�p�b�l���w�e�_�d�l�j�h�w�g�_�j�]�b�b�����L�Z�d�`�_���k�l�h�b�l���m�i�h�f�y�g�m�l�v���[�h�e�v�r�b�_ 
�l�_�o�g�b�q�_�k�d�b�_ �i�h�l�_�j�b���g�Z���E�W�I�����d�h�l�h�j�u�_���i�h���^�Z�g�g�u�f���b�k�l�h�q�g�b�d�Z 
[2] �k�h�k�l�Z�\�e�y�x�l���h�d�h�e�h������%. �H�^�b�g���b�a���\�Z�j�b�Z�g�l�h�\���k�g�b�`�_�g�b�y���^�_��
�n�b�p�b�l�Z�� �w�e�_�d�l�j�h�w�g�_�j�]�b�b���\�� �k�l�j�Z�g�_�� �k�l�j�h�b�l�_�e�v�k�l�\�h�� �d�j�m�i�g�u�o��
�k�_�l�_�\�u�o���w�e�_�d�l�j�h�k�l�Z�g�p�b�c���g�Z���[�Z�a�_���w�g�_�j�]�b�b���k�h�e�g�p�Z���b���\�_�l�j�Z�� 

�<�u�[�h�j���i�_�j�k�i�_�d�l�b�\�g�u�o�� �i�e�h�s�Z�^�h�d �i�h�^�� �k�l�j�h�b�l�_�e�v�k�l�\�h��
�k�h�e�g�_�q�g�u�o�� �n�h�l�h�w�e�_�d�l�j�b�q�_�k�d�b�o�� �k�l�Z�g�p�b�c�� ���K�N�W�K���� �b�� �\�_�l�j�h��
�w�e�_�d�l�j�b�q�_�k�d�b�o���k�l�Z�g�p�b�c�����<�W�K�����g�Z�q�b�g�Z�_�l�k�y���k���h�p�_�g�d�b���\�_�l�j�h��
�\�u�o���b���k�h�e�g�_�q�g�u�o���j�_�k�m�j�k�h�\�����K�^�_�e�Z�g�g�u�_���j�Z�g�_�_���h�p�_�g�d�b���\�_�l�j�h��
�\�u�o�� �b�� �k�h�e�g�_�q�g�u�o�� �j�_�k�m�j�k�h�\�� �^�e�y�� �\�k�_�c�� �l�_�j�j�b�l�h�j�b�b�� �D�u�j�]�u�a��
�k�l�Z�g�Z �h�l�j�Z�`�_�g�u���\��[3]�������H�^�g�Z�d�h, �g�b���\���h�^�g�h�c���b�a���j�Z�[�h�l���g�_���i�j�h��
�\�h�^�b�e�b�k�v�� �j�Z�k�q�_�l�u�� �i�h �h�p�_�g�d�_���\�_�l�j�h�\�h�]�h �i�h�l�_�g�p�b�Z�e�Z �D�u�j��
�]�u�a�k�l�Z�g�Z �^�e�y���\�u�k�h�l�u�����������f�����q�l�h �Z�d�l�m�Z�e�v�g�h���i�j�b���\�u�[�h�j�_���i�e�h��
�s�Z�^�h�d���k�_�l�_�\�u�o���<�W�K�� 

�J�:�K�Q�?�L���<�?�L�J�H�<�U�O���J�?�K�M�J�K�H�< �D�U�J�=�U�A�K�L�:�G�: 

�>�e�y���i�h�e�m�q�_�g�b�y���^�h�k�l�h�\�_�j�g�u�o���j�_�a�m�e�v�l�Z�l�h�\���i�h���h�p�_�g�d�_���\�_�l��
�j�h�\�u�o���j�_�k�m�j�k�h�\���\�Z�`�_�g���\�u�[�h�j���b�g�n�h�j�f�Z�p�b�h�g�g�h�]�h���b�k�l�h�q�g�b�d�Z����
�\���d�Z�q�_�k�l�\�_���d�h�l�h�j�h�]�h���\���^�Z�g�g�h�c���j�Z�[�h�l�_���[�u�e���\�u�[�j�Z�g���k�Z�c�l���©�J�Z�k��
�i�b�k�Z�g�b�_�� �I�h�]�h�^�u�ª [4]���� �g�Z���g�_�f�� �i�j�_�^�k�l�Z�\�e�_�g�u �n�Z�d�l�b�q�_�k�d�b�_��
�^�Z�g�g�u�_�� �g�Z�[�e�x�^�_�g�b�c �a�Z�� �k�d�h�j�h�k�l�v�x�� �b�� �g�Z�i�j�Z�\�e�_�g�b�y�f�b�� �\�_�l�j�Z 
�a�Z���f�g�h�]�h�e�_�l�g�b�c���i�_�j�b�h�^�����k�������������]�����i�h���g���\�������g�Z���i�e�h�s�Z�^�d�Z�o��20-
�b���g�Z�a�_�f�g�u�o���f�_�l�_�h�k�l�Z�g�p�b�c�����F�K�����D�u�j�]�u�a�k�l�Z�g�Z ���j�b�k������).  �I�h��
�f�_�l�h�^�b�d�_���� �i�j�_�^�k�l�Z�\�e�_�g�g�h�c���\��[5,6�@���� �[�u�e�b�� �j�Z�k�k�q�b�l�Z�g�u�� �^�e�y��
�i�e�h�s�Z�^�h�d������-�b���F�K���k�e�_�^�m�x�s�b�_���h�k�g�h�\�g�u�_���f�g�h�]�h�e�_�l�g�b�_���o�Z��
�j�Z�d�l�_�j�b�k�l�b�d�b�� �\�_�l�j�Z�� �g�Z�� �\�u�k�h�l�_�� ������ �f�� �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�y�y��

�k�d�h�j�h�k�l�v�� �\�_�l�j�Z Vo���� �m�^�_�e�v�g�Z�y�� �\�Z�e�h�\�Z�y�� �f�h�s�g�h�k�l�v��N�m�,̂ 
�d�h�w�n�n�b�p�b�_�g�l�� �\�Z�j�b�Z�p�b�b �KV���� �I�h�� �l�_�j�j�b�l�h�j�b�b���D�u�j�]�u�a�k�l�Z�g�Z 
�f�g�h�]�h�e�_�l�g�b�_�� �w�g�_�j�]�_�l�b�q�_�k�d�b�_�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �\�_�l�j�Z��
�f�_�g�y�x�l�k�y���\���r�b�j�h�d�h�f���^�b�Z�i�Z�a�h�g�_����Vo  �h�l�����������f���k�����F�K �K�m�m�k�Z��
�f�u�j�����^�h�����������f���k ���F�K �B�k�k�u�d-�D�m�e�v); N�m�:̂ 16�±538 �<�l���f2;  �KV:  
0,6�±26,6. �G�Z�� �h�k�g�h�\�_�� �j�_�a�m�e�v�l�Z�l�h�\�� �j�Z�k�q�_�l�Z�� �[�u�e�b�� �i�h�k�l�j�h�_�g�u��
�d�Z�j�l�u�� �k�� �j�Z�k�i�j�_�^�_�e�_�g�b�_�f�� �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�_�c�� �k�d�h�j�h�k�l�b��
�\�_�l�j�Z�� �g�Z�� ������ �f���k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �i�j�h�]�j�Z�f�f�u��Surfer 8 (�j�b�k����
2).  

 

 
�J�b�k������. �D�Z�j�l�Z���j�Z�k�i�h�e�h�`�_�g�b�y �f�_�l�_�h�k�l�Z�g�p�b�c���i�h���l�_�j�j�b�l�h�j�b�b��

�D�u�j�]�u�a�k�l�Z�g�Z 

 
�J�b�k������. �D�Z�j�l�Z���j�Z�k�i�j�_�^�_�e�_�g�b�y �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�_�c���k�d�h�j�h�k�l�b��

�\�_�l�j�Z���g�Z���\�u�k�h�l�_���������f �i�h���l�_�j�j�b�l�h�j�b�b���D�u�j�]�u�a�k�l�Z�g�Z 

�<�k�_���\�_�l�j�h�w�g�_�j�]�_�l�b�q�_�k�d�b�_���j�Z�k�q�_�l�u �^�h�e�`�g�u���k�h�h�l�\�_�l�k�l�\�h��
�\�Z�l�v �\�u�k�h�l�_�� �m�k�l�Z�g�h�\�d�b�� �\�_�l�j�h�d�h�e�_�k�Z ���<�D�����\�_�l�j�h�w�e�_�d�l�j�b�q�_��
�k�d�h�c�� �m�k�l�Z�g�h�\�d�b�� ���<�W�M)���� �d�h�l�h�j�Z�y�� �^�e�y�� �i�h�^�Z�\�e�y�x�s�_�]�h�� �[�h�e�v��
�r�b�g�k�l�\�Z�� �<�W�M���� �j�Z�[�h�l�Z�x�s�b�o�� �\�� �h�[�t�_�^�b�g�_�g�g�u�o�� �w�g�_�j�]�h�k�b�k�l�_��
�f�Z�o�����b�f�_�_�l���\�u�k�h�l�m���[�Z�r�g�b���h�l 80 �f���b���\�u�r�_. �K���m�q�_�l�h�f���\�u�r�_��
�k�d�Z�a�Z�g�g�h�]�h�����g�_�h�[�o�h�^�b�f�h���i�j�b���\�u�[�h�j�_���<�W�M���j�Z�k�i�h�e�Z�]�Z�l�v���f�_��
�l�h�^�h�f �i�_�j�_�k�q�_�l�Z�� �k�d�h�j�h�k�l�b�� �\�_�l�j�Z�� �k�� �\�u�k�h�l�u�� ������ �f�� �g�Z�� �i�j�h�b�a��
�\�h�e�v�g�m�x���\�u�k�h�l�m���h�l �������f���b���\�u�r�_�����g�Z���d�h�l�h�j�h�c���g�Z�^�_�`�g�Z�y���b�g��
�n�h�j�f�Z�p�b�y���i�h���\�_�l�j�h�\�u�f���j�_�k�m�j�k�Z�f���f�h�`�_�l���[�u�l�v���i�h�e�m�q�_�g�Z���i�j�b��
�i�h�f�h�s�b�� �b�a�f�_�j�_�g�b�c�� �g�Z�� �\�_�l�j�h�b�a�f�_�j�b�l�_�e�v�g�u�o�� �d�h�f�i�e�_�d�k�Z�o��
���<�B�D�������f�_�k�l�h�i�h�e�h�`�_�g�b�_�� �d�h�l�h�j�u�o�� �\�u�[�b�j�Z�_�l�k�y���g�Z�� �j�Z�g�g�b�o��
�k�l�Z�^�b�y�o�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�y���\�_�l�j�h�w�e�_�d�l�j�b�q�_�k�d�b�o�� �k�l�Z�g�p�b�c��
���<�W�K��. �I�j�b�� �h�l�k�m�l�k�l�\�b�b�� �^�Z�g�g�u�o�� �b�a�f�_�j�_�g�b�c�� �<�B�D�� �h�[�u�q�g�h��
�k�d�h�j�h�k�l�b���\�_�l�j�Z���i�_�j�_�k�q�b�l�u�\�Z�x�l�����f�h�^�_�e�b�j�m�x�l�����g�Z���\�u�k�h�l�m���i�h��
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�k�l�_�i�_�g�g�h�c�� �b�e�b�� �e�h�]�Z�j�b�n�f�b�q�_�k�d�h�c�� �n�h�j�f�m�e�_��[5,6�@���� �<�� �^�Z�g�g�h�c��
�j�Z�[�h�l�_ �i�_�j�_�k�q�_�l�����f�h�^�_�e�b�j�h�\�Z�g�b�_�����k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�_�c���k�d�h��
�j�h�k�l�b���\�_�l�j�Z���g�Z���\�u�k�h�l�m h (���������f) �g�Z���i�e�h�s�Z�^�d�Z�o���F�K���D�u�j�]�u�a��
�k�l�Z�g�Z �i�j�h�\�h�^�b�e�k�y���i�h���k�l�_�i�_�g�g�h�c���n�h�j�f�m�e�_: 

 �8�4
�Û 
L �8�4

�5�4�®�@
�Û

�5�4
�A

�à �,
�á���� ������ 

�]�^�_��h �± �\�u�k�h�l�Z���h�l���i�h�\�_�j�o�g�h�k�l�b���a�_�f�e�b; �8�4
�Û, �8�4

�5�4 �± �k�j�_�^�g�_�f�g�h��
�]�h�e�_�l�g�b�_���k�d�h�j�h�k�l�b���\�_�l�j�Z���g�Z���i�e�h�s�Z�^�d�Z�o���F�K���g�Z���\�u�k�h�l�_��h  (10 
�f���b�����������f); �I �4 �± �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�c �i�h�d�Z�a�Z�l�_�e�v �k�l�_�i�_�g�b�������\��
�a�Z�j�m�[�_�`�g�u�o���b�k�l�h�q�g�b�d�Z�o���d�h�w�n�n�b�p�b�_�g�l �O�_�e�e�f�Z�g�Z����  

�I�h�� �f�_�l�h�^�b�d�_�� �d�Z�n�_�^�j�u�� �=�<�B�W�� �G�B�M�� �©�F�W�B�ª��[5,6] �[�u�e�Z��
�\�u�y�\�e�_�g�Z���^�e�y���n�b�a�b�d�h-�]�_�h�]�j�Z�n�b�q�_�k�d�b�o�� �m�k�e�h�\�b�c���D�u�j�]�u�a��
�k�l�Z�g�Z ���]�_�h�]�j�Z�n�b�q�_�k�d�h�_���i�h�e�h�`�_�g�b�_�����j�_�e�v�_�n���f�_�k�l�g�h�k�l�b�����g�Z�e�b��
�q�b�_���b���l�b�i���\�h�^�g�u�o���i�h�\�_�j�o�g�h�k�l�_�c���b���l���^�������w�f�i�b�j�b�q�_�k�d�Z�y���a�Z�\�b��
�k�b�f�h�k�l�v�� ���f�h�^�_�e�v���� �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�_�]�h�� �i�h�d�Z�a�Z�l�_�e�y�� �k�l�_�i�_�g�b 
�I �4���h�l�� �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�_�c�� �k�d�h�j�h�k�l�b�� �\�_�l�j�Z�� �g�Z�� �\�u�k�h�l�_�� ������ �f 
�8�4

�5�4: 
�I �4�:�8�4

�5�4�; 
L �r�á�t�y�8�4
�?�4�á�4�<�8�ä                 ������ 

�>�e�y���j�Z�a�j�Z�[�h�l�d�b �a�Z�\�b�k�b�f�h�k�l�b�� ������ �[�u�e�b�� �b�k�i�h�e�v�a�h�\�Z�g�u��
�k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�_ �k�j�_�^�g�_�f�_�k�y�q�g�u�_ �k�d�h�j�h�k�l�b�� �\�_�l�j�Z�� �g�Z��
�^�\�m�o���\�u�k�h�l�Z�o�� �b�a�f�_�j�_�g�b�c�����������f �b 100 �f�����g�Z���i�e�h�s�Z�^�d�Z�o��2-�o��
�Z�w�j�h�e�h�]�b�q�_�k�d�b�o���f�_�l�_�h�k�l�Z�g�p�b�c ���:�F�K�� �D�u�j�]�u�a�k�l�Z�g�Z �b��1-�h�c��
�D�Z�a�Z�o�k�l�Z�g�Z�� �b�a���k�i�_�p�b�Z�e�b�a�b�j�h�\�Z�g�g�h�c�� �[�Z�a�u�� �^�Z�g�g�u�o�� ���K�;�>) 
�©�<�_�j�l�b�d�Z�e�v�g�u�c�� �i�j�h�n�b�e�v�� �\�_�l�j�Z�ª��[7]���� �b�g�n�h�j�f�Z�p�b�y�� �i�h�� �d�h�l�h��
�j�u�f���i�j�_�^�k�l�Z�\�e�_�g�Z���\���l�Z�[�e�b�p�_ 1. 

�L�Z�[�e�b�p�Z���� 
�H�k�g�h�\�g�u�_���k�\�_�^�_�g�b�y���i�h���:�F�K 

�G�Z�a�\�Z�g�b�_���:�F�K �� �����\���^�� �3�����k���r�� h�����f �‚ 
Ù

Ú
Ù,  

�f���k 
�‚ 
Ù


Ú
Ù
Ù, 
�f���k 

�“ 
Ù 

�;�b�r�d�_�d 74,6 42,8 828 2,08 3,67 
 

0,25 

�:�e�f�Z�l�u 76,9 43,2 851 1,31 2,48 
 

0,28 

�>�`�Z�e�Z�e-�:�[�Z� ̂ 72,9 40,9 765 2,29 3,78 0,22 

 
�A�g�Z�q�_�g�b�y��m�h�����i�j�_�^�k�l�Z�\�e�_�g�g�u�_���\���l�Z�[�e�b�p�_���������i�h�e�m�q�_�g�u���i�h��

�n�h�j�f�m�e�_�� �������� �i�h���k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�f�� �a�g�Z�q�_�g�b�y�f �k�d�h�j�h�k�l�b��
�\�_�l�j�Z�� �g�Z�� �\�u�k�h�l�Z�o�� ������ �f�� �b�� �������� �f �g�Z�� �i�e�h�s�Z�^�d�Z�o�� ��-�o�� �:�F�K�� �b�a��
�K�;�>���©�<�_�j�l�b�d�Z�e�v�g�u�c���i�j�h�n�b�e�v���\�_�l�j�Z�ª.  

�<�_�j�b�n�b�d�Z�p�b�y�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�c�� �n�h�j�f�m�e�u�� �������� �i�j�h�b�a�\�h�^�b��
�e�Z�k�v���\���k�h�h�l�\�_�l�k�l�\�b�b���k���d�j�b�l�_�j�b�_�f�� 

�A�t 
Q�A�^�h�i�á           (3) 
�]�^�_���A�t �± �h�l�g�h�k�b�l�_�e�v�g�h�_���h�l�d�e�h�g�_�g�b�_���k�j�Z�\�g�b�\�Z�_�f�u�o���k�j�_�^�g�_��
�f�g�h�]�h�e�_�l�g�b�o�� �a�g�Z�q�_�g�b�c�� �k�d�h�j�h�k�l�b�� �g�Z�� �\�u�k�h�l�_�� �������� �f���� �h�i�j�_�^�_��
�e�y�_�f�h�_���i�h���n�h�j�f�m�e�_��   

  �A�t 
L
�Ï�à

�-�,�, �?�Ï�,
�-�,�,

�Ï�,
�-�,�, �®�s�r�r�¨�á                         (4) 

�]�^�_���8�à
�5�4�4

 �± �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�y�y���k�d�h�j�h�k�l�v���\�_�l�j�Z�����j�Z�k�k�q�b�l�Z�g�g�Z�y��
�i�h���n�h�j�f�m�e�_�������������8�4

�5�4�4 �± �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�y�y �k�d�h�j�h�k�l�v���\�_�l�j�Z��
�a�Z���i�h���^�Z�g�g�u�f���K�;�>���©�<�_�j�l�b�d�Z�e�v�g�u�c���i�j�h�n�b�e�v���\�_�l�j�Z�ª; �A�^�h�i �± 
�^�h�i�m�k�l�b�f�Z�y���i�h�]�j�_�r�g�h�k�l�v���b�a�f�_�j�_�g�b�y�����������^�e�y���k�j�Z�\�g�b�\�Z�_�f�h�c��
�k�d�h�j�h�k�l�b���\�_�l�j�Z���8�à

�5�4�4
 �����h�i�j�_�^�_�e�y�_�f�Z�y���i�h���n�h�j�f�m�e�_�� 

                                    �A�^�h�i
L
�¿�Z

�Ï�à
�-�,�, ��

�®�s�r�r,
           

(5) 

�]�^�_���¿��  �± �i�h�]�j�_�r�g�h�k�l�v���b�a�f�_�j�_�g�b�y���k�d�h�j�h�k�l�b�����^�e�y���K�;�>���©�J�Z�k��
�i�b�k�Z�g�b�_�� �I�h�]�h�^�u�ª���� �©�<�_�j�l�b�d�Z�e�v�g�u�c�� �i�j�h�n�b�e�v�� �\�_�l�j�Z�ª  �± 0,5 
�f���k�������� 

�F�h�^�_�e�v�g�u�_ �8�à
�5�4�4�b���n�Z�d�l�b�q�_�k�d�b�_ �8�4

�5�4�4 �k�j�_�^�g�_�f�g�h�]�h�e�_�l��
�g�b�_���k�d�h�j�h�k�l�b���\�_�l�j�Z���g�Z���\�u�k�h�l�_�����������f�����b�o���h�l�g�h�k�b�l�_�e�v�g�u�_���h�l��
�d�e�h�g�_�g�b�y 
¼�������i�h�d�Z�a�Z�l�_�e�b���k�l�_�i�_�g�b���i�h���w�f�i�b�j�b�q�_�k�d�h�c���n�h�j�f�m�e�_��
�������� �b�� �^�h�i�m�k�l�b�f�u�_�� �i�h�]�j�_�r�g�h�k�l�b �A�Ç�Ñ�Ò, �i�j�_�^�k�l�Z�\�e�_�g�u�� �\�� �l�Z�[��
�e�b�p�_������ 

�L�Z�[�e�b�p�Z��2 
�J�Z�k�q�_�l�g�u�_���b���n�Z�d�l�b�q�_�k�d�b�_ �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�_���i�h�d�Z�a�Z��

�l�_�e�b���k�l�_�i�_�g�b�����k�d�h�j�h�k�l�b���\�_�l�j�Z �b���b�o���h�l�d�e�h�g�_�g�b�y 

�G�Z�a�\�Z�g�b�_ 
�:�F�K 

�‚ 
Ù

Ú
Ù
Ù, 
�f���k 

�‚ �à

Ú
Ù
Ù, 
�f���k �� �à 


¼��, 
% 


¼�Ç�Ñ�Ò, 
% 

�:�e�f�Z�l�u 2,48 2,4 0,26 3 20 

�>�`�Z�e�Z�e-
�:�[�Z� ̂ 3,78 4,1 0,25 �±8,2 13,7 

�;�b�r�d�_�d 3,67 3,7 0,25 �±1,7 13,2 

 
�< �j�_�a�m�e�v�l�Z�l�_ �i�j�h�\�_�^�_�g�g�u�o �j�Z�k�q�_�l�h�\ �g�_ �[�u�e�h �\�u�y�\�e�_�g�h 

�g�Z�j�m�r�_�g�b�y �d�j�b�l�_�j�b�y (3) �g�Z �i�e�h�s�Z�^�d�Z�o �l�j�_�o �:�F�K, �q�l�h �k�\�b��
�^�_�l�_�e�v�k�l�\�m�_�l �h �i�j�b�f�_�g�b�f�h�k�l�b �j�Z�a�j�Z�[�h�l�Z�g�g�h�c �n�h�j�f�m�e�u (2) 
�^�e�y �l�_�j�j�b�l�h�j�b�b �D�u�j�]�u�a�k�l�Z�g�Z. 

�I�h�^�g�y�l�b�_���g�Z���\�u�k�h�l�m���k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�_�c���k�d�h�j�h�k�l�b���\�_�l�j�Z 
�g�Z�� �i�e�h�s�Z�^�d�Z�o�� ����-�b�� �F�K�� �D�u�j�]�u�a�k�l�Z�g�Z �i�j�h�b�a�\�h�^�b�e�h�k�v�� �i�h��
�n�h�j�f�m�e�_����1�����k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f �w�f�i�b�j�b�q�_�k�d�h�c���a�Z�\�b�k�b�f�h�k�l�b��
�����������l�Z�d�`�_���[�u�e�b���h�i�j�_�^�_�e�_�g�u �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�_�� �m�^�_�e�v�g�u�_��
�f�h�s�g�h�k�l�b �\�_�l�j�Z �g�Z���\�u�k�h�l�_ ���������f���i�h���n�h�j�f�m�e�_��  

                            �0�Ö�Ç
�5�4�4
L �0�Ö�Ç

�5�4�®�:
�Ï�,

�-�,�,

�Ï�,
�-�, �;�7�ä                           (6) 

�J�_�a�m�e�v�l�Z�l�u���j�Z�k�q�_�l�h�\���i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�b�p�_������ 
�L�Z�[�e�b�p�Z��3 

�K�j�_�^�g�_�f�g�h�]�h�e�_�l�g�b�_���k�d�h�j�h�k�l�b���\�_�l�j�Z���b���b�o���m�^�_�e�v�g�u�_�� 
�f�h�s�g�h�k�l�b���g�Z���\�u�k�h�l�Z�o���������f���b�����������f���g�Z���i�e�h�s�Z�^�d�Z�o���F�K��

�D�u�j�]�u�a�k�l�Z�g�Z 

�‹  �F�K �‚ 
Ù, 
�f���k �“ 
Ù 

�‚ 
Ú
Ù
Ù, 
�f���k 

�z�Ö�Ç

Ú
Ù, 

�d�<�l���f2 
�z�Ö�Ç


Ú
Ù
Ù, 
�d�<�l���f2 

1 �B�k�n�Z�g�Z 1,3 0,26 2,4 0,114 0,72 

2 �B�k�k�u�d-�D�m�e�v 3,9 0,24 6,8 0,536 2,84 

3 �D�Z�j�Z�d�h�e 2,1 0,25 3,8 0,027 0,16 

4 �Q�h�e�i�h�g-�:�l�Z 1,0 0,26 1,8 0,043 0,25 

5 �L�_�h-�:�r�m�m 1,8 0,25 3,2 0,085 0,48 

6 �K�m�m�k�Z�f�u�j 0,1 0,32 0,2 0,133 1,06 

7 �;�b�r�d�_�d 0,9 0,27 1,7 0,016 0,11 

8 �D�Z�j�Z�[�Z�e�l�Z 1,8 0,25 3,2 0,016 0,09 

9 �;�Z�c�l�b�d 0,9 0,27 1,6 0,027 0,15 

10 �>�`�Z�g�u-�@�_�j 1,1 0,26 2,1 0,083 0,58 

11 �B�l-�:�]�Z�j 0,8 0,27 1,5 0,088 0,58 

12 �L�h�d�l�h�]�m�e 0,5 0,28 0,9 0,094 0,55 

13 �D�_�j�[�_�g 0,2 0,30 0,4 0,150 1,20 

14 �Q�Z�_�d 0,8 0,27 1,5 0,077 0,51 

15 �Q�Z�l�d�Z�e 1,3 0,26 2,4 0,116 0,73 

16 �I�Z�q�Z-�:�l�Z 1,3 0,26 2,3 0,022 0,12 

17 �D�h�q�d�h�j-�:�l�Z 1,6 0,25 2,8 0,034 0,18 

18 
�D�h�d-

�>�`�Z�g�]�Z�d 1,4 0,26 2,6 0,022 0,14 

19 �:�d-�L�_�j�d 1,0 0,26 1,8 0,029 0,17 

20 �K�Z�j�u�d�Z�g�^�u 0,6 0,28 1,0 0,060 0,28 

 
�K �b�k�i�h�e�v�a�h�\�Z�g�b�_�f���i�j�h�]�j�Z�f�f�u��Surfer 8 �[�u�e�b���i�h�k�l�j�h�_�g�u��

�d�Z�j�l�u�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�_�c�� �k�d�h�j�h�k�l�b�� �\�_�l�j�Z��
�g�Z���\�u�k�h�l�_�����������f�� (�j�b�k������). 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 279  

 

 
�J�b�k������. �D�Z�j�l�Z���j�Z�k�i�j�_�^�_�e�_�g�b�y �k�j�_�^�g�_�f�g�h�]�h�e�_�l�g�_�c���k�d�h�j�h�k�l�b��

�\�_�l�j�Z���g�Z���\�u�k�h�l�_�����������f���i�h���l�_�j�j�b�l�h�j�b�b���D�u�j�]�u�a�k�l�Z�g�Z 

�I�h�� �n�Z�d�l�b�q�_�k�d�b�f�� �^�Z�g�g�u�f�� ����-�b �F�K �[�u�e�� �h�i�j�_�^�_�e�_�g��
�\�Z�e�h�\�h�c�� �i�h�l�_�g�p�b�Z�e�� �\�_�l�j�h�\�h�c�� �w�g�_�j�]�b�b�� �\�k�_�c���l�_�j�j�b�l�h�j�b�b��
�D�u�j�]�u�a�k�l�Z�g�Z �W�\�Z�e [5,6] �g�Z���\�u�k�h�l�Z�o��10 �b��100 �f���i�h���n�h�j�f�m�e�_: 

                         �¬�Å�Ã�Î
L �Ã �¬�Þ
�Ü�@�5 �Ö�Ç�Ü


I�(�Ü���t�r,����������������������������������������������������������

�]�^�_��k �± �d�h�e�b�q�_�k�l�\�h���j�Z�c�h�g�h�\�����g�Z���d�h�l�h�j�u�_���j�Z�a�[�b�l�Z���l�_�j�j�b��
�l�h�j�b�y���D�u�j�]�u�a�k�l�Z�g�Z ���l�Z�[�e�� 4); i �± �g�h�f�_�j���j�Z�c�h�g�Z�����W�m�^i �± �k�j�_�^��
�g�y�y���m�^�_�e�v�g�Z�y���\�Z�e�h�\�Z�y���f�h�s�g�h�k�l�v���\�_�l�j�Z���i�h���^�Z�g�g�u�f���\�k�_�o���F�K��
�b�a i-�h�]�h �j�Z�c�h�g�Z, Fi �± �i�e�h�s�Z�^�v��i-�h�]�h�� �j�Z�c�h�g�Z. �J�_�a�m�e�v�l�Z�l�u��
�j�Z�k�q�_�l�Z �\�Z�e�h�\�h�]�h�� �i�h�l�_�g�p�b�Z�e�Z�� �\�_�l�j�h�\�h�c�� �w�g�_�j�]�b�b�� �D�u�j�]�u�a��
�k�l�Z�g�Z �i�j�_�^�k�l�Z�\�e�_�g�u �\���l�Z�[�e�b�p�_ 4. 

�L�Z�[�e�b�p�Z��4 
�J�Z�k�q�_�l���\�Z�e�h�\�h�]�h���i�h�l�_�g�p�b�Z�e�Z���\�_�l�j�h�\�h�c���w�g�_�j�]�b�b���D�u�j�]�u�a��

�k�l�Z�g�Z �g�Z���\�u�k�h�l�Z�o �������f���b ���������f 

�J�Z�c�h�g 
F,  

�d�f2 

�W�m�^i,  
�d�<�l�Â�q���f2 �\���]�h�^ 

�W�\�Z�ei,  
�f�e�j�^�� �d�<�l�Â�q���\���]�h�^ 

�D�h�e-�\�h��
�F�K 

�������f 100 �f  �������f ���������f 
�K�_�\�_�j�g�u�c  

�D�u�j�]�u�a�k�l�Z�g 
31760 780,0 4368,0 1238,6 6936, 4 8 

�A�Z�i�Z�^�g�u�c  
�D�u�j�]�u�a�k�l�Z�g 33700 140,0 784,0 235,9 1321,0 5 

�K�_�\�_�j�h-�\�h�k�l�h�q��
�g�u�c��

�D�u�j�]�u�a�k�l�Z�g 
43100 1839,2 10298,4 3963,0 22193,0 3 

�X�`�g�u�c  
�D�u�j�]�u�a�k�l�Z�g 

46191 306,1 1836,0  706,7 4240,3 3 

�P�_�g�l�j�Z�e�v�g�u�c 
�D�u�j�]�u�a�k�l�Z�g 45200 402,1 2331,6 908,5 5269,0 1 

�<�_�k�v��
�D�u�j�]�u�a�k�l�Z�g 

199951 - - 7052,8 39959,8 20 

 
�<�Z�e�h�\�h�c���i�h�l�_�g�p�b�Z�e���w�g�_�j�]�b�b���\�_�l�j�h�\�u�o���i�h�l�h�d�h�\���g�Z�^���l�_�j��

�j�b�l�h�j�b�_�c�� �D�u�j�]�u�a�k�l�Z�g�Z  �g�Z�� �\�u�k�h�l�_�� ������ �f�� �k�h�k�l�Z�\�e�y�_�l�� ��������������
�f�e�j�^�����d�<�l��̃q���\���]�h�^���b���g�Z���\�u�k�h�l�_�����������f��-  39959,8 �f�e�j�^�����d�<�l��̃q��
�\���]�h�^�����i�j�b�q�_�f���[�h�e�v�r�Z�y���b�o���q�Z�k�l�v���k�h�k�j�_�^�h�l�h�q�_�g�Z���\���k�_�\�_�j�h- �b 
�k�_�\�_�j�h-�\�h�k�l�h�q�g�h�c�� �q�Z�k�l�b�� �D�u�j�]�u�a�k�l�Z�g�Z. �G�Z�b�[�h�e�_�_�� �i�_�j�k�i�_�d��
�l�b�\�g�u�f���j�_�]�b�h�g�h�f���^�e�y���k�l�j�h�b�l�_�e�v�k�l�\�Z���d�j�m�i�g�u�o���k�_�l�_�\�u�o���<�W�K 
�y�\�e�y�_�l�k�y���k�_�\�_�j�h-�\�h�k�l�h�q�g�Z�y���q�Z�k�l�v���k�l�j�Z�g�u�����i�e�h�s�Z�^�v���d�h�l�h�j�h�c 
�k�h�k�l�Z�\�e�y�_�l 43100 �d�f2�����b���m�^�_�e�v�g�Z�y���f�h�s�g�h�k�l�v���\�_�l�j�h�\�h�]�h���i�h��
�l�h�d�Z �g�Z���\�u�k�h�l�_�����������f���^�h�k�l�b�]�Z�_�l�������������<�l���f2. �K�_�\�_�j���D�u�j�]�u�a��
�k�l�Z�g�Z �l�Z�d�`�_���[�e�Z�]�h�i�j�b�y�l�_�g���^�e�y���k�l�j�h�b�l�_�e�v�k�l�\�Z���k�_�l�_�\�u�o���<�W�K��
�i�h�� �j�_�k�m�j�k�m�� �\�_�l�j�Z���� �g�h�� �b�a-�a�Z�� �k�e�h�`�g�h�]�h�� �j�_�e�v�_�n�Z�� �f�_�k�l�g�h�k�l�b��
���]�h�j�g�u�c�� �j�_�e�v�_�n���� �b�� �l�j�Z�g�k�i�h�j�l�g�h�c�� �^�h�k�l�m�i�g�h�k�l�b�� �^�Z�e�_�_�� �w�l�h�l��
�j�_�]�b�h�g���g�_���j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y�� 

�H�P�?�G�D�: �K�H�E�G�?�Q�G�U�O���J�?�K�M�J�K�H�< �D�U�J�=�U�A�K�L�:�G�: 

�I�h�k�d�h�e�v�d�m���k�l�j�h�b�l�_�e�v�k�l�\�h���d�j�m�i�g�u�o���<�W�K���p�_�e�_�k�h�h�[�j�Z�a�g�h��
�l�h�e�v�d�h���\���k�_�\�_�j�h-�\�h�k�l�h�q�g�h�c���q�Z�k�l�b���k�l�j�Z�g�u�����l�h���h�p�_�g�d�Z �j�_�k�m�j��
�k�h�\���K�h�e�g�p�Z �i�j�h�\�h�^�b�e�Z�k�v���l�h�e�v�d�h���^�e�y���w�l�h�]�h���j�_�]�b�h�g�Z�� �J�Z�k�q�_�l��
�\�Z�e�h�\�h�]�h���i�h�l�_�g�p�b�Z�e�Z���k�h�e�g�_�q�g�h�c���w�g�_�j�]�b�b �k�_�\�_�j�h-�\�h�k�l�h�q�g�h�c��

�q�Z�k�l�b���D�u�j�]�u�a�k�l�Z�g�Z �i�j�h�\�h�^�b�e�k�y �i�h���^�Z�g�g�u�f����-�o���Z�d�l�b�g�h�f�_�l��
�j�b�q�_�k�d�b�o�� �k�l�Z�g�p�b�c�� ���:�D�K���� �b�a�� �©�G�Z�m�q�g�h-�i�j�b�d�e�Z�^�g�h�]�h�� �k�i�j�Z��
�\�h�q�g�b�d�Z���i�h���d�e�b�f�Z�l�m���K�K�K�J�ª [8] (�l�Z�[�e������. 

�L�Z�[�e�b�p�Z���� 
�:�D�K���g�Z���l�_�j�j�b�l�h�j�b�b���D�u�j�]�u�a�k�l�Z�g�Z 

�G�Z�a�\�Z�g�b�_��
�:�D�K 

�J�_�]�b�h�g���h�[�e�Z�k�l�v �3�����ƒ�k�����r�� �%�����ƒ�\�����^�� 

�K�m�m�k�Z�f�u�j �G�Z�j�u�g�k�d�Z�y 41,1 73,9 
�L�y�g�v-�R�Z�g�v �B�k�k�u�d-�D�m�e�v�k�d�Z�y 41,7 78,2 
�Q�h�e�i�h�g-�:�l�Z �B�k�k�u�d-�D�m�e�v�k�d�Z�y 42,7 77,1 

�;�b�r�d�_�d �Q�m�c 42,9 74,7 
 
�G�Z�� �j�b�k�m�g�d�_��4 �i�j�_�^�k�l�Z�\�e�_�g�Z�� �d�Z�j�l�Z�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �k�j�_�^��

�g�_�f�g�h�]�h�e�_�l�g�_�c���k�m�f�f�Z�j�g�h�c���k�h�e�g�_�q�g�h�c�� �j�Z�^�b�Z�p�b�b�� ���K�J�� �i�j�b��
�k�j�_�^�g�b�o�� �m�k�e�h�\�b�y�o�� �h�[�e�Z�q�g�h�k�l�b �g�Z�� �]�h�j�b�a�h�g�l�Z�e�v�g�m�x�� �i�e�h��
�s�Z�^�d�m �^�e�y���k�_�\�_�j�h-�\�h�k�l�h�q�g�h�c�� �q�Z�k�l�b���D�u�j�]�u�a�k�l�Z�g�Z. �<�� �h�l�e�b��
�q�b�b���h�l���\�_�l�j�h�\�u�o���j�_�k�m�j�k�h�\���i�j�b�o�h�^���k�m�f�f�Z�j�g�h�c���K�J���\���k�_�\�_�j�h-
�\�h�k�l�h�q�g�h�c���q�Z�k�l�b���D�u�j�]�u�a�k�l�Z�g�Z �f�_�g�y�_�l�k�y���g�_�k�m�s�_�k�l�\�_�g�g�h�����h�l��
�����������d�<�l��̃q���f2 �\���]�h�^���^�h���������������d�<�l��̃q���f2 �\���]�h�^�� 

  

�J�b�k������. �D�Z�j�l�Z���j�Z�k�i�j�_�^�_�e�_�g�b�y���k�m�f�f�Z�j�g�h�c���k�h�e�g�_�q�g�h�c���j�Z�^�b�Z��
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Evaluation of wind and solar resources of 
Kyrgyzstan
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Abstract. The refined results of the wind potential of the entire 
territory of Kyrgyzstan at a height of 10 m are presented. An em-
pirical formula for recalculating wind speed up to a height of 100 
m has been developed and the main energy characteristics of the 
wind and wind potential at a height of 100 m have been calcu-
lated. Prospective regions for the construction of large network of 
wind power stations in Kyrgyzstan have been identified. Those are 

presented by the north-eastern part of the country, for which the 
gross potential of solar resources has been estimated. 

Keywords: hellman coefficient, wind speed, wind power plant, 
vertical wind profile, gross potential, solar radiation, solar 
photovoltaic plant. 
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�[�Z�g�v���k���h�[�s�_�c���m�k�l�Z�g�h�\�e�_�g�g�h�c���f�h�s�g�h�k�l�v�x�������������F�<�l�����k�h���k�j�_�^��
�g�_�f�g�h�]�h�e�_�l�g�_�c���\�u�j�Z�[�h�l�d�h�c���w�e�_�d�l�j�b�q�_�k�d�h�c���w�g�_�j�]�b�b���± 420,7 
�f�e�g�����d�<�l���q���]�h�^���>���@�� 

�L�Z�[�e�b�p�Z���� 
�H�[�s�Z�y���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���f�Z�e�u�o���=�W�K���D�j�Z�k�g�h�^�Z�j�k�d�h�]�h��

�d�j�Z�y���i�h�k�l�j�h�_�g�g�u�o���\������-�o���]�h�^�Z�o���������\�_�d�Z 
 �G�Z�a�\�Z�g�b�_���=�W�K �F�_�k�l�h�i�h�e�h�`�_�g

�b�_ 
�M�k�l�Z�g�h�\�e

�_�g�g�Z�y��
�f�h�s�g�h�k�l�v

�����F�<�l 

�<�u�j�Z�[�h�l�d�Z��
�w�e�_�d�l�j�h�w�g�_�j�]

�b�b�����=�<�l���q 

1 �D�j�Z�k�g�h�i�h�e�y�g�k�d
�Z�y���=�W�K 

�]�����K�h�q�b 28,5 164,3 

2 �;�_�e�h�j�_�q�_�g�k�d�Z�y��
�=�W�K 

�]�����;�_�e�h�j�_�q�_�g�k�d 
48 232,7 

3 �F�Z�c�d�h�i�k�d�Z�y��
�=�W�K 

�]�����F�Z�c�d�h�i 9,4 46,4 

�=�?�H�L�?�J�F�:�E�V�G�:�Y���W�G�?�J�=�?�L�B�D�: 

�K�e�_�^�m�_�l�� �h�l�f�_�l�b�l�v���� �q�l�h�� �b�a�� �\�k�_�o�� �\�b�^�h�\�� �\�h�a�h�[�g�h�\�e�y�_�f�u�o��
�b�k�l�h�q�g�b�d�h�\���w�g�_�j�]�b�b���g�Z�b�[�h�e�v�r�b�_���j�_�k�m�j�k�u���\���D�j�Z�k�g�h�^�Z�j�k�d�h�f��
�d�j�Z�_���b�f�_�_�l���]�_�h�l�_�j�f�Z�e�v�g�Z�y���w�g�_�j�]�b�y�����i�h���b�f�_�x�s�b�f�k�y���^�Z�g�g�u�f��
�\�\�_�^�_�g�h���\���w�d�k�i�e�m�Z�l�Z�p�b�x���[�h�e�_�_�����������h�[�t�_�d�l�h�\���g�_�l�j�Z�^�b�p�b�h�g��
�g�h�c���w�g�_�j�]�_�l�b�d�b�����d�h�l�h�j�u�_���h�[�k�e�m�`�b�\�Z�x�l���[�h�e�_�_���l�u�k�y�q�b���q�_�e�h��
�\�_�d���� �K�j�_�^�b�� �w�l�b�o�� �h�[�t�_�d�l�h�\�� ������ �]�_�h�l�_�j�f�Z�e�v�g�u�o�� �f�_�k�l�h�j�h�`�^�_��
�g�b�c�� �k�� �i�h�l�_�g�p�b�Z�e�v�g�h�c�� �f�h�s�g�h�k�l�v�x�� �������� �F�<�l���� �^�e�y�� �d�h�l�h�j�u�o��
�i�j�h�[�m�j�_�g�h�� ������ �k�d�\�Z�`�b�g�� �k�� �l�_�f�i�_�j�Z�l�m�j�h�c�� �l�_�i�e�h�g�h�k�b�l�_�e�y�� �g�Z��
�m�k�l�v�_������-���������h�K���b���l�_�i�e�h�\�h�c���f�h�s�g�h�k�l�v�x���^�h�������F�<�l���>��-3]. 

�<���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���l�_�j�f�Z�e�v�g�u�_���\�h�^�u���r�b�j�h�d�h���b�k�i�h�e�v�a�m��
�x�l�k�y���\���F�h�k�l�h�\�k�d�h�f�����E�Z�[�b�g�k�d�h�f�����H�l�j�Z�^�g�_�g�k�d�h�f�����D�j�u�f�k�d�h�f��
�j�Z�c�h�g�Z�o�����\���[�Z�e�v�g�_�h�e�h�]�b�q�_�k�d�b�o���p�_�e�y�o���± �\���:�[�r�_�j�h�g�k�d�h�f�����;�_��
�e�h�j�_�q�_�g�k�d�h�f�����K�h�q�b�g�k�d�h���± �F�Z�p�_�k�l�_�g�k�d�h�f���b���^�j�m�]�b�o���j�Z�c�h�g�Z�o��
�D�j�Z�k�g�h�^�Z�j�k�d�h�]�h���d�j�Z�y�� 

�H�l��̂_�e�v�g�h�� �k�e�_�^�m�_�l�� �\�u�^�_�e�b�l�v�� �g�Z�b�[�h�e�_�_�� �d�j�m�i�g�u�c�� �h�[�t�_�d�l��
�\�h�a�h�[�g�h�\�e�y�_�f�h�c�� �w�g�_�j�]�_�l�b�d�b�� �D�j�Z�k�g�h�^�Z�j�k�d�h�]�h�� �d�j�Z�y���± �k�b��
�k�l�_�f�m���]�_�h�l�_�j�f�Z�e�v�g�h�]�h���l�_�i�e�h�k�g�Z�[�`�_�g�b�y���\���i�h�k�_�e�d�_���J�h�a�h�\�u�c��
�E�Z�[�b�g�k�d�h�]�h�� �j�Z�c�h�g�Z���� �b�k�i�h�e�v�a�m�x�s�m�x�� �w�g�_�j�]�b�x�� �^�\�m�o�� �k�Z�f�u�o��
�d�j�m�i�g�u�o���f�_�k�l�h�j�h�`�^�_�g�b�c���d�j�Z�y�����<�h�a�g�_�k�_�g�k�d�h�_���b���X�`�g�h-�<�h�a��
�g�_�k�_�g�k�d�h�_�������G�Z�k�_�e�_�g�b�_���^�Z�g�g�h�]�h���i�h�k�_�e�d�Z���q�b�k�e�_�g�g�h�k�l�v�x������������
�q�_�e�h�\�_�d���i�j�h�`�b�\�Z�_�l���\�����������a�^�Z�g�b�y�o�����\���l�h�f���q�b�k�e�_���\������-�l�b���^�\�m�o��
�w�l�Z�`�g�u�o�� �^�h�f�Z�o���� �>�e�y�� �l�_�i�e�h�k�g�Z�[�`�_�g�b�y�� �i�h�k�_�e�d�Z�� �\�� ���������� �]����
�[�u�e�Z���i�j�h�[�m�j�_�g�Z���]�_�h�l�_�j�f�Z�e�v�g�Z�y���k�d�\�Z�`�b�g�Z�����L���<�h�a�g�_�k�_�g�k�d�h�]�h��
�f�_�k�l�h�j�h�`�^�_�g�b�y�����]�e�m�[�b�g�h�c�������������f�������\���������� �]�����± �k�d�\�Z�`�b�g�Z�����L��
�X�`�g�h-�<�h�a�g�_�k�_�g�k�d�h�]�h���f�_�k�l�h�j�h�`�^�_�g�b�y�����]�e�m�[�b�g�h�c�������������f�������<��
���������� �]�h�^�m�� �A�:�H�� �©�=�_�h�l�_�j�f-�W�F�ª�� ���F�h�k�d�\�Z���� �[�u�e�� �j�Z�a�j�Z�[�h�l�Z�g��
�i�j�h�_�d�l���^�_�f�h�g�k�l�j�Z�p�b�h�g�g�h�c���k�b�k�l�_�f�u���]�_�h�l�_�j�f�Z�e�v�g�h�]�h���l�_�i�e�h��
�k�g�Z�[�`�_�g�b�y���i�h�k�����J�h�a�h�\�u�c�����G�Z���h�k�g�h�\�Z�g�b�b���j�_�a�m�e�v�l�Z�l�h�\���b�k�k�e�_��
�^�h�\�Z�g�b�c�� �b�� �i�j�h�_�d�l�g�h�c�� �^�h�d�m�f�_�g�l�Z�p�b�b�� �\�� ���������� �]���� �i�h�k�l�j�h�_�g�Z��I 
�h�q�_�j�_�^�v���]�_�h�l�_�j�f�Z�e�v�g�h�c���k�b�k�l�_�f�u���>���@�� 

�G�Z���j�b�k���������i�j�_�^�k�l�Z�\�e�_�g�Z���d�h�f�i�e�_�d�k�g�Z�y���k�b�k�l�_�f�Z���l�_�i�e�h�k�g�Z�[��
�`�_�g�b�y�� �i�h�k�_�e�d�Z�� �J�h�a�h�\�u�c�� �g�Z�� �\�h�a�h�[�g�h�\�e�y�_�f�u�o�� �b�k�l�h�q�g�b�d�Z�o��
�w�g�_�j�]�b�b�� 

�G�Z�� �j�b�k���� ���� �i�h�d�Z�a�Z�g�h�� �h�[�h�j�m�^�h�\�Z�g�b�_�� �]�_�h�l�_�j�f�Z�e�v�g�h�]�h�� �p�_�g��
�l�j�Z�e�v�g�h�]�h���l�_�i�e�h�\�h�]�h���i�m�g�d�l�Z�����P�L�I�������I�j�b���w�l�h�f���P�L�I���h�[�_�k�i�_��
�q�b�\�Z�_�l���i�h�e�h�\�b�g�m���j�Z�k�q�z�l�g�h�c���l�_�i�e�h�\�h�c���g�Z�]�j�m�a�d�b���i�h�k�z�e�d�Z���i�h��
�\�g�h�\�v�� �i�h�k�l�j�h�_�g�g�u�f�� �i�h�^�a�_�f�g�u�f�� �l�_�i�e�h�k�_�l�y�f�� �k�� �I�I�M�� �l�_�i�e�h��
�b�a�h�e�y�p�b�_�c���k���i�h�^�d�e�x�q�_�g�b�_�f������-�l�b���^�\�m�o�w�l�Z�`�g�u�o���`�b�e�u�o���^�h��
�f�h�\�����>���������������@�� 

 

 
�J�b�k�����������D�h�f�i�e�_�d�k�g�Z�y���k�b�k�l�_�f�Z �l�_�i�e�h�k�g�Z�[�`�_�g�b�y���i�h�k�_�e�d�Z������

�J�h�a�h�\�u�c 

 
�J�b�k�����������H�[�h�j�m�^�h�\�Z�g�b�_���]�_�h�l�_�j�f�Z�e�v�g�h�]�h���p�_�g�l�j�Z�e�v�g�h�]�h���l�_�i�e�h��
�\�h�]�h���i�m�g�d�l�Z���\���i�h�k�����J�h�a�h�\�h�f�����E�Z�[�b�g�k�d�h�]�h���j�Z�c�h�g�Z�����D�j�Z�k�g�h��

�^�Z�j�k�d�h�]�h���d�j�Z�y�� 

�A�:�D�E�X�Q�?�G�B�? 

�<�k�_�� �b�k�l�h�q�g�b�d�b�� �\�h�a�h�[�g�h�\�e�y�_�f�h�c�� �w�g�_�j�]�b�b�� �b�f�_�x�l�� �g�_�^�h��
�k�l�Z�l�d�b�����K�h�e�g�_�q�g�Z�y���w�g�_�j�]�b�y���y�\�e�y�_�l�k�y���^�h�j�h�]�h�c���\���m�k�l�Z�g�h�\�d�_�����Z��
�\�_�l�j�h�w�g�_�j�]�_�l�b�d�Z�� �g�_�k�l�Z�[�b�e�v�g�Z�� �\�� �k�\�y�a�b�� �k�� �g�_�i�h�k�l�h�y�g�k�l�\�h�f��
�\�_�l�j�Z�����L�Z�d�b�f���h�[�j�Z�a�h�f�����f�h�`�g�h���k���m�\�_�j�_�g�g�h�k�l�v�x���k�d�Z�a�Z�l�v�����q�l�h��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�� �\�h�a�h�[�g�h�\�e�y�_�f�u�o�� �b�k�l�h�q�g�b�d�h�\�� �w�g�_�j�]�b�b�� �\��
�D�j�Z�k�g�h�^�Z�j�k�d�h�f�� �d�j�Z�_�� �p�_�e�_�k�h�h�[�j�Z�a�g�h�� �\�� �d�h�f�[�b�g�b�j�h�\�Z�g�g�h�f��
�\�Z�j�b�Z�g�l�_���� �q�l�h�[�u�� �^�Z�g�g�Z�y�� �k�b�k�l�_�f�Z�� �[�u�e�Z�� �\�a�Z�b�f�h�a�Z�f�_�g�y�_�f�h�c����
�G�h�����g�_�h�[�o�h�^�b�f�h���h�l�f�_�l�b�l�v�����q�l�h���m�q�b�l�u�\�Z�y���\�h�a�f�h�`�g�h�k�l�b���J�h�k��
�k�b�b�� �b�� �D�j�Z�k�g�h�^�Z�j�k�d�h�]�h�� �d�j�Z�y�� �\�� �h�l�g�h�r�_�g�b�b�� �j�_�k�m�j�k�h�\���� �k�o�_�f�m��
�f�h�`�g�h�� �k�^�_�e�Z�l�v�� �]�b�[�j�b�^�g�h�c���� �l���_���� �^�h�[�Z�\�b�l�v�� �\�g�_�r�g�x�x�� �k�_�l�v����
�q�l�h�[�u�� �i�h�e�g�h�k�l�v�x�� �b�a�[�_�`�Z�l�v�� �i�_�j�_�[�h�_�\�� �\�� �Z�\�Z�j�b�c�g�u�o�� �k�b�l�m�Z��
�p�b�y�o���b���m�\�_�e�b�q�b�l�v���w�d�h�g�h�f�b�q�_�k�d�m�x���\�u�]�h�^�m���a�Z���k�q�_�l���i�j�b�f�_�g�_��
�g�b�y���\�h�a�h�[�g�h�\�e�y�_�f�u�o���j�_�k�m�j�k�h�\�� 

�D�j�Z�k�g�h�^�Z�j�k�d�b�c�� �d�j�Z�c�� �i�h�� �k�\�h�b�f�� �d�e�b�f�Z�l�b�q�_�k�d�b�f�� �b�� �i�j�b��
�j�h�^�g�u�f���h�k�h�[�_�g�g�h�k�l�y�f���Z�d�l�b�\�g�h���j�Z�a�\�b�\�Z�x�s�_�c�k�y���w�d�h�g�h�f�b�d�b����
�j�Z�a�\�b�l�h�c�� �k�_�l�_�\�h�c�� �b�g�n�j�Z�k�l�j�m�d�l�m�j�_�� �b�� �g�Z�e�b�q�b�_�f�� �k�m�s�_�k�l�\�_�g��
�g�h�]�h�� �^�_�n�b�p�b�l�Z�� �w�g�_�j�]�h�h�[�_�k�i�_�q�_�g�b�y�� �y�\�e�y�_�l�k�y�� �h�^�g�b�f�� �b�a��
�g�Z�b�[�h�e�_�_���i�h�^�]�h�l�h�\�e�_�g�g�u�o���j�_�]�b�h�g�h�\���^�e�y���j�Z�a�\�b�l�b�y���b���i�j�b�f�_��
�g�_�g�b�y�����\�h�a�h�[�g�h�\�e�y�_�f�h�c���b���g�_�l�j�Z�^�b�p�b�h�g�g�h�c���w�g�_�j�]�_�l�b�d�b�� 

�B�a-�a�Z�� �^�_�n�b�p�b�l�Z�� �D�m�[�Z�g�k�d�h�c�� �w�g�_�j�]�h�k�b�k�l�_�f�u���� �Z�� �l�Z�d�� �`�_�� �\��
�k�\�y�a�b �k���i�h�\�u�r�_�g�b�_�f���^�h�e�b���]�_�g�_�j�Z�p�b�b���l�_�i�e�h�\�u�o���w�e�_�d�l�j�b�q�_��
�k�d�b�o���k�l�Z�g�p�b�c�����\�\�h�^���w�d�h�e�h�]�b�q�_�k�d�b���q�b�k�l�u�o���b���b�k�i�h�e�v�a�m�x�s�b�o��
�\�h�a�h�[�g�h�\�e�y�_�f�u�_�� �i�j�b�j�h�^�g�u�_�� �j�_�k�m�j�k�h�\�� �\�_�l�j�h�w�e�_�d�l�j�b�q�_�k�d�b�o��
�k�l�Z�g�p�b�c���y�\�e�y�_�l�k�y���q�j�_�a�\�u�q�Z�c�g�h���Z�d�l�m�Z�e�v�g�u�f���>�����@ 
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�D�h�f�i�e�_�d�k�g�h�_�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �l�_�j�f�Z�e�v�g�u�o�� �\�h�^���� �\�d�e�x�q�Z��
�x�s�_�_���\���k�_�[�y���l�_�i�e�h�k�g�Z�[�`�_�g�b�_�����]�h�j�y�q�_�_���\�h�^�h�k�g�Z�[�`�_�g�b�_�����\�u��
�j�Z�[�h�l�d�m���w�e�_�d�l�j�h�w�g�_�j�]�b�b�����b�a�\�e�_�q�_�g�b�_���p�_�g�g�u�o���f�b�d�j�h�w�e�_�f�_�g��
�l�h�\�����[�Z�e�v�g�_�h�e�h�]�b�x�����i�j�h�b�a�\�h�^�k�l�\�h���k�_�e�v�o�h�a�i�j�h�^�m�d�p�b�b�����j�u�[�Z����
�h�\�h�s�b���� �i�l�b�p�Z���� �D�J�K�� �b�� �^�j������ �b�� �k�l�j�h�b�l�_�e�v�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �i�h��
�\�u�k�b�l���b�o���w�n�n�_�d�l�b�\�g�h�k�l�v���� 

�K�h�\�f�_�k�l�g�u�c�� �Z�g�Z�e�b�a�� �f�_�l�_�h�j�h�e�h�]�b�q�_�k�d�b�o�� �b�� �j�Z�^�b�Z�p�b�h�g��
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Abstract. The possibility of using non-traditional and renewa-

ble energy sources, energy saving and energy supply for a separate 
economically independent region of Russia, developing in the con-
ditions of market relations, has been considered. The necessity of 
satisfaction of the existing needs of population and industry in 
electricity and thermal energy, especially in agricultural areas re-
mote from the central networks, due to a more in-depth study, de-
velopment and use of renewable energy, including non-traditional 
and small energy was grounded. The interest in non-traditional 
and renewable energy sources due to the complexity of the eco-
nomic situation in Russia in terms of energy resources, as well as 
in the creation of new energy consumption facilities in recreational 
areas, as well as in areas with severe climatic conditions, remote 
from power systems was substantiated. There was given the prog-
nosis of world energetic development to 2050 on proposed electri-
cal energy production. There was considered the problem of sav-
ing energy resources, environmental protection, which is of partic-
ular importance in agriculture. The ways of going out of well-

known power industry crisis, worsening due to regularly recurring 
natural and ecological disasters, s a result of which they come off 
as separate enterprises and the whole energy of areas, from central 
supply were considered.  The analysis of a state of affairs in power 
supply of agricultural objects of Krasnodar Territory in the devel-
oped market conditions was given. The possibility of using the 
available RES reserves in the region which can reduce the organic 
fuel deficit has been presented. There was presented the experi-
ence of energy resources use of the th Krasnodar Territory. The 
possibility of using qualified scientific and engineering personnel 
of the Krasnodar Territory for the introduction and use of renew-
able energy sources are set out. There was shown the specific im-
portance which it attained to the preparation of highly qualified 
power engineering specialists in the sphere of development, instal-
lation and operation of power installations on the RES basis.  

Keywords: energy resources, economy, renewable energy 
sources, energy supply, energy saving, energy complex enterprises. 
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�;�_�a�e�h�i�Z�k�l�g�u�_�� �\�_�l�j�h�\�u�_�� �]�_�g�_�j�Z�l�h�j�u�� �y�\�e�y�x�l�k�y�� �h�^�g�b�f��
�b�a�� �g�Z�b�[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�u�o�� �b�� �\�u�]�h�^�g�u�o�� �m�k�l�j�h�c�k�l�\���� �h�g�b�� �h�l��
�g�h�k�y�l�k�y�� �d�� �h�[�h�j�m�^�h�\�Z�g�b�x�� �w�e�_�d�l�j�h�w�g�_�j�]�_�l�b�d�b���� �Z�� �b�f�_�g�g�h���� �d��
�m�k�l�j�h�c�k�l�\�Z�f�� �^�e�y�� �i�h�e�m�q�_�g�b�y�� �w�e�_�d�l�j�b�q�_�k�d�h�c�� �w�g�_�j�]�b�b�� �b�a��
�w�g�_�j�]�b�b���\�_�l�j�Z�����b���f�h�]�m�l���b�k�i�h�e�v�a�h�\�Z�l�v�k�y���d�Z�d���g�Z���d�j�m�i�g�u�o���\�_�l��
�j�h�\�u�o�� �w�e�_�d�l�j�b�q�_�k�d�b�o�� �k�l�Z�g�p�b�y�o���� �l�Z�d�� �b�� �^�e�y�� �h�k�g�Z�s�_�g�b�y�� �h�l��
�^�_�e�v�g�h�� �\�a�y�l�u�o�� �j�Z�c�h�g�h�\���� �g�Z�k�_�e�_�g�g�u�o�� �i�m�g�d�l�h�\�� �b�� �q�Z�k�l�g�u�o��
�\�e�Z�^�_�g�b�c���w�g�_�j�]�b�_�c�� 

�<���h�l�e�b�q�b�_���h�l���l�j�Z�^�b�p�b�h�g�g�u�o���\�_�l�j�h�\�u�o���]�_�g�_�j�Z�l�h�j�h�\���g�h��
�\�Z�y���k�b�k�l�_�f�Z���g�_���\�j�Z�s�Z�_�l�k�y�����M�k�l�Z�g�h�\�d�Z �j�Z�[�h�l�Z�_�l���a�Z���k�q�_�l���\�b�o��
�j�_�\�u�o���p�_�i�h�q�_�d�����d�h�l�h�j�u�_���g�Z�[�e�x�^�Z�x�l�k�y���i�j�b���h�[�l�_�d�Z�g�b�b���`�b�^��
�d�h�k�l�v�x�� �b�e�b���]�Z�a�Z�� �i�j�h�l�y�`�_�g�g�u�o���p�b�e�b�g�^�j�b�q�_�k�d�b�o�� �l�_�e���k���i�j�h��
�^�h�e�v�g�h�c�� �h�k�v�x���� �i�_�j�i�_�g�^�b�d�m�e�y�j�g�h�c�� �g�Z�i�j�Z�\�e�_�g�b�x�� �^�\�b�`�_�g�b�y��
�k�i�e�h�r�g�h�c���k�j�_�^�u�����H�l�j�u�\���\�b�o�j�_�c���i�j�h�b�k�o�h�^�b�l���k���h�[�_�b�o���k�l�h�j�h�g��
�l�_�e�Z���± �i�h�h�q�_�j�_�^�g�h���� �i�h�k�e�_�� �k�j�u�\�Z�� �\�b�o�j�b�� �h�[�j�Z�a�m�x�l�� �^�\�_�� �p�_��
�i�h�q�d�b�� �k�� �a�Z�^�g�_�c�� �k�l�h�j�h�g�u�� �h�[�l�_�d�Z�_�f�h�]�h�� �l�_�e�Z���� �g�Z�i�j�Z�\�e�_�g�b�y��
�\�j�Z�s�_�g�b�y�� �\�b�o�j�_�c�� �\�� �h�^�g�h�c�� �p�_�i�h�q�d�_�� �i�j�h�l�b�\�h�i�h�e�h�`�g�h��
�g�Z�i�j�Z�\�e�_�g�b�x���\���^�j�m�]�h�c�����L�Z�d�Z�y���\�b�o�j�_�\�Z�y���^�h�j�h�`�d�Z���g�Z�a�u�\�Z�_�l�k�y��
�± �^�h�j�h�`�d�h�c���D�Z�j�f�Z�g�Z�����h�g�Z���i�j�_�^�k�l�Z�\�e�_�g�Z���g�Z���j�b�k�m�g�d�_����. 

�;�_�a�e�h�i�Z�k�l�g�h�c�� �\�_�l�j�h�\�h�c�� �]�_�g�_�j�Z�l�h�j�� �k�h�^�_�j�`�b�l���� �k�b�k�l�_�f�m��
�]�_�g�_�j�Z�p�b�x���� �<�� �g�Z�r�_�f�� �k�e�m�q�Z�_�� �\�u�[�j�Z�g�� �e�b�g�_�c�g�u�c���]�_�g�_�j�Z�l�h�j�� 
�b�f�_�x�s�b�c�� �f�b�g�b�f�Z�e�v�g�h�_�� �d�h�e�b�q�_�k�l�\�h�� �^�_�l�Z�e�_�c���� �d�Z�l�m�r�d�Z���� �^�h��
�k�l�Z�l�h�q�g�h�� �f�h�s�g�u�_�� �g�_�h�^�b�f�h�\�u�_�� �f�Z�]�g�b�l�u���� �i�j�m�`�b�g�m���� �f�Z�q�l�m����
�F�Z�q�l�Z�� �b�a�]�h�l�h�\�e�_�g�Z�� �\�� �\�b�^�_�� �^�e�b�g�g�h�]�h�� �d�h�g�m�k�Z�� �i�_�j�_�\�_�j�g�m�l�h�c��
�n�h�j�f�u���� �f�Z�l�_�j�b�Z�e�� �^�h�e�`�_�g�� �[�u�l�v�� �i�j�_�^�_�e�v�g�h�� �e�_�]�d�b�f���� �g�Z�i�j�b��
�f�_�j�����k�l�_�d�e�h�\�h�e�h�d�g�h�� �l�_�d�k�l�h�e�b�l�����L�Z�d���d�Z�d���l�_�d�k�l�h�e�b�l���w�e�_�d�l�j�h��
�b�a�h�e�y�p�b�h�g�g�u�c���f�Z�l�_�j�b�Z�e�����g�Z���g�_�]�h���b���[�m�^�m�l���d�j�_�i�b�l�v�k�y���g�_�h�^�b��
�f�h�\�u�_���f�Z�]�g�b�l�u�����b�g�\�_�j�l�h�j���± �w�l�h���m�k�l�j�h�c�k�l�\�h�����i�j�_�^�g�Z�a�g�Z�q�_�g��
�g�h�_���^�e�y���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���w�e�_�d�l�j�b�q�_�k�d�h�c�����w�g�_�j�]�b�b�� �Z�d�d�m�f�m�e�y��
�l�h�j���� �g�_�h�[�o�h�^�b�f�� �^�e�y�� �g�Z�d�h�i�e�_�g�b�y�� �w�e�_�d�l�j�b�q�_�k�d�h�c�� �w�g�_�j�]�b�b����
�n�m�g�^�Z�f�_�g�l���± �h�k�g�h�\�Z�g�b�_�����g�Z���d�h�l�h�j�h�_���[�m�^�_�l���m�k�l�Z�g�Z�\�e�b�\�Z�l�v�k�y��
�m�k�l�j�h�c�k�l�\�h�� 

�<�� �h�k�g�h�\�_�� �j�Z�[�h�l�u�� �i�j�_�^�e�Z�]�Z�_�f�h�c�� �m�k�l�Z�g�h�\�d�b�� �[�Z�a�b�j�m�_�l�k�y��
�j�Z�[�h�l�Z�� �e�b�g�_�c�g�h�]�h�� �]�_�g�_�j�Z�l�h�j�Z���� �G�Z�� �j�b�k�m�g�d�_�� �� �i�j�_�^�k�l�Z�\�e�_�g�Z��
�k�o�_�f�Z�� �j�Z�[�h�l�u�� �e�b�g�_�c�g�h�]�h�� �]�_�g�_�j�Z�l�h�j�Z���� �Z���� �d�Z�d�� �b�a�\�_�k�l�g�h���� �� �j�Z��
�[�h�l�Z �e�b�g�_�c�g�h�]�h�� �]�_�g�_�j�Z�l�h�j�Z�� �^�h�k�l�Z�l�h�q�g�h�� �i�j�h�k�l�Z�� �b�� �w�n�n�_�d��
�l�b�\�g�Z�����F�Z�]�g�b�l�������������g�Z�o�h�^�y�s�b�c�k�y���\���d�h�j�i�m�k�_�������������i�j�b���^�\�b�`�_��
�g�b�b�� �b�e�b�� �k�h�i�j�b�d�h�k�g�h�\�_�g�b�b�� �k�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�c�� �d�Z�l�m�r�d�h�c����
���������[�m�^�_�l���\�u�j�Z�[�Z�l�u�\�Z�l�v���i�_�j�_�f�_�g�g�u�c���l�h�d�� 
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�J�b�k��1�����>�h�j�h�`�d�Z���D�Z�j�f�Z�g�Z 

 
�J�b�k���������K�o�_�f�Z���j�Z�[�h�l�u���e�b�g�_�c�g�h�]�h���]�_�g�_�j�Z�l�h�j�Z: 1 - �f�Z�]�g�b�l��������- 

�d�Z�l�m�r�d�Z���������± �d�h�j�i�m�k 

�G�Z���j�b�k�m�g�d�_��3 �i�j�_�^�k�l�Z�\�e�_�g���[�_�a�e�h�i�Z�k�l�g�h�c���\�_�l�j�h�]�_�g�_�j�Z�l�h�j��
�k�h�k�l�h�y�s�b�c�� �b�a�� �f�Z�q�l�u�� ���������� �l�_�d�k�l�h�e�b�l�Z�� ���������� �g�_�h�^�b�f�h�\�u�o�� �f�Z�]��
�g�b�l�h�\�������������d�Z�l�m�r�_�d�������������i�j�m�`�b�g�u�������������n�m�g�^�Z�f�_�g�l�Z������������ 
�k�l�_�j�`�g�y�������������\�_�j�o�g�y�y���q�Z�k�l�v�������������g�b�`�g�y�y���q�Z�k�l�v���������� 
 

�G�h�\�b�a�g�Z���h�i�b�k�u�\�Z�_�l�k�y���i�j�b�g�p�b�i�h�f���^�_�c�k�l�\�b�y���m�k�l�j�h�c�k�l�\�Z�� 
���j�b�k�������� 
 

 
�J�b�k�����������K�o�_�f�Z���[�_�a�e�h�i�Z�k�l�g�h�]�h���\�_�l�j�h�\�h�]�h���]�_�g�_�j�Z�l�h�j�Z  

1 - �f�Z�q�l�u��������- �l�_�d�k�l�h�e�b�l�Z��������- �g�_�h�^�b�f�h�\�u�o �f�Z�]�g�b�l�h�\��������- �d�Z��
�l�m�r�_�d��������- �i�j�m�`�b�g�u��������- �n�m�g�^�Z�f�_�g�l�Z��������- �k�l�_�j�`�g�y��������- �\�_�j�o��

�g�y�y���q�Z�k�l�v��������- �g�b�`�g�y�y���q�Z�k�l�v 

�I�h�l�h�d���\�_�l�j�Z�����g�Z�i�j�Z�\�e�y�x�s�b�c�k�y���\���k�l�h�j�h�g�m���f�Z�q�l�u��(1)�����a�Z��
�k�l�Z�\�e�y�_�l���_�_���k�h�\�_�j�r�Z�l�v���d�h�e�_�[�Z�l�_�e�v�g�u�_���^�\�b�`�_�g�b�y�����I�j�b���w�l�h�f��
�g�_�h�^�b�f�h�\�u�_�� �f�Z�]�g�b�l�u��(3)���� �d�h�l�h�j�u�_�� �a�Z�d�j�_�i�e�_�g�u�� �g�Z�� �l�_�d�k�l�h��
�e�b�l�_��(2) �i�Z�j�Z�e�e�_�e�v�g�h���^�j�m�]���^�j�m�]�m�����k�h�\�_�j�r�Z�x�l���^�\�b�`�_�g�b�y���\�a�Z��
�b�f�h�^�_�c�k�l�\�m�y�� �k�� �d�Z�l�m�r�d�Z�f�b��(4)���� �\�� �k�\�h�x�� �h�q�_�j�_�^�v�� �d�Z�l�m�r�d�b��

�m�k�l�Z�g�h�\�e�_�g�u�� �g�Z�� �n�m�g�^�Z�f�_�g�l�_ �\�� �^�b�Z�f�_�l�j�Z�e�v�g�h�� �i�j�h�l�b�\�h�i�h��
�e�h�`�g�u�o���k�l�h�j�h�g�Z�o.  

�<���g�Z�m�q�g�u�o���l�j�m�^�Z�o���>4-16�@�����k�m�s�_�k�l�\�m�x�s�b�o���g�Z���^�Z�g�g�u�c���f�h��
�f�_�g�l���� �_�s�_�� �g�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�e�k�y�� �\�h�i�j�h�k���h�[ �m�\�_�e�b�q�_�g�b�b�� �d�h�e�_��
�[�Z�l�_�e�v�g�h�]�h�� �^�\�b�`�_�g�b�y�� �b�� �[�h�e�v�r�_�]�h�� �i�h�e�m�q�_�g�b�y�� �w�g�_�j�]�b�b�� �^�e�y��
�b�k�k�e�_�^�m�_�f�h�]�h���m�k�l�j�h�c�k�l�\�Z�� 

�G�h�\�b�a�g�Z���j�Z�[�h�l�u���a�Z�d�e�x�q�Z�_�l�k�y���\���l�h�f�����q�l�h���\���d�h�g�k�l�j�m�d�p�b�x��
�[�_�a�e�h�i�Z�k�l�g�h�]�h�� �\�_�l�j�h�]�_�g�_�j�Z�l�h�j�Z�� �k�i�j�h�_�d�l�b�j�h�\�Z�g�u���^�h�i�h�e�g�b��
�l�_�e�v�g�u�_�� �w�e�_�f�_�g�l�u�����k�� �p�_�e�v�x���i�h�\�u�k�b�l�v�� �\�u�j�Z�[�h�l�d�m���w�e�_�d�l�j�b��
�q�_�k�d�h�c���w�g�_�j�]�b�b���b���m�\�_�e�b�q�b�l�v���i�e�h�s�Z�^�v���d�h�e�_�[�Z�l�_�e�v�g�h�]�h���^�\�b��
�`�_�g�b�y���b���Z�f�i�e�b�l�m�^�u���d�h�e�_�[�Z�g�b�c�� 

�>�e�y�� �m�\�_�e�b�q�_�g�b�y�� �k�d�h�j�h�k�l�b�� �d�h�e�_�[�Z�l�_�e�v�g�h�]�h�� �^�\�b�`�_�g�b�y�� �\��
�d�h�g�k�l�j�m�d�p�b�x�� �m�k�l�Z�g�h�\�d�b�� �[�u�e�� �\�\�_�^�_�g�� �^�h�i�h�e�g�b�l�_�e�v�g�u�c�� �w�e�_��
�f�_�g�l���± �i�j�m�`�b�g�Z (5)�����d�h�l�h�j�Z�y���d�j�_�i�b�l�����k�l�_�j�`�_�g�v��(7) �d���n�m�g�^�Z��
�f�_�g�l�m�����A�Z���k�q�_�l���w�l�h�]�h���\�h�a�g�b�d�Z�_�l���g�Z�]�j�m�a�d�Z���b���k�`�Z�l�b�_���i�j�m�`�b�g�u����
�l�_�f�� �k�Z�f�u�f�� �i�j�h�b�k�o�h�^�b�l�� �m�\�_�e�b�q�_�g�b�_�� �k�d�h�j�h�k�l�b�� �d�h�e�_�[�Z�l�_�e�v��
�g�h�]�h���^�\�b�`�_�g�b�y���b���Z�f�i�e�b�l�m�^�u���d�h�e�_�[�Z�g�b�c�� 

�>�e�y���[�h�e�v�r�_�c���\�u�j�Z�[�h�l�d�b���w�e�_�d�l�j�b�q�_�k�d�h�c���w�g�_�j�]�b�b���\���m�k�l�Z��
�g�h�\�d�m���[�u�e�b���\�\�_�^�_�g�u �g�_�h�^�b�f�h�\�u�_���f�Z�]�g�b�l�u��(�i�j�b�f�����g�_�h�^�b�f�h��
�\�u�_�� �f�Z�]�g�b�l�u���± �^�h�k�l�Z�l�h�q�g�h�� �f�h�s�g�u�_�� �f�Z�]�g�b�l�u���� �k�i�e�Z�\����
�g�_�h�^�b�f�Z�����[�h�j�Z���b���`�_�e�_�a�Z�����k�l�h�c�d�h�k�l�v�����������² ���������k�\�h�_�c���g�Z�f�Z�]��
�g�b�q�_�g�g�h�k�l�b���a�Z���������e�_�l���� 

�<�_�l�j�h�]�_�g�_�j�Z�l�h�j (1) ���j�b�k���� �������� �a�Z�� �k�q�z�l�� �w�g�_�j�]�b�b�� �\�_�l�j�Z�� ���l�h��
�_�k�l�v�� �\�_�l�j�h�\�h�c�� �i�h�l�h�d�� �g�Z�i�j�Z�\�e�y�_�l�k�y�� �g�Z�� �f�Z�q�l�m�� �m�k�l�j�h�c�k�l�\�h��, 
�i�j�h�b�a�\�h�^�b�l���i�_�j�_�f�_�g�g�u�c���l�h�d�����a�Z�l�_�f���i�_�j�_�f�_�g�g�u�c���l�h�d���i�h�k�l�m��
�i�Z�_�l�� �d�h�g�l�j�h�e�e�_�j�� �a�Z�j�y�^�Z  (2)  ���� �]�^�_�� �d�h�g�l�j�h�e�e�_�j�� �j�_�]�m�e�b�j�m�_�l��
�a�Z�j�y�^�g�h�_���g�Z�i�j�y�`�_�g�b�_�����b�����l�_�f���k�Z�f�u�f�����i�j�_�^�h�o�j�Z�g�y�_�l���Z�d�d�m�f�m��
�e�y�l�h�j�g�u�_���[�Z�l�Z�j�_�b (3)  �h�l���i�_�j�_�a�Z�j�y�^�Z�����i�h�k�e�_�����l�h�d���i�h�k�l�m�i�Z�_�l��
�\���b�g�\�_�j�l�h�j (4)  �����]�^�_���i�j�_�h�[�j�Z�a�m�_�l�k�y���b�a���i�_�j�_�f�_�g�g�h�]�h���l�h�d�Z���\��
�i�h�k�l�h�y�g�g�u�c���b���g�Z�i�j�Z�\�e�y�_�l�k�y���d���i�h�l�j�_�[�b�l�_�e�y�f (5). 

�B�k�k�e�_�^�m�_�f�Z�y�� �\�_�l�j�h�\�Z�y�� �m�k�l�Z�g�h�\�d�Z�� �f�h�`�_�l�� �w�d�k�i�e�m�Z�l�b�j�h��
�\�Z�l�v�k�y�� �^�e�y�� �w�e�_�d�l�j�h�k�g�Z�[�`�_�g�b�y�� �[�u�l�h�\�u�o�� �g�Z�]�j�m�a�h�d�� �\ �`�b�e�h�f��
�^�h�f�_���� �l�Z�d�b�o�� �d�Z�d���� �h�k�\�_�s�_�g�b�_���� �l�_�e�_�� �b�� �j�Z�^�b�h�l�_�o�g�b�d�Z���� �o�h�e�h��
�^�b�e�v�g�b�d�b���b���^�j�m�]�b�_�����i�u�e�_�k�h�k�u�����m�l�x�]�b�����d�b�i�y�l�b�e�v�g�b�d�b�����f�b�d��
�k�_�j�������h�j�]�l�_�o�g�b�d�Z�����d�h�f�i�v�x�l�_�j�u�����l�_�e�_�n�h�g�u���b���l�Z�d���^�Z�e�_�_�������i�j�h��
�f�u�r�e�_�g�g�h�_�� �w�e�_�d�l�j�h�h�[�h�j�m�^�h�\�Z�g�b�_�� �g�_�[�h�e�v�r�h�c�� �f�h�s�g�h�k�l�b��
���g�Z�k�h�k�u�����d�h�f�i�j�_�k�k�h�j�u���� 

 

 
�J�b�k�� 4. �K�o�_�f�Z���w�g�_�j�]�h�m�k�l�Z�g�h�\�d�b���k���<�W�M: 1 - �\�_�l�j�h�]�_�g�_�j�Z�l�h�j����
2 - �d�h�g�l�j�h�e�e�_�j���a�Z�j�y�^�Z��������- �Z�d�d�m�f�m�e�y�l�h�j�g�u�_���[�Z�l�Z�j�_�b��������- �b�g��

�\�_�j�l�h�j��������- �i�h�l�j�_�[�b�l�_�e�v�� 

�J�:�K�Q�?�L���<�?�L�J�H�=�?�G�?�J�:�L�H�J�: 

�L�_�o�g�h�e�h�]�b�q�_�k�d�b�c���j�Z�k�q�_�l 
�>�e�y���i�j�b�f�_�j�Z���\�u�[�b�j�Z�_�f���f�h�s�g�h�k�l�v���]�_�g�_�j�Z�l�h�j�Z���� 
L �s���Í�‘�Õ 

�i�j�b���k�d�h�j�h�k�l�b���\�_�l�j�Z�������� �f���k�� 
�<���k�j�_�^�g�_�f���i�j�b���f�h�s�g�h�k�l�b���s���Í�‘�Õ�����g�Z�i�j�y�`�_�g�b�_���k�h�k�l�Z�\�e�y�_�l��

�� 
L �t�v���‘ �â 
�������G�Z�o�h�^�b�f���k�b�e�m���l�h�d�Z���������h�g�Z���j�Z�k�k�q�b�l�u�\�Z�_�l�k�y���i�h���n�h�j�f�m�e�_�� 
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�� 
L
��

��

L

�s�r�r�r���‘

�t�v���‘

L �v�s�á�x
N�v�t���•���â�������������������������:�s�; 

�������G�Z�o�h�^�b�f���k�h�i�j�h�l�b�\�e�_�g�b�_���p�_�i�b���� �����i�h���n�h�j�f�m�e�_�� 

�� 
L
�t�v���‘

�v�t���•

L �r�á�w�y
N�r�á�x���•�Ï ���â�������������������������������������:�t�; 

�E�_�\�Z�y���q�Z�k�l�v�� 
�=�_�g�_�j�Z�l�h�j�����j�b�k����5),  �d�h�l�h�j�u�c���k�h�k�l�h�b�l���b�a���b�k�l�h�q�g�b�d�Z����������

�W�>�K���b���\�g�m�l�j�_�g�g�_�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y���� �\�g �����<�g�m�l�j�_�g�g�_�_���k�h��
�i�j�h�l�b�\�e�_�g�b�_���± �w�l�h���l�h���k�h�i�j�h�l�b�\�e�_�g�b�_���i�j�h�\�h�^�Z���d�h�l�h�j�u�f��
�g�Z�f�Z�l�u�\�Z�x�l�k�y���h�[�f�h�l�d�b�� 

 
�J�b�k����5�����K�o�_�f�Z�� 

�I�j�Z�\�Z�y���q�Z�k�l�v�� 
�G�Z�]�j�m�a�d�Z���� �g  ���j�b�k����5)�����k�h�k�l�h�y�s�Z�y���b�a���h�^�g�h�]�h���b�e�b���^�\�m�o���Z�d��

�d�m�f�m�e�y�l�h�j�h�\�������������d�h�l�h�j�u�_���l�Z�d�`�_���b�f�_�x�l���k�h�i�j�h�l�b�\�e�_�g�b�_�� 
�K���e�_�\�h�c���q�Z�k�l�b���^�h�e�`�_�g���l�_�q�v���l�h�d������ 
L �������:�f�i�_�j�Z���\���i�j�Z��

�\�m�x���q�Z�k�l�v�� 
�I�j�_�^�i�h�e�h�`�b�f���� �q�l�h�� �\�g�m�l�j�_�g�g�_�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_�� �]�_�g�_�j�Z��

�l�h�j�Z���� �\�g �j�Z�\�g�y�_�l�k�y���k�h�i�j�h�l�b�\�e�_�g�b�x���g�Z�]�j�m�a�d�b���� �g : 

�� �h�[�s 
L �� �\�g
E�� �g 
L �r�á�x���•�Ï 
L
�r�á�x

�t

L �r�á�u���•�Ï ���â���������:�u�; 

 
�� �]�_�g
L �� �g 
L �r�á�u���•�Ï ���â���������������������������������������������������������:�v�; 

3 - �n�Z�a�g�u�c���]�_�g�_�j�Z�l�h�j�����g�Z���n�Z�a�m�����������\�b�l�d�h�\ 
�>�e�b�g�Z���h�^�g�h�]�h���\�b�l�d�Z���������f�_�l�j�h�\�� 
�������f�_�l�j�h�\���i�j�h�\�h�^�Z���^�h�e�`�g�h���b�f�_�l�v���k�h�i�j�h�l�b�\�e�_�g�b�_��

�r�á�u���•�Ï ; 
�������J�Z�k�q�_�l���Z�d�d�m�f�m�e�y�l�h�j�h�\�� 
�I�h�k�d�h�e�v�d�m���g�Z�i�j�y�`�_�g�b�_���\�_�l�j�h�\�h�]�h���]�_�g�_�j�Z�l�h�j�Z �a�Z�\�b�k�b�l���h�l��

�\�_�l�j�Z���� �Z�d�d�m�f�m�e�y�l�h�j�u�� �\�u�k�l�m�i�Z�x�l�� �\�� �\�b�^�_�� �g�Z�d�Z�i�e�b�\�Z�x�s�b�o��
�m�k�l�j�h�c�k�l�\�����g�Z�d�Z�i�e�b�\�Z�x�l�����d�h�]�^�Z���w�g�_�j�]�b�y���b�f�_�_�l�k�y�����h�l�^�Z�_�l�����d�h��
�]�^�Z���w�g�_�j�]�b�y���h�l�k�m�l�k�l�\�m�_�l�� 

���g�Z�����d�<�l���f�h�s�g�h�k�l�b���h�l�������^�h�������Z�d�d�m�f�m�e�y�l�h�j�h�\���� 
�<�u�[�b�j�Z�_�f�� �Z�d�d�m�f�m�e�y�l�h�j�� �k�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �g�Z�i�j�y�`�_��

�g�b�_�f���� 
L �������<�������_�f�d�h�k�l�v�x�����	 
L120 �• �®�Ú ���l�h�d���d�h�l�h�j�u�c���Z�d�d�m��
�f�m�e�y�l�h�j�� �f�h�`�_�l�� �h�l�^�Z�l�v�� �\�� �l�_�q�_�g�b�_�� �q�Z�k�Z���� �d�j�Z�l�d�h�\�j�_�f�_�g�g�u�c��
�l�h�d���\���k�j�_�^�g�_�f���g�Z�������j�Z�a���i�j�_�\�u�r�Z�_�l���g�h�f�b�g�Z�e�v�g�u�c���� 

�	 
L �s�{�r���®�z
L �s�w�t�r���•���â�������������������������������������������:�w�; 
�B�k�o�h�^�y�� �b�a���	 
L �s�w�t�r���•���� �g�Z�o�h�^�b�f�� �\�g�m�l�j�_�g�g�_�_�� �k�h�i�j�h�l�b�\��

�e�_�g�b�_���Z�d�d�m�f�m�e�y�l�h�j�Z���� �\�g �i�h���n�h�j�f�m�e�_�� 

�� �\�g 
L
�s�t���‘

�s�w�t�r���•

L �r�á�r�r�y�z���•�Ï ���â�����������������������:�x�; 

�I�h�k�d�h�e�v�d�m�������Z�d�d�m�f�m�e�y�l�h�j�Z�� 
�� �Z�d�[
L �r�á�r�r�y�z���•�Ï �®�t 
L �r�á�r�s�w�x���•�Ï ���â�����������������������:�y�; 

�������J�Z�[�h�l�Z���\�_�l�j�h�]�_�g�_�j�Z�l�h�j�Z�� 
�I�j�b���k�d�h�j�h�k�l�b���������f���k����- �f�u���^�h�e�`�g�u���i�h�e�m�q�b�l�v�������D�b�e�h�\�Z�l�l-

�q�Z�k. 
�?�k�e�b���i�j�b���k�d�h�j�h�k�l�b���\�_�l�j�Z���������f���k���\�_�l�j�h�]�_�g�_�j�Z�l�h�j �\�u�j�Z�[�h��

�l�Z�_�l���������<�����l�h���k�h�]�e�Z�k�g�h���a�Z�d�h�g�m���H�f�Z�����l�h�d���^�e�y���i�h�e�g�h�c���p�_�i�b���[�m��
�^�_�l���a�Z�\�b�k�_�l�v���h�l���i�h�e�g�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y���� �i�h�e: 

�� �i�h�e
L �� �]�_�g
E�� �Z�d�[
L �r�á�u
E�r�á�r�s�w�x
L �r�á�u�s�w�x���•�Ï ���â�������:�z�; 

�A�Z�d�h�g���H�f�Z�� 

�� 
L
��

��

L

�t�v���‘

�r�á�u�s�w�x���•�Ï

L �y�w�á�y
N�y�x���•���â�����������������:�{�; 

�I�h�� �p�_�i�b�����j�b�k���� ���� �i�j�h�l�_�d�Z�_�l�� �l�h�d���� 
L �y�x���•���� �g�Z�f�� �g�m�`�g�h��
�h�i�j�_�^�_�e�b�l�v���d�Z�d�h�_���g�Z�i�j�y�`�_�g�b�_���i�j�b�e�h�`�_�g�h���d���Z�d�d�m�f�m�e�y�l�h�j�Z�f��
�b���d�Z�d�h�_���g�Z�i�j�y�`�_�g�b�_���[�m�^�_�l���l�_�j�y�l�v�k�y���g�Z���]�_�g�_�j�Z�l�h�j�_���� 

�G�Z�i�j�y�`�_�g�b�_���g�Z���Z�d�d�m�f�m�e�y�l�h�j�Z�o���a�Z�\�b�k�b�l���h�l���l�h�d�Z���b���k�h�i�j�h��
�l�b�\�e�_�g�b�y�� 

�� �:�D�; 
L ���:�D�; �®�� �:�D�; 
L �y�x���• �®�r�á�r�s�w�x
L �s�á�s�z���<���â�������:�s�r�; 
�G�Z�i�j�y�`�_�g�b�_���g�Z���]�_�g�_�j�Z�l�h�j�_�� 

�� �=�?�G
L ���=�?�G�®�� �=�?�G
L �y�x���• �®�r�á�u
L �t�t�á�z���<���â�������:�s�s�; 
 

�������<�u�[�h�j���b�g�\�_�j�l�h�j�Z�� 
�J�Z�k�q�z�l���f�h�s�g�h�k�l�b���b�g�\�_�j�l�h�j�Z���� 
�>�e�y���j�Z�k�q�z�l�Z���f�h�s�g�h�k�l�b���b�g�\�_�j�l�h�j�Z���\�h�a�v�f�z�f���i�j�b�[�h�j�u����

�g�Z�i�j�b�f�_�j�� 
�l�_�e�_�\�b�a�h�j (�� 
L ���������<�l��;  
�o�h�e�h�^�b�e�v�g�b�d������ 
L���������<�l��; 
�g�h�m�l�[�m�d������ 
L���������<�l��; 
�e�Z�f�i�Z������ 
L�������<�l�����������r�l���� 
�J�Z�k�k�q�b�l�Z�_�f���h�[�s�m�x���f�h�s�g�h�k�l�v���w�l�b�o���m�k�l�j�h�c�k�l�\�� 

�� 
L �s�z�®�v
E�s�x�r
E�u�r�r
E�u�v�r
L �z�y�t���‘�Õ�â�������������:�s�t�;�� 

�H�d�j�m�]�e�y�_�f�� 
�� 
L �{�r�r���‘�Õ�â 

�>�e�y���j�Z�k�q�_�l�Z���\�u�o�h�^�g�h�c���f�h�s�g�h�k�l�b���b�g�\�_�j�l�h�j�Z���i�h�l�j�_�[�m��
�_�l�k�y���l�Z�d�`�_���Z�\�l�h�g�h�f�g�Z�y���j�Z�[�h�l�Z���l�_�o�g�b�d�b�����\�h�a�v�f�_�f�����d���i�j�b��
�f�_�j�m���������q�Z�k�Z�� 
�F�h�s�g�h�k�l�v�����d�h�l�h�j�m�x���i�j�b�[�h�j�u���i�h�l�j�_�[�e�y�_�l���a�Z���w�l�h���\�j�_�f�y�� 

�� 
L �u�®�{�r�r 
L �t�y�r�r���‘�Õ�â�������������������������������������:�s�u�;������ 

�A�Z�l�_�f�� �j�Z�k�k�q�b�l�u�\�Z�_�f�� �i�b�d�h�\�m�x�� �g�Z�]�j�m�a�d�m���� �I�h�e�m�q�_�g�g�h�_��
�a�g�Z�q�_�g�b�_���m�f�g�h�`�Z�_�f���g�Z���d�h�w�n�n�b�p�b�_�g�l���������� 

�� 
L �t�y�r�r���®�s�á�u
L �u�w�s�r���‘�Õ�â���������������������:�s�v�;������ 

�<�u�[�b�j�Z�_�f���b�g�\�_�j�l�h�j���� 
�B�g�\�_�j�l�h�j���'�&-�$�&���F�h�s�g�h�k�l�v�������������<�l 
�<�o�h�^�g�h�_���g�Z�i�j�y�`�_�g�b�_���������<����������- �������<�� 
�K�b�g�m�k�h�b�^�Z�e�v�g�h�_���\�u�o�h�^�g�h�_���g�Z�i�j�y�`�_�g�b�_�����������<�����������=�p 
�D�h�g�k�l�j�m�d�l�b�\�g�u�c���j�Z�k�q�_�l 
�������J�Z�k�q�_�l���b�g�^�m�d�l�b�\�g�h�k�l�b���d�Z�l�m�r�_�d: 
�<���\�_�l�j�h�\�h�f���]�_�g�_�j�Z�l�h�j�_���k�h�^�_�j�`�b�l�k�y���^�\�_���d�Z�l�m�r�d�b���i�h����������

�\�b�l�d�h�\���g�Z���d�Z�`�^�h�c�� 
�B�g�^�m�d�l�b�\�g�h�k�l�v���h�i�j�_�^�_�e�y�_�l�k�y���i�h���n�h�j�f�m�e�_�� 

�� 
L
�� �6 �®�•�6

�v�w�®�� 
E�s�r�r�®�Ž

L

�r�á�r�u�6 �®�x�r�r�6

�v�w�®�r�á�r�u
E�s�r�r�®�v

L �r�á�z���Ï�’�Ð���â���:�s�w�; 

�]�^�_����  �± �^�b�Z�f�_�l�j�� �d�Z�l�m�r�d�b�� �\�� �k�f�� ���r�á�u���Ï�Ï 
L �r�á�r�u���Ô�Ï); �• �± 
�d�h�e�b�q�_�k�l�\�h�� �\�b�l�d�h�\�� ������������ �Ž �± �^�e�b�g�Z�� �g�Z�f�h�l�d�b�� �d�Z�l�m�r�d�b�� ����-5 
�k�f��. 

�G�Z�o�h�^�b�f���k�h�i�j�h�l�b�\�e�_�g�b�_���d�Z�l�m�r�d�b�� 

�� 
L
�0

�”
E��

L

�r�á�u��

�r�á�r�w��
E�r�á�x

L �r�á�v�x���•���â�������������������:�s�x�; 

�]�^�_���0 �± �W�>�K�� ���������� �<���� �” �± �\�g�m�l�j�_�g�g�_�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_�� ���i�j�b��
�r�á�z���Ï�’�Ð = �r�á�r�w���H�f); ��  �± �k�h�i�j�h�l�b�\�e�_�g�b�_���p�_�i�b�� 

�������J�Z�k�q�_�l���d�h�e�_�[�Z�g�b�c���f�Z�q�l�u: 
�>�e�y���[�h�e�v�r�_�]�h���d�h�e�_�[�Z�g�b�y���f�Z�q�l�Z���m�k�l�j�h�c�k�l�\�Z���^�h�e�`�g�Z���[�u�l�v��

�b�a�]�h�l�h�\�e�_�g�Z�� �b�a�� �i�j�b�g�p�b�i�b�Z�e�v�g�h�� �e�_�]�d�b�o�� �f�Z�l�_�j�b�Z�e�h�\���� �\��
�g�Z�r�_�f�� �k�e�m�q�Z�_�� �\�u�[�j�Z�g�h���k�l�_�d�e�h�\�h�e�h�d�g�h�� �l�Z�d�� �d�Z�d�� �h�g�h�� �h�[�e�Z��
�^�Z�_�l���k�e�_�^�m�x�s�b�f�b���d�Z�q�_�k�l�\�Z�f�b���� 

1. �\�u�k�h�d�b�c�� �m�j�h�\�_�g�v�� �i�j�h�q�g�h�k�l�b�� ���i�j�_�\�h�k�o�h�^�k�l�\�h�� �g�Z�^��
�\�u�k�h�d�h�e�_�]�b�j�h�\�Z�g�g�h�c���k�l�Z�e�v�x���� 
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2. �m�k�l�h�c�q�b�\�h�k�l�v���d���l�_�j�f�h�h�[�j�Z�[�h�l�d�_�����k�l�j�m�d�l�m�j�Z���k�h�o�j�Z��
�g�y�_�l�k�y���^�Z�`�_���i�j�b���k�b�e�v�g�h�f���g�Z�]�j�_�\�Z�g�b�b������ 

3. �g�_���]�h�j�x�q�_�k�l�v���� 
4. �w�d�h�e�h�]�b�q�g�h�k�l�v���� 
5. �i�j�h�l�b�\�h�k�l�h�b�l���^�_�n�h�j�f�Z�p�b�b��  
�D�h�e�_�[�Z�g�b�y���m�k�l�j�h�c�k�l�\�Z���g�_�i�h�k�j�_�^�k�l�\�_�g�g�h���a�Z�\�b�k�y�l���h�l���k�d�h��

�j�h�k�l�b���\�_�l�j�Z�����Q�_�f���\�u�r�_���k�d�h�j�h�k�l�v���\�_�l�j�Z�����l�_�f���[�h�e�v�r�_���d�h�e�_�[�Z��
�g�b�y�����k�h�h�l�\�_�l�k�l�\�_�g�g�h���[�h�e�v�r�Z�y���]�_�g�_�j�Z�p�b�y���w�g�_�j�]�b�b�����l�Z�d�`�_���]�_��
�g�_�j�Z�p�b�y���a�Z�\�b�k�b�l���h�l���j�Z�a�f�_�j�Z���f�Z�q�l�u�����q�_�f���\�u�r�_�����l�_�f���[�h�e�v�r�_��
�\�u�j�Z�[�h�l�d�Z�� �w�g�_�j�]�b�b�� ���^�e�b�g�Z�� �f�Z�q�l�u�� �i�j�_�^�e�Z�]�Z�_�f�h�]�h�� �m�k�l�j�h�c��
�k�l�\�Z����-�����f�_�l�j�h�\�������<���g�Z�r�_�c���m�k�l�Z�g�h�\�d�_���^�e�y���m�\�_�e�b�q�_�g�b�y���k�d�h�j�h��
�k�l�b�� �b���Z�f�i�e�b�l�m�^�u�� �d�h�e�_�[�Z�g�b�c���\���h�k�g�h�\�Z�g�b�_�� �m�k�l�j�h�c�k�l�\�Z�� �m�k�l�Z��
�g�h�\�e�_�g�Z���i�j�m�`�b�g�Z�� 

�Z�����I�_�j�b�h�^���d�h�e�_�[�Z�g�b�c����  ���j�b�k����6.) ���i�j�b�f�_�j�g�h�������� �k�_�d�m�g� )̂; 
�[���� �J�Z�k�q�_�l���q�Z�k�l�h�l�u���d�h�e�_�[�Z�g�b�c�����q�b�k�e�h���d�h�e�_�[�Z�g�b�c�����k�h�\�_�j��

�r�Z�_�f�u�o�� �l�_�e�h�f�� �\�� �_�^�b�g�b�p�m�� �\�j�_�f�_�g�b���� �h�i�j�_�^�_�e�y�_�l�k�y�� �i�h�� �n�h�j��
�f�m�e�_�� 
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�r�á�w

L �t���’�Ù���â�������������������������������������������:�s�y�; 

��  �± �I�_�j�b�h�^���d�h�e�_�[�Z�g�b�c�� 
�\�����J�Z�k�q�_�l���]�Z�j�f�h�g�b�q�_�k�d�b�o�����d�h�e�_�[�Z�g�b�c: 

�š
L �� �®�…�‘�•�®�:�&�®�–
E�.�; 
L �t�á�w�®�…�‘�•�®�:�s�t�á�w�x�®�r�á�w
E�s�;

L �s�á�s�s���f ���â�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������:�s�z�;�������� 

 
�J�b�k���������I�_�j�b�h�^���d�h�e�_�[�Z�g�b�c: 1 - �f�Z�q�l�Z  

�]�^�_ ��  �± �Z�f�i�e�b�l�m�^�Z�� �d�h�e�_�[�Z�g�b�c�� ����-���� �k�f��; �X �± �d�j�m�]�h�\�Z�y��
���p�b�d�e�b�q�_�k�d�Z�y�����q�Z�k�l�h�l�Z�� �– �± �\�j�_�f�y�� �= �± �g�Z�q�Z�e�v�g�Z�y���n�Z�a�Z�� 

�&
L �t �®�Œ�®�� 
L �t �®�u�á�s�v�®�t 
L �s�t�á�w�x��
�j�Z�^

�k
�����â�������������������:�s�{�; 

�������<�u�[�h�j���g�_�h�^�b�f�h�\�u�o���f�Z�]�g�b�l�h�\ 
�J�Z�a�f�_�j���g�_�h�^�b�f�h�\�u�o �f�Z�]�g�b�l�h�\���a�Z�\�b�k�b�l���h�l���d�h�e�b�q�_�k�l�\�Z���d�Z��

�l�m�r�_�d���b���l�j�_�[�m�_�f�h�c���f�h�s�g�h�k�l�b���]�_�g�_�j�Z�l�h�j�Z�� 
�<�u�[�b�j�Z�_�f�������f�Z�]�g�b�l�Z���f�Z�j�d�b���1������ 
1. �K�� �h�k�l�Z�l�h�q�g�h�c�� �f�Z�]�g�b�l�g�h�c�� �b�g�^�m�d�p�b�_�c��Br (1,17-1,20 

�L�_�k�e�Z���� (5,3-�����������d�=�Z�m�k�k���� 
2. �N�h�j�f�Z���± �[�e�h�d; 
3. �J�Z�a�f�_�j�u�����������[�����[�������f�f 
4. �I�e�h�l�g�h�k�l�v�������������]���k�f3 

�A�:�D�E�X�Q�?�G�B�? ���<�U�<�H�>�U) 

�B�k�i�h�e�v�a�h�\�Z�g�b�_�� �i�j�_�^�e�h�`�_�g�g�h�c�� �m�k�l�Z�g�h�\�d�b�� �i�h�a�\�h�e�b�l�� �k�m��
�s�_�k�l�\�_�g�g�h�� �k�g�b�a�b�l�v�� �n�b�g�Z�g�k�h�\�u�_�� �a�Z�l�j�Z�l�u�� �g�Z�� �i�j�h�b�a�\�h�^�k�l�\�h����
�w�d�k�i�e�m�Z�l�Z�p�b�x�� �b�� �_�z�� �� �j�_�f�h�g�l���� �l�Z�d�� �d�Z�d�� �m�k�l�j�h�c�k�l�\�h�� �k�h�^�_�j�`�b�l��

�f�b�g�b�f�b�a�b�j�h�\�Z�g�g�h�_�� �q�b�k�e�h�� �^�_�l�Z�e�_�c���� �L�_�o�g�b�q�_�k�d�h�_�� �h�[�k�e�m�`�b��
�\�Z�g�b�_�� �g�_�� �l�j�_�[�m�_�l�� �a�g�Z�q�b�l�_�e�v�g�h�]�h�� �i�_�j�b�h�^�Z�� �\�j�_�f�_�g�b�����H�l�k�m�l��
�k�l�\�m�_�l���g�_�h�[�o�h�^�b�f�h�k�l�v���\���i�_�j�b�h�^�b�q�_�k�d�h�c���k�f�Z�a�d�_���b���a�Z�f�_�g�_���a�Z��
�i�q�Z�k�l�_�c���� 

�<���h�l�e�b�q�b�_���h�l���Z�g�Z�e�h�]�b�q�g�u�o���\�_�l�j�y�g�u�o���]�_�g�_�j�Z�l�h�j�h�\���k���e�h��
�i�Z�k�l�y�f�b���� �g�Z�r�_�� �m�k�l�j�h�c�k�l�\�h�� �g�_�� �h�d�Z�a�u�\�Z�_�l�� �\�h�a�^�_�c�k�l�\�b�y�� �g�Z��
�h�d�j�m�`�Z�x�s�m�x���k�j�_�^�m�����l�h���_�k�l�v�����g�_���k�h�a�^�Z�_�l���r�m�f�Z�����B���y�\�e�y�_�l�k�y��
�[�_�a�h�i�Z�k�g�u�f���^�e�y���i�l�b�p�����G�_�^�h�k�l�Z�l�d�h�f���m�k�l�j�h�c�k�l�\�Z���y�\�e�y�_�l�k�y���l�h����
�q�l�h���[�_�a�e�h�i�Z�k�l�g�Z�y���l�m�j�[�b�g�Z���\�u�j�Z�[�Z�l�u�\�Z�_�l���\���k�j�_�^�g�_�f���g�Z����������
�f�_�g�v�r�_�� �w�g�_�j�]�b�b���� �q�_�f�� �h�[�u�d�g�h�\�_�g�g�Z�y���� �B�k�o�h�^�y�� �b�a�� �w�l�h�]�h�� �[�_�a��
�e�h�i�Z�k�l�g�u�o���\�_�l�j�h�\�u�o���m�k�l�j�h�c�k�l�\���g�_�h�[�o�h�^�b�f�h���m�k�l�Z�g�Z�\�e�b�\�Z�l�v��
�d�m�^�Z���[�h�e�v�r�_�����q�_�f���m�k�l�j�h�c�k�l�\���k���e�h�i�Z�k�l�y�f�b�����G�h���l�Z�d���d�Z�d���^�Z�g�g�h�_��
�m�k�l�j�h�c�k�l�\�h���h�[�e�Z�^�Z�_�l���f�_�g�v�r�b�f�b���]�Z�[�Z�j�b�l�g�u�f�b���j�Z�a�f�_�j�Z�f�b���\��
�h�l�e�b�q�b�_���h�l���l�j�Z�^�b�p�b�h�g�g�u�o���\�_�l�j�h�\�u�o���m�k�l�j�h�c�k�l�\�����l�h���g�Z���f�_�g�v��
�r�_�c���i�e�h�s�Z�^�b���f�h�`�g�h���m�k�l�Z�g�h�\�b�l�v���[�h�e�v�r�_�_���d�h�e�b�q�_�k�l�\�h���m�k�l�Z��
�g�h�\�h�d���� 

�L�j�_�[�m�_�f�Z�y�� �f�h�s�g�h�k�l�v�� �m�k�l�Z�g�h�\�d�b, �g�_�k�h�f�g�_�g�g�h, �a�Z�\�b�k�b�l��
�h�l���k�d�h�j�h�k�l�b���\�_�l�j�Z, �j�Z�a�f�_�j�Z���f�Z�]�g�b�l�h�\, �d�h�e�b�q�_�k�l�\�Z���\�b�l�d�h�\���g�Z��
�d�Z�l�m�r�d�Z�o, �Z�� �l�Z�d�`�_�� �h�l�� �j�Z�a�f�_�j�Z���f�Z�q�l�u�� ���� �q�_�f�� �^�e�b�g�g�_�_�� ���� �l�_�f��
�[�h�e�v�r�_���\�u�j�Z�[�h�l�d�Z���w�g�_�j�]�b�b��. 

 �I�h�k�d�h�e�v�d�m���� �k�Z�f�u�f�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�u�f�� �\�� �\�_�l�j�h�w�g�_�j�]�_��
�l�b�d�_���y�\�e�y�_�l�k�y���]�h�j�b�a�h�g�l�Z�e�v�g�u�c���\�_�l�j�h�\�h�c���]�_�g�_�j�Z�l�h�j���k���e�h�i�Z��
�k�l�y�f�b�����k�j�Z�\�g�b�f���_�]�h���k���i�j�_�^�e�Z�]�Z�_�f�u�f���m�k�l�j�h�c�k�l�\�h�f �b���k�^�_�e�Z�_�f��
�\�u�\�h�^�u.  

�H�l�f�_�l�b�f���h�k�g�h�\�g�u�_���g�_�^�h�k�l�Z�l�d�b���m�k�l�Z�g�h�\�d�b�� 
1.�n�b�g�Z�g�k�u�� 

�K�Z�f�u�f���a�g�Z�q�b�l�_�e�v�g�u�f���f�b�g�m�k�h�f���m�k�l�j�h�c�k�l�\�Z���y�\�e�y�_�l�k�y���l�h����
�q�l�h�� �a�Z�� �m�k�l�Z�g�h�\�d�m���� �d�h�l�h�j�Z�y�� �k�i�h�k�h�[�g�Z�� �\�u�j�Z�[�Z�l�u�\�Z�l�v�� ���� �F�<�l��
�w�g�_�j�]�b�b�����g�Z�q�Z�e�v�g�Z�y���k�l�h�b�f�h�k�l�v���[�m�^�_�l���k�h�k�l�Z�\�e�y�l�v�������f�b�e�e�b�h�g��
�^�h�e�e�Z�j�h�\�� 

�H�d�m�i�Z�_�f�h�k�l�v�� �\�_�l�j�h�]�_�g�_�j�Z�l�h�j�Z �F�� �e�h�i�Z�k�l�y�f�b�� �k�h�k�l�Z�\�e�y�_�l��
�h�d�h�e�h���������e�_�l�����i�j�b���w�l�h�f���\���l�_�q�_�g�b�_���������e�_�l���g�m�`�g�h���k�f�_�g�b�l�v���d�Z�d��
�f�b�g�b�f�m�f���h�^�b�g���j�Z�a���\���[�Z�l�Z�j�_�x�����b�g�\�_�j�l�h�j���b���^�j�m�]�b�_���w�e�_�f�_�g�l�u��
�m�k�l�j�h�c�k�l�\�Z���� �i�h�� �w�l�h�c�� �i�j�b�q�b�g�_�� �i�h�\�u�r�Z�_�l�k�y�� �n�b�g�Z�g�k�h�\�u�_�� �a�Z��
�l�j�Z�l�u���g�Z���l�_�o�h�[�k�e�m�`�b�\�Z�g�b�_���b���j�_�f�h�g�l�� 

2.�i�j�h�_�d�l�b�j�h�\�Z�g�b�_�� 
�=�j�h�f�h�a�^�d�h�k�l�v���m�k�l�Z�g�h�\�d�b�����^�e�y���l�h�]�h���q�l�h�[�u���\�h�a�\�_�k�l�b���h�^�b�g��

�\�_�l�j�h�]�_�g�_�j�Z�l�h�j�� �i�h�l�j�_�[�m�_�l�k�y�� �^�h�i�h�e�g�b�l�_�e�v�g�u�_�� �h�[�h�j�m�^�h�\�Z��
�g�b�y�����f�Z�r�b�g�u���d�j�Z�g�u���� 

�>�e�y���k�l�Z�g�p�b�b�����g�Z���d�h�l�h�j�h�c���[�m�^�m�l���j�Z�k�i�h�e�Z�]�Z�l�v�k�y���g�_�k�d�h�e�v�d�h��
�\�_�l�j�h�\�u�o���m�k�l�Z�g�h�\�h�d�����l�j�_�[�m�_�l�k�y���h�]�j�h�f�g�Z�y���h�[�r�b�j�g�Z�y���l�_�j�j�b��
�l�h�j�b�y�� 

�<�� �k�b�e�m�� �l�h�]�h���� �q�l�h�� �h�^�g�Z�� �\�_�l�j�h�\�Z�y���m�k�l�Z�g�h�\�d�Z�� �^�h�k�l�Z�l�h�q�g�h��
�[�h�e�v�r�Z�y���� �� �g�Z�o�h�`�^�_�g�b�_�� �j�y�^�h�f�� �k�� �g�_�c�� �^�j�m�]�b�o�� �g�_�p�_�e�_�k�h�h�[��
�j�Z�a�g�h���� �i�h�k�d�h�e�v�d�m�� �[�m�^�_�l�� �k�h�a�^�Z�\�Z�l�v�k�y�� �[�Z�j�v�_�j�� �b�� �f�h�s�g�h�k�l�v��
�m�k�l�Z�g�h�\�h�d���k�g�b�a�b�l�k�y���� 

3.�h�[�k�e�m�`�b�\�Z�g�b�_���b���j�_�f�h�g�l���� 
�I�_�j�k�h�g�Z�e���h�[�k�e�m�`�b�\�Z�x�s�b�c���\�_�l�j�h�]�_�g�_�j�Z�l�h�j���k���e�h�i�Z�k�l�y�f�b��

�^�h�e�`�_�g�� �j�_�]�m�e�y�j�g�h�� �i�j�h�\�h�^�b�l�v�� �^�b�Z�]�g�h�k�l�b�d�m�� �m�k�l�Z�g�h�\�d�b���� �l�h��
�_�k�l�v���j�_�]�m�e�y�j�g�h���i�h�^�g�b�f�Z�l�v�k�y���g�Z��������-���������f�_�l�j�h�\�m�x���[�Z�r�g�x�� 

�?�k�e�b�� �i�h�\�u�r�Z�_�l�k�y�� �l�_�o�g�b�q�_�k�d�h�_�� �h�[�k�e�m�`�b�\�Z�g�b�_���� �^�b�Z�]�g�h��
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Abstract. The work is devoted to the problem of using alterna-
tive, renewable sources for obtaining electric energy from wind en-
ergy. The purpose of the work is the development of generator de-
signs aimed at minimal use, and improvement of devices, to obtain 
electrical energy from the wind. In addition, it is equally important 
to exploit oneself as environmentally friendly and not having 
harmful effects at the environmental level. The goal set in the work 
is to take the introduction of new elements in the generator. The 
novelty of the work lies in obtaining electric energy from the wind 
due to oscillatory movements that occur throughout the day. The 
experiments performed with the installation showed that this gen-
erator is capable of generating and generating a greater amount of 
energy per area scrap; and there is an increase in the speed of the 
amplitude of the oscillation of motion before adding an additional 

element (spring) to the installation. A comparison of the investi-
gated wind turbine with existing analogues, that is, with tradi-
tional sources with blades and installation of a device similar in 
design and principle of operation of our studied device is given; 
their designs are considered and disadvantages are given. In con-
clusion, the advantages of the Islamic generator -rator are revealed 
in comparison with analogues and existing installations in wind 
energy.  

Keywords: energy, energy, device, generator, station, without 
lobed aggregate. 
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�j�Z�a�g�h�c���i�j�b�j�h�^�u���\���j�Z�f�d�Z�o���h�^�g�h�c���w�g�_�j�]�h�m�k�l�Z�g�h�\�d�b�� 
�± �h�i�j�_�^�_�e�_�g�b�_���i�Z�j�Z�f�_�l�j�h�\���\�u�o�h�^�g�h�]�h���g�Z�i�j�y�`�_�g�b�y���w�e�_�d��

�l�j�h�l�_�o�g�b�q�_�k�d�h�]�h���d�h�f�i�e�_�d�k�Z�� 
�± �i�h�k�l�j�h�_�g�b�_���j�_�]�m�e�b�j�h�\�h�q�g�u�o���o�Z�j�Z�d�l�_�j�b�k�l�b�d���K�:�>�=�M�� 
�± �h�i�j�_�^�_�e�_�g�b�_�� �k�h�h�l�\�_�l�k�l�\�b�y�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d���� �i�h�e�m�q�_�g��

�g�u�o�� �i�m�l�_�f�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�y���� �k�h�h�l�\�_�l�k�l�\�m��
�x�s�b�f���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�����i�h�e�m�q�_�g�g�u�f���i�j�b���i�j�h�\�_�^�_�g�b�b���n�b��
�a�b�q�_�k�d�h�]�h���w�d�k�i�_�j�b�f�_�g�l�Z�� 

�I �J�H�=�J�:�F�F�:���W�D�K�I�?�J�B�F�?�G�L�:  

�I�j�h�]�j�Z�f�f�Z���w�d�k�i�_�j�b�f�_�g�l�Z���\�d�e�x�q�Z�_�l���\���k�_�[�y�� 
�±�j�Z�a�j�Z�[�h�l�d�m�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�]�h�� �k�l�_�g�^�Z���� �i�h�a�\�h�e�y�x��

�s�_�]�h�� �b�f�b�l�b�j�h�\�Z�l�v�� �m�k�e�h�\�b�y���� �[�e�b�a�d�b�_�� �d�� �j�_�Z�e�v�g�u�f���� �b�� �b�k�k�e�_��
�^�h�\�Z�l�v���j�Z�[�h�l�m���G�F���K�:�>�=�M���\���w�l�b�o���m�k�e�h�\�b�y�o�� 

�±�i�h�e�m�q�_�g�b�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �a�Z�\�b�k�b�f�h�k�l�_�c��
U�\�u�o = �3���8�n�w�i�����i�j�b���9�\�_�l�j � ���Y�D�U�������]�^�_���8�\�u�o �± �\�u�o�h�^�g�h�_���g�Z�i�j�y��
�`�_�g�b�_�� �G�F�� �K�:�>�=�M���� �8�n�w�i �± �g�Z�i�j�y�`�_�g�b�_�� �g�Z�� �\�u�o�h�^�_�� �N�W�I����
V �\�_�l�j - �k�d�h�j�h�k�l�v���\�_�l�j�Z�����i�j�h�i�h�j�p�b�h�g�Z�e�v�g�Z�y���q�Z�k�l�h�l�_���\�j�Z�s�_�g�b�y��
�\�Z�e�Z�����Q�\�Z�e�����G�F���K�:�>�=�M���� 

�±�i�h�e�m�q�_�g�b�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �a�Z�\�b�k�b�f�h�k�l�_�c��
U�\�u�o = �3(V �\�_�l�j�����i�j�b���8�n�w�i = var.; 

�±�i�h�e�m�q�_�g�b�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �a�Z�\�b�k�b�f�h�k�l�_�c��
U�\�u�o = �3(I �g) �i�j�b�� �8�n�w�i � �� �Y�D�U���� ���]�^�_�� �,�g �± �l�h�d�� �g�Z�]�j�m�a�d�b�� �G�F��
�K�:�>�=�M���� 

�±�i�h�e�m�q�_�g�b�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �a�Z�\�b�k�b�f�h�k�l�_�c��
f�\�u�o = f(U �n�w�i���� �i�j�b�� �9�\�_�l�j � �� �Y�D�U���� ���]�^�_�� �I�\�u�o �± �q�Z�k�l�h�l�Z�� �\�u�o�h�^�g�h�]�h��
�g�Z�i�j�y�`�_�g�b�y���G�F���K�:�>�=�M���� 

�B�k�i�u�l�Z�g�b�_���G�F���K�:�>�=�M���i�j�h�\�h�^�b�e�h�k�v���i�h���f�_�l�h�^�b�d�Z�f�����b�a��
�e�h�`�_�g�g�u�f���\���>��-14].  

�H�i�j�_�^�_�e�_�g�b�_�� �f�h�s�g�h�k�l�b�� �g�Z�� �\�o�h�^�_�� �G�F�� �K�:�>�=�M�� �\�u�i�h�e��
�g�_�g�h���f�_�l�h�^�h�f���h�i�j�_�^�_�e�_�g�b�y�� �f�h�s�g�h�k�l�b���� �i�h�l�j�_�[�e�y�_�f�h�c�� �i�j�b��
�\�h�^�g�u�f�� �Z�k�b�g�o�j�h�g�g�u�f�� �^�\�b�]�Z�l�_�e�_�f�� ���:�>���� �k�� �m�q�_�l�h�f�� �i�h�l�_�j�v�� �\��
�w�l�h�f�� �^�\�b�]�Z�l�_�e�_�� �b�� �w�e�_�d�l�j�b�q�_�k�d�h�c�� �f�h�s�g�h�k�l�b���� �i�h�l�j�_�[�e�y�_�f�h�c��
�^�h�i�h�e�g�b�l�_�e�v�g�h�c���h�[�f�h�l�d�h�c���\�h�a�[�m�`�^�_�g�b�y���\�h�a�[�m�^�b�l�_�e�y���h�l���b�k��
�l�h�q�g�b�d�Z���i�h�k�l�h�y�g�g�h�]�h���l�h�d�Z�����B�I�L�������H�i�j�_�^�_�e�_�g�b�_���f�h�s�g�h�k�l�b��
�g�Z���\�u�o�h�^�_���G�F���K�:�>�=�M���\�u�i�h�e�g�_�g�h���l�Z�d�`�_���i�j�y�f�u�f���f�_�l�h�^�h�f����
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�\�Z�l�l�f�_�l�j�h�f�� �\�� �p�_�i�b�� �g�Z�]�j�m�a�d�b�� �>���@���� �>�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �\�u�o�h�^��
�g�u�o���i�Z�j�Z�f�_�l�j�h�\���G�F���K�:�>�=�M���i�j�h�\�h�^�b�e�b�k�v���b�a�f�_�j�_�g�b�y���\�_�e�b��
�q�b�g�u�����n�h�j�f�u���b���q�Z�k�l�h�l�u���\�u�o�h�^�g�h�]�h���g�Z�i�j�y�`�_�g�b�y���k���i�h�f�h�s�v�x��
�w�e�_�d�l�j�h�g�g�u�o���\�h�e�v�l�f�_�l�j�Z�����q�Z�k�l�h�l�h�f�_�j�Z���b���h�k�p�b�e�e�h�]�j�Z�n�Z�� 

�H�I�B�K�:�G�B�?���W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�H�=�H���K�L�?�G�>�: 

�>�e�y���l�h�]�h���q�l�h�[�u���k�f�h�^�_�e�b�j�h�\�Z�l�v���j�Z�[�h�l�m���K�:�>�=�M���\���j�_�Z�e�v��
�g�u�o���m�k�e�h�\�b�y�o���b���h�[�_�k�i�_�q�b�l�v���d�Z�q�_�k�l�\�_�g�g�h�_���b�a�f�_�j�_�g�b�_���w�d�k�i�_��
�j�b�f�_�g�l�Z�e�v�g�u�o���^�Z�g�g�u�o�����i�j�_�^�m�k�f�h�l�j�_�g�g�u�o���i�j�h�]�j�Z�f�f�h�c���w�d�k��
�i�_�j�b�f�_�g�l�Z���� �g�_�h�[�o�h�^�b�f�h�� �q�l�h�[�u�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�c�� �k�l�_�g�^��
�m�^�h�\�e�_�l�\�h�j�y�e���k�e�_�^�m�x�s�b�f���l�j�_�[�h�\�Z�g�b�y�f�� 

�± �h�[�_�k�i�_�q�b�\�Z�e���g�_�a�Z�\�b�k�b�f�u�_���^�j�m�]���h�l���^�j�m�]�Z���b���i�_�j�_�f�_�g�g�u�_��
�d�h�e�_�[�Z�g�b�y���i�h�k�l�m�i�e�_�g�b�y���w�g�_�j�]�b�b���g�Z���f�_�o�Z�g�b�q�_�k�d�b�c�����\�Z�e���G�F��
�K�:�>�=�M���� �b�� �w�e�_�d�l�j�b�q�_�k�d�b�c�� ���d�e�_�f�f�u�� �^�h�i�h�e�g�b�l�_�e�v�g�h�c�� �h�[��
�f�h�l�d�b���\�h�a�[�m�`�^�_�g�b�y���\�h�a�[�m�^�b�l�_�e�y�����\�o�h�^�u���G�F���K�:�>�=�M�� 

�± �h�[�_�k�i�_�q�b�\�Z�e�� �i�e�Z�\�g�h�_�� �b�� �m�i�j�Z�\�e�y�_�f�h�_�� �j�_�]�m�e�b�j�h�\�Z�g�b�_��
�h�^�g�h�c�� �b�a�� �\�o�h�^�g�u�o�� �\�_�e�b�q�b�g�� �i�j�b�� �`�_�k�l�d�h�� �a�Z�n�b�d�k�b�j�h�\�Z�g�g�h�c��
�^�j�m�]�h�c�� 

�± �h�[�_�k�i�_�q�b�\�Z�e�� �i�j�h�\�_�^�_�g�b�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�� �i�h�� �m�i�j�Z�\�e�_��
�g�b�x�� ���k�l�Z�[�b�e�b�a�Z�p�b�b���� �\�u�o�h�^�g�h�]�h�� �g�Z�i�j�y�`�_�g�b�y�� �G�F�� �K�:�>�=�M��
�i�j�b�� �b�a�f�_�g�_�g�b�b�� �k�d�h�j�h�k�l�b�� �\�j�Z�s�_�g�b�y�� �\�Z�e�Z�� �G�F���K�:�>�=�M�� �b��
�g�Z�i�j�y�`�_�g�b�y���g�Z���\�u�o�h�^�_���N�W�I�� 

�W�e�_�d�l�j�b�q�_�k�d�Z�y���k�o�_�f�Z���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�]�h���k�l�_�g�^�Z���i�j�_�^��
�k�l�Z�\�e�_�g�Z���g�Z���j�b�k�������� 

 
�J�b�k����. �K�o�_�f�Z���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�]�h���k�l�_�g�^�Z���^�e�y���b�k�k�e�_�^�h�\�Z��

�g�b�y���g�Z�l�m�j�g�h�c���f�h�^�_�e�b���K�:�>�=�M 

�K�l�_�g�^���k�h�^�_�j�`�b�l���[�e�h�d���b�f�b�l�Z�p�b�b���\�_�l�j�h�Z�]�j�_�]�Z�l�Z�����j�b�k������������
�k�h�k�l�h�y�s�b�c�� �b�a���i�j�_�h�[�j�Z�a�h�\�Z�l�_�e�y�� �q�Z�k�l�h�l�u�� ���I�Q������ �i�b�l�Z�x�s�_�]�h��
�Z�k�b�g�o�j�h�g�g�u�c�� �^�\�b�]�Z�l�_�e�v�� �F���� �k�_�j�b�b�� ���:���� �f�h�s�g�h�k�l�v�x��
0,75 �d�<�l�����d�h�l�h�j�u�c���k���i�h�f�h�s�v�x���j�_�f�z�g�g�h�c���i�_�j�_�^�Z�q�b���k�h�_�^�b�g�z�g��
�k���\�Z�e�h�f���K�:�>�=�M�����I�j�_�h�[�j�Z�a�h�\�Z�l�_�e�v���q�Z�k�l�h�l�u���i�h�a�\�h�e�y�_�l���b�a�f�_��
�g�y�l�v���k�d�h�j�h�k�l�v���\�j�Z�s�_�g�b�y���j�h�l�h�j�Z���K�:�>�=�M���\���r�b�j�h�d�b�o���i�j�_�^�_��
�e�Z�o�����b���[�e�h�d���b�f�b�l�Z�p�b�b���N�W�I�����k�h�k�l�h�y�s�b�c���b�a���b�k�l�h�q�g�b�d�Z���i�h�k�l�h��
�y�g�g�h�]�h�� �l�h�d�Z�� ���B�I�L������ �i�b�l�Z�x�s�_�]�h�� �^�h�i�h�e�g�b�l�_�e�v�g�m�x�� �h�[�f�h�l�d�m��
�\�h�a�[�m�`�^�_�g�b�y�� ���/1���� �\�h�a�[�m�^�b�l�_�e�y�� �K�:�>�=�M�����i�h�a���� �/1 �g�Z�� �j�b�k���� ��������
�e�Z�[�h�j�Z�l�h�j�g�h�]�h�� �Z�\�l�h�l�j�Z�g�k�n�h�j�f�Z�l�h�j�Z�� ���L�J�������� �^�\�m�o�i�h�e�m�i�_�j�b��
�h�^�g�h�]�h���\�u�i�j�y�f�b�l�_�e�y�����<�������b���k�]�e�Z�`�b�\�Z�x�s�_�]�h���n�b�e�v�l�j�Z�����N������ 

�B�a�f�_�j�b�l�_�e�v�g�u�c�� �d�h�f�i�e�_�d�k�� �D-������ ���B�D�������� �\�d�e�x�q�Z�x�s�b�c�� �\��
�k�_�[�y���\�Z�l�l�f�_�l�j�����\�h�e�v�l�f�_�l�j���b���Z�f�i�_�j�f�_�l�j�����h�[�_�k�i�_�q�b�\�Z�_�l���b�a�f�_��
�j�_�g�b�_�� �\�o�h�^�g�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� ���g�Z�i�j�y�`�_�g�b�_���� �l�h�d���� �f�h�s�g�h�k�l�v����
�Z�k�b�g�o�j�h�g�g�h�]�h���^�\�b�]�Z�l�_�e�y�����F���������:�f�i�_�j�f�_�l�j�� �$1 �b���\�h�e�v�l�f�_�l�j��

V1 �h�[�_�k�i�_�q�b�\�Z�x�l�� �b�a�f�_�j�_�g�b�_�� �l�h�d�Z�� �b�� �g�Z�i�j�y�`�_�g�b�y�� �^�h�i�h�e�g�b��
�l�_�e�v�g�h�c�� �h�[�f�h�l�d�b�� �\�h�a�[�m�`�^�_�g�b�y�� ���/1���� �\�h�a�[�m�^�b�l�_�e�y�� �K�:�>�=�M����
�k�h�h�l�\�_�l�k�l�\�_�g�g�h�����B�a�f�_�j�b�l�_�e�v�g�u�c���d�h�f�i�e�_�d�k���D-�������B�D�����h�[�_�k��
�i�_�q�b�\�Z�_�l�� �b�a�f�_�j�_�g�b�_�� �\�u�o�h�^�g�u�o�� �i�Z�j�Z�f�_�l�j�h�\�� �K�:�>�=�M�� �g�Z��
�[�e�h�d�_���g�Z�]�j�m�a�d�b���51 �«���53�����<���d�Z�q�_�k�l�\�_���[�e�h�d�Z���g�Z�]�j�m�a�d�b���51 �«���53 
�b�k�i�h�e�v�a�h�\�Z�e�k�y���j�_�]�m�e�b�j�m�_�f�u�c���l�j�_�o�n�Z�a�g�u�c���j�_�h�k�l�Z�l�����P�b�n�j�h��
�\�h�c���h�k�p�b�e�e�h�]�j�Z�n���©�H�ª���i�j�_�^�g�Z�a�g�Z�q�_�g���^�e�y���k�g�y�l�b�y���d�j�b�\�h�c���\�u��
�o�h�^�g�h�]�h���g�Z�i�j�y�`�_�g�b�y���K�:�>�=�M�����Z���q�Z�k�l�h�l�h�f�_�j���©�Q�F�ª���± �^�e�y���b�a��
�f�_�j�_�g�b�y�� �q�Z�k�l�h�l�u�� �\�u�o�h�^�g�h�]�h�� �g�Z�i�j�y�`�_�g�b�y�� �K�:�>�=�M���� �K�b�g��
�o�j�h�g�g�Z�y���f�Z�r�b�g�Z���F�������k�h�_�^�b�g�_�g�g�Z�y���k�h�h�k�g�h���k���K�:�>�=�M�����h�[�_�k��
�i�_�q�b�\�Z�_�l���^�h�i�h�e�g�b�l�_�e�v�g�m�x���k�b�g�o�j�h�g�b�a�Z�p�b�x���K�:�>�=�M�����b�f�b�l�b��
�j�m�y�� �k�b�g�o�j�h�g�b�a�Z�l�h�j�� �K�:�>�=�M���� �H�[�f�h�l�d�Z�� �\�h�a�[�m�`�^�_�g�b�y�� �k�b�g��
�o�j�h�g�g�h�c�� �f�Z�r�b�g�u�� �F�����± �b�f�b�l�Z�l�h�j�Z�� �k�b�g�o�j�h�g�b�a�Z�l�h�j�Z�� �g�Z�i�j�y��
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�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �a�Z�\�b�k�b�f�h�k�l�b���� �d�h�l�h�j�u�_�� �i�j�b�\�_�^�_�g�u�� �g�Z��
�j�b�k���������± 7. 
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�]�^�_���Q��- �q�Z�k�l�h�l�Z���\�j�Z�s�_�g�b�y���\�Z�e�Z���K�:�>�=�M�� �5�\�d��- �j�Z�^�b�m�k���\�_�l�j�h��
�d�h�e�_�k�Z�� V - �k�d�h�j�h�k�l�v���\�_�l�j�Z�� 

�J�_�]�m�e�b�j�h�\�h�q�g�Z�y�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�� �8�\�u�o = �3 (U�n�w�i���� �i�j�b 
V �\�_�l�j� ���Y�D�U�����i�j�b�\�_�^�_�g�Z���g�Z���j�b�k�������� 
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�g�h�\�b�\�r�_�]�h�k�y���\�u�o�h�^�g�h�]�h���g�Z�i�j�y�`�_�g�b�y���K�:�>�=�M���h�l���g�Z�i�j�y�`�_��

�g�b�y���g�Z���\�u�o�h�^�_���N�W�I 
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�g�Z���j�b�k�������� 
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�G�Z�� �j�b�k���� ���� �i�j�b�\�_�^�_�g�Z�� �\�g�_�r�g�y�y�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z��
U�\�u�o = �3 (I �g�����i�j�b���8�n�w�i = var. 
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�G�Z���j�b�k���������i�j�b�\�_�^�_�g�Z���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z���I�\�u�o � ���3�����8�n�w�i�����i�j�b��
V �\�_�l�j = var. 
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Abstract. The article considers a synchronized axial two-input 
generator set designed for simultaneous energy conversion of two 
renewable energy sources (Sun and wind), shows the program of 
the experiment, describes the experimental stand, and demon-
strates the results of the experiment. The objectives of the experi-
ment were: confirmation of the possibility of building an electrical 
complex on the basis of a synchronized axial two-input generator 
set; confirmation of the possibility of stabilization of the output 
voltage to match the consumer properties of electricity (Ul=380 V, 
f=50 Hz); obtaining experimental characteristics and comparing 
them with the results of theoretical positions and mathematical 

modeling. The work was performed within the framework of re-
search conducted in the IN the state budgetary educational insti-
tution "Kuban state technological University" at the Department 
of electrical engineering and electrical machines on the topic of re-
newable energy sources under the leadership of Honored worker 
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�:�g�g�h�l�Z�p�b�y. �<���k�l�Z�l�v�_���i�j�h�\�_�^�_�g���Z�g�Z�e�b�a���l�h�i�e�b�\�g�h-�w�g�_�j�]�_�l�b��
�q�_�k�d�h�]�h�� �d�h�f�i�e�_�d�k�Z�� �:�e�l�Z�c�k�d�h�]�h�� �d�j�Z�y���� �i�h�d�Z�a�Z�g�Z�� �p�_�e�_�k�h�h�[�j�Z�a��
�g�h�k�l�v�� �k�l�j�h�b�l�_�e�v�k�l�\�Z���k�_�l�_�\�u�o���<�W�K�� �b�� �K�W�K�� �\�� �^�Z�g�g�h�f�� �j�_�]�b�h�g�_����
�i�j�b�\�_�^�_�g�u�� �i�h�d�Z�a�Z�l�_�e�b�� �w�g�_�j�]�_�l�b�q�_�k�d�h�c�� �b�� �w�d�h�g�h�f�b�q�_�k�d�h�c�� �w�n��
�n�_�d�l�b�\�g�h�k�l�b���<�W�K���b���K�W�K���\���:�e�l�Z�c�k�d�h�f���d�j�Z�_�� 

�D�e�x�q�_�\�u�_���k�e�h�\�Z�� �w�g�_�j�]�b�y�� �k�h�e�g�p�Z���� �w�g�_�j�]�b�y�� �\�_�l�j�Z����
�\�h�a�h�[�g�h�\�e�y�_�f�u�_�� �b�k�l�h�q�g�b�d�b�� �w�g�_�j�]�b�b���� �w�g�_�j�]�h�w�n�n�_�d�l�b�\�g�h�k�l�v����
�k�h�e�g�_�q�g�Z�y�� �w�e�_�d�l�j�b�q�_�k�d�Z�y�� �k�l�Z�g�p�b�y���� �\�_�l�j�h�w�e�_�d�l�j�b�q�_�k�d�Z�y��
�k�l�Z�g�p�b�y. 

�<�<�?�>�?�G�B�? 

�:�e�l�Z�c�k�d�b�c���d�j�Z�c���y�\�e�y�_�l�k�y���w�g�_�j�]�h�^�_�n�b�p�b�l�g�u�f �j�_�]�b�h�g�h�f 
�± ������������ �h�l�� �\�k�_�]�h�� �i�h�l�j�_�[�e�_�g�b�y�� �i�j�h�b�a�\�h�^�b�l�k�y�� �a�Z�� �_�]�h�� �i�j�_�^�_��
�e�Z�f�b���� �G�Z�[�e�x�^�Z�_�l�k�y�� �k�b�e�v�g�Z�y�� �a�Z�\�b�k�b�f�h�k�l�v�� �d�j�Z�y�� �h�l�� �b�k�d�h�i�Z�_��
�f�h�]�h���l�h�i�e�b�\�Z�� �\�u�k�h�d�b�c���m�j�h�\�_�g�v���\�u�[�j�h�k�h�\���\�j�_�^�g�u�o���\�_�s�_�k�l�\��
�\���h�d�j�m�`�Z�x�s�m�x���k�j�_�^�m [1]. �>�_�n�b�p�b�l���w�e�_�d�l�j�h�w�g�_�j�]�b�b���\���j�_�]�b��
�h�g�_���q�Z�k�l�b�q�g�h���f�h�`�g�h���d�h�f�i�_�g�k�b�j�h�\�Z�l�v���a�Z���k�q�_�l���\�h�a�h�[�g�h�\�e�y�_��
�f�h�c���w�g�_�j�]�_�l�b�d�b�����\���q�Z�k�l�g�h�k�l�b���a�Z���k�q�_�l���b�k�i�h�e�v�a�h�\�Z�g�b�y���w�g�_�j�]�b�b��
�\�_�l�j�Z���b���k�h�e�g�p�Z���� �L�j�_�[�m�_�l�k�y���h�p�_�g�d�Z���\�h�a�f�h�`�g�h�k�l�b���b�k�i�h�e�v�a�h��
�\�Z�g�b�y���Z�e�v�l�_�j�g�Z�l�b�\�g�u�o���b�k�l�h�q�g�b�d�h�\���w�g�_�j�]�b�b�� 

�<�U�;�H�J���I�E�H�S�:�>�D�B �J�:�A�F�?�S�?�G�B�Y 

�>�e�y�� �h�p�_�g�d�b�� �i�_�j�k�i�_�d�l�b�\�g�h�k�l�b�� �k�l�j�h�b�l�_�e�v�k�l�\�Z�� �d�j�m�i�g�u�o��
�<�W�K���\���^�Z�g�g�h�f���j�_�]�b�h�g�_���[�u�e���i�j�h�\�_�^�_�g���i�h�^�j�h�[�g�u�c���j�Z�k�q�_�l���b��
�Z�g�Z�e�b�a �\�_�l�j�h�\�u�o���j�_�k�m�j�k�h�\���i�h���f�_�l�h�^�b�d�_���d�Z�n�_�^�j�u���=�<�B�W���>���@��
�g�Z���\�k�_�c���l�_�j�j�b�l�h�j�b�b���:�e�l�Z�c�k�d�h�]�h���d�j�Z�y���i�h���^�Z�g�g�u�f���������g�Z�a�_�f��
�g�u�o���f�_�l�_�h�k�l�Z�g�p�b�c���k���k�Z�c�l�Z���©�I�h�]�h�^�Z���J�h�k�k�b�b�ª���>���@�����j�_�a�m�e�v�l�Z�l�u��
�i�h�d�Z�a�Z�g�u���g�Z���j�b�k���������b����.  

�<�u�[�j�Z�g�g�Z�y �i�e�h�s�Z�^�d�Z�� �j�Z�k�i�h�e�h�`�_�g�Z�� �m�� �d�j�m�i�g�h�]�h�� �h�a�_�j�Z�� �b��
�b�f�_�_�l���^�h�k�l�Z�l�h�q�g�h���[�h�e�v�r�h�c���k�\�h�[�h�^�g�u�c���m�q�Z�k�l�h�d���a�_�f�e�b�����<���d�Z��
�q�_�k�l�\�_�� �f�_�l�_�h�k�l�Z�g�p�b�b�� ���F�K���� �Z�g�Z�e�h�]�Z�� �^�e�y�� �g�_�_�� �\�u�[�j�Z�g�Z�� �F�K��
�K�e�Z�\�]�h�j�h�^�� 
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�J�:�K�Q�?�L���B���:�G�:�E�B�A���H�K�G�H�<�G�U�O���F�G�H�=�H�E�?�L�G�B�O��
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�I�E�H�S�:�>�D�B���<�;�E�B�A�B���=. �Y�J�H�<�H�? 

�J�Z�k�q�_�l �h�k�g�h�\�g�u�o�� �w�g�_�j�]�_�l�b�q�_�k�d�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �k�h�e��
�g�_�q�g�h�c�� �w�g�_�j�]�b�b�� �i�j�h�b�a�\�h�^�b�e�k�y�� �^�e�y�� �\�u�[�j�Z�g�g�h�c�� �i�e�h�s�Z�^�d�b��
�\�[�e�b�a�b���]�����Y�j�h�\�h�_���i�h���^�Z�g�g�u�f���l�j�_�o���[�Z�a���^�Z�g�g�u�o�����;�>�������;�>���G�I�K��
���:�F�K�� �;�e�Z�]�h�\�_�s�_�g�d�Z�� ���������ƒ�� �k���r������ ���������ƒ�� �\���^�������� �;�>��Meteonorm 
�������ƒ���k���r�����������ƒ���\���^���������;�> NASA (���������ƒ���k���r���������������ƒ���\���^���� �b���k�\�_�^�_�g��
�\���l�Z�[������. 

�K�j�Z�\�g�_�g�b�_�� �^�Z�g�g�u�o���i�h�� �i�j�b�o�h�^�m���k�h�e�g�_�q�g�h�c���j�Z�^�b�Z�p�b�b�� �b�a��
�l�j�_�o�� �;�>�� �i�j�h�b�a�\�h�^�b�l�k�y�� �i�h�� �h�l�d�e�h�g�_�g�b�y�f�� �h�l�� �k�j�_�^�g�b�o�� �a�g�Z�q�_��
�g�b�c�����i�h�e�m�q�_�g�g�u�f���i�h���^�Z�g�g�u�f���l�j�_�o���;�> ���k�f�����j�b�k�������������>�e�y���^�Z�g��
�g�u�o���;�>���0�H�W�H�R�Q�R�U�P���g�Z�b�[�h�e�v�r�b�_���h�l�d�e�h�g�_�g�b�y���h�l���k�j�_�^�g�b�o���a�g�Z��
�q�_�g�b�c���g�Z�[�e�x�^�Z�x�l�k�y���\���e�_�l�g�b�_���f�_�k�y�p�u�����h�k�h�[�_�g�g�h���\���b�x�e�_�����q�l�h��
�i�j�b�\�h�^�b�l�� �d�� �m�\�_�e�b�q�_�g�b�x�� �k�m�f�f�Z�j�g�h�c�� �h�k�j�_�^�g�_�g�g�h�c�� �k�h�e�g�_�q��
�g�h�c���j�Z�^�b�Z�p�b�b���\���w�l�h�l���f�_�k�y�p���b�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�����d���\�h�a�g�b�d�g�h��
�\�_�g�b�x���a�g�Z�q�b�l�_�e�v�g�u�o���h�l�d�e�h�g�_�g�b�c���^�Z�g�g�u�o���b�a���;�>���G�I�K���b���;�>��
�1�$�6�$���� �i�j�b�q�_�f�� �^�Z�g�g�u�_�� �;�>�� �1�$�6�$�� �a�Z�g�b�`�_�g�u���� �Z�� �;�>��
�0�H�W�H�R�Q�R�U�P�� �a�Z�\�u�r�_�g�u���� �� �;�e�b�`�_�� �\�k�_�]�h�� �d�� �k�j�_�^�g�b�f�� �a�g�Z�q�_�g�b�y�f��
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�J�b�k���������H�l�d�e�h�g�_�g�b�_���k�m�f�f�Z�j�g�h�c���b���^�b�n�n�m�a�g�h�c���k�h�e�g�_�q�g�h�c�� 

�j�Z�^�b�Z�p�b�b 
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 �L�Z�[�e�b�p�Z���� 
�K�m�f�f�Z�j�g�u�_�����^�b�n�n�m�a�g�u�_���b���i�j�y�f�u�_���f�_�k�y�q�g�u�_���^�Z�g�g�u�_���k�h�e�g�_�q�g�h�c���j�Z�^�b�Z�p�b�b���\���d�<�l�Â�q���f2 �i�h �l�j�_�f���[�Z�a�Z�f���^�Z�g�g�u�o 

�K�m�f�f�� 1 2 3 4 5 6 7 8 9 10 11 12 �=�h�^ 

�G�:�K�: 29,1 50,7 102,0 144,3 181,7 189,0 184,8 157,8 107,4 66,0 35,4 23,9 1270,2 

�G�I�K 32,9 60,0 113,8 145,2 185,3 202,2 197,9 158,5 113,8 59,8 34,2 25,5 1329,1 

�F�?�L 46,5 89,8 147,6 194,8 233,2 278,3 509,2 215,6 153,2 80,0 49,4 36,1 2033,6 

�K�j�_�^�g�_�_ 36,2 66,8 121,1 161,4 200,1 223,1 297,3 177,3 124,8 68,6 39,6 28,5 1544,3 

�>�b�n�n�� 1 2 3 4 5 6 7 8 9 10 11 12 �=�h�^ 

�G�:�K�: 18,3 28,0 50,5 61,5 77,8 81,6 80,6 68,5 50,7 35,0 21,3 15,2 587,7 

�G�I�K 22,0 34,8 57,9 66,0 74,4 73,8 72,4 66,4 45,3 34,1 21,5 16,6 585,4 

�F�?�L 22,3 31,4 53,5 80,8 106,8 120,4 208,7 82,3 69,3 44,0 25,0 17,7 862,3 

�K�j�_�^�g�_�_ 20,9 31,4 54,0 69,4 86,3 92,0 120,6 72,4 55,1 37,7 22,6 16,5 678,5 

�I�j�y�f�� 1 2 3 4 5 6 7 8 9 10 11 12 �=�h�^ 

�G�:�K�: 10,9 22,7 51,5 82,8 103,9 107,4 104,2 89,3 56,7 31,0 14,1 8,7 682,6 

�G�I�K 10,9 25,2 56,0 79,2 110,9 128,3 125,5 92,1 68,6 25,7 12,7 8,9 743,8 

�F�?�L 24,2 58,4 94,1 114,0 126,4 157,8 300,5 133,3 83,9 35,9 24,3 18,4 1171,3 

�K�j�_�^�g�_�_ 15,3 35,4 67,2 92,0 113,7 131,2 176,7 104,9 69,7 30,9 17,0 12,0 865,9 

�K�j�Z�\�g�_�g�b�_���h�k�j�_�^�g�_�g�g�u�o���i�h���l�j�_�f���;�>���q�Z�k�h�\�u�o���a�g�Z�q�_�g�b�c��
�k�m�f�f�Z�j�g�h�]�h�� �i�j�b�o�h�^�Z�� �k�h�e�g�_�q�g�h�c�� �j�Z�^�b�Z�p�b�b�� �g�Z�� �i�j�b�_�f�g�m�x��
�i�e�h�s�Z�^�d�m���k���q�Z�k�h�\�u�f�b���a�g�Z�q�_�g�b�y�f�b���b�a���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o���[�Z�a��
�^�Z�g�g�u�o�����\�u�y�\�b�e�h�����q�l�h���g�Z�b�f�_�g�v�r�b�_���h�l�d�e�h�g�_�g�b�y���b�f�_�x�l���^�Z�g��
�g�u�_���b�a���;�>���0�H�W�H�R�Q�R�U�P�����H�^�g�Z�d�h���]�j�Z�n�b�d�����i�h�k�l�j�h�_�g�g�u�c���i�h���^�Z�g��
�g�u�f���;�>���G�I�K�����i�h���n�h�j�f�_���[�h�e�_�_���k�b�f�f�_�l�j�b�q�_�g���b���b�f�_�_�l���[�h�e�_�_��
�j�Z�\�g�h�f�_�j�g�h�_���k�m�l�h�q�g�h�_���j�Z�k�i�j�_�^�_�e�_�g�b�_���K�J�����d�Z�d���i�h�d�Z�a�Z�g�h���g�Z��
�j�b�k�m�g�d�_����.  

 
�J�b�k����4 �K�j�_�^�g�b�_ �i�h���f�_�k�y�p�Z�f���q�Z�k�h�\�u�_���a�g�Z�q�_�g�b�y���i�j�b�o�h�^�Z��

�k�m�f�f�Z�j�g�h�c���K�J 

�L�Z�d�b�f���h�[�j�Z�a�h�f���� �[�u�e�h�� �i�j�b�g�y�l�h�� �j�_�r�_�g�b�_�� �\�� �d�Z�q�_�k�l�\�_�� �h�k��
�g�h�\�g�h�]�h�� �b�g�n�h�j�f�Z�p�b�h�g�g�h�]�h�� �b�k�l�h�q�g�b�d�Z�� �j�Z�k�k�f�Z�l�j�b�\�Z�l�v�� �;�>��
�G�I�K. 

�H�I�J�?�>�?�E�?�G�B�?���H�K�G�H�<�G�U�O �I�:�J�:�F�?�L�J�H�<���K�H�E�G�?�Q�G�H�C��
�W�E�?�D�L�J�H�K�L�:�G�P�B�B 

�H�i�j�_�^�_�e�_�g�b�_�� �h�i�l�b�f�Z�e�v�g�h�]�h�� �m�]�e�Z�� �g�Z�d�e�h�g�Z�� �i�j�b�_�f�g�h�c��

�i�e�h�s�Z�^�d�b���i�j�h�\�h�^�b�e�h�k�v���i�h���f�_�l�h�^�m���E�x���b���>�`�h�j�^�Z�g�Z �>���@�����J�_��
�a�m�e�v�l�Z�l�u���j�Z�k�q�_�l�h�\���i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�b�p�Z�o�������b�������� 

�H�i�l�b�f�Z�e�v�g�u�c �m�]�h�e���g�Z�d�e�h�g�Z���i�j�b�_�f�g�h�c���i�e�h�s�Z�^�d�b���� 
���h�i�l � �� �����ƒ�����]�h�^�h�\�h�c�� �k�m�f�f�Z�j�g�u�c�� �i�j�b�o�h�^�� �K�J�� �g�Z�� �g�Z�d�e�h�g�g�m�x��
�i�e�h�s�Z�^�d�m�� �^�e�y�� �h�i�l�b�f�Z�e�v�g�h�]�h�� �m�]�e�Z�����W�¦

�E� ���������������� �d�<�l�q���f2 �\��
�]�h�^�� �I�h���^�Z�g�g�u�f���l�Z�[�e�b�p�u�������\�b�^�g�h�����q�l�h���\���^�b�Z�i�Z�a�h�g�_���h�l�������ƒ �^�h��
44�ƒ �]�h�^�h�\�h�c���i�j�b�o�h�^���k�m�f�f�Z�j�g�h�c���k�h�e�g�_�q�g�h�c���j�Z�^�b�Z�p�b�b���f�_�g�y��
�_�l�k�y�� �f�Z�e�h���� �g�Z�b�[�h�e�_�_�� �h�i�l�b�f�Z�e�v�g�u�f�� �i�h�e�h�`�_�g�b�_�f�� �y�\�e�y�_�l�k�y��
�g�Z�d�e�h�g���i�e�h�s�Z�^�d�b�� �g�Z�� �m�]�h�e�����h�i�l � �� �����ƒ�����h�^�g�Z�d�h���^�e�y���i�j�h�k�l�h�l�u��
�m�k�l�Z�g�h�\�d�b�� �j�_�d�h�f�_�g�^�m�_�l�k�y�� �m�k�l�Z�g�Z�\�e�b�\�Z�l�v�� �n�h�l�h�w�e�_�d�l�j�b�q�_��
�k�d�b�_���f�h�^�m�e�b���i�h�^���m�]�e�h�f������� �������ƒ�� 

�<�u�[�h�j���f�h�^�_�e�b���k�h�e�g�_�q�g�h�]�h���n�h�l�h�w�e�_�d�l�j�b�q�_�k�d�h�]�h���f�h�^�m�e�y��
���K�N�W�F���� �i�j�h�b�a�\�h�^�b�e�k�y�� �k�j�_�^�b�� ����-�b�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�� �h�l�h��
�[�j�Z�g�g�u�o�� �\�Z�j�b�Z�g�l�h�\�� �K�N�W�F�� �g�Z�� �h�k�g�h�\�_�� �d�j�_�f�g�b�y�� �g�h�f�b�g�Z�e�v��
�g�h�c���f�h�s�g�h�k�l�b���\���^�b�Z�i�Z�a�h�g�_���h�l�����������^�h�����������<�l�����k�f�� �l�Z�[�e���������i�h��
�w�g�_�j�]�_�l�b�q�_�k�d�b�f�� �b�� �p�_�g�h�\�u�f�� �i�h�d�Z�a�Z�l�_�e�y�f�� �d�h�w�n�n�b�p�b�_�g�l�m����
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �m�k�l�Z�g�h�\�e�_�g�g�h�c�� �f�h�s�g�h�k�l�b�� �D�b�m�f, �m�^�_�e�v�g�h�c��
�\�u�j�Z�[�h�l�d�_���K�N�W�F���W�m�^���b���m�^�_�e�v�g�h�c���k�l�h�b�f�h�k�l�b���P�m�^ . �J�Z�k�q�_�l���]�h��
�^�h�\�h�c�� �\�u�j�Z�[�h�l�d�b�� �_�^�b�g�b�q�g�h�]�h�� �K�N�W�F �i�j�h�b�a�\�h�^�b�e�k�y�� �[�_�a��
�m�q�_�l�Z���\�e�b�y�g�b�y���l�_�f�i�_�j�Z�l�m�j�u���g�Z���D�I�>���K�N�W�F�������W�]�h�)̂ �b �k���m�q�_��
�l�h�f�����W�]�h�^

t)�����D�I�>���K�N�W�F���k���m�q�_�l�h�f���l�_�f�i�_�j�Z�l�m�j�u���h�i�j�_�^�_�e�y�e�k�y��
�\���k�h�h�l�\�_�l�k�l�\�b�b���k���f�_�l�h�^�b�d�h�c��[5].  

�>�e�y�� �^�Z�e�v�g�_�c�r�_�]�h�� �k�h�i�h�k�l�Z�\�e�_�g�b�y�� �[�u�e�b�� �h�k�l�Z�\�e�_�g�u�� �^�\�Z��
�\�Z�j�b�Z�g�l�Z�� �K�N�W�F���� �7�R�S�5�D�\�6�R�O�D�U�� �������I�� ���7�3�6-�3���8���� ���D�b�l�Z�c���� �b��
�)�6�0���������0�����6�X�Q�:�D�\�V���3�9���6�\�V�W�H�P�V�������J�h�k�k�b�y�������l�Z�[�e�������� 

�>�e�y���k�j�Z�\�g�_�g�b�y���[�u�e�b���\�u�[�j�Z�g�u���k�_�l�_�\�u�_���b�g�\�_�j�l�h�j�u���*�(������
�0�:���%�U�L�O�O�L�D�Q�F�H�
���6�R�O�D�U���,�Q�Y�H�U�W�H�U�����f�h�s�g�h�k�l�v�x��1 �F�<�l, �i�j�h�b�a�\�h�^��
�k�l�\�Z General Electric �b PVH-L2500GR, �f�h�s�g�h�k�l�v�x 2,5 �F�<�l, 
�i�j�h�b�a�\�h�^�k�l�\�Z Toshiba  Mitsubishi-Electric Indus trial  Sys-
tems Corporation. 

�L�Z�[�e�b�p�Z������ 
�K�m�f�f�Z�j�g�u�c���]�h�^�h�\�h�c���i�j�b�o�h�^���k�h�e�g�_�q�g�h�c���j�Z�^�b�Z�p�b�b���g�Z���g�Z�d�e�h�g�g�m�x���i�j�b�_�f�g�m�x���i�e�h�s�Z�^�d�m 

���ƒ  ���ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  

�W�¦
�E�����d�<�l�Â�q���f2 �\���]�h�^ 1326,5 1433,4 1514,9 1566,6 1586,5 1572,0 1523,1 1440,9 1329,1 1189,2 

�L�Z�[�e�b�p�Z 3  
�G�Z�o�h�`�^�_�g�b�_���h�i�l�b�f�Z�e�v�g�h�]�h���m�]�e�Z���g�Z�d�e�h�g�Z���i�j�b�_�f�g�h�c���i�e�h�s�Z�^�d�b 

���ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  �����ƒ  

 �W�¦
�E�����d�<�l�Â�q���f2 �\���]�h�^ 1580,5 1582,4 1583,9 1585,2 1586,0 1586,5 1586,6 1586,4 1585,8 1584,9 
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�L�Z�[�e�b�p�Z������ 
 �<�u�[�h�j���f�Z�j�d�b���K�N�W�F 

�‹  �G�Z�a�\�Z�g�b�_ �F�Z�l 
�W�]�h�^

t 
�d�<�l���q���]�h�^ 

�W�]�h� ̂
�d�<�l���q���]�h�^ 

�D�b�m�f
t, 

�h���_�� �D�b�m�f�����h���_�� �û������ 
�W�m�,̂ 

�d�<�l���q���f2 
�P�m�,̂ 

�j�m�[���<�l 

1 FSM 100M �F 99,43 100,17 0,114 0,114 0,741 153,48 82,50 

2 �O�?�<�?�E���3-�K�?�J�B�B�� �:���I  128,08 128,63 0,117 0,117 0,423 89,57 76,00 

3  FSM 150P �I  148,41 149,60 0,121 0,122 0,795 155,40 67,40 

4  FSM 155M �F 150,47 151,60 0,115 0,115 0,741 157,57 73,67 

5  FSM 200M �F 190,82 192,24 0,109 0,110 0,741 149,47 76,12 

6 FSM 200P �I  200,63 202,13 0,115 0,115 0,741 152,76 63,54 

7 FSM 260M �F 261,07 263,07 0,119 0,120 0,761 160,47 74,90 

8 FSM 250P �I  250,79 252,66 0,115 0,115 0,741 154,15 63,66 

9 �7�R�S�5�D�\�6�R�O�D�U���������I �I  259,49 261,43 0,118 0,119 0,741 159,50 60,39 

10 One-�6�X�Q���������F �F 251,06 253,21 0,115 0,116 0,846 154,32 70,00 

11 �L�K�F-���������: �I  250,52 252,66 0,114 0,115 0,846 163,90 101,95 

12 �-�$�3�������������%�%�����������I�H�E�B �I  253,91 256,07 0,114 0,115 0,846 156,23 62,35 

13 FSM 300P �I  300,63 303,19 0,114 0,115 0,846 154,86 63,53 

14 AXITEC AC-300P/156-72S �I  300,63 303,19 0,114 0,115 0,846 189,88 71,88 

15 FSM 310M �F 309,32 311,96 0,114 0,115 0,846 159,33 74,50 

 
�L�Z�[�e�b�p�Z��5 

�<�u�[�h�j���q�b�k�e�Z���b�g�\�_�j�l�h�j�h�\�����l�j�_�[�m�_�f�u�o���^�e�y���w�e�_�d�l�j�h��
�k�l�Z�g�p�b�b���f�h�s�g�h�k�l�v�x���� �F�<�l 

 
�H�d�h�g�q�Z�l�_�e�v�g�h�� �^�e�y���K�W�K�� �\�u�[�j�Z�g�u�� �K�N�W�F�� �b�a�� �i�h�e�b�d�j�b��

�k�l�Z�e�e�b�q�_�k�d�h�]�h�� �d�j�_�f�g�b�y�� �7�R�S�5�D�\�6�R�O�D�U�� �������I�� ���7�3�6-�3���8���� �d�b��
�l�Z�c�k�d�h�]�h���i�j�h�b�a�\�h�^�k�l�\�Z���b���b�g�\�_�j�l�h�j���3�9�+-�/���������*�5�����f�h�s�g�h��
�k�l�v�x   2,5   �F�<�l��   �i�j�h�b�a�\�h�^��
�k�l�\�Z   Toshiba    Mitsubishi    Electric    Industrial   Systems 
Corporation. 

�>�e�y���k�j�Z�\�g�_�g�b�y���[�u�e�b���\�u�[�j�Z�g�u���k�_�l�_�\�u�_���b�g�\�_�j�l�h�j�u���*�(������

�0�:���%�U�L�O�O�L�D�Q�F�H�
���6�R�O�D�U���,�Q�Y�H�U�W�H�U�����f�h�s�g�h�k�l�v�x��1 �F�<�l, �i�j�h�b�a�\�h�^��
�k�l�\�Z General Electric �b PVH-L2500GR, �f�h�s�g�h�k�l�v�x 2,5 �F�<�l, 
�i�j�h�b�a�\�h�^�k�l�\�Z Toshiba Mitsubishi-Electric  Industrial  Sys-
tems  Corporation. 

�<�U�;�H�J���F�H�>�?�E�B �<�W�M 

�<�u�[�h�j�� �f�h�^�_�e�b�� �<�W�M�� �i�j�h�b�a�\�h�^�b�e�k�y�� �g�Z�� �h�k�g�h�\�_���l�_�o�g�b�d�h-
�w�d�h�g�h�f�b�q�_�k�d�h�]�h���h�[�h�k�g�h�\�Z�g�b�y�� 

�<�u�[�h�j���w�g�_�j�]�h�w�n�n�_�d�l�b�\�g�u�o���f�h�^�_�e�_�c���<�W�M���i�j�h�b�a�\�h�^�b�e�k�y��
�i�h�� �d�j�b�l�_�j�b�x�� �f�Z�d�k�b�f�Z�e�v�g�h�]�h�� �a�g�Z�q�_�g�b�y�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �b�k��
�i�h�e�v�a�h�\�Z�g�b�y�� �m�k�l�Z�g�h�\�e�_�g�g�h�c�� �f�h�s�g�h�k�l�b�� �<�W�M��k�b�m�f �b�a�� ����-�l�b��
�i�j�_�^�\�Z�j�b�l�_�e�v�g�h�� �h�l�h�[�j�Z�g�g�u�o�� �f�h�^�_�e�_�c�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k��
�=�H�K�L���J������������-�����������b �=�H�K�L���J������������- 2�����������k�f���l�Z�[�e����-8�������<��
�d�Z�q�_�k�l�\�_���^�h�i�h�e�g�b�l�_�e�v�g�h�]�h���d�j�b�l�_�j�b�y���b�k�i�h�e�v�a�h�\�Z�e�k�y���i�h�d�Z�a�Z��
�l�_�e�v�� �m�^�_�e�v�g�h�c�� �w�g�_�j�]�b�b�� �k�� �_�^�b�g�b�p�u�� �h�f�_�l�Z�_�f�h�c���i�e�h�s�Z�^�b��
�W�<�W�M

�m� ̂�i�h���=�H�K�L���J������������-�������������=�h�^�h�\�Z�y���\�u�j�Z�[�h�l�d�Z���_�^�b�g�b�q��
�g�u�o���<�W�M���h�i�j�_�^�_�e�y�e�Z�k�v �i�h���b�o���i�Z�k�i�h�j�l�g�u�f���w�g�_�j�]�_�l�b�q�_�k�d�b�f��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f���i�h����-�l�b���q�Z�k�h�\�h�f�m���f�h�^�_�e�v�g�h�f�m���j�y�^�m���k�d�h�j�h��
�k�l�b�� �\�_�l�j�Z�� �a�Z�� ���������� �]�h�^���� �\�u�[�j�Z�g�g�u�c�� �\�� �d�Z�q�_�k�l�\�_�� �j�Z�k�q�_�l�g�h�]�h����
�F�h�^�_�e�b�j�h�\�Z�g�b�_���j�y�^�Z���k�d�h�j�h�k�l�b���\�_�l�j�Z���g�Z���\�u�k�h�l�m���[�Z�r�_�g���<�W�M��
�i�j�h�\�h�^�b�e�h�k�v�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �f�_�l�h�^�b�d�h�c�� �d�Z�n�_�^�j�u�� �=�<�B�W��
[2]. 
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�K�j�Z�\�g�_�g�b�_���w�g�_�j�]�_�l�b�q�_�k�d�b�o���i�h�d�Z�a�Z�l�_�e�_�c �<�W�M���k���\�u�k�h�l�h�c���[�Z�r�g�b��������-105 �f  

�F�Z�j�d�Z H�[, 
�f  

D�j�d, 
�f  

F, 
�f2 

k�b�m�f, 
�h���_. 

�W�<�W�M
�]�h�,̂ 

�=�<�l���q 

�W�<�W�M�m�^��

�F�<�l���q��
�f2 �\���]�h�^ 

h�\�w�m
�b�k�i, 

�q 

�I�h�l�_�j
�b������ k�b�m�f, 

�h���_. 

�W�<�W�M
�]�h�^��

�i�h�l�����=�<�l���q����
�\���]�h�^ 

�W�<�W�M�m�^��

�F�<�l���q��
�f2 �\���]�h�^ 

h�\�w�m
�b�k�i�����q 

HZ 
Windpower 100 92,8 72,9 0,368 116,87 1604 3895,6 6,87 0,343 108,85 1494 3628,2 

Goldwind 100 100 78,5 0,347 110,06 1402 3668,5 7,45 0,321 101,86 1298 3395,3 
W2E 100 120 94,2 0,392 124,36 1320 4145,4 6,63 0,366 116,11 1233 3870,4 

Siemens 99,5 113 88,7 0,435 148,17 1670 4601,5 6,05 0,408 139,20 1569 4323,1 
AVIC 
Huide 

100 93,2 73,2 0,347 110,09 1505 3669,7 6,99 0,322 102,40 1400 3413,3 

Eviag 100 100 78,5 0,365 115,84 1476 3861,4 6,79 0,340 107,98 1376 3599,3 

Kenersys 100 100 78,5 0,356 113,10 1441 3770,1 6,99 0,331 105,19 1340 3506,4 

Vestas 105 100 78,5 0,328 104,12 1326 3470,7 7,35 0,304 96,47 1229 3215,5 

�Q�����r�l 
�7�R�S�5�D�\�6�R�O�D�U���������I FSM 260M 

EA-100KL-M/T 
GE 1 MW 

PVH-
L2500GR 

EA-100KL-M/T 
GE 1 MW PVH-L2500GR 

n�i�Z�j�P�D�[ 411,4 299,9 400,4 291,9 
n���\�o�P�D�[ 4000 10000 4000 10000 

n�f�h�^���\���p�_�i�b 21 35 20 34 
np 291 318 287 314 

n�f�h�^���d���b�g�\ 6111 11130 5740 10676 
n�b�g�\

�j�Z�k�q 1,96 1,08 2,09 1,12 
n�b�g�\ 2 1 2 2 
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�L�Z�[�e�b�p�Z��7  
�K�j�Z�\�g�_�g�b�_���w�g�_�j�]�_�l�b�q�_�k�d�b�o���i�h�d�Z�a�Z�l�_�e�_�c���<�W�M���k���\�u�k�h�l�h�c���[�Z�r�g�b������-�������f 

�F�Z�j�d�Z H�[�����f 
D�j�d, 
�f  �)�����f2 k�b�m�f, 

�h���_. 

�W�<�W�M
�]�h�^

, 
�=�<�l���q 

�W�<�W�M�m�^��

�F�<�l���q��
�f2 �\���]�h�^ 

h�\�w�m
�b�k�i, 

�q 

�I�h�l�_�j
�b������ k�b�m�f, 

�h���_. 

�W�<�W�M
�]�h�^���i�h�l, 

�=�<�l���q�����\��
�]�h� ̂

�W�<�W�M�m�^��

�F�<�l���q��
�f2 �\���]�h�^ 

h�\�w�m
�b�k�i�����q 

Enercon 98 82 64,37 0,271 86,15 1338 2871,6 8,68 0,248 78,67 1222 2622,3 

Vestas 95 100 78,50 0,377 119,72 1525 3990,8 6,73 0,352 111,66 1422 3722,2 

Vestas 90 90 70,65 0,312 98,98 1401 3299,4 7,50 0,288 91,56 1296 3051,9 
 

�L�Z�[�e�b�p�Z��8 
�K�j�Z�\�g�_�g�b�_���w�g�_�j�]�_�l�b�q�_�k�d�b�o���i�h�d�Z�a�Z�l�_�e�_�c���<�W�M���k���\�u�k�h�l�h�c���[�Z�r�g�b������-�������f 

�F�Z�j�d�Z H�[

�����f 
D�j�d, 
�f  

F, 
�f2 

k�b�m�f, 
�h���_. 

�W�<�W�M
�]�h�,̂ 

�=�<�l���q 

�W�<�W�M�m�^��

�F�<�l���q��
�f2 �\���]�h�^ 

h�\�w�m
�b�k�i, 

�q 

�I�h�l�_�j
�b������ k�b�m�f, 

�h���_. 

�W�<�W�M
�]�h�^��

�i�h�l�����=�<�l���q����
�\���]�h�^ 

�W�<�W�M�m�^��

�F�<�l���q��
�f2 �\���]�h�^ 

h�\�w�m
�b�k�i�����q 

AVIC Huide 85 93,2 73,2 0,328 104,27 1425 3475,8 7,21 0,305 96,76 1323 3225,2 
HZ Windpower 80 82,4 64,7 0,307 97,47 1507 3248,9 7,55 0,284 90,10 1393 3003,5 

Enercon 85 82 64,4 0,254 80,68 1253 2689,2 9,07 0,231 73,36 1140 2445,3 
Eviag 85 100 78,5 0,346 109,84 1399 3661,4 7,00 0,322 102,16 1301 3405,3 

Vestas 84 112 87,9 0,349 110,81 1260 3693,5 7,01 0,325 103,04 1172 3434,6 
Vestas 80 100 78,5 0,360 114,23 1455 3807,6 6,87 0,335 106,39 1355 3546,2 

Vestas 80 90 70,7 0,299 94,95 1344 3165,0 7,67 0,276 87,66 1241 2922,1 
Kenersys 85 100 78,5 0,338 107,22 1366 3574,2 7,14 0,314 99,57 1268 3318,9 

�H�d�h�g�q�Z�l�_�e�v�g�u�c �\�u�[�h�j�� �f�h�^�_�e�b�� �<�W�M�� �i�j�h�b�a�\�h�^�b�l�k�y�� �i�h��
�w�d�h�g�h�f�b�q�_�k�d�b�f�� �d�j�b�l�_�j�b�y�f�����f�Z�d�k�b�f�Z�e�v�g�h�f�m�� �b�g�^�_�d�k�m�� �^�h��
�o�h�^�g�h�k�l�b�� �B�>�� �b�� �f�b�g�b�f�Z�e�v�g�h�f�m�� �k�j�h�d�m�� �h�d�m�i�Z�_�f�h��
�k�l�b ���k�f�� �l�Z�[�e���������b���j�b�k���������� 
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 �K�j�Z�\�g�_�g�b�_���w�d�h�g�h�f�b�q�_�k�d�b�o���i�h�d�Z�a�Z�l�_�e�_�c���\�Z�j�b�Z�g�l�h�\���<�W�M 

�F�Z�j�d�Z 
�I�I �� , 
�f�e�g����

�j�m�[���]�h�^ 

�Q�>�>�¦ , 
�f�e�g����

�j�m�[���]�h�^ 

�™�Q�>�>�b�g�n�e 
�����f�e�g����

�j�m�[���]�h�^ 

�L�h�d, 
�]�h� ̂

�B�>, 
�h.�_. 

W2E-
120/3fc 3426 347 490 11,46 1,23 

SWT-2.3-
113 

4034 345 516 12,45 1,184 

V112/3000 
���������f�� 3213 267 404 12,6 1,177 

V112/3000 
���������f�� 

2826 135 260 15,17 1,091 

V100/2000 2551 -167 -40 27,6 1,435 

 
�<�u�\�h�^���� �F�h�^�_�e�v��V������������������ �w�d�h�g�h�f�b�q�_�k�d�b�� �g�_�w�n�n�_�d��

�l�b�\�g�Z�����<���d�Z�q�_�k�l�\�_���g�Z�b�[�h�e�_�_ �w�d�h�g�h�f�b�q�_�k�d�b���w�n�n�_�d�l�b�\�g�h�c���f�h��
�^�_�e�b�� �<�W�M�� �^�e�y�� �^�Z�e�v�g�_�c�r�b�o�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �\�u�[�j�Z�g�� �\�Z�j�b�Z�g�l��
�<�W�M��W2E 120/3fc �i�j�h�b�a�\�h�^�k�l�\�Z��W2E ���D�b�l�Z�c���� 

�K�J�:�<�G�?�G�B�?���W�N�N�?�D�L�B�<�G�H�K�L�B �B�K�I�H�E�V�A�H�<�:�G�B�Y���K�W�K �B���<�W�K 
�G�:���L�?�J�J�B�L�H�J�B�B���: �E�L�:�C�K�D�H�=�H���D�J�:�Y 

�K�j�Z�\�g�_�g�b�_ �w�d�h�g�h�f�b�q�_�k�d�h�c���b���w�g�_�j�]�_�l�b�q�_�k�d�h�c���w�n�n�_�d�l�b�\��
�g�h�k�l�b���b�g�l�_�]�j�Z�p�b�b���k�_�l�_�\�u�o���<�W�K���b���K�W�K���\���L�W�D���:�e�l�Z�c�k�d�h�]�h��
�d�j�Z�y�� �i�j�h�\�h�^�b�l�k�y�� �i�h�� �k�e�_�^�m�x�s�b�f�� �i�h�d�Z�a�Z�l�_�e�y�f���� �a�Z�g�b�f�Z�_�f�h�c��
�i�e�h�s�Z�^�b��F���� �f2���� �]�h�^�h�\�h�c�� �\�u�j�Z�[�h�l�d�_�� �w�e�_�d�l�j�h�w�g�_�j�]�b�b�� �W�]�h�,̂ 
�F�<�l�Â�q���� �m�^�_�e�v�g�h�c�� �w�g�_�j�]�b�b�� �W�m�^���� �F�<�l�Â�q���f2���� �d�Z�i�b�l�Z�e�h�\�e�h�`�_��
�g�b�y�f���\���k�l�j�h�b�l�_�e�v�k�l�\�h���w�e�_�d�l�j�h�k�l�Z�g�p�b�b���D�����f�e�g�����j�m�[�������m�^�_�e�v��
�g�h�c�� �k�l�h�b�f�h�k�l�b�� �i�j�h�b�a�\�h�^�b�f�h�c�� �w�e�_�d�l�j�h�w�g�_�j�]�b�b �P�W�W

�m� ̂
(�j�m�[���d�<�l���q) �i�h���n�h�j�f�m�e�_�����P�W�W

�m� ̂=K�����W�]�h�.̂ 
�<�� �l�Z�[�e�b�p�_�� ��0 �i�j�b�\�h�^�y�l�k�y�� �i�h�d�Z�a�Z�l�_�e�b�� �w�g�_�j�]�_�l�b�q�_�k�d�h�c�� �b��

�w�d�h�g�h�f�b�q�_�k�d�h�c �w�n�n�_�d�l�b�\�g�h�k�l�b���b�g�l�_�]�j�b�j�m�_�f�u�o���K�W�K���b���<�W�K��
�f�h�s�g�h�k�l�v�x���������F�<�l�����<���j�Z�k�q�_�l�Z�o���i�j�b�g�b�f�Z�e�b�k�v�����k�j�_�^�g�_�_���a�g�Z��
�q�_�g�b�_�� �d�Z�^�Z�k�l�j�h�\�h�c�� �k�l�h�b�f�h�k�l�b�� �a�_�f�e�b�� ������������������������ �j�m�[������

�k�j�_�^�g�b�c���m�^�_�e�v�g�u�c���i�h�d�Z�a�Z�l�_�e�v���d�Z�^�Z�k�l�j�h�\�h�c���k�l�h�b�f�h�k�l�b��������������
�j�m�[���f2 �>���@�����j�Z�k�k�l�h�y�g�b�_���f�_�`�^�m���<�W�M���j�Z�\�g�u�f������D�����j�Z�k�k�l�h�y�g�b�_��
�f�_�`�^�m���j�y�^�Z�f�b���K�N�W�M�����������f���� 

�L�Z�[�e�b�p�Z����0  
�I�h�d�Z�a�Z�l�_�e�b �w�g�_�j�]�_�l�b�q�_�k�d�h�c�� �b�� �w�d�h�g�h�f�b�q�_�k�d�h�c�� �w�n�n�_�d��

�l�b�\�g�h�k�l�b���b�g�l�_�]�j�b�j�m�_�f�u�o���K�W�K���b���<�W�K���f�h�s�g�h�k�l�v�x���������F�<�l��
�\���L�W�D���:�e�l�Z�c�k�d�h�]�h���d�j�Z�y 

 
�J�b�k����5 �Q�b�k�l�u�c���^�b�k�d�h�g�l�b�j�h�\�Z�g�g�u�c���^�h�o�h�^���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o��

�<�W�M���k���m�q�_�l�h�f���b�g�n�e�y�p�b�b 

�I�Z�j�Z�f�_�l�j �<�W�K �K�W�K 

�)�����f2 2244737,85 1170,77 

�W�]�h��̂����=�<�l���q���\���]�h�^ 58,055 15,78042 

�W�m�̂�����d�<�l�Â�q���f2 25,86 13478,66 

�P�h�k�g�����f�e�g�����j�m�[�� 753,75 905,82 

�P�\�k�i�h�f�����f�e�g�����j�m�[�� 753,75 462,5+226,46 

�D�����f�e�g�����j�m�[�� 1511,94 1594,777 

�P�W�W
�m�̂  �j�m�[���d�<�l���q 26,04 101,061 
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Abstract. This article analyzes the fuel and energy complex of 
the Altai Krai, shows the expediency of building on-grid  wind and 
solar plants in the region, the indexes of energy and economic effi-
ciency of WPP and SPP in the Altai Krai are given. 
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�j�u�_�� �m�i�j�h�s�_�g�b�y���� �k�\�h�c�k�l�\�Z�� �f�Z�l�_�j�b�Z�e�Z�� �^�e�y�� �Z�g�Z�e�b�a�Z�� �w�e�_�d�l�j�h��
�f�Z�]�g�b�l�g�h�]�h���i�h�e�y���k�q�b�l�Z�x�l�k�y���i�h�k�l�h�y�g�g�u�f�b�����b�g�^�m�p�b�j�h�\�Z�g�g�Z�y��
�f�h�s�g�h�k�l�v���\�u�q�b�k�e�y�_�l�k�y���h�^�b�g���j�Z�a���^�e�y���\�k�_�]�h���^�b�Z�i�Z�a�h�g�Z���l�_�f��
�i�_�j�Z�l�m�j���b���b�k�i�h�e�v�a�m�_�l�k�y���\�i�h�k�e�_�^�k�l�\�b�b���^�e�y���Z�g�Z�e�b�a�Z���l�_�i�e�h�i�_��
�j�_�^�Z�q�b���� �k�\�h�c�k�l�\�Z�� �h�d�j�m�`�Z�x�s�_�]�h�� �\�h�a�^�m�o�Z�� �k�q�b�l�Z�x�l�k�y �i�h�k�l�h��
�y�g�g�u�f�b�����\�y�a�d�h�k�l�v�x���\�h�a�^�m�o�Z���\���i�j�h�k�e�h�c�d�_���f�_�`�^�m���j�h�l�h�j�h�f���b��
�a�f�_�_�\�b�d�h�f�� �i�j�_�g�_�[�j�_�]�Z�x�l���� �e�m�q�b�k�l�u�f�� �l�_�i�e�h�h�[�f�_�g�h�f�� �q�_�j�_�a��
�h�]�j�Z�`�^�Z�x�s�b�_���d�h�g�k�l�j�m�d�p�b�b���b���k���i�h�\�_�j�o�g�h�k�l�b���j�h�l�h�j�Z���i�j�_�g�_��
�[�j�_�]�Z�x�l�� 

�I�j�b�� �j�Z�k�q�_�l�_�� �i�j�b�g�b�f�Z�_�f���� �q�l�h�� �j�h�l�h�j�� �b�� �l�_�i�e�h�\�Z�y�� �l�j�m�[�d�Z��
�h�d�j�m�`�_�g�u�� �\�h�a�^�m�o�h�f�� �k�� �f�b�g�b�f�Z�e�v�g�h�c���w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�c��
�i�j�h�\�h�^�b�f�h�k�l�v�x�������K���f�������Z���]�j�Z�g�b�p�Z���\�h�a�^�m�r�g�h�c���h�[�e�Z�k�l�b���k�q�b��
�l�Z�_�l�k�y���[�_�k�d�h�g�_�q�g�h�c�� 

�J�Z�k�q�_�l�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �l�_�i�e�h�]�_�g�_�j�Z�l�h�j�Z�� �i�j�h�\�h�^�y�l�� �^�e�y��
�k�l�Z�g�^�Z�j�l�g�u�o���m�k�e�h�\�b�c�����i�j�b�g�y�l�u�o���i�h���=�H�K�L����������-���������l�_�f�i�_��
�j�Z�l�m�j�Z�������ƒ�K�����^�Z�\�e�_�g�b�_�����������f�f���j�l�����k�l���������l�_�f�i�_�j�Z�l�m�j�Z���o�h�e�h�^��
�g�h�]�h���l�_�i�e�h�g�h�k�b�l�_�e�y���������ƒ�K�� 

�K�\�h�c�k�l�\�Z���f�Z�l�_�j�b�Z�e�Z�����m�q�b�l�u�\�Z�_�f�u�_���^�e�y���Z�g�Z�e�b�a�Z���)�(�����k�e�_��
�^�m�x�s�b�_���� �w�e�_�d�l�j�h�k�h�i�j�h�l�b�\�e�_�g�b�_�� �k�l�Z�e�b�� ���b�k�i�h�e�v�a�m�_�l�k�y�� �^�e�y��
�k�l�_�g�d�b�� �k�l�Z�l�h�j�Z�� �b�� �k�_�j�^�_�q�g�b�d�Z�� �j�h�l�h�j�Z�����é�O = 1,6. 10-���� �f�d�f����
�i�e�h�l�g�h�k�l�v���i�h�l�h�d�Z���g�Z�k�u�s�_�g�b�y���k�l�Z�e�b���%�V��� �����������L�e�����g�Z�q�Z�e�v�g�Z�y��
�h�l�g�h�k�b�l�_�e�v�g�Z�y�� �f�Z�]�g�b�l�g�Z�y�� �i�j�h�g�b�p�Z�_�f�h�k�l�v�� �k�l�Z�e�b���ärs = 500, 
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�i�h�k�l�h�y�g�g�u�c���f�Z�]�g�b�l���l�b�i�Z���f�Z�]�g�b�l�h�i�e�Z�k�l���1�G-Fe-�%���k�h���k�e�_�^�m�x��
�s�b�f�b�� �l�_�o�g�b�q�_�k�d�b�f�b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f�b�� �>���@����; 

; ; ���� �m�^�_�e�v�g�h�_��

�k�h�i�j�h�l�b�\�e�_�g�b�_���f�_�^�b���éco = 1,88. 10-�����H�f���f�� 
�I�j�b���i�j�h�_�d�l�b�j�h�\�Z�g�b�b���l�_�i�e�h�\�h�]�h���j�Z�k�q�_�l�Z���i�j�b�g�b�f�Z�_�f���l�_�i��

�e�h�b�a�h�e�y�p�b�b�� �g�Z�� �g�b�`�g�_�c�� �b�� �[�h�d�h�\�h�c�� �k�l�_�g�d�Z�o���� �l�_�i�e�h�h�l�^�Z�q�Z�� �k��
�\�_�j�o�g�_�c���]�j�Z�g�b�p�u���l�j�m�[�d�b���i�h�k�l�h�y�g�g�Z���b���k�h�k�l�Z�\�e�y�_�l�������<�l���f�����g�Z��
�\�g�m�l�j�_�g�g�_�c���k�l�_�g�d�_���f�_�^�b�����l�_�i�e�h�i�_�j�_�^�Z�q�Z���h�k�m�s�_�k�l�\�e�y�_�l�k�y���a�Z��
�k�q�_�l���\�u�g�m�`�^�_�g�g�h�c���d�h�g�\�_�d�p�b�b���b�a-�a�Z���\�h�^�u�����i�j�h�l�_�d�Z�x�s�_�c���q�_��
�j�_�a���f�_�^�g�u�c���a�f�_�_�\�b�d�����A�g�Z�q�_�g�b�y���l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b�����b�k�i�h�e�v��
�a�m�_�f�u�_�� �^�e�y�� �f�h�^�_�e�b�j�h�\�Z�g�b�y���� �k�h�k�l�Z�\�e�y�x�l�� �������� �<�l�� ���f�D�� �^�e�y��
�f�_�^�b�����������<�l�����f�D���^�e�y���k�l�Z�e�b���������<�l�������f�D���^�e�y���i�h�k�l�h�y�g�g�u�o���f�Z�]��
�g�b�l�h�\�����b�������<�l�������f�D���^�e�y���\�h�a�^�m�r�g�h�]�h���a�Z�a�h�j�Z���>�����@�� 

�=�?�H�F�?�L�J�B�Y���<�?�L�J�H�D�H�E�?�K�:  

�>�e�y�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h�]�h�� �j�Z�k�q�_�l�Z�� �j�Z�a�f�_�j�h�\�� �\�_�l�j�h�d�h�e�_�k�Z��
�i�j�b�f�_�f���\�_�l�j�h�d�h�e�_�k�h���+-�h�[�j�Z�a�g�h�c���d�h�g�k�l�j�m�d�p�b�b���k���\�_�j�l�b�d�Z�e�v��
�g�h�c���h�k�v�x���\�j�Z�s�_�g�b�y�����D�I�>���\�_�l�j�h�l�m�j�[�b�g�u���K � �������������d�h�w�n�n�b��
�p�b�_�g�l�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �\�_�l�j�Z�� �^�e�y�� �^�Z�g�g�h�c�� �d�h�g�k�l�j�m�d�p�b�b�� �K�j�� � ��
�����������j�Z�[�h�q�Z�y���k�d�h�j�h�k�l�v���\�_�l�j�Z���9��� ���������f���k 

�F�h�s�g�h�k�l�v�����\�u�j�Z�[�Z�l�u�\�Z�_�f�Z�y���\�_�l�j�h�]�_�g�_�j�Z�l�h�j�h�f�� 

 (1) 

�]�^�_���!���± �i�e�h�l�g�h�k�l�v���\�h�a�^�m�o�Z���� �:���± �h�f�_�l�Z�_�f�Z�y���i�e�h�s�Z�^�v���\�_�l�j�h��
�d�h�e�_�k�Z�����90 �± �k�d�h�j�h�k�l�v���g�Z�[�_�]�Z�x�s�_�]�h���i�h�l�h�d�Z�����K�j �± �d�h�w�n�n�b�p�b��
�_�g�l���b�k�i�h�e�v�a�h�\�Z�g�b�y���\�_�l�j�Z�� 

�H�f�_�l�Z�_�f�Z�y�� �i�e�h�s�Z�^�v�� �\�_�j�l�b�d�Z�e�v�g�h-�h�k�_�\�h�]�h�� �G-�h�[�j�Z�a�g�h�]�h��
�\�_�l�j�h�d�h�e�_�k�Z 

 (2) 
�]�^�_�����5���± �j�Z�^�b�m�k���\�_�l�j�h�d�h�e�_�k�Z�����+��- �^�e�b�g�Z���e�h�i�Z�k�l�b�� 

�B�k�o�h�^�y���b�a���l�h�]�h�����q�l�h���j�Z�^�b�m�k���\�_�l�j�h�d�h�e�_�k�Z���k�\�y�a�Z�g���k���[�u�k�l��
�j�h�o�h�^�g�h�k�l�v�x���\�_�l�j�h�d�h�e�_�k�Z���=�� 

 (3) 

�]�^�_��  - �m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v���l�m�j�[�b�g�u�����Q���± �q�Z�k�l�h�l�Z���\�j�Z��

�s�_�g�b�y���\�_�l�j�h�d�h�e�_�k�Z�� 
�>�e�y���\�_�l�j�h�d�h�e�_�k�Z���^�Z�g�g�h�c���d�h�g�k�l�j�m�d�p�b�b���=� ���� 
�L�Z�d�b�f���h�[�j�Z�a�h�f�����^�e�y���^�Z�e�v�g�_�c�r�b�o���j�Z�k�q�_�l�h�\���\�u�[�_�j�_�f���\�_�l��

�j�h�]�_�g�_�j�Z�l�h�j���f�h�s�g�h�k�l�v�x���������d�<�l���b���k���j�Z�^�b�m�k�h�f���\�_�l�j�h�d�h�e�_�k�Z��
���������f���b���^�e�b�g�h�c���e�h�i�Z�k�l�b�������������f�� 

�J�:�K�Q�?�L���W�E�?�D�L�J�H�F�:�=�G�B�L�G�H�C���Q�:�K�L�B 

�<���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���g�_���k�m�s�_�k�l�\�m�_�l���]�h�l�h�\�h�c���f�Z�l�_�f�Z�l�b�q�_��
�k�d�h�c���f�h�^�_�e�b�����d�h�l�h�j�Z�y���[�u���h�i�b�k�u�\�Z�e�Z���j�Z�[�h�l�m���b�g�^�m�d�p�b�h�g�g�h�]�h��
�g�Z�]�j�_�\�Z�l�_�e�y���g�Z���i�h�k�l�h�y�g�g�u�o���f�Z�]�g�b�l�Z�o���b�k�i�h�e�v�a�m�x�s�_�]�h���w�g�_�j��
�]�b�x�� �\�_�l�j�Z���� �K�m�s�_�k�l�\�m�x�l�� �Z�g�Z�e�b�l�b�q�_�k�d�b�_�� �n�h�j�f�m�e�u���� �i�j�b�\�_��
�^�_�g�g�u�_�� �\�� �>��0-�����@���� �g�h�� �h�g�b�� �g�_�� �m�q�b�l�u�\�Z�x�l�� �\�k�_�� �k�e�h�`�g�u�_�� �Z�k��
�i�_�d�l�u�����l�Z�d�b�_���d�Z�d���n�h�j�f�Z���l�j�m�[�d�b���a�f�_�_�\�b�d�Z�����_�_���l�h�e�s�b�g�Z�����\�e�b��
�y�g�b�_���f�Z�k�k�u���j�h�l�h�j�Z���b���l�����^�����L�Z�d�b�f���h�[�j�Z�a�h�f�����j�Z�k�q�_�l���d�h�g�k�l�j�m�d��
�p�b�b�� �g�Z�]�j�_�\�Z�l�_�e�y�� �[�m�^�_�l�� �\�� �a�g�Z�q�b�l�_�e�v�g�h�c�� �k�l�_�i�_�g�b�� �h�k�g�h�\�u��
�\�Z�l�v�k�y���g�Z���f�_�l�h�^�_���d�h�g�_�q�g�u�o���w�e�_�f�_�g�l�h�\�����)�(�0�������d�h�l�h�j�u�c���y�\��
�e�y�_�l�k�y���h�^�g�b�f���b�a���k�Z�f�u�o���m�g�b�\�_�j�k�Z�e�v�g�u�o���q�b�k�e�_�g�g�u�o���f�_�l�h�^�h�\����
�i�j�_�^�g�Z�a�g�Z�q�_�g�g�u�c���^�e�y���j�_�r�_�g�b�y���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�o���m�j�Z�\�g�_��
�g�b�c���� �B�k�k�e�_�^�h�\�Z�g�b�_�� �f�h�^�_�e�b�� �i�j�h�\�h�^�b�l�k�y�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�i�j�h�n�_�k�k�b�h�g�Z�e�v�g�h�]�h�� �i�Z�d�_�l�Z�� �i�j�h�]�j�Z�f�f�g�h�]�h�� �h�[�_�k�i�_�q�_�g�b�y��
�&�2�0�6�2�/���0�X�O�W�L�S�K�\�V�L�F�V���������Z�� 

�F�Z�]�g�b�l�g�h�_���i�h�e�_�����n�h�j�f�b�j�m�_�f�h�_���\�j�Z�s�Z�x�s�b�f�k�y���j�h�l�h�j�h�f��
�k�� �a�Z�d�j�_�i�e�_�g�g�u�f�b�� �g�Z�� �g�_�f�� �f�Z�]�g�b�l�Z�f�b���� �^�_�c�k�l�\�m�_�l�� �i�h�� �^�\�m�f��
�h�k�y�f�����.���± �e�_�]�d�h�c���b���i�_�j�i�_�g�^�b�d�m�e�y�j�g�h�c���_�c���h�k�b�������± �l�j�m�^�g�h�]�h��
�g�Z�f�Z�]�g�b�q�b�\�Z�g�b�y���b���h�i�b�k�u�\�Z�_�l�k�y���m�j�Z�\�g�_�g�b�_�f���>�����@�� 

  ,          (4) 

�]�^�_�� ,  - �h�k�l�Z�l�h�q�g�Z�y���g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�v���b���\�h�k��

�i�j�b�b�f�q�b�\�h�k�l�v���i�h���m�d�Z�a�Z�g�g�u�f���h�k�y�f�� 
�<���j�Z�f�d�Z�o���l�_�h�j�_�l�b�q�_�k�d�h�c���n�b�a�b�d�b�����b�k�o�h�^�y���b�a���h�[�s�_�]�h���i�j�b��

�a�g�Z�g�b�y�� �\�b�o�j�_�\�h�c�� �i�j�b�j�h�^�u�� �l�h�d�h�\�� �N�m�d�h���� �Z�� �a�g�Z�q�b�l���� �b�� �\�b�o�j�_��
�\�h�]�h���o�Z�j�Z�d�l�_�j�Z���w�e�_�d�l�j�b�q�_�k�d�h�]�h���i�h�e�y���>���@�����b�o���h�i�b�k�Z�g�b�_���h�k�g�h��
�\�u�\�Z�_�l�k�y���g�Z���b�g�^�m�d�p�b�h�g�g�h�c���i�Z�j�_���m�j�Z�\�g�_�g�b�c���F�Z�d�k�\�_�e�e�Z���>���@�� 

    

              (5) 

�<���i�j�_�^�i�h�e�h�`�_�g�b�b���j�Z�\�_�g�k�l�\�Z���g�m�e�x���i�e�h�l�g�h�k�l�b���!���k�\�h�[�h�^��
�g�u�o�� �a�Z�j�y�^�h�\�� �\�� �i�j�h�\�h�^�g�b�d�_�� �b���k�l�Z�g�^�Z�j�l�g�h�c�� �k�\�y�a�b�� �f�_�`�^�m��
�i�e�h�l�g�h�k�l�v�x���l�h�d�Z���b���g�Z�i�j�y�`�z�g�g�h�k�l�v�x���i�h�e�y 

               (6) 
�i�h�e�m�q�Z�x�l�� �m�j�Z�\�g�_�g�b�_�� �^�e�y�� �g�Z�i�j�y�`�z�g�g�h�k�l�b�� �f�Z�]�g�b�l�g�h�]�h��

�i�h�e�y�����h�i�b�k�u�\�Z�x�s�_�]�h���l�h�d�b���N�m�d�h�����d�Z�d���b���k�d�b�g-�w�n�n�_�d�l�� 

              (7) 

�N�h�j�f�m�e�Z���^�e�y���\�u�q�b�k�e�_�g�b�y���]�e�m�[�b�g�u���k�d�b�g-�k�e�h�y���\���f�f�� 

               (8) 

�]�^�_ ��0 � �����Œ�����í�� �²  �f�Z�]�g�b�l�g�Z�y���i�h�k�l�h�y�g�g�Z�y���=�g���f�� �! �²  �m�^�_�e�v��
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Abstract. Modeling and numerical analysis of a wind induction 
heater on permanent magnets are performed. The ways of solving 
the energy supply problem by the thermal energy of decentralized 
AIC consumers are considered. Recommendations for the design 
of wind powered induction thermal energy system on permanent 
magnets are developed and description of the design of the wind 
powered induction thermal energy system on permanent magnets 

is shown. The results of simulation of the wind powered induction 
thermal energy system on permanent magnets are presented. 

Keywords: induction, eddy currents, heating, wind energy, 
renewable energy sources. 
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�\���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���_�s�_���g�_�[�h�e�v�r�h�c�����g�h���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���k�h��
�\�j�_�f�_�g�g�u�o�� �d�h�f�i�h�a�b�p�b�h�g�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �i�j�b�^�Z�x�l�� �w�l�b�f��
�h�i�h�j�Z�f�� �j�y�^�� �g�_�h�[�u�q�g�u�o�� �^�e�y�� �^�j�m�]�b�o�� �l�b�i�h�\�� �h�i�h�j�� �k�\�h�c�k�l�\����
�i�j�_�^�k�l�Z�\�e�y�x�s�b�o�� �b�g�l�_�j�_�k�� �k���l�h�q�d�b�� �a�j�_�g�b�y�� �k�g�b�`�_�g�b�y�� �a�Z�l�j�Z�l��
�g�Z�� �f�h�g�l�Z�`�� �b�� �i�h�\�u�r�_�g�b�_�� �w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�h�c�� �g�Z�^�_�`�g�h�k�l�b��
�\�h�a�^�m�r�g�u�o���e�b�g�b�c���w�e�_�d�l�j�h�i�_�j�_�^�Z�q��  

�L�_�o�g�b�q�_�k�d�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���k�l�_�d�e�h�i�e�Z�k�l�b�d�b���b���[�Z�a�Z�e�v��
�l�h�i�e�Z�k�l�b�d�b�����d�h�l�h�j�u�_���k�e�m�`�Z�l���^�e�y���b�a�]�h�l�h�\�e�_�g�b�y���h�i�h�j�����i�h�a�\�h��
�e�y�x�l���k�h�a�^�Z�\�Z�l�v���k�\�_�j�o�e�_�]�d�b�_���f�Z�q�l�h�\�u�_���d�h�g�k�l�j�m�d�p�b�b�����m�k�l�h�c��
�q�b�\�u�_�� �d�� �^�_�c�k�l�\�b�x�� �i�h�\�u�r�_�g�g�u�o�� �k�l�Z�l�b�q�_�k�d�b�o�� �b�� �^�b�g�Z�f�b�q�_��
�k�d�b�o���g�Z�]�j�m�a�h�d�����D�j�h�f�_���l�h�]�h�����k�l�_�d�e�h�i�e�Z�k�l�b�d�b���b���[�Z�a�Z�e�v�l�h�i�e�Z��
�k�l�b�d�b���y�\�e�y�x�l�k�y���^�b�w�e�_�d�l�j�b�d�Z�f�b���k���h�q�_�g�v���\�u�k�h�d�b�f�b���b�a�h�e�b�j�m��
�x�s�b�f�b�� �k�\�h�c�k�l�\�Z�f�b���� �H�k�g�h�\�g�h�c�� �g�_�^�h�k�l�Z�l�h�d�� �f�Z�l�_�j�b�Z�e�h�\���± 
�^�h�k�l�Z�l�h�q�g�h�� �\�u�k�h�d�Z�y�� �p�_�g�Z���� �I�h�w�l�h�f�m�� �b�o�� �i�j�b�f�_�g�_�g�b�_�� �h�i�j�Z�\��
�^�Z�g�h�� �e�b�r�v�� �g�Z�� �e�b�g�b�y�o���� �k�h�h�j�m�`�Z�_�f�u�o�� �\�� �l�j�m�^�g�h�i�j�h�o�h�^�b�f�h�c��
�f�_�k�l�g�h�k�l�b�����]�h�j�u�����[�h�e�h�l�h�����l�Z�c�]�Z�����l�m�g�^�j�Z�����b�e�b���^�e�y���k�l�j�h�b�l�_�e�v��
�k�l�\�Z�� �e�b�g�b�c�� �\�u�k�h�d�h�c�� �k�l�_�i�_�g�b�� �g�Z�^�_�`�g�h�k�l�b���� �h�[�k�e�m�`�b�\�Z�g�b�_��
�d�h�l�h�j�u�o���a�Z�l�j�m�^�g�_�g�h�� 

�J�Z�k�k�f�h�l�j�b�f�� �^�h�k�l�h�b�g�k�l�\�Z�� �b�� �g�_�^�h�k�l�Z�l�d�b�� �d�h�f�i�h�a�b�l�g�u�o��
�h�i�h�j�� 
- �f �b�g�b�f�Z�e�v�g�Z�y���l�_�f�i�_�j�Z�l�m�j�Z�� �±�������ž�K�� 
- �f�Z�d�k�b�f�Z�e�v�g�Z�y���l�_�f�i�_�j�Z�l�m�j�Z�� ���������ž�K�� 
- �l�b�i���Z�l�f�h�k�n�_�j�u�� �i�j�h�f�u�r�e�_�g�g�Z�y�� 
- �i�j�_�^�_�e�v�g�Z�y���\�u�k�h�l�Z �w�d�k�i�e�m�Z�l�Z�p�b�b���g�Z�^���m�j�h�\�g�_�f���f�h�j�y�� 1000 
�f�� 
- �j�Z�[�h�q�_�_�� �a�g�Z�q�_�g�b�_�� �\�e�Z�`�g�h�k�l�b���\�h�a�^�m�o�Z�� ���k�j�_�^�g�_�]�h�^�h��
�\�h�_���\�_�j�o�g�_�_�����������±100 %; 
- �b�g�l�_�g�k�b�\�g�h�k�l�v���h�k�Z�^�d�h�\���������f�f���f�b�g�� 
- �b�g�l�_�]�j�Z�e�v�g�Z�y�� �i�h�\�_�j�o�g�h�k�l�g�Z�y�� �i�e�h�l�g�h�k�l�v�� �i�h�l�h�d�Z�� �w�g�_�j�]�b�b��
�k�h�e�g�_�q�g�h�]�h�� �b�a�e�m�q�_�g�b�y�����\�_�j�o�g�_�_�� �j�Z�[�h�q�_�_�� �a�g�Z�q�_�g�b�_������1125 
�<�l���f2 �>�������������d�Z�e�����k�f2�Â�k���@�� 
- �i�e�h�l�g�h�k�l�v���i�h�l�h�d�Z���m�e�v�l�j�Z�n�b�h�e�_�l�h�\�h�c���q�Z�k�l�b���k�i�_�d�l�j�Z�����^�e�b�g�Z��
�\�h�e�g���������±400 �g�f���������������<�l���f2 �>���������������d�Z�e�����k�f2�Â�k���@�� 

�>�e�y���h�[�_�k�i�_�q�_�g�b�y���a�Z�s�b�l�u���k�l�h�c�d�b���h�i�h�j�u���h�l���g�b�a�h�\�h�]�h���i�h��
�`�Z�j�Z�����g�Z���g�Z�j�m�`�g�h�c���i�h�\�_�j�o�g�h�k�l�b���g�b�`�g�_�]�h���f�h�^�m�e�y���h�i�h�j�u���\�u��
�i�h�e�g�_�g�h�� �i�h�d�j�u�l�b�_�� �h�]�g�_�a�Z�s�b�l�g�u�f�� �k�h�k�l�Z�\�h�f���� �g�Z�� �\�u�k�h�l�m�� �g�_��
�f�_�g�_�_�������f���h�l���i�h�\�_�j�o�g�h�k�l�b���a�_�f�e�b�� 

�>�e�y���i�h�\�u�r�_�g�b�y�� �k�l�h�c�d�h�k�l�b�� �d�� �m�e�v�l�j�Z�n�b�h�e�_�l�h�\�h�f�m���k�i�_�d��
�l�j�m���h�[�e�m�q�_�g�b�y���b���k�h�e�g�_�q�g�h�c���j�Z�^�b�Z�p�b�b�����\���k�h�k�l�Z�\���k�l�_�d�e�h�i�e�Z��
�k�l�b�d�Z���b�g�l�_�]�j�b�j�h�\�Z�g���k�\�_�l�h�k�l�Z�[�b�e�b�a�Z�l�h�j�����<���k�\�y�a�b���k���w�l�b�f���q�Z��
�k�l�b�q�g�h���i�j�h�a�j�Z�q�g�Z�y���l�j�m�[�Z���k�l�h�c�d�b���a�Z�s�b�s�_�g�Z���h�l���g�_�]�Z�l�b�\�g�h�]�h��
�\�h�a�^�_�c�k�l�\�b�y���b�g�k�h�e�y�p�b�b���g�Z���\�k�x���l�h�e�s�b�g�m���k�e�h�y�� 

�W�d�h�g�h�f�b�q�_�k�d�b�c�� �w�n�n�_�d�l�� �h�l�� �\�g�_�^�j�_�g�b�y�� �d�h�f�i�h�a�b�l�g�u�o��
�h�i�h�j���h�[�m�k�e�h�\�e�_�g�� 
- �k�l�h�b�f�h�k�l�v���d�h�f�i�h�a�b�l�g�u�o���h�i�h�j���g�_���i�j�_�\�h�k�o�h�^�b�l���k�l�h�b�f�h�k�l�b��
�f�g�h�]�h�]�j�Z�g�g�u�o���f�_�l�Z�e�e�b�q�_�k�d�b�o�� 
- �k�g�b�`�_�g�b�_�f���j�Z�k�o�h�^�h�\���g�Z���b�o���o�j�Z�g�_�g�b�_�����l�j�Z�g�k�i�h�j�l�b�j�h�\�d�m���b��
�f�h�g�l�Z�`�� 
- �h�l�k�m�l�k�l�\�b�_�f���j�Z�k�o�h�^�h�\���g�Z���i�h�^�\�_�k�g�m�x���b�a�h�e�y�p�b�x�� 
- �k�g�b�`�_�g�b�_�f���j�Z�k�o�h�^�h�\���g�Z���a�_�f�e�_�h�l�\�h�^�����i�j�h�k�_�d�b���� 
- �d�j�_�i�e�_�g�b�_�� �i�j�h�\�h�^�Z�� �d�� �l�j�Z�\�_�j�k�_�� �i�h�a�\�h�e�y�_�l�� �k�g�b�a�b�l�v�� �]�Z�[�Z��
�j�b�l�u���i�j�b�f�_�g�y�_�f�u�o���k�l�h�_�d���e�b�[�h���m�\�_�e�b�q�b�l�v���^�e�b�g�m���i�j�h�e�_�l�h�\�� 
- �j�Z�k�o�h�^�u�� �g�Z�� �w�d�k�i�e�m�Z�l�Z�p�b�x�� �k�g�b�`�Z�x�l�k�y�� �i�j�b�� �l�h�f���� �q�l�h�� �k�j�h�d��
�k�e�m�`�[�u���h�i�h�j���m�\�_�e�b�q�b�\�Z�_�l�k�y���^�h�������±�������e�_�l. 
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�L�Z�d�`�_���� �[�e�Z�]�h�^�Z�j�y �k�h�\�j�_�f�_�g�g�u�f�� �i�h�e�b�f�_�j�g�u�f�� �f�Z�l�_�j�b�Z��
�e�Z�f���d�h�f�i�h�a�b�l�g�u�_���h�i�h�j�u�� 
- �i�j�h�k�l�u���\���k�[�h�j�d�_���b���m�k�l�Z�g�h�\�d�_�� 
- �d�h�f�i�Z�d�l�g�u���i�j�b���k�d�e�Z�^�b�j�h�\�Z�g�b�b���b���l�j�Z�g�k�i�h�j�l�b�j�h�\�d�_�� 
- �e�_�]�d�b�_�����b�f�_�x�l���f�Z�e�u�c���\�_�k���d�h�g�k�l�j�m�d�p�b�b���� 
- �i�j�h�l�b�\�h�k�l�h�y�l�� �j�Z�a�j�m�r�Z�x�s�b�f�� �d�e�b�f�Z�l�b�q�_�k�d�b�f�� �g�Z�]�j�m�a�d�Z�f��
���m�j�Z�]�Z�g�g�u�f���\�_�l�j�Z�f�����]�h�e�h�e�z�^�Z�f���� 
- �g�_���i�h�^�\�_�j�`�_�g�u���d�h�j�j�h�a�b�b�� 
- �w�k�l�_�l�b�q�g�u���b���w�d�h�e�h�]�b�q�g�u�� 
- �\�Z�g�^�Z�e�h�m�k�l�h�c�q�b�\�u�� 

�K�m�s�_�k�l�\�_�g�g�u�f���^�h�k�l�h�b�g�k�l�\�h�f���y�\�e�y�_�l�k�y���m�^�h�[�k�l�\�h���l�j�Z�g�k��
�i�h�j�l�b�j�h�\�d�b�����o�j�Z�g�_�g�b�y���b���m�k�l�Z�g�h�\�d�b�� 

�F�h�^�m�e�v�g�Z�y�� �d�h�g�k�l�j�m�d�p�b�y�� �w�e�_�f�_�g�l�h�\�� �k�l�h�c�d�b�� �h�i�h�j�u���� �Z��
�l�Z�d�`�_�� �h�l�g�h�k�b�l�_�e�v�g�h�� �[�h�e�v�r�b�_�� �]�Z�[�Z�j�b�l�u�� �d�h�g�b�q�_�k�d�b�o�� �l�j�m�[��
�f �h�^�m�e�_�c���� �i�h�a�\�h�e�y�x�l�� �j�Z�a�f�_�k�l�b�l�v�� �i�h�e�g�m�x�� �d�h�f�i�e�_�d�l�Z�p�b�x��
�i�j�h�f�_�`�m�l�h�q�g�h�c���h�i�h�j�u���\�h���\�g�m�l�j�_�g�g�_�f���i�j�h�k�l�j�Z�g�k�l�\�_���f�h�^�m��
�e�_�c���\���l�j�Z�g�k�i�h�j�l�g�h�f���i�h�e�h�`�_�g�b�b�� 

�I�h���i�j�_�^�\�Z�j�b�l�_�e�v�g�u�f���h�p�_�g�d�Z�f�����l�Z�d�h�c���\�Z�j�b�Z�g�l���i�h�a�\�h�e�y�_�l��
�l�j�Z�g�k�i�h�j�l�b�j�h�\�Z�l�v�� �g�Z�� �h�^�g�h�f�� �Z�\�l�h�f�h�[�b�e�v�g�h�f�� �l�j�_�c�e�_�j�_�� �h�l�� ����
�^�h�������i�h�e�g�h�k�l�v�x���m�d�h�f�i�e�_�d�l�h�\�Z�g�g�u�o���h�i�h�j���k���b�a�h�e�b�j�m�x�s�b�f�b��
�l�j�Z�\�_�j�k�Z�f�b�����Z�j�f�Z�l�m�j�h�c���d�j�_�i�e�_�g�b�y���l�j�Z�\�_�j�k�����w�e�_�f�_�g�l�h�\���i�h�^��
�\�_�k�Z�� �i�j�h�\�h�^�h�\���� �]�j�h�a�h�l�j�h�k�Z���b�� �^�j�m�]�b�o �w�e�_�f�_�g�l�h�\�� �h�i�h�j�u����
�D�j�h�f�_�� �w�l�h�]�h���� �d�h�f�i�Z�d�l�g�h�k�l�v�� �l�j�Z�g�k�i�h�j�l�g�h�]�h�� �i�h�e�h�`�_�g�b�y��
�h�i�h�j�u���i�h�a�\�h�e�y�_�l���f�b�g�b�f�b�a�b�j�h�\�Z�l�v���k�d�e�Z�^�k�d�b�_���i�e�h�s�Z�^�b���Z�\�Z��
�j�b�c�g�h�]�h���j�_�a�_�j�\�Z���w�g�_�j�]�_�l�b�q�_�k�d�h�c���k�b�k�l�_�f�u�� 

�D�h�g�k�l�j�m�d�p�b�y�� �k�l�h�c�d�b�� �b�a�� �d�h�f�i�h�a�b�l�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �k�h��
�k�l�h�b�l���b�a���f�h�^�m�e�_�c���\���\�b�^�_���m�k�_�q�_�g�g�u�o���d�h�g�m�k�g�u�o���l�j�m�[���j�Z�a�e�b�q��
�g�u�o���^�b�Z�f�_�l�j�h�\�����J�Z�a�j�Z�[�h�l�Z�g�u���r�_�k�l�v���l�b�i�h�\���f�h�^�m�e�_�c�����i�h�a�\�h��
�e�y�x�s�b�o���k�h�[�j�Z�l�v���k�l�h�c�d�b���g�_�h�[�o�h�^�b�f�h�c���\�u�k�h�l�u���b���l�j�_�[�m�_�f�h�]�h��
�d�e�Z�k�k�Z���g�Z�i�j�y�`�_�g�b�y���h�i�h�j�u���<�E�� 

�K�[�h�j�d�Z�� �k�l�h�c�d�b�� �h�i�h�j�u�� �b�a�� �f�h�^�m�e�_�c�� �f�h�`�_�l�� �\�u�i�h�e�g�y�l�v�k�y��
�e�b�[�h�� �g�Z�� �h�j�]�Z�g�b�a�h�\�Z�g�g�h�f�� �i�h�e�b�]�h�g�_���� �e�b�[�h�� �g�Z�� �f�_�k�l�_�� �m�k�l�Z��
�g�h�\�d�b���h�i�h�j�u���<�E�����K�[�h�j�d�Z���k�l�h�c�d�b���i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���l�_�e�_��
�k�d�h�i�b�q�_�k�d�m�x�� �k�l�u�d�h�\�d�m�� �f�h�^�m�e�_�c�� �©�d�h�g�m�k�� �\�� �d�h�g�m�k�ª�� �k�� �i�_�j�_��
�d�j�u�l�b�_�f�����g�Z�o�e�_�k�l�h�f�����g�_���f�_�g�_�_�����������^�b�Z�f�_�l�j�Z���k�l�\�h�e�Z �\���f�_�k�l�_��
�k�l�u�d�Z���� �I�h�k�e�_�� �k�h�i�j�y�`�_�g�b�y�� �f�h�^�m�e�_�c�� �k�l�h�c�d�b�� �g�_�h�[�o�h�^�b�f�Z�� �b�o��
�i�h�^�i�j�_�k�k�h�\�d�Z�����k���i�j�h�^�h�e�v�g�u�f���m�k�b�e�b�_�f���^�h���������d�G�����^�e�y���i�e�h�l��
�g�h�c���i�h�k�Z�^�d�b���k���i�h�k�e�_�^�m�x�s�_�c���n�b�d�k�Z�p�b�_�c���k�l�u�d�h�\���i�m�l�z�f���i�j�b��
�f�_�g�_�g�b�y���j�Z�a�`�b�f�g�u�o���Z�g�d�_�j�h�\�� 

�F�h�^�m�e�b���^�e�y���k�l�h�c�d�b���h�i�h�j���k�h�k�l�h�y�l���b�a���[�Z�a�h�\�h�c���k�l�_�d�e�h�i�e�Z��
�k�l�b�d�h�\�h�c�� �d�h�f�i�h�a�b�p�b�b���� �\�h�k�i�j�b�g�b�f�Z�x�s�_�c�� �h�k�g�h�\�g�m�x�� �f�_�o�Z��
�g�b�q�_�k�d�m�x���g�Z�]�j�m�a�d�m�� 
  �N�m�g�^�Z�f�_�g�l�g�Z�y�� �m�k�l�Z�g�h�\�d�Z�� �h�i�h�j�� �\�u�i�h�e�g�y�_�l�k�y���� �d�Z�d�� �i�j�Z��
�\�b�e�h�����a�Z�d�j�_�i�e�_�g�b�_�f���g�b�`�g�b�o���f�h�^�m�e�_�c���k�l�h�c�d�b���\���]�j�m�g�l���\���i�j�h��
�[�m�j�_�g�g�h�f���d�h�l�e�h�\�Z�g�_���\�h���\�k�_�o���l�b�i�Z�o���i�_�k�q�Z�g�u�o�����k�m�i�_�k�q�Z�g�u�o����
�k�m�]�e�b�g�b�k�l�u�o���b���]�e�b�g�b�k�l�u�o���]�j�m�g�l�h�\�� 

�<�h�a�f�h�`�g�u�� �^�h�j�Z�[�h�l�d�b�� �n�m�g�^�Z�f�_�g�l�g�u�o�� �i�h�^�d�j�_�i�e�y�x�s�b�o��
�d�h�g�k�l�j�m�d�p�b�c���\���\�b�^�_���h�[�k�Z�^�g�u�o���l�j�m�[�����j�b�]�_�e�_�c���b�e�b���k�\�Z�c���k���j�h��
�k�l�\�_�j�d�Z�f�b���k���m�q�z�l�h�f���d�h�w�n�n�b�p�b�_�g�l�Z���i�h�j�b�k�l�h�k�l�b���]�j�m�g�l�Z�����I�j�b��
�m�k�l�Z�g�h�\�d�_���k�l�h�_�d���\���h�[�k�Z�^�g�m�x���l�j�m�[�m�����g�b�`�g�b�_���f�h�^�m�e�b���^�h�i�m�k��
�d�Z�_�l�k�y�� �\�u�i�h�e�g�y�l�v�� �m�d�h�j�h�q�_�g�g�u�f�b���� �\�� �q�Z�k�l�g�h�k�l�b���� �^�e�y�� �h�^�g�h��
�p�_�i�g�h�c���h�i�h�j�u���I�D������-�����g�b�`�g�b�c���f�h�^�m�e�v���f�h�`�_�l���[�u�l�v���m�d�h�j�h��
�q�_�g���g�Z�����������f�����^�e�y���^�\�m�o�p�_�i�g�h�c���h�i�h�j�u���I�D������-�����g�b�`�g�b�c���f�h��
�^�m�e�v�� �f�h�`�_�l�� �[�u�l�v�� �m�d�h�j�h�q�_�g�� �g�Z�� �� �f���� �<�h�a�f�h�`�_�g�� �n�e�Z�g�p�_�\�u�c��
�n�m�g�^�Z�f�_�g�l�� 

�>�e�y�� �[�h�e�h�l�b�k�l�u�o�� �b�� �k�d�Z�e�v�g�u�o�� �]�j�m�g�l�h�\�� �\�Z�j�b�Z�g�l�u�� �n�m�g�^�Z��
�f�_�g�l�h�\���j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y���h�l�^�_�e�v�g�h�� 

 
 

�J�b�k���������L�j�Z�g�k�i�h�j�l�g�h�_�����k�d�e�Z�^�k�d�h�_�����i�h�e�h�`�_�g�b�_���^�\�m�o�p�_�i�g�h�c��
�i�j�h�f�_�`�m�l�h�q�g�h�c �h�i�h�j�u 

�D�Z�d�� �l�h�e�v�d�h�� �i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v�� �b�� �]�b�[�d�h�k�l�v�� �w�l�b�o�� �f�h��
�^�m�e�v�g�u�o�� �d�h�f�i�h�a�b�l�g�u�o�� �h�i�h�j�� �k�l�Z�e�b�� �r�b�j�h�d�h�� �b�a�\�_�k�l�g�u���� �Z�� �b�o��
�^�e�b�l�_�e�v�g�u�c�� �k�j�h�d�� �k�e�m�`�[�u���± �\�k�_�� �[�h�e�_�_�� �h�q�_�\�b�^�g�u�f���� �k�l�Z�j�u�c��
�f�_�l�h�^�� �^�e�y�� �h�p�_�g�d�b�� �©�d�Z�d�b�_�� �h�i�h�j�u�� �k�l�h�b�l�� �i�h�d�m�i�Z�l�v�ª���� �[�_�a��
�m�k�e�h�\�g�h���� �f�h�`�_�l�� �b�a�f�_�g�b�l�v�k�y���� �F�g�h�]�b�_�� �w�g�_�j�]�h�d�h�f�i�Z�g�b�b�� �\�k�_��
�_�s�_�� �[�m�^�m�l�� �i�h�d�m�i�Z�l�v�� �^�_�j�_�\�y�g�g�u�_�� �h�i�h�j�u���� �l�Z�d�� �d�Z�d�� �k�j�Z�\�g�b��
�l�_�e�v�g�h���g�b�a�d�Z�y���k�l�h�b�f�h�k�l�v���^�j�_�\�_�k�b�g�u���i�h�a�\�h�e�y�_�l���i�j�b�h�[�j�_�k�l�b��
�[�h�e�v�r�_�_�� �d�h�e�b�q�_�k�l�\�h�� �h�i�h�j�� �a�Z�� �h�i�j�_�^�_�e�_�g�g�m�x�� �k�m�f�f�m�� �^�_�g�_�]����
�H�^�g�Z�d�h�����w�l�h���j�_�r�_�g�b�_���h���i�h�d�m�i�d�_���h�i�h�j�����\�u�i�h�e�g�_�g�g�u�o���b�a���^�j�_��
�\�_�k�b�g�u�����Z�[�k�h�e�x�l�g�h���g�_�\�u�]�h�^�g�h���b�a-�a�Z���b�o���h�[�k�e�m�`�b�\�Z�g�b�y�����q�l�h��
�k�l�Z�g�h�\�b�l�k�y���h�k�h�[�_�g�g�h���h�q�_�\�b�^�g�u�f�����d�h�]�^�Z���^�_�j�_�\�y�g�g�u�_���h�i�h�j�u��
�g�Z�q�g�m�l���k�l�Z�j�_�l�v�����I�j�h�q�b�_���j�Z�k�o�h�^�u���f�_�g�_�_���h�q�_�\�b�^�g�u�����g�h���l�Z�d�`�_��
�k�m�s�_�k�l�\�m�x�l�����k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���[�h�e�_�_���^�_�r�_�\�u�o���h�i�h�j���i�j�b�o�h��
�^�b�l�� �h�k�h�a�g�Z�g�b�_�� �l�h�]�h���� �q�l�h�� �g�Z�^�_�`�g�h�k�l�v�� �w�e�_�d�l�j�b�q�_�k�d�h�c�� �k�_�l�b��
�k�l�Z�g�h�\�b�l�k�y���g�b�`�_�����D�Z�d���b���\�h���f�g�h�]�b�o���j�_�r�_�g�b�y�o���i�h���d�h�f�f�_�j�q�_��
�k�d�b�f�� �\�h�i�j�h�k�Z�f���� �^�h�e�`�g�Z�� �[�u�l�v�� �i�j�h�\�_�^�_�g�Z�� �l�h�g�d�Z�y�� �]�j�Z�g�v��
�f�_�`�^�m���^�h�k�l�m�i�g�h�k�l�v�x���\���p�_�g�_���b���g�Z�^�_�`�g�h�k�l�v�x�����K�h�k�j�_�^�h�l�h�q�b�\��
�\�g�b�f�Z�g�b�_�� �g�Z�� �k�l�h�b�f�h�k�l�b�� �`�b�a�g�_�g�g�h�]�h�� �p�b�d�e�Z�� �h�i�h�j�u���� �l�Z�d�� �`�_����
�d�Z�d���w�l�h���k�^�_�e�Z�g�h���^�e�y���l�j�Z�g�k�n�h�j�f�Z�l�h�j�h�\�����w�g�_�j�]�h�d�h�f�i�Z�g�b�b���f�h��
�]�m�l���l�_�i�_�j�v���i�h�e�m�q�b�l�v���i�j�h�^�m�d�l�����h�i�h�j�m�������d�h�l�h�j�u�c���y�\�e�y�_�l�k�y���h�^��
�g�h�\�j�_�f�_�g�g�h���^�h�k�l�m�i�g�u�f���\���p�_�g�_���b���d�h�l�h�j�u�c���a�g�Z�q�b�l�_�e�v�g�h���i�h��
�\�u�k�b�l���g�Z�^�_�`�g�h�k�l�v���\�k�_�c���w�g�_�j�]�h�k�b�k�l�_�f�u�� 

�>�e�y���i�h�^�l�\�_�j�`�^�_�g�b�y���\�u�r�_�k�d�Z�a�Z�g�g�h�]�h���\�u�i�h�e�g�b�f���d�h�e�b�q�_��
�k�l�\�_�g�g�m�x���h�p�_�g�d�m �k�l�h�b�f�h�k�l�b���w�d�k�i�e�m�Z�l�Z�p�b�b���<�E�� �i�h���k�e�_�^�m�x��
�s�_�c�� �f�_�l�h�^�b�d�_���� �H�[�s�Z�y�� �k�l�h�b�f�h�k�l�v�� �w�d�k�i�e�m�Z�l�Z�p�b�b�� �h�i�j�_�^�_�e�y��
�_�l�k�y���d�Z�d�� 
�� �K�W� �A�?���A�W���A�I ���A�<���A�D,�� ��������
�]�^�_���A�? �± �_�^�b�g�h�\�j�_�f�_�g�g�u�_���a�Z�l�j�Z�l�u���g�Z���h�j�]�Z�g�b�a�Z�p�b�x���w�d�k�i�e�m�Z��
�l�Z�p�b�b���b���L�H�b�J���h�[�t�_�d�l�Z�� �A�W �± �i�_�j�b�h�^�b�q�_�k�d�b�_���a�Z�l�j�Z�l�u���g�Z���w�d�k��
�i�e�m�Z�l�Z�p�b�x�� �A�I  �± �a�Z�l�j�Z�l�u�� �g�Z�� �i�j�h�\�_�^�_�g�b�_�� �i�e�Z�g�h�\�h�]�h�� �L�H�b�J�� 
�A�< �± �a�Z�l�j�Z�l�u�� �g�Z�� �i�j�h�\�_�^�_�g�b�_�� �\�g�_�i�e�Z�g�h�\�h�]�h�� �L�H�b�J�� �A�D �± �a�Z��
�l�j�Z�l�u���g�Z���i�j�h�\�_�^�_�g�b�_���d�Z�i�b�l�Z�e�v�g�h�]�h���j�_�f�h�g�l�Z�� 

�?�^�b�g�h�\�j�_�f�_�g�g�u�_�� �a�Z�l�j�Z�l�u�� �g�Z�� �h�j�]�Z�g�b�a�Z�p�b�x�� �w�d�k�i�e�m�Z�l�Z��
�p�b�b���b���L�H�b�J���h�[�t�_�d�l�Z���f�h�]�m�l���h�i�j�_�^�_�e�y�l�v�k�y���d�Z�d�� 
�� �A�? � ���A�A�B�I �����A�H�; �����A�> �����A�H�I,�� ��������
�]�^�_���A�A�B�I �± �a�Z�l�j�Z�l�u���g�Z���i�j�b�h�[�j�_�l�_�g�b�_���g�Z�q�Z�e�v�g�h�]�h���d�h�f�i�e�_�d�l�Z��
�a�Z�i�Z�k�g�u�o�� �q�Z�k�l�_�c�� �^�e�y�� �i�j�h�\�_�^�_�g�b�y�� �L�H�b�J�� �h�[�t�_�d�l�Z���� �A�H�; �± �a�Z��
�l�j�Z�l�u���g�Z���i�j�b�h�[�j�_�l�_�g�b�_���g�_�h�[�o�h�^�b�f�h�]�h���h�[�h�j�m�^�h�\�Z�g�b�y���b���b�g��
�k�l�j�m�f�_�g�l�Z�� �^�e�y�� �i�j�h�\�_�^�_�g�b�y�� �L�H�b�J�� �A�> �± �a�Z�l�j�Z�l�u�� �g�Z�� �j�Z�a�j�Z��
�[�h�l�d�m�� �b�� �k�h�]�e�Z�k�h�\�Z�g�b�_�� �^�h�d�m�f�_�g�l�Z�p�b�b�� �i�h�� �L�H�b�J���� �A�H�I �± �a�Z��
�l�j�Z�l�u���g�Z���h�[�m�q�_�g�b�_���i�_�j�k�h�g�Z�e�Z���b���i�j�� 

�I�_�j�b�h�^�b�q�_�k�d�b�_���a�Z�l�j�Z�l�u���g�Z���w�d�k�i�e�m�Z�l�Z�p�b�x���h�[�t�_�d�l�Z���f�h�]�m�l��
�h�i�j�_�^�_�e�y�l�v�k�y���d�Z�d�� 
�������A�W � ���A�H�L �����A�K�H�P �����A�L�H�I�E �����A�F�F �����A�i�j�B�f�Z�l �����A�:�F �����A�W�B�I�J,�� ��������
�]�^�_���A�H�L �± �a�Z�l�j�Z�l�u���g�Z �i�j�b�h�[�j�_�l�_�g�b�_���d�h�f�i�e�_�d�l�Z���a�Z�i�Z�k�g�u�o���q�Z��
�k�l�_�c�� �^�e�y�� �i�j�h�\�_�^�_�g�b�y�� �L�H�b�J�� �h�[�t�_�d�l�Z���� �A�K�H�P �± �h�l�q�b�k�e�_�g�b�_�� �g�Z��
�k�h�p�b�Z�e�v�g�u�_�� �g�m�`�^�u�� �A�L�H�I�E �± �a�Z�l�j�Z�l�u�� �g�Z�� �l�h�i�e�b�\�h�� ���=�K�F�� �b��
�i�j���������A�F�F �± �a�Z�l�j�Z�l�u���g�Z���w�d�k�i�e�m�Z�l�Z�p�b�x���f�Z�r�b�g���b���f�_�o�Z�g�b�a�f�h�\����
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�A�i�j�B�f�Z�l �± �i�j�h�q�b�_���f�Z�l�_�j�b�Z�e�v�g�u�_���a�Z�l�j�Z�l�u�����A�:�F  �± �Z�f�h�j�l�b�a�Z�p�b��
�h�g�g�u�_���h�l�q�b�k�e�_�g�b�y���g�Z���h�[�h�j�m�^�h�\�Z�g�b�_���^�e�y���\�u�i�h�e�g�_�g�b�y���L�H�b�J�� 
�A�W�B�I�J �± �i�j�h�q�b�_���a�Z�l�j�Z�l�u�� 

�A�Z�l�j�Z�l�u���g�Z���i�j�h�\�_�^�_�g�b�_���i�e�Z�g�h�\�h�]�h���L�H�b�J�����\�g�_�i�e�Z�g�h�\�h�]�h��
�L�H�b�J���b���d�Z�i�b�l�Z�e�v�g�h�]�h���j�_�f�h�g�l�Z���f�h�]�m�l���h�i�j�_�^�_�e�y�l�v�k�y���d�Z�d�� 
 �A�I�����A�<�����A�D����� ���A�I�B�L�H�b�J �����A�k�h�p�B�L�H�b�J �����A�f�Z�l�B�L�H�b�J �����A�=�K�F�B�L�H�b�J +   
 �A�i�j�F�:�L-�L�H�b�J �����A�Z�f�B�L�H�b�J �����A�i�j�B�L�H�b�J,�� ��������
�]�^�_ �A�I�B�L�H�b�J �± �a�Z�l�j�Z�l�u�� �g�Z���h�i�e�Z�l�m���l�j�m�^�Z�� �i�_�j�k�h�g�Z�e�Z�����a�Z�g�y�l�h�]�h��
�i�j�h�\�_�^�_�g�b�_�f���i�e�Z�g�h�\�h�]�h���L�H�b�J�����\�g�_�i�e�Z�g�h�\�h�]�h���L�H�b�J���b���d�Z�i�b��
�l�Z�e�v�g�h�]�h�� �j�_�f�h�g�l�Z�����A�k�h�p�B�L�H�b�J �± �h�l�q�b�k�e�_�g�b�_�� �g�Z�� �k�h�p�b�Z�e�v�g�u�_��
�g�m�`�^�u�����A�f�Z�l�B�L�H�b�J �± �a�Z�l�j�Z�l�u���g�Z���f�Z�l�_�j�b�Z�e�u�����a�Z�i�Z�k�g�u�_���q�Z�k�l�b������
�b�k�i�h�e�v�a�m�_�f�u�_���i�j�b���i�j�h�\�_�^�_�g�b�b���i�e�Z�g�h�\�h�]�h���L�H�b�J�����\�g�_�i�e�Z�g�h��
�\�h�]�h���L�H�b�J���b���d�Z�i�b�l�Z�e�v�g�h�]�h���j�_�f�h�g�l�Z�����A�=�K�F�B�L�H�b�J �± �a�Z�l�j�Z�l�u���g�Z��
�l�h�i�e�b�\�h�����=�K�F���b���i�j���������A�i�j�F�:�L -�L�H�b�J �± �i�j�h�q�b�_���f�Z�l�_�j�b�Z�e�v�g�u�_���a�Z��
�l�j�Z�l�u���� �A�Z�f�B�L�H�b�J �± �h�l�q�b�k�e�_�g�b�_�� �g�Z�� �Z�f�h�j�l�b�a�Z�p�b�x�� �h�[�h�j�m�^�h�\�Z��
�g�b�y�����b�k�i�h�e�v�a�m�_�f�h�]�h���i�j�b���i�j�h�\�_�^�_�g�b�b���i�e�Z�g�h�\�h�]�h���L�H�b�J�����\�g�_��
�i�e�Z�g�h�\�h�]�h���L�H�b�J���b���d�Z�i�b�l�Z�e�v�g�h�]�h���j�_�f�h�g�l�Z�����A�i�j�B�L�H�b�J �± �i�j�h�q�b�_��
�a�Z�l�j�Z�l�u�� 

�K�l�h�b�f�h�k�l�v�� �w�d�k�i�e�m�Z�l�Z�p�b�b�� �<�E�� �^�h�e�`�g�Z�� �h�i�j�_�^�_�e�y�l�v�k�y�� �i�h��
�b�g�n�h�j�f�Z�p�b�b�� �w�d�k�i�e�m�Z�l�b�j�m�x�s�_�c�� �h�j�]�Z�g�b�a�Z�p�b�b���� �<�� �d�Z�q�_�k�l�\�_ 
�b�k�o�h�^�g�u�o���^�Z�g�g�u�o �^�e�y���j�Z�k�q�_�l�h�\���i�j�_�^�h�k�l�Z�\�e�y�x�l�k�y���� 
- �i�_�j�_�q�_�g�v���b���k�l�h�b�f�h�k�l�v���g�Z�q�Z�e�v�g�h�]�h���d�h�f�i�e�_�d�l�Z���a�Z�i�Z�k�g�u�o���q�Z��
�k�l�_�c�� 
- �i�_�j�_�q�_�g�v���b���k�l�h�b�f�h�k�l�v���g�_�h�[�o�h�^�b�f�u�o���f�Z�l�_�j�b�Z�e�h�\���^�e�y���i�j�h��
�\�_�^�_�g�b�y���i�e�Z�g�h�\�h�]�h���L�H�b�J�����\�g�_�i�e�Z�g�h�\�h�]�h���L�H�b�J���b���d�Z�i�b�l�Z�e�v��
�g�h�]�h���j�_�f�h�g�l�Z������ 
- �i�_�j�_�q�_�g�v�� �b�� �k�l�h�b�f�h�k�l�v�� �g�_�h�[�o�h�^�b�f�h�]�h�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �^�e�y��
�i�j�h�\�_�^�_�g�b�y���h�k�f�h�l�j�h�\���b���j�_�f�h�g�l�h�\������ 
- �i�_�j�b�h�^�b�q�g�h�k�l�v�� �i�j�h�\�_�^�_�g�b�y�� �h�k�f�h�l�j�h�\�� �b�� �j�_�f�h�g�l�h�\���� �m�k�l�Z��
�g�h�\�e�_�g�g�Z�y���g�Z���i�j�_�^�i�j�b�y�l�b�b���� 
- �^�e�b�l�_�e�v�g�h�k�l�v�� �i�j�h�\�_�^�_�g�b�y�� �h�k�f�h�l�j�h�\���� �j�_�f�h�g�l�g�u�o�� �j�Z�[�h�l��
�w�e�_�f�_�g�l�h�\���<�E�����h�i�h�j�����n�m�g�^�Z�f�_�g�l�h�\�����b�a�h�e�y�p�b�b���b���l���i�������� 
- �k�l�h�b�f�h�k�l�v���g�h�j�f�h�±�q�Z�k�Z���h�[�k�e�m�`�b�\�Z�x�s�_�]�h���i�_�j�k�h�g�Z�e�Z���� 
- �k�l�h�b�f�h�k�l�v���g�h�j�f�h�±�q�Z�k�Z���j�_�f�h�g�l�g�h�]�h���i�_�j�k�h�g�Z�e�Z�� 
- �^�e�b�l�_�e�v�g�h�k�l�v�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �f�Z�r�b�g�� �b�� �f�_�o�Z�g�b�a�f�h�\�� �i�j�b��
�i�j�h�\�_�^�_�g�b�b���h�k�f�h�l�j�h�\���b���j�_�f�h�g�l�h�\���� 
- �j�Z�k�o�h�^���=�K�F���i�j�b���i�j�h�\�_�^�_�g�b�b���h�k�f�h�l�j�h�\���b���j�_�f�h�g�l�h�\�� 
- �i�_�j�_�q�_�g�v���i�j�h�q�b�o���a�Z�l�j�Z�l���b���b�o���k�l�h�b�f�h�k�l�g�h�_���\�u�j�Z�`�_�g�b�_�� 

�I�j�b�� �h�i�j�_�^�_�e�_�g�b�b�� �k�h�k�l�Z�\�Z�� �b�� �d�h�e�b�q�_�k�l�\�Z�� �f�Z�l�_�j�b�Z�e�h�\����
�h�[�t�_�f�Z�� �l�j�m�^�h�a�Z�l�j�Z�l�� �i�_�j�k�h�g�Z�e�Z�� �b�� �\�j�_�f�_�g�b�� �b�k�i�h�e�v�a�h�\�Z�g�b�y��
�f�Z�r�b�g�� �b�� �f�_�o�Z�g�b�a�f�h�\�� �g�_�h�[�o�h�^�b�f�h�� �m�q�b�l�u�\�Z�l�v�� �l�b�i�� �b�� �h�[�t�_�f��
�h�k�g�h�\�g�h�]�h���h�[�h�j�m�^�h�\�Z�g�b�y���g�Z���_�^�b�g�b�p�m���^�e�b�g�u���<�E�����g�Z�����������d�f��
�b�e�b���g�Z���h�^�b�g���h�[�t�_�d�l�����L�Z�d�b�f���h�[�j�Z�a�h�f�� �i�j�b���\�u�i�h�e�g�_�g�b�b���k�j�Z�\��
�g�_�g�b�y�� �k�l�h�b�f�h�k�l�b�� �w�d�k�i�e�m�Z�l�Z�p�b�b�� �<�E�� �k�� �j�Z�a�e�b�q�g�u�f�b�� �l�b�i�Z�f�b��
�h�i�h�j�����w�d�k�i�e�m�Z�l�b�j�m�x�s�_�c���h�j�]�Z�g�b�a�Z�p�b�_�c���^�h�e�`�g�Z���[�u�l�v���\�u�^�Z�g�Z��
�b�g�n�h�j�f�Z�p�b�y���i�h���d�Z�`�^�h�f�m���b�a���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o���l�b�i�h�\�� 

�F�?�L�H�>�B�D�:���H�P�?�G�D�B���W�D�H�G�H�F�B�Q�?�K�D�H�C���W�N�N�?�D�L�B�<�G�H�K�L�B��
�I�J�H�?�D�L�:���K�L�J�H�B�L�?�E�V�K�L�<�:���<�E110�±220 �D�< �G�:���D�H�F�I�H�A�B�L�G�U�O��
�H�I�H�J�:�O���>�E�Y���K�J�:�<�G�?�G�B�Y �K���<�E �G�:���H�I�H�J�:�O���L�J�:�>�B�P�B�H�G�G�U�O��
�L�B�I�H�<��(�F�?�L�:�E�E�B�Q�?�K�D�B�?���J�?�R�?�L�Q�:�L�U�?���B���F�G�H�=�H�=�J�:�G�G�U�?, 

�@�?�E�?�A�H�;�?�L�H�G�G�U�?) 

�H�p�_�g�d�Z�� �w�d�h�g�h�f�b�q�_�k�d�h�c�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �i�j�h�_�d�l�Z�� �k�l�j�h�b��
�l�_�e�v�k�l�\�Z���<�E���g�Z���d�h�f�i�h�a�b�l�g�u�o���h�i�h�j�Z�o���\�u�i�h�e�g�y�_�l�k�y���g�Z���h�k�g�h��
�\�Z�g�b�b�� �k�j�Z�\�g�_�g�b�y�� �a�Z�l�j�Z�l�� �g�Z�� �k�l�j�h�b�l�_�e�v�k�l�\�h�� �<�E�� �k�� �h�i�h�j�Z�f�b��
�^�j�m�]�b�o���l�b�i�h�\�����H�p�_�g�d�m���w�d�h�g�h�f�b�q�_�k�d�h�c���w�n�n�_�d�l�b�\�g�h�k�l�b���p�_�e�_��
�k�h�h�[�j�Z�a�g�h���\�u�i�h�e�g�y�l�v���l�Z�d�`�_���b���k���m�q�_�l�h�f���a�Z�l�j�Z�l���g�Z���w�d�k�i�e�m�Z��
�l�Z�p�b�x���<�E���k���i�j�b�f�_�g�_�g�b�_�f���h�i�h�j���j�Z�a�e�b�q�g�u�o���l�b�i�h�\�� 

�H�p�_�g�d�Z�� �w�d�h�g�h�f�b�q�_�k�d�h�c�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �i�j�h�_�d�l�Z�� �k�l�j�h�b��
�l�_�e�v�k�l�\�Z���<�E���\�u�i�h�e�g�y�_�l�k�y���g�Z���k�l�Z�^�b�b �h�k�g�h�\�g�u�o���l�_�o�g�b�q�_�k�d�b�o��

�j�_�r�_�g�b�c�� �i�j�b�� �j�Z�a�j�Z�[�h�l�d�_�� �i�j�h�_�d�l�g�h�c�� �^�h�d�m�f�_�g�l�Z�p�b�b���� �J�Z�k��
�q�_�l�u���\�_�^�m�l�k�y���g�Z���h�k�g�h�\�Z�g�b�b���\�u�i�h�e�g�_�g�g�u�o���i�j�_�^�\�Z�j�b�l�_�e�v�g�u�o��
�b�g�`�_�g�_�j�g�u�o���b�a�u�k�d�Z�g�b�c�� 

�I�j�b�� �j�Z�a�j�Z�[�h�l�d�_�� �H�k�g�h�\�g�u�o�� �l�_�o�g�b�q�_�k�d�b�o�� �j�_�r�_�g�b�c��
�h�p�_�g�d�Z�� �w�d�h�g�h�f�b�q�_�k�d�h�c�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �\�u�j�Z�`�Z�_�l�k�y�� �\�� �\�u��
�i�h�e�g�_�g�b�b�� �l�_�o�g�b�d�h�w�d�h�g�h�f�b�q�_�k�d�h�]�h�� �k�j�Z�\�g�_�g�b�y�� �\�Z�j�b�Z�g�l�h�\��
�k�l�j�h�b�l�_�e�v�k�l�\�Z�� �<�E���� �L�_�o�g�b�d�h�w�d�h�g�h�f�b�q�_�k�d�h�_�� �k�j�Z�\�g�_�g�b�_�� �f�h��
�`�_�l���[�u�l�v���\�u�i�h�e�g�_�g�h�����i�h���f�_�g�v�r�_�c���f�_�j�_�����^�\�m�f�y���k�i�h�k�h�[�Z�f�b���± 
�m�i�j�h�s�_�g�g�u�f���b���^�_�l�Z�e�v�g�u�f�� 

�I�j�b�� �m�i�j�h�s�_�g�g�h�f�� �k�j�Z�\�g�_�g�b�b�� �i�j�_�^�i�h�e�Z�]�Z�_�l�k�y���� �q�l�h�� �^�e�y��
�\�k�_�o���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o���\�Z�j�b�Z�g�l�h�\���f�Z�j�d�Z���i�j�h�\�h�^�Z���b���d�h�e�b�q�_��
�k�l�\�h�����k�l�h�b�f�h�k�l�v�����Z�g�d�_�j�g�u�o���h�i�h�j���y�\�e�y�x�l�k�y���h�^�b�g�Z�d�h�\�u�f�b�����Z��
�k�h�[�k�l�\�_�g�g�h�� �k�j�Z�\�g�_�g�b�_�� �\�u�i�h�e�g�y�_�l�k�y�� �l�h�e�v�d�h�� �i�h�� �k�l�h�b�f�h�k�l�b��
�k�l�j�h�b�l�_�e�v�k�l�\�Z�� �i�j�h�f�_�`�m�l�h�q�g�u�o�� �h�i�h�j�� �b�� �b�o�� �n�m�g�^�Z�f�_�g�l�h�\����
�I�j�b���w�l�h�f�����d�h�e�b�q�_�k�l�\�h���i�j�h�f�_�`�m�l�h�q�g�u�o���h�i�h�j���j�Z�a�e�b�q�g�u�o���l�b��
�i�h�\���h�i�j�_�^�_�e�y�_�l�k�y���i�j�b���j�Z�k�k�l�Z�g�h�\�d�_ �i�h���i�j�h�n�b�e�x���l�j�Z�k�k�u���<�E��
�g�Z���^�e�b�g�_�������b�e�b���[�h�e�_�_���d�b�e�h�f�_�l�j�h�\�����<���j�Z�k�q�_�l�Z�o���m�q�b�l�u�\�Z�_�l�k�y��
�l�Z�d�`�_�� �k�l�h�b�f�h�k�l�v�� �^�h�k�l�Z�\�d�b�� �i�j�h�f�_�`�m�l�h�q�g�u�o�� �h�i�h�j�� �g�Z�� �f�_�k�l�h��
�k�l�j�h�b�l�_�e�v�k�l�\�Z�����J�_�a�m�e�v�l�Z�l�u���k�j�Z�\�g�_�g�b�y���k�\�h�^�y�l�k�y���\���l�Z�[�e�b�p�m������ 

�L�Z�[�e�b�p�Z���� 
�J�_�a�m�e�v�l�Z�l�u���k�j�Z�\�g�_�g�b�y���i�j�b���m�i�j�h�s�_�g�g�h�f���k�j�Z�\�g�_�g�b�b 

�I�Z�j�Z�f�_�l�j�u 
�<�Z�j�b�Z�g�l���� �<�Z�j�b�Z�g�l���� �<�Z�j�b�Z�g�l�����1 
�I�D������-2 �I�F������ -2 ���I������ -2 

�I�j�h�e�_�l���]�Z�[�Z�j�b�l�g�u�c�����f 245 260 350 

�I�j�h�e�_�l���\�_�l�j�h�\�h�c�����f 290 400 400 

�I�j�h�e�_�l���\�_�k�h�\�h�c�����f 370 350 400 

�D�h�e�b�q�_�k�l�\�h��
�i�j�h�f�_�`�m�l�h�q�g�u�o���h�i�h�j����
�r�l  

~21 ~20 ~15 

�<�_�k���h�^�g�h�c���h�i�h�j�u�����l 3,500 7,160 6,728 

�<�_�k���h�i�h�j�����\�k�_�]�h�� �l 73,5 143,2 100,92 

�L�b�i���a�Z�d�j�_�i�e�_�g�b�y1 �D�� �F�� �J�� 

�K�[�h�j�g�u�c�� �`�_�e�_�a�h�[�_�l�h�g����
�\�k�_�]�h�����f3 

- - 107,4 

�F�_�l�Z�e�e�h�d�h�g�k�l�j�m�d�p�b�b��
�n�m�g�^�Z�f�_�g�l�h�\�����\�k�_�]�h�����l - 50,0 - 

�K�F�J��
���h�i�h�j�u������
�l�u�k�����j�m�[����
�k���G�>�K 

�K�F�J 552,00 2 194,21 1 678,57 
�F�Z�l�_�j�b�Z�e

�u 15 115,80 13 452,86 12 570,03 

�<�k�_�]�h 16 035,79 15 647,07 14 248,61 
�K�F�J��
���n�m�g�^�Z��
�f�_�g�l�u������
�l�u�k�����j�m�[����
�k���G�>�K 

�K�F�J 367,99 1 1 277,79 623,34 
�F�Z�l�_�j�b�Z�e

�u 0,00 3 996,71 3 012,00 

�<�k�_�]�h 0,00 5 274,49 3 635,33 

�B�L�H�=�H�� �k�l�h�b�f�h�k�l�v����
�l�u�k�����j�m�[�����k���G�>�K 16 035,79 20 921,57 1 7883,94 

�K�l�h�b�f�h�k�l�v�� �^�h�k�l�Z�\�d�b����
�l�u�k�����j�m�[�����k���G�>�K 

726,60 1 400,54 421,21 

�<�K�?�=�H�� �k�l�h�b�f�h�k�l�v�� �k��
�^�h�k�l�Z�\�d�h�c���� �l�u�k���� �j�m�[���� �k��
�G�>�K 

16 762,38 22 322,11 18 305,15 

 
�I�j�b�� �g�_�h�[�o�h�^�b�f�h�k�l�b���� �^�h�i�h�e�g�b�l�_�e�v�g�h�� �f�h�`�_�l�� �[�u�l�v�� �\�u��

�i�h�e�g�_�g�h���k�j�Z�\�g�_�g�b�_���k�l�h�b�f�h�k�l�b���i�h�k�l�h�y�g�g�h�]�h���\�j�_�f�_�g�g�h�]�h���h�l��
�\�h�^�Z���^�e�y���j�Z�a�e�b�q�g�u�o���l�b�i�h�\���h�i�h�j�����l�Z�[�e�b�p�Z�������� 

�I�j�b�� �^�_�l�Z�e�v�g�h�f�� �k�j�Z�\�g�_�g�b�b�� �g�_�h�[�o�h�^�b�f�h�� �\�u�i�h�e�g�y�l�v��
�h�p�_�g�d�m���k�l�h�b�f�h�k�l�b���k�l�j�h�b�l�_�e�v�k�l�\�Z���<�E���i�h���\�k�_�c���^�e�b�g�_���l�j�Z�k�k�u��
�k�� �m�q�_�l�h�f�� �k�l�h�b�f�h�k�l�b�� �i�j�h�\�h�^�Z���� �i�j�h�f�_�`�m�l�h�q�g�u�o�� �b�� �Z�g�d�_�j�g�h-
�m�]�e�h�\�u�o���h�i�h�j���b���b�o���n�m�g�^�Z�f�_�g�l�h�\�����k�l�h�b�f�h�k�l�b���^�h�k�l�Z�\�d�b���h�i�h�j��
�g�Z�� �f�_�k�l�h�� �k�l�j�h�b�l�_�e�v�k�l�\�Z���� �I�j�b�� �g�_�h�[�o�h�^�b�f�h�k�l�b�� �m�q�b�l�u�\�Z�_�l�k�y 
�k�l�h�b�f�h�k�l�v���i�h�l�_�j�v���w�e�_�d�l�j�h�w�g�_�j�]�b�b�� �i�j�b�� �i�j�b�f�_�g�_�g�b�b�� �i�j�h�\�h��
�^�h�\���j�Z�a�e�b�q�g�u�o���f�Z�j�h�d�� 
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�L�Z�[�e�b�p�Z���� 
�K�j�Z�\�g�_�g�b�_���k�l�h�b�f�h�k�l�b���i�h�k�l�h�y�g�g�h�]�h���b���\�j�_�f�_�g�g�h�]�h���h�l�\�h�^�Z 
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Stability Enhancement and Cut Down Cost of the 
High Voltage Power Lines Due to Installation of 

Composite Supports
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Abstract. The topic of composite supports for overhead electric 
lines appeared comperatively recently and aroused considerable 
interest in Russia. The undeniable advantages of lightweight and 
durable composite structures suggest the emergence of new tech-
nical solutions for the construction and repair of overhead electric 
lines. It is possible improving  reliability of overhead lines when us-
ing new supports, simplify repairs, reduce operating costs and 
many other things. 

Keywords: power line, composite supports, cost, technical and 
economic indicators. 
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�\�k�_�c���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�c���^�_�y�l�_�e�v�g�h�k�l�b�����I�j�b�f�_�g�_�g�b�_���f�_�l�h�^�Z �Z�\��
�l�h�f�Z�l�b�a�Z�p�b�b�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�c�� �^�_�y�l�_�e�v�g�h�k�l�b���� �h�k�g�h�\�Z�g�g�h�]�h��
�g�Z���b�k�i�h�e�v�a�h�\�Z�g�b�y�� �0�(�6 �i�h�a�\�h�e�y�_�l�� �i�h�\�u�k�b�l�v�� �i�j�h�a�j�Z�q�g�h�k�l�v��
�n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y�� �i�j�_�^�i�j�b�y�l�b�y���� �H�i�j�_�^�_�e�_�g�h���� �q�l�h�� �k�� �i�h�f�h��
�s�v�x�� �0�(�6-�F�b�k�l�_�f�� �i�j�_�^�i�j�b�y�l�b�_�� �b�f�_�_�l�� �\�h�a�f�h�`�g�h�k�l�v�� �k�h�a�^�Z�l�v��
�_�^�b�g�m�x�� �b�g�n�h�j�f�Z�p�b�h�g�g�m�x�� �k�j�_�^�m�� �^�e�y�� �m�i�j�Z�\�e�_�g�b�y�� �i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�h�c�� �^�_�y�l�_�e�v�g�h�k�l�v�x���� �k�h�\�f�_�k�l�b�f�m�x�� �k�� �^�j�m�]�b�f�b�� �i�e�Z�l�n�h�j��
�f�Z�f�b���� �b�k�i�h�e�v�a�m�_�f�u�f�b�� �^�e�y�� �m�i�j�Z�\�e�_�g�b�y�� �[�b�a�g�_�k-�i�j�h�p�_�k�k�Z�f�b��
�i�j�_�^�i�j�b�y�l�b�y. 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�y����MES-�k�b�k�l�_�f�Z����
�i�j�h�b�a�\�h�^�k�l�\�h�����h�l�^�_�e���l�_�o�g�b�q�_�k�d�h�]�h���d�h�g�l�j�h�e�y���� 

�<�<�?�>�?�G�B�? 

�I�j�h�p�_�k�k�u�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b���� �f�Z�r�b�g�g�h�_�� �h�[�m�q�_�g�b�_���� �b�g�l�_�j��
�g�_�l�� �\�_�s�_�c���± �\�k�_�� �w�l�b�� �b�g�k�l�j�m�f�_�g�l�u�� �y�\�e�y�x�l�k�y�� �k�h�k�l�Z�\�e�y�x��
�s�b�f�b���B�g�^�m�k�l�j�b�b�����������b���i�j�_�^�i�h�e�Z�]�Z�x�l���i�_�j�_�o�h�^���d���h�[�e�Z�q�g�h�f�m��
�o�j�Z�g�_�g�b�x�� �^�Z�g�g�u�o���� �p�b�n�j�h�\�h�c�� �f�h�^�_�e�b�� �i�j�h�b�a�\�h�^�k�l�\�Z���� �b�g�l�_��
�]�j�Z�p�b�x���j�Z�a�e�b�q�g�u�o���i�j�h�b�a�\�h�^�k�l�\���\���_�^�b�g�u�c���d�e�Z�k�l�_�j���g�Z���h�k�g�h�\�_��
�\�b�j�l�m�Z�e�v�g�h�]�h�� �i�j�_�^�k�l�Z�\�e�_�g�b�y�� �b�o�� �^�_�y�l�_�e�v�g�h�k�l�b���� �<�� �d�h�g�p�_�i��
�p�b�b���B�g�^�m�k�l�j�b�b�����������]�e�Z�\�g�u�f���j�_�k�m�j�k�h�f���b���]�e�Z�\�g�h�c���p�_�g�g�h�k�l�v�x��
�y�\�e�y�_�l�k�y�� �b�g�n�h�j�f�Z�p�b�y�� [1] �B�f�_�g�g�h�� �j�Z�[�h�l�Z�� �k�� �g�_�c���� �Z�� �l�Z�d�� �`�_ 
�Z�^�_�d�\�Z�l�g�h�_���b���Z�d�l�m�Z�e�b�a�b�j�h�\�Z�g�g�h�_���_�z���i�j�_�^�k�l�Z�\�e�_�g�b�_���y�\�e�y�_�l�k�y��
�d�e�x�q�h�f���d���w�n�n�_�d�l�b�\�g�h�f�m���n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�x���i�j�_�^�i�j�b�y�l�b�y�� 
�H�^�g�b�f�� �b�a�� �Z�d�l�m�Z�e�v�g�u�o�� �\�h�i�j�h�k�h�\���� �d�h�l�h�j�u�c�� �k�l�h�b�l�� �i�_�j�_�^�� �k�h��
�\�j�_�f�_�g�g�u�f���i�j�_�^�i�j�b�y�l�b�_�f�����y�\�e�y�_�l�k�y���\�h�a�f�h�`�g�h�k�l�v���g�Z�b�[�h�e�_�_��
�w�n�n�_�d�l�b�\�g�h�]�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �b�f�_�x�s�b�o�k�y�� �m�� �i�j�_�^�i�j�b�y�l�b�y��
�j�_�k�m�j�k�h�\���� �\�� �l�h�f�� �q�b�k�e�_�� �b�� �b�g�n�h�j�f�Z�p�b�h�g�g�u�o���� �H�j�]�Z�g�b�a�Z�p�b�y����
�b�k�i�h�e�v�a�m�x�s�Z�y �p�b�n�j�h�\�u�_�� �l�_�o�g�h�e�h�]�b�b���� �f�h�`�_�l�� �\�h�k�i�h�e�v�a�h��
�\�Z�l�v�k�y���\�h�a�f�h�`�g�h�k�l�y�f�b���d�h�g�\�_�j�]�_�g�p�b�b�����i�j�b���d�h�l�h�j�h�c���^�Z�g�g�u�_��
�h���i�j�h�^�m�d�l�_���^�h�k�l�m�i�g�u���g�Z���\�k�_�o���w�l�Z�i�Z�o���_�]�h���`�b�a�g�_�g�g�h�]�h���p�b�d�e�Z��
�± �h�l���j�Z�a�j�Z�[�h�l�d�b���^�h���l�_�o�g�b�q�_�k�d�h�]�h���h�[�k�e�m�`�b�\�Z�g�b�y���b���m�l�b�e�b�a�Z��
�p�b�b�����:�\�l�h�f�Z�l�b�a�Z�p�b�y���i�j�h�p�_�k�k�h�\���^�_�y�l�_�e�v�g�h�k�l�b���k�e�m�`�b�l���p�_�e�y�f��
�p�b�n�j�h�\�h�]�h�� �i�j�h�b�a�\�h�^�k�l�\�Z���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �i�j�b�f�_�g�_�g�b�_�� �k�b��
�k�l�_�f�� �m�i�j�Z�\�e�_�g�b�y�� �^�_�y�l�_�e�v�g�h�k�l�v�x�� �i�j�_�^�i�j�b�y�l�b�y�� �i�h�a�\�h�e�y�x�l��
�i�h�\�u�k�b�l�v���w�n�n�_�d�l�b�\�g�h�k�l�v���n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y���\�k�_�o���_�]�h���i�j�h��

�p�_�k�k�h�\�����\���l�h�f���q�b�k�e�_���b���i�j�h�p�_�k�k�Z���h�i�l�b�f�Z�e�v�g�h�c���a�Z�]�j�m�a�d�b���h�[�h��
�j�m�^�h�\�Z�g�b�y�� �<�h�a�f�h�`�g�h�k�l�v���b�g�l�_�]�j�Z�p�b�b���j�Z�a�e�b�q�g�u�o���i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�u�o���k�b�k�l�_�f�����i�h�\�u�r�_�g�b�_���i�j�h�a�j�Z�q�g�h�k�l�b���n�m�g�d�p�b�h�g�b�j�h��
�\�Z�g�b�y�� �i�j�_�^�i�j�b�y�l�b�y���� �\�h�a�f�h�`�g�h�k�l�b�� �k�h�a�^�Z�g�b�y�� �p�b�n�j�h�\�u�o��
�^�\�h�c�g�b�d�h�\���i�j�_�^�i�j�b�y�l�b�y���b���b�a�^�_�e�b�y���± �\�k�_���w�l�h���y�\�e�y�_�l�k�y���i�j�_�^��
�i�h�k�u�e�d�Z�f�b�� �d�� �i�_�j�_�o�h�^�m�� �g�Z�� �[�_�a�e�x�^�g�h�_�� �i�j�h�b�a�\�h�^�k�l�\�h�� �\�� �d�h�g��
�l�_�d�k�l�_���B�g�^�m�k�l�j�b�b���������� 

�I �H�K�L�:�G�H�<�D�: �A�: �>�:�Q�B 

�D�h�g�l�j�h�e�v�� �d�Z�q�_�k�l�\�Z�� �i�j�h�^�m�d�p�b�b�� �y�\�e�y�_�l�k�y�� �g�_�h�l�t�_�f�e�_�f�u�f��
�i�j�h�p�_�k�k�h�f�� �n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y�� �i�j�_�^�i�j�b�y�l�b�y���� �W�l�h�� �i�j�h�p�_�k�k��
�y�\�e�y�_�l�k�y���k�h�k�l�Z�\�g�h�c���q�Z�k�l�v�x���i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o���i�j�h�p�_�k�k�h�\���b��
�g�Z�i�j�Z�\�e�_�g�� �g�Z�� �i�j�h�\�_�j�d�m�� �g�Z�^�_�`�g�h�k�l�b�� �\�� �i�j�h�p�_�k�k�_�� �b�a�]�h�l�h�\�e�_��
�g�b�y�����i�h�l�j�_�[�e�_�g�b�y���b�e�b���w�d�k�i�e�m�Z�l�Z�p�b�b���i�j�h�^�m�d�p�b�b�����K�m�l�v���d�h�g��
�l�j�h�e�y�� �d�Z�q�_�k�l�\�Z�� �i�j�h�^�m�d�p�b�b�� �g�Z�� �i�j�_�^�i�j�b�y�l�b�b�� �a�Z�d�e�x�q�Z�_�l�k�y�� �\��
�i�h�e�m�q�_�g�b�b���b�g�n�h�j�f�Z�p�b�b���h���k�h�k�l�h�y�g�b�b���h�[�t�_�d�l�Z���b���k�h�i�h�k�l�Z�\�e�_��
�g�b�b���i�h�e�m�q�_�g�g�u�o���j�_�a�m�e�v�l�Z�l�h�\���k���m�k�l�Z�g�h�\�e�_�g�g�u�f�b���l�j�_�[�h�\�Z�g�b��
�y�f�b�����a�Z�n�b�d�k�b�j�h�\�Z�g�g�u�f�b���\���q�_�j�l�_�`�Z�o�����k�l�Z�g�^�Z�j�l�Z�o�����^�h�]�h�\�h�j�Z�o��
�i�h�k�l�Z�\�d�b�����L�A�����G�L�>�����L�M���b���^�j�m�]�b�o�� �^�h�d�m�f�_�g�l�Z�o�����Q�Z�s�_���\�k�_�]�h����
�h�l�\�_�l�k�l�\�_�g�g�u�f�� �i�h�^�j�Z�a�^�_�e�_�g�b�_�f�� �a�Z�� �d�h�g�l�j�h�e�v�� �\�u�i�m�k�d�Z�_�f�h�c��
�i�j�_�^�i�j�b�y�l�b�_�f�� �i�j�h�^�m�d�p�b�b�� �y�\�e�y�_�l�k�y�� �h�l�^�_�e�� �l�_�o�g�b�q�_�k�d�h�]�h��
�d�h�g�l�j�h�e�y�� ���H�L�D��. �=�e�Z�\�g�u�_�� �a�Z�^�Z�q�b�� �H�L�D��- �i�j�_�^�h�l�\�j�Z�s�_�g�b�_��
�\�u�i�m�k�d�Z�� �i�j�h�^�m�d�p�b�b���� �g�_�� �k�h�h�l�\�_�l�k�l�\�m�x�s�_�c�� �l�j�_�[�h�\�Z�g�b�y�f��
�k�l�Z�g�^�Z�j�l�h�\���� �l�_�o�g�b�q�_�k�d�b�o�� �m�k�e�h�\�b�c���� �w�l�Z�e�h�g�h�\���� �l�_�o�g�b�q�_�k�d�h�c��
�^�h�d�m�f�_�g�l�Z�p�b�b���� �^�h�]�h�\�h�j�g�u�f�� �m�k�e�h�\�b�y�f���� �m�d�j�_�i�e�_�g�b�_�� �i�j�h�b�a��
�\�h�^�k�l�\�_�g�g�h�c�� �^�b�k�p�b�i�e�b�g�u�� �b�� �i�h�\�u�r�_�g�b�_�� �h�l�\�_�l�k�l�\�_�g�g�h�k�l�b��
�\�k�_�o�� �a�\�_�g�v�_�\�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �a�Z�� �d�Z�q�_�k�l�\�h�� �\�u�i�m�k�d�Z�_�f�h�c�� �i�j�h��
�^�m�d�p�b�b�� �<���k�h�h�l�\�_�l�k�l�\�b�b���k���i�_�j�_�q�b�k�e�_�g�g�u�f�b���a�Z�^�Z�q�Z�f�b���H�L�D��
�\�u�i�h�e�g�y�_�l���j�y�^���n�m�g�d�p�b�c�� 

- �i�e�Z�g�b�j�h�\�Z�g�b�_�� �b�� �j�Z�a�j�Z�[�h�l�d�m�� �f�_�l�h�^�h�\�� �h�[�_�k�i�_�q�_�g�b�y�� �d�Z��
�q�_�k�l�\�Z���i�j�h�^�m�d�p�b�b�����d�h�g�l�j�h�e�v���b���k�l�b�f�m�e�b�j�h�\�Z�g�b�_���d�Z�q�_�k�l�\�Z�� 

- �m�j�h�\�_�g�v���d�Z�q�_�k�l�\�Z���b�a�^�_�e�b�y�����i�e�Z�g�b�j�h�\�Z�g�b�_���d�h�g�l�j�h�e�y���d�Z��
�q�_�k�l�\�Z���b���l�_�o�g�b�q�_�k�d�b�o���k�j�_�^�k�l�\���d�h�g�l�j�h�e�y�� 

- �k�[�h�j�� �b�g�n�h�j�f�Z�p�b�b�� �h�� �d�Z�q�_�k�l�\�_���� �h�i�j�_�^�_�e�_�g�b�_�� �a�Z�l�j�Z�l�� �g�Z��
�h�[�_�k�i�_�q�_�g�b�_�� �d�Z�q�_�k�l�\�Z���� �h�[�j�Z�[�h�l�d�m�� �b�g�n�h�j�f�Z�p�b�b�� �b�� �Z�g�Z�e�b�a��
�^�Z�g�g�u�o���h���d�Z�q�_�k�l�\�_���b�a���k�n�_�j�u���i�j�h�b�a�\�h�^�k�l�\�Z���b���w�d�k�i�e�m�Z�l�Z�p�b�b�� 

- �m�i�j�Z�\�e�_�g�b�_�� �d�Z�q�_�k�l�\�h�f�� �i�j�h�^�m�d�p�b�b���� �i�h�k�l�Z�\�e�y�_�f�h�c�� �i�h��
�k�l�Z�\�s�b�d�Z�f�b�����b���i�j�h�^�m�d�p�b�b���k�h�[�k�l�\�_�g�g�h�]�h���i�j�_�^�i�j�b�y�l�b�y�� 

- �j�Z�a�j�Z�[�h�l�d�m���f�_�l�h�^�b�d���d�h�g�l�j�h�e�y�����h�[�_�k�i�_�q�b�\�Z�x�s�b�o���k�j�Z�\��
�g�b�f�h�k�l�v���b���g�Z�^�_�`�g�h�k�l�v���j�_�a�m�e�v�l�Z�l�h�\���d�h�g�l�j�h�e�y���d�Z�q�_�k�l�\�Z�� 

- �j�Z�a�j�Z�[�h�l�d�m�����k�h�\�f�_�k�l�g�h���k���l�_�o�g�b�q�_�k�d�b�f�b���i�h�^�j�Z�a�^�_�e�_�g�b��
�y�f�b���� �l�_�o�g�b�q�_�k�d�b�o�� �m�k�e�h�\�b�c���� �d�h�g�^�b�p�b�c���� �k�l�Z�g�^�Z�j�l�h�\�� �^�e�y��
�m�i�j�Z�\�e�_�g�b�y���d�Z�q�_�k�l�\�h�f���i�j�h�^�m�d�p�b�b�� 

 �I �j�h�^�m�d�p�b�y�� �i�j�_�^�i�j�b�y�l�b�y�� �f�h�`�_�l�� �[�u�l�v�� �j�_�Z�e�b�a�h�\�Z�g�Z��
�l�h�e�v�d�h���i�h�k�e�_���i�j�b�_�f�d�b���_�_���H�L�D.  �>�e�y���d�h�g�l�j�h�e�y���\�u�i�m�k�d�Z�_�f�h�c��
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�i�j�h�^�m�d�p�b�b�� �b�k�i�h�e�v�a�m�_�l�k�y�� �j�Z�a�e�b�q�g�h�_�� �h�[�h�j�m�^�h�\�Z�g�b�_���� �g�Z�i�j�b��
�f�_�j���� �d�h�h�j�^�b�g�Z�l�g�h-�b�a�f�_�j�b�l�_�e�v�g�u�_�� �f�Z�r�b�g�u���� �B�g�h�]�^�Z�� �\�h�a�g�b��
�d�Z�_�l�� �k�b�l�m�Z�p�b�y���� �d�h�]�^�Z�� �i�j�h�^�m�d�p�b�y�� �g�_�h�[�o�h�^�b�f�Z�� �d�� �h�i�j�_�^�_�e�z�g��
�g�h�f�m���k�j�h�d�m�����l�j�_�[�h�\�Z�g�b�y���a�Z�d�Z�a�q�b�d�Z�����k�j�h�d�b���\�u�i�h�e�g�_�g�b�y���]�h�k��
�m�^�Z�j�k�l�\�_�g�g�h�]�h���a�Z�d�Z�a�Z�������h�^�g�Z�d�h���[�h�e�v�r�Z�y���q�Z�k�l�v���i�j�h�^�m�d�p�b�b���g�_��
�i�j�h�r�e�Z�� �i�j�b�_�f�d�m�� �h�l�^�_�e�Z�� �l�_�o�g�b�q�_�k�d�h�]�h�� �d�h�g�l�j�h�e�y���� �<�� �w�l�h�f��
�k�e�m�q�Z�_���\�h�a�g�b�d�Z�_�l���g�_�h�[�o�h�^�b�f�h�k�l�v���k�j�h�q�g�h���b�a�]�h�l�h�\�b�l�v���^�h�i�h�e��
�g�b�l�_�e�v�g�h�_���d�h�e�b�q�_�k�l�\�h���i�j�h�^�m�d�p�b�b�����e�b�[�h���b�k�i�j�Z�\�b�l�v���l�_���b�a�^�_��
�e�b�y�����d�h�l�h�j�u�_���a�Z�[�j�Z�d�h�\�Z�g�u�����>�e�y���w�l�h�]�h���g�_�h�[�o�h�^�b�f�h���^�h�i�h�e�g�b��
�l�_�e�v�g�h�� �\�u�^�_�e�b�l�v�� �d�Z�d�� �\�j�_�f�_�g�g�u�_���� �l�Z�d�� �b�� �f�Z�l�_�j�b�Z�e�v�g�u�_�� �j�_��
�k�m�j�k�u�� �^�e�y�� �b�a�]�h�l�h�\�e�_�g�b�y�� �b�e�b�� �\�h�k�k�l�Z�g�h�\�e�_�g�b�y�� �[�j�Z�d�h�\�Z�g�g�h�c��
�i�j�h�^�m�d�p�b�b����  

�L�?�H�J�?�L�B�Q�?�K�D�:�Y���G�H�<�B�A�G�: 

�Q�l�h�[�u���h�i�j�_�^�_�e�b�l�v�����k�d�h�e�v�d�h���\�j�_�f�_�g�b���g�_�h�[�o�h�^�b�f�h���[�m�^�_�l��
�a�Z�l�j�Z�l�b�l�v�� �g�Z�� �b�a�]�h�l�h�\�e�_�g�b�_�� �^�h�i�h�e�g�b�l�_�e�v�g�u�o�� �_�^�b�g�b�p�� �i�j�h��
�^�m�d�p�b�b���b�e�b���g�Z���_�_���\�h�k�k�l�Z�g�h�\�e�_�g�b�_���b�����\���l�h�`�_���\�j�_�f�y�����g�_���h�k�l�Z��
�g�Z�\�e�b�\�Z�l�v�� �h�k�g�h�\�g�h�_�� �i�j�h�b�a�\�h�^�k�l�\�h���� �_�k�l�v�� �\�h�a�f�h�`�g�h�k�l�v�� �\�h�k��
�i�h�e�v�a�h�\�Z�l�v�k�y�� �k�j�_�^�k�l�\�Z�f�b�� �Z�\�l�h�f�Z�l�b�a�Z�p�b�b���� �g�Z�i�j�b�f�_�j�� �0�(�6-
�k�b�k�l�_�f�Z�f�b����MES-�k�b�k�l�_�f�Z�� �a�Z�g�b�f�Z�_�l�k�y�� �i�e�Z�g�b�j�h�\�Z�g�b�_�f�� �l�_�o��
�g�h�e�h�]�b�q�_�k�d�b�o���h�i�_�j�Z�p�b�c���g�Z���j�Z�[�h�q�b�_���f�_�k�l�Z�����d�h�l�h�j�u�_���w�l�b���h�i�_��
�j�Z�p�b�b���f�h�]�m�l���\�u�i�h�e�g�b�l�v. �K�b�k�l�_�f�u���l�Z�d�h�]�h���l�b�i�Z���j�_�r�Z�x�l���a�Z��
�^�Z�q�b���k�b�g�o�j�h�g�b�a�Z�p�b�b�����d�h�h�j�^�b�g�b�j�m�x�l�����Z�g�Z�e�b�a�b�j�m�x�l���b���h�i�l�b��
�f�b�a�b�j�m�x�l���\�u�i�m�k�d���i�j�h�^�m�d�p�b�b���\���j�Z�f�d�Z�o���d�Z�d�h�]�h-�e�b�[�h���i�j�h�b�a��
�\�h�^�k�l�\�Z. MES-�k�b�k�l�_�f�u���� �k�h�[�b�j�Z�y�� �b���h�[�h�[�s�Z�y�� �^�Z�g�g�u�_���� �i�h�e�m��
�q�_�g�g�u�_���h�l���j�Z�a�e�b�q�g�u�o���i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o���k�b�k�l�_�f���b���l�_�o�g�h�e�h��
�]�b�q�_�k�d�b�o�� �e�b�g�b�c���� �\�u�\�h�^�y�l�� �g�Z�� �[�h�e�_�_�� �\�u�k�h�d�b�c�� �m�j�h�\�_�g�v�� �h�j�]�Z��
�g�b�a�Z�p�b�x���\�k�_�c���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�c���^�_�y�l�_�e�v�g�h�k�l�b�����g�Z�q�b�g�Z�y���h�l��
�n�h�j�f�b�j�h�\�Z�g�b�y���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�]�h���a�Z�d�Z�a�Z���b���^�h���h�l�]�j�m�a�d�b���]�h��
�l�h�\�h�c�� �i�j�h�^�m�d�p�b�b�� �g�Z�� �k�d�e�Z�^�u���� �Z�� �l�Z�d�`�_�� �i�h�a�\�h�e�y�x�l�� �w�n�n�_�d��
�l�b�\�g�h�� �a�Z�]�j�m�`�Z�l�v�� �h�[�h�j�m�^�h�\�Z�g�b�_�� �a�Z�� �k�q�_�l�� �j�Z�k�q�_�l�Z�� �h�i�l�b�f�Z�e�v��
�g�h�]�h�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�]�h�� �j�Z�k�i�b�k�Z�g�b�y�� �\�u�i�h�e�g�y�_�f�u�o�� �g�Z�� �g�_�f��
�j�Z�[�h�l�� 

�>�e�y�� �j�_�r�_�g�b�y�� �a�Z�^�Z�q�b�� �h�i�_�j�Z�l�b�\�g�h�]�h�� �i�e�Z�g�b�j�h�\�Z�g�b�y�� �\��
MES-�k�b�k�l�_�f�Z�o�� �k�l�j�h�b�l�k�y�� �^�b�g�Z�f�b�q�_�k�d�Z�y�� �d�h�f�i�v�x�l�_�j�g�Z�y�� �f�h��
�^�_�e�v�� �i�j�h�b�a�\�h�^�k�l�\�Z���� �H�g�Z�� �j�_�Z�e�b�a�m�_�l�� �g�_�i�j�_�j�u�\�g�h�_�� �b�f�b�l�Z�p�b��
�h�g�g�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �^�\�b�`�_�g�b�y�� �f�Z�l�_�j�b�Z�e�v�g�u�o�� �i�h�l�h�d�h�\��
�\�g�m�l�j�b�� �h�j�]�Z�g�b�a�Z�p�b�b�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�f�b��
�f�Z�j�r�j�m�l�Z�f�b�����I�j�h�b�a�\�h�^�k�l�\�_�g�g�h�_���j�Z�k�i�b�k�Z�g�b�_���g�Z�]�e�y�^�g�h���h�i�b��
�k�u�\�Z�_�l�k�y���\�j�_�f�_�g�g�h�c���^�b�Z�]�j�Z�f�f�h�c�����]�^�_���d�Z�`�^�h�c���h�i�_�j�Z�p�b�b���k�l�Z��
�\�b�l�k�y���\���k�h�h�l�\�_�l�k�l�\�b�_���h�l�j�_�a�h�d���i�j�y�f�h�c�����^�e�b�g�Z���d�h�l�h�j�h�]�h���i�j�h��
�i�h�j�p�b�h�g�Z�e�v�g�Z�� �_�_�� �^�e�b�l�_�e�v�g�h�k�l�b���� �W�l�b�� �h�l�j�_�a�d�b���� �b�f�_�g�m�_�f�u�_��
�\�j�_�f�_�g�g�u�f�b�� �e�b�g�b�y�f�b���� �j�Z�k�i�h�e�Z�]�Z�x�l�k�y�� �g�Z�i�j�h�l�b�\�� �g�h�f�_�j�h�\��
�l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �i�j�h�p�_�k�k�h�\���� �H�[�_�k�i�_�q�b�\�Z�_�l�k�y�� �k�\�h�_�\�j�_�f�_�g��
�g�Z�y�� �^�h�k�l�Z�\�d�Z�� �b�� �\�\�h�^�� �b�g�n�h�j�f�Z�p�b�b�� �h�� �k�h�\�_�j�r�Z�_�f�u�o�� �^�_�c��
�k�l�\�b�y�o�����i�j�h�b�k�o�h�^�y�s�b�o���k�h�[�u�l�b�y�o���b���h�l�d�e�h�g�_�g�b�y�o���h�l���k�h�k�l�Z�\��
�e�_�g�g�h�]�h�� �h�i�_�j�Z�l�b�\�g�h�]�h�� �i�e�Z�g�Z���� �I�j�h�b�a�\�h�^�k�l�\�_�g�g�h�_�� �j�Z�k�i�b�k�Z��
�g�b�_���i�h�^�^�_�j�`�b�\�Z�_�l�k�y���\���h�i�l�b�f�Z�e�v�g�h�f���k�h�k�l�h�y�g�b�b���a�Z���k�q�_�l���g�_��
�i�j�_�j�u�\�g�h�c�� �d�h�f�i�_�g�k�Z�p�b�b�� �h�l�d�e�h�g�_�g�b�c�� �f�_�l�h�^�h�f�� �d�h�j�j�_�d�p�b�b��
�e�b�[�h���i�h�e�g�h�]�h���i�_�j�_�j�Z�k�q�_�l�Z�����<���j�_�a�m�e�v�l�Z�l�_���\�k�_���i�j�h�p�_�k�k�u�����i�j�h��
�b�k�o�h�^�y�s�b�_���\���h�j�]�Z�g�b�a�Z�p�b�b�����k�l�Z�g�h�\�y�l�k�y���i�j�h�a�j�Z�q�g�u�f�b�����^�h�k�l�b��
�]�Z�_�l�k�y�� �m�i�j�Z�\�e�y�_�f�h�k�l�v�� �b�� �b�^�_�g�l�b�n�b�p�b�j�m�_�f�h�k�l�v�� �f�Z�l�_�j�b�Z�e�v��
�g�u�o���i�h�l�h�d�h�\���i�j�h�b�a�\�h�^�k�l�\���� 

�I�h���^�Z�g�g�u�f���k�l�Z�l�b�k�l�b�d�b���0�(�6���h�[�_�k�i�_�q�b�\�Z�_�l�� 
- �k�g�b�`�_�g�b�_�� �i�j�h�^�h�e�`�b�l�_�e�v�g�h�k�l�b�� �p�b�d�e�Z�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �\��

�k�j�_�^�g�_�f���g�Z���������� 
- �k�h�d�j�Z�s�_�g�b�_�� �\�j�_�f�_�g�b �\�\�h�^�Z�� �^�Z�g�g�u�o���� �h�[�u�q�g�h�� �g�Z�� ��������

�b�e�b���[�h�e�_�_�� 
- �k�h�d�j�Z�s�_�g�b�_�� �d�h�e�b�q�_�k�l�\�Z�� �g�_�a�Z�\�_�j�r�_�g�g�h�c�� �i�j�h�^�m�d�p�b�b�� �\��

�k�j�_�^�g�_�f���g�Z���������� 

- �k�g�b�`�_�g�b�_�� �h�[�t�_�f�Z�� �[�m�f�Z�`�g�h�c�� �h�l�q�_�l�g�h�k�l�b�� �f�_�`�^�m�� �k�f�_��
�g�Z�f�b���\���k�j�_�^�g�_�f���g�Z���������� 

- �k�h�d�j�Z�s�_�g�b�_�� �\�j�_�f�_�g�b�� �h�k�\�h�_�g�b�y�� �g�h�\�h�c�� �i�j�h�^�m�d�p�b�b�� �\��
�k�j�_�^�g�_�f���g�Z���������� 

- �k�h�d�j�Z�s�_�g�b�_�� �[�m�f�Z�`�g�h�c�� �^�h�d�m�f�_�g�l�Z�p�b�b�� �\�� �k�j�_�^�g�_�f�� �g�Z��
56%; 

- �k�h�d�j�Z�s�_�g�b�_���h�[�t�_�f�Z���[�j�Z�d�Z���\���k�j�_�^�g�_�f���g�Z������������ 
MES-�k�b�k�l�_�f�u�� �i�j�b�a�\�Z�g�u�� �j�_�r�Z�l�v�� �a�Z�^�Z�q�b�� �k�h�k�l�Z�\�e�_�g�b�y��

�i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�]�h�� �j�Z�k�i�b�k�Z�g�b�y�� �k�� �p�_�e�v�x�� �h�i�l�b�f�Z�e�v�g�h�c�� �a�Z��
�]�j�m�a�d�b�� �h�[�h�j�m�^�h�\�Z�g�b�y�� [2]. �<�Z�`�g�h�� �h�l�f�_�l�b�l�v���� �q�l�h�� �w�l�b �k�b��
�k�l�_�f�u�����h�i�_�j�b�j�m�y���b�k�d�e�x�q�b�l�_�e�v�g�h���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�c���b�g�n�h�j��
�f�Z�p�b�_�c���� �i�h�a�\�h�e�y�x�l�� �d�h�j�j�_�d�l�b�j�h�\�Z�l�v���� �e�b�[�h�� �i�h�e�g�h�k�l�v�x�� �j�Z�k��
�k�q�b�l�Z�l�v���a�Z�g�h�\�h���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�_���j�Z�k�i�b�k�Z�g�b�_���\���l�_�q�_�g�b�_���j�Z��
�[�h�q�_�c���k�f�_�g�u���k�l�h�e�v�d�h���j�Z�a�����k�d�h�e�v�d�h���w�l�h���g�_�h�[�o�h�^�b�f�h. �L�Z�d�b�f��
�h�[�j�Z�a�h�f���� �i�j�b���b�g�l�_�]�j�Z�p�b�b �b�g�n�h�j�f�Z�p�b�b�� �i�h�k�l�m�i�Z�x�s�_�c�� �h�l 
�H�L�D�� �b�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o�� �m�q�Z�k�l�d�h�\ �\��MES-�k�b�k�l�_�f�m���� �i�h�y�\��
�e�y�_�l�k�y�� �\�h�a�f�h�`�g�h�k�l�v�� �i�h�e�m�q�b�l�v�� �i�j�Z�d�l�b�q�_�k�d�b�� �i�h�e�g�h�k�l�v�x�� �Z�\��
�l�h�f�Z�l�b�q�_�k�d�m�x�� �k�b�k�l�_�f�m�� �j�Z�k�q�_�l�Z�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�]�h�� �j�Z�k�i�b��
�k�Z�g�b�y�����d�h�l�h�j�Z�y���[�m�^�_�l���j�Z�k�k�q�b�l�u�\�Z�l�v���h�i�l�b�f�Z�e�v�g�m�x���a�Z�]�j�m�a�d�m��
�i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�]�h�� �b�� �b�a�f�_�j�b�l�_�e�v�g�h�]�h�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �g�Z��
�i�j�_�^�i�j�b�y�l�b�b. �<���q�Z�k�l�g�h�k�l�b�����h�^�g�h�c���b�a���0�(�6-�k�b�k�l�_�f�����d�h�l�h�j�Z�y��
�o�h�j�h�r�h�� �k�_�[�y�� �a�Z�j�_�d�h�f�_�g�^�h�\�Z�e�Z���� �y�\�e�y�_�l�k�y�� �k�b�k�l�_�f�Z��
�©�N�H�;�H�K�ª���� �j�Z�a�j�Z�[�h�l�Z�g�g�Z�y�� �k�i�_�p�b�Z�e�b�k�l�Z�f�b�� �N�=�;�H�M�� �<�H��
�©�F�=�L�M�� �©�K�l�Z�g�d�b�g�ª���� �H�i�_�j�Z�l�b�\�g�h�_�� �i�e�Z�g�b�j�h�\�Z�g�b�_�� �b�� �^�b�k�i�_�l��
�q�_�j�k�d�b�c�� �d�h�g�l�j�h�e�v�� �i�j�h�o�h�`�^�_�g�b�y�� �a�Z�d�Z�a�h�\�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y�� �\��
�k�b�k�l�_�f�_�� �i�h�k�j�_�^�k�l�\�h�f�� �j�Z�k�q�_�l�Z�� �h�i�l�b�f�Z�e�v�g�h�]�h�� �i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�h�]�h�� �j�Z�k�i�b�k�Z�g�b�y�� �b�� �i�h�k�e�_�^�m�x�s�_�]�h�� �f�h�g�b�l�h�j�b�g�]�Z�� �_�]�h��
�\�u�i�h�e�g�_�g�b�y���� �<�� �h�k�g�h�\�m�� �j�Z�k�q�_�l�Z�� �b�� �m�i�j�Z�\�e�_�g�b�y�� �i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�u�f�� �j�Z�k�i�b�k�Z�g�b�_�f�� �i�h�e�h�`�_�g�� �f�Z�l�_�f�Z�l�b�q�_�k�d�b�c�� �h�i�l�b�f�b��
�a�Z�p�b�h�g�g�u�c�� �Z�i�i�Z�j�Z�l���� �i�h�a�\�h�e�y�x�s�b�c�� �f�h�^�_�e�b�j�h�\�Z�l�v�� �������� �k�p�_��
�g�Z�j�b�_�\�� �i�h�� ���� �\�u�[�j�Z�g�g�u�f�� �a�g�Z�q�_�g�b�y�f�� �d�j�b�l�_�j�b�_�\�� �b�a�� ������ �\�h�a��
�f�h�`�g�u�o�����L�Z�d�`�_���k�m�s�_�k�l�\�m�_�l���\�h�a�f�h�`�g�h�k�l�v���\�_�k�l�b���^�_�l�Z�e�v�g�u�c��
�Z�g�Z�e�b�a���\�h�a�g�b�d�Z�x�s�b�o���a�Z�^�_�j�`�_�d���h�[�j�Z�[�h�l�d�b���^�_�l�Z�e�_�c���g�Z���d�Z�`��
�^�h�f�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�f�� �m�q�Z�k�l�d�_���� �d�h�g�l�j�h�e�b�j�m�_�l�k�y�� �b�o�� �l�_�d�m��
�s�b�c�� �^�_�n�b�p�b�l���� �i�j�h�b�a�\�h�^�b�l�k�y�� �h�i�_�j�Z�l�b�\�g�u�c�� �Z�g�Z�e�b�a�� �i�j�h�b�a��
�\�h�^�k�l�\�_�g�g�u�o�� �a�Z�l�j�Z�l ���$�F�W�L�Y�L�W�\�� �%�D�V�H�G�� �&�R�V�W�L�Q�J���� �\�� �j�Z�a�j�_�a�_�� �d�Z�d��
�h�k�g�h�\�g�h�]�h�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �h�[�h�j�m�^�h�\�Z�g�b�y���� �l�Z�d�� �b�� �h�l�^�_�e�v��
�g�u�o���i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o���a�Z�d�Z�a�h�\.  

�<���k�h�k�l�Z�\���k�b�k�l�_�f�u���\�o�h�^�y�l�� 
- �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�_���j�Z�[�h�q�_�_���f�_�k�l�h���^�b�k�i�_�l�q�_�j�Z-�i�e�Z�g�b��

�j�h�\�s�b�d�Z�� 
- �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�_���j�Z�[�h�q�_�_���f�_�k�l�h���l�_�o�g�h�e�h�]�Z�� 
- �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�_���j�Z�[�h�q�_�_���f�_�k�l�h���k�h�l�j�m�^�g�b�d�Z���H�L�D���� 
- �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�_�� �j�Z�[�h�q�_�_�� �f�_�k�l�h�� �d�h�f�i�e�_�d�l�h�\�s�b�d�Z��

���d�e�Z�^�h�\�s�b�d�Z���� 
- �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�_���j�Z�[�h�q�_�_���f�_�k�l�h���f�Z�k�l�_�j�Z�� 
- �Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�_���j�Z�[�h�q�_�_���f�_�k�l�h���j�m�d�h�\�h�^�b�l�_�e�y���i�j�h��

�b�a�\�h�^�k�l�\�Z�� �Z �l�Z�d�`�_�� �^�j�m�]�b�_�� �\�k�i�h�f�h�]�Z�l�_�e�v�g�u�_�� �i�j�h�]�j�Z�f�f�u����
�I�h�^�h�[�g�Z�y���b�g�l�_�]�j�Z�p�b�y���n�m�g�d�p�b�c���j�Z�[�h�q�b�o���f�_�k�l���h�[�_�k�i�_�q�b�\�Z�_�l��
�d�h�f�i�e�_�d�k�g�h�_�� �m�i�j�Z�\�e�_�g�b�_�� �i�j�h�p�_�k�k�Z�f�b�� �a�Z�]�j�m�a�d�b�� �h�[�h�j�m�^�h�\�Z��
�g�b�y���b���j�Z�k�i�j�_�^�_�e�_�g�b�y���f�h�s�g�h�k�l�_�c���g�Z���h�k�g�h�\�_���h�[�s�_�]�h���h�[�f�_�g�Z��
�^�Z�g�g�u�f�b�� �h�� �l�_�d�m�s�_�c�� �k�b�l�m�Z�p�b�b�� �g�Z�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�f��
�m�q�Z�k�l�d�_������ 

�<�� �j�Z�k�k�f�h�l�j�_�g�g�h�f�� �\�u�r�_�� �k�e�m�q�Z�_�����i�j �h�^�m�d�p�b�y�� �i�h�k�e�_�� �b�a�]�h��
�l�h�\�e�_�g�b�y���i�h�k�l�m�i�Z�_�l���g�Z���d�h�g�l�j�h�e�v���\���h�l�^�_�e���l�_�o�g�b�q�_�k�d�h�]�h���d�h�g��
�l�j�h�e�y�����K�h�l�j�m�^�g�b�d�b���m�d�Z�a�Z�g�g�h�]�h���h�l�^�_�e�Z���k���i�h�f�h�s�v�x���b�a�f�_�j�b��
�l�_�e�v�g�h�]�h���h�[�h�j�m�^�h�\�Z�g�b�y �i�j�h�b�a�\�h�^�y�l���d�h�g�l�j�h�e�v���i�h�k�l�m�i�Z�x�s�b�o��
�b�a�^�_�e�b�c�����D���k�h�`�Z�e�_�g�b�x�����\�h�a�g�b�d�Z�_�l���k�b�l�m�Z�p�b�y�����d�h�]�^�Z���i�j�h�^�m�d��
�p�b�y�� �g�_�� �i�j�h�o�h�^�b�l�� �i�j�h�\�_�j�d�m���� �l�h�� �_�k�l�v�� �i�j�h�^�m�d�p�b�y�� �k�h�^�_�j�`�b�l��
�[�j�Z�d�� �h�i�j�_�^�_�e�_�g�g�h�]�h�� �\�b�^�Z���� �K�b�l�m�Z�p�b�y�� �f�h�`�_�l�� �m�k�m�]�m�[�b�l�k�y�� �\��
�l�h�f���k�e�m�q�Z�_�����d�h�]�^�Z���m�d�Z�a�Z�g�g�Z�y���i�Z�j�l�b�y���i�j�h�^�m�d�p�b�b���g�_�h�[�o�h�^�b�f�Z��
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�A�Z�d�Z�a�q�b�d�m���d�� �h�i�j�_�^�_�e�_�g�g�h�f�m���k�j�h�d�m���� �<�� �w�l�h�f�� �k�e�m�q�Z�_ �g�_�h�[�o�h��
�^�b�f�h�� �i�j�_�^�i�j�b�g�y�l�v�� �f�_�j�u�� �^�e�y�� �i�j�h�b�a�\�h�^�k�l�\�Z�� �g�h�\�h�c�� �i�Z�j�l�b�b��
�i�j�h�^�m�d�p�b�b�� �\�a�Z�f�_�g�� �a�Z�[�j�Z�d�h�\�Z�g�g�h�c���� �e�b�[�h�� �`�_���� �_�k�e�b�� �k�m�s�_��
�k�l�\�m�_�l�� �l�Z�d�Z�y�� �\�h�a�f�h�`�g�h�k�l�v���� �i�j�h�b�a�\�_�k�l�b�� �^�h�j�Z�[�h�l�d�m�� �m�`�_�� �a�Z��
�[�j�Z�d�h�\�Z�g�g�h�c�� �i�j�h�^�m�d�p�b�b���� �H�^�g�Z�d�h���� �i�j�h�b�a�\�h�^�k�l�\�h�� �b�e�b�� �^�h�j�Z��
�[�h�l�d�Z���i�j�h�^�m�d�p�b�b���l�j�_�[�m�_�l���h�i�j�_�^�_�e�z�g�g�u�o���\�j�_�f�_�g�g�u�o���b���f�Z�l�_��
�j�b�Z�e�v�g�u�o�� �a�Z�l�j�Z�l���� �d�h�l�h�j�u�_�� �f�h�]�m�l�� �i�j�b�\�_�k�l�b�� �d���k�j�u�\�m�� �g�Z�e�Z��
�`�_�g�g�u�o���i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o���i�j�h�p�_�k�k�h�\���g�Z���i�j�_�^�i�j�b�y�l�b�b�� �I�h��
�w�l�h�f�m���� �g�_�h�[�o�h�^�b�f�h�� �i�j�b�[�_�]�g�m�l�v�� �d�� �i�h�f�h�s�b�� �Z�\�l�h�f�Z�l�b�a�b�j�h��
�\�Z�g�g�u�o���k�b�k�l�_�f���m�i�j�Z�\�e�_�g�b�y���i�j�h�b�a�\�h�^�k�l�\�h�f�����d�h�l�h�j�u�_���i�h�a�\�h��
�e�y�x�l���[�h�e�_�_���h�[�t�_�d�l�b�\�g�h�����[�u�k�l�j�h���b���d�Z�q�_�k�l�\�_�g�g�h���i�_�j�_�k�q�b�l�Z�l�v��
�i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�_���j�Z�k�i�b�k�Z�g�b�_�����D�Z�d���m�`�_���[�u�e�h���h�l�f�_�q�_�g�h�����h�^��
�g�h�c���b�a���l�Z�d�b�o���k�b�k�l�_�f���y�\�e�y�_�l�k�y���0�(�6�����I�h�k�e�_���b�a�f�_�j�_�g�b�y���^�Z�g��
�g�u�_�� �h�� �i�j�h�d�h�g�l�j�h�e�b�j�h�\�Z�g�g�h�c�� �i�j�h�^�m�d�p�b�b�� �i�h�k�l�m�i�Z�x�l�� �h�l�� �h�l��
�^�_�e�Z���l�_�o�g�b�q�_�k�d�h�]�h���d�h�g�l�j�h�e�y���\���0�(�6-�k�b�k�l�_�f�m�����G�Z�i�j�b�f�_�j�����i�h��
�k�e�_�� �i�h�e�m�q�_�g�b�y�� �g�_�m�^�h�\�e�_�l�\�h�j�_�g�g�u�o�� �j�_�a�m�e�v�l�Z�l�h�\�� �d�h�g�l�j�h�e�y��
�b�a�^�_�e�b�c���g�Z���d�h�h�j�^�b�g�Z�l�g�h-�b�a�f�_�j�b�l�_�e�v�g�h�c���f�Z�r�b�g�_�� �h�g�Z���Z�\�l�h��
�f�Z�l�b�q�_�k�d�b���k�h�a�^�Z�_�l���h�l�q�_�l���h���[�j�Z�d�_���b���i�_�j�_�^�Z�_�l���b�g�n�h�j�f�Z�p�b�x���\��
MES-�k�b�k�l�_�f�m���� �<�� �k�e�m�q�Z�_���� �_�k�e�b�� �a�Z�[�j�Z�d�h�\�Z�g�g�h�c�� �i�j�h�^�m�d�p�b�b��
�g�_�l�����l�h���k�h�k�l�Z�\�e�y�_�l�k�y���h�l�q�_�l���h���i�j�h�o�h�`�^�_�g�b�b���i�j�h�^�m�d�p�b�b���d�h�g��
�l�j�h�e�y���b���i�j�h�^�m�d�p�b�y���i�_�j�_�^�Z�_�l�k�y���a�Z�d�Z�a�q�b�d�m���>���@���<���k�e�m�q�Z�_�����_�k�e�b��
�a�Z�[�j�Z�d�h�\�Z�g�g�Z�y�� �i�j�h�^�m�d�p�b�y�� �_�k�l�v���� �k�h�k�l�Z�\�e�y�_�l�k�y�� �i�j�h�l�h�d�h�e�� �h��
�[�j�Z�d�_���� �d�h�l�h�j�u�c�� �i�_�j�_�^�Z�_�l�k�y�� �g�Z���i�j�h�b�a�\�h�^�k�l�\�h�����>�Z�g�g�u�_���h�� �a�Z��
�[�j�Z�d�h�\�Z�g�g�h�c���i�j�h�^�m�d�p�b�b �\�g�h�k�y�l�k�y���\���0�(�6-�k�b�k�l�_�f�m�����b���h�g�Z���Z�\��
�l�h�f�Z�l�b�q�_�k�d�b�� �i�_�j�_�k�q�b�l�u�\�Z�_�l�� �a�Z�]�j�m�a�d�m�� �h�[�h�j�m�^�h�\�Z�g�b�y�� ���d�Z�d��
�b�a�f�_�j�b�l�_�e�v�g�h�]�h�����l�Z�d���b���k�l�Z�g�h�q�g�h�]�h�����b���\���Z�\�l�h�f�Z�l�b�q�_�k�d�h�f���j�_��
�`�b�f�_���i�_�j�_�j�Z�k�i�j�_�^�_�e�y�_�l���f�Z�l�_�j�b�Z�e�v�g�u�_���i�h�l�h�d�b���l�Z�d�b�f���h�[�j�Z��
�a�h�f���� �q�l�h�[�u�� �m�k�i�_�l�v�� �b�a�]�h�l�h�\�b�l�v�� �g�_�h�[�o�h�^�b�f�h�_�� �d�h�e�b�q�_�k�l�\�h��
�i�j�h�^�m�d�p�b�b���� �b�� �b�k�d�e�x�q�b�l�v�� �j�b�k�d�b���� �k�\�y�a�Z�g�g�u�_�� �k�� �h�l�k�m�l�k�l�\�b�_�f��
�g�_�h�[�o�h�^�b�f�u�o���b�a�^�_�e�b�c���\���m�k�l�Z�g�h�\�e�_�g�g�u�_���k�j�h�d�b ���j�b�k��������.  
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�I�j�h�b�a�\�_�^�_�g�g�u�c�� �i�_�j�_�j�Z�k�q�_�l�� �\�b�a�m�Z�e�b�a�b�j�m�_�l�k�y�� �k�� �i�h�f�h��
�s�v�x���^�b�Z�]�j�Z�f�f�u���=�Z�g�l�l�Z�����>�b�Z�]�j�Z�f�f�Z���=�Z�g�l�l�Z���w�l�h���l�b�i���k�l�h�e�[��
�q�Z�l�u�o�� �^�b�Z�]�j�Z�f�f�� ���]�b�k�l�h�]�j�Z�f�f������ �d�h�l�h�j�u�c�� �b�k�i�h�e�v�a�m�_�l�k�y�� �^�e�y��
�b�e�e�x�k�l�j�Z�p�b�b�� �i�e�Z�g�Z���� �]�j�Z�n�b�d�Z�� �j�Z�[�h�l�� �i�h�� �d�Z�d�h�f�m-�e�b�[�h�� �i�j�h��
�_�d�l�m�����H�g�Z���y�\�e�y�_�l�k�y���h�^�g�b�f���b�a���f�_�l�h�^�h�\���i�e�Z�g�b�j�h�\�Z�g�b�y���i�j�h�_�d��
�l�h�\�����J�Z�[�h�l�u���g�Z���^�b�Z�]�j�Z�f�f�_���=�Z�g�l�l�Z�����l�_�o�g�h�e�h�]�b�q�_�k�d�b�_���h�i�_�j�Z��
�p�b�b�����i�j�_�^�k�l�Z�\�e�y�x�l���k�h�[�h�c���i�h�e�h�k�u�����k�h�j�b�_�g�l�b�j�h�\�Z�g�g�u�_���\�^�h�e�v��
�h�k�b�� ���r�d�Z�e�u���� �\�j�_�f�_�g�b�� �l�Z�d���� �q�l�h�� �d�h�g�_�p�� �b�� �g�Z�q�Z�e�h�� �d�Z�`�^�h�c�� �i�h��
�e�h�k�u���k�h�h�l�\�_�l�k�l�\�m�_�l���\�j�_�f�_�g�b���g�Z�q�Z�e�Z���b���d�h�g�p�Z���j�Z�[�h�l�u���i�h���\�u��
�i�h�e�g�_�g�b�x�� �a�Z�^�Z�q�b���� �H�[�u�q�g�h�� �i�h�e�h�k�u�� �h�j�b�_�g�l�b�j�m�x�l�� �g�Z�� �i�h��
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�i�j�Z�\�b�e�h���� �j�Z�[�h�l�u�� �g�Z�g�h�k�y�l�k�y�� �\�� �k�h�h�l�\�_�l�k�l�\�b�b�� �k�� �i�h�k�e�_�^�h�\�Z��
�l�_�e�v�g�h�k�l�v�x���b�o���g�Z�q�Z�e�Z�����l�h���_�k�l�v���g�Z�a�\�Z�g�b�_���g�Z�q�Z�e�v�g�h�c���j�Z�[�h�l�u��
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�D�j�h�f�_�� �l�h�]�h���� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �l�Z�d�h�]�h�� �j�h�^�Z�� �k�b�k�l�_�f�� �i�h�a�\�h��
�e�y�_�l���i�h�\�u�k�b�l�v���i�j�h�a�j�Z�q�g�h�k�l�v���n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y���i�j�_�^�i�j�b�y��
�l�b�y���� �K�m�s�_�k�l�\�m�_�l�� �\�h�a�f�h�`�g�h�k�l�v�� �i�j�_�^�h�k�l�Z�\�b�l�v�� �\�h�a�f�h�`�g�h�k�l�v��
�m�i�h�e�g�h�f�h�q�_�g�g�u�f���k�h�l�j�m�^�g�b�d�Z�f���i�j�_�^�i�j�b�y�l�b�y�����i�j�_�^�k�l�Z�\�b�l�_��
�e�y�f���a�Z�d�Z�a�q�b�d�Z�����d�h�g�l�j�h�e�b�j�h�\�Z�l�v���o�h�^���\�u�i�h�e�g�_�g�b�y���i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�u�o���i�j�h�p�_�k�k�h�\�� [5]   

�?�s�_�� �h�^�g�b�f�� �b�a�� �i�j�_�b�f�m�s�_�k�l�\�� �l�Z�d�h�]�h�� �j�_�r�_�g�b�y�� �y�\�e�y�_�l�k�y��
�b�k�d�e�x�q�_�g�b�_�� �[�m�f�Z�`�g�h�c�� �h�l�q�_�l�g�h�k�l�b���� �l�Z�d�� �d�Z�d�� �^�Z�g�g�u�_�� �k�m�s�_��
�k�l�\�m�x�l�� �\�� �p�b�n�j�h�\�h�f�� �\�b�^�_���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �b�k�d�e�x�q�Z�_�l�k�y��
�[�j�Z�d�����k�\�y�a�Z�g�g�u�c���k���g�_�i�j�Z�\�b�e�v�g�u�f���a�Z�g�_�k�_�g�b�_�f���^�Z�g�g�u�o���\���i�j�h��
�l�h�d�h�e�����l�h���_�k�l�v���i�h�g�b�`�Z�_�l�k�y���\�e�b�y�g�b�_���j�b�k�d�Z�����k�\�y�a�Z�g�g�h�]�h �k���\�h�a��
�^�_�c�k�l�\�b�_�f�� �q�_�e�h�\�_�q�_�k�d�h�]�h�� �n�Z�d�l�h�j�Z�����D�j�h�f�_�� �l�h�]�h���� �_�k�l�v�� �\�h�a��
�f�h�`�g�h�k�l�v�� �i�_�j�_�g�h�k�b�l�v�� �i�j�h�l�h�d�h�e�u�� �\�� �k�b�k�l�_�f�m�� �w�e�_�d�l�j�h�g�g�h�]�h��
�^�h�d�m�f�_�g�l�h�h�[�h�j�h�l�Z�����q�l�h���i�h�\�u�r�Z�_�l���m�^�h�[�k�l�\�h���i�_�j�_�^�Z�q�b���b���i�h��
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Abstract. Control of products in modern conditions of transi-
tion to technologies of the Industry 4.0 assumes use of systems of 
automation of activity of the enterprise. It is formulated that the 
introduction of such systems as MES, in the departments involved 
in the control of products, allows quickly to transmit information 
about the potential faults of the production. Thus, it is possible to 
make an adequate decision to the situation, as well as to carry out 
the optimal loading of equipment, including production equip-
ment. It is indicated that the use of MES-systems leads to a higher 
organization level of the entire production activity.   The use of the 
production automation method based on the use of MES allows to 

increase the transparency of the enterprise operation. It is deter-
mined that with the help of MES-systems the enterprise has the 
ability to create a single information environment for the manage-
ment of production activities, compatible with other platforms 
used to manage the business processes of the enterprise. 

Keywords: automatization, MES-system, enterprise, quality 
control department. 
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�h�k�\�h�_�g�b�y�� �E�m�g�u���� �D�j�h�f�_�� �l�h�]�h���� �^�Z�g�g�u�_���h �g�Z�e�b�q�b�b��
�n�_�j�j�h�f�Z�]�g�_�l�b�d�h�\���f�h�]�m�l���i�j�h�y�k�g�b�l�v���f�g�h�]�h�_�� �\�� �b�k�l�h�j�b�b��
�n�h�j�f�b�j�h�\�Z�g�b�y�� �E�m�g�u, �l�Z�d�`�_ �b�g�l�_�j�_�k�g�u�� �k�� �l�h�q�d�b�� �a�j�_�g�b�y��
�h�p�_�g�d�b���e�m�g�g�u�o���j�_�k�m�j�k�h�\���b���l�_�o�g�h�e�h�]�b�c���b�o���h�k�\�h�_�g�b�y.  

�>�Z�g�g�m�x �a�Z�^�Z�q�m�� �g�Z�q�Z�e�b�� �j�_�r�Z�l�v�� �_�s�_ �\�� �i�j�h�r�e�h�f�� �\�_�d�_����
�I�_�j�\�u�_�� �i�h�e�_�l�u�� �d�h�k�f�b�q�_�k�d�b�o�� �d�h�j�Z�[�e�_�c�� �i�h�� �i�j�h�]�j�Z�f�f�_��
�©�:�i�h�e�e�h�g�ª�� �\�d�e�x�q�Z�e�b���\�� �l�h�f�� �q�b�k�e�_�� �b���b�g�k�l�j�m�f�_�g�l�Z�j�b�c�� �^�e�y��
�h�i�j�_�^�_�e�_�g�b�y���l�_�i�e�h�n�b�a�b�q�_�k�d�b�o���k�\�h�c�k�l�\���j�_�]�h�e�b�l�Z���i�h���]�e�m�[�b�g�_��
�a�Z�e�_�]�Z�g�b�y�� �>1]. �W�l�b�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�h�\�h�^�b�e�b�k�v�� �\��
�w�d�\�Z�l�h�j�b�Z�e�v�g�u�o�� �b�� �k�j�_�^�g�b�o�� �r�b�j�h�l�Z�o�� �E�m�g�u���� �<�f�_�k�l�_�� �k�� �l�_�f��
�k�h�\�j�_�f�_�g�g�u�_���^�b�k�l�Z�g�p�b�h�g�g�u�_���^�Z�g�g�u�_ �k�\�b�^�_�l�_�e�v�k�l�\�m�x�l�� �h��
�k�m�s�_�k�l�\�_�g�g�u�o���j�Z�a�e�b�q�b�y�o���\���k�h�k�l�Z�\�_���b���i�e�h�l�g�h�k�l�y�o���j�_�]�h�e�b�l�Z���\��
�i�h�e�y�j�g�u�o�� �h�[�e�Z�k�l�y�o�� �h�l�g�h�k�b�l�_�e�v�g�h�� �w�d�\�Z�l�h�j�b�Z�e�v�g�u�o [2]���� �<��
�i�h�e�y�j�g�u�o�� �j�Z�c�h�g�Z�o�� �d�h�g�l�Z�d�l�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�h�d�Z�� �g�_��
�i�j�h�\�h�^�b�e�b�k�v���� �H�^�g�Z�d�h�� �b�f�_�g�g�h�� �w�l�b�� �j�Z�c�h�g�u�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �\��
�g�Z�k�l�h�y�s�_�_���\�j�_�f�y���\�u�k�h�d�b�c���g�Z�m�q�g�u�c���b���i�j�Z�d�l�b�q�_�k�d�b�c���b�g�l�_�j�_�k��
�^�e�y�� �i�j�_�^�k�l�h�y�s�b�o�� �Z�\�l�h�f�Z�l�b�q�_�k�d�b�o�� �b�� �i�b�e�h�l�b�j�m�_�f�u�o��
�w�d�k�i�_�^�b�p�b�c�� 

�=�E�M�;�B�G�G�U�C���D�:�J�H�L�:�@�G�U�C���A�H�G�>���B���;�M�J�H�<�:�Y���M�K�L�:�G�H�<�D�: �± 
�<�:�@�G�U�?���B�G�K�L�J�M�F�?�G�L�U���=�E�M�;�B�G�G�U�O �B�K�K�E�?�>�H�<�:�G�B�C���E�M�G�U 

�<�� �k�h�\�j�_�f�_�g�g�h�c�� �]�_�h�e�h�]�b�b�� �d�e�Z�k�k�b�q�_�k�d�b�f�� �b�g�k�l�j�m�f�_�g�l�h�f��
�^�e�y�� �j�_�r�_�g�b�y�� �a�Z�^�Z�q�b���l�_�i�e�h�n�b�a�b�q�_�k�d�h�]�h�� �Z�g�Z�e�b�a�Z �y�\�e�y�_�l�k�y��
�]�e�m�[�b�g�g�h�_�� �a�h�g�^�b�j�h�\�Z�g�b�_�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �]�e�m�[�b�g�g�h�]�h��
�d�Z�j�h�l�Z�`�g�h�]�h�� �a�h�g�^�Z (�=�D�A)���� �F�_�o�Z�g�b�a�f�� �j�Z�a�f�_�s�_�g�b�y�� �=�D�A�� �g�Z��
�]�e�m�[�b�g�Z�o���i�j�_�^�i�h�e�Z�]�Z�_�l���b�k�i�h�e�v�a�h�\�Z�g�b�_�� �i�_�g�_�l�j�Z�l�h�j�Z �b�e�b��
�[�m�j�h�\�h�c�� �m�k�l�Z�g�h�\�d�b ���;�M��, �d�Z�d���g�Z�b�[�h�e�_�_�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�h�]�h 
�m�g�b�\�_�j�k�Z�e�v�g�h�]�h �k�j�_�^�k�l�\�Z �^�e�y���j�Z�[�h�l �l�Z�d�h�]�h���k�h�j�l�Z �g�Z���A�_�f�e�_�� 
�;�M �b�f�_�x�l���g�_�h�k�i�h�j�b�f�h�_ �i�j�_�b�f�m�s�_�k�l�\�h, �y�\�e�y�y�k�v�����d�Z�d��
�i�j�Z�\�b�e�h���� �f�g�h�]�h�j�Z�a�h�\�u�f�b. �D�� �b�o�� �^�h�k�l�h�b�g�k�l�\�Z�f�� �l�Z�d�`�_��
�h�l�g�h�k�y�l�k�y���k�e�_�^�m�x�s�b�_ �\�h�a�f�h�`�g�h�k�l�b���� 

�a�Z�]�e�m�[�e�_�g�b�y�� �g�Z���[�h�e�v�r�b�_ �]�e�m�[�b�g�u �± �^�_�k�y�l�d�b�� �b�� �k�h�l�g�b��
�f�_�l�j�h�\�� 

�i�h�^�g�y�l�b�y �r�e�Z�f�Z �^�e�y�� �i�h�k�e�_�^�m�x�s�_�]�h�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �\��
�k�h�h�l�\�_�l�k�l�\�b�b���k���]�e�m�[�b�g�h�c���_�]�h���a�Z�e�_�]�Z�g�b�y�� 

�b�a�m�q�_�g�b�y�� �k�e�Z�[�h�� �k�\�y�a�Z�g�g�u�o�� �b�� �e�_�l�m�q�b�o�� �k�h�k�l�Z�\�e�y�x�s�b�o��
�i�h�j�h�^�� 

�h�i�_�j�Z�l�b�\�g�h�c�� �a�Z�f�_�g�u �=�D�A�� �j�Z�a�e�b�q�g�h�]�h�� �g�Z�a�g�Z�q�_�g�b�y���b 
�j�Z�a�f�_�j�h�\, �h�]�j�Z�g�b�q�_�g�g�u�o���e�b�r�v���^�b�Z�f�_�l�j�h�f���k�d�\�Z�`�b�g�u�� 

�f�g�h�]�h�d�j�Z�l�g�h�]�h���i�j�b�f�_�g�_�g�b�y, �\���q�Z�k�l�g�h�k�l�b�����a�Z���k�q�_�l���k�f�_�g�u��
�r�g�_�d�h�\�� 

�I�_�g�_�l�j�Z�l�h�j�u �h�[�u�q�g�h�� �b�k�i�h�e�v�a�m�x�l�k�y���d�Z�d���h�^�g�h�j�Z�a�h�\�h�_ 
�k�j�_�^�k�l�\�h �a�Z�]�e�m�[�e�_�g�b�y���� �i�h�k�d�h�e�v�d�m�� �]�Z�j�Z�g�l�b�j�h�\�Z�g�g�h�� �b�a�\�e�_�q�v��
�_�]�h �b�a�� �i�h�j�h�^�u�� �^�Z�e�_�d�h�� �g�_�� �\�k�_�]�^�Z�� �m�^�Z�_�l�k�y�� �b�a-�a�Z�� �h�[�j�m�r�_�g�b�y��
�m�k�l�v�y���k�d�\�Z�`�b�g�u�����<�f�_�k�l�_���k���l�_�f�����\���j�y�^�_���k�e�m�q�Z�_�\���i�j�b�f�_�g�_�g�b�_��
�i�_�g�_�l�j�Z�l�h�j�Z�� �[�h�e�_�_�� �i�j�_�^�i�h�q�l�b�l�_�e�v�g�h�� �b�a-�a�Z�� �i�j�h�k�l�h�l�u �_�]�h��
�d�h�g�k�l�j�m�d�p�b�b���� �d�h�f�i�Z�d�l�g�h�k�l�b���� �h�l�g�h�k�b�l�_�e�v�g�h�� �\�u�k�h�d�h�c 
�k�d�h�j�h�k�l�b �a�Z�]�e�m�[�e�_�g�b�y �g�Z�� �]�e�m�[�b�g�u���\���g�_�k�d�h�e�v�d�h�� �f�_�l�j�h�\. 
�M�d�Z�a�Z�g�g�u�_ �i�j�_�b�f�m�s�_�k�l�\�Z�� �h�i�j�_�^�_�e�y�x�l�� �b�� �h�[�e�Z�k�l�v��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �i�_�g�_�l�j�Z�l�h�j�h�\�� �i�b�h�g�_�j�k�d�b�_�� �b�k�k�e�_�^�h�\�Z�g�b�y, 
�j�Z�a�\�_�^�u�\�Z�l�_�e�v�g�u�_ �f�b�k�k�b�b���� �<�� �w�l�b�o�� �k�e�m�q�Z�y�o �\�Z�`�g�Z��
�h�i�_�j�Z�l�b�\�g�h�k�l�v���� �^�_�r�_�\�b�a�g�Z �b�k�k�e�_�^�h�\�Z�g�b�y�����Z �g�Z�^�_�`�g�h�k�l�v��
�i�h�e�m�q�_�g�b�y�� �^�Z�g�g�u�o�� �i�j�b�h�j�b�l�_�l�g�Z�� �i�h�� �h�l�g�h�r�_�g�b�x�� �d�� �b�o��
�i�h�e�g�h�l�_. �L�Z�d�b�f�� �h�[�j�Z�a�h�f�� �^�e�y�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �\�� �i�h�e�y�j�g�u�o��
�h�[�e�Z�k�l�y�o�� �E�m�g�u�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �i�_�g�_�l�j�Z�l�h�j�h�\��
�i�j�_�^�k�l�Z�\�e�y�_�l�k�y���\�i�h�e�g�_ �h�i�j�Z�\�^�Z�g�g�u�f�� 

�G�Z�� �d�h�k�f�b�q�_�k�d�h�f�� �Z�i�i�Z�j�Z�l�_�� ���D�:) �©�E�m�g�Z-�J�_�k�m�j�k-1�ª 
(�i�h�k�Z�^�h�q�g�u�c�� �Z�i�i�Z�j�Z�l�����I�:���� �\�� �k�h�k�l�Z�\�_�� �g�Z�m�q�g�h�c�� �Z�i�i�Z�j�Z�l�m�j�u��
���G�:���� �i�j�b�k�m�l�k�l�\�m�_�l���d�Z�d �;�M�� �l�Z�d���b�� �i�_�g�_�l�j�Z�l�h�j. �;�M��
�j�Z�a�j�Z�[�Z�l�u�\�Z�x�l�� �b�l�Z�e�v�y�g�k�d�b�_�� �m�q�_�g�u�_�� �b�a�� �?�D�:���� �Z�� �i�_�g�_�l�j�Z�l�h�j��
�j�h�k�k�b�c�k�d�b�c���b�g�k�l�b�l�m�l���± �=�?�H�O�B���J�:�G���b�f�����<���B�� �<�_�j�g�Z�^�k�d�h�]�h����
�A�^�_�k�v�� �f�u�� �j�Z�k�k�f�h�l�j�b�f�� �i�j�h�_�d�l���j�h�k�k�b�c�k�d�h�]�h �g�Z�m�q�g�h�]�h��
�i�j�b�[�h�j�Z��  
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�<�� �k�h�k�l�Z�\�� �g�Z�m�q�g�h�c�� �Z�i�i�Z�j�Z�l�m�j�u�� �D�:�� �©�E�m�g�Z-�J�_�k�m�j�k-���ª��
�\�o�h�^�b�l�� �]�e�m�[�b�g�g�u�c�� �d�Z�j�h�l�Z�`�g�u�c�� �a�h�g�^�� ���=�D�A���� �^�e�y�� �i�j�b�[�h�j�Z��
�L�?�J�F�H-�E�J�����=�D�A�� �k�h�k�l�h�b�l�� �b�a�� �^�Z�l�q�b�d�Z�� �h�k�l�Z�l�h�q�g�h�c��
�g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�b�� ���>�H�G������ �^�Z�l�q�b�d�Z�� �^�b�w�e�_�d�l�j�b�q�_�k�d�h�c��
�i�j�h�g�b�p�Z�_�f�h�k�l�b�� ���>�>�I���� �b�� �^�Z�l�q�b�d�h�\�� �l�_�f�i�_�j�Z�l�m�j�u�����A�h�g�^ 
�i�h�]�j�m�`�Z�_�l�k�y�� �\�� �j�_�]�h�e�b�l�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�k�Z�f�h�a�Z�]�e�m�[�e�y�x�s�_�]�h�k�y�� �m�k�l�j�h�c�k�l�\�Z�� ���K�A�M�����± �i�_�g�_�l�j�Z�l�h�j�Z����
�D�h�g�k�l�j�m�d�l�b�\�g�h�� �=�D�A�� �i�j�b�d�j�_�i�e�_�g�� �d�� �o�\�h�k�l�h�\�h�c�� �q�Z�k�l�b�� �K�A�M�� �b��
�i�j�h�g�b�d�Z�_�l�� �\�� �i�h�j�h�^�m�� �\�k�e�_�^�� �a�Z�� �K�A�M�����>�b�Z�f�_�l�j�u�� �>�H�G�� �b�� �>�>�I��
�k�h�h�l�\�_�l�k�l�\�m�x�l�� �^�b�Z�f�_�l�j�m�� �K�A�M���� �h�[�j�Z�a�m�y�� �k�� �g�b�f�� �_�^�b�g�h�_�� �l�_�e�h��
�p�b�e�b�g�^�j�b�q�_�k�d�h�c�� �n�h�j�f�u�� �^�b�Z�f�_�l�j�h�f�� ������ �f�f���� �<�� �p�_�g�l�j�Z�e�v�g�h�c��
�q�Z�k�l�b�� �^�Z�l�q�b�d�h�\�� �i�j�h�o�h�^�y�l�� �l�j�_�[�m�_�f�u�_�� �d�h�f�f�m�g�b�d�Z�p�b�b������
�I�e�Z�l�b�g�h�\�u�_���^�Z�l�q�b�d�b���l�_�f�i�_�j�Z�l�m�j�u���j�Z�k�i�h�e�Z�]�Z�x�l�k�y���\���d�h�j�i�m�k�_��
�=�D�A�� �b�� �g�Z�� �]�b�[�d�h�c�� �e�_�g�l�_���� �k�\�y�a�u�\�Z�x�s�_�c�� �a�h�g�^�� �k���[�h�j�l�h�f�� �D�:. 
�A�Z�]�e�m�[�e�_�g�b�_���K�A�M���h�k�m�s�_�k�l�\�e�y�_�l�k�y���i�h���m�^�Z�j�g�h�f�m���f�_�o�Z�g�b�a�f�m����
�\�g�m�l�j�_�g�g�b�c���k�_�j�^�_�q�g�b�d�����©�f�h�e�h�l�h�d�ª���m�k�d�h�j�y�_�l�k�y �\���f�Z�]�g�b�l�g�h�f��
�i�h�e�_ �b���K�A�M �i�j�h�^�\�b�]�Z�_�l�k�y �a�Z�� �k�q�_�l�� �k�h�m�^�Z�j�_�g�b�y�� �k �_�]�h 
�d�h�j�i�m�k�h�f�� �>�\�b�`�_�g�b�_�� �f�h�e�h�l�d�Z���d�h�g�l�j�h�e�b�j�m�_�l�k�y �f�Z�]�g�b�l�g�u�f��
�i�h�e�_�f���k�h�e�_�g�h�b�^�Z�� 

�>�:�L�Q�B�D���H�K�L�:�L�H�Q�G�H�C �G�:�F�:�=�G�B�Q�?�G�G�H�K�L�B���± �>�H�G 

�>�H�G �i�j�_�^�g�Z�a�g�Z�q�_�g�� �^�e�y���h�[�g�Z�j�m�`�_�g�b�y 
�`�_�e�_�a�h�k�h�^�_�j�`�Z�s�b�o�� �d�h�f�i�h�g�_�g�l�h�\�� �\���e�m�g�g�h�f�� �]�j�m�g�l�_���b��
�h�i�j�_�^�_�e�_�g�b�_�� �b�o�� �\�e�b�y�g�b�y�� �g�Z �h�k�l�Z�l�h�q�g�m�x �g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�v��
�j�_�]�h�e�b�l�Z�����k�h�o�j�Z�g�b�\�r�m�x�k�y���k���\�j�_�f�_�g���n�h�j�f�b�j�h�\�Z�g�b�y���E�m�g�u��  

�I�j�b�g�p�b�i�� �j�Z�[�h�l�u�� �>�H�G�� �[�Z�a�b�j�m�_�l�k�y�� �g�Z�� �b�a�f�_�g�_�g�b�b��
�j�_�a�h�g�Z�g�k�g�h�c�� �q�Z�k�l�h�l�u �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�]�h�� �d�h�g�l�m�j�Z�� �i�j�b��
�i�h�i�Z�^�Z�g�b�b �f�_�l�Z�e�e�b�q�_�k�d�b�o�� �q�Z�k�l�b�p�� �\�� �h�l�d�j�u�l�u�c�� �f�Z�]�g�b�l�g�u�c��
�a�Z�a�h�j�� �b�g�^�m�d�l�h�j�Z�����<�g�m�l�j�b�� �>�H�G�� �g�Z�o�h�^�b�l�k�y�� �\�Z�d�m�m�f�� �k��
�h�l�g�h�k�b�l�_�e�v�g�h�c�� �f�Z�]�g�b�l�g�h�c�� �i�j�h�g�b�p�Z�_�f�h�k�l�v�x�� �—�\�Z�d�� =1. 
�Q�Z�k�l�b�p�u �j�_�]�h�e�b�l�Z�����d�h�l�h�j�u�_�� �f�h�]�m�l�� �k�h�^�_�j�`�Z�l�v �`�_�e�_�a�h �k �—�j�_�] 
�^�h������2�«���� 4 �_�^�� �h�d�j�m�`�Z�x�l���d�h�j�i�m�k���>�H�G���k�g�Z�j�m�`�b���b���i�h�i�Z�^�Z�x�l��
�\���h�l�d�j�u�l�u�c���f�Z�]�g�b�l�g�u�c���a�Z�a�h�j���^�Z�l�q�b�d�Z�����f�_�g�y�y���_�]�h���f�Z�]�g�b�l�g�h�_��
�k�h�i�j�h�l�b�\�e�_�g�b�_�� �b�� �b�g�^�m�d�l�b�\�g�h�k�l�v�����H�l�g�h�k�b�l�_�e�v�g�u�c���j�h�k�l 
�b�g�^�m�d�l�b�\�g�h�k�l�b��dL/Lo �i�j �b�\�h�^�b�l�� �d �k�h�h�l�\�_�l�k�l�\�m�x�s�_�f�m 
�k�g�b�`�_�g�b�x �j�_�a�h�g�Z�g�k�g�h�c���q�Z�k�l�h�l�u���d�h�g�l�m�j�Z�� 

dF / Fo = - dL / 2Lo 

�]�^�_ Fo �b��L�h���± �b�k�o�h�^�g�u�_���a�g�Z�q�_�g�b�y���q�Z�k�l�h�l�u���b���b�g�^�m�d�l�b�\�g�h�k�l�b 
�\���\�Z�d�m�m�f�_�� 

�B�a�f�_�g�_�g�b�y�� �q�Z�k�l�h�l�u�� �j�_�]�b�k�l�j�b�j�m�x�l�k�y�� �\�� �j�_�`�b�f�_��
�k�Z�f�h�i�b�k�p�Z���i�h���f�_�j�_ �i�h�]�j�m�`�_�g�b�b���=�D�A�����b���i�h�a�\�h�e�y�x�l���k�m�^�b�l�v���h��
�j�Z�k�i�j�_�^�_�e�_�g�b�b �`�_�e�_�a�h�k�h�^�_�j�`�Z�s�b�o�� �d�h�f�i�h�g�_�g�l�h�\ �\�� �i�h�j�h�^�_��
�i�h �]�e�m�[�b�g�_. �J�Z�[�h�q�Z�y�� �q�Z�k�l�h�l�Z�� �d�h�g�l�m�j�Z���\�u�[�b�j�Z�_�l�k�y��
�h�l�g�h�k�b�l�_�e�v�g�h�� �g�b�a�d�h�c �������«������ �D�=�p�������]�^�_ �n�_�j�j�h�f�Z�]�g�b�l�g�u�_��
�k�\�h�c�k�l�\�Z���^�h�f�_�g�h�\ �`�_�e�_�a�Z �\�u�j�Z�`�_�g�u���e�m�q�r�_��  

�D�h�g�k�l�j�m�d�l�b�\�g�h�� �>�H�G�� ���j�b�k�������� �\�u�i�h�e�g�_�g�� �\�� �n�h�j�f�_��
�i�m�k�l�h�l�_�e�h�]�h���p�b�e�b�g�^�j�Z���b���i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���^�\�Z���\�e�h�`�_�g�g�u�o��
�^�j�m�]���\���^�j�m�]�Z���f�_�l�Z�e�e�b�q�_�k�d�b�o���d�h�e�v�p�Z���������b���������\�u�k�h�l�h�c���������f�f����
�f�_�`�^�m�� �d�h�l�h�j�u�f�b�� �j�Z�k�i�h�e�Z�]�Z�x�l�k�y�� ����- ���� �k�_�j�^�_�q�g�b�d�h�\�� �������� �k��
�i�h�e�x�k�Z�f�b�����h�[�h�a�g�Z�q�_�g�g�u�f�b��S �b��N �b���h�[�f�h�l�d�Z�f�b�������������� 

�F�Z�e�h�_���k�l�Z�e�v�g�h�_���d�h�e�v�p�h���h�[�t�_�^�b�g�y�_�l���\�g�m�l�j�_�g�g�b�_���i�h�e�x�k�Z��
�k�_�j�^�_�q�g�b�d�h�\���� �a�Z�f�u�d�Z�y�� �f�Z�]�g�b�l�g�h�_�� �i�h�e�_�� �b�g�^�m�d�l�h�j�Z�� �\�g�m�l�j�b��
�^�Z�l�q�b�d�Z���� �<�g�_�r�g�_�_�� �[�h�e�v�r�h�_�� �l�b�l�Z�g�h�\�h�_�� �d�h�e�v�p�h�� �a�Z�s�b�s�Z�_�l��
�j�Z�[�h�q�b�_�� �m�a�e�u�� �>�H�G���� �g�_�� �i�j�_�i�y�l�k�l�\�m�y�� �i�j�h�g�b�d�g�h�\�_�g�b�x��
�f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y�� �b�g�^�m�d�l�h�j�Z�� �\�� �h�d�j�m�`�Z�x�s�m�x�� �k�j�_�^�m����
�K�h�k�_�^�g�b�_���h�[�f�h�l�d�b���k�_�j�^�_�q�g�b�d�h�\���g�Z�f�h�l�Z�g�u���\�k�l�j�_�q�g�h���^�j�m�]���d��
�^�j�m�]�m�� �b�� �\�d�e�x�q�_�g�u�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h���� �L�Z�d�Z�y�� �d�h�g�k�l�j�m�d�p�b�y��
�h�[�_�k�i�_�q�b�\�Z�_�l�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �h�l�d�j�u�l�u�o�� �a�Z�a�h�j�h�\�� �k��
�q�_�j�_�^�h�\�Z�g�b�_�f�� �i�h�e�x�k�h�\���� �� �I�h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �a�Z�f�_�j�h�\��

�b�g�^�m�d�l�b�\�g�h�k�l�b�� �k�� �i�h�]�j�m�`�_�g�b�_�f�� �>�H�G�� �\�� �k�u�i�m�q�b�_�� �k�j�_�^�u�� �k��
�j�Z�a�e�b�q�g�u�f�� �k�h�^�_�j�`�Z�g�b�_�f�� �q�Z�k�l�b�p�� �`�_�e�_�a�Z�� �f�h�`�g�h�� �j�_�r�Z�l�v��
�h�[�j�Z�l�g�m�x�� �a�Z�^�Z�q�m�� �i�h�� �d�h�j�j�_�e�y�p�b�b�� �^�Z�g�g�u�o�� �>�H�G�� �k��
�f�Z�]�g�b�l�g�u�f�b���k�\�h�c�k�l�\�Z�f�b���j�_�]�h�e�b�l�Z�� 

  

�J�b�k���������D�h�g�k�l�j�m�d�p�b�y �>�H�G 

�>�:�L�Q�B�D���>�B�W�E�?�D�L�J�B�Q�?�K�D�H�C���I�J�H�G�B�P�:�?�F�H�K�L�B���± �>�>�I 

�<�l�h�j�h�c�� �^�Z�l�q�b�d�� �=�D�A�����>�>�I �m�k�l�Z�g�Z�\�e�b�\�Z�_�l�k�y�� �^�e�y�� �h�p�_�g�d�b��
�^�b�w�e�_�d�l�j�b�q�_�k�d�b�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �h�d�j�m�`�Z�x�s�_�]�h�� �j�_�]�h�e�b�l�Z��
�i�m�l�_�f �b�a�f�_�j�_�g�b�y�� �d�h�w�n�n�b�p�b�_�g�l�Z���h�l�g�h�k�b�l�_�e�v�g�h�c 
�^�b�w�e�_�d�l�j�b�q�_�k�d�h�c���i�j�h�g�b�p�Z�_�f�h�k�l�b���Sr �k�j�_�^�u���\�h�d�j�m�]���a�h�g�^�Z. �I�h��
�b�a�f�_�g�_�g�b�y�f���Sr �f�h�`�g�h�� �k�m�^�b�l�v�� �h�� �j�Z�k�i�j�_�^�_�e�_�g�b�b�� �k�e�h�_�\�� �\��
�]�j�m�g�l�_�����b�o���i�e�h�l�g�h�k�l�b �b���k�h�k�l�Z�\�_���i�h�j�h�^�u�� 

�I�j�b�g�p�b�i���j�Z�[�h�l�u���>�>�I �[�Z�a�b�j�m�_�l�k�y���g�Z���b�a�f�_�g�_�g�b�b���_�f�d�h�k�l�b��
�h�l�d�j�u�l�h�]�h���d�h�g�^�_�g�k�Z�l�h�j�Z�����i�e�Z�k�l�b�g�u�� �d�h�l�h�j�h�]�h�� �i�h�d�j�u�l�u 
�^�b�w�e�_�d�l�j�b�d�h�f�� �k�� �i�_�j�_�f�_�g�g�u�f���Sr [3]. �>�Z�l�q�b�d�� �>�>�I��
�i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �d�h�g�^�_�g�k�Z�l�h�j���� �k�n�h�j�f�b�j�h�\�Z�g�g�u�c�� �^�\�m�f�y��
�b�a�h�e�b�j�h�\�Z�g�g�u�f�b�� �h�[�f�h�l�d�Z�f�b���� �g�Z�f�h�l�Z�g�g�u�f�b�� �[�b�n�b�e�y�j�g�h�� �k��
�r�Z�]�h�f�� ���� �f�f�� �g�Z�� �p�b�e�b�g�^�j�b�q�_�k�d�m�x�� �h�k�g�h�\�m�� �b�a�� �^�b�w�e�_�d�l�j�b�d�Z��
�^�b�Z�f�_�l�j�h�f���������f�f�����j�b�k���������� 

 

�J�b�k���������D�h�g�k�l�j�m�d�p�b�y���>�>�I 

�>�e�b�g�Z���d�Z�l�m�r�d�b���^�Z�l�q�b�d�Z�� �l�Z�d�`�_�� �k�h�k�l�Z�\�e�y�_�l�� ������ �f�f����
�J�_�a�m�e�v�l�Z�l�u�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�u�o�� �a�Z�f�_�j�h�\�� �d�Z�l�m�r�_�d����
�\�u�i�h�e�g�_�g�g�u�o�� �g�Z�� �d�Z�j�d�Z�k�Z�o�� �b�a�� �j�Z�a�e�b�q�g�u�o�� �^�b�w�e�_�d�l�j�b�d�h�\���� �Z��
�l�Z�d�`�_�� �^�e�y�� �d�Z�l�m�r�d�b�� �\�� �h�d�j�m�`�_�g�b�b�� �b�a�� �d�\�Z�j�p�_�\�h�]�h�� �i�_�k�d�Z��
�i�h�d�Z�a�Z�e�b�����q�l�h���_�f�d�h�k�l�v���^�Z�l�q�b�d�Z���f�_�g�y�_�l�k�y���\���i�j�_�^�_�e�Z�o��C�>�>�I = 
�����«������pF.  

�D�h�g�^�_�g�k�Z�l�h�j���>�>�I���\�o�h�^�b�l���\�� �k�h�k�l�Z�\���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h��
�d�h�e�_�[�Z�l�_�e�v�g�h�]�h�� �d�h�g�l�m�j�Z���� �q�Z�k�l�h�l�Z�� �d�h�l�h�j�h�]�h�� �a�Z�\�b�k�b�l�� �h�l���_�]�h��
�_�f�d�h�k�l�b�� �G�Z�� �j�b�k���� ���� �i�j�_�^�k�l�Z�\�e�_�g�u�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_��
�a�Z�\�b�k�b�f�h�k�l�b�� �Z�f�i�e�b�l�m�^�u�� �d�h�e�_�[�Z�g�b�c�� �\�� �d�h�g�l�m�j�_�� �h�l���\�g�_�r�g�_�c��
�q�Z�k�l�h�l�u ���:�Q�O�����^�e�y���^�Z�l�q�b�d�Z���\���\�h�a�^�m�o�_�����k�i�e�h�r�g�Z�y �e�b�g�b�y�����b���\ 
�h�d�j�m�`�_�g�b�b���j�_�q�g�h�]�h �i�_�k�d�Z�����i�m�g�d�l�b�j).  

�>�>�I�� �i�b�l�Z�_�l�k�y�� �h�l�� �\�g�_�r�g�_�]�h�� �h�i�h�j�g�h�]�h�� �]�_�g�_�j�Z�l�h�j�Z�� �k��
�j�Z�[�h�q�_�c�� �q�Z�k�l�h�l�h�c�� �������� �F�=�p�� ���\�_�j�l�b�d�Z�e�v�g�Z�y�� �k�_�j�Z�y�� �e�b�g�b�y������
�d�h�l�h�j�Z�y�� �j�Z�k�i�h�e�Z�]�Z�_�l�k�y�� �k�e�_�\�Z�� �h�l�� �_�]�h�� �j�_�a�h�g�Z�g�k�g�h�]�h�� �i�b�d�Z����
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�:�f�i�e�b�l�m�^�Z���h�l�d�e�b�d�Z���d�h�g�l�m�j�Z���g�Z���j�Z�[�h�q�_�c���q�Z�k�l�h�l�_���a�Z�\�b�k�b�l���h�l��
�i�h�e�h�`�_�g�b�y�� �f�Z�d�k�b�f�m�f�Z�� �b�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�� �^�b�w�e�_�d�l�j�b�q�_�k�d�b�_��
�k�\�h�c�k�l�\�Z���h�d�j�m�`�Z�x�s�_�c���k�j�_�^�u�����W�l�Z���Z�f�i�e�b�l�m�^�Z���^�_�l�_�d�l�b�j�m�_�l�k�y��
�b�� �\�� �n�h�j�f�_�� �i�h�k�l�h�y�g�g�h�c�� �k�h�k�l�Z�\�e�y�x�s�_�c�� �i�h�k�l�m�i�Z�_�l�� �\��
�b�a�f�_�j�b�l�_�e�v�g�u�c���l�j�Z�d�l���i�j�b�[�h�j�Z���L�?�J�F�H-�E�J�� 

 

�J�b�k�����������A�Z�\�b�k�b�f�h�k�l�v���Z�f�i�e�b�l�m�^�u���d�h�e�_�[�Z�g�b�c���\���d�h�g�l�m�j�_���h�l��
�\�g�_�r�g�_�c���q�Z�k�l�h�l�u�����:�Q�O�����^�e�y���>�>�I���\���\�h�a�^�m�o�_�����k�i�e�h�r�g�Z�y��
�e�b�g�b�y�����b���\���h�d�j�m�`�_�g�b�b���j�_�q�g�h�]�h���i�_�k�d�Z�����i�m�g�d�l�b�j�������K�_�j�u�f��

�i�h�d�Z�a�Z�g���i�b�d���\�g�_�r�g�_�c���j�Z�[�h�q�_�c���q�Z�k�l�h�l�u�������F�=�p 

�=�E�M�;�B�G�G�U�?���L�?�J�F�H�>�:�L�Q�B�D�B. �K�B�G�O�J�H�G�B�A�:�P�B�Y���J�:�;�H�L�U��
�>�:�L�Q�B�D�H�<���=�D�A 

�K�\�y�a�v�� �=�D�A�� �b�� �K�A�M�� �k���[�h�j�l�h�f�� �D�: �h�[�_�k�i�_�q�b�\�Z�_�l�k�y��
�k�i�_�p�b�Z�e�v�g�h�c���]�b�[�d�h�c���e�_�g�l�h�c���^�e�b�g�h�c�� �������� �f���k�� �g�Z�g�_�k�_�g�g�u�f�b��
�f�_�^�g�u�f�b���^�h�j�h�`�d�Z�f�b�����I�h �e�_�g�l�_���i�_�j�_�^�Z�_�l�k�y���w�e�_�d�l�j�h�i�b�l�Z�g�b�_��
�g�Z �K�A�M�� �>�H�G�� �b�� �>�>�I �b�� �\�u�\�h�^�y�l�k�y�� �\�u�o�h�^�g�u�_�� �k�b�]�g�Z�e�u��
�^�Z�l�q�b�d�h�\�� �L�Z�d�`�_�� �g�Z�� �e�_�g�l�_�� �j�Z�a�f�_�s�_�g�u�� �l�j�b�� �]�e�m�[�b�g�g�u�o��
�l�_�j�f�h�^�Z�l�q�b�d�Z�� ���=�L�>���« 3), �d�h�l�h�j�u�_�� �b�a�f�_�j�y�x�l�� �l�_�f�i�_�j�Z�l�m�j�m��
�]�j�m�g�l�Z���d�Z�d���i�j�b���a�Z�]�e�m�[�e�_�g�b�b �K�A�M, �l�Z�d���b���\���i�h�k�e�_�^�m�x�s�b�_��������
�f�_�k�y�p�_�\ �j�Z�[�h�l�u�� �D�:�� �g�Z�� �E�m�g�_. �<�u�[�h�j�� �e�_�g�l�u �\�� �d�Z�q�_�k�l�\�_��
�k�h�_�^�b�g�b�l�_�e�y �h�[�m�k�e�h�\�e�_�g���l�j�_�[�h�\�Z�g�b�_�f�� �h�[�_�k�i�_�q�_�g�b�y��
�i�e�h�l�g�h�]�h�� �d�h�g�l�Z�d�l�Z �=�L�>���k �]�j�m�g�l�h�f�����I�j�b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�_�f��
�\�u�[�h�j�_ �m�i�j�m�]�h�k�l�b���e�_�g�l�u���b �g�Z�e�b�q�b�y���m���g�_�_ �w�n�n�_�d�l�Z���©�i�Z�f�y�l�b�ª��
�k�h�a�^�Z�_�l�k�y�� �l�j�_�[�m�_�f�u�c�� �d�h�g�l�Z�d�l. �>�h�j�h�`�d�b�� �g�Z �e�_�g�l�_ �b�f�_�x�l��
�i�h�]�h�g�g�m�x �_�f�d�h�k�l�v���h�d�h�e�h 100 pF���f���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f�����i�j�b��
�^�e�b�g�_ �������� �f�� �e�_�g�l�Z�� �[�m�^�_�l�� �h�[�e�Z�^�Z�l�v �i�Z�j�Z�a�b�l�g�h�c �_�f�d�h�k�l�v�x��
300�«������  pF�����d�h�l�h�j�Z�y���^�h�[�Z�\�b�l�k�y���d���b�k�o�h�^�g�h�c���_�f�d�h�k�l�b��C�>�>�I �b 
�k�m�s�_�k�l�\�_�g�g�h���k�g�b�a�b�l���_�]�h���w�n�n�_�d�l�b�\�g�h�k�l�v��  

�>�e�y�� �b�k�d�e�x�q�_�g�b�y�� �\�e�b�y�g�b�y���i�Z�j�Z�a�b�l�g�h�c���_�f�d�h�k�l�b�� �e�_�g�l�u 
�i�j�_�^�e�Z�]�Z�_�l�k�y �j�Z�a�f�_�k�l�b�l�v�� �w�e�_�f�_�g�l�u �h�i�h�j�g�h�]�h���]�_�g�_�j�Z�l�h�j�Z �b��
�^�_�l�_�d�l�h�j�Z �\���d�h�j�i�m�k�_ �k�Z�f�h�]�h �>�>�I�����<���l�Z�d�h�f���k�e�m�q�Z�_���i�h���e�_�g�l�_��
�i�_�j�_�^�Z�_�l�k�y �\�u�o�h�^�g�h�c �k�b�]�g�Z�e �^�_�l�_�d�l�h�j�Z�� �b���_�_�� �_�f�d�h�k�l�v���g�_��
�[�m�^�_�l �\�e�b�y�l�v���g�Z���j�Z�[�h�l�m���^�Z�l�q�b�d�Z.  

�D�j�h�f�_���l�h�]�h�����\�h�a�g�b�d�Z�x�l�� �^�j�m�]�b�_ �h�]�j�Z�g�b�q�_�g�b�y�����k�\�y�a�Z�g�g�u�_��
�k�� �l�_�f�i�_�j�Z�l�m�j�g�u�f�b�� �m�k�e�h�\�b�y�f�b�� �i�_�j�_�e�_�l�Z�� �b�� �j�Z�[�h�l�u �=�D�A �g�Z��

�E�m�g�_�� �K�h�]�e�Z�k�g�h���L�A �g�Z �L�?�J�F�H-�E�J���j�Z�a�j�Z�[�Z�l�u�\�Z�_�f�u�c���i�j�b�[�h�j��
�^�h�e�`�_�g���k�h�o�j�Z�g�y�l�v���j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�v���i�j�b���l�_�f�i�_�j�Z�l�m�j�Z�o���a�Z��
�[�h�j�l�h�f���± 180�«��  �������� �]�j�Z�^. �P�_�e�v�k�b�y���� �K�h�\�j�_�f�_�g�g�Z�y��
�w�e�_�f�_�g�l�g�Z�y�� �[�Z�a�Z���w�e�_�d�l�j�h�g�b�d�b���\�� �l�Z�d�h�f�� �l�_�f�i�_�j�Z�l�m�j�g�h�f��
�^�b�Z�i�Z�a�h�g�_���g�_���j�Z�[�h�l�Z�_�l�� �d�Z�d �b �g�_���]�Z�j�Z�g�l�b�j�m�_�l�k�y �k�h�o�j�Z�g�_�g�b�_ 
�_�_���j�Z�[�h�l�h�k�i�h�k�h�[�g�h�k�l�b. �<�� �k�\�y�a�b�� �k�� �w�l�b�f�� �g�_�h�[�o�h�^�b�f�h��
�h�[�_�k�i�_�q�b�l�v���i�j�b�_�f�e�_�f�u�_���l�_�f�i�_�j�Z�l�m�j�g�u�_ �m�k�e�h�\�b�y �^�e�y �>�>�I �b��
�_�]�h���d�h�f�i�h�g�_�g�l�h�\.  �I�h�k�d�h�e�v�d�m�� �>�>�I���b�� �>�H�G���\�� �k�h�k�l�Z�\�_��
�d�h�f�i�e�_�d�k�Z���g�Z�m�q�g�h�c���Z�i�i�Z�j�Z�l�m�j�u���[�m�^�_�l���j�Z�[�h�l�Z�l�v���l�h�e�v�d�h���i�j�b��
�a�Z�]�e�m�[�e�_�g�b�b�� �K�A�M, �l�h �g�_�h�[�o�h�^�b�f�h �\�u�^�_�j�`�Z�l�v�� �l�j�_�[�m�_�f�u�c��
�^�b�Z�i�Z�a�h�g�� �l�_�f�i�_�j�Z�l�m�j���± 6���«���� �������� �]�j�Z�^���� �P�_�e�v�k�b�y���g�Z �w�l�Z�i�_��
�i�_�j�_�e�_�l�Z�� �D�:�� �f�_�`�^�m�� �A�_�f�e�_�c�� �b�� �E�m�g�h�c ���h�d�h�e�h 4�« ���� �k�m�l�h�d) �k 
�\�u�d�e�x�q�_�g�g�u�f�� �h�[�h�j�m�^�h�\�Z�g�b�_�f���� �Z�� �l�Z�d�`�_ �\�� �l�_�q�_�g�b�_ �i�_�j�\�u�o��
�k�m�l�h�d �i�h�k�e�_���i�h�k�Z�^�d�b���g�Z�� �i�h�\�_�j�o�g�h�k�l�v. �H�^�g�Z�d�h�����^�Z�g�g�h�_��
�h�]�j�Z�g�b�q�_�g�b�_�� �q�Z�k�l�b�q�g�h�� �k�g�b�f�Z�_�l�k�y, �i�h�k�d�h�e�v�d�m�� �\�k�_�� �g�Z�m�q�g�u�_��
�i�j�b�[�h�j�u�� �D�:�� �j�Z�a�f�_�s�Z�x�l�k�y�� �g�Z�� �l�_�j�f�h�k�l�Z�l�b�j�h�\�Z�g�g�h�c��
�i�e�Z�l�n�h�j�f�_���� �Z �[�e�h�d�� �]�e�m�[�b�g�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c�� ���;�=�B�� �k 
�^�Z�l�q�b�d�Z�f�b�� �>�H�G�� �b�� �>�>�I�� �k�g�Z�[�`�_�g �d�h�`�m�o�h�f �w�d�j�Z�g�g�h-
�\�Z�d�m�m�f�g�h�c���b�a�h�e�y�p�b�b�����W�<�L�B��. �H�^�g�Z�d�h���i�h�e�g�h�k�l�v�x���i�j�h�[�e�_�f�Z 
�g�_�� �k�g�b�f�Z�_�l�k�y, �b �^�e�y�� �h�d�h�g�q�Z�l�_�e�v�g�h�c�� �h�p�_�g�d�b �l�j�_�[�m�x�l�k�y��
�l�_�i�e�h�\�u�_���j�Z�k�q�_�l�u���b���^�h�i�h�e�g�b�l�_�e�v�g�u�_���b�k�i�u�l�Z�g�b�y�� 

�<�� �i�j�h�p�_�k�k�_�� �j�Z�a�j�Z�[�h�l�d�b�� �=�D�A�� �\�h�a�g�b�d�e�Z�� �a�Z�^�Z�q�Z��
�k�b�g�o�j�h�g�b�a�Z�p�b�b�� �j�Z�[�h�l�u �>�H�G���� �>�I�I�� �b�� �K�A�M�����<�k�_ �w�e�_�f�_�g�l�u��
�;�=�B���n�m�g�d�p�b�h�g�b�j�m�x�l �\���h�^�g�h�f���k�_�Z�g�k�_�����i�j�b���a�Z�]�e�m�[�e�_�g�b�b �=�D�A����
�I�h�k�d�h�e�v�d�m���K�A�M���j�Z�[�h�l�Z�_�l���\���b�f�i�m�e�v�k�g�h�f���j�_�`�b�f�_���k���i�_�j�b�h�^�h�f��
���«���� �k �b �k �[�h�e�v�r�b�f�b�� �[�j�h�k�d�Z�f�b�� �l�h�d�Z���� �l�h �k�b�]�g�Z�e�u �^�Z�l�q�b�d�h�\ 
�i�h�^�\�_�j�]�Z�x�l�k�y�� �k�b�e�v�g�u�f�� �g�Z�\�h�^�d�Z�f�� �b�� �b�o�� �i�h�d�Z�a�Z�g�b�y �[�m�^�m�l��
�b�f�_�l�v�� �^�b�g�Z�f�b�q�_�k�d�b�_�� �h�l�d�e�h�g�_�g�b�y�� �h�l�� �j�_�Z�e�v�g�u�o�� �a�g�Z�q�_�g�b�c����
�L�Z�d, � �̂Z�l�q�b�d�b�� �>�I�I�� �b�� �>�H�G���\�d�e�x�q�_�g�u �\�� �k�h�k�l�Z�\ 
�d�h�e�_�[�Z�l�_�e�v�g�u�o �d�h�g�l�m�j�h�\�����g�Z�k�l�j�h�_�g�g�u�o �g�Z���q�Z�k�l�h�l�u 2,0 �F�=�p��
�b�� �����«������ �D�=�p�� �k�h�h�l�\�_�l�k�l�\�_�g�g�h, �b�� �b�o�� �j�Z�[�h�l�Z�� �[�m�^�_�l �a�Z�f�_�l�g�h 
�\�h�a�f�m�s�Z�l�v�k�y���i�j�b���k�j�Z�[�Z�l�u�\�Z�g�b�b���m�^�Z�j�g�h�]�h���f�h�e�h�l�d�Z���K�A�M�����>�e�y��
�h�[�_�k�i�_�q�_�g�b�y�� �m�k�l�h�c�q�b�\�h�c�� �j�Z�[�h�l�u�� �^�Z�l�q�b�d�h�\�� �b�� �K�A�M��
�g�_�h�[�o�h�^�b�f�h �j�Z�a�^�_�e�b�l�v���b�o���p�b�d�e�u�� �j�Z�[�h�l�u �i�h�� �\�j�_�f�_�g�b. �>�e�y��
�k�j�Z�[�Z�l�u�\�Z�g�b�y���f�h�e�h�l�d�Z���\�u�^�_�e�y�_�l�k�y�� �\�j�_�f�_�g�g�h�_�� �h�d�g�h�� ���h�d�h�e�h��
���������f�k�������^�h�k�l�Z�l�h�q�g�h�_���^�e�y �k�j�Z�[�Z�l�u�\�Z�g�b�y���f�h�e�h�l�d�Z���b �a�Z�l�m�o�Z�g�b�y��
�i�_�j�_�o�h�^�g�u�o���i�j�h�p�_�k�k�h�\���\���p�_�i�y�o���i�b�l�Z�g�b�y���K�A�M�����d�h�]�^�Z �^�Z�l�q�b�d�b��
�g�_���j�Z�[�h�l�Z�x�l�����j�b�k�����������<���i�Z�m�a�_���f�_�`�^�m���m� �̂Z�j�Z�f�b���i�j�h�b�a�\�h�^�b�l�k�y��
�i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�_���\�d�e�x�q�_�g�b�_���^�Z�l�q�b�d�h�\���b���k�h�h�l�\�_�l�k�l�\�m�x�s�b�_��
�b�a�f�_�j�_�g�b�y�� �<�Z�j�b�Z�g�l�� �i�h�h�q�_�j�_�^�g�h�]�h�� �\�d�e�x�q�_�g�b�y�� �^�Z�l�q�b�d�h�\, 
�i�h�d�Z�a�Z�g�g�u�c���g�Z���p�b�d�e�h�]�j�Z�f�f�_�� �l�Z�d�`�_���j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y �g�Z�f�b. 
�I �Z�m�a�Z �\�� �j�Z�[�h�l�_�� �K�A�M�� �b�k�i�h�e�v�a�m�_�l�k�y �l�Z�d�`�_ �^�e�y �i�j�h�\�_�^�_�g�b�y��
�b�a�f�_�j�_�g�b�y���l�_�f�i�_�j�Z�l�m�j�u �i�e�Z�l�b�g�h�\�u�f�b���^�Z�l�q�b�d�Z�f�b �=�L�>���«��, 
�j�Z�k�i�h�e�h�`�_�g�g�u�f�b���g�Z �e�_�g�l�_. �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �j�Z�[�h�l�Z�� �i�h��
�p�b�d�e�h�]�j�Z�f�f�_ �i�h�a�\�h�e�b�l�� �f�b�g�b�f�b�a�b�j�h�\�Z�l�v�� �\�a�Z�b�f�h�\�e�b�y�g�b�_ 
�m�a�e�h�\ �i�j�b�[�h�j�Z���� 

 

�J�b�k�� 4. �P�b�d�e�h�]�j�Z�f�f�Z���j�Z�[�h�l�u���K�A�M�����>�H�G���b���>�I�I 

�< 

�F�=�p 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y���g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����2019 322  

 

�<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �\�_�^�m�l�k�y�� �j�Z�[�h�l�u�� �i�h�� �n�b�a�b�q�_�k�d�h�f�m��
�f�h�^�_�e�b�j�h�\�Z�g�b�x���=�D�A�� �b�� �K�A�M���� �H�� �j�_�a�m�e�v�l�Z�l�Z�o�� �w�l�b�o��
�b�k�k�e�_�^�h�\�Z�g�b�c���Z�\�l�h�j�u���[�m�^�m�l �k�h�h�[�s�Z�l�v �i�h�a�`�_. 

�<�U�<�H�>�U 

�J�_�a�m�e�v�l�Z�l�u�� �i�j�h�\�_�^�_�g�g�u�o���j�Z�[�h�l�� �i�h�d�Z�a�u�\�Z�x�l��
�k�e�_�^�m�x�s�_�_�� 

1. �>�e�y�� �[�m�^�m�s�_�]�h�� �j�h�k�k�b�c�k�d�h�]�h�� �i�h�k�Z�^�h�q�g�h�]�h�� �Z�i�i�Z�j�Z�l�Z��
�©�E�m�g�Z-�J�k�m�j�k-���ª�� �i�j�_�^�e�Z�]�Z�_�l�k�y�� �b�k�i�h�e�v�a�h�\�Z�l�v��
�k�Z�f�h�a�Z�]�e�m�[�e�y�x�s�_�_�k�y���m�k�l�j�h�c�k�l�\�h ���K�A�M�������\���k�h�k�l�Z�\���d�h�l�h�j�h�]�h��
�\�o�h�^�b�l���]�e�m�[�b�g�g�u�c���d�Z�j�h�l�Z�`�g�u�c���a�h�g�^ ���=�D�A�� �k �l�j�_�f�y �l�b�i�Z�f�b 
�^�Z�l�q�b�d�h�\���± �^�Z�l�q�b�d�� �h�k�l�Z�l�h�q�g�h�c�� �g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�b���� �^�Z�l�q�b�d��
�^�b�w�e�_�d�l�j�b�q�_�k�d�h�c���i�j�h�g�b�p�Z�_�f�h�k�l�b���b���l�_�j�f�h�^�Z�l�q�b�d�b�� 

2. �K�h�a�^�Z�g�b�_�� �^�Z�l�q�b�d�Z�� �h�k�l�Z�l�h�q�g�h�c�� �g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�b��
�e�m�g�g�h�]�h�� �]�j�m�g�l�Z�� �\�h�a�f�h�`�g�h�� �g�Z�� �h�k�g�h�\�_�� �^�h�k�l�Z�l�h�q�g�h�� �i�j�h�k�l�h�]�h��
�l�_�o�g�b�q�_�k�d�h�]�h�� �j�_�r�_�g�b�y���� �[�Z�a�b�j�m�x�s�_�]�h�k�y�� �g�Z���w�n�n�_�d�l�_��
�b�a�f�_�g�_�g�b�y�� �j�_�a�h�g�Z�g�k�g�h�c�� �q�Z�k�l�h�l�u�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�]�h��
�d�h�g�l�m�j�Z���i�j�b���i�h�i�Z�^�Z�g�b�b���f�_�l�Z�e�e�b�q�_�k�d�b�o���q�Z�k�l�b�p���\���h�l�d�j�u�l�u�c��
�f�Z�]�g�b�l�g�u�c���a�Z�a�h�j�� 

3. �J�_�Z�e�b�a�Z�p�b�y���^�Z�l�q�b�d�Z�� �^�b�w�e�_�d�l�j�b�q�_�k�d�h�c��
�i�j�h�g�b�p�Z�_�f�h�k�l�b���[�Z�a�b�j�m�_�l�k�y���g�Z���b�k�i�h�e�v�a�h�\�Z�g�b�b���©�h�l�d�j�u�l�h�]�h�ª��
�d�h�g�^�_�g�k�Z�l�h�j�Z�����_�f�d�h�k�l�v�� �d�h�l�h�j�h�]�h�� �a�Z�\�b�k�b�l�� �h�l��
�^�b�w�e�_�d�l�j�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\ �h�d�j�m�`�Z�x�s�_�c�� �k�j�_�^�u����
�I�j�h�\�_�^�_�g�g�u�_�� �l�_�k�l�h�\�u�_�� �a�Z�f�_�j�u�� �g�Z���f�Z�d�_�l�g�u�o�� �h�[�j�Z�a�p�Z�o��

�d�Z�l�m�r�_�d�� �b�a�� �j�Z�a�e�b�q�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\ �i�h�d�Z�a�Z�e�b��
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Abstract. The article deals with the problem of studying the 

lunar soil using a deep logging probe, lowered by means of a self-
penetrating penetrator to a depth of several meters. As part of the 
deep logging probe, the placement of two sensors is considered - 
the residual magnetization sensor (DON) and the dielectric 
constant sensor (DDP). The principles of operation of these sensors 
and their design, taking into account the features of use in the 
working conditions of the penetrator on the moon, are proposed. 

The probe is supposed to be used on board the Russian Luna-
Resource-1 spacecraft (on a landing craft). 

Keywords: lunar soil, regolith, deep logging probe, penetrator, 
residual magnetization, dielectric constant, self-deepening device, 
ferromagnetic properties, amplitude of oscillations, cyclorama of 
work, temperature conditions.
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�Z�� �g�_�k�d�h�e�v�d�h�� �k�l�Z�g�d�h�\���� �I�j�b�� �k�f�_�g�_�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �i�j�h�p�_�k��
�k�h�\�� �b�� �i�e�Z�g�b�j�h�\�d�b�� �l�Z�d�b�o�� �j�h�[�h�l�h�\�� �a�g�Z�q�b�l�_�e�v�g�h�� �i�j�h�s�_�� �i�j�b��
�k�i�h�k�h�[�b�l�v���d���b�a�f�_�g�b�\�r�b�f�k�y���m�k�e�h�\�b�y�f�� 

�: �G�:�E�B�A���K�H�K�L�H�Y�G�B�Y �<�H�I�J�H�K�: 

�F�h�[�b�e�v�g�u�_�� �j�h�[�h�l�u�� �\�� �i�j�h�b�a�\�h�^�k�l�\�_�� �i�j�b�f�_�g�y�x�l�k�y�� �_�s�_��
�g�_���l�Z�d���r�b�j�h�d�h�����h�^�g�Z�d�h���\���i�h�^�h�[�g�u�o���j�Z�a�j�Z�[�h�l�d�Z�o���f�g�h�]�b�_���i�j�h��
�b�a�\�h�^�b�l�_�e�b���j�h�[�h�l�h�\���\�b�^�y�l���i�_�j�k�i�_�d�l�b�\�m�����G�Z�i�j�b�f�_�j�����d�h�f�i�Z��
�g�b�y���.�8�.�$���>���@���j�Z�a�j�Z�[�h�l�Z�e�Z���Z�\�l�h�g�h�f�g�h�]�h���j�h�[�h�l�Z���.�0�5���L�L�Z�D��
���j�b�k���������� �d�h�l�h�j�u�c�� �k�� �m�k�i�_�o�h�f�� �k�h�q�_�l�Z�_�l�� �\�� �k�_�[�_�� �h�k�h�[�_�g�g�h�k�l�b��
�e�_�]�d�h�]�h���j�h�[�h�l�Z���f�Z�g�b�i�m�e�y�l�h�j�Z���/�%�5���L�L�Z�D���b���i�h�^�\�b�`�g�m�x���i�e�Z�l��
�n�h�j�f�m�����F�h�^�m�e�v�g�u�c���i�j�b�g�p�b�i���k�h�a�^�Z�g�b�y���^�Z�g�g�h�]�h���j�h�[�h�l�Z���i�h�a��
�\�h�e�y�_�l�� �i�h�e�v�a�h�\�Z�l�_�e�y�f�� �k�h�a�^�Z�\�Z�l�v�� �i�h�^�o�h�^�y�s�b�_�� �^�e�y�� �b�o�� �m�k�e�h��
�\�b�c���d�h�g�n�b�]�m�j�Z�p�b�b���i�h���l�j�_�[�m�_�f�u�f���i�Z�j�Z�f�_�l�j�Z�f�����H�g���h�k�g�Z�s�_�g��
�k�b�k�l�_�f�h�c�����d�h�l�h�j�Z�y���a�Z�s�b�s�Z�_�l���j�h�[�h�l�Z���h�l���k�l�h�e�d�g�h�\�_�g�b�c �k���g�_��
�`�b�\�u�f�b���h�[�t�_�d�l�Z�f�b�����Z���l�Z�d�`�_���`�b�\�u�_���h�[�t�_�d�l�u���h�l���k�l�h�e�d�g�h�\�_��
�g�b�y���k���j�h�[�h�l�h�f���± �.�0�5���L�L�Z�D���k�i�h�k�h�[�_�g���\�u�i�h�e�g�y�l�v���k�\�h�b���n�m�g�d��
�p�b�b�� �\�� �i�j�h�b�a�\�h�^�k�l�\�_�� �d�Z�d�� �k�h�\�f�_�k�l�g�h�� �k�� �q�_�e�h�\�_�d�h�f���� �l�Z�d�� �b�� �[�_�a��
�g�_�]�h�����>��] 

 
�J�b�k�����������:�\�l�h�g�h�f�g�u�c���j�h�[�h�l���.�0�5 iiwa �h�l���d�h�f�i�Z�g�b�b���.�8�.�$ 

 
�?�s�_���h�^�b�g���f�h�[�b�e�v�g�u�c���j�h�[�h�l�����Z���l�h�q�g�_�_���k�b�k�l�_�f�Z���j�h�[�h�l�h�\��

�)�H�W�F�K���b���)�U�H�L�J�K�W���i�j�_�^�k�l�Z�\�e�_�g�g�Z�y���g�Z���j�b�k�����������i�j�_�^�g�Z�a�g�Z�q�_�g�Z���^�e�y��
�\�u�i�h�e�g�_�g�b�y���j�Z�[�h�l���\���m�k�e�h�\�b�y�o���k�d�e�Z�^�Z�����J�h�[�h�l���j�Z�a�^�_�e�_�g���g�Z���^�\�_��
�h�l�^�_�e�y�_�f�u�_���q�Z�k�l�b���k�i�h�k�h�[�g�u�_���n�m�g�d�p�b�h�g�b�j�h�\�Z�l�v���d�Z�d���\�f�_�k�l�_�� 
�l�Z�d�� �b���\�j�h�a�v�����)�H�W�F�K���w�l�h���f�Z�g�b�i�m�e�y�l�h�j�����Z���)�U�H�L�J�K�W���± �f�h�[�b�e�v�g�Z�y��
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�[�Z�a�Z���� �d�h�l�h�j�Z�y�� �b�k�i�h�e�v�a�m�_�l�k�y�� �d�Z�d�� �i�e�Z�l�n�h�j�f�Z�� �^�e�y�� �f�Z�g�b�i�m�e�y��
�l�h�j�Z���b���d�Z�d���Z�\�l�h�g�h�f�g�Z�y���d�h�j�a�b�g�Z���^�e�y���l�h�\�Z�j�h�\�����G�Z���j�h�[�h�l�_���_�k�l�v��
�^�h�k�l�Z�l�h�q�g�h�_�� �d�h�e�b�q�_�k�l�\�h�� �d�j�_�i�e�_�g�b�c���� �d�Z�d�� �^�e�y�� �d�h�g�l�_�c�g�_�j�h�\����
�l�Z�d���b���^�e�y���^�Z�l�q�b�d�h�\���± �i�j�b���b�a�f�_�g�_�g�b�b���a�Z�^�Z�q���_�]�h���f�h�`�g�h���f�h�^�b��
�n�b�p�b�j�h�\�Z�l�v�����>���@ 

�J�b�k����2. �J�h�[�h�l�u Fetch �b���)�U�H�L�J�K�W 

�I�j�b�f�_�g�_�g�b�_���f�h�[�b�e�v�g�u�o���j�h�[�h�l�h�\���\�h�a�f�h�`�g�h���g�_���l�h�e�v�d�h���\��
�h�[�e�Z�k�l�b���f�Z�r�b�g�h�k�l�j�h�_�g�b�y�����g�h���b���\���h�[�e�Z�k�l�b���k�_�e�v�k�d�h�]�h���o�h�a�y�c��
�k�l�\�Z�����G�Z�i�j�b�f�_�j�����\�������������]�h�^�m���k�h�l�j�m�^�g�b�d�b���d�h�f�i�Z�g�b�b���2�F�W�L�Q�L�R�Q��
���;�_�e�v�]�b�y�����i�j�_�^�k�l�Z�\�b�e�b���i�j�h�l�h�l�b�i���a�_�f�e�y�g�b�d�h- �b�e�b���d�e�m�[�g�b�d�h��
�m�[�h�j�h�q�g�h�]�h���j�h�[�h�l�Z�����d�h�l�h�j�u�c���i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���Z�\�l�h�f�Z�l�b��
�q�_�k�d�b�c���f�Z�g�b�i�m�e�y�l�h�j���g�Z���f�h�[�b�e�v�g�h�c���i�e�Z�l�n�h�j�f�_�����j�b�k�������������I�j�b��
�k�f�_�g�_�� �k�o�\�Z�l�Z�� �j�h�[�h�l�� �f�h�`�g�h�� �i�j�b�f�_�g�y�l�v�� �^�e�y�� �k�[�h�j�Z�� �b�� �^�j�m�]�b�o��
�n�j�m�d�l�h�\���b�e�b���h�\�h�s�_�c���>���@���� 

�J�b�k����3. �F�h�[�b�e�v�g�u�c���j�h�[�h�l���^�e�y���k�[�h�j�Z���d�e�m�[�g�b�d�b 

�F�h�[�b�e�v�g�u�_���j�h�[�h�l�u���\���J�h�k�k�b�b���j�Z�a�j�Z�[�Z�l�u�\�Z�x�l�k�y���^�e�y���h�[�h��
�j�h�g�g�h�c���i�j�h�f�u�r�e�_�g�g�h�k�l�b�����]�^�_���h�g�b���y�\�e�y�x�l�k�y���h�^�g�b�f���b�a���i�j�b��
�h�j�b�l�_�l�g�u�o�� �g�Z�i�j�Z�\�e�_�g�b�c�� �>���@. �F�h�[�b�e�v�g�u�_�� �j�h�[�h�l�h�l�_�o�g�b�q�_��
�k�d�b�_���d�h�f�i�e�_�d�k�u�����J�L�D�����k�h�a�^�Z�x�l�k�y���i�m�l�_�f���^�h�h�k�g�Z�s�_�g�b�y���m�`�_��
�k�m�s�_�k�l�\�m�x�s�b�o�� �h�[�j�Z�a�p�h�\�� �\�h�_�g�g�h�c�� �l�_�o�g�b�d�b�� �f�h�^�m�e�v�g�u�f��
�\�k�l�j�Z�b�\�Z�g�b�_�f���b�e�b���g�Z�\�_�k�g�u�f���h�[�h�j�m�^�h�\�Z�g�b�_�f�����>�Z�g�g�u�_ �J�L�D��
�m�i�j�Z�\�e�y�x�l�k�y�� �[�_�a�w�d�b�i�Z�`�g�u�f�� ���^�b�k�l�Z�g�p�b�h�g�g�u�f���� �k�i�h�k�h�[�h�f��
[10]. �B�o���b�k�i�h�e�v�a�m�x�l���^�e�y���j�Z�k�q�b�k�l�d�b���a�Z�\�Z�e�h�\�����j�Z�a�\�_�^�d�b�����j�Z�a��
�f�b�g�b�j�h�\�Z�g�b�y�����i�h�^�^�_�j�`�d�b���h�]�g�_�f���b���i�_�j�_�\�h�a�d�b���h�[�h�j�m�^�h�\�Z�g�b�y����

�G�Z�i�j�b�f�_�j���� �[�h�_�\�h�c�� �j�h�[�h�l�� ���f�h�[�b�e�v�g�u�c�� �j�h�[�h�l�h�l�_�o�g�b�q�_�k�d�b�c��
�d�h�f�i�e�_�d�k�����F�J�D-27 �± �;�L ���j�b�k�������������?�]�h �j�Z�a�j�Z�[�h�l�Z�e�h���K�L�D�;���I�J��
�F�=�L�M�� �b�f���� �G���W���;�Z�m�f�Z�g�Z���� �<�k�z�� �h�j�m�`�b�_�� �g�Z�o�h�^�b�l�k�y�� �g�Z�� �k�i�_�p�b��
�Z�e�v�g�u�o�� �e�_�]�d�h�k�t�z�f�g�u�o�� �d�h�g�k�h�e�y�o���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f�� �e�_�]�d�h��
�f�h�`�g�h���k�g�y�l�v���k���j�h�[�h�l�Z���h�j�m�`�b�_���b���a�Z�d�j�_�i�b�l�v���^�j�m�]�h�_�����W�l�Z���f�Z��
�r�b�g�Z�� �h�q�_�g�v�� �m�k�l�h�c�q�b�\�Z�� �[�e�Z�]�h�^�Z�j�y�� �]�m�k�_�g�b�p�Z�f�� �g�h�\�h�c�� �d�h�g��
�k�l�j�m�d�p�b�b���b���k�b�k�l�_�f�u���m�f�_�g�v�r�_�g�b�y���h�l�^�Z�q�b�����>�����@ 

 

�J�b�k����4. �F�J�D-27 �± �;�L 

�B�a���\�u�r�_�k�d�Z�a�Z�g�g�h�]�h���f�h�`�g�h���k�^�_�e�Z�l�v���\�u�\�h�^���q�l�h���j�h�[�h�l�u���g�Z��
�f�h�[�b�e�v�g�u�o���i�e�Z�l�n�h�j�f�Z�o���m�g�b�\�_�j�k�Z�e�v�g�u���b���m�`�_���b�k�i�h�e�v�a�m�x�l�k�y��
�\�h���f�g�h�]�b�o���h�[�e�Z�k�l�y�o���>12]. �B�o���i�j�b�f�_�g�_�g�b�_���h�[�e�_�]�q�Z�_�l���j�Z�[�h�l�m��
�q�_�e�h�\�_�d�Z���� �m�k�l�j�Z�g�y�y�� �_�]�h�� �b�a�� �a�h�g�� �i�h�\�u�r�_�g�g�h�c�� �h�i�Z�k�g�h�k�l�b���� �<��
�k�\�y�a�b���k���i�h�^�\�b�`�g�h�k�l�v�x���b���e�_�]�d�h�c���i�_�j�_�g�Z�k�l�j�h�c�d�h�c���^�Z�g�g�u�o���j�h��
�[�h�l�h�\���� �^�e�y�� �g�Z�b�[�h�e�_�_�� �i�h�e�g�h�]�h�� �i�j�b�f�_�g�_�g�b�y�� �g�Z�� �\�u�^�_�e�_�g�g�h�f��
�m�q�Z�k�l�d�_�� �b�o�� �l�j�_�[�m�_�l�k�y�� �\�� �j�Z�a�u�� �f�_�g�v�r�_���� �<�� �i�j�h�f�u�r�e�_�g�g�h�k�l�b��
�i�h�^�h�[�g�u�_�� �F�J�D���� �i�j�b�� �^�h�e�`�g�h�f�� �i�h�^�[�h�j�_�� �n�m�g�d�p�b�h�g�Z�e�v�g�u�o��
�q�Z�k�l�_�c�����h�[�_�k�i�_�q�Z�l���[�h�e�v�r�m�x���]�b�[�d�h�k�l�v���i�j�h�b�a�\�h�^�k�l�\�Z�����Z���l�Z�d�`�_ 
�i�h�a�\�h�e�y�l���\�g�_�^�j�b�l�v���j�h�[�h�l�b�a�Z�p�b�x�� �\���l�_�o���h�[�e�Z�k�l�y�o�����]�^�_���j�Z�g�_�_��
�h�g�Z�� �[�u�e�Z�� �g�_�w�n�n�_�d�l�b�\�g�Z�� �b�a-�a�Z�� �\�u�k�h�d�b�o�� �a�Z�l�j�Z�l�� �g�Z�� �h�[�h�j�m�^�h��
�\�Z�g�b�_�� 

�P�?�E�V���J�:�;�H�L�U 

�<�u�i�h�e�g�y�_�f�Z�y���Z�\�l�h�j�Z�f�b���j�Z�[�h�l�Z���g�Z�i�j�Z�\�e�_�g�Z���g�Z���k�h�a�^�Z�g�b�_��
�d�h�g�p�_�i�p�b�b���f�h�[�b�e�v�g�h�]�h���i�j�h�f�u�r�e�_�g�g�h�]�h���j�h�[�h�l�Z���^�e�y���h�[�k�e�m��
�`�b�\�Z�g�b�y���f�_�o�Z�g�h�k�[�h�j�h�q�g�u�o���i�j�h�b�a�\�h�^�k�l�\�����>�e�y���k�h�a�^�Z�g�b�y���i�h��
�^�h�[�g�h�]�h�� �j�h�[�h�l�Z�� �l�j�_�[�m�_�l�k�y�� �h�i�j�_�^�_�e�b�l�v�� �h�k�g�h�\�g�u�_�� �^�e�y�� �g�_�]�h��
�i�Z�j�Z�f�_�l�j�u�����l�Z�d�b�_�� �d�Z�d���� �k�i�h�k�h�[�� �_�]�h�� �h�j�b�_�g�l�Z�p�b�b�� �\�� �i�j�h�k�l�j�Z�g��
�k�l�\�_���� �k�i�h�k�h�[�� �_�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �k�� �h�d�j�m�`�Z�x�s�b�f�b�� �h�[�t�_�d��
�l�Z�f�b�����_�]�h���j�Z�a�f�_�j�u�����d�h�g�n�b�]�m�j�Z�p�b�x���b���k�i�_�p�b�n�b�d�m���h�l�^�_�e�v�g�u�o��
�d�h�f�i�h�g�_�g�l�h�\���� 

�G�Z�� �h�k�g�h�\�_�� �b�a�m�q�_�g�g�h�c�� �e�b�l�_�j�Z�l�m�j�u�� �h�i�j�_�^�_�e�b�l�v�� �^�Z�g�g�u�_��
�i�Z�j�Z�f�_�l�j�u���\�h�a�f�h�`�g�h�����g�h���^�e�y���m�l�h�q�g�_�g�b�y���g�_�d�h�l�h�j�u�o���i�h�^�j�h�[��
�g�h�k�l�_�c���k�e�_�^�m�_�l���i�j�h�\�_�k�l�b���w�d�k�i�_�j�b�f�_�g�l�u 

�K�H�A�>�:�G�B�?���F�:�D�?�L�G�H�=�H �H�;�J�:�A�P�: 

�>�e�y���i�j�h�\�_�^�_�g�b�y���w�d�k�i�_�j�b�f�_�g�l�h�\���l�j�_�[�h�\�Z�e�h�k�v���k�h�a�^�Z�l�v���f�h��
�^�_�e�v���b�a�m�q�Z�_�f�h�]�h���h�[�t�_�d�l�Z�����K�h�a�^�Z�g�b�_���h�[�j�Z�a�p�Z���\���f�Z�k�r�l�Z�[�_ 1:1 
�[�u�e�h�� �a�Z�l�j�m�^�g�b�l�_�e�v�g�h�� �i�h���n�b�g�Z�g�k�h�\�u�f �i�j�b�q�b�g�Z�f���� �i�h�w�l�h�f�m��
�j�_�r�_�g�h���[�u�e�h���k�h�a�^�Z�l�v���m�f�_�g�v�r�_�g�g�m�x���f�h�^�_�e�v���� 

�;�u�e���k�h�a�^�Z�g���f�Z�d�_�l�g�u�c���h�[�j�Z�a�_�p, �i�j�_�^�k�l�Z�\�e�y�x�s�b�c���b�a���k�_�[�y��
�q�_�l�u�j�_�o�d�h�e�_�k�g�m�x�����i�h�e�g�h�i�j�b�\�h�^�g�m�x �f�h�[�b�e�v�g�m�x�� �i�e�Z�l��
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�n�h�j�f�m���k���i�j�b�d�j�_�i�e�_�g�g�u�f�b���d���g�_�c���w�e�_�f�_�g�l�Z�f�b���i�b�l�Z�g�b�y���b���d�h�g��
�l�j�h�e�y�����j�b�k�� ���������<���d�Z�q�_�k�l�\�_���m�i�j�Z�\�e�y�x�s�_�]�h���w�e�_�f�_�g�l�Z���[�u�e���b�k��
�i�h�e�v�a�h�\�Z�g���d�h�g�l�j�h�e�e�_�j��Arduino �8�Q�R���5�����>�����@�����l�Z�d���d�Z�d �h�g �y�\��
�e�y�_�l�k�y �g�Z�b�[�h�e�_�_ �^�h�k�l�m�i�g�u�f�� �b�� �b�f�_�_�l�� �^�h�k�l�Z�l�h�q�g�h�_�� �d�h�e�b�q�_��
�k�l�\�h���k�h�\�f�_�k�l�b�f�u�o���f�h�^�m�e�_�c�� 

�J�b�k����5. �<�g�_�r�g�b�c���\�b�^���f�Z�d�_�l�g�h�]�h���h�[�j�Z�a�p�Z 

�<�h���\�j�_�f�y���w�d�k�i�_�j�b�f�_�g�l�h�\���i�j�_�^�i�h�e�Z�]�Z�e�h�k�v���\�u�y�k�g�b�l�v���h�k�h��
�[�_�g�g�h�k�l�b�� �m�i�j�Z�\�e�_�g�b�y�� �l�Z�d�h�c�� �i�e�Z�l�n�h�j�f�h�c�� �b�� �h�k�h�[�_�g�g�h�k�l�b��
�h�j�b�_�g�l�Z�p�b�b���j�h�[�h�l�Z���i�j�b���i�h�f�h�s�b���^�Z�l�q�b�d�h�\�����>�e�y���w�l�h�]�h���[�u�e�b��
�\�u�[�j�Z�g�u���b���^�h�[�Z�\�e�_�g�u���d���h�k�g�h�\�g�h�c���d�h�g�k�l�j�m�d�p�b�b���i�e�Z�l�n�h�j�f�u��
�k�e�_�^�m�x�s�b�_���^�Z�l�q�b�d�b���j�Z�a�g�h�]�h���i�j�b�g�p�b�i�Z���^�_�c�k�l�\�b�y���� 

1) �M�e�v�l�j�Z�a�\�m�d�h�\�h�c���^�Z�e�v�g�h�f�_�j���+�&-SR04; 
2) �B�g�n�j�Z�d�j�Z�k�g�u�c���^�_�l�_�d�l�h�j���i�j�_�i�y�l�k�l�\�b�y���)�&-�������������r�l����; 
3) �B�g�n�j�Z�d�j�Z�k�g�u�c���^�Z�e�v�g�h�f�_�j���6�K�D�U�S���*�3���<���$���������>����-16]. 
 �B�l�h�]�h�\�u�_���]�Z�[�Z�j�b�l�u���j�h�[�h�l�Z���k�h�k�l�Z�\�b�e�b�����\���^�e�b�g�m���± ���������f�f����

�\���r�b�j�b�g�m �± ���������f�f�����<�u�k�h�l�Z���i�e�Z�l�n�h�j�f�u���[�_�a���\�_�j�o�g�_�]�h���d�j�_�i��
�e�_�g�b�y �± 56 �f�f�����<�u�k�h�l�Z���i�e�Z�l�n�h�j�f�u���k���m�e�v�l�j�Z�a�\�m�d�h�\�u�f���^�Z�e�v��
�g�h�f�_�j�h�f �± ���������f�f�����\�f�_�k�l�_���k���b�g�n�j�Z�d�j�Z�k�g�u�f���^�Z�e�v�g�h�f�_�j�h�f �± 
���������f�f�����>�h�j�h�`�g�u�c���i�j�h�k�\�_�l���± �������f�f���� 

�I�_�j�\�u�_���b�k�i�u�l�Z�g�b�y���i�e�Z�l�n�h�j�f�u���[�u�e�b���g�Z�i�j�Z�\�e�_�g�u���g�Z���\�u��
�y�k�g�_�g�b�_�� �h�k�h�[�_�g�g�h�k�l�_�c�� �j�Z�[�h�l�u�� �k�� �i�e�Z�l�n�h�j�f�h�c�� �b�� �n�Z�d�l�h�j�h�\, 
�\�e�b�y�x�s�b�o���g�Z���i�_�j�_�f�_�s�_�g�b�_�����B�k�i�u�l�Z�g�b�y���\�k�_�o���^�Z�l�q�b�d�h�\���i�j�h��
�o�h�^�b�e�b�� �g�Z�� �h�^�g�h�c�� �b�� �l�h�c�� �`�_�� �i�e�h�s�Z�^�d�_���� �b�f�b�l�b�j�m�x�s�_�c�� �i�j�h��
�f�u�r�e�_�g�g�h�_���i�h�f�_�s�_�g�b�_���\���f�Z�k�r�l�Z�[�_���������������I�e�Z�l�n�h�j�f�Z���i�_�j�_��
�f�_�s�Z�e�Z�k�v [17-19] �b�k�i�h�e�v�a�m�y���^�Z�l�q�b�d���b�e�b���g�Z�[�h�j���^�Z�l�q�b�d�h�\���i�h��
�g�_�[�h�e�v�r�h�f�m���e�Z�[�b�j�b�g�l�m�����k�h�k�l�h�y�s�_�f�m���b�a���^�\�m�o���i�h�\�h�j�h�l�h�\���i�h��
90�q �b�� �^�h�e�`�g�Z�� �[�u�e�Z�� �h�k�l�Z�g�Z�\�e�b�\�Z�l�v�k�y�� �\�� �h�[�e�Z�k�l�b�� �n�b�g�b�r�Z, 
�i�j�_�^�k�l�Z�\�e�y�x�s�_�c���b�a���k�_�[�y���i�j�y�f�h�m�]�h�e�v�g�b�d���j�Z�a�f�_�j�h�f���������o��������
�f�f�����j�b�k���������� 

 

 
�J�b�k����6. �H�[�e�Z�k�l�v���i�j�h�\�_�^�_�g�b�y���b�k�i�u�l�Z�g�b�c 

�<�h���\�j�_�f�y���h�i�u�l�h�\���g�Z���l�j�Z�_�d�l�h�j�b�b���j�h�[�h�l�Z���b�g�h�]�^�Z���j�Z�a�f�_�s�Z��
�e�b�k�v�� �i�j�_�i�y�l�k�l�\�b�y���� �f�_�g�y�e�h�k�v�� �h�k�\�_�s�_�g�b�_�� ���_�k�l�_�k�l�\�_�g�g�h�_���b�k��
�d�m�k�k�l�\�_�g�g�h�_������ �f�_�g�y�e�b�k�v�� �g�Z�k�l�j�h�c�d�b�� �^�Z�l�q�b�d�h�\�� �b�� �i�j�h�]�j�Z�f�f�u��
�b�o���k�q�b�l�u�\�Z�g�b�y�����f�_�g�y�e�b�k�v���k�Z�f�b���^�Z�l�q�b�d�b�� 

 �H�[�e�Z�k�l�v���b�k�i�u�l�Z�g�b�c���b�f�_�e�Z �j�Z�a�f�_�j�u���������o���������f�f���\�f�_�k�l�_��
�k���i�j�_�i�y�l�k�l�\�b�y�f�b�����r�b�j�b�g�Z���i�j�h�o�h�^�Z���\�g�m�l�j�b���e�Z�[�b�j�b�g�l�Z���± 280 
�f�f���� �^�e�b�g�Z�� �h�l�� �g�_�i�j�_�h�^�h�e�b�f�h�]�h�� �i�j�_�i�y�l�k�l�\�b�y�� �\�� �h�[�e�Z�k�l�b�� �n�b��
�g�b�r�Z���^�h���k�l�_�g�d�b���e�Z�[�b�j�b�g�l�Z���± ���������f�f�� 

�<���j�_�a�m�e�v�l�Z�l�_�� �i�j�_�^�\�Z�j�b�l�_�e�v�g�u�o�� �b�k�i�u�l�Z�g�b�c�� �[�u�e�b�� �\�u�y�\��
�e�_�g�u�� �n�Z�d�l�h�j�u�� �\�e�b�y�x�s�b�_�� �g�Z�� �l�h�q�g�h�k�l�v�� �i�h�i�Z�^�Z�g�b�y�� �i�e�Z�l��
�n�h�j�f�u�����B�f�b���h�d�Z�a�Z�e�b�k�v���� 

�O1 �± �I�j�_�i�y�l�k�l�\�b�y���g�Z���^�h�j�h�]�_���� 
�O2 �± �<�b�^���^�Z�l�q�b�d�Z;  
�O3 �± �H�k�\�_�s�_�g�b�_���� 
�O4 �± �P�\�_�l���k�l�_�g�h�d���e�Z�[�b�j�b�g�l�Z���� 
�O5 �± �>�Z�e�v�g�h�k�l�v���k�j�Z�[�Z�l�u�\�Z�g�b�y���^�Z�l�q�b�d�Z���� 
�O6 �± �K�d�h�j�h�k�l�v���i�_�j�_�f�_�s�_�g�b�y���i�e�Z�l�n�h�j�f�u. 
 �>�Z�e�_�_�� �[�u�e�� �i�j�h�\�_�^�_�g�� �h�l�k�_�b�\�Z�x�s�b�c�� �w�d�k�i�_�j�b�f�_�g�l��[20]���� �\��

�j�_�a�m�e�v�l�Z�l�_�� �d�h�l�h�j�h�]�h�� �[�u�e�b�� �\�u�y�\�e�_�g�u�� �k�Z�f�u�_�� �\�e�b�y�l�_�e�v�g�u�_��
�n�Z�d�l�h�j�u���� �G�Z�� �b�l�h�]�h�\�h�c�� �^�b�Z�]�j�Z�f�f�_�� �j�Z�g�`�b�j�h�\�Z�g�b�y�� ���j�b�k���� ������
�i�h�d�Z�a�Z�g�u���\�k�_���i�j�_�^�k�l�Z�\�e�_�g�g�u�_���n�Z�d�l�h�j�u�����h�k�v���Z�[�k�p�b�k�k�����\���i�h��
�j�y�^�d�_�� �m�[�u�\�Z�g�b�y���b�o�� �a�g�Z�q�b�f�h�k�l�b�� �\�u�j�Z�`�_�g�g�h�c�� �\�� �i�j�h�p�_�g�l�Z�o��
���h�k�v���h�j�^�b�g�Z�l���� 

�J�b�k����7. �>�b�Z�]�j�Z�f�f�Z���j�Z�g�`�b�j�h�\�Z�g�b�y 

�K�Z�f�u�f�b���\�e�b�y�l�_�e�v�g�u�f�b���n�Z�d�l�h�j�Z�f�b���h�d�Z�a�Z�e�b�k�v�� 
�O2 �± �<�b�^���^�Z�l�q�b�d�Z; 
�O5 �± �>�Z�e�v�g�h�k�l�v���k�j�Z�[�Z�l�u�\�Z�g�b�y���^�Z�l�q�b�d�Z; 
�O6 �± �K�d�h�j�h�k�l�v���i�_�j�_�f�_�s�_�g�b�y���i�e�Z�l�n�h�j�f�u; 

�W�D�K�I�?�J�B�F�?�G�L�:�E�V�G�U�? �B�K�K�E�?�>�H�<�:�G�B�Y 

�>�Z�e�_�_�����^�e�y���\�u�y�k�g�_�g�b�y���\�a�Z�b�f�h�\�e�b�y�g�b�y���h�l�h�[�j�Z�g�g�u�o �n�Z�d��
�l�h�j�h�\�� �k�e�_�^�h�\�Z�e�h�� �i�j�h�\�_�k�l�b�� �f�g�h�]�h�n�Z�d�l�h�j�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l 
[21-23]�����I�_�j�_�^���k�h�k�l�Z�\�e�_�g�b�_�f���i�e�Z�g�Z���w�d�k�i�_�j�b�f�_�g�l�h�\���g�Z���h�k�g�h��
�\�Z�g�b�b���i�h�e�m�q�_�g�g�u�o���a�g�Z�g�b�c���[�u�e�b���\�g�_�k�_�g�u���g�_�d�h�l�h�j�u�_���b�a�f�_��
�g�_�g�b�y���� �>�e�y�� �i�h�\�u�r�_�g�b�y�� �l�h�q�g�h�k�l�b�� �h�i�u�l�h�\�� �[�u�e�Z�� �b�a�f�_�g�_�g�Z��
�d�h�g�n�b�]�m�j�Z�p�b�y�� �^�Z�l�q�b�d�h�\�� ���j�b�k���� �������� �[�u�e�h�� �^�h�[�Z�\�e�_�g�h�� �i�h�� �h�^��
�g�h�f�m���^�h�i�h�e�g�b�l�_�e�v�g�h�f�m���m�e�v�l�j�Z�a�\�m�d�h�\�h�f�m�����+�&-�6�5���������b���b�g��
�n�j�Z�d�j�Z�k�g�h�f�m�� ���f�h�^�_�e�v���*�3���<���$�������� �^�Z�e�v�g�h�f�_�j�m���� �l�Z�d�� �q�l�h�[�u��
�\�k�_�]�^�Z�� �h�^�b�g�� �^�Z�l�q�b�d�� �k�f�h�l�j�_�e�� �\�i�_�j�_�^���� �Z�� �^�j�m�]�h�c�� �g�Z�i�j�Z�\�h����
�<�_�j�o�g�_�_�� �d�j�_�i�e�_�g�b�_ �j�h�[�h�l�Z�� �k�� �w�l�h�]�h�� �f�h�f�_�g�l�Z�� �k�l�Z�e�h �g�_�i�h��
�^�\�b�`�g�u�f.  
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�L�Z�d�`�_���[�u�e�h���i�j�b�g�y�l�h���j�_�r�_�g�b�_���b�k�d�e�x�q�b�l�v���n�Z�d�l�h�j�����^�Z�e�v��
�g�h�k�l�v���k�j�Z�[�Z�l�u�\�Z�g�b�y�������k�^�_�e�Z�l�v���_�]�h���g�_�\�Z�j�v�b�j�m�_�f�u�f�����I�j�b�g�y�l�h��
�h�g�h���[�u�e�h���g�Z���h�k�g�h�\�Z�g�b�b���l�h�]�h�����q�l�h���^�e�y���d�Z�`�^�h�c���h�[�e�Z�k�l�b�����\���d�h��
�l�h�j�h�c���b�k�i�h�e�v�a�m�_�l�k�y���j�h�[�h�l���h�g�Z�����^�Z�e�v�g�h�k�l�v�����b�f�_�_�l���k�\�h�b���h�i�l�b��
�f�Z�e�v�g�u�_�� �a�g�Z�q�_�g�b�y���� �<�h�� �\�j�_�f�y�� �b�k�i�u�l�Z�g�b�c�� �^�e�y�� �d�Z�`�^�h�]�h�� �^�Z�l��
�q�b�d�Z���w�l�h�l���n�Z�d�l�h�j���i�j�b�g�b�f�Z�e�k�y���i�h�k�l�h�y�g�g�u�f���b�k�o�h�^�y���b�a���o�Z�j�Z�d��
�l�_�j�b�k�l�b�d���^�Z�l�q�b�d�Z. 

 
�J�b�k����8. �G�h�\�Z�y���d�h�g�n�b�]�m�j�Z�p�b�y���^�Z�l�q�b�d�h�\ 

 �I�h�k�e�_�� �w�l�b�o�� �b�a�f�_�g�_�g�b�c�� �h�k�l�Z�_�l�k�y�� �^�\�Z�� �n�Z�d�l�h�j�Z���� �d�h�l�h�j�u�_��
�f�h�`�g�h�� �\�Z�j�v�b�j�h�\�Z�l�v�� �g�Z���l�j�_�o �m�j�h�\�g�y�o���� �k�e�_�^�h�\�Z�l�_�e�v�g�h, �[�_��
�j�_�l�k�y�� �i�e�Z�g�� �w�d�k�i�_�j�b�f�_�g�l�h�\�� �l�b�i�Z�� ��2���� �Q�b�k�e�h�� �h�j�b�]�b�g�Z�e�v�g�u�o��
�h�i�u�l�h�\���\���^�Z�g�g�h�f���k�e�m�q�Z�_���������>�e�y���i�h�\�u�r�_�g�b�y���l�h�q�g�h�k�l�b���i�h�d�Z��
�a�Z�g�b�c�� �j�_�d�h�f�_�g�^�m�_�l�k�y�� �l�Z�d�`�_�� �i�j�h�\�h�^�b�l�v�� �i�Z�j�Z�e�e�_�e�v�g�u�_��
�h�i�u�l�u�����q�l�h���b���[�u�e�h���k�^�_�e�Z�g�h�����i�h�������^�h�i�h�e�g�b�l�_�e�v�g�u�o���h�i�u�l�Z��. 
�B�l�h�]�h�\�h�_���q�b�k�e�h���h�i�u�l�h�\���k�h�k�l�Z�\�e�y�_�l���± 27. 

 �K�g�Z�q�Z�e�Z�� �[�u�e�Z�� �a�Z�i�h�e�g�_�g�Z�� �l�Z�[�e�b�p�Z�� �g�Z�l�m�j�Z�e�v�g�u�o�� �a�g�Z�q�_��
�g�b�c���n�Z�d�l�h�j�h�\�����l�Z�[�e. 1.).  

�L�Z�[�e�b�p�Z���� 
�G�Z�l�m�j�Z�e�v�g�u�_���a�g�Z�q�_�g�b�y���n�Z�d�l�h�j�h�\ 

�N�Z�d�l�h�j�u �<�b�^���^�Z�l�q�b�d�Z�� 
(p) 

�K�d�h�j�h�k�l�v���i�_�j�_�f�_��
�s�_�g�b�y�����k�f���k 

(v) 

�H�[�h�a�g�Z�q�_�g�b�_ X1 X2 

�<�_�j�o�g�b�c���m�j�h�\�_�g�v���������� +1 54 

�H�k�g�h�\�g�h�c���m�j�h�\�_�g�v�������� 0 36,5 

�G�b�`�g�b�c���m�j�h�\�_�g�v�����±1) �±1 19 

�L�Z�d�� �d�Z�d�� ���<�b�^�� �^�Z�l�q�b�d�Z���� �y�\�e�y�_�l�k�y�� �d�Z�q�_�k�l�\�_�g�g�u�f�� �n�Z�d�l�h��
�j�h�f���_�]�h���g�Z�l�m�j�Z�e�v�g�u�_���a�g�Z�q�_�g�b�y���a�Z�i�b�k�u�\�Z�x�l�k�y���d�Z�d����������������������
�b��"�±�������\���k�h�h�l�\�_�l�k�l�\�b�b���k���h�p�_�g�d�h�c���^�Z�l�q�b�d�h�\�����i�h�k�l�Z�\�e�_�g�g�h�c���g�Z��
�h�k�g�h�\�Z�g�b�b���i�j�_�^�u�^�m�s�b�o���h�i�u�l�h�\�����A�g�Z�q�_�g�b�_���\�_�j�o�g�_�]�h���m�j�h�\�g�y��
���������� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �g�Z�[�h�j�m�� �b�g�n�j�Z�d�j�Z�k�g�u�o�� �^�Z�e�v�g�h�f�_�j�h�\��
�6�K�D�U�S�����h�k�g�h�\�g�h�]�h���m�j�h�\�g�y�����������± �g�Z�[�h�j�m���m�e�v�l�j�Z�a�\�m�d�h�\�u�o���^�Z�e�v��
�g�h�f�_�j�h�\���+�&-�6�5���������Z���g�b�`�g�_�]�h���m�j�h�\�g�y�����±1) �± �g�Z�[�h�j�m���b�g�n�j�Z��
�d�j�Z�k�g�u�o���^�Z�l�q�b�d�h�\���i�j�_�i�y�l�k�l�\�b�c���)�&-51. 

�I�h�k�e�_���w�l�h�]�h���a�Z�d�h�^�b�j�h�\�Z�g�u���g�Z�l�m�j�Z�e�v�g�u�_���a�g�Z�q�_�g�b�y���± �\�\�_��
�^�_�g�u���m�k�e�h�\�g�u�_���h�[�h�a�g�Z�q�_�g�b�y���\�_�j�o�g�_�]�h�������������g�b�`�g�_�]�h�����±�����b���h�k��
�g�h�\�g�h�]�h�� �m�j�h�\�g�y�� �������� �^�e�y�� �d�h�e�b�q�_�k�l�\�_�g�g�h�]�h�� �n�Z�d�l�h�j�Z�� �����K�d�h��
�j�h�k�l�v�� �i�_�j�_�f�_�s�_�g�b�y�������� �A�Z�l�_�f�� �i�h�k�l�j�h�_�g�� �i�e�Z�g���w�d�k�i�_�j�b�f�_�g�l�Z����
�i�j�_�^�k�l�Z�\�e�_�g�g�u�c���\���l�Z�[�e. 2. 

�L�Z�[�e�b�p�Z���� 
�F�Z�l�j�b�p�Z���i�e�Z�g�b�j�h�\�Z�g�b�y�� 

�‹  �N1 
���j�� 

�N2 
(v) 

X1 X2 X1
2 X2

2 X1 
X2 

X1 
X2

2 
X1

2 
X2 

X1
2 

X2
2 

1 �±1 19 �±1 �±1 1 1 1 �±1 �±1 1 
2 �±1 36,5 �±1 0 1 �±2 0 2 0 �±2 
3 �±1 54 �±1 1 1 1 �±1 �±1 1 1 
4 0 19 0 �±1 �±2 1 0 0 2 �±2 

�‹  �N1 
���j�� 

�N2 
(v) X1 X2 X1

2 X2
2 X1 

X2 
X1 
X2

2 
X1

2 
X2 

X1
2 

X2
2 

5 0 36,5 0 0 �±2 �±2 0 0 0 4 
6 0 54 0 1 �±2 1 0 0 �±2 �±2 
7 1 19 1 �±1 1 1 �±1 1 �±1 1 
8 1 36,5 1 0 1 �±2 0 �±2 0 �±2 
9 1 54 1 1 1 1 1 1 1 1 

�I�h�� �^�Z�g�g�h�f�m�� �i�e�Z�g�m�� �i�j�h�\�_�^�_�g�u���w�d�k�i�_�j�b�f�_�g�l�u, �j�_�a�m�e�v��
�l�Z�l�u���d�h�l�h�j�u�o���i�j�_�^�k�l�Z�\�e�_�g�u���\���l�Z�[�e�����������I�j�h�\�_�^�_�g�u �^�b�k�i�_�j��
�k�b�h�g�g�u�c���b���j�_�]�j�_�k�k�b�h�g�g�u�c���Z�g�Z�e�b�a�u. 

�L�Z�[�e�b�p�Z���� 
�J�_�a�m�e�v�l�Z�l�u���w�d�k�i�_�j�b�f�_�g�l�h�\ 

�‹  Y1 Y2 Y3 Y 
1 325 338 316 326,33 
2 307 328 334 323 
3 277 344 304 308,33 
4 352 361 374 362,33 
5 401 408 420 409,67 
6 333 352 348 344,33 
7 375 386 397 386 
8 398 439 421 419,33 
9 383 351 330 354,67 

�F�Z�l�_�f�Z�l�b�q�_�k�d�h�c �f�h�^�_�e�v�x [22] �^�Z�g�g�h�]�h�� �i�j�h�p�_�k�k�Z�� �[�u�e��
�\�u�[�j�Z�g���i�h�e�b�g�h�f���\�l�h�j�h�c���k�l�_�i�_�g�b�����d�h�l�h�j�u�c �i�h�k�e�_���i�j�h�\�_�j�d�b��
�d�h�w�n�n�b�p�b�_�g�l�h�\���g�Z���a�g�Z�q�b�f�h�k�l�v���i�j�b�g�b�f�Z�_�l���\�b�^�� 
y=b0+b1 x1+b2 x2 +b11x11

2+b22 x22
2+b122 x1 x22

2 +b1122 x11
2x22 (1) 

�]�^�_ b0, b1....bn �± �d�h�w�n�n�b�p�b�_�g�l�u���j�_�]�j�_�k�k�b�b�� 
�F�h�^�_�e�v���i�j�h�\�_�j�_�g�Z���b���i�j�b�a�g�Z�g�Z���Z�^�_�d�\�Z�l�g�h�c�� 
�I�h�k�e�_�� �i�h�^�k�l�Z�g�h�\�d�b�� �d�h�w�n�n�b�p�b�_�g�l�h�\�� �b�� �j�Z�k�d�h�^�b�j�h�\�Z�g�b�y��

�m�k�e�h�\�g�u�o���h�[�h�a�g�Z�q�_�g�b�c���n�Z�d�l�h�j�h�\�� 
y=267,63�±19,41p+5,45v+43,2p2�±0,077v2�±0,031pv2+  
 +2,99pv+0,042p2v2�±3,07p2v   (2) 

�]�^�_��p �± �\�b�^���^�Z�l�q�b�d�Z����v �± �k�d�h�j�h�k�l�v���i�_�j�_�f�_�s�_�g�b�y�� 

�H�;�K�M�@�>�?�G�B�? �J�?�A�M�E�V�L�:�L�H�< 

�<���j�_�a�m�e�v�l�Z�l�_���h�[�j�Z�[�h�l�d�b���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���^�Z�g�g�u�o���i�h��
�e�m�q�_�g���]�j�Z�n�b�d�b�����i�h�d�Z�a�Z�g�g�u�_���g�Z���j�b�k���������b������. �=�^�_���d�Z�`�^�u�c���b�a��
�j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o���n�Z�d�l�h�j�h�\�� �n�b�d�k�b�j�m�_�l�k�y�� �g�Z�� �g�m�e�_�\�h�f��
�m�j�h�\�g�_�����d�h�l�h�j�h�f�m���k�h�h�l�\�_�l�k�l�\�m�x�l v=36�������b���j� ���� 

�I�h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �i�j�h�\�_�^�_�g�g�u�o�� �w�d�k�i�_�j�b�f�_�g�l�h�\�� �f�h�`�g�h��
�k�^�_�e�Z�l�v���k�e�_�^�m�x�s�b�_���h�[�s�b�_���\�u�\�h�^�u�� 

 �G�Z�b�[�h�e�_�_���i�h�^�o�h�^�y�s�b�f�b���^�e�y���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�]�h���j�h�[�h�l�Z��
�y�\�e�y�_�l�k�y�� �b�g�n�j�Z�d�j�Z�k�g�u�_�� �^�Z�l�q�b�d�b���� �d�h�l�h�j�u�_�� �e�m�q�r�_�� �k�l�Z�\�b�l�v��
�g�_�[�h�e�v�r�b�f�b�� �]�j�m�i�i�Z�f�b���± �i�h����-�����^�Z�l�q�b�d�Z�����R�m�f�� �b���k�\�_�l���\�e�b��
�y�x�l���g�Z���g�b�o���g�_���\���^�h�k�l�Z�l�h�q�g�h�c���k�l�_�i�_�g�b���q�l�h�[�u���k�[�b�\�Z�l�v���i�e�Z�l��
�n�h�j�f�m���k���l�j�Z�_�d�l�h�j�b�b�����>�e�y���i�h�\�u�r�_�g�b�y���l�h�q�g�h�k�l�b���k�e�_�^�m�_�l���i�j�h��
�b�a�\�h�^�b�l�v���g�_�k�d�h�e�v�d�h���b�a�f�_�j�_�g�b�c���j�Z�k�k�l�h�y�g�b�y�����L�Z�d�`�_���w�l�b���^�Z�l��
�q�b�d�b���f�h�`�g�h���d�h�f�[�b�g�b�j�h�\�Z�l�v���k���^�j�m�]�b�f�b���^�Z�l�q�b�d�Z�f�b�����q�l�h���i�h�a��
�\�h�e�b�l���g�_���l�h�e�v�d�h���j�h�[�h�l�m���h�j�b�_�g�l�b�j�h�\�Z�l�v�k�y���\���i�j�h�k�l�j�Z�g�k�l�\�_�����g�h��
�b�� �h�i�_�j�Z�l�h�j�m�� �h�l�k�e�_�`�b�\�Z�l�v�� �i�h�e�h�`�_�g�b�_�� �j�h�[�h�l�Z���� �B�g�n�j�Z�d�j�Z�k��
�g�u�_���^�Z�l�q�b�d�b���f�g�h�]�h�n�m�g�d�p�b�h�g�Z�e�v�g�u��- �\���k�h�q�_�l�Z�g�b�b���k���]�b�j�h�k�d�h��
�i�h�f���h�g�b���f�h�]�m�l���i�j�b�f�_�g�y�l�v�k�y���^�e�y���h�l�k�e�_�`�b�\�Z�g�b�y���j�h�[�h�l�Z���b���k�h��
�k�l�Z�\�e�_�g�b�b���d�Z�j�l�u���i�j�h�k�l�j�Z�g�k�l�\�Z��  

 �J�h�[�h�l���j�Z�a�\�h�j�Z�q�b�\�Z�_�l�k�y���i�j�Z�d�l�b�q�_�k�d�b���g�Z���f�_�k�l�_���b�a-�a�Z���h�k�h��
�[�_�g�g�h�k�l�b���j�Z�k�i�h�e�h�`�_�g�b�y���_�]�h���d�h�e�_�k�����q�l�h���^�Z�_�l���_�f�m���i�j�_�b�f�m�s�_��
�k�l�\�h���\���f�Z�g�_�\�j�_�g�g�h�k�l�b�����G�h���i�j�b���w�l�h�f���j�h�[�h�l���l�_�j�y�_�l���\���m�k�l�h�c�q�b��
�\�h�k�l�b�����>�e�y�� �b�k�i�j�Z�\�e�_�g�b�y���w�l�h�c���k�b�l�m�Z�p�b�b���g�Z�� �i�j�h�f�u�r�e�_�g�g�h�f��
�j�h�[�h�l�_���k�e�_�^�m�_�l�� �m�\�_�e�b�q�b�l�v���j�Z�k�k�l�h�y�g�b�_���f�_�`�^�m���i�_�j�_�^�g�b�f�b���b��
�a�Z�^�g�b�f�b���d�h�e�_�k�Z�f�b��- �^�h��������-���������f�f�� �W�l�h���k�g�b�a�b�l���_�]�h���f�Z�g�_�\��
�j�_�g�g�h�k�l�v���� �l�Z�d�� �d�Z�d�� �m�� �j�h�[�h�l�Z�� �g�_�l�� �i�h�e�g�h�p�_�g�g�h�c�� �i�h�^�\�_�k�d�b����
�M�e�m�q�r�b�l�v���f�Z�g�_�\�j�_�g�g�h�k�l�v���f�h�`�g�h���i�j�b�f�_�g�_�g�b�_�f���\�k�_�g�Z�i�j�Z�\��
�e�_�g�g�u�o���d�h�e�_�k�����q�l�h���b�a�[�Z�\�b�l���h�l���i�h�l�j�_�[�g�h�k�l�b���\���k�e�h�`�g�h�c���i�h�^��
�\�_�k�d�_�� 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 327  

 

 

 
�J�b�k����9. �=�j�Z�n�b�d���n�m�g�d�p�b�b���i�j�b v=36,5 

 

�J�b�k������0. �=�j�Z�n�b�d���n�m�g�d�p�b�b���i�j�b���S=0 

�I�h���j�_�a�m�e�v�l�Z�l�Z�f���i�j�h�\�_�^�_�g�b�y���f�g�h�]�h�n�Z�d�l�h�j�g�h�]�h���w�d�k�i�_�j�b��
�f�_�g�l�Z���f�h�`�g�h���m�l�\�_�j�`�^�Z�l�v �k�e�_�^�m�x�s�_�_�� 

 �������B�g�n�j�Z�d�j�Z�k�g�u�_���^�Z�e�v�g�h�f�_�j�u���i�h�^�l�\�_�j�`�^�Z�x�l���k�\�h�x���l�h�q��
�g�h�k�l�v�� �h�l�g�h�k�b�l�_�e�v�g�h�� �^�j�m�]�b�o�� �l�b�i�h�\�� �^�Z�l�q�b�d�h�\���� �K�e�_�^�h�f�� �b�^�m�l��
�m�e�v�l�j�Z�a�\�m�d�h�\�u�_�� �^�Z�e�v�g�h�f�_�j�u���� �Z�� �a�Z�\�_�j�r�Z�x�l�� �i�h�k�e�_�^�h�\�Z�l�_�e�v��
�g�h�k�l�v���± �b�g�n�j�Z�d�j�Z�k�g�u�_���^�Z�l�q�b�d�b���i�j�_�i�y�l�k�l�\�b�c�����W�l�h���\�b�^�g�h���b�a��
�]�j�Z�n�b�d�Z���i�j�b���Y� ���������� 

������ �M�e�v�l�j�Z�a�\�m�d�h�\�h�c�� �^�Z�l�q�b�d�� �b�g�h�]�^�Z�� �^�Z�_�l�� �k�[�h�b�� �b�a-�a�Z�� �m�]�e�Z��
�h�l�j�Z�`�_�g�b�y���a�\�m�d�Z�����I�j�b���j�Z�k�i�h�e�h�`�_�g�b�b���^�Z�l�q�b�d�Z���k���g�_�d�h�l�h�j�u�f��
�m�d�e�h�g�h�f�� �b�e�b�� �i�j�b�� �i�j�_�i�y�l�k�l�\�b�b���� �q�v�y�� �k�l�_�g�d�Z�� �b�f�_�_�l�� �g�Z�d�e�h�g��
�^�Z�e�v�g�h�f�_�j���f�h�`�_�l���g�_���k�q�b�l�Z�l�v���j�Z�k�k�l�h�y�g�b�_���b�a-�a�Z���l�h�]�h�����q�l�h �a�\�m��
�d�h�\�Z�y���\�h�e�g�Z���g�_���i�h�i�Z�^�_�l���g�Z���i�j�b�_�f�g�b�d�����<�h���b�a�[�_�`�Z�g�b�_���l�Z�d�b�o��
�k�b�l�m�Z�p�b�c�� �f�h�`�g�h�� �k�l�Z�\�b�l�v�� �g�_�k�d�h�e�v�d�h�� �^�Z�l�q�b�d�h�\�� �g�Z�� �h�^�g�h��
�g�Z�i�j�Z�\�e�_�g�b�_�� �k�� �j�Z�a�g�u�f�b�� �m�]�e�Z�f�b�� �g�Z�d�e�h�g�Z�� �b�e�b�� �^�_�e�Z�l�v�� �g�_��
�k�d�h�e�v�d�h���a�Z�f�_�j�h�\���j�Z�k�k�l�h�y�g�b�y�� 

�������>�Z�l�q�b�d���i�j�_�i�y�l�k�l�\�b�y���f�h�`�_�l���[�u�l�v���b�k�i�h�e�v�a�h�\�Z�g���l�h�e�v�d�h��
�\���k�h�q�_�l�Z�g�b�b���k���^�j�m�]�b�f�b���l�b�i�Z�f�b���^�Z�l�q�b�d�h�\�����l�Z�d���d�Z�d���_�]�h���l�h�q�g�h��
�k�l�b���g�_�^�h�k�l�Z�l�h�q�g�h, �Z�� �i�j�b�f�_�g�_�g�b�_�� ���h�g�� �i�h�d�Z�a�u�\�Z�_�l�� �l�h�e�v�d�h��
�g�Z�e�b�q�b�_���i�j�_�i�y�l�k�l�\�b�y�����Z���g�_���j�Z�k�k�l�h�y�g�b�_���^�h���g�_�]�h�����\�_�k�v�f�Z���h�]�j�Z��
�g�b�q�_�g�h�� 

�������H�i�l�b�f�Z�e�v�g�h�c���k�d�h�j�h�k�l�v�x���^�e�y���j�h�[�h�l�Z���y�\�e�y�_�l�k�y���k�j�_�^�g�y�y��
�k�d�h�j�h�k�l�v��������,5 �k�f���k���^�e�y���f�h�^�_�e�b�������I�j�b���\�u�k�h�d�h�c���k�d�h�j�h�k�l�b���f�h��
�`�_�l���i�j�h�b�k�o�h�^�b�l�v���a�Z�g�h�k���i�e�Z�l�n�h�j�f�u���b�e�b���h�r�b�[�d�Z���k�q�b�l�u�\�Z�g�b�y��
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Abstract. This article discusses the possibility of using mobile 

robots to service machines in medium-serial and small-scale pro-
duction as a replacement for stationary industrial robots. The ex-
perience of developing mobile robots for various applications is 
analyzed and the advantages of mobility in flexible production 
conditions are justified. To clarify the features of control of such 
robots, the selection of components for its optimal design and the 
selection of suitable sensors, the authors conducted a series of stud-
ies on an experimental sample. A prototype model is a mobile four-
wheeled platform with elements of control and management, on 

which preliminary experiments are conducted, screening and mul-
tifactorial experiments, a mathematical model is created. The re-
sults of these studies and recommendations for the creation of a 
mobile robot are given in the conclusions of this article. 

Keywords: mobile robots, multifactorial experiment, 
production automation. 
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�f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y�� �a�Z�f�u�d�Z�x�l�k�y�� �\�� �i�h�i�_�j�_�q�g�h�f�� �g�Z�i�j�Z�\�e�_�g�b�b����
�<�l�h�j�b�q�g�u�c�� �w�e�_�f�_�g�l�� �^�Z�g�g�h�]�h�� �E�:�>�I�I�� �k�h�k�l�h�b�l�� �b�a�� �w�e�_�d�l�j�h��
�i�j�h�\�h�^�y�s�_�c�� �q�Z�k�l�b���� �j�Z�k�i�h�e�h�`�_�g�g�h�c�� �g�Z�� �n�_�j�j�h�f�Z�]�g�b�l�g�h�f��
�k�_�j�^�_�q�g�b�d�_�����J�_�r�_�g�b�_���a�Z�^�Z�q�b���^�e�y���[�h�e�_�_���h�[�s�_�]�h���k�e�m�q�Z�y���i�h�a��
�\�h�e�b�l�� �k�� �[�h�e�v�r�_�c�� �k�l�_�i�_�g�v�x�� �l�h�q�g�h�k�l�b�� �j�Z�k�k�q�b�l�u�\�Z�l�v�� �e�b�g�_�c��
�g�u�_���Z�k�b�g�o�j�h�g�g�u�_���l�y�]�h�\�u�_���^�\�b�]�Z�l�_�e�b���k���i�h�i�_�j�_�q�g�u�f���f�Z�]�g�b�l��
�g�u�f���i�h�l�h�d�h�f�� 

�I �H�K�L�:�G�H�<�D�:���B���J�?�R�?�G�B�?���A�:�>�:�Q�B 

�E�b�g�_�c�g�u�c�� �Z�k�b�g�o�j�h�g�g�u�c�� �^�\�b�]�Z�l�_�e�v�� �k�� �i�h�i�_�j�_�q�g�u�f�� �f�Z�]��
�g�b�l�g�u�f���i�h�l�h�d�h�f���k�o�_�f�Z�l�b�q�g�h���i�j�_�^�k�l�Z�\�e�_�g���g�Z���j�b�k�������� 
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�J�b�k�����������I�h�i�_�j�_�q�g�h�_���k�_�q�_�g�b�_���E�:�>�I�I����1 �� �b�g�^�m�d�l�h�j���������� 

�k�_�j�^�_�q�g�b�d���b�g�^�m�d�l�h�j�Z���������� �h�[�f�h�l�d�Z���b�g�^�m�d�l�h�j�Z�� 4 �� �w�e�_�d�l�j�h��
�i�j�h�\�h�^�y�s�Z�y���q�Z�k�l�v���\�l�h�j�b�q�g�h�]�h���w�e�_�f�_�g�l�Z���������� �k�_�j�^�_�q�g�b�d��

�\�l�h�j�b�q�g�h�]�h���w�e�_�f�_�g�l�Z�����O�����<�����= �± �h�k�b���d�h�h�j�^�b�g�Z�l 

�G�Z���j�b�k���������i�j�_�^�k�l�Z�\�e�_�g�Z�����\�b�^���k�\�_�j�o�m�����k�o�_�f�Z���h�l�g�h�k�b�l�_�e�v��
�g�h�]�h���j�Z�k�i�h�e�h�`�_�g�b�y���b�g�^�m�d�l�h�j�Z���b���w�e�_�d�l�j�h�i�j�h�\�h�^�y�s�_�c���q�Z�k�l�b��
�\�l�h�j�b�q�g�h�]�h�� �w�e�_�f�_�g�l�Z�� �E�:�>�I�I���� �W�e�_�d�l�j�h�i�j�h�\�h�^�y�s�Z�y�� �q�Z�k�l�v��
�<�W���j�Z�a�[�b�l�Z���g�Z���r�_�k�l�v���h�[�e�Z�k�l�_�c�����i�j�b�q�_�f���h�[�e�Z�k�l�b�������������b�������k�h��
�h�l�\�_�l�k�l�\�_�g�g�h���h�^�b�g�Z�d�h�\�u���i�h���\�_�e�b�q�b�g�_���k�b�f�f�_�l�j�b�q�g�u�f���h�[�e�Z��
�k�l�y�f�������������b���������w�l�b�� �p�b�n�j�u�� �g�Z���j�b�k���������g�_���i�h�d�Z�a�Z�g�u�������J�Z�a�f�_�j�u��
�^�Z�g�g�u�o���h�[�e�Z�k�l�_�c���h�[�h�a�g�Z�q�_�g�u���g�Z���j�b�k���������k�b�f�\�h�e�Z�f�b��b1, b2 �b��
b3�����Z���i�h�e�h�\�b�g�Z���r�b�j�b�g�u���Z�d�l�b�\�g�h�c���q�Z�k�l�b���b�g�^�m�d�l�h�j�Z���h�[�h�a�g�Z��
�q�_�g�Z���± 2b�����<�h�a�f�h�`�g�Z�y���g�_ �k�b�f�f�_�l�j�b�y �h�[�m�k�e�h�\�e�_�g�Z���l�_�f�����q�l�h��
�^�e�y�� �^�Z�g�g�h�]�h�� �^�\�b�]�Z�l�_�e�y�� �g�_�� �\�k�_�]�^�Z�� �\�u�i�h�e�g�y�_�l�k�y�� �k�e�_�^�m�x�s�_�_��
�j�Z�\�_�g�k�l�\�h��b1 = b3 - b2�����<���k�\�y�a�b���k���w�l�b�f�����g�_�h�[�o�h�^�b�f�h���j�Z�k�k�f�Z�l��
�j�b�\�Z�l�v���l�j�b���g�_�a�Z�\�b�k�b�f�u�_���h�[�e�Z�k�l�b�������������b���������j�b�k�������������J�Z�k�i�j�_�^�_��
�e�_�g�b�_���l�h�d�h�\���\���h�[�e�Z�k�l�y�o�������������b�������k���m�q�_�l�h�f���k�f�u�k�e�Z���i�j�h�b�k�o�h��
�^�y�s�b�o���\���^�\�b�]�Z�l�_�e�_���n�b�a�b�q�_�k�d�b�o���i�j�h�p�_�k�k�h�\���y�\�e�y�_�l�k�y���a�_�j�d�Z�e�v��
�g�u�f���h�l�j�Z�`�_�g�b�_�f���j�Z�k�i�j�_�^�_�e�_�g�b�y���l�h�d�h�\���\���i�_�j�\�u�o���l�j�_�o���h�[�e�Z��
�k�l�y�o�����I�h�w�l�h�f�m���^�Z�e�v�g�_�c�r�b�c���Z�g�Z�e�b�a���[�m�^�_�l���i�j�h�\�h�^�b�l�v�k�y���e�b�r�v��
�^�e�y���h�[�e�Z�k�l�_�c�������������b������ 

 
�J�b�k�����������K�o�_�f�Z���h�l�g�h�k�b�l�_�e�v�g�h�]�h���j�Z�k�i�h�e�h�`�_�g�b�y���b�g�^�m�d�l�h�j�Z���b��

�\�l�h�j�b�q�g�h�]�h���w�e�_�f�_�g�l�Z���E�:�>�I�I 

�>�e�y���h�i�j�_�^�_�e�_�g�b�y���l�h�d�h�\�� �\�h���\�l�h�j�b�q�g�h�f���w�e�_�f�_�g�l�_�� �i�j�b�g�b��
�f�Z�_�f���^�h�i�m�s�_�g�b�_���h���l�h�f�����q�l�h���f�Z�]�g�b�l�g�Z�y���b�g�^�m�d�p�b�y���j�Z�k�i�j�_�^�_��
�e�_�g�Z���j�Z�\�g�h�f�_�j�g�h���\���i�j�_�^�_�e�Z�o���h�[�e�Z�k�l�b�������\�� �g�Z�i�j�Z�\�e�_�g�b�b�� �h�k�b��
�©�m�ª�� �b�� �k�b�g�m�k�h�b�^�Z�e�v�g�h�� �b�a�f�_�g�y�_�l�k�y�� �\�� �g�Z�i�j�Z�\�e�_�g�b�b�� �h�k�b�� �©�o�ª����
�D�j�h�f�_���l�h�]�h�����i�h�e�Z�]�Z�_�f�����q�l�h���\���h�[�e�Z�k�l�y�o�������b�������\�_�e�b�q�b�g�Z���f�Z�]��
�g�b�l�g�h�c�� �b�g�^�m�d�p�b�b�� �j�Z�\�g�Z�� �g�m�e�x���� �I�j�b�� �Z�g�Z�e�b�a�_�� �m�q�b�l�u�\�Z�_�l�k�y��
�e�b�r�v���k�h�k�l�Z�\�e�y�x�s�Z�y���f�Z�]�g�b�l�g�h�c���b�g�^�m�d�p�b�b�����i�_�j�i�_�g�^�b�d�m�e�y�j��
�g�Z�y���i�e�h�k�d�h�k�l�b���q�_�j�l�_�`�Z�����l���_�����< = �<Z. 

�L�Z�d�b�f���h�[�j�Z�a�h�f�����\���h�[�e�Z�k�l�b�������\�l�h�j�b�q�g�h�]�h���w�e�_�f�_�g�l�Z���e�b�g�_�c��
�g�h�]�h���Z�k�b�g�o�j�h�g�g�h�]�h���^�\�b�]�Z�l�_�e�y���k���i�h�i�_�j�_�q�g�u�f���f�Z�]�g�b�l�g�u�f���i�h��
�l�h�d�h�f���b�f�_�_�l���f�_�k�l�h���k�e�_�^�m�x�s�_�_���k�h�h�l�g�h�r�_�g�b�_ 

          (1) 

�]�^�_��  

 

�2 �± �i�h�e�x�k�g�h�_���^�_�e�_�g�b�_���E�:�>�I�I��

 �<���h�[�e�Z�k�l�y�o�������b�������\�l�h�j�b�q�g�h�]�h���w�e�_�f�_�g�l�Z���^�\�b�]�Z�l�_�e�y���\�_�e�b��
�q�b�g�Z���f�Z�]�g�b�l�g�h�c���b�g�^�m�d�p�b�b 

           (2) 
�I�j�_�g�_�[�j�_�]�Z�y�� �l�h�d�Z�f�b�� �k�f�_�s�_�g�b�y���� �f�h�`�g�h�� �g�Z�� �h�k�g�h�\�Z�g�b�b��

�m�j�Z�\�g�_�g�b�c���F�Z�d�k�\�_�e�e�Z���a�Z�i�b�k�Z�l�v���^�e�y���^�Z�g�g�h�]�h���k�e�m�q�Z�y 

                         (3) 

�]�^�_���/ �± �i�e�h�l�g�h�k�l�v���l�h�d�Z���\���w�e�_�d�l�j�h�i�j�h�\�h�^�y�s�_�c���q�Z�k�l�b���<�W��  �J �� 
�_�_���w�e�_�d�l�j�b�q�_�k�d�Z�y���i�j�h�\�h�^�b�f�h�k�l�v�� 

�I�h�k�d�h�e�v�d�m���\�h���\�l�h�j�b�q�g�h�f���w�e�_�f�_�g�l�_���E�:�>���k���i�h�i�_�j�_�q�g�u�f��
�f�Z�]�g�b�l�g�u�f�� �i�h�l�h�d�h�f�� �g�_�l�� �b�k�l�h�q�g�b�d�h�\�� �w�g�_�j�]�b�b���� �l�h�� �k�i�j�Z�\�_�^��
�e�b�\�h���k�e�_�^�m�x�s�_�_���k�h�h�l�g�h�r�_�g�b�_ 

                                                                      (4) 
�I�h�e�Z�]�Z�y���^�\�m�f�_�j�g�u�f���j�Z�k�i�j�_�^�_�e�_�g�b�_���l�h�d�h�\���\�h���\�l�h�j�b�q�g�h�f��

�w�e�_�f�_�g�l�_���� �i�j�b�f�_�g�b�f�� �i�_�j�\�h�_�� �b�a�� �\�u�r�_�i�j�b�\�_�^�_�g�g�u�o�� �m�j�Z�\�g�_��
�g�b�c�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�� �d�� �d�Z�`�^�h�c�� �h�[�e�Z�k�l�b�� �\�l�h�j�b�q�g�h�]�h�� �w�e�_��
�f�_�g�l�Z�� 

�H�[�e�Z�k�l�v���� 

                            (5) 

�H�[�e�Z�k�l�v���� 

                              (6) 

�H�[�e�Z�k�l�v���� 

�� ������������������������������ ��������������������������������������������

�I�j�b�g�p�b�i���g�_�i�j�_�j�u�\�g�h�k�l�b���e�b�g�b�c���l�h�d�Z���\���d�Z�`�^�h�c���b�a���h�[�e�Z��
�k�l�_�c�� �\�l�h�j�b�q�g�h�]�h�� �w�e�_�f�_�g�l�Z�� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�b�l�v�� �_�s�_�� �l�j�b��
�m�j�Z�\�g�_�g�b�y�� 

�H�[�e�Z�k�l�v���� 

                                    (8) 

�H�[�e�Z�k�l�v���� 

                    (9) 

�H�[�e�Z�k�l�v���� 

                                 (10) 
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�H�[�s�b�_�� �j�_�r�_�g�b�y�� �^�e�y�� �m�j�Z�\�g�_�g�b�c�� �l�h�d�h�\�� �^�h�e�`�g�u�� �m�^�h�\�e�_��
�l�\�h�j�y�l�v���d�Z�d���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�f���m�j�Z�\�g�_�g�b�y�f�����l�Z�d���b���]�j�Z�g�b�q��
�g�u�f���m�k�e�h�\�b�y�f�����l�Z�d���d�Z�d���\���^�Z�g�g�h�f���k�e�m�q�Z�_���j�Z�k�k�f�Z�l�j�b�\�Z�_�f���d�j�Z��
�_�\�m�x�� �a�Z�^�Z�q�m���� �K�g�Z�q�Z�e�Z�� �g�Z�c�^�_�f�� �j�_�r�_�g�b�_���� �m�^�h�\�e�_�l�\�h�j�y�x�s�_�_��
�^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�f���m�j�Z�\�g�_�g�b�y�f���\���[�h�e�_�_���h�[�s�_�f���\�b�^�_�����Z���a�Z��
�l�_�f�� �h�i�j�_�^�_�e�b�f�� �g�_�b�a�\�_�k�l�g�u�_�� �i�h�k�l�h�y�g�g�u�_�� �b�g�l�_�]�j�b�j�h�\�Z�g�b�y��
�b�a���]�j�Z�g�b�q�g�u�o���m�k�e�h�\�b�c�� 

�H�[�s�b�_���j�_�r�_�g�b�y���^�e�y���l�h�d�h�\���\�h���\�l�h�j�b�q�g�h�f���w�e�_�f�_�g�l�_�����m�^�h��
�\�e�_�l�\�h�j�y�x�s�b�_�� �^�b�n�n�_�j�_�g�p�b�Z�e�v�g�u�f�� �m�j�Z�\�g�_�g�b�y�f���� �f�h�]�m�l��
�[�u�l�v���i�j�_�^�k�l�Z�\�e�_�g�u �k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�� 

�H�[�e�Z�k�l�v���� 

                                           (11) 

�H�[�e�Z�k�l�v���� 

            (12) 

�H�[�e�Z�k�l�v���� 

               

                (13) 

�<�_�e�b�q�b�g�Z�� �h�i�j�_�^�_�e�y�_�l�� �a�g�Z�q�_�g�b�_�� �h�j�^�b�g�Z�l�u�� �©�m�ª���� �i�j�b��
�d�h�l�h�j�h�c���i�e�h�l�g�h�k�l�v���l�h�d�Z���\���g�Z�i�j�Z�\�e�_�g�b�b���h�k�b���©�o�ª���j�Z�\�g�Z���g�m�e�x����
�<�_�e�b�q�b�g�Z���h�i�j�_�^�_�e�y�_�l�k�y�� �b�a�� �]�j�Z�g�b�q�g�u�o�� �m�k�e�h�\�b�c�� �l�Z�d�`�_����
�d�Z�d���b���i�h�k�l�h�y�g�g�u�_���b�g�l�_�]�j�b�j�h�\�Z�g�b�y���:1�����:2�����:3�����:4�����:5 �b �:6. 

�G�_�b�a�\�_�k�l�g�u�_�� �i�h�k�l�h�y�g�g�u�_�� �b�g�l�_�]�j�b�j�h�\�Z�g�b�y�� �\�� �i�h�e�m�q�_�g��
�g�u�o�� �m�j�Z�\�g�_�g�b�y�o�� �h�i�j�_�^�_�e�y�x�l�k�y�� �b�a�� �^�h�i�h�e�g�b�l�_�e�v�g�u�o�� �m�k�e�h��
�\�b�c�� 

�I�_�j�\�u�f���l�Z�d�b�f���m�k�e�h�\�b�_�f���y�\�e�y�_�l�k�y���g�_�i�j�_�j�u�\�g�h�k�l�v���e�b��
�g�b�c���l�h�d�Z�����d�h�l�h�j�Z�y���\�u�j�Z�`�Z�_�l�k�y���k�e�_�^�m�x�s�b�f���k�h�h�l�g�h�r�_�g�b�_�f 

                                                      (14) 
�<�� �j�_�a�m�e�v�l�Z�l�_�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �i�j�b�g�p�b�i�Z�� �g�_�i�j�_�j�u�\�g�h�k�l�b��

�e�b�g�b�c���l�h�d�Z���\�h���\�l�h�j�b�q�g�h�f���w�e�_�f�_�g�l�_���E�:�>�I�I���^�e�y���h�[�e�Z�k�l�_�c��������
�����b�������i�h�e�m�q�_�g�u���k�h�h�l�g�h�r�_�g�b�y 
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Abstract. The issues of improving modern and creating new 
types of transport are important and relevant for the development 
of human society. One of the most promising and environmentally 
friendly new types of vehicles is high-speed magnetic-levitation 
transport (MLT),  moving at speeds of the order of 500 km/h and 
above. Magnetic-levitation trains are driven by linear motors that 
convert electrical energy directly into translational motion. One of 
the main types of traction machines for high-speed MLT are linear 
induction motors. This confirms the successful fifteen years of ex-
perience in the commercial operation of high-speed magnetic-lev-
itation transport in th e People's Republic of China. The article dis-
cusses linear induction motors with transverse magnetic flux 
(LIMTF), in which the power lines of the magnetic flux running in 
the longitudinal direction are closed in the transverse motion di-
rection. In our opinion, LIMTF are the most promising for use in 
high-speed magnetic-levitation transport. A large influence on the 
magnitude of tractive effort LIMTF has a current distribution in 

the secondary element (SE), which plays the role of an anchor. The 
article presents the results of mathematical modeling of the cur-
rent in the secondary element of a traction linear motor based on 
Maxwell's equations. For the analysis, assumptions were made 
about the uniform distribution of magnetic induction in the air gap 
in the transverse direction and its sinusoidal direction in the lon-
gitudinal direction, which allowed developing a mathematical 
model of the current distribution in the secondary element, includ-
ing with different relative positions of the LIMTF inductor relative 
to SE.  

Keywords: linear induction motor, transverse magnetic flux, 
currents in the secondary element, current lines in the secondary 
element.  
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�b�o�� �g�Z�q�Z�e�v�g�h�]�h���k�h�k�l�h�y�g�b�y�� �L�h�q�g�h�k�l�v���j�_�a�m�e�v�l�Z�l�h�\���f�Z�l�_�f�Z��
�l�b�q�_�k�d�b�o���f�h�^�_�e�_�c���h�i�j�_�^�_�e�y�_�l�k�y���d�h�j�j�_�d�l�g�h�k�l�v�x���Z�g�Z�e�b�l�b��
�q�_�k�d�b�o�� �\�u�j�Z�`�_�g�b�c���� �d�h�e�b�q�_�k�l�\�h�f�� �b�� �d�Z�q�_�k�l�\�h�f�� �i�j�b�g�y�l�u�o��
�^�h�i�m�s�_�g�b�c�� 

�< �d�Z�q�_�k�l�\�_���g�_�h�[�o�h�^�b�f�u�o���m�k�e�h�\�b�c���i�j�b���b�k�k�e�_�^�h�\�Z�g�b�y�o��
�:�>���r�b�j�h�d�h���b�k�i�h�e�v�a�m�x�l�k�y���j�Z�a�g�h�h�[�j�Z�a�g�u�_���k�o�_�f�u���b�o���a�Z�f�_��
�s�_�g�b�y�����<�h�e�v�^�_�d��[4]�����B�\�Z�g�h�\-�K�f�h�e�_�g�k�d�b�c���>���@ �b���^�j. 

�<�u�i�h�e�g�_�g�g�u�c���j�Z�g�_�_���Z�g�Z�e�b�a���W�I�����b�k�i�h�e�v�a�m�_�f�u�o���\ �j�Z�a��
�e�b�q�g�u�o�� �h�l�j�Z�k�e�y�o �o�h�a�y�c�k�l�\�_�g�g�h�c�� �^�_�y�l�_�e�v�g�h�k�l�b�� �i�h�d�Z�a�Z�e����
�q�l�h�� �i�h�^�Z�\�e�y�x�s�_�_�� �[�h�e�v�r�b�g�k�l�\�h���: �>���� �\�o�h�^�y�s�b�o�� �\�� �k�h�k�l�Z�\��
�W�I���� �y�\�e�y�x�l�k�y�� �l�j�_�o�n�Z�a�g�u�f�b�� �k�� �d�h�j�h�l�d�h�a�Z�f�d�g�m�l�h�c�� �j�h�l�h�j��
�g�h�c���h�[�f�h�l�d�h�c�����H�[�f�h�l�d�Z���k�l�Z�l�h�j�Z���k�h�_�^�b�g�_�g�Z���\���©�a�\�_�a�^�m�ª���[�_�a��
�g�m�e�_�\�h�]�h�� �i�j�h�\�h�^�Z�����F�g�h�]�h�k�d�h�j�h�k�l�g�u�_�� �W�>�� �k���h�l�^�_�e�v�g�u�f�b��
�b�e�b���i�h�e�x�k�h�i�_�j�_�d�e�x�q�Z�_�f�u�f�b�� �h�[�f�h�l�d�Z�f�b�� �k�h�[�b�j�Z�x�l�k�y�� �\��
�©�a�\�_�a�^�m�ª �d�Z�d���f�b�g�b�f�m�f �g�Z���h�^�g�h�c���b�a���k�l�m�i�_�g�_�c���k�d�h�j�h�k�l�b�� 

�W�l�b�� �a�Z�f�_�q�Z�g�b�y�� �y�\�e�y�x�l�k�y�� �b�k�o�h�^�g�u�f�b�� �i�j�b�� �i�h�k�l�Z�g�h�\�d�_��
�a�Z�^�Z�q�b���h�i�j�_�^�_�e�_�g�b�y���k�e�_�^�m�x�s�b�o �i�Z�j�Z�f�_�l�j�h�\�� �l�j�_�o�n�Z�a�g�u�o��
�:�>�����Z�d�l�b�\�g�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y���b���b�g�^�m�d�l�b�\�g�h�]�h���k�h�i�j�h�l�b�\��
�e�_�g�b�y���j�Z�k�k�_�y�g�b�y���h�[�f�h�l�d�b���k�l�Z�l�h�j�Z ( , )�����Z�d�l�b�\�g�h�]�h����

���� �b�� �b�g�^�m�d�l�b�\�g�h�]�h�� ��) �k�h�i�j�h�l�b�\�e�_�g�b�y�� �d�h�g�l�m�j�Z��
�g�Z�f�Z�]�g�b�q�b�\�Z�g�b�y���� �Z�d�l�b�\�g�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �b�� �b�g�^�m�d�l�b�\��

�g�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y���j�Z�k�k�_�y�g�b�y���h�[�f�h�l�d�b���j�h�l�h�j�Z����, 
�������i�j�b�\�_�^�_�g�g�u�o���d���k�l�Z�l�h�j�g�h�c���p�_�i�b�����\�a�Z�b�f�g�h�c���b�g�^�m�d�l�b�\�g�h��
�k�l�b�� �� ); �b�g�^�m�d�l�b�\�g�h�k�l�_�c�� �j�Z�k�k�_�y�g�b�y�� �h�[�f�h�l�h�d�� �k�l�Z�l�h�j�Z�� �b��

�j�h�l�h�j�Z (  ). 
�B�a�\�_�k�l�g�u�� �j�Z�[�h�l�u���� �\�� �d�h�l�h�j�u�o�� �i�Z�j�Z�f�_�l�j�u�� �^�e�y�� �h�]�j�Z�g�b��

�q�_�g�g�h�]�h���i�_�j�_�q�g�y���:�>���h�i�j�_�^�_�e�y�x�l�k�y���Z�g�Z�e�b�l�b�q�_�k�d�b�����M�k�h�e�v��
�p�_�\���>���@�����=�j�b�^�b�g���>���@�����b�e�b���i�j�b�\�h�^�y�l�k�y���i�j�h�_�d�l�g�u�_���^�e�y���h�i�j�_��
�^�_�e�_�g�g�u�o���k�_�j�b�c���^�\�b�]�Z�l�_�e�_�c�����D�j�Z�\�q�b�d���>8]. 

�H�^�g�Z�d�h�� �^�Z�`�_���\�u�i�m�k�d�Z�_�f�u�_�� �h�^�g�h�l�b�i�g�u�_�� �W�>�� �k�_�j�b�b��
�b�f�_�x�l�� �p�_�e�u�c�� �j�y�^�� �n�Z�d�l�b�q�_�k�d�b�o�� �i�Z�j�Z�f�_�l�j�h�\���� �d�h�l�h�j�u�_�� �h�l��

�e�b�q�Z�x�l�k�y���i�h���h�l�g�h�r�_�g�b�x���d���i�Z�k�i�h�j�l�g�u�f���^�Z�g�g�u�f�����h�i�j�_�^�_��
�e�y�_�f�u�f���l�_�o�g�b�q�_�k�d�b�f�b�� �m�k�e�h�\�b�y�f�b�����D�j�h�f�_���l�h�]�h�����\���W�I���b�k��
�i�h�e�v�a�m�x�l�k�y���j�Z�a�e�b�q�g�u�_���W�>�� �d�Z�d���h�l�_�q�_�k�l�\�_�g�g�h�]�h�����l�Z�d�� �b���a�Z��
�j�m�[�_�`�g�h�]�h���i�j�h�b�a�\�h�^�k�l�\�Z�����g�_�h�[�o�h�^�b�f�u�_���i�Z�k�i�h�j�l�g�u�_���^�Z�g��
�g�u�_���d�h�l�h�j�u�o���g�_���\�k�_�]�^�Z���h�l�j�Z�`�_�g�u���\���l�_�o�g�b�q�_�k�d�h�c���^�h�d�m�f�_�g��
�l�Z�p�b�b�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �i�j�_�^�k�l�Z�\�e�y�_�l�k�y�� �Z�d�l�m�Z�e�v�g�h�c�� �a�Z�^�Z�q�Z��
�j�Z�k�r�b�j�_�g�b�y�� �\�h�a�f�h�`�g�h�k�l�_�c�� �h�i�j�_�^�_�e�_�g�b�y�� �b�k�o�h�^�g�u�o�� �d�h�g��
�k�l�Z�g�l���b���i�_�j�_�f�_�g�g�u�o���l�j�_�o�n�Z�a�g�u�o���:�>�� 

�J�?�R�?�G�B�?���A�:�>�:�Q�B 

�I�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�b���k�o�_�f���a�Z�f�_�s�_�g�b�y���^�e�y���d�h�e�b�q�_�k�l�\�_�g��
�g�h�]�h���h�i�j�_�^�_�e�_�g�b�y���i�Z�j�Z�f�_�l�j�h�\���:�> �\�u�i�h�e�g�y�_�l�k�y���Z�g�Z�e�b�l�b��
�q�_�k�d�h�_ �i�j�b�\�_�^�_�g�b�_ �j�h�l�h�j�g�h�c���p�_�i�b���^�\�b�]�Z�l�_�e�y���d���p�_�i�b���k�l�Z��
�l�h�j�Z���k�� �m�q�_�l�h�f�� �b�a�\�_�k�l�g�u�o�� �m�k�e�h�\�b�c�����<�h�e�v�^�_�d�� �>4]���� �B�\�Z�g�h�\-
�K�f�h�e�_�g�k�d�b�c���>���@�� 

�G�Z�b�[�h�e�_�_���m�^�h�[�g�h�c���^�e�y���h�i�j�_�^�_�e�_�g�b�y���i�Z�j�Z�f�_�l�j�h�\���\���i�j�_��
�^�_�e�Z�o���i�h�k�l�Z�\�e�_�g�g�u�o���a�Z�^�Z�q���y�\�e�y�_�l�k�y���=-�h�[�j�Z�a�g�Z�y���k�o�_�f�Z���a�Z��
�f�_�s�_�g�b�y�����\���d�h�l�h�j�h�c���a�Z�`�b�f�u���i�Z�j�Z�e�e�_�e�v�g�h�c���p�_�i�b���L-�h�[�j�Z�a��
�g�h�c���k�o�_�f�u���\�u�g�_�k�_�g�u���g�Z���i�_�j�\�b�q�g�u�_���\�u�\�h�^�u��1 �b��2 ���j�b�k������������
�<�h�e�v�^�_�d [4]. 

 
�J�b�k�����������=-�h�[�j�Z�a�g�Z�y���k�o�_�f�Z���a�Z�f�_�s�_�g�b�y���n�Z�a�u���l�j�_�o�n�Z�a�g�h�]�h��

�:�> 

�G�_�h�[�o�h�^�b�f�h���h�l�f�_�l�b�l�v�����q�l�h���\���h�[�s�_�f���k�e�m�q�Z�_���i�Z�j�Z�f�_�l�j�u��
�:�>���g�_���y�\�e�y�x�l�k�y���i�h�k�l�h�y�g�g�u�f�b�����l�Z�d���d�Z�d 

 (1) 

�]�^�_�� �± �f�]�g�h�\�_�g�g�h�_���a�g�Z�q�_�g�b�_���l�h�d�Z���k�l�Z�l�h�j�Z���� �± �m�]�e�h�\�Z�y��
�k�d�h�j�h�k�l�v���j�h�l�h�j�Z���� �± �h�k�g�h�\�g�h�c �f�Z�]�g�b�l�g�u�c���i�h�l�h�d�� 

�K�l�j�h�]�h�� �]�h�\�h�j�y���� �a�g�Z�q�_�g�b�y�� �i�Z�j�Z�f�_�l�j�h�\�� �k�o�_�f�u�� �a�Z�f�_�s�_��
�g�b�y�� �:�>�� �[�m�^�m�l�� �k�h�h�l�\�_�l�k�l�\�h�\�Z�l�v�� �g�h�f�b�g�Z�e�v�g�h�f�m�� �n�m�g�d�p�b�h��
�g�Z�e�v�g�h�f�m���j�_�`�b�f�m���j�Z�[�h�l�u�����b���j�Z�k�k�q�b�l�u�\�Z�l�v�k�y���k���i�h�]�j�_�r�g�h��
�k�l�y�f�b�����d�h�l�h�j�u�_���m�\�_�e�b�q�b�\�Z�x�l�k�y���i�j�b���\�h�a�j�Z�k�l�Z�x�s�b�o���h�l�d�e�h��
�g�_�g�b�y�o���j�_�`�b�f�h�\���j�Z�[�h�l�u���^�\�b�]�Z�l�_�e�y���h�l���g�h�f�b�g�Z�e�v�g�h�]�h�����>�h��
�k�l�h�\�_�j�g�h�k�l�v���i�h�e�m�q�Z�_�f�u�o���b�k�o�h�^�g�u�o���^�Z�g�g�u�o���a�Z�\�b�k�b�l���h�l���d�Z��
�q�_�k�l�\�Z�� �g�Z�i�j�y�`�_�g�b�y�� �i�b�l�Z�g�b�y�� �h�[�f�h�l�d�b�� �k�l�Z�l�h�j�Z�� ���_�]�h�� �q�Z��
�k�l�h�l�u���� �]�Z�j�f�h�g�b�q�_�k�d�h�]�h�� �k�h�k�l�Z�\�Z���� �k�l�_�i�_�g�b�� �Z�k�b�f�f�_�l�j�b�b�� �b��
�^�j������ �b�� �d�e�Z�k�k�Z�� �l�h�q�g�h�k�l�b�� �b�k�i�h�e�v�a�m�_�f�u�o�� �b�a�f�_�j�b�l�_�e�v�g�u�o��
�i�j�b�[�h�j�h�\�� 

�B�k�o�h�^�g�u�f�b���^�Z�g�g�u�f�b���^�e�y���h�i�j�_�^�_�e�_�g�b�y���i�Z�j�Z�f�_�l�j�h�\���:�>��
�i�j�b�� �b�a�\�_�k�l�g�u�o�� �^�h�i�m�s�_�g�b�y�o�� �y�\�e�y�x�l�k�y�� �^�Z�g�g�u�_�� �h�i�u�l�Z�� �o�h��
�e�h�k�l�h�]�h���o�h�^�Z�����n�Z�a�g�h�_���g�Z�i�j�y�`�_�g�b�_���h�[�f�h�l�d�b���k�l�Z�l�h�j�Z��, 

�l�h�d�� �k�l�Z�l�h�j�Z������ �i�h�l�j�_�[�e�y�_�f�Z�y�� �Z�d�l�b�\�g�Z�y�� �f�h�s�g�h�k�l�v�� �b��

�m�]�e�h�\�Z�y�� �k�d�h�j�h�k�l�v�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y�� �k�l�Z�l�h�j�Z��, 

�a�g�Z�q�_�g�b�_�������b���g�h�f�b�g�Z�e�v�g�h�]�h���j�_�`�b�f�Z�����n�Z�a�g�h�_���g�Z�i�j�y��

�`�_�g�b�_���k�l�Z�l�h�j�Z�������l�h�d���k�l�Z�l�h�j�Z�������m�]�e�h�\�Z�y���k�d�h�j�h�k�l�v���j�h��

�l�h�j�Z�� �����f�h�s�g�h�k�l�v���g�Z���\�Z�e�m�� �b���a�g�Z�q�_�g�b�_��).  
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�W�l�b���^�Z�g�g�u�_���h�i�j�_�^�_�e�y�x�l�k�y���i�h���h�i�u�l�m���o�h�e�h�k�l�h�]�h���o�h�^�Z���b��
�i�j�b���g�h�f�b�g�Z�e�v�g�h�f���f�h�f�_�g�l�_���k�h�i�j�h�l�b�\�e�_�g�b�y���g�Z���\�Z�e�m���W�>�� 

�D�j�h�f�_���l�h�]�h�����d���b�k�o�h�^�g�u�f���d�h�g�k�l�Z�g�l�Z�f���h�l�g�h�k�b�l�k�y���q�b�k�e�h��
�i�Z�j���i�h�e�x�k�h�\�� �b���q�b�k�e�h���n�Z�a�� �h�[�f�h�l�d�b���k�l�Z�l�h�j�Z���:�>�� 

�<�� �[�h�e�v�r�b�g�k�l�\�_�� �k�e�m�q�Z�_�\�� �k�m�s�_�k�l�\�m�_�l�� �\�a�Z�b�f�h�k�\�y�a�v��
�f�_�`�^�m���g�Z�i�j�y�`�_�g�b�y�f�b  �b��  ( ). �D���b�k�d�e�x��
�q�_�g�b�y�f�� �h�l�g�h�k�y�l�k�y�� �b�a�f�_�j�y�_�f�u�_�� �n�Z�a�g�u�_�� �g�Z�i�j�y�`�_�g�b�y�� �k�l�Z��
�l�h�j�Z�� �i�j�b�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �h�i�j�_�^�_�e�_�g�b�y�o�� �g�_�^�h�k�l�Z�x��
�s�b�o���b�k�o�h�^�g�u�o���^�Z�g�g�u�o���o�h�e�h�k�l�h�]�h���o�h�^�Z���±  �b�� . 

�I�h�l�j�_�[�e�y�_�f�Z�y�� �Z�d�l�b�\�g�Z�y�� �f�h�s�g�h�k�l�v�� �m�� �l�j�_�o�n�Z�a�g�u�o��
�:�>���h�i�j�_�^�_�e�y�_�l�k�y���d�Z�d 
  (2) 

�:�d�l�b�\�g�h�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_�� �f�h�`�_�l�� �[�u�l�v�� �j�Z�k�k�q�b�l�Z�g�h��
�Z�g�Z�e�b�l�b�q�_�k�d�b���b�e�b���h�i�j�_�^�_�e�_�g�h���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� 

�J�Z�k�q�_�l�g�h�_���a�g�Z�q�_�g�b�_���Z�d�l�b�\�g�h�]�h���n�Z�a�g�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y��
�k�l�Z�l�h�j�Z�� �f�h�`�_�l���[�u�l�v���i�h�e�m�q�_�g�h���b�a���\�u�j�Z�`�_�g�b�y���f�h�s�g�h��
�k�l�b���g�h�f�b�g�Z�e�v�g�u�o���i�h�l�_�j�v 

  (3) 

�]�^�_��  �± �d�h�w�n�n�b�p�b�_�g�l���� �m�q�b�l�u�\�Z�x�s�b�c�� �f�h�s�g�h�k�l�v��

�f�Z�]�g�b�l�g�u�o���i�h�l�_�j�v�� 
�I�j�b�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�f���h�i�j�_�^�_�e�_�g�b�b�� �k�h�i�j�h�l�b�\�e�_�g�b�y��
 �g�_�h�[�o�h�^�b�f�u�� �b�a�f�_�j�_�g�b�y�� �j�Z�[�h�q�_�c�� �l�_�f�i�_�j�Z�l�m�j�u�� �h�[�f�h��

�l�h�d�� �W�>  �b�� �l�_�f�i�_�j�Z�l�m�j�u������ �i�j�b�� �d�h�l�h�j�h�c�� �i�j�h�b�a�\�h�^�b��

�e�b�k�v���w�d�k�i�_�j�b�f�_�g�l�u�� 
�B�a�f�_�j�_�g�b�_���k�h�i�j�h�l�b�\�e�_�g�b�y�� �p�_�e�_�k�h�h�[�j�Z�a�g�h���i�j�h�b�a��

�\�h�^�b�l�v���g�Z���i�h�k�l�h�y�g�g�h�f���l�h�d�_�����\���q�Z�k�l�g�h�k�l�b���i�h���f�_�l�h�^�m���Z�f�i�_�j��
�f�_�l�j�Z���b���\�h�e�v�l�f�_�l�j�Z�����m�q�b�l�u�\�Z�y���k�b�f�f�_�l�j�b�q�g�h�k�l�v���k�h�i�j�h�l�b�\��
�e�_�g�b�c���h�l�^�_�e�v�g�u�o���n�Z�a�����;�m�j�d�h�\���>9]. 

�<���w�l�h�f���k�e�m�q�Z�_�� 

  (4) 

�]�^�_��  �± �d�h�w�n�n�b�p�b�_�g�l���i�j�h�i�h�j�p�b�h�g�Z�e�v�g�h�k�l�b�����<�h�e�v�^�_�d���>4]. 
�G�Z�� �j�b�k���� ���� �i�j�_�^�k�l�Z�\�e�_�g�Z�� �\�_�d�l�h�j�g�Z�y�� �^�b�Z�]�j�Z�f�f�Z�� �r�b�j�h�d�h��

�b�k�i�h�e�v�a�m�_�f�h�]�h���l�j�_�o�k�d�h�j�h�k�l�g�h�]�h�� �:�>���l�b�i�Z�� �©�F�:�I�ª�����F�:�I��
721-4/8/16) [10�@�� �i�j�b�� �j�Z�[�h�l�_�� �\�� �^�\�b�]�Z�l�_�e�v�g�h�f�� �j�_�`�b�f�_�� �b��
�b�a�f�_�g�_�g�b�b�� �f�h�f�_�g�l�Z�� �h�l���o�h�e�h�k�l�h�]�h�� �o�h�^�Z�� ������ �^�h��

�g�h�f�b�g�Z�e�v�g�h�]�h���a�g�Z�q�_�g�b�y�����F�g)�����]�^�_�� , , , , , 

, , , ,  �± �f�Z�k�r�l�Z�[�b�j�h�\�Z�g�g�u�_��
�Z�f�i�e�b�l�m�^�g�u�_�� �a�g�Z�q�_�g�b�y�� �d�h�f�i�e�_�d�k�h�\�� �f�Z�]�g�b�l�g�h�]�h�� �i�h�l�h�d�Z����
�b�g�^�m�d�p�b�b�����l�h�d�Z���b�^�_�Z�e�v�g�h�]�h���o�h�e�h�k�l�h�]�h���o�h�^�Z�����l�h�d�Z���k�l�Z�l�h�j�Z��
�b�� �j�h�l�h�j�Z�� �i�j�b�� �f�h�f�_�g�l�_�� �g�Z�]�j�m�a�d�b�� �g�h�f�b�g�Z�e�v�g�h�]�h��
�g�Z�i�j�y�`�_�g�b�y�����w�e�_�d�l�j�h�^�\�b�`�m�s�_�c���k�b�e�u�����W�>�K�������l�h�d�Z���k�l�Z�l�h�j�Z��
�b���j�h�l�h�j�Z�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�� 

�< �=-�h�[�j�Z�a�g�h�c �k�o�_�f�_ �a�Z�f�_�s�_�g�b�y �:�>�����j�b�k�����������\�_�d�l�h�j���l�h�d�Z��

 �k�\�y�a�Z�g���k���\�_�d�l�h�j�h�f���l�h�d�Z���j�h�l�h�j�Z�� �L-�h�[�j�Z�a�g�h�c���k�o�_�f�u����

�i�j�b�\�_�^�_�g�g�h�]�h�� �d�� �p�_�i�b�� �k�l�Z�l�h�j�Z���� �k�e�_�^�m�x�s�b�f�� �k�h�h�l�g�h�r�_��
�g�b�_�f�� 

  (5) 

�:�j�]�m�f�_�g�l���K �\�� �������� �\�� �i�h�d�Z�a�Z�l�_�e�v�g�h�f�� �\�b�^�_�� �f�h�`�_�l�� �[�u�l�v��
�h�i�j�_�^�_�e�_�g���d�Z�d�����<�h�e�v�^�_�d���>���@ 

�]�^�_��  �± �m�]�h�e���f�_�`�^�m���\�_�d�l�h�j�Z�f�b���g�Z�i�j�y�`�_�g�b�y�� �b���W�>�K��

�^�\�b�]�Z�l�_�e�y�� �i�j�b���o�h�e�h�k�l�h�f���o�h�^�_�� 

�W�>�K���^�\�b�]�Z�l�_�e�y���i�j�b���o�h�e�h�k�l�h�f���o�h�^�_�� �\�����������k���m�q�_�l�h�f��
�j�b�k���������f�h�`�g�h���\�u�j�Z�a�b�l�v���b�a���m�j�Z�\�g�_�g�b�y 

  (7) 

�]�^�_��  �± �m�]�h�e�� �k�^�\�b�]�Z�� �n�Z�a�� �f�_�`�^�m�� �\�_�d�l�h�j�Z�f�b�� �g�Z�i�j�y�`�_�g�b�y��

 �b���l�h�d�Z�� �\���j�_�`�b�f�_���o�h�e�h�k�l�h�]�h���o�h�^�Z�����j�b�k���������� 
 

 
�J�b�k�����������<�_�d�l�h�j�g�Z�y���^�b�Z�]�j�Z�f�f�Z���l�j�_�o�n�Z�a�g�h�]�h���:�>���i�j�b���j�Z�[�h�l�_��

�\���^�\�b�]�Z�l�_�e�v�g�h�f���j�_�`�b�f�_������p = 4) 

  (6) 

�M�]�h�e�� �^�e�y����7�����h�i�j�_�^�_�e�y�_�l�k�y���b�a���l�j�b�]�h�g�h�f�_�l�j�b�q�_�k�d�h�]�h��
�\�u�j�Z�`�_�g�b�y 

  (8) 

�I�j�b�\�_�^�_�g�g�h�_���Z�d�l�b�\�g�h�_���k�h�i�j�h�l�b�\�e�_�g�b�_���h�[�f�h�l�d�b���j�h�l�h�j�Z��

 �j�Z�k�k�q�b�l�u�\�Z�_�l�k�y�� �b�a���d�h�f�i�e�_�d�k�g�h�]�h���w�d�\�b�\�Z�e�_�g�l�g�h�]�h���k�h��

�i�j�h�l�b�\�e�_�g�b�y���\�l�h�j�b�q�g�h�]�h���d�h�g�l�m�j�Z�� �k�o�_�f�u���a�Z�f�_�s�_�g�b�y��
�\���g�h�f�b�g�Z�e�v�g�h�f���j�_�`�b�f�_ 

  (9) 

�B�a����8�������k���m�q�_�l�h�f����6�������i�h�k�e�_���g�_�d�h�l�h�j�u�o���i�j�_�h�[�j�Z�a�h�\�Z�g�b�c��

�\�u�\�h�^�b�l�k�y�� �m�j�Z�\�g�_�g�b�_�� �^�e�y�� �h�i�j�_�^�_�e�_�g�b�y�� �=-�h�[�j�Z�a�g�h�c��
�k�o�_�f�u���a�Z�f�_�s�_�g�b�y 

 
(10) 
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�K�h�i�j�h�l�b�\�e�_�g�b�_�� �b�� �b�g�^�m�d�l�b�\�g�h�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_��

�j�Z�k�k�_�y�g�b�y�� �\����10�����f�h�]�m�l���[�u�l�v���h�i�j�_�^�_�e�_�g�u���b�a���k�o�_�f�u��
�a�Z�f�_�s�_�g�b�y���i�h���b�a�\�_�k�l�g�u�f���a�Z�\�b�k�b�f�h�k�l�y�f�����<�h�e�v�^�_�d���>4]. 

�B�a���\�u�j�Z�`�_�g�b�y�� �^�e�y�� �g�h�f�b�g�Z�e�v�g�h�]�h�� �w�e�_�d�l�j�h�f�Z�]�g�b�l�g�h�]�h��

�f�h�f�_�g�l�Z���F�g �:�>���k�h�i�j�h�l�b�\�e�_�g�b�_�� �h�i�j�_�^�_�e�y�_�l�k�y���d�Z�d 

  (11) 

�J�_�a�m�e�v�l�Z�l�h�f���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���m�j�Z�\�g�_�g�b�y����10�������k���m�q�_�l�h�f��
(11�������y�\�e�y�_�l�k�y���g�_���i�j�b�\�_�^�_�g�g�h�_���i�h�e�g�h�_���d�\�Z�^�j�Z�l�g�h�_���m�j�Z�\�g�_��
�g�b�_ 

 (12) 

�<���n�h�j�f�m�e�_������2) 

  (13) 

�J�_�r�_�g�b�_�f�� �m�j�Z�\�g�_�g�b�y�� ����2���� �h�l�g�h�k�b�l�_�e�v�g�h�� �y�\�e�y�_�l�k�y��
�\�u�j�Z�`�_�g�b�_ 

(14) 

�M�j�Z�\�g�_�g�b�_�� ����2���� �g�_�� �l�h�`�^�_�k�l�\�_�g�g�h�� �m�j�Z�\�g�_�g�b�x�� ��10������ �l�Z�d��
�d�Z�d�� �i�j�b�� �i�j�b�\�_�^�_�g�b�b�� ��10���� �d�� ����2���� �[�u�e�b�� �\�\�_�^�_�g�u�� �e�b�r�g�b�_��
�d�h�j�g�b�����d�h�l�h�j�u�_���h�i�j�_�^�_�e�y�x�l�k�y���i�j�b���\�u�i�h�e�g�_�g�b�b���i�j�h�\�_�j�d�b����
�i�h�k�e�_���b�o���i�h�^�k�l�Z�g�h�\�d�b���\���m�j�Z�\�g�_�g�b�_����10). 

�:�g�Z�e�h�]�b�q�g�h��(10�����b�a����9�����\�u�\�h�^�b�l�k�y���m�j�Z�\�g�_�g�b�_���^�e�y��: 

(15) 

�<�u�j�Z�`�_�g�b�_���^�e�y���h�i�j�_�^�_�e�_�g�b�y���k�h�i�j�h�l�b�\�e�_�g�b�y���j�Z�k�k�_�y�g�b�y��
 �b�f�_�_�l���\�b�^ 

  (16) 

�:�d�l�b�\�g�h�_�� �b���b�g�^�m�d�l�b�\�g�h�_�� �k�h�i�j�h�l�b�\�e�_�g�b�y���d�h�g��
�l�m�j�Z���g�Z�f�Z�]�g�b�q�b�\�Z�g�b�y���\�u�q�b�k�e�y�x�l�k�y���b�a���\�u�j�Z�`�_�g�b�c 

  (17) 

�I�Z�j�Z�f�_�l�j�u���:�>�� ,  �b�� �����d�h�l�h�j�u�_���g�_�h�[�o�h�^�b�f�u��
�^�e�y�� �Z�g�Z�e�b�l�b�q�_�k�d�b�o�� �b�k�k�e�_�^�h�\�Z�g�b�c���� �h�i�j�_�^�_�e�y�x�l�k�y�� �b�a�\�_�k�l��
�g�u�f�b�� �a�Z�\�b�k�b�f�h�k�l�y�f�b�� , �b��

�����D�h�i�u�e�h�\���>11]. 

�<�� �k�e�m�q�Z�y�o���� �d�h�]�^�Z�� �j�_�a�m�e�v�l�Z�l�u�� �j�Z�k�q�_�l�Z�� �m�]�e�Z�� �i�j�b�� �i�h��
�f�h�s�b������4�����g�_���^�_�l�_�j�f�b�g�b�j�h�\�Z�g�u�����h�i�j�_�^�_�e�y�_�l�k�y���h�[�e�Z�k�l�v���_�]�h��
�^�h�i�m�k�l�b�f�u�o���a�g�Z�q�_�g�b�c���\���i�j�_�^�_�e�Z�o���j�_�r�_�g�b�y���i�h�k�l�Z�\�e�_�g�g�h�c��

�a�Z�^�Z�q�b�����=�j�Z�g�b�q�g�u�f�b���[�m�^�m�l���a�g�Z�q�_�g�b�y�� �i�j�b��  �b��

. 

�L�h�]�^�Z���b�a������5) 

  (18) 

�J�_�r�_�g�b�_���w�l�h�]�h���m�j�Z�\�g�_�g�b�y���h�l�g�h�k�b�l�_�e�v�g�h�� �b�f�_�_�l���\�b�^ 

 

 (19) 
�B�a���m�j�Z�\�g�_�g�b�y������6) 

  (20) 

�<���w�l�h�f���k�e�m�q�Z�_���m�]�h�e�� �h�i�j�_�^�_�e�y�_�l�k�y���i�h���n�h�j�f�m�e�_ 

  (21) 

�Z���g�_�h�[�o�h�^�b�f�u�_���^�e�y���j�Z�k�q�_�l�h�\���a�g�Z�q�_�g�b�y���m�]�e�Z�� �± �d�Z�d���k�j�_�^��

�g�_�_�� �Z�j�b�n�f�_�l�b�q�_�k�d�h�_�� �_�]�h�� �]�j�Z�g�b�q�g�u�o�� �a�g�Z�q�_�g�b�c�� �b�� , 
�j�Z�k�k�q�b�l�u�\�Z�_�f�u�o���i�h���\�u�j�Z�`�_�g�b�y�f������9�����b������1). 

�G�Z���h�k�g�h�\�Z�g�b�b���Z�g�Z�e�b�l�b�q�_�k�d�b�o���\�u�j�Z�`�_�g�b�c�������«��1�����j�Z�a��
�j�Z�[�h�l�Z�g�� �Z�e�]�h�j�b�l�f�� �j�Z�k�q�_�l�Z�� �i�Z�j�Z�f�_�l�j�h�\�� �k�o�_�f�u�� �a�Z�f�_�s�_�g�b�y��
�l�j�_�o�n�Z�a�g�h�]�h���:�>���± �j�b�k��3. 

�J�b�k�����������:�e�]�h�j�b�l�f���j�Z�k�q�_�l�Z���i�Z�j�Z�f�_�l�j�h�\���l�j�_�o�n�Z�a�g�u�o���:�>���i�h��
�k�i�j�Z�\�h�q�g�u�f���b���w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�f���^�Z�g�g�u�f 

�G�Z�� �h�k�g�h�\�Z�g�b�b �j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h �Z�e�]�h�j�b�l�f�Z ���j�b�k����3���� �k�h��
�k�l�Z�\�e�_�g�Z���g�Z���y�a�u�d�_���i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y���©Visual Basic �������ª���b��
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�a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�g�Z�� �i�j�h�]�j�Z�f�f�Z�� �^�e�y�� �\�u�q�b�k�e�b�l�_�e�v�g�u�o�� �f�Z��
�r�b�g�����;�m�j�d�h�\���>��2]. 

�<���d�Z�q�_�k�l�\�_���i�j�b�f�_�j�Z���i�h���j�Z�a�j�Z�[�h�l�Z�g�g�h�f�m���Z�e�]�h�j�b�l�f�m���\�u��

�i�h�e�g�_�g�u�� �j�Z�k�q�_�l�u�� �i�Z�j�Z�f�_�l�j�h�\��Rs, Xs�1, Rm, Xm, , �=-
�h�[�j�Z�a�g�h�c�� �k�o�_�f�u�� �a�Z�f�_�s�_�g�b�y�� �l�j�_�o�n�Z�a�g�h�]�h�� �Z�k�b�g�o�j�h�g�g�h�]�h��
�W�>���l�b�i�Z���:�H��-41-�������k�o�_�f�Z���k�h�_�^�b�g�_�g�b�y���h�[�f�h�l�h�d���k�l�Z�l�h�j�Z���± 
�©�a�\�_�a�^�Z�ª���� 

�D���b�k�o�h�^�g�u�f���h�l�g�h�k�y�l�k�y���i�h�e�m�q�_�g�g�u�_���^�Z�g�g�u�_���h�i�u�l�Z���o�h��
�e�h�k�l�h�]�h���o�h�^�Z����U0 � �����������<����Is0 � �������������:����P0 = 0���������d�<�l����n0 = 
�����������h�[���f�b�g�������g�h�f�b�g�Z�e�v�g�h�]�h���j�_�`�b�f�Z����U�g � �����������<����Is�g = 8,30 
�:����P�g = �����������d�<�l����n�g � �������������h�[���f�b�g����cos�3�g = 0,85). 

�D�j�h�f�_�� �l�h�]�h���� �d�� �b�k�o�h�^�g�u�f�� �^�Z�g�g�u�f�� �h�l�g�h�k�b�l�k�y�� �b�a�f�_�j�_�g��
�g�h�_���Z�d�l�b�\�g�h�_���k�h�i�j�h�l�b�\�e�_�g�b�_���h�[�f�h�l�d�b���k�l�Z�l�h�j�Z����Rs�b = 0,81 
�H�f�������q�b�k�e�h���i�Z�j���i�h�e�x�k�h�\���W�>����p � ���������b���q�b�k�e�h���n�Z�a���h�[�f�h�l�d�b��
�k�l�Z�l�h�j�Z�� ��m1 = 3������ �Z�� �l�Z�d�`�_���� �i�j�b�� �g�_�h�[�o�h�^�b�f�h�k�l�b�� �j�Z�[�h�q�Z�y��
�l�_�f�i�_�j�Z�l�m�j�Z���h�[�f�h�l�h�d���W�>�� �b���l�_�f�i�_�j�Z�l�m�j�Z�������i�j�b���d�h��

�l�h�j�h�c���i�j�h�b�a�\�h�^�b�e�b�k�v���b�a�f�_�j�_�g�b�y�� 
�J�_�a�m�e�v�l�Z�l�u�� �j�Z�k�q�_�l�h�\�� �i�Z�j�Z�f�_�l�j�h�\�� �:�>�� �l�b�i�Z�� �:�H��-41-4 

�^�e�y���m�]�e�Z���� = 0,688�h �i�j�b�\�_�^�_�g�u���\���l�Z�[�e����1�����;�m�j�d�h�\�� [13]. 
�L�Z�[�e�b�p�Z���� 

�J�Z�k�q�_�l�g�u�_�� �b�� �k�i�j�Z�\�h�q�g�u�_�� �^�Z�g�g�u�_�� �i�Z�j�Z�f�_�l�j�h�\�� �k�o�_�f�u��
�a�Z�f�_�s�_�g�b�y�� �l�j�_�o�n�Z�a�g�h�]�h�� �Z�k�b�g�o�j�h�g�g�h�]�h�� �^�\�b�]�Z�l�_�e�y�� �l�b�i�Z��
�:�H��-41-4 

�I�Z�j�Z�f�_�l�j�u 
Rs, 
�H�f 

Xs�1 
�H�f 

Rm, 
�H�f 

Xm, 
�H�f 

, 
�H�f 

, 
�H�f 

�J�Z�k�q�_�l�g�u�_ 0,988 1,992 3,047 68,662 0,899 3,286 

�K�i�j�Z�\�h�q�g�u�_ 1,050 2,076 �± 68,799 0,785 2,388 

�J�Z�k�o�h�`�^�_�g�b�_����
% 

�±6,3 �±4,2 �± �±0,2 12,7 27,3 

 
�D�j�h�f�_���l�h�]�h�����\���l�Z�[�e�������i�j�b�\�_�^�_�g�u���k�i�j�Z�\�h�q�g�u�_���^�Z�g�g�u�_���i�h��

�i�Z�j�Z�f�_�l�j�Z�f���W�>���l�b�i�Z���:�H��-41-4 [14]. 
�K�j�Z�\�g�b�l�_�e�v�g�u�c���Z�g�Z�e�b�a���j�_�a�m�e�v�l�Z�l�h�\���j�Z�k�q�_�l�h�\���i�Z�j�Z�f�_�l��

�j�h�\���:�>���b���k�h�h�l�\�_�l�k�l�\�m�x�s�b�o���k�i�j�Z�\�h�q�g�u�o���^�Z�g�g�u�o���^�e�y���^�\�b��
�]�Z�l�_�e�y�� �:�H��-41-���� �i�h�d�Z�a�Z�e���� �q�l�h�� �j�Z�k�o�h�`�^�_�g�b�_�� �j�Z�k�q�_�l�g�u�o�� �b��
�k�i�j�Z�\�h�q�g�u�o�� �^�Z�g�g�u�o�� �e�_�`�b�l�� �\�� �i�j�_�^�_�e�Z�o�� �_�������«�������_�� ���� �^�e�y��
�k�l�Z�l�h�j�g�h�c���p�_�i�b�����^�h���������������± �^�e�y���d�h�g�l�m�j�Z���g�Z�f�Z�]�g�b�q�b�\�Z�g�b�y 
�b���_���������«���������_�������± �^�e�y���j�h�l�h�j�g�h�c���p�_�i�b�� 

�K�� �p�_�e�v�x�� �d�h�e�b�q�_�k�l�\�_�g�g�h�c�� �h�p�_�g�d�b�� �k�l�_�i�_�g�b�� �b�a�f�_�g�_�g�b�y��
�j�Z�k�k�q�b�l�u�\�Z�_�f�u�o���i�Z�j�Z�f�_�l�j�h�\���\���n�m�g�d�p�b�b���m�]�e�Z���������b�a�f�_�g�y�x��
�s�_�]�h�k�y���\���i�j�_�^�_�e�Z�o���h�[�e�Z�k�l�b���^�h�i�m�k�l�b�f�u�o���a�g�Z�q�_�g�b�c�����\�u�i�h�e��

�g�_�g�u���j�Z�k�q�_�l�u��Rs = f(��), Xs�1 = f(��), Rm = f(��), Xm = f(��),  = 

f(��) = f(��), �j�_�a�m�e�v�l�Z�l�u�� �d�h�l�h�j�u�o�� �i�j�b�\�_�^�_�g�u�� �g�Z�� �j�b�k����
���«�� , [13]. 

�D�j�h�f�_���l�h�]�h�����\�u�i�h�e�g�_�g�u���j�Z�k�q�_�l�u���i�Z�j�Z�f�_�l�j�h�\��, 

, , ,  �b��  �k�o�_�f���a�Z�f�_�s�_�g�b�y���r�b�j�h�d�h���b�k�i�h�e�v�a�m��
�_�f�u�o�� �l�j�_�o�k�d�h�j�h�k�l�g�u�o�� �:�>�� �l�b�i�h�\�� �F�:�I������-4/8/16, 
�F�:�I������ -���������������� �F�:�I������-���������������� �F�:�I������-4/8/16, 
�F�:�I������ -���������������� �F�:�I������-���������������� �F�:�I������-4/8/24, 
�F�:�I������ -���������������b���F�:�I������-�����������������K�o�_�f�Z���k�h�_�^�b�g�_�g�b�y���h�[��
�f�h�l�h�d���k�l�Z�l�h�j�Z���± �©�a�\�_�a�^�Z�ª�� 

�K�j�Z�\�g�b�l�_�e�v�g�u�c���Z�g�Z�e�b�a���j�_�a�m�e�v�l�Z�l�h�\���j�Z�k�q�_�l�h�\���i�Z�j�Z�f�_�l��
�j�h�\�� �:�>�� �i�h�� �i�j�_�^�e�Z�]�Z�_�f�h�c�� �f�_�l�h�^�b�d�_�� �b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�o��
�k�i�j�Z�\�h�q�g�u�o���^�Z�g�g�u�o���i�h�d�Z�a�Z�e�����q�l�h���j�Z�k�o�h�`�^�_�g�b�_���j�Z�k�q�_�l�g�u�o��
�b�� �k�i�j�Z�\�h�q�g�u�o�� �^�Z�g�g�u�o�� �k�h�k�l�Z�\�e�y�_�l���� �± |�������«������| ���� �m��

�h�[�f�h�l�d�b���\�l�h�j�h�c���k�d�h�j�h�k�l�b���:�>���l�b�i�Z���F�:�I������-���������������b���m���h�[��
�f�h�l�d�b���l�j�_�l�v�_�c���k�d�h�j�h�k�l�b���^�\�b�]�Z�l�_�e�y���F�:�I������-4/8/16; �± 
|�������«������| ���� �m�� �h�[�f�h�l�d�b�� �i�_�j�\�h�c�� �k�d�h�j�h�k�l�b�� �:�>�� �l�b�i�Z��
�F�:�I������ -�������������� �b�� �m�� �h�[�f�h�l�d�b�� �\�l�h�j�h�c�� �k�d�h�j�h�k�l�b�� �^�\�b�]�Z�l�_�e�y��
�F�:�I������ -4/8/16; Xm �± |�������«������| �����m���h�[�f�h�l�d�b���l�j�_�l�v�_�c���k�d�h��
�j�h�k�l�b�� �:�>�� �l�b�i�Z�� �F�:�I������-�������������� �b�� �m���h�[�f�h�l�d�b�� �\�l�h�j�h�c�� �k�d�h��

�j�h�k�l�b�� �^�\�b�]�Z�l�_�e�y�� �F�:�I������-4/8/16; �± |���������«��������| ���� �m��
�h�[�f�h�l�d�b�� �l�j�_�l�v�_�c�� �k�d�h�j�h�k�l�b�� �:�>�� �l�b�i�Z�� �F�:�I������-�������������� �b�� �m��
�h�[�f�h�l�d�b���\�l�h�j�h�c���k�d�h�j�h�k�l�b�� �^�\�b�]�Z�l�_�e�y���F�:�I������-�����������������k�h��
�h�l�\�_�l�k�l�\�_�g�g�h�� 

�J�b�k�����������A�Z�\�b�k�b�f�h�k�l�b��Rs �b Xs�1 �h�l���m�]�e�Z���� �:�>���l�b�i�Z���:�H��-41-4 

�J�b�k�����������A�Z�\�b�k�b�f�h�k�l�b��Rm �b Xm �h�l���m�]�e�Z���� �:�>���l�b�i�Z���:�H��-41-4 

 
�J�b�k�����������A�Z�\�b�k�b�f�h�k�l�b�� �b  �h�l���� �:�>���l�b�i�Z���:�H��-41-4 

�<�U�<�H�>�U 

�I�j�b�f�_�g�b�l�_�e�v�g�h���d���i�h�k�l�Z�g�h�\�d�_���\�h�i�j�h�k�Z���h�i�j�_�^�_�e�_�g�Z���p�_��
�e�_�k�h�h�[�j�Z�a�g�h�k�l�v�� �m�k�e�h�\�g�h�� �i�j�_�^�k�l�Z�\�e�y�l�v�� �W�I���� �d�Z�d�� �k�b�k�l�_�f�u����
�\�d�e�x�q�Z�x�s�b�_�� �k�h�\�h�d�m�i�g�h�k�l�b�� �d�h�f�i�h�g�_�g�l�h�\���� �B�o�� �j�_�`�b�f�Z�f�b��
�j�Z�[�h�l�u���y�\�e�y�x�l�k�y���k�h�k�l�h�y�g�b�y���� �h�i�j�_�^�_�e�y�x�s�b�_�k�y�� �f�g�h�`�_��
�k�l�\�h�f�� �j�Z�a�e�b�q�g�u�o�� �i�j�h�p�_�k�k�h�\���� �W�l�b�� �k�h�k�l�h�y�g�b�y�� �a�Z�\�b�k�y�l�� �h�l��
�k�h�[�k�l�\�_�g�g�u�o���i�Z�j�Z�f�_�l�j�h�\���k�b�k�l�_�f�u���b���i�Z�j�Z�f�_�l�j�h�\���\�h�a�f�m�s�Z��
�x�s�b�o���\�h�a�^�_�c�k�l�\�b�c�� 
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�>�e�y���d�h�f�i�e�_�d�k�g�h�c���h�p�_�g�d�b���n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y���W�I���Z�d�l�m��
�Z�e�v�g�u�f�b���y�\�e�y�x�l�k�y���b�k�k�e�_�^�h�\�Z�g�b�y���j�_�`�b�f�h�\ �b�o �j�Z�[�h�l�u���f�_��
�l�h�^�Z�f�b���l�_�h�j�b�b���i�h�^�h�[�b�y���b���f�h�^�_�e�b�j�h�\�Z�g�b�y�����<�u�i�h�e�g�_�g���h�[��
�a�h�j�� �b�� �Z�g�Z�e�b�a�� �\�Z�j�b�Z�g�l�h�\�� �f�h�^�_�e�_�c���� �i�h�a�\�h�e�y�x�s�b�c�� �k�^�_�e�Z�l�v��
�\�u�\�h�^�� �h�� �l�h�f���� �q�l�h�� �^�e�y�� �W�I�� �i�j�b�� �b�o�� �d�h�f�i�e�_�d�k�g�h�c�� �h�p�_�g�d�_�� �\��
�i�j�_�^�_�e�Z�o���i�h�k�l�Z�\�e�_�g�g�u�o���a�Z�^�Z�q���p�_�e�_�k�h�h�[�j�Z�a�g�h���b�k�i�h�e�v�a�h�\�Z��
�g�b�_���f�Z�l�_�f�Z�l�b�q�_�k�d�h�]�h���b���n�b�a�b�q�_�k�d�h�]�h���f�h�^�_�e�b�j�h�\�Z�g�b�y�� 

�<�u�y�\�e�_�g�h���� �q�l�h�� �h�i�j�_�^�_�e�y�x�s�_�_�� �a�g�Z�q�_�g�b�_�� �i�j�b�� �b�k�k�e�_�^�h��
�\�Z�g�b�y�o���w�d�k�i�e�m�Z�l�Z�p�b�h�g�g�u�o���j�_�`�b�f�h�\���j�Z�[�h�l�u���b�f�_�x�l���b�k�k�e�_��
�^�h�\�Z�g�b�y���i�j�h�p�_�k�k�h�\���\���W�>�����y�\�e�y�x�s�b�o�k�y���h�k�g�h�\�g�u�f�b���d�h�f�i�h��
�g�_�g�l�Z�f�b���W�I�����d�Z�d���k�b�k�l�_�f�� 

�I�j�_�^�k�l�Z�\�e�_�g�h�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�_�� �h�i�b�k�Z�g�b�_�� �^�e�y�� �j�Z�k�q�_�l�Z��
�i�Z�j�Z�f�_�l�j�h�\�� �k�o�_�f�� �a�Z�f�_�s�_�g�b�y�� �l�j�_�o�n�Z�a�g�u�o�� �:�>��Rs, Xs�1, Rm, 

Xm, , ,�����h�l�g�h�k�y�s�b�o�k�y���d���b�k�o�h�^�g�u�f���^�Z�g�g�u�f�����g�_�h�[�o�h��

�^�b�f�u�f���^�e�y���b�k�k�e�_�^�h�\�Z�g�b�y���i�j�h�p�_�k�k�h�\���W�>�� 
�I�h���i�j�_�^�k�l�Z�\�e�_�g�g�h�f�m���f�Z�l�_�f�Z�l�b�q�_�k�d�h�f�m���h�i�b�k�Z�g�b�x���j�Z�a��

�j�Z�[�h�l�Z�g �Z�e�]�h�j�b�l�f���j�Z�k�q�_�l�Z, �k�h�k�l�Z�\�e�_�g�Z���b���a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�g�Z��
�i�j�h�]�j�Z�f�f�Z �^�e�y���\�u�q�b�k�e�b�l�_�e�v�g�u�o���f�Z�r�b�g. 

�<�u�i�h�e�g�_�g�u�� �i�j�h�\�_�j�h�q�g�u�_�� �j�Z�k�q�_�l�u�� �^�e�y�� �l�j�_�o�k�d�h�j�h�k�l��
�g�u�o���:�>���k�_�j�b�c���©�:�H�ª �©�F�:�I�ª�� 

�K�j�Z�\�g�b�l�_�e�v�g�u�c���Z�g�Z�e�b�a���j�_�a�m�e�v�l�Z�l�h�\���j�Z�k�q�_�l�h�\���i�Z�j�Z�f�_�l��
�j�h�\�� �:�>�� �i�h�� �i�j�_�^�e�Z�]�Z�_�f�h�c�� �f�_�l�h�^�b�d�_�� �b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�o��
�k�i�j�Z�\�h�q�g�u�o���^�Z�g�g�u�o���^�e�y���^�\�b�]�Z�l�_�e�y���:�H��-41-�����i�h�d�Z�a�Z�e�����q�l�h��
�j�Z�k�o�h�`�^�_�g�b�_�� �j�Z�k�q�_�l�g�u�o�� �b�� �k�i�j�Z�\�h�q�g�u�o�� �^�Z�g�g�u�o�� �e�_�`�b�l�� �\��

�i�j�_�^�_�e�Z�o�� �_�������«���������_�� ���� ���^�e�y��Xm �b�� ���� �k�h�h�l�\�_�l�k�l�\�_�g�g�h������
�>�e�y���l�j�_�o�k�d�h�j�h�k�l�g�u�o���:�>���k�_�j�b�b���©�F�:�I�ª �j�Z�k�o�h�`�^�_�g�b�_���j�Z�k��
�q�_�l�g�u�o�� �b�� �k�i�j�Z�\�h�q�g�u�o�� �^�Z�g�g�u�o�� �e�_�`�b�l�� �\�� �i�j�_�^�_�e�Z�o��

�_�������«���������_���������^�e�y��Rm �m���h�[�f�h�l�d�b���i�_�j�\�h�c���k�d�h�j�h�k�l�b���b��  �m��
�h�[�f�h�l�d�b���\�l�h�j�h�c���k�d�h�j�h�k�l�b�� �^�\�b�]�Z�l�_�e�y���F�:�I������-�����������������k�h��
�h�l�\�_�l�k�l�\�_�g�g�h�� 

�I�j�_�^�e�Z�]�Z�_�f�Z�y�� �f�_�l�h�^�b�d�Z�� �^�h�i�h�e�g�y�_�l�� �b�� �j�Z�k�r�b�j�y�_�l�� �\�h�a��
�f�h�`�g�h�k�l�b���h�i�j�_�^�_�e�_�g�b�y���h�k�g�h�\�g�u�o���i�Z�j�Z�f�_�l�j�h�\���k�o�_�f���a�Z�f�_��
�s�_�g�b�y���l�j�_�o�n�Z�a�g�u�o���:�>�� 

�E�B�L�?�J�:�L�M�J�: 

������ �<�_�g�b�d�h�\���<���:�� �L�_�h�j�b�y�� �i�h�^�h�[�b�y�� �b�� �f�h�^�_�e�b�j�h�\�Z�g�b�y��
���i�j�b�f�_�g�b�l�_�e�v�g�h���d���a�Z�^�Z�q�Z�f���w�e�_�d�l�j�h�w�g�_�j�]�_�l�b�d�b�� / �<���:�� �<�_��
�g�b�d�h�\���b���=���<�� �<�_�g�b�d�h�\. �± �F.: �<�u�k�r�Z�y���r�d�h�e�Z, 1984. 
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Abstract. The necessary conditions of scientific and techno-
logical progress include the study of the behavior of various ob-
jects, processes and phenomena by the methods of similarity the-
ory and modeling. In the field of the theory of electric machines, 
in particular electric motors (ED), the relevant issues of research 

and development of methods for calculating their constants and 
variables, which are necessary in many cases as input data in the 
analytical studies of ED and electric drives (EP) as a whole as 
Electromechanical systems of varying degrees of complexity. 
Currently, the most widespread in various sectors of economic 



 
 

 
V �<�k�_�j�h�k�k�b�c�k�d�Z�y �g�Z�m�q�g�h-�l�_�o�g�b�q�_�k�d�Z�y���d�h�g�n�_�j�_�g�p�b�y���³�I�j�h�f-�B�g�`�b�g�b�j�b�g�]�´����������9 340  

 

activity received EP with asynchronous motors (AD). Review 
and analysis variants of models allows us to conclude that within 
the set tasks it is advisable to use mathematical modeling which 
avoids complex cost required by direct researches. In this paper, 
on the basis of the proposed analytical expressions, an algorithm 
for calculating the parameters of the equivalent circuit of widely 

used three-phase AD, required as input data for mathematical 
modeling of processes. 

Keywords: algorithm of calculation, asynchronous motor, 
vector diagram, parameters of electric motor, equivalent circuit. 
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�p�b�b���L�L���f�h�]�m�l���k�h�k�l�Z�\�e�y�l�v���h�l���������^�h���������i�j�h�p�_�g�l�h�\��[10�±11].  �J�_��
�a�m�e�v�l�b�j�m�x�s�Z�y���i�h�]�j�_�r�g�h�k�l�v���\�u�q�b�k�e�_�g�b�c���b�g�n�h�j�f�Z�p�b�h�g�g�u�o��
�i�Z�j�Z�f�_�l�j�h�\�� �m�k�l�j�h�c�k�l�\�Z�f�b�� �J�A�� �[�m�^�_�l�� �a�Z�\�b�k�_�l�v�� �d�Z�d�� �h�l�� �i�Z�j�Z��
�f�_�l�j�h�\���k�b�]�g�Z�e�Z�����k�l�_�i�_�g�v���g�Z�k�u�s�_�g�b�y�����^�_�d�j�_�f�_�g�l���a�Z�l�m�o�Z�g�b�y��
�Z�i�_�j�b�h�^�b�q�_�k�d�h�c���k�h�k�l�Z�\�e�y�x�s�_�c�������l�Z�d���b���h�l���i�Z�j�Z�f�_�l�j�h�\���h�[�j�Z��
�[�h�l�d�b���b�g�n�h�j�f�Z�p�b�b���\���k�Z�f�b�o���m�k�l�j�h�c�k�l�\�Z�o��  

�>�Z�g�g�Z�y�� �h�[�j�Z�[�h�l�d�Z�� �f�h�`�_�l�� �[�u�l�v�� �h�k�m�s�_�k�l�\�e�_�g�Z�� �j�Z�a�e�b�q��
�g�u�f�b���k�i�h�k�h�[�Z�f�b [5, 12]�����<���^�Z�g�g�h�c���j�Z�[�h�l�_���j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y��
�Z�e�]�h�j�b�l�f�u�� �g�Z�o�h�`�^�_�g�b�y�� �f�h�^�m�e�y�� �k�b�]�g�Z�e�Z�� �g�Z�� �h�k�g�h�\�_�� �h�i�_�j�Z��
�p�b�c���k���f�]�g�h�\�_�g�g�u�f�b���a�g�Z�q�_�g�b�y�f�b���\�o�h�^�g�h�]�h���k�b�]�g�Z�e�Z��[12] �b���k��
�b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �p�b�n�j�h�\�h�c�� �h�[�j�Z�[�h�l�d�b�� �i�h�k�j�_�^�k�l�\�h�f�� �n�b�e�v��
�l�j�h�\���N�m�j�v�_��[12�±14].    

�P�_�e�v�x���^�Z�g�g�h�c���j�Z�[�h�l�u���y�\�e�y�_�l�k�y���\�u�y�\�e�_�g�b�_���g�Z�b�[�h�e�_�_���w�n��
�n�_�d�l�b�\�g�h�]�h�� �b�a�� �m�d�Z�a�Z�g�g�u�o�� �k�i�h�k�h�[�h�\�� �h�[�j�Z�[�h�l�d�b�� �k�b�]�g�Z�e�h�\��
�i�j�b�� �g�Z�k�u�s�_�g�b�b�� �L�L���� �Z�� �l�Z�d�`�_�� �h�i�j�_�^�_�e�_�g�b�_�� �\�e�b�y�g�b�y�� �g�Z�� �j�_��
�a�m�e�v�l�Z�l�u�� �h�[�j�Z�[�h�l�d�b�� �\�_�e�b�q�b�g�u�� �^�_�d�j�_�f�_�g�l�Z�� �a�Z�l�m�o�Z�g�b�y�� �Z�i�_��
�j�b�h�^�b�q�_�k�d�h�c���k�h�k�l�Z�\�e�y�x�s�_�c���b���i�_�j�b�h�^�Z���^�b�k�d�j�_�l�b�a�Z�p�b�b���k�b�]��
�g�Z�e�Z. �>�h�k�l�b�`�_�g�b�_���i�h�k�l�Z�\�e�_�g�g�h�c�� �p�_�e�b���i�h�e�m�q�_�g�h���i�m�l�_�f���f�Z��
�l�_�f�Z�l�b�q�_�k�d�h�]�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �i�j�h�p�_�k�k�Z�� �g�Z�k�u�s�_�g�b�y�� �L�L�� �b��
�j�Z�[�h�l�u���P�H�� 

�K�I�H�K�H�;�U���H�;�J�:�;�H�L�D�B���B�G�N�H�J�F�:�P�B�B 

�<�� �j�Z�f�d�Z�o�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �b�k�k�e�_�^�m�x�l�k�y�� �Z�e�]�h�j�b�l�f�u�� �\�u��
�q�b�k�e�_�g�b�y���\�_�d�l�h�j�h�\ �+�§  �b�g�n�h�j�f�Z�p�b�h�g�g�u�o���i�Z�j�Z�f�_�l�j�h�\�����n�m�g�d��
�p�b�h�g�b�j�m�x�s�b�o�� �g�Z�� �h�k�g�h�\�_�� �h�i�_�j�Z�p�b�c�� �k�� �f�]�g�h�\�_�g�g�u�f�b�� �a�g�Z�q�_��
�g�b�y�f�b���E �\�o�h�^�g�h�]�h���k�b�]�g�Z�e�Z  [12]�����Z���b�f�_�g�g�h�� 

�± �Z�e�]�h�j�b�l�f���� �b�k�i�h�e�v�a�m�x�s�b�c�� �l�_�d�m�s�m�x�� �b�� �i�j�_�^�u�^�m�s�m�x��
�\�u�[�h�j�d�b���k�b�]�g�Z�e�Z�� 
���� �+�§�:�J�6�; 
L

�Ç

�6��
�>�E�:�J�6�; 
F�E�:�>�J
F �s�?�6�;�?
E�F�®�E�:�J�6�;�á�� ��������

�]�^�_���J �± �g�h�f�_�j�� �l�_�d�m�s�_�c�� �\�u�[�h�j�d�b�����6 �± �i�_�j�b�h�^�� �^�b�k�d�j�_�l�b�a�Z��
�p�b�b���� �0 �± �q�b�k�e�h�� �\�u�[�h�j�h�d�� �a�Z�� �i�_�j�b�h�^�� �i�j�h�f�u�r�e�_�g�g�h�c�� �q�Z��
�k�l�h�l�u�� 

�± �Z�e�]�h�j�b�l�f���� �\�� �d�h�l�h�j�h�f�� �b�k�i�h�e�v�a�m�x�l�k�y�� �l�_�d�m�s�Z�y�� �b�� �^�\�_��
�i�j�_�^�u�^�m�s�b�_���\�u�[�h�j�d�b�� 
�� �+�§�:�J�6�; 
L

�Ç

�8��
�>�E�:�J�6�; 
F �E�:�>�J
F �t�?�6�;�?
E�F�®�E�:�>�J
F �t�?�6�;�â�� ��������

�± �Z�e�]�h�j�b�l�f�� �^�\�m�o�� �\�u�[�h�j�h�d���� �h�l�k�l�h�y�s�b�o�� �^�j�m�]�� �h�l�� �^�j�m�]�Z�� �g�Z����
�I ���i�_�j�b�h�^�h�\���^�b�k�d�j�_�l�b�a�Z�p�b�b�� 

 �+�§�:�J�6�; 
L �…�‘�–�:�ñ�4�I�6 �; �®�E�:�J�6�; 
F
�Ü�:�>�á�?�à �?�Í �;

�q�g�l�:� �, �à�Í �;

E�F�®�E�:�J�6�;�á     (3) 

�]�^�_���ñ�4 
L �t�è�B�4 �± �m�]�e�h�\�Z�y�� �q�Z�k�l�h�l�Z�� �i�j�h�f�u�r�e�_�g�g�h�c�� �q�Z�k�l�h�l�u��
�B�4 
L �w�r �=�p�� 

�<�� �j�Z�[�h�l�Z�o��[12,15,16] �i�h�d�Z�a�Z�g�h���� �q�l�h�� �Z�e�]�h�j�b�l�f�� �������� �b�f�_�_�l��
�i�h�]�j�_�r�g�h�k�l�v�� �h�i�j�_�^�_�e�_�g�b�y�� �\�_�d�l�h�j�Z�� ���+�§�:�J�6�;���i�_�j�\�h�c�� �]�Z�j�f�h��
�g�b�d�b���\�o�h�^�g�h�]�h���k�b�]�g�Z�e�Z���i�j�h�f�u�r�e�_�g�g�h�c���q�Z�k�l�h�l�u�����g�_���i�j�_�\�u��
�r�Z�x�s�m�x�� ������ �i�j�h�p�_�g�l�h�\���� �� �>�e�y�� �������� �w�l�Z�� �i�h�]�j�_�r�g�h�k�l�v�� �g�_�� �i�j�_��
�\�h�k�o�h�^�b�l�� ���� �i�j�h�p�_�g�l�h�\���� �Z�� �^�e�y�� �������� �i�j�b�� �m�k�e�h�\�b�b�� �i�j�b�f�_�g�_�g�b�y��
�i�Z�j�Z�f�_�l�j�Z���I 
L �0���v �± �\�h�h�[�s�_���h�l�k�m�l�k�l�\�m�_�l���� 

�;�u�k�l�j�h�^�_�c�k�l�\�b�_�� �m�d�Z�a�Z�g�g�u�o�� �Z�e�]�h�j�b�l�f�h�\�� �a�Z�\�b�k�b�l�� �h�l�� �d�h��
�e�b�q�_�k�l�\�Z�� �b�k�i�h�e�v�a�m�_�f�u�o�� �\�u�[�h�j�h�d�����>�e�y�� �������� �\�j�_�f�y�� �i�_�j�_�o�h�^��
�g�h�]�h���i�j�h�p�_�k�k�Z���\���n�b�e�v�l�j�_���k�h�k�l�Z�\�e�y�_�l���\�k�_�]�h�������6 �����^�e�y�����������± 3���6, 
�b���^�e�y�����������k�h�h�l�\�_�l�k�l�\�_�g�g�h���I�6 �����L�Z�d�b�f���h�[�j�Z�a�h�f�����Z�e�]�h�j�b�l�f����������
�o�h�l�y���b���b�f�_�_�l���e�m�q�r�b�_���i�h�d�Z�a�Z�l�_�e�b���l�h�q�g�h�k�l�b�����h�^�g�Z�d�h���y�\�e�y�_�l�k�y��
�f�_�g�_�_���[�u�k�l�j�h�^�_�c�k�l�\�m�x�s�b�f�� 

�A�g�Z�q�_�g�b�_ �f�h�^�m�e�y���k�b�]�g�Z�e�Z�� �g�_�h�[�o�h�^�b�f�h�_���^�e�y���n�m�g�d�p�b�h�g�b��
�j�h�\�Z�g�b�y���J�A���� �h�i�j�_�^�_�e�y�_�l�k�y �d�Z�d�� 
�� �+�:�J�6�; 
L 
¥�>�+�Ë�Ø�:�J�6�;�?�6 
E�>�+�Â�à�:�J�6�;�?�6�á�� ��������
�]�^�_���+�Ë�Ø�:�J�6�;�á�+�Â�à�:�J�6�; �± �a�g�Z�q�_�g�b�y�� �^�_�c�k�l�\�b�l�_�e�v�g�h�c�� �b�� �f�g�b�f�h�c��
�q�Z�k�l�b���\�_�d�l�h�j�Z���+�§�:�J�6�;. 
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�<���^�Z�g�g�h�c���j�Z�[�h�l�_���l�Z�d�`�_���j�Z�k�k�f�Z�l�j�b�\�Z�_�l�k�y���h�[�j�Z�[�h�l�d�Z���k���b�k��
�i�h�e�v�a�h�\�Z�g�b�_�f���n�b�e�v�l�j�h�\���N�m�j�v�_�����d�h�l�h�j�u�_���g�Z�b�[�h�e�_�_���j�Z�k�i�j�h��
�k�l�j�Z�g�_�g�u���\���k�h�\�j�_�f�_�g�g�u�o���m�k�l�j�h�c�k�l�\�Z�o���J�A���a�Z���k�q�_�l���k�i�h�k�h�[�g�h��
�k�l�b���\�u�^�_�e�y�l�v���h�j�l�h�]�h�g�Z�e�v�g�u�_���k�h�k�l�Z�\�e�y�x�s�b�_ �i�_�j�\�h�c���]�Z�j�f�h��
�g�b�d�b���k�b�g�m�k�h�b�^�Z�e�v�g�h�]�h���k�b�]�g�Z�e�Z���������=�p �[�_�a �i�h�]�j�_�r�g�h�k�l�b �k�h��
�]�e�Z�k�g�h���k�e�_�^�m�x�s�b�f���n�h�j�f�m�e�Z�f�� 

��
�+�Ë�Ø�:�J�6�; 
L

�6

�Ç
�Ã �E�:�J�6�; �®�•�‹�•�:�ñ�4�J�6�;�Ç�?�5

�á�@�4 �â

�+�Â�à�:�J�6�; 
L
�6

�Ç
�Ã �E�:�J�6�; �®�…�‘�•�:�ñ�4�J�6�;�Ç�?�5

�á�@�4 �ä
�� ��������

�B�k�k�e�_�^�h�\�Z�g�b�y��[17,18] �i�h�d�Z�a�u�\�Z�x�l�����q�l�h���^�Z�g�g�u�_���n�b�e�v�l�j�u��
�i�h�a�\�h�e�y�x�l���m�^�Z�e�y�l�v���d�j�Z�l�g�u�_���]�Z�j�f�h�g�b�q�_�k�d�b�_���k�h�k�l�Z�\�e�y�x�s�b�_��
�b�a�� �\�o�h�^�g�h�]�h�� �k�b�]�g�Z�e�Z���� �k�g�b�`�Z�x�l�� �g�Z�e�b�q�b�_�� �Z�i�_�j�b�h�^�b�q�_�k�d�h�c�� �b��
�g�_�d�j�Z�l�g�u�o�� �]�Z�j�f�h�g�b�q�_�k�d�b�o�� �k�h�k�l�Z�\�e�y�x�s�b�o���� �I�_�j�_�o�h�^�g�u�c��
�i�j�h�p�_�k�k���\���n�b�e�v�l�j�Z�o���k�h�]�e�Z�k�g�h�����������^�e�b�l�k�y���:�0 
F �s�;�6. 

�F�H�>�?�E�B�J�H�<�:�G�B�?���I�J�H�P�?�K�K�:���G�:�K�U�S�?�G�B�Y 

�>�e�y���i�h�e�m�q�_�g�b�y���a�g�Z�q�_�g�b�c���\�l�h�j�b�q�g�h�]�h���l�h�d�Z���i�j�b���g�Z�k�u�s�_��
�g�b�b�� �[�u�e�Z�� �b�k�i�h�e�v�a�h�\�Z�g�Z�� �m�i�j�h�s�_�g�g�Z�y�� �f�Z�l�_�f�Z�l�b�q�_�k�d�Z�y�� �f�h��
�^�_�e�v���L�L�����h�i�b�k�Z�g�g�Z�y���\��[19, 20]�����<���d�Z�q�_�k�l�\�_���L�L���^�e�y���i�j�b�f�_�j�Z��
�[�u�e���\�u�[�j�Z�g���L�I�H�E-10-���������������B�k�o�h�^�g�u�f�b���^�Z�g�g�u�f�b���^�e�y���f�h��
�^�_�e�b���a�Z�^�Z�\�Z�e�b�k�v���k�e�_�^�m�x�s�b�_���a�g�Z�q�_�g�b�y�� 

�± �q�b�k�e�h �\�b�l�d�h�\���i�_�j�\�b�q�g�h�c���:�S�5 
L �s�; �b���\�l�h�j�b�q�g�h�c���:�S�6 
L
�s�t�r�;���h�[�f�h�l�h�d������ 

�± �Z�d�l�b�\�g�h�_�� �k�h�i�j�h�l�b�\�e�_�g�b�_�� �\�l�h�j�b�q�g�h�c�� �h�[�f�h�l�d�b���:�4�6 
L
�r�á�s�x���•�Ï �; �b���g�Z�]�j�m�a�d�b���:�4�6�j�m�_�b
L �r�á�u�t���•�Ï �;;  

�± �b�g�^�m�d�l�b�\�g�h�k�l�v�� �\�l�h�j�b�q�g�h�c�� �h�[�f�h�l�d�b���:�.�6 
L
�r�á�u�x�v�v���Ï�Í�’�Ð�; �b���g�Z�]�j�m�a�d�b���:�.�6�j�m�_�b
L �r�á�y�x�u�{���Ï�’�Ð�;; 

�± �k�_�q�_�g�b�_���k�l�Z�e�b���f�Z�]�g�b�l�h�i�j�h�\�h�^�Z���:�O
L �r�á�r�r�s�t�w���Ï �6�;; 
�± �k�j�_�^�g�y�y�� �^�e�b�g�Z�� �f�Z�]�g�b�l�g�h�c�� �k�b�e�h�\�h�c�� �e�b�g�b�b�:�H
L

�r�á�t�x�y���Ï �;. 
�<���j�Z�[�h�l�Z�o��[21, 22] �i�h�d�Z�a�Z�g�h�����q�l�h���^�e�y���Z�i�i�j�h�d�k�b�f�Z�p�b�b���j�_��

�Z�e�v�g�h�c���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���g�Z�f�Z�]�g�b�q�b�\�Z�g�b�y���i�j�_�^�i�h�q�l�b�l�_�e�v�g�_�_��
�b�k�i�h�e�v�a�h�\�Z�l�v���n�m�g�d�p�b�x���k�e�_�^�m�x�s�_�]�h���\�b�^�Z�� 
���� �* 
L �s�r�?�5�6�•�‹�•�Š�:�s�{�á�r�v�$�; 
E�s�z�á�s�$�ä�� ��������

�I�j�b���j�_�Z�e�b�a�Z�p�b�b���f�h�^�_�e�b���\�� �i�j�h�]�j�Z�f�f�_���0�D�W�O�D�E�����a�Z�^�Z�\�Z�y���\��
�d�Z�q�_�k�l�\�_���i�_�j�\�b�q�g�h�]�h���l�h�d�Z���k�b�]�g�Z�e�����k�h�^�_�j�`�Z�s�b�c���i�_�j�b�h�^�b�q�_��
�k�d�m�x�� �b�� �Z�i�_�j�b�h�^�b�q�_�k�d�m�x (�^�_�d�j�_�f�_�g�l�h�f�� �a�Z�l�m�o�Z�g�b�y���Û
L
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�f�h�`�g�h�� �f�_�g�v�r�b�f�� �r�Z�]�h�f�� ���\�� �j�Z�[�h�l�_���¿�P
L �r�á�r�s���Ï�Ô������ �P�H���� �d�Z�d��
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L �v�r)���� �I�h�f�b�f�h�� �w�l�h�]�h�� �i�h�y�\�e�y�x�l�k�y�� �g�h�\�_�c�r�b�_�� �m�k�l�j�h�c��
�k�l�\�Z���� �i�h�^�^�_�j�`�b�\�Z�x�s�b�_�� �i�j�h�l�h�d�h�e�� �i�_�j�_�^�Z�q�b�� �^�Z�g�g�u�o�� �F�W�D��
61850-9-�������k�h�]�e�Z�k�g�h���d�h�l�h�j�h�f�m���g�_�h�[�o�h�^�b�f�h���i�j�b�f�_�g�y�l�v���a�g�Z��
�q�_�g�b�_���6
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L �z�r) [23]�����I�h�w�l�h�f�m���b�a���i�h�e�m�q�_�g�g�u�o��
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�I�j�h�]�j�Z�f�f�g�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �j�Z�[�h�l�u�� �m�d�Z�a�Z�g�g�u�o�� �P�H��
�[�u�e�h�� �i�j�h�b�a�\�_�^�_�g�h�� �k�h�]�e�Z�k�g�h�� �m�j�Z�\�g�_�g�b�y�f�� �������±���������� �G�Z�� �\�o�h�^��
�P�H�� �i�h�^�Z�\�Z�e�b�k�v�� �i�h�e�m�q�_�g�g�u�_�� �\�u�[�h�j�d�b�� �\�l�h�j�b�q�g�h�]�h�� �l�h�d�Z��
�E�6�:�J�6�; c �i�_�j�b�h�^�h�f���^�b�k�d�j�_�l�b�a�Z�p�b�b���6
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�g�h�]�h���l�h�d�Z�����i�h�e�m�q�Z�_�f�u�_���k�h�h�l�\�_�l�k�l�\�_�g�g�h���i�h���Z�e�]�h�j�b�l�f�Z�f������������
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�:�g�Z�e�b�a�b�j�m�y���i�h�e�m�q�_�g�g�u�_���a�Z�\�b�k�b�f�h�k�l�b�����f�h�`�g�h���h�l�f�_�l�b�l�v��
�i�j�Z�d�l�b�q�_�k�d�b�� �h�^�b�g�Z�d�h�\�u�c�� �o�Z�j�Z�d�l�_�j�� �b�a�f�_�g�_�g�b�y���+�6�� �b���Ü���^�e�y��
�i�_�j�\�u�o�� �^�\�m�o�� �Z�e�]�h�j�b�l�f�h�\���� �i�j�b�q�_�f���f�Z�d�k�b�f�Z�e�v�g�Z�y�� �i�h�]�j�_�r��
�g�h�k�l�v�� �^�e�y�� �g�b�o�� �\�h�a�g�b�d�Z�_�l�� �\�� �g�Z�q�Z�e�v�g�u�_�� �f�h�f�_�g�l�u�� �\�j�_�f�_�g�b��
(�Ü�:�5�;�à�Ô�ë
L �t�u�v� �̈á�Ü�:�6�;�à�Ô�ë
L �s�u�r� )̈  �b�� �h�[�m�k�e�Z�\�e�b�\�Z�_�l�k�y�� �i�_��
�j�_�o�h�^�g�u�f���i�j�h�p�_�k�k�h�f���\���k�Z�f�b�o���P�H�����<���f�h�f�_�g�l���\�j�_�f�_�g�b���J�6
L
�{�6 �^�e�y�����������b���J�6
L �s�r�6 �^�e�y�����������i�h�]�j�_�r�g�h�k�l�v���\�u�q�b�k�e�_�g�b�c���i�_��
�j�_�o�h�^�b�l�� �q�_�j�_�a�� �g�h�e�v�� �b���k�l�Z�g�h�\�b�l�k�y�� �h�l�j�b�p�Z�l�_�e�v�g�h�c���� �o�h�l�y�� �k�m��
�s�_�k�l�\�_�g�g�h�_�� �h�l�e�b�q�b�_�� ���E�6���h�l���E�"�5 �g�Z�k�l�m�i�Z�_�l�� �g�_�k�d�h�e�v�d�h�� �j�Z�g�v�r�_��
(�\�j�_�f�y�� �^�h�k�l�Z�l�h�q�g�h�� �l�h�q�g�h�c�� �l�j�Z�g�k�n�h�j�f�Z�p�b�b�� ���>�L�L���� �k�h�k�l�Z�\��
�e�y�_�l  �z�6�������>�Z�g�g�h�_���a�Z�i�Z�a�^�u�\�Z�g�b�_���f�h�`�g�h���h�[�t�y�k�g�b�l�v���l�_�f�����q�l�h��
�Z�e�]�h�j�b�l�f�u�����������b�����������b�k�i�h�e�v�a�m�x�l���h�^�g�m���b���^�\�_���i�j�_�^�u�^�m�s�b�_���\�u��
�[�h�j�d�b���k�h�h�l�\�_�l�k�l�\�_�g�g�h�����i�h�w�l�h�f�m���b���a�Z�i�Z�a�^�u�\�Z�g�b�_���i�j�h�b�k�o�h�^�b�l��
�g�Z���h�^�b�g���b���^�\�Z���l�Z�d�l�Z�����<���^�Z�e�v�g�_�c�r�b�o���\�u�q�b�k�e�_�g�b�y�o���j�Z�a�e�b�q�b�y��
�i�h�]�j�_�r�g�h�k�l�_�c���^�e�y���^�\�m�o���^�Z�g�g�u�o���Z�e�]�h�j�b�l�f�h�\���g�_���i�j�_�\�h�k�o�h�^�b�l��
15 %. 
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�>�e�y�� �������� �Z�e�]�h�j�b�l�f�Z���� �\�� �h�l�e�b�q�b�_�� �h�l�� �\�u�r�_�j�Z�k�k�f�h�l�j�_�g�g�u�o����
�f�Z�d�k�b�f�Z�e�v�g�h�_�� �a�g�Z�q�_�g�b�_�� �i�h�]�j�_�r�g�h�k�l�b�� �g�Z�k�l�m�i�Z�_�l�� �q�_�j�_�a������
�J�6
L �w�6���� �l�Z�d�� �d�Z�d�� �\�� �^�Z�g�g�h�f�� �Z�e�]�h�j�b�l�f�_�� �b�k�i�h�e�v�a�m�x�l�k�y�� �\�u��
�[�h�j�d�b�����h�l�k�l�Z�x�s�b�_���^�j�m�]���h�l���^�j�m�]�Z���g�Z�����I 
L �t�r���v
L �w �l�Z�d�l�h�\����
�I�_�j�_�o�h�^���q�_�j�_�a���g�h�e�v���i�h�]�j�_�r�g�h�k�l�b���l�Z�d�`�_���\�h�a�g�b�d�Z�_�l���k �a�Z�i�Z�a��
�^�u�\�Z�g�b�_�f���g�Z�������l�Z�d�l�h�\���i�h���k�j�Z�\�g�_�g�b�x���k�h �\�j�_�f�_�g�_�f���>�L�L�����I�h��
�k�e�_�� �w�l�h�]�h�� �\�j�_�f�_�g�b���� �k�j�_�^�g�_�_�� ���a�Z�� �\�j�_�f�y�� ���6�4���t���� �a�g�Z�q�_�g�b�_�� �i�h��
�]�j�_�r�g�h�k�l�b �Ü�Ô�é�Ú �f�_�g�v�r�_�� �i�h�� �Z�[�k�h�e�x�l�g�h�f�m�� �a�g�Z�q�_�g�b�x��
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�g�h�_���a�g�Z�q�_�g�b�_���Ü�Ô�é�Ú���o�Z�j�Z�d�l�_�j�g�h���^�e�y���Z�e�]�h�j�b�l�f�Z���������� 
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�Ü���i�h�k�l�_�i�_�g�g�h�� �g�Z�j�Z�k�l�Z�x�l�� �k�� �b�o�� �f�b�g�b�f�Z�e�v�g�h�]�h�� �a�g�Z�q�_�g�b�y�� �\��
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�\�� �k�Z�f�b�o�� �n�b�e�v�l�j�Z�o���� �I�j�b�� ���J�6
L �y�6 �a�g�Z�q�_�g�b�_�� ���+�6 �k�l�Z�g�h�\�b�l�k�y��
�[�h�e�v�r�_���b�k�l�b�g�g�h�]�h�� �b�� �^�h���J�6
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�r�Z�_�l�����������I�h�k�e�_���w�l�h�]�h���\�j�_�f�_�g�b���a�g�Z�q�_�g�b�_���+�6���g�Z�q�b�g�Z�_�l���f�h�g�h��
�l�h�g�g�h���k�g�b�`�Z�l�v�k�y�����^�h�k�l�b�]�Z�y�� �f�b�g�b�f�m�f�Z���i�j�b���J�6
L �t�z�6  (�Ü
L

F�{�r�á�z�¨ ������ �Z�� �a�Z�l�_�f�� �g�Z�q�b�g�Z�_�l�� �i�h�k�l�_�i�_�g�g�h�� �m�\�_�e�b�q�b�\�Z�l�v�k�y����
�O�h�l�y���\�� �^�Z�e�v�g�_�c�r�_�f�� �a�Z�\�b�k�b�f�h�k�l�b���+�6���b���Ü���^�e�y�� �^�Z�g�g�h�]�h�� �Z�e�]�h��
�j�b�l�f�Z�� �b�� �g�_�� �b�f�_�x�l�� �y�j�d�h�� �\�u�j�Z�`�_�g�g�u�o�� �f�b�g�b�f�m�f�h�\���� �h�^�g�Z�d�h��
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�Z�e�]�h�j�b�l�f�h�\�� 
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L
�t�z�6   �f�h�`�g�h�� �h�[�t�y�k�g�b�l�v�� �l�_�f�����q�l�h �i�j�b�� �i�h�k�l�_�i�_�g�g�h�f�� �k�^�\�b�]�_��
�h�d�g�Z�� �^�Z�g�g�u�o�� �b�a�� �a�Z�i�h�f�g�_�g�g�u�o�� �n�b�e�v�l�j�Z�f�b�� �\�u�[�h�j�h�d�� �m�^�Z�e�y��
�x�l�k�y�� �a�g�Z�q�_�g�b�y�� ���E�6���� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �\�j�_�f�_�g�b�� �>�L�L���� �I�j�b 
�k�^�\�b�]�_ �g�Z�q�Z�e�Z���h�d�g�Z���^�e�b�l�_�e�v�g�h�k�l�v�x���6�4 
L �r�á�r�t���Ô �^�Z�e�v�r�_���\�j�_��
�f�_�g�b���>�L�L �\���\�u�[�h�j�d�Z�o���n�b�e�v�l�j�h�\���i�j�b�k�m�l�k�l�\�m�x�l���\�u�[�h�j�d�b�����k�m��
�s�_�k�l�\�_�g�g�h�� �h�l�e�b�q�Z�x�s�b�_�k�y�� �h�l�� �i�j�b�\�_�^�_�g�g�h�]�h�� �i�_�j�\�b�q�g�h�]�h��
�l�h�d�Z.  �>�Z�g�g�h�_���\�j�_�f�y�����h�i�j�_�^�_�e�b�f�h�_���d�Z�d���k�m�f�f�Z���\�j�_�f�_�g�b���>�L�L��
�b���i�_�j�b�h�^�Z���6�4�����d�Z�d���j�Z�a���b���k�h�h�l�\�_�l�k�l�\�m�_�l���������������k��  

�L�Z�d�b�f���h�[�j�Z�a�h�f���� �k�m�s�_�k�l�\�_�g�g�Z�y�� �i�h�e�h�`�b�l�_�e�v�g�Z�y�� �i�h�]�j�_�r��
�g�h�k�l�v�����\�h�a�g�b�d�Z�x�s�Z�y���\���g�Z�q�Z�e�v�g�u�_���f�h�f�_�g�l�u���\�j�_�f�_�g�b���^�e�y���Z�e��
�]�h�j�b�l�f�h�\�� �������±���������� �f�h�`�_�l�� �g�_�]�Z�l�b�\�g�h�� �k�d�Z�a�Z�l�v�k�y�� �g�Z�� �j�Z�[�h�l�_��
�[�u�k�l�j�h�^�_�c�k�l�\�m�x�s�b�o���a�Z�s�b�l�����<�h�a�f�h�`�g�h���e�h�`�g�h�_���k�j�Z�[�Z�l�u�\�Z��
�g�b�_ �a�Z�s�b�l���k���\�j�_�f�_�g�_�f���k�j�Z�[�Z�l�u�\�Z�g�b�y���f�_�g�_�_�������������k�����<�h�a�g�b�d�Z��
�x�s�Z�y���\���^�Z�e�v�g�_�c�r�_�f���h�l�j�b�p�Z�l�_�e�v�g�Z�y���i�h�]�j�_�r�g�h�k�l�v�����o�Z�j�Z�d�l�_�j��
�g�Z�y�� �^�e�y�� �\�k�_�o�� �Z�e�]�h�j�b�l�f�h�\���� �g�Z�h�[�h�j�h�l���� �f�h�`�_�l�� �a�Z�f�_�^�e�b�l�v�� �j�Z��
�[�h�l�m���l�h�d�h�\�u�o���a�Z�s�b�l���� 

 �L�Z�d�`�_���g�_�h�[�o�h�^�b�f�h���h�l�f�_�l�b�l�v�����q�l�h���o�h�l�y���n�b�e�v�l�j�u���N�m�j�v�_ 
�b �j�Z�[�h�l�Z�x�l�� �[�_�a�� �i�h�]�j�_�r�g�h�k�l�b�� �i�j�b�� �q�b�k�l�h�� �k�b�g�m�k�h�b�^�Z�e�v�g�h�f��
�\�o�h�^�g�h�f�� �k�b�]�g�Z�e�_���� �i�j�b�� �g�Z�e�b�q�b�b �g�Z�k�u�s�_�g�b�y�� �b�o�� �k�j�_�^�g�y�y�� �a�Z��
�i�h�e�i�_�j�b�h�^�Z�� �i�h�]�j�_�r�g�h�k�l�v�� ���i�h�k�e�_�� �i�_�j�_�o�h�^�g�h�]�h�� �i�j�h�p�_�k�k�Z����
�i�j�_�\�h�k�o�h�^�b�l���i�h���Z�[�k�h�e�x�l�g�h�f�m���a�g�Z�q�_�g�b�x���i�h�]�j�_�r�g�h�k�l�b���^�j�m��
�]�b�o���Z�e�]�h�j�b�l�f�h�\���� 

�H�^�g�Z�d�h���\���k�e�m�q�Z�_���i�j�b�f�_�g�_�g�b�y���^�Z�g�g�h�]�h���Z�e�]�h�j�b�l�f�Z�����i�j�Z�d��
�l�b�q�_�k�d�b���b�k�d�e�x�q�Z�_�l�k�y���\�h�a�f�h�`�g�h�k�l�v���\�h�a�g�b�d�g�h�\�_�g�b�y���q�_�j�_�^�m��
�x�s�b�o�k�y�� �j�_�`�b�f�h�\�� �i�m�k�d�Z�� �b�� �k�[�j�h�k�Z�� �a�Z�s�b�l�u���� �d�h�l�h�j�u�_�� �g�_�� �b�k��
�d�e�x�q�_�g�u���^�e�y���i�_�j�\�u�o���l�j�_�o���Z�e�]�h�j�b�l�f�h�\�����l�Z�d���d�Z�d���^�e�y���^�Z�g�g�u�o��
�Z�e�]�h�j�b�l�f�h�\���o�Z�j�Z�d�l�_�j�g�u���k�m�s�_�k�l�\�_�g�g�u�_���j�Z�a�j�u�\�u���f�_�`�^�m���k�h��
�k�_�^�g�b�f�b�� �f�b�g�b�f�m�f�Z�f�b �b�� �f�Z�d�k�b�f�m�f�Z�f�b�� �a�g�Z�q�_�g�b�c�� �\�l�h�j�b�q��
�g�h�]�h���l�h�d�Z�� 

�>�Z�e�_�_���\���j�Z�[�h�l�_���[�u�e�h���b�k�k�e�_�^�h�\�Z�g�h���\�e�b�y�g�b�_���g�Z���i�h�]�j�_�r�g�h��
�k�l�b�� �\�_�e�b�q�b�g�u�� �^�_�d�j�_�f�_�g�l�Z�� �a�Z�l�m�o�Z�g�b�y�� �Z�i�_�j�b�h�^�b�q�_�k�d�h�c�� �k�h��
�k�l�Z�\�e�y�x�s�_�c���Û�����A�Z�^�Z�\�Z�y���a�g�Z�q�_�g�b�y���i�_�j�\�b�q�g�h�]�h���l�h�d�Z���k�h�]�e�Z�k�g�h��
�\�u�j�Z�`�_�g�b�x�����������^�e�y �a�g�Z�q�_�g�b�c  �Û
L �t�â�s�r�â�t�r �å �t�r�r���Ô�?�5 �[�u�e�h��
�i�h�e�m�q�_�g�h�����q�l�h�����g�Z�q�b�g�Z�y���k���Û
L �s�w�r���Ô�?�5 �����h�l�e�b�q�b�_���i�_�j�\�b�q�g�h�]�h��
�b�� �\�l�h�j�b�q�g�h�]�h�� �l�h�d�h�\�� �k�l�Z�g�h�\�b�l�k�y�� �g�_�k�m�s�_�k�l�\�_�g�g�u�f���� �b�� �i�h��
�]�j�_�r�g�h�k�l�v�� �\�u�q�b�k�e�_�g�b�c�� �[�m�^�_�l�� �h�i�j�_�^�_�e�y�l�v�k�y�� �l�h�e�v�d�h�� �g�Z�e�b��
�q�b�_�f�� �Z�i�_�j�b�h�^�b�q�_�k�d�h�c�� �k�h�k�l�Z�\�e�y�x�s�_�c���� �I�h�w�l�h�f�m�� �^�e�y �^�Z�e�v��
�g�_�c�r�_�]�h �Z�g�Z�e�b�a�Z�� �j�Z�[�h�l�u�� �Z�e�]�h�j�b�l�f�h�\�� �b�k�i�h�e�v�a�h�\�Z�e�b�k�v�� �a�g�Z��
�q�_�g�b�y�����Û���^�h�����������Ô�?�5.  

�I�h�e�m�q�_�g�g�u�_���a�Z�\�b�k�b�f�h�k�l�b���i�h�]�j�_�r�g�h�k�l�_�c���i�h�k�l�j�h�_�g�u���h�l��
�^�_�e�v�g�h���^�e�y���d�Z�`�^�h�]�h���b�a���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�u�o�� �Z�e�]�h�j�b�l�f�h�\��
(�j�b�k����). 

�I�h�e�m�q�_�g�h���� �q�l�h�� �k�� �j�h�k�l�h�f�� �a�g�Z�q�_�g�b�y���Û���Z�[�k�h�e�x�l�g�h�_�� �a�g�Z�q�_��
�g�b�_�� �i�h�]�j�_�r�g�h�k�l�b�� �^�e�y�� �\�k�_�o�� �Z�e�]�h�j�b�l�f�h�\�� �k�g�b�`�Z�_�l�k�y���� �l�Z�d��
�m�f�_�g�v�r�Z�_�l�k�y���k�l�_�i�_�g�v���g�Z�k�u�s�_�g�b�y���L�L���� 

�H�^�g�Z�d�h���i�j�b���b�a�f�_�g�_�g�b�b�����Û���h�l�������^�h���������Ô�?�5�� �m�\�_�e�b�q�b�\�Z�_�l�k�y��
�j�Z�a�j�u�\�� �f�_�`�^�m�� �k�h�k�_�^�g�b�f�b�� �f�b�g�b�f�m�f�h�f�� �b�� �f�Z�d�k�b�f�m�f�h�f�� �i�h��
�]�j�_�r�g�h�k�l�b���� �I�h�k�e�_���Û
L �x�r���Ô�?�5 �w�l�h�l�� �j�Z�a�j�u�\�� �g�Z�q�b�g�Z�_�l�� �k�g�b��
�`�Z�l�v�k�y���� 

�G�_�h�[�o�h�^�b�f�h�� �l�Z�d�`�_�� �h�l�f�_�l�b�l�v���� �q�l�h�� �^�e�y�� �n�b�e�v�l�j�h�\�� �N�m�j�v�_��
�\�_�e�b�q�b�g�Z �^�Z�g�g�u�o���j�Z�a�j�u�\�h�\�� �f�_�g�v�r�_���i�j�b �e�x�[�u�o�� �a�g�Z�q�_�g�b�y�o��
�Û�����g�h���k�j�_�^�g�_�_���a�Z���i�h�e�i�_�j�b�h�^�Z���a�g�Z�q�_�g�b�_�����Ü�Ô�é�Ú���\�k�_���j�Z�\�g�h���i�h���Z�[��
�k�h�e�x�l�g�h�c���\�_�e�b�q�b�g�_���[�h�e�v�r�_�����q�_�f���^�e�y���^�j�m�]�b�o���Z�e�]�h�j�b�l�f�h�\�� 

�L�Z�d�`�_�� �^�e�y�� �\�k�_�o�� �Z�e�]�h�j�b�l�f�h�\�� �k�� �m�\�_�e�b�q�_�g�b�_�f���Û �g�Z�[�e�x�^�Z��
�_�l�k�y���k�^�\�b�]���f�b�g�b�f�m�f�h�\���b���f�Z�d�k�b�f�m�f�h�\���i�h�]�j�_�r�g�h�k�l�_�c���i�h���\�j�_��
�f�_�g�b���� �q�l�h�� �f�h�`�g�h�� �h�[�t�y�k�g�b�l�v�� �\�h�a�j�Z�k�l�Z�g�b�_�f�� �i�j�b�� �w�l�h�f�� �\�j�_��
�f�_�g�b���>�L�L�� 

�A�Z�d�e�x�q�b�l�_�e�v�g�u�f���w�l�Z�i�h�f���b�k�k�e�_�^�h�\�Z�g�b�y���y�\�b�e�h�k�v���f�h�^�_�e�b��
�j�h�\�Z�g�b�_ �j�Z�[�h�l�u���P�H�����n�m�g�d�p�b�h�g�b�j�m�x�s�b�_ �k���j�Z�a�g�u�f�b���i�_�j�b�h��
�^�Z�f�b���^�b�k�d�j�_�l�b�a�Z�p�b�b �\�o�h�^�g�h�]�h���k�b�]�g�Z�e�Z. �>�Z�g�g�h�_���b�k�k�e�_�^�h�\�Z��
�g�b�_�� �y�\�e�y�_�l�k�y�� �h�k�h�[�_�g�g�h�� �Z�d�l�m�Z�e�v�g�u�f�� �� �\�� �k�\�y�a�b�� �k�� �i�_�j�_�o�h�^�h�f��
�m�k�l�j�h�c�k�l�\���J�A���g�Z���i�j�h�l�h�d�h�e���i�_�j�_�^�Z�q�b���^�Z�g�g�u�o���F�W�D������������-9-
2. �< �d�Z�q�_�k�l�\�_���b�k�k�e�_�^�m�_�f�u�o���[�u�e�b���i�j�b�g�y�l�u���\�u�r�_�m�d�Z�a�Z�g�g�u�_��
�a�g�Z�q�_�g�b�y���6���� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �q�b�k�e�m�� �\�u�[�h�j�h�d�� �a�Z�� �i�_�j�b�h�^��
�i�j�h�f�u�r�e�_�g�g�h�c�� �q�Z�k�l�h�l�u���0 
L �t�r���� ������ �b�� �������� �A�g�Z�q�_�g�b�_�� ���Û���i�j�b��
�w�l�h�f���i�j�b�g�b�f�Z�e�h�k�v���i�h�k�l�h�y�g�g�u�f���b���j�Z�\�g�u�f���������Ô�?�5. �A�g�Z�q�_�g�b�y��
�i�_�j�\�b�q�g�h�]�h���l�h�d�Z���a�Z�^�Z�\�Z�e�h�k�v���k�h�]�e�Z�k�g�h���\�u�j�Z�`�_�g�b�x��(7). 

�I�h�e�m�q�_�g�g�u�_�� �a�Z�\�b�k�b�f�h�k�l�b�� �i�h�]�j�_�r�g�h�k�l�_�c�� �i�h�d�Z�a�Z�g�u�� �g�Z��
�j�b�k�����������i�h�k�d�h�e�v�d�m���\���g�Z�q�Z�e�v�g�u�c���f�h�f�_�g�l���\�j�_�f�_�g�b���i�h�]�j�_�r�g�h��
�k�l�b���^�e�y���Z�e�]�h�j�b�l�f�h�\�����������b�����������b�f�_�x�l���h�q�_�g�v���\�u�k�h�d�h�_���a�g�Z�q�_�g�b�_����
�^�e�y���g�Z�]�e�y�^�g�h�k�l�b���i�h�d�Z�a�Z�g�u���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���i�h�k�e�_���i�_�j�_�o�h�^��
�g�h�]�h���i�j�h�p�_�k�k�Z���\���^�Z�g�g�u�o���P�H������ 

�F�h�`�g�h�� �h�l�f�_�l�b�l�v���� �q�l�h�� �i�j�b�� �m�\�_�e�b�q�_�g�b�b���0 �^�e�y�� �i�_�j�\�u�o��
�^�\�m�o�� �Z�e�]�h�j�b�l�f�h�\�� �g�Z�[�e�x�^�Z�_�l�k�y �k�m�s�_�k�l�\�_�g�g�h�_ �m�\�_�e�b�q�_�g�b�_��
�i�h�]�j�_�r�g�h�k�l�b�����h�k�h�[�_�g�g�h���\���i�_�j�\�u�c���i�h�e�m�i�_�j�b�h�^���i�j�h�f�u�r�e�_�g��
�g�h�c���q�Z�k�l�h�l�u�����>�e�y���Z�e�]�h�j�b�l�f�Z�����������f�Z�d�k�b�f�m�f���k�h�������������������i�j�b��
�0 
L �t�r �m�\�_�e�b�q�b�\�Z�_�l�k�y���g�Z���������������i�j�b���i�j�b�f�_�g�_�g�b�b���0 
L �v�r �b��
�g�Z 29,�������i�j�b���0 
L �z�r. �>�e�y���h�k�l�Z�e�v�g�h�]�h���\�j�_�f�_�g�b���j�Z�a�g�b�p�Z���i�h��
�]�j�_�r�g�h�k�l�_�c���g�_���i�j�_�\�h�k�o�h�^�b�l�����������I�j�Z�d�l�b�q�_�k�d�b���Z�g�Z�e�h�]�b�q�g�u�_��
�a�g�Z�q�_�g�b�y���j�Z�a�g�b�p�u���i�h�]�j�_�r�g�h�k�l�_�c���i�j�b���m�\�_�e�b�q�_�g�b�b���a�g�Z�q�_�g�b�y�� 
�0�� �g�Z�[�e�x�^�Z�x�l�k�y���b���^�e�y���\�l�h�j�h�]�h���Z�e�]�h�j�b�l�f�Z��   

�>�e�y�� �Z�e�]�h�j�b�l�f�h�\�� �������� �b�� �������� �b�a�f�_�g�_�g�b�_�� �i�h�]�j�_�r�g�h�k�l�b�� �i�j�b��
�m�\�_�e�b�q�_�g�b�b���0 �g�_�a�g�Z�q�b�l�_�e�v�g�h���g�Z���\�k�_�f���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�f���b�g��
�l�_�j�\�Z�e�_���\�j�_�f�_�g�b��  

�L�Z�d�b�f���h�[�j�Z�a�h�f�����i�j�b���i�_�j�_�o�h�^�_���m�k�l�j�h�c�k�l�\���g�Z���i�j�h�l�h�d�h�e���i�_��
�j�_�^�Z�q�b�� �^�Z�g�g�u�o�� �F�W�D������������-9-���� �i�j�_�^�i�h�q�l�b�l�_�e�v�g�_�_�� �b�k�i�h�e�v��
�a�h�\�Z�l�v���Z�e�]�h�j�b�l�f�u�����������b�e�b�������������I�j�b���i�j�b�f�_�g�_�g�b�b���i�_�j�\�u�o���^�\�m�o��
�Z�e�]�h�j�b�l�f�h�\���k�e�_�^�m�_�l�� �m�q�b�l�u�\�Z�l�v���\�h�a�f�h�`�g�h�_�� �m�\�_�e�b�q�_�g�b�_�� �i�h��
�]�j�_�r�g�h�k�l�_�c. 
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�J�b�k�����������I�h�]�j�_�r�g�h�k�l�b���i�j�b���g�Z�k�u�s�_�g�b�b���^�e�y���Z�e�]�h�j�b�l�f�h�\����������

���Z�����������������[�����������������\�����b���������]�����i�j�b���j�Z�a�g�h�f���q�b�k�e�_���\�u�[�h�j�h�d�� 

�<�U�<�H�>�U 

�<���j�Z�[�h�l�_���[�u�e�h���i�j�h�b�a�\�_�^�_�g�h���f�Z�l�_�f�Z�l�b�q�_�k�d�h�_���f�h�^�_�e�b�j�h��
�\�Z�g�b�_ �i�j�h�p�_�k�k�Z���g�Z�k�u�s�_�g�b�y���L�L���l�b�i�Z���L�I�H�E-�������b���i�j�h�Z�g�Z�e�b��
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Abstract. The paper is devoted to modeling and analyzing the 

operation of digital elements (DE) of relay protection at saturation 
of instrument current transformers (ICT). It reviews algorithms 
for DE based on calculations from instantaneous signal values and 
using Fourier filters. The secondary current values at saturation 
were obtained by modeling in the Matlab program using a simpli-
fied mathematical CT model. We studied the influence of such fac-
tors as the sample time and the damping decrement of the aperi-
odic component of the input signal on the accuracy of the DE op-
eration. The obtained results from modeling were justified. It was 

found that the nature of the change in errors is different for algo-
rithms based on instantaneous values of signals, and for those 
based on Fourier filters. By increasing the damping decrement, the 
absolute errors decrease. When switching devices to the IEC 
61850-9-2 data communication protocol, it is preferable to use an 
algorithm of two samples or DE based on Fourier filters.   

Keywords: relay protection, digital elements, Fourier filter, 
modeling, current transformer, saturation. 
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�a�Z�p�b�b���� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�Z�l�v�� �\�� �d�h�g�_�q�g�h�f�� �b�l�h�]�_�� �h�i�l�b�f�Z�e�v�g�u�c��
�j�_�a�m�e�v�l�Z�l�����q�l�h���i�h�k�j�_�^�k�l�\�Z�f���l�j�Z�^�b�p�b�h�g�g�u�o���b�l�_�j�Z�p�b�h�g�g�u�o���f�_��
�l�h�^�h�\�� �h�k�m�s�_�k�l�\�b�l�v�� �a�Z�l�j�m�^�g�b�l�_�e�v�g�h���� �l�Z�d���d�Z�d���g�m�`�g�h���^�h�i�h�e�g�b��
�l�_�e�v�g�h�� �n�h�j�f�m�e�b�j�h�\�Z�l�v�� �b�� �\�i�h�k�e�_�^�k�l�\�b�b�� �j�_�r�Z�l�v�� �i�j�_�k�e�_�^�m�x��
�s�m�x���b�f�_�g�g�h���p�_�e�v���h�i�l�b�f�b�a�Z�p�b�b���a�Z�^�Z�q�m�����H�k�h�[�u�c���b�g�l�_�j�_�k���\���j�_��
�Z�e�b�a�Z�p�b�b���j�_�r�_�g�b�c���w�e�_�d�l�j�h�w�g�_�j�]�_�l�b�q�_�k�d�b�o���a�Z�^�Z�q���f�_�l�h�^�h�f���]�_��
�g�_�l�b�q�_�k�d�h�]�h�� �Z�e�]�h�j�b�l�f�Z�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �l�Z�d�h�c�� �w�e�_�f�_�g�l���� �d�Z�d��
�n�m�g�d�p�b�y �i�j�b�k�i�h�k�h�[�e�_�g�g�h�k�l�b�����l�Z�d���d�Z�d���b�f�_�g�g�h���i�h�k�j�_�^�k�l�\�Z�f���g�_�_��
�j�_�Z�e�b�a�m�_�l�k�y���i�j�_�^�k�l�Z�\�e�_�g�b�_���f�h�^�_�e�b���w�e�_�d�l�j�b�q�_�k�d�h�c���k�_�l�b���\���Z�g�Z��
�e�b�l�b�q�_�k�d�h�f���\�b�^�_���b���b�f�_�g�g�h���h�l���i�j�Z�\�b�e�v�g�h�k�l�b���_�_���n�h�j�f�b�j�h�\�Z�g�b�y��
�a�Z�\�b�k�b�l�� �k�l�_�i�_�g�v�� �d�h�j�j�_�d�l�g�h�k�l�b�� �i�h�e�m�q�_�g�g�u�o�� �j�_�a�m�e�v�l�Z�l�h�\���� �<��
�^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �i�j�_�^�k�l�Z�\�e�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �j�Z�a�j�Z�[�h�l�d�b�� �n�m�g�d��
�p�b�b���i�j�b�k�i�h�k�h�[�e�_�g�g�h�k�l�b���]�_�g�_�l�b�q�_�k�d�h�]�h���Z�e�]�h�j�b�l�f�Z���^�e�y���j�Z�k�q�_�l�Z��
�m�k�l�Z�g�h�\�b�\�r�_�]�h�k�y���j�_�`�b�f�Z���w�e�_�d�l�j�b�q�_�k�d�h�c���k�_�l�b�� 

�D�e�x�q�_�\�u�_�� �k�e�h�\�Z�� �w�\�h�e�x�p�b�h�g�g�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_����
�]�_�g�_�l�b�q�_�k�d�b�c�� �Z�e�]�h�j�b�l�f���� �n�m�g�d�p�b�y�� �i�j�b�k�i�h�k�h�[�e�_�g�g�h�k�l�b����
�w�e�_�d�l�j�b�q�_�k�d�b�_���k�_�l�b�����j�Z�k�q�_�l���j�_�`�b�f�Z. 

�<�<�?�>�?�G�B�? 

�<���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���f�_�l�h�^�u���b�k�d�m�k�k�l�\�_�g�g�h�]�h���b�g�l�_�e�e�_�d�l�Z��
�h�[�r�b�j�g�h���b���^�h�\�h�e�v�g�h���m�k�i�_�r�g�h���\�g�_�^�j�y�x�l�k�y���\���j�Z�a�e�b�q�g�u�_���h�[��
�e�Z�k�l�b���w�e�_�d�l�j�h�w�g�_�j�]�_�l�b�d�b�����\���q�Z�k�l�g�h�k�l�b�����r�b�j�h�d�h���\�_�^�m�l�k�y���b�k��
�k�e�_�^�h�\�Z�g�b�y�� �\�� �h�[�e�Z�k�l�b�� �j�Z�k�q�_�l�Z�� �b�� �h�i�l�b�f�b�a�Z�p�b�b�� �j�Z�a�e�b�q�g�u�o��
�j�_�`�b�f�h�\�� �w�e�_�d�l�j�b�q�_�k�d�b�o�� �k�_�l�_�c���� �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y���i�h�l�_�j�v��
�f�h�s�g�h�k�l�b�����i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y���w�e�_�d�l�j�b�q�_�k�d�h�c���g�Z�]�j�m�a�d�b���w�g�_�j��
�]�h�k�b�k�l�_�f���b���l�Z�d���^�Z�e�_�_���>1-11].  

�G�Z�b�[�h�e�v�r�_�_���\�g�b�f�Z�g�b�_���g�Z���^�Z�g�g�u�c���f�h�f�_�g�l���m�^�_�e�y�_�l�k�y���l�Z��
�d�b�f���g�Z�i�j�Z�\�e�_�g�b�y�f���\���b�k�d�m�k�k�l�\�_�g�g�h�f���b�g�l�_�e�e�_�d�l�_, �d�Z�d���w�\�h�e�x��
�p�b�h�g�g�h�_���f�h�^�_�e�b�j�h�\�Z�g�b�_�����h�^�g�b�f���b�a���f�_�l�h�^�h�\���d�h�l�h�j�h�]�h���y�\�e�y��
�_�l�k�y�� �]�_�g�_�l�b�q�_�k�d�b�c�� �Z�e�]�h�j�b�l�f�� ���=�:�� [1-5]���� �b�� �b�k�d�m�k�k�l�\�_�g�g�u�_ 
�g�_�c�j�h�g�g�u�_ �k�_�l�b ���B�G�K�� [6-8]. 

�B�G�K�� �y�\�e�y�x�l�k�y�� �i�_�j�k�i�_�d�l�b�\�g�u�f�� �g�Z�i�j�Z�\�e�_�g�b�_�f�� �\�� �b�k�k�e�_��
�^�h�\�Z�g�b�y�o���� �p�_�e�v�� �d�h�l�h�j�u�o���± �j�_�r�_�g�b�_�� �r�b�j�h�d�h�]�h�� �d�j�m�]�Z�� �a�Z�^�Z�q��
�i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y���>8�@�����L�Z�d���d�Z�d���\���h�k�g�h�\�_���B�G�K���e�_�`�b�l���k�e�h�`�g�u�c��
�f�_�o�Z�g�b�a�f�� �Z�i�i�j�h�d�k�b�f�Z�p�b�b���\�o�h�^�g�u�o�� �^�Z�g�g�u�o���� �i�h�a�\�h�e�y�x�s�b�c��
�i�h�e�m�q�Z�l�v�� �j�_�a�m�e�v�l�Z�l�u�� �k�� �l�j�_�[�m�x�s�_�c�k�y�� �g�Z�� �i�j�Z�d�l�b�d�_�� �l�h�q�g�h��
�k�l�v�x���b���k�d�h�j�h�k�l�v�x���b���g�_���g�Z�d�e�Z�^�u�\�Z�x�s�b�c���d�Z�d�b�o���e�b�[�h���h�]�j�Z�g�b��
�q�_�g�b�c�� �g�Z�� �j�_�k�m�j�k�u�� �b�k�i�h�e�v�a�m�x�s�b�o�k�y�� �^�e�y�� �j�_�Z�e�b�a�Z�p�b�b�� �^�Z�g��
�g�h�]�h�� �f�_�l�h�^�Z�� �W�<�F���� �h�k�g�h�\�g�u�f�� �i�j�_�i�y�l�k�l�\�b�_���� �g�_�� �i�h�a�\�h�e�y�x��
�s�b�f���i�h�e�g�h�p�_�g�g�h���i�j�b�f�_�g�y�l�v �B�G�K���\���i�j�Z�d�l�b�d�_���j�Z�k�q�_�l�h�\���j�_��
�`�b�f�h�\���w�e�_�d�l�j�b�q�_�k�d�b�o���k�_�l�_�c���y�\�e�y�x�l�k�y���h�i�j�_�^�_�e�_�g�g�u�_���l�j�m�^��
�g�h�k�l�b�����k�\�y�a�Z�g�g�u�_���k���h�[�m�q�_�g�b�_�f���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c���B�G�K [6-8], 
�l�Z�d���d�Z�d���l�j�_�[�m�_�f�u�c���h�[�t�_�f���k�l�Z�l�b�k�l�b�q�_�k�d�b�o���^�Z�g�g�u�o���a�Z�q�Z�k�l�m�x��
�^�h�k�l�m�i�_�g���e�b�r�v���\���a�Z�^�Z�q�Z�o�����g�Z�i�j�Z�\�e�_�g�g�u�o���g�Z���i�j�h�]�g�h�a�b�j�h�\�Z��
�g�b�_���>8]. 

�I�j�b�f�_�g�_�g�b�_���=�:�����g�Z�i�j�h�l�b�\�����h�[�m�k�e�h�\�e�_�g�h���\�h�a�f�h�`�g�h�k�l�v�x��
�h�i�l�b�f�b�a�Z�p�b�b�� �b�� �j�Z�k�q�_�l�h�\�� �j�Z�a�e�b�q�g�u�o�� �j�_�`�b�f�h�\�� �w�e�_�d�l�j�b�q�_��
�k�d�b�o�� �k�_�l�_�c���� �\�� �q�Z�k�l�g�h�k�l�b���� �m�k�l�Z�g�h�\�b�\�r�_�]�h�k�y�� �j�_�`�b�f�Z���� �[�h�e�_�_��
�d�Z�q�_�k�l�\�_�g�g�h���b���d�h�j�j�_�d�l�g�h���\���k�j�Z�\�g�_�g�b�b���k���l�j�Z�^�b�p�b�h�g�g�u�f�b���f�Z��
�l�_�f�Z�l�b�q�_�k�d�b�f�b���f�_�l�h�^�Z�f�b�����Z���b�f�_�g�g�h���± �b�l�_�j�Z�p�b�h�g�g�u�f�b�����f�_��
�l�h�^���G�v�x�l�h�g�Z-�J�Z�n�k�h�g�Z���b���^�j���� [1,2]�����H�k�g�h�\�g�h�c���h�k�h�[�_�g�g�h�k�l�v�x��
�=�:���� �\�u�]�h�^�g�h�� �h�l�e�b�q�Z�x�s�_�c�� �_�]�h�� �h�l�� �l�j�Z�^�b�p�b�h�g�g�u�o�� �f�_�l�h�^�h�\��
�j�Z�k�q�_�l�Z�����y�\�e�y�_�l�k�y���i�j�b�g�p�b�i���j�_�Z�e�b�a�Z�p�b�b�����h�k�g�h�\�Z�g�g�u�c���g�Z���i�h��
�b�k�d�_���h�i�l�b�f�Z�e�v�g�h�]�h���j�_�r�_�g�b�y���i�m�l�_�f���b�k�i�h�e�v�a�h�\�Z�g�b�y���f�_�o�Z�g�b�a��
�f�h�\���l�_�h�j�b�c���_�k�l�_�k�l�\�_�g�g�h�]�h���h�l�[�h�j�Z���b���w�\�h�e�x�p�b�b���\���Z�g�Z�e�b�l�b�q�_��
�k�d�h�c���b�g�l�_�j�i�j�_�l�Z�p�b�b���k���k�h�o�j�Z�g�_�g�b�_�f���[�b�h�e�h�]�b�q�_�k�d�h�c���l�_�j�f�b��
�g�h�e�h�]�b�b���\���m�i�j�h�s�_�g�g�h�f���\�b�^�_���>1,2,5�@�����<�h�a�f�h�`�g�h�k�l�v���i�h�k�l�j�h�_��
�g�b�y���Z�e�]�h�j�b�l�f�Z���j�Z�k�q�_�l�Z���k���i�h�a�b�p�b�b���_�]�h���_�k�l�_�k�l�\�_�g�g�h�k�l�b�����h�l�g�h��
�k�b�l�_�e�v�g�h���i�j�h�l�_�d�Z�g�b�y���\���i�j�b�j�h�^�_�����i�h�a�\�h�e�y�_�l���j�Z�k�k�f�h�l�j�_�l�v���a�Z��
�^�Z�q�m�� �j�Z�k�q�_�l�Z�� �j�_�`�b�f�h�\�� �k�� �i�j�b�g�p�b�i�b�Z�e�v�g�h�� �g�h�\�h�c�� �l�h�q�d�b�� �a�j�_��
�g�b�y���� 

�H�k�g�h�\�g�u�f�� �w�e�_�f�_�g�l�h�f���� �g�Z�i�j�y�f�m�x�� �k�\�y�a�u�\�Z�x�s�b�f�� �=�:�� �b��
�j�Z�k�k�f�Z�l�j�b�\�Z�_�f�m�x�� �w�e�_�d�l�j�b�q�_�k�d�m�x�� �k�_�l�v�� �y�\�e�y�_�l�k�y�� �n�m�g�d�p�b�y��
�i�j�b�k�i�h�k�h�[�e�_�g�g�h�k�l�b���b�e�b���p�_�e�_�\�Z�y���n�m�g�d�p�b�y�����>�Z�g�g�Z�y���n�m�g�d�p�b�y��
�^�h�e�`�g�Z���h�[�_�k�i�_�q�b�\�Z�l�v���d�h�j�j�_�d�l�g�h�_���Z�g�Z�e�b�l�b�q�_�k�d�h�_���i�j�_�^�k�l�Z�\��
�e�_�g�b�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�]�h�� �n�b�a�b�q�_�k�d�h�]�h�� �h�[�t�_�d�l�Z���� �m�q�b�l�u�\�Z�y��
�\�k�_���o�Z�j�Z�d�l�_�j�g�u�_���h�k�h�[�_�g�g�h�k�l�b���_�f�m���i�j�b�k�m�s�b�_�����>�e�y���j�Z�k�k�f�Z�l��
�j�b�\�Z�_�f�h�]�h���h�[�t�_�d�l�Z�����w�e�_�d�l�j�b�q�_�k�d�h�c���k�_�l�b�����± �w�l�h���k�h�h�l�\�_�l�k�l�\�b�_��
�j�Z�a�j�Z�[�Z�l�u�\�Z�_�f�h�c�� �n�m�g�d�p�b�b�� �i�j�b�k�i�h�k�h�[�e�_�g�g�h�k�l�b�� �\�k�_�f�� �w�e�_�d��
�l�j�h�l�_�o�g�b�q�_�k�d�b�f�� �a�Z�d�h�g�Z�f���� �i�h�k�j�_�^�k�l�\�Z�f�� �d�h�l�h�j�u�o�� �i�j�h�b�a�\�h��
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�^�b�l�k�y�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�_�� �h�i�b�k�Z�g�b�_�� �n�b�a�b�q�_�k�d�h�c�� �f�h�^�_�e�b�� �w�e�_�d��
�l�j�b�q�_�k�d�h�c���k�_�l�b�����l���_�����k�h�h�l�\�_�l�k�l�\�b�_���w�\�h�e�x�p�b�h�g�g�h�c���f�h�^�_�e�b���b��
�f�h�^�_�e�b���n�b�a�b�q�_�k�d�h�c���� 

�H�K�G�H�<�G�U�?���W�L�:�I�U���I�H�K�L�J�H�?�G�B�Y���=�: 

�=�:���h�k�g�h�\�u�\�Z�_�l�k�y���g�Z���i�j�b�g�p�b�i�_���i�h�w�l�Z�i�g�h�]�h���\�b�^�h�b�a�f�_�g�_��
�g�b�y�� �b�a�g�Z�q�Z�e�v�g�h�� �k�n�h�j�f�b�j�h�\�Z�g�g�h�c�� �i�h�i�m�e�y�p�b�b�� �b�g�^�b�\�b�^�h�\�� �k��
�p�_�e�v�x�� �h�i�j�_�^�_�e�_�g�b�y�� �q�_�j�_�a�� �a�Z�^�Z�g�g�h�_�� �d�h�e�b�q�_�k�l�\�h�� �i�h�d�h�e�_�g�b�c��
�g�Z�b�[�h�e�_�_�� �i�j�b�k�i�h�k�h�[�e�_�g�g�u�o�� �h�k�h�[�_�c���� �l���_���� �h�i�l�b�f�Z�e�v�g�u�o�� �j�_��
�r�_�g�b�c���� 

�M�k�e�h�\�g�h�� �=�:�� �f�h�`�g�h�� �j�Z�a�^�_�e�b�l�v�� �g�Z�� �k�e�_�^�m�x�s�b�_�� �w�l�Z�i�u��
[12,13]: 

�x �<�u�[�h�j�� �\�b�^�Z�� �i�j�_�^�k�l�Z�\�e�_�g�b�y�� �b�k�o�h�^�g�u�o�� �^�Z�g�g�u�o���± 
�[�h�e�v�r�h�_�� �d�h�e�b�q�_�k�l�\�h�� �a�Z�^�Z�q���� �i�j�b�� �j�_�r�_�g�b�b�� �d�h�l�h�j�u�o���p�_�e�_�k�h��
�h�[�j�Z�a�g�h�� �i�j�b�f�_�g�_�g�b�_�� �=�:���� �g�_�� �i�h�a�\�h�e�y�x�l���� �\�\�b�^�m�� �h�k�h�[�_�g�g�h��
�k�l�_�c�� �k�i�_�p�b�n�b�d�b�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c�� �l�_�f�Z�l�b�d�b���� �i�j�_�^�k�l�Z�\�e�y�l�v��
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�H�l�e�b�q�b�l�_�e�v�g�h�c�� �h�k�h�[�_�g�g�h�k�l�v�x�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c�� �k�b��
�k�l�_�f�u�� �g�_�e�b�g�_�c�g�u�o�� �m�j�Z�\�g�_�g�b�c���� �i�j�b�f�_�g�y�_�f�h�c�� �^�e�y�� �j�Z�k�q�_�l�Z��
�M�J�� �W�K�� �f�_�l�h�^�h�f�� �=�:���� �\�� �k�j�Z�\�g�_�g�b�b�� �k�� �l�_�h�j�b�_�c�� �d�e�Z�k�k�b�q�_�k�d�b�o��
�j�Z�k�q�_�l�h�\�� �>14-17�@���� �y�\�e�y�_�l�k�y�� �h�l�k�m�l�k�l�\�b�_�� �[�Z�a�b�k�g�h�]�h�� �m�a�e�Z�� �b��
�g�Z�e�b�q�b�_�� �[�Z�e�Z�g�k�b�j�m�x�s�_�]�h�� �e�b�r�v�� �\�� �g�_�y�\�g�h�f�� �\�b�^�_���� �W�l�h�� �h�[�m��
�k�e�h�\�e�_�g�h �l�_�f�����q�l�h���i�j�b���j�Z�k�q�_�l�_���M�J���W�K���f�_�l�h�^�h�f���=�:���o�j�h�f�h��
�k�h�f�u�� �b�a�g�Z�q�Z�e�v�g�h�� �n�h�j�f�b�j�m�x�l�k�y�� �b�a�� �g�Z�i�j�y�`�_�g�b�c�� �b�� �m�]�e�h�\����
�k�e�m�q�Z�c�g�h���k�]�_�g�_�j�b�j�h�\�Z�g�g�u�o���\���h�i�j�_�^�_�e�_�g�g�h�f���^�b�Z�i�Z�a�h�g�_�����d�h��
�l�h�j�u�c���g�Z�i�j�y�f�m�x���a�Z�\�b�k�b�l���h�l���g�h�f�b�g�Z�e�v�g�h�]�h���a�g�Z�q�_�g�b�y���g�Z�i�j�y��
�`�_�g�b�y���l�h�]�h�� �b�e�b���b�g�h�]�h�� �m�a�e�Z���� �Z���[�Z�e�Z�g�k���f�h�s�g�h�k�l�b�����k�h�[�e�x�^�Z��
�_�l�k�y���i�m�l�_�f���b�a�g�Z�q�Z�e�v�g�h�]�h���a�Z�^�Z�g�b�y���k�m�f�f�Z�j�g�h�c���f�h�s�g�h�k�l�b���]�_��
�g�_�j�Z�l�h�j�h�\�����j�Z�\�g�h�c���k�m�f�f�Z�j�g�h�c���f�h�s�g�h�k�l�b���\�k�_�o���g�Z�]�j�m�a�h�d�����I�h��
�k�e�_�� �i�h�e�m�q�_�g�b�y�� �h�d�h�g�q�Z�l�_�e�v�g�h�]�h�� �j�_�a�m�e�v�l�Z�l�Z�� �k�m�f�f�Z�j�g�Z�y�� �l�j�_��
�[�m�_�f�Z�y���]�_�g�_�j�b�j�m�_�f�Z�y���f�h�s�g�h�k�l�v���d�h�j�j�_�d�l�b�j�m�_�l�k�y���k���m�q�_�l���j�Z�k��
�k�q�b�l�Z�g�g�u�o���i�h�l�_�j�v���\���w�e�_�d�l�j�b�q�_�k�d�h�c���k�_�l�b�� 

�K�b�k�l�_�f�Z�� �g�_�e�b�g�_�c�g�u�o�� �m�j�Z�\�g�_�g�b�c�� ���������� �h�i�b�k�u�\�Z�x�s�Z�y��
�w�e�_�d�l�j�b�q�_�k�d�m�x���k�_�l�v���k���d�h�e�b�q�_�k�l�\�h�f���m�a�e�h�\���j�Z�\�g�u�f  �����[�m�^�_�l��
�b�f�_�l�v���\�b�^�� 
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�]�^�_��   - �d�h�f�i�e�_�d�k�g�h-�k�h�i�j�y�`�_�g�g�Z�y���i�h�k�l�h�y�g�g�Z�y���l�j�_�o�n�Z�a��

�g�Z�y�� �f�h�s�g�h�k�l�v�� �m�a�e�Z�� ;   - �e�b�g�_�c�g�h�_��

�g�Z�i�j�y�`�_�g�b�_���m�a�e�Z����;   - �k�h�[�k�l�\�_�g�g�Z�y���i�j�h�\�h�^�b�f�h�k�l�v���m�a�e�Z��

;    - �\�a�Z�b�f�g�Z�y�� �i�j�h�\�h�^�b�f�h�k�l�v�� �m�a�e�Z��

. 
�>�Z�e�_�_�� �a�Z�^�Z�q�Z�� �j�Z�k�q�_�l�Z�� �M�J�� �W�K�� �k�\�h�^�b�l�k�y�� �d�� �h�i�j�_�^�_�e�_�g�b�x��

�g�_�b�a�\�_�k�l�g�u�o�� �g�Z�i�j�y�`�_�g�b�c�� �\�� �m�a�e�Z�o�� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c�� �w�e�_�d��
�l�j�b�q�_�k�d�h�c���k�_�l�b�� 

�F�h�^�m�e�v���b���m�]�h�e���g�Z�i�j�y�`�_�g�b�y���\���d�Z�`�^�h�f���b�a���m�a�e�h�\�����d�Z�d���[�u�e�h��
�h�l�f�_�q�_�g�h�� �j�Z�g�_�_���� �a�Z�^�Z�_�l�k�y�� �k�e�m�q�Z�c�g�h�� �k�]�_�g�_�j�b�j�h�\�Z�g�g�u�f�� �a�g�Z��
�q�_�g�b�_�f���� �d�Z�`�^�h�_�� �b�a�� �d�h�l�h�j�u�o�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �h�i�j�_�^�_�e�_�g�g�h�f�m��
�]�_�g�m���\���o�j�h�f�h�k�h�f�_�����I�h�k�e�_�����i�h�k�j�_�^�k�l�\�Z�f���i�h�w�l�Z�i�g�h�]�h���\�b�^�h�b�a��
�f�_�g�_�g�b�y���� �i�j�h�b�a�\�h�^�b�l�k�y�� �n�h�j�f�b�j�h�\�Z�g�b�_�� �g�h�\�u�o�� �i�h�i�m�e�y�p�b�c��
�o�j�h�f�h�k�h�f�����k�h�\�h�d�m�i�g�h�k�l�b���j�_�r�_�g�b�c�������k�h�h�l�\�_�l�k�l�\�b�_���d�h�l�h�j�u�o��
�l�j�_�[�m�_�f�h�f�m�� �j�_�a�m�e�v�l�Z�l�m�� �h�p�_�g�b�\�Z�_�l�k�y�� �b�k�o�h�^�y�� �b�a�� �a�g�Z�q�_�g�b�y��
�n�m�g�d�p�b�b�� �b�o�� �i�j�b�k�i�h�k�h�[�e�_�g�g�h�k�l�b���� �L�Z�d�� �d�Z�d�� �^�Z�g�g�Z�y�� �n�m�g�d�p�b�y��
�^�h�e�`�g�Z�� �b�f�_�l�v�� �h�i�l�b�f�b�a�Z�p�b�h�g�g�u�c�� �o�Z�j�Z�d�l�_�j���� �l���_���� �i�j�_�k�e�_�^�h��
�\�Z�l�v���p�_�e�v���f�b�g�b�f�b�a�Z�p�b�b���b�e�b���f�Z�d�k�b�f�b�a�Z�p�b�b���j�_�a�m�e�v�l�Z�l�Z�����i�j�h��
�b�a�\�_�^�_�f�� �j�y�^�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�c�� �k�� �m�j�Z�\�g�_�g�b�y�f�b�� �k�b�k�l�_�f�u�� ��������
�^�e�y���\�h�a�f�h�`�g�h�k�l�b���^�Z�e�v�g�_�c�r�_�]�h���n�h�j�f�b�j�h�\�Z�g�b�y���h�d�h�g�q�Z�l�_�e�v��
�g�h�]�h���\�b�^�Z���w�l�h�c���n�m�g�d�p�b�b�� 

�<�� �h�[�s�_�f �k�e�m�q�Z�_�� �d�Z�`�^�u�c�� �b�a�� �m�a�e�h�\�� �f�h�`�_�l�� �y�\�e�y�l�v�k�y��
�g�Z�]�j�m�a�h�q�g�u�f�� ���������� �]�_�g�_�j�Z�l�h�j�g�u�f�� �������� �b�e�b�� �h�^�g�h�\�j�_�f�_�g�g�h��
�g�Z�]�j�m�a�h�q�g�u�f���b���]�_�g�_�j�Z�l�h�j�g�u�f���������� 

              (2) 

                  (3) 

           (4)    

�N�h�j�f�m�e�u�����������± ���������i�j�_�^�k�l�Z�\�e�y�x�l���k�h�[�h�c���m�j�Z�\�g�_�g�b�y���g�_�[�Z��
�e�Z�g�k�Z���l�h�d�h�\�����b���b�o���j�Z�\�_�g�k�l�\�h���g�m�e�x���k�i�j�Z�\�_�^�e�b�\�h���l�h�e�v�d�h���^�e�y��
�b�^�_�Z�e�v�g�h�]�h���k�e�m�q�Z�y���± �d�h�]�^�Z���i�h�l�_�j�b���f�h�s�g�h�k�l�b���\���k�_�l�b���h�l�k�m�l��
�k�l�\�m�x�l�����<���h�[�s�_�f���k�e�m�q�Z�_�����^�e�y���h�i�b�k�Z�g�b�y���d�Z�`�^�h�]�h���b�a�� �m�a�e�h�\��
�w�e�_�d�l�j�b�q�_�k�d�h�c�� �k�_�l�b���� �p�_�e�_�k�h�h�[�j�Z�a�g�h�� �i�j�b�f�_�g�y�l�v�� �n�h�j�f�m�e�m��
�����������l�Z�d���d�Z�d���i�j�b���h�l�k�m�l�k�l�\�b�b���]�_�g�_�j�Z�l�h�j�Z���b�e�b���g�Z�]�j�m�a�d�b���\���j�Z�k��
�k�f�Z�l�j�b�\�Z�_�f�h�f���m�a�e�_���i�_�j�_�f�_�g�g�u�_�����k�h�h�l�\�_�l�k�l�\�m�x�s�b�_���b�o���f�h�s��
�g�h�k�l�y�f�����i�j�h�k�l�h���i�j�b�g�b�f�Z�x�l���g�m�e�_�\�h�_���a�g�Z�q�_�g�b�_���� 

�I�h�k�e�_�� �\�u�i�h�e�g�_�g�b�y�� �Z�e�]�_�[�j�Z�b�q�_�k�d�b�o�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�c�� �b, 
�m�q�b�l�u�\�Z�y���g�Z�e�b�q�b�_���i�h�l�_�j�v���f�h�s�g�h�k�l�b���\���j�_�Z�e�v�g�u�o���w�e�_�d�l�j�b�q�_��
�k�d�b�o���k�_�l�y�o, �i�h�e�m�q�Z�_�f���m�j�Z�\�g�_�g�b�_���������� 

(5) 

�]�^�_��  - �g�_�[�Z�e�Z�g�k���f�h�s�g�h�k�l�b���\ k �±�h�f���m�a�e�_���j�Z�k�k�f�Z�l�j�b�\�Z��

�_�f�h�c���k�_�l�b .                          
�M�q�b�l�u�\�Z�y���\�k�_���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�����h�k�m�s�_�k�l�\�e�_�g�g�u�_���k���m�j�Z�\��

�g�_�g�b�y�f�b�����\�o�h�^�y�s�b�f�b���\���k�b�k�l�_�f�m�������������f�h�`�g�h���i�_�j�_�i�b�k�Z�l�v���_�_���\��
�f�Z�l�j�b�q�g�h�f���\�b�^�_���������� 

 

(6) 

 
�K�� �l�h�q�d�b�� �a�j�_�g�b�y�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �b�� �j�_�Z�e�b�a�Z�p�b�b�� �w�\�h�e�x�p�b��

�h�g�g�h�c���f�h�^�_�e�b���w�e�_�d�l�j�b�q�_�k�d�h�c���k�_�l�b�� �\�Z�`�g�_�c�r�b�f���d�j�b�l�_�j�b�_�f��
�i�j�Z�\�b�e�v�g�h�k�l�b�� �d�h�l�h�j�h�]�h�� �y�\�e�y�_�l�k�y�� �d�h�j�j�_�d�l�g�h�k�l�v�� �b�� �k�h�h�l�\�_�l��
�k�l�\�b�_�� �\�k�_�f�� �g�Z�d�e�Z�^�u�\�Z�_�f�� �h�]�j�Z�g�b�q�_�g�b�y�f�� �j�Z�a�j�Z�[�Z�l�u�\�Z�_�f�h�c��
�n�m�g�d�p�b�b���i�j�b�k�i�h�k�h�[�e�_�g�g�h�k�l�b���=�:�����f�Z�l�j�b�q�g�h�_���m�j�Z�\�g�_�g�b�_����������
�i�j�_�^�k�l�Z�\�e�y�_�l���g�Z�b�[�h�e�v�r�b�c���b�g�l�_�j�_�k���� 

�H�g�h���\���i�h�e�g�h�c���f�_�j�_���h�l�j�Z�`�Z�_�l���k�m�s�g�h�k�l�v���\�k�_�o���n�b�a�b�q�_�k�d�b�o��
�i�j�h�p�_�k�k�h�\���� �i�j�h�l�_�d�Z�x�s�b�o�� �\�� �w�e�_�d�l�j�h�w�g�_�j�]�_�l�b�q�_�k�d�h�c�� �k�b��
�k�l�_�f�_���� �b�� �y�\�e�y�_�l�k�y�� �d�h�j�j�_�d�l�g�h�c�� �f�Z�l�_�f�Z�l�b�q�_�k�d�h�c�� �f�h�^�_�e�v�x����
�m�q�b�l�u�\�Z�x�s�_�c�� �k�i�_�p�b�n�b�d�m�� �i�j�b�f�_�g�y�_�f�h�]�h�� �f�_�l�h�^�Z�� �j�Z�k�q�_�l�Z����
�l���d���� �p�_�e�v�x�� �j�_�r�_�g�b�y�� �^�Z�g�g�h�]�h �f�Z�l�j�b�q�g�h�]�h�� �m�j�Z�\�g�_�g�b�y�� �y�\�e�y��
�_�l�k�y�� �f�b�g�b�f�b�a�Z�p�b�y�� �g�_�[�Z�e�Z�g�k�h�\�� �f�h�s�g�h�k�l�b�� �\�� �w�e�_�d�l�j�b�q�_�k�d�h�c��
�k�_�l�b�� 

�B�l�h�]�h�\�Z�y�� �n�h�j�f�Z�� �a�Z�i�b�k�b�� �n�m�g�d�p�b�b�� �i�j�b�k�i�h�k�h�[�e�_�g�g�h�k�l�b��
�b�f�_�_�l���k�e�_�^�m�x�s�b�c���\�b�^��������: 

                         (7) 

�H�k�h�[�h�]�h�� �\�g�b�f�Z�g�b�y�� �a�Z�k�e�m�`�b�\�Z�_�l�� �l�h�l�� �n�Z�d�l���� �q�l�h�� �i�j�b�� �j�Z�k��
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�q�_�l�_�� �n�m�g�d�p�b�b�� �������� �\�u�q�b�k�e�y�_�l�k�y�� �f�h�^�m�e�v�� �k�m�f�f�Z�j�g�h�c�� �f�h�s�g�h��
�k�l�b���g�_�[�Z�e�Z�g�k�Z���� �Z�� �g�_�� �d�h�f�i�e�_�d�k�g�h�_�� �a�g�Z�q�_�g�b�_���� �W�l�h�� �h�[�m�k�e�h�\��
�e�_�g�h���l�_�f�����q�l�h���i�j�b���a�Z�^�Z�g�b�b���j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c���n�m�g�d�p�b�b���\���i�h��
�^�h�[�g�h�f���\�b�^�_���i�j�h�b�a�\�h�^�b�l�k�y���j�Z�k�q�_�l���M�J���W�K���i�m�l�_�f���h�i�l�b�f�b�a�Z��
�p�b�b���i�h���Z�[�k�h�e�x�l�g�h�f�m���a�g�Z�q�_�g�b�x���i�h�l�_�j�v���f�h�s�g�h�k�l�b�� 

�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �k�m�s�g�h�k�l�v�� �j�Z�k�q�_�l�Z�� �M�J�� �W�K�� �f�_�l�h�^�h�f�� �=�:��
�a�Z�d�e�x�q�Z�_�l�k�y�� �\�� �f�b�g�b�f�b�a�Z�p�b�b�� �f�h�^�m�e�_�c�� �g�_�[�Z�e�Z�g�k�h�\�� �f�h�s�g�h��
�k�l�b���\���w�e�_�d�l�j�b�q�_�k�d�h�c���k�_�l�b���� 

�I �J�B�F�?�J���J�:�K�Q�?�L�:���M�K�L�:�G�H�<�B�<�R�?�=�H�K�Y���J�?�@�B�F�:��
�I�J�H�K�L�?�C�R�?�C���A�:�F�D�G�M�L�H�C �W�E�?�D�L�J�B�Q�?�K�D�H�C 

 �K�?�L�B���F�?�L�H�>�H�F���=�: 

�J�Z�k�k�f�h�l�j�b�f���� �\�� �d�Z�q�_�k�l�\�_�� �j�Z�k�q�_�l�g�h�c�� �k�o�_�f�u���� �k�o�_�f�m�� �w�e�_�d��
�l�j�b�q�_�k�d�h�c���k�_�l�b�����i�j�_�^�k�l�Z�\�e�_�g�g�h�c���g�Z���j�b�k. 1 [15]. 
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Abstract: The tendency of active introducing of the artificial 

intelligence methods into the absolute majority of spheres of hu-
man activity is due to the permanent development of society and, 
as a result, to the complication of a wide range of tasks of prime 
importance, in particular, in the electric power industry. One of 
these tasks is computing of the electrical network settled behavior, 
on the correct solution of which depends the proper level of func-
tioning of the entire electric power complex. Due to the complexity 
of the structures of existing electrical networks, there is a need for 
new methods which are more modern in terms of approach and 
implementation of computing, the principle of which uses com-
puter resources more than traditional (iterative) calculation meth-
ods. That is why such directions in artificial intelligence as evolu-
tionary modeling, and one of the methods of such modeling which 
consists in genetic algorithms, are the most relevant areas of re-
search in relation to the problems of electric power industry, in 
particular, to the task of computing the electrical network modes, 

since this method, being a priori optimizing in view of the imple-
mentation specifics, makes it possible to obtain in the end an opti-
mal result, which is difficult to accomplish using traditional itera-
tive methods, as it is necessary to further formulate and subse-
quently solve precisely the task of optimization. Such an element 
as the fitness function is of particular interest in reaching power 
goals using the method of genetic algorithm, since it is precisely 
through the fitness function that the electrical network model rep-
resentation is realized and implemented in an analytical form. 
Also, the degree of correctness of the results depends on the com-
pleteness of formation of the fitness function. This paper presents 
the results of the development of the genetic algorithm fitness func-
tion for computing the electrical network settling behavior. 

Keywords: evolutionary modeling, genetic algorithm, fitness 
function, electrical networks, mode computing. 
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�:�g�g�h�l�Z�p�b�y. �<�� �k�l�Z�l�v�_�� �h�l�f�_�q�_�g�h���� �q�l�h�� �b�g�n�h�j�f�Z�p�b�y�� �g�Z�� �^�Z�g��
�g�u�c���f�h�f�_�g�l���j�Z�a�\�b�l�b�y���p�b�n�j�h�\�u�o���k�b�k�l�_�f���\���Z�k�i�_�d�l�_���m�i�j�Z�\�e�_�g�b�y��
�^�_�y�l�_�e�v�g�h�k�l�v�x���i�j�_�^�i�j�b�y�l�b�y���y�\�e�y�_�l�k�y���h�^�g�b�f���b�a���g�Z�b�[�h�e�_�_���p�_�g��
�g�u�o���j�_�k�m�j�k�h�\�����:�\�l�h�j�Z�f�b���m�d�Z�a�u�\�Z�_�l�k�y�����q�l�h���b�k�i�h�e�v�a�h�\�Z�g�b�_���f�_��
�l�h�^�h�\�� ���\�b�j�l�m�Z�e�v�g�h�c���j�_�Z�e�v�g�h�k�l�b���� �i�j�b�\�h�^�b�l�� �d���j�Z�a�\�b�l�b�x�� �\�b�j��
�l�m�Z�e�v�g�u�o�� �d�h�i�b�c�� �i�j�_�^�i�j�b�y�l�b�c��- �p�b�n�j�h�\�u�o�� �^�\�h�c�g�b�d�h�\�� �i�j�_�^��
�i�j�b�y�l�b�y�����H�l�f�_�q�_�g�h�����q�l�h���p�b�n�j�h�\�h�c���^�\�h�c�g�b�d��- �w�l�h���g�Z�[�h�j���f�Z�l�_��
�f�Z�l�b�q�_�k�d�b�o���f�h�^�_�e�_�c���� �d�h�l�h�j�u�_���h�i�b�k�u�\�Z�x�l�� �l�h�l�� �b�e�b�� �b�g�h�c�� �h�[�t��
�_�d�l���j�_�Z�e�v�g�h�]�h���f�b�j�Z�����Z���l�Z�d���`�_���^�Z�_�l���\�h�a�f�h�`�g�h�k�l�v���f�h�^�_�e�b�j�h�\�Z�l�v��
�b�a�f�_�g�_�g�b�_�� �_�]�h�� �k�h�k�l�h�y�g�b�y�� �\�� �j�_�Z�e�v�g�h�f�� �\�j�_�f�_�g�b���� �H�i�b�k�Z�g�u�� �i�h��
�l�_�g�p�b�Z�e�v�g�u�_���i�j�_�b�f�m�s�_�k�l�\�Z���b���g�_�^�h�k�l�Z�l�d�b���l�_�o�g�h�e�h�]�b�b���p�b�n�j�h��
�\�h�]�h�� �^�\�h�c�g�b�d�Z�� �i�j�h�b�a�\�h�^�k�l�\�Z���� �Z�� �l�Z�d�� �`�_�� �i�j�b�\�_�^�_�g�u�� �i�j�b�f�_�j�u��
�\�g�_�^�j�_�g�b�y���m�d�Z�a�Z�g�g�h�c���l�_�o�g�h�e�h�]�b�b�����K�n�h�j�f�m�e�b�j�h�\�Z�g�h�����q�l�h�����p�b�n��
�j�h�\�u�_���^�\�h�c�g�b�d�b���y�\�e�y�x�l�k�y���\�Z�`�g�u�f���r�Z�]�h�f���g�Z���i�m�l�b���d���i�_�j�_�o�h�^�m��
�d�� �l�_�o�g�h�e�h�]�b�y�f�� �^�h�i�h�e�g�_�g�g�h�c�� �j�_�Z�e�v�g�h�k�l�b���� �b�� �d�Z�d�� �k�e�_�^�k�l�\�b�_���� �d��
�j�Z�a�\�b�l�b�x���d�h�g�p�_�i�p�b�c���[�_�a�e�x�^�g�h�]�h���i�j�h�b�a�\�h�^�k�l�\�Z.    
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�i�j�h�b�a�\�h�^�k�l�\�h�����B�g�^�m�k�l�j�b�y�������� 
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�B�g�n�h�j�f�Z�p�b�y�� �\�� �k�h�\�j�_�f�_�g�g�u�o�� �m�k�e�h�\�b�y�o�� �B�g�^�m�k�l�j�b�b�� ��������
�i�j�b�h�[�j�_�l�Z�_�l�� �]�e�Z�\�_�g�k�l�\�m�x�s�m�x���j�h�e�v�� �\�� �Z�k�i�_�d�l�_�� �w�n�n�_�d�l�b�\��
�g�h�]�h�� �m�i�j�Z�\�e�_�g�b�y�� �i�j�_�^�i�j�b�y�l�b�_�f. �I�h�e�m�q�_�g�b�_�� �� �Z�^�_�d�\�Z�l�g�h�c�� �b��
�h�i�_�j�Z�l�b�\�g�h�c�� �b�g�n�h�j�f�Z�p�b�h�g�g�h�c�� �k�\�h�^�d�b�� �h�[�h�� �\�k�_�o�� �i�j�h�p�_�k�k�Z�o��
�n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y�� �i�j�_�^�i�j�b�y�l�b�y���± �d�e�x�q�� �d�� �i�j�b�g�y�l�b�x�� �w�n��
�n�_�d�l�b�\�g�u�o���m�i�j�Z�\�e�_�g�q�_�k�d�b�o���j�_�r�_�g�b�c�����g�Z�p�_�e�_�g�g�u�o���g�Z���i�h�\�u��
�r�_�g�b�_���i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�b���b���d�h�g�d�m�j�_�g�l�h�k�i�h�k�h�[�g�h�k�l�b���[�b�a��
�g�_�k�Z�����<���g�Z�k�l�m�i�b�\�r�m�x���w�j�m���p�b�n�j�h�\�u�o���l�_�o�g�h�e�h�]�b�c���\�b�j�l�m�Z�e�v��
�g�Z�y���j�_�Z�e�v�g�h�k�l�v�� �g�Z�o�h�^�b�l���k�\�h�_���i�j�b�f�_�g�_�g�b�_���\���k�Z�f�u�o���j�Z�a�e�b�q��
�g�u�o�� �h�[�e�Z�k�l�y�o���± �b���� �\�� �l�h�f�� �q�b�k�e�_���� �\�� �k�n�_�j�_�� �m�i�j�Z�\�e�_�g�b�y�� �i�j�_�^��
�i�j�b�y�l�b�_�f�����j�_�a�m�e�v�l�Z�l�h�f���q�_�]�h���k�l�Z�e�h���i�h�y�\�e�_�g�b�_���\�b�j�l�m�Z�e�v�g�u�o��
�d�h�i�b�c�� �k�m�s�_�k�l�\�m�x�s�b�o�� �i�j�h�b�a�\�h�^�k�l�\��- �©�p�b�n�j�h�\�u�o�� �^�\�h�c�g�b��
�d�h�\�ª���i�j�h�b�a�\�h�^�k�l�\�Z�� 

�I�h���k�m�l�b�����©�p�b�n�j�h�\�h�c���^�\�h�c�g�b�d�ª��- �w�l�h���\�b�j�l�m�Z�e�v�g�Z�y���d�h�i�b�y��
�n�b�a�b�q�_�k�d�h�]�h���f�b�j�Z�� �j�_�Z�e�v�g�h�]�h���h�[�t�_�d�l�Z���b�e�b���k�b�l�m�Z�p�b�b���� �\���d�h��
�l�h�j�h�c���k���i�h�f�h�s�v�x���g�Z�[�h�j�D���f�Z�l�_�f�Z�l�b�q�_�k�d�b�o���f�h�^�_�e�_�c�����h�i�b�k�u��
�\�Z�x�s�b�o���k�h�k�l�h�y�g�b�_���h�[�t�_�d�l�Z���b���\�k�_�o���_�]�h���w�e�_�f�_�g�l�h�\�������n�b�d�k�b�j�m��
�x�l�k�y���\�k�_���^�Z�g�g�u�_���h���f�Z�l�_�j�b�Z�e�Z�o�����h�k�h�[�_�g�g�h�k�l�y�o���d�h�g�k�l�j�m�d�p�b�b����
�i�j�h�b�a�\�_�^�_�g�g�u�o���h�i�_�j�Z�p�b�y�o���b �b�k�i�u�l�Z�g�b�y�o. �P�b�n�j�h�\�h�c���^�\�h�c��
�g�b�d���i�h�a�\�h�e�y�_�l���\���\�b�j�l�m�Z�e�v�g�h�f���i�j�h�k�l�j�Z�g�k�l�\�_���k�f�h�^�_�e�b�j�h�\�Z�l�v��
�b�a�f�_�g�_�g�b�_�� �k�h�k�l�h�y�g�b�y�� �b�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�� �\�k�_�]�h�� �b�a�^�_�e�b�y�� �i�j�b��
�b�a�f�_�g�_�g�b�b���o�Z�j�Z�d�l�_�j�b�k�l�b�d���e�x�[�h�]�h���b�a���_�]�h���w�e�_�f�_�g�l�h�\ �[�e�Z�]�h��
�^�Z�j�y�� �l�h�f�m���� �q�l�h�� �k�h�a�^�Z�g�g�Z�y�� �\�b�j�l�m�Z�e�v�g�Z�y�� �l�j�_�o�f�_�j�g�Z�y�� �f�h�^�_�e�v��
�b�a�^�_�e�b�y���k�\�y�a�Z�g�Z �k���b�g�n�h�j�f�Z�p�b�h�g�g�h�c���[�Z�a�h�c���^�Z�g�g�u�o�����\���d�h�l�h��
�j�h�c���d�Z�`�^�h�f�m���w�e�_�f�_�g�l�m���f�h�`�g�h���i�j�b�k�\�h�b�l�v�� �^�h�i�h�e�g�b�l�_�e�v�g�u�_��
�Z�l�j�b�[�m�l�u. [1] �B�a�f�_�g�_�g�b�_�� �h�^�g�h�]�h�� �b�a�� �i�Z�j�Z�f�_�l�j�h�\�� �i�j�h�_�d�l�Z��
�\�e�_�q�_�l���a�Z���k�h�[�h�c���Z�\�l�h�f�Z�l�b�q�_�k�d�h�_���b�a�f�_�g�_�g�b�_���h�k�l�Z�e�v�g�u�o���k�\�y��
�a�Z�g�g�u�o�� �k�� �g�b�f�� �i�Z�j�Z�f�_�l�j�h�\�� �b�� �h�[�t�_�d�l�h�\. �P�b�n�j�h�\�u�_�� �f�h�^�_�e�b��
�i�h�f�h�]�Z�x�l�� �m�i�h�e�g�h�f�h�q�_�g�g�u�f�� �k�h�l�j�m�^�g�b�d�Z�f�� �i�j�_�^�i�j�b�y�l�b�y��
�i�j�b�g�b�f�Z�l�v�� �i�j�Z�\�b�e�v�g�u�_�� �j�_�r�_�g�b�y��- �g�Z�i�j�b�f�_�j���� �\�� �d�Z�d�h�f�� �j�_��
�`�b�f�_���^�h�e�`�g�Z���j�Z�[�h�l�Z�l�v���l�Z���b�e�b���b�g�Z�y���k�b�k�l�_�f�Z. �F�h�g�b�l�h�j�b�g�]���_�_��
�j�Z�[�h�l�u���i�h�a�\�h�e�y�_�l���m�\�b�^�_�l�v�����\���d�Z�d�h�f���h�g�Z���k�h�k�l�h�y�g�b�b�����k�d�h�e�v�d�h��
�_�s�_�� �f�h�`�_�l�� �i�j�h�j�Z�[�h�l�Z�l�v�� �b�� �\�� �d�Z�d�h�f�� �b�f�_�g�g�h�� �j�_�`�b�f�_���� �d�h�]�^�Z��

�f�h�`�_�l���i�h�g�Z�^�h�[�b�l�v�k�y���\�g�_�i�e�Z�g�h�\�h�_���h�[�k�e�m�`�b�\�Z�g�b�_.[2] �D�j�h�f�_��
�l�h�]�h�����p�b�n�j�h�\�b�a�Z�p�b�y���k�h�a�^�Z�_�l���\�h�a�f�h�`�g�h�k�l�b���^�e�y���[�u�k�l�j�h�c���i�_��
�j�_�g�Z�e�Z�^�d�b�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �b�� �l�_�o�i�j�h�p�_�k�k�h�\���� �q�l�h�� �i�h�\�u�r�Z�_�l��
�]�b�[�d�h�k�l�v���i�j�h�b�a�\�h�^�k�l�\�_�g�g�h�c���k�b�k�l�_�f�u 

�I�j�b�f�_�g�b�l�_�e�v�g�h�� �d�� �i�j�h�b�a�\�h�^�k�l�\�m�� �p�_�g�g�h�k�l�v�� �³�p�b�n�j�h�\�h�]�h��
�^�\�h�c�g�b�d�Z�´���a�Z�d�e�x�q�Z�_�l�k�y���\���m�g�b�d�Z�e�v�g�h�c���\�h�a�f�h�`�g�h�k�l�b���\�b�j�l�m��
�Z�e�v�g�h�� �b�f�b�l�b�j�h�\�Z�l�v�� �\�k�x�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�m�x�� �k�b�k�l�_�f�m���� �q�l�h��
�i�h�a�\�h�e�y�_�l�� �i�j�h�\�_�j�y�l�v�� �b�� �h�i�l�b�f�b�a�b�j�h�\�Z�l�v�� �_�z���� �³�P�b�n�j�h�\�h�c��
�^�\�h�c�g�b�d�´���l�Z�d�`�_���i�h�a�\�h�e�y�_�l���i�j�h�d�h�g�l�j�h�e�b�j�h�\�Z�l�v���i�j�h�p�_�k�k���b�a��
�]�h�l�h�\�e�_�g�b�y���b�a�^�_�e�b�y�����_�]�h���^�_�l�Z�e�_�c���b���m�a�e�h�\�����i�j�b���i�h�f�h�s�b���j�Z�a��
�j�Z�[�h�l�Z�g�g�u�o�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �i�j�h�p�_�k�k�h�\�����b�f�_�x�s�b�o�k�y�� �i�j�h��
�b�a�\�h�^�k�l�\�_�g�g�u�o���e�b�g�b�c���b���k�b�k�l�_�f���Z�\�l�h�f�Z�l�b�a�Z�p�b�b. �;�h�e�_�_���l�h�]�h����
�³�p�b�n�j�h�\�h�c���^�\�h�c�g�b�d�´���^�Z�_�l���\�h�a�f�h�`�g�h�k�l�v���\�d�e�x�q�b�l�v���b���a�Z�^�Z�q�b��
�e�h�]�b�k�l�b�d�b�� �^�e�y�� �j�Z�a�j�Z�[�h�l�d�b�� �w�n�n�_�d�l�b�\�g�h�c�� �k�o�_�f�u�� �i�h�k�l�Z�\�h�d��
�f�Z�l�_�j�b�Z�e�h�\�� �g�Z�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�m�x�� �e�b�g�b�x���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f����
�a�Z�^�Z�q�b���k�g�Z�[�`�_�g�b�y���j�_�r�Z�x�l�k�y���b���\���j�Z�f�d�Z�o���³�p�b�n�j�h�\�h�]�h���^�\�h�c��
�g�b�d�Z�´�����b���\���j�Z�f�d�Z�o���j�_�Z�e�v�g�h�c���e�h�]�b�k�l�b�q�_�k�d�h�c���k�b�k�l�_�f�u. [3] �I�h��
�^�Z�g�g�u�f�� �6�L�H�P�H�Q�V���� �i�h�\�u�r�_�g�b�_�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �k�m�s�_�k�l�\�m�x��
�s�b�o�� �e�h�]�b�k�l�b�q�_�k�d�b�o�� �k�b�k�l�_�f�� �\�� �w�l�h�f�� �k�e�m�q�Z�_�� �\�Z�j�v�b�j�m�_�l�k�y�� �\��
�i�j�_�^�_�e�Z�o�������±20 % . �D�j�h�f�_���l�h�]�h�����h�^�g�h�c���b�a���g�_�h�k�i�h�j�b�f�u�o���p�_�g��
�g�h�k�l�_�c���p�b�n�j�h�\�h�]�h���^�\�h�c�g�b�d�Z�����i�j�h�b�a�\�h�^�k�l�\�Z���y�\�e�y�_�l�k�y���l�h�����q�l�h��
�k���i�h�f�h�s�v�x���j�Z�a�e�b�q�g�u�o���f�_�l�h�^�h�\���b�f�b�l�Z�p�b�h�g�g�h�]�h���f�h�^�_�e�b�j�h��
�\�Z�g�b�y�� �f�h�`�g�h�� �i�j�h�b�a�\�h�^�b�l�v�� �\�b�j�l�m�Z�e�v�g�u�c�� �w�d�k�i�_�j�b�f�_�g�l�� �k��
�[�h�e�v�r�h�c�� �^�h�e�_�c�� �Z�^�_�d�\�Z�l�g�h�k�l�b�� �j�_�Z�e�v�g�h�� �k�m�s�_�k�l�\�m�x�s�_�c�� �f�h��
�^�_�e�b���n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�y���i�j�_�^�i�j�b�y�l�b�y�����b�a�f�_�g�y�y�����g�Z�i�j�b�f�_�j������
�i�Z�j�Z�f�_�l�j�u�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �i�j�h�p�_�k�k�Z���� �d�h�f�i�h�g�h�\�d�m�� �j�Z�[�h��
�q�_�]�h�� �i�j�h�k�l�j�Z�g�k�l�\�Z�� �p�_�o�Z���� �b�a�f�_�g�y�y�� �k�\�h�c�k�l�\�Z�� �b�� �k�h�k�l�Z�\�u�� �b�k��
�i�h�e�v�a�m�_�f�h�]�h�� �k�u�j�v�y���� �I�j�b�� �w�l�h�f�� �h�[�_�k�i�_�q�b�\�Z�_�l�k�y�� �w�d�h�g�h�f�b�y��
�\�j�_�f�_�g�g�u�o���b���n�b�g�Z�g�k�h�\�u�o���j�_�k�m�j�k�h�\�����Z�����]�e�Z�\�g�h�_���± �k�g�b�`�Z�x�l�k�y��
�j�b�k�d�b���� �k�\�y�a�Z�g�g�u�_�� �k�� �g�_�h�[�o�h�^�b�f�h�k�l�v�x�� �\�g�_�^�j�_�g�b�y�� �l�_�o�� �b�e�b��
�b�g�u�o���b�a�f�_�g�_�g�b�c���\���j�_�Z�e�v�g�h���n�m�g�d�p�b�h�g�b�j�m�x�s�b�c���l�_�o�g�h�e�h�]�b��
�q�_�k�d�b�c�� �i�j�h�p�_�k�k�� �i�j�h�b�a�\�h�^�k�l�\�Z���� ���>�j�m�]�b�f�b�� �k�e�h�\�Z�f�b���� �k�� �i�h�f�h��
�s�v�x�� �p�b�n�j�h�\�h�]�h�� �^�\�h�c�g�b�d�Z�� �f�h�`�g�h�� �k�f�h�^�_�e�b�j�h�\�Z�l�v�� �j�Z�a�e�b�q��
�g�u�_���\�Z�j�b�Z�g�l�u���h�j�]�Z�g�b�a�Z�p�b�b�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�o���� �e�h�]�b�k�l�b�q�_��
�k�d�b�o�����l�_�o�g�h�e�h�]�b�q�_�k�d�b�o���i�j�h�p�_�k�k�h�\�����b�����g�Z���h�k�g�h�\�_���i�h�e�m�q�_�g�g�u�o��
�\�b�j�l�m�Z�e�v�g�u�o�� �j�_�a�m�e�v�l�Z�l�h�\���� �i�j�b�g�y�l�v�� �j�_�r�_�g�b�_�� �� �h�� �\�g�_�^�j�_�g�b�b��
�g�Z�b�[�h�e�_�_�� �w�n�n�_�d�l�b�\�g�h�]�h�� �j�_�r�_�g�b�y�� ���g�Z�i�j�b�f�_�j���� �k�� �m�q�_�l�h�f�� �k�h��
�q�_�l�Z�g�b�y���g�_�h�[�o�h�^�b�f�u�o�� �p�_�e�_�\�u�o���a�g�Z�q�_�g�b�c�������e�b�[�h���`�_�� �g�Z�h�[�h��
�j�h�l�����h�l�d�Z�a�Z�l�v�k�y���h�l���g�_�h�i�j�Z�\�^�Z�g�g�u�o���b�a�f�_�g�_�g�b�c�����B�g�l�_�]�j�Z�p�b�y��
�k�� �j�_�Z�e�v�g�u�f�b�� �i�j�h�b�a�\�h�^�k�l�\�_�g�g�u�f�b�� �h�i�_�j�Z�p�b�y�f�b�� �k�h�a�^�Z�_�l�� �d�Z��
�g�Z�e�u���p�_�g�g�h�c���h�[�j�Z�l�g�h�c���k�\�y�a�b�� [3] �;�e�Z�]�h�^�Z�j�y���w�l�h�f�m�����³�p�b�n�j�h��
�\�h�c�� �^�\�h�c�g�b�d�´�� �^�_�c�k�l�\�b�l�_�e�v�g�h�� �l�h�q�g�h�� �h�i�b�k�u�\�Z�_�l�� �i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�u�_���i�j�h�p�_�k�k�u���\���b�o���^�b�g�Z�f�b�d�_���b���m�q�b�l�u�\�Z�_�l���b�a�f�_�g�_�g�b�y����
�g�_�b�a�[�_�`�g�h�� �i�j�h�b�k�o�h�^�y�s�b�_�� �\�� �j�_�Z�e�v�g�h�c�� �`�b�a�g�b���� �Z�� �l�Z�d�`�_�� �i�h�a��
�\�h�e�y�_�l���� �i�h�� �^�Z�g�g�u�f�� �6�L�H�P�H�Q�V���� �k�h�d�j�Z�l�b�l�v�� �\�j�_�f�y�� �i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�h�]�h���p�b�d�e�Z���i�j�b�f�_�j�g�h���g�Z������������ 

�>�Z�e�_�_�����i�j�b�f�_�g�_�g�b�_���p�b�n�j�h�\�u�o���^�\�h�c�g�b�d�h�\���i�j�h�b�a�\�h�^�k�l�\�Z��
�k�e�m�`�b�l�� �p�_�e�y�f�� �i�h�\�u�r�_�g�b�y�� �i�j�_�^�b�d�l�b�\�g�h�k�l�b�� �m�i�j�Z�\�e�_�g�b�y��
�i�j�_�^�i�j�b�y�l�b�_�f�� �a�Z�� �k�q�_�l�� �i�h�e�m�q�_�g�b�y�� �b�� �g�Z�d�h�i�e�_�g�b�y�� �h�i�_�j�Z�l�b�\��
�g�h�c���b�g�n�h�j�f�Z�p�b�b���h���n�m�g�d�p�b�h�g�b�j�h�\�Z�g�b�b���k�b�k�l�_�f���i�j�_�^�i�j�b�y�l�b�y��
�i�j�b���i�h�f�h�s�b���i�j�h�f�u�r�e�_�g�g�h�]�h���b�g�l�_�j�g�_�l�Z���b�����k�b�k�l�_�f���^�b�Z�]�g�h��
�k�l�b�d�b. [4] �<�� �^�Z�e�v�g�_�c�r�_�f���� �g�Z�� �h�k�g�h�\�_�� �i�h�e�m�q�_�g�g�u�o�� �^�Z�g�g�u�o����
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�k�b�k�l�_�f�Z���p�b�n�j�h�\�h�]�h���^�\�h�c�g�b�d�Z���i�h�a�\�h�e�y�_�l���f�h�^�_�e�b�j�h�\�Z�l�v���\�h�a��
�f�h�`�g�u�_�� �h�l�d�e�h�g�_�g�b�y�� �h�l�� �g�h�j�f�Z�e�v�g�h�]�h�� �l�_�q�_�g�b�y�� �i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�u�o�� �i�j�h�p�_�k�k�h�\�� �i�j�b�� �b�a�f�_�g�_�g�b�y�o���� �k�\�y�a�Z�g�g�u�o�� �k�� �g�_�^�h��
�k�l�Z�l�d�h�f�� �k�u�j�v�y���� �b�a�g�h�k�h�f�� �h�[�h�j�m�^�h�\�Z�g�b�y���� �\�u�o�h�^�h�f�� �b�a�� �k�l�j�h�y��
�w�e�_�f�_�g�l�h�\�� �l�_�o�g�h�e�h�]�b�q�_�k�d�h�]�h�� �i�j�h�p�_�k�k�Z���� �B�k�i�h�e�v�a�m�y�� �f�_�l�h�^�u��
�©�p�b�n�j�h�\�h�]�h �^�\�h�c�g�b�d�Z�ª�����f�h�`�g�h���g�Z���i�h�j�y�^�h�d���k�h�d�j�Z�l�b�l�v���d�h�e�b��
�q�_�k�l�\�h���g�Z�l�m�j�g�u�o���b�k�i�u�l�Z�g�b�c�����q�b�k�e�h���i�h�i�u�l�h�d���h�l�j�Z�[�h�l�d�b���l�_�o��
�i�j�h�p�_�k�k�h�\�����\�k�_�o���l�_�o���^�_�c�k�l�\�b�c�����d�h�l�h�j�u�_ �k�\�y�a�Z�g�u �k���b�a�]�h�l�h�\��
�e�_�g�b�_�f�� �j�_�Z�e�v�g�h�c�� �f�Z�l�_�j�b�Z�e�v�g�h�c�� �q�Z�k�l�b�� �b�� �_�z���b�k�i�u�l�Z�g�b�y�f�b����
�k�l�h�b�f�h�k�l�v�� �d�h�l�h�j�u�o�� �a�g�Z�q�b�l�_�e�v�g�h�� �\�u�r�_���� �q�_�f�� �k�l�h�b�f�h�k�l�v���f�Z��
�l�_�f�Z�l�b�q�_�k�d�h�]�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�y. [5] �I�h�y�\�e�y�_�l�k�y�� �\�h�a�f�h�`��
�g�h�k�l�v���\�u�y�\�b�l�v���i�h�l�_�g�p�b�Z�e�v�g�u�_���i�j�h�[�e�_�f�u���g�Z���k�Z�f�h�f���j�Z�g�g�_�f��
�m�j�h�\�g�_�����Z���g�_���i�j�b���g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�f���b�k�i�h�e�g�_�g�b�b���i�j�h�b�a�\�h�^��
�k�l�\�_�g�g�h�]�h���i�j�h�p�_�k�k�Z�����L�Z�d�`�_�����k�h�[�b�j�Z�_�f�Z�y���b�g�n�h�j�f�Z�p�b�y���h �k�h��
�k�l�h�y�g�b�b���f�Z�l�_�j�b�Z�e�v�g�u�o���k�j�_�^�k�l�\ �i�j�h�b�a�\�h�^�k�l�\�Z���i�h�a�\�h�e�y�_�l���i�h��
�\�u�k�b�l�v���b�o���j�_�f�h�g�l�h�i�j�b�]�h�^�g�h�k�l�v���������L�Z�d�Z�y���b�g�n�h�j�f�Z�p�b�y�����i�h�e�m��
�q�Z�_�f�Z�y���k���^�Z�l�q�b�d�h�\�����h�[�_�k�i�_�q�b�\�Z�_�l���g�Z�^�e�_�`�Z�s�_�_���l�_�o�h�[�k�e�m�`�b��
�\�Z�g�b�_���i�h���l�_�o�g�b�q�_�k�d�h�f�m���k�h�k�l�h�y�g�b�x�����q�l�h���k�h�d�j�Z�s�Z�_�l���i�j�h�k�l�h�b��
�h�[�h�j�m�^�h�\�Z�g�b�y�����b���i�h�\�u�r�Z�_�l���_�]�h���i�j�h�b�a�\�h�^�b�l�_�e�v�g�h�k�l�v�� [3]   

 �I�j�b�f�_�g�_�g�b�_���p�b�n�j�h�\�h�]�h���^�\�h�c�g�b�d�Z���i�j�h�b�a�\�h�^�k�l�\�Z���h�l�d�j�u��
�\�Z�_�l�� �\�h�a�f�h�`�g�h�k�l�b�� �[�h�e�_�_�� �i�j�h�^�m�d�l�b�\�g�h�c�� �b�� �h�i�_�j�Z�l�b�\�g�h�c�� �d�h��
�h�i�_�j�Z�p�b�b���f�_�`�^�m���i�j�_�^�i�j�b�y�l�b�y�f�b�����g�Z�i�j�b�f�_�j�����\�o�h�^�y�s�b�f�b�����\��
�h�^�b�g���o�h�e�^�b�g�]�������I�h�y�\�e�y�_�l�k�y���\�h�a�f�h�`�g�h�k�l�v���d�h�h�j�^�b�g�Z�p�b�b���^�_�y��
�l�_�e�v�g�h�k�l�b���i�j�_�^�i�j�b�y�l�b�c���b�a���_�^�b�g�h�]�h���b�g�n�h�j�f�Z�p�b�h�g�g�h�]�h���p�_�g��
�l�j�Z���m�i�j�Z�\�e�_�g�b�y�����\���d�h�l�h�j�u�c���i�_�j�_�^�Z�x�l�k�y���\�k�_���^�Z�g�g�u�_���i�h���©�p�b�n��
�j�h�\�u�f�� �^�\�h�c�g�b�d�Z�f�ª�� �� �i�j�_�^�i�j�b�y�l�b�c���� �G�Z�� �h�k�g�h�\�_�� �i�h�e�m�q�_�g�g�h�c��
�b�g�n�h�j�f�Z�p�b�b�� �k�i�_�p�b�Z�e�b�k�l�u�� �\�u�r�_�m�d�Z�a�Z�g�g�h�]�h�� �p�_�g�l�j�Z�� �Z�g�Z�e�b��
�a�b�j�m�x�l���k�d�e�Z�^�u�\�Z�x�s�m�x�k�y���k�b�l�m�Z�p�b�x�����b�����f�h�]�m�l���i�h�\�e�b�y�l�v���g�Z��
�j�Z�[�h�l�m���\�k�_�]�h���o�h�e�^�b�g�]�Z���b�e�b���d�h�g�p�_�j�g�Z���i�m�l�_�f���i�j�b�g�y�l�b�y���l�h�]�h��
�b�e�b�� �b�g�h�]�h�� �m�i�j�Z�\�e�_�g�q�_�k�d�h�]�h�� �j�_�r�_�g�b�y���� �G�Z�i�j�b�f�_�j���� �_�k�e�b�� �^�\�Z��
�i�j�_�^�i�j�b�y�l�b�y�� �\�u�i�m�k�d�Z�x�l�� �k�o�h�`�m�x�� �g�h�f�_�g�d�e�Z�l�m�j�m�� �b�a�^�_�e�b�c����
�_�k�l�v���\�h�a�f�h�`�g�h�k�l�v���k�f�h�^�_�e�b�j�h�\�Z�l�v���k�b�l�m�Z�p�b�x���i�_�j�_�j�Z�k�i�j�_�^�_��
�e�_�g�b�y���d�h�e�b�q�_�k�l�\�Z���\�u�i�m�k�d�Z���i�j�h�^�m�d�p�b�b���f�_�`�^�m���g�b�f�b���\���p�_�e�y�o��
�\�u�k�\�h�[�h�`�^�_�g�b�y�� �f�h�s�g�h�k�l�_�c�� �h�^�g�h�]�h�� �b�a�� �g�b�o�� �� �^�e�y�� �i�j�h�b�a�\�h�^��
�k�l�\�Z���^�j�m�]�h�c���i�j�h�^�m�d�p�b�b���b�e�b���`�_���^�e�y���[�h�e�_�_���j�Z�p�b�h�g�Z�e�v�g�h�]�h���b��
�w�n�n�_�d�l�b�\�g�h�]�h���b�k�i�h�e�v�a�h�\�Z�g�b�y���b�f�_�x�s�b�o�k�y���f�Z�l�_�j�b�Z�e�v�g�u�o���b��
�l�j�m�^�h�\�u�o���j�_�k�m�j�k�h�\�����L�Z�d�`�_���b�g�h�]�^�Z���f�h�`�_�l���\�h�a�g�b�d�g�m�l�v���k�b�l�m��
�Z�p�b�y���� �d�h�]�^�Z�� �g�Z�� �h�^�g�h�f�� �b�a�� �i�j�_�^�i�j�b�y�l�b�c�� �� �g�_�h�[�o�h�^�b�f�h�_�� �^�e�y��
�i�j�h�b�a�\�h�^�k�l�\�Z�� �i�j�h�^�m�d�p�b�b�� �h�[�h�j�m�^�h�\�Z�g�b�_�� �\�u�r�e�h�� �b�a�� �k�l�j�h�y����
�L�h�]�^�Z���� �k�� �i�h�f�h�s�v�x�� �b�g�l�_�]�j�Z�p�b�b�� �^�Z�g�g�u�o�� �h�l�� �0�(�6-�k�b�k�l�_�f��
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Abstract. The article notes that the information at current mo-

ment of development of digital systems in the aspect of manage-
ment of the enterprise is one of the most valuable resources. Au-
thors indicate that the use of the methods of "virtual reality" leads 
to the development of virtual copies of enterprises - digital twins 
of the enterprise. It is noted that the digital twin is a set of mathe-
matical models that describe a particular object in the real world, 
and also provides an opportunity to simulate a change in its state 
in real time. The potential advantages and disadvantages of the 

digital twin production technology are described, as well as exam-
ples of the implementation of this technology are given. It is for-
mulated that digital twins are an important step towards the tran-
sition to augmented reality technologies, and as a consequence, to 
the development of concepts of unmanned manufacturing. 

Keywords: digital twin, automating, manufacturing, Industry 
4.0. 
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�:�g�g�h�l�Z�p�b�y. �J�Z�a�j�Z�[�h�l�Z�g�Z�� �Z�\�l�h�f�Z�l�g�Z�y�� �f�h�^�_�e�v�� �^�b�k�d�j�_�l�g�h-
�e�h�]�b�q�_�k�d�h�c�� �k�b�k�l�_�f�u�� �m�i�j�Z�\�e�_�g�b�y�� �d�h�g�\�_�c�_�j�g�u�f�� �i�j�h�b�a�\�h�^��
�k�l�\�h�f���g�Z���[�Z�a�_���Z�\�l�h�f�Z�l�g�h�c���f�h�^�_�e�b���F�m�j�Z�����<���d�Z�q�_�k�l�\�_���i�j�b�f�_�j�Z��
�\�u�[�j�Z�g�Z���d�h�g�\�_�c�_�j�g�Z�y���e�_�g�l�Z���k���^�\�m�f�y���d�g�h�i�d�Z�f�b���m�i�j�Z�\�e�_�g�b�y�����k 
�^�\�m�f�y�� �^�Z�l�q�b�d�Z�f�b�� �i�h�e�h�`�_�g�b�y �b���k�� �^�\�m�f�y�� �g�Z�i�j�Z�\�e�_�g�b�y�f�b�� �^�\�b��
�`�_�g�b�y. �>�e�y�� �n�h�j�f�Z�e�b�a�Z�p�b�b�� �^�Z�g�g�u�o�� �h�[�� �h�[�t�_�d�l�_�� �m�i�j�Z�\�e�_�g�b�y��
�k�h�k�l�Z�\�e�_�g�Z �f�Z�l�_�f�Z�l�b�q�_�k�d�Z�y�� �f�h�^�_�e�v�� �k�b�k�l�_�f�u�� �m�i�j�Z�\�e�_�g�b�y�� �\��
�\�b�^�_���]�j�Z�n�Z���i�_�j�_�o�h�^�h�\. �J�_�r�_�g�Z���a�Z�^�Z�q�Z���k�b�g�l�_�a�Z �m�i�j�Z�\�e�y�x�s�_�]�h��
�e�h�]�b�q�_�k�d�h�]�h�� �m�k�l�j�h�c�k�l�\�Z���� �d�h�l�h�j�u�c�� �k�h�k�l�h�b�l�� �b�a �[�e�h�d�Z�� �i�Z�f�y�l�b����
�[�e�h�d�Z���e�h�]�b�q�_�k�d�b�o���m�k�e�h�\�b�c�� �b�� �[�e�h�d�Z���\�u�o�h�^�h�\, �\�� �\�b�^�_���k�b�k�l�_�f�u��
�e�h�]�b�q�_�k�d�b�o�� �m�j�Z�\�g�_�g�b�c. �I�j�h�]�j�Z�f�f�g�Z�y�� �j�_�Z�e�b�a�Z�p�b�y�� �k�b�k�l�_�f�u��
�m�i�j�Z�\�e�_�g�b�y���\�u�i�h�e�g�_�g�Z���g�Z���y�a�u�d�_���j�_�e�_�c�g�u�o���k�o�_�f���/�'�����I�h�d�Z�a�Z��
�g�h�����q�l�h���i�j�b�f�_�g�_�g�b�_���f�h�^�_�e�_�c���d�h�g�_�q�g�u�o���Z�\�l�h�f�Z�l�h�\���i�j�b���j�Z�a�j�Z��
�[�h�l�d�_�� �i�j�h�]�j�Z�f�f���k�b�k�l�_�f�� �m�i�j�Z�\�e�_�g�b�y���^�e�y�� �i�j�h�f�u�r�e�_�g�g�u�o��
�d�h�g�l�j�h�e�e�_�j�h�\�� �i�h�a�\�h�e�y�_�l�� �k�g�b�a�b�l�v�� �d�h�e�b�q�_�k�l�\�h�� �e�h�]�b�q�_�k�d�b�o��
�h�r�b�[�h�d���\���d�h�^�_. 
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�g�h�]�h���i�h�^�o�h�^�Z���d���Z�e�]�h�j�b�l�f�b�a�Z�p�b�b�� 

�<���g�Z�k�l�h�y�s�_�_���\�j�_�f�y���f�g�h�]�b�_�����h�k�h�[�_�g�g�h���g�Z�q�b�g�Z�x�s�b�_���j�Z�a��
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�b�g�l�m�b�l�b�\�g�u�_�� �g�Z�\�u�d�b�� �Z�e�]�h�j�b�l�f�b�a�Z�p�b�b���� �g�_�� �i�h�e�v�a�m�y�k�v�� �b�a��
�\�_�k�l�g�u�f�b�� �r�Z�[�e�h�g�Z�f�b�� ���S�D�W�W�H�U�Q���� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �I�j�b��
�w�l�h�f�� �i�j�h�]�j�Z�f�f�u�� �i�h�d�Z�a�u�\�Z�x�l�� �m�k�i�_�r�g�h�_�� �\�u�i�h�e�g�_�g�b�_�� �a�Z�^�Z��
�g�b�y�����g�h���i�j�b���w�l�h�f���q�Z�k�l�h���g�_���i�j�h�o�h�^�y�l���g�Z���d�h�j�j�_�d�l�g�h�k�l�v���d�h�^�Z����
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�\�h�a�f�h�`�g�h�� �m�q�_�k�l�v�� �f�g�h�`�_�k�l�\�h�� �n�Z�d�l�h�j�h�\���� �o�h�l�y�� �d�h�e�b�q�_�k�l�\�h��
�m�k�e�h�\�b�c�� �\�� �a�Z�^�Z�q�Z�o�� �[�u�e�h�� �g�_�a�g�Z�q�b�l�_�e�v�g�h�_�� �>6, 7, 8�@���� �Z�� �i�j�b��
�m�k�e�h�`�g�_�g�b�b�� �m�k�e�h�\�b�y�� �a�Z�^�Z�q�b���� �\�� �i�h�^�h�[�g�u�o�� �©�i�j�h�]�j�Z�f�f�Z�o�ª��
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�\�f�_�k�l�_�� �k�� �l�_�f�� �j�_�Z�e�b�a�Z�p�b�y�� �Z�\�l�h�f�Z�l�g�h�c�� �f�h�^�_�e�b�� �m�i�j�Z�\�e�_�g�b�y��
�^�e�y���^�b�k�d�j�_�l�g�u�o���k�b�k�l�_�f���m�i�j�Z�\�e�_�g�b�y���g�Z���y�a�u�d�Z�o���i�j�h�]�j�Z�f�f�b��
�j�h�\�Z�g�b�y�� �i�j�h�f�u�r�e�_�g�g�u�o�� �d�h�g�l�j�h�e�e�_�j�h�\�� �\�� �g�Z�m�q�g�h�c�� �e�b�l�_�j�Z��
�l�m�j�_���i�j�_�^�k�l�Z�\�e�_�g�h���g�_�^�h�k�l�Z�l�h�q�g�h�����F�h�`�g�h���h�l�f�_�l�b�l�v���j�Z�[�h�l�u��
�k�e�_�^�m�x�s�b�o�� �Z�\�l�h�j�h�\�� �>������ 15, 16, 17, 18�@���� �]�^�_�� �i�h�d�Z�a�Z�g�Z�� �w�n��
�n�_�d�l�b�\�g�h�k�l�v���b�k�i�h�e�v�a�h�\�Z�g�b�y���S�D�W�W�H�U�Q���i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� 

�F�:�L�?�F�:�L�B�Q�?�K�D�H�?���F�H�>�?�E�B�J�H�<�:�G�B�? 

�J�Z�k�k�f�h�l�j�b�f�� �d�Z�`�^�u�c�� �b�a�� �w�l�Z�i�h�\�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�y�� �k�b�k�l�_��
�f�u���m�i�j�Z�\�e�_�g�b�y���^�\�b�`�_�g�b�_�f���d�h�g�\�_�c�_�j�g�h�c���e�_�g�l�u���k���i�j�b�f�_�g�_��
�g�b�_�f�� �Z�\�l�h�f�Z�l�g�h�c�� �f�h�^�_�e�b�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �i�h�� �k�e�_�^�m�x��
�s�_�f�m���Z�e�]�h�j�b�l�f�m�� 

1. �G�Z�� �d�h�g�\�_�c�_�j�_�� �g�Z�o�h�^�b�l�k�y�� �i�j�_�^�f�_�l���� �I�h�� �g�Z�`�Z�l�b�x��
�d�g�h�i�d�b�� �6���� �d�h�g�\�_�c�_�j�� �^�\�b�`�_�l�k�y�� �\�i�j�Z�\�h�� �^�h�� �^�Z�l�q�b�d�Z�� �i�h�e�h�`�_��
�g�b�y���%���� 

2. �I�h���d�Z�k�Z�g�b�x���^�Z�l�q�b�d�Z���%�����d�h�g�\�_�c�_�j���^�\�b�`�_�l�k�y���\�e�_�\�h��
�^�h���d�Z�k�Z�g�b�y���^�Z�l�q�b�d�Z���i�h�e�h�`�_�g�b�y���%���� 

3. �I�h�� �d�Z�k�Z�g�b�x�� �^�Z�l�q�b�d�Z���%���� �d�h�g�\�_�c�_�j�� �^�\�b�`�_�l�k�y�� �\�i�j�Z��
�\�h���^�h���d�Z�k�Z�g�b�y���^�Z�l�q�b�d�Z���%���� 

4. �P�b�d�e�� �i�h�\�l�h�j�y�_�l�k�y�� �^�h�� �l�_�o�� �i�h�j���� �i�h�d�Z�� �h�i�_�j�Z�l�h�j�� �g�_��
�g�Z�`�f�_�l���d�g�h�i�d�m���6���� 

�<�� �h�[�s�_�f�� �k�e�m�q�Z�_���� �Z�\�l�h�f�Z�l�g�Z�y�� �f�h�^�_�e�v�� �k�b�k�l�_�f�u�� �m�i�j�Z�\�e�_��
�g�b�y�� �k�h�k�l�h�b�l�� �b�a�� �l�j�_�o�� �[�e�h�d�h�\�� �>7, 8, 10�@�� ���k�f�����³�j�b�k���� ��� )́: 
�m�k�l�j�h�c�k�l�\�Z�� �e�h�]�b�q�_�k�d�h�]�h�� �m�i�j�Z�\�e�_�g�b�y�� ���M�E�M������ �[�e�h�d�Z�� �l�Z�c�f�_��
�j�h�\�� ���;�L���� �b�� �[�e�h�d�Z�� �m�i�j�Z�\�e�_�g�b�y�� ���;�M������ �H�[�f�_�g�� �b�g�n�h�j�f�Z�p�b�_�c�� �\��
�f�h�^�_�e�b���i�j�h�b�k�o�h�^�b�l���f�_�`�^�m���f�g�h�`�_�k�l�\�h�f���k�b�]�g�Z�e�h�\�� 

�O���± �f�g�h�`�_�k�l�\�Z���k�b�]�g�Z�e�h�\���h�l���^�Z�l�q�b�d�h�\�� 
U �± �f�g�h�`�_�k�l�\�h�� �m�i�j�Z�\�e�y�x�s�b�o�� �k�b�]�g�Z�e�h�\���� �b�^�m�s�b�o�� �h�l��

�M�E�M���d���b�k�i�h�e�g�b�l�_�e�v�g�u�f���f�_�o�Z�g�b�a�f�Z�f�� 
Y �± �f�g�h�`�_�k�l�\�h�� �k�b�]�g�Z�e�h�\�� �h�l �d�g�h�i�h�d�� �b�� �d�e�x�q�_�c�� �j�m�q�g�h�]�h��

�m�i�j�Z�\�e�_�g�b�y�� 
I �± �f�g�h�`�_�k�l�\�h�� �k�b�]�g�Z�e�h�\���� �i�h�k�l�m�i�Z�x�s�b�o�� �g�Z�� �[�e�h�d�� �m�i�j�Z�\��
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�e�_�g�b�y���h�l���M�E�M�� 
D �± �f�g�h�`�_�k�l�\�h�� �k�b�]�g�Z�e�h�\���� �m�i�j�Z�\�e�y�x�s�b�o�� �l�Z�c�f�_�j�Z�f�b�� �\��

�[�e�h�d�_���;�L�� 
Z �± �f�g�h�`�_�k�l�\�h���k�b�]�g�Z�e�h�\���b�a���[�e�h�d�Z���l�Z�c�f�_�j�h�\�����k�\�b�^�_�l�_�e�v��

�k�l�\�m�x�s�b�o���h�[���h�d�h�g�q�Z�g�b�b���l�j�_�[�m�_�f�u�o���\�u�^�_�j�`�_�d���\�j�_�f�_�g�b�� 
 

 
�J�b�k�����������K�l�j�m�d�l�m�j�Z���Z�\�l�h�f�Z�l�g�h�c���f�h�^�_�e�b���i�j�h�]�j�Z�f�f�u���m�i�j�Z�\��

�e�_�g�b�y 

�I�j�b�� �j�Z�a�j�Z�[�h�l�d�_�� �i�j�h�]�j�Z�f�f�� �h�k�g�h�\�u�\�Z�y�k�v�� �g�Z�� �Z�\�l�h�f�Z�l�g�h�c��
�f�h�^�_�e�b���g�_�h�[�o�h�^�b�f�h���\�u�i�h�e�g�b�l�v���l�j�b���w�l�Z�i�Z�� 

1 �± �n�h�j�f�Z�e�b�a�h�\�Z�l�v�� �^�Z�g�g�u�_�� �h�[�� �h�[�t�_�d�l�_�� �m�i�j�Z�\�e�_�g�b�y�� �\��
�\�b�^�_���]�j�Z�n�Z���i�_�j�_�o�h�^�h�\�� 

2 �± �i�j�h�b�a�\�_�k�l�b���k�b�g�l�_�a���m�i�j�Z�\�e�y�x�s�_�c �k�b�k�l�_�f�u�� 
3 �± �j�_�Z�e�b�a�h�\�Z�l�v�� �i�j�h�]�j�Z�f�f�m�� �g�Z�� �y�a�u�d�_�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z��

�g�b�y�� 
 
�W�l�Z�i���i�_�j�\�u�c. �N�h�j�f�Z�e�b�a�Z�p�b�y���^�Z�g�g�u�o���h�[���h�[�t�_�d�l�_�� 
�=�j�Z�n�� �i�_�j�_�o�h�^�h�\�� �k�h�k�l�Z�\�e�y�_�l�k�y�� �g�Z�� �h�k�g�h�\�Z�g�b�b�� �k�e�h�\�_�k�g�h�c��

�n�h�j�f�m�e�b�j�h�\�d�b�� �Z�e�]�h�j�b�l�f�h�\�� �m�i�j�Z�\�e�_�g�b�y���� �Z�� �l�Z�d�`�_�� �\�\�_�^�_�g�b�y��
�h�[�h�a�g�Z�q�_�g�b�y�� �k�b�]�g�Z�e�h�\�� �\�� �k�e�_�^�m�x�s�_�c�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b��
[6, 7, 19, 20]: 

1 �H�i�j�_�^�_�e�y�_�l�k�y�� �g�Z�q�Z�e�v�g�h�_�� �k�h�k�l�h�y�g�b�_�� �h�[�t�_�d�l�Z���� �b�a��
�d�h�l�h�j�h�]�h�� �g�Z�q�b�g�Z�_�l�k�y�� �i�j�h�p�_�k�k�� �m�i�j�Z�\�e�_�g�b�y���� �b�� �^�e�y�� �g�_�]�h�� �\�\�h��
�^�b�l�k�y���g�Z�q�Z�e�v�g�h�_���k�h�k�l�h�y�g�b�_���g�Z���]�j�Z�n�_���i�_�j�_�o�h�^�h�\�����>�e�y���w�l�h�]�h��
�k�h�k�l�h�y�g�b�y�� �h�i�j�_�^�_�e�y�x�l�k�y�� �a�g�Z�q�_�g�b�y�� �\�k�_�o�� �\�u�o�h�^�g�u�o�� �k�b�]�g�Z��
�e�h�\�� �M�E�M���� �Z�� �l�Z�d�`�_�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�_�� �b�f�� �k�h�k�l�h�y�g�b�y�� �b�k�i�h�e��
�g�b�l�_�e�v�g�u�o�� �f�_�o�Z�g�b�a�f�h�\�� �h�[�t�_�d�l�Z�� �b�� �w�e�_�f�_�g�l�h�\�� �g�Z�� �[�e�h�d�_��
�m�i�j�Z�\�e�_�g�b�y�����<�k�_���g�Z�q�Z�e�v�g�u�_���k�h�k�l�h�y�g�b�y���\�u�o�h�^�g�u�o���k�b�]�g�Z�e�h�\��
�i�j�h�i�b�k�u�\�Z�x�l�k�y���\���g�Z�q�Z�e�v�g�h�f���k�h�k�l�h�y�g�b�b���]�j�Z�n�Z���i�_�j�_�o�h�^�h�\�� 

2 �H�i�j�_�^�_�e�y�_�l�k�y�� �h�q�_�j�_�^�g�h�k�l�v�� �k�h�k�l�h�y�g�b�c�� �h�[�t�_�d�l�Z�� �b��
�g�_�h�[�o�h�^�b�f�h�_�� �^�e�y�� �w�l�h�]�h�� �b�a�f�_�g�_�g�b�_�� �k�h�k�l�h�y�g�b�c�� �b�k�i�h�e�g�b��
�l�_�e�v�g�u�o�� �f�_�o�Z�g�b�a�f�h�\���� �D�Z�`�^�u�c�� �i�_�j�_�o�h�^�� �b�a�� �g�Z�q�Z�e�v�g�h�]�h�� �k�h��
�k�l�h�y�g�b�y�� �\�� �i�h�k�e�_�^�m�x�s�b�_�� �b�a�h�[�j�Z�`�Z�_�l�k�y�� �g�Z�i�j�Z�\�e�_�g�g�h�c�� �e�b��
�g�b�_�c���� �k�\�y�a�u�\�Z�x�s�_�c�� �b�a�h�[�j�Z�`�_�g�b�_�� �w�l�b�o�� �k�h�k�l�h�y�g�b�c���� �G�Z�^��
�k�l�j�_�e�d�h�c�� �m�d�Z�a�u�\�Z�_�l�k�y�� �e�h�]�b�q�_�k�d�h�_�� �m�k�e�h�\�b�_�����i�j�b�� �\�u�i�h�e�g�_��
�g�b�b �d�h�l�h�j�h�]�h�� �h�k�m�s�_�k�l�\�e�y�_�l�k�y���^�Z�g�g�u�c�� �i�_�j�_�o�h�^�����k�f�����³�j�b�k����
2� )́�����?�k�e�b���b�a���^�Z�g�g�h�]�h���k�h�k�l�h�y�g�b�y���\�h�a�f�h�`�g�u���g�_�k�d�h�e�v�d�h���i�_�j�_��
�o�h�^�h�\���� �l�h�� �\�k�_�� �h�g�b�� �b�a�h�[�j�Z�`�Z�x�l�k�y�� �g�Z�i�j�Z�\�e�_�g�g�u�f�b�� �i�_�j�_�o�h��
�^�Z�f�b���k���k�h�h�l�\�_�l�k�l�\�m�x�s�b�f�b���m�k�e�h�\�b�y�f�b���i�_�j�_�o�h�^�h�\�����i�j�b���w�l�h�f��
�\�k�_�� �m�k�e�h�\�b�y�� �^�h�e�`�g�u�� �[�u�l�v�� �\�a�Z�b�f�h�b�k�d�e�x�q�Z�x�s�b�f�b���� �b�g�Z�q�_��
�w�l�h�� �[�m�^�_�l�� �i�j�h�l�b�\�h�j�_�q�b�l�v�� �l�j�_�[�h�\�Z�g�b�x�� �h�^�g�h�a�g�Z�q�g�h�k�l�b�� �Z�e��
�]�h�j�b�l�f�Z�� 

3 �Q�l�h�[�u�� �b�a�[�_�`�Z�l�v�� �b�a�[�u�l�h�q�g�h�]�h�� �q�b�k�e�Z�� �k�h�k�l�h�y�g�b�c�� �g�Z��
�]�j�Z�n�_���i�_�j�_�o�h�^�h�\�����d�Z�`�^�h�_���g�h�\�h�_���k�h�k�l�h�y�g�b�_���\�\�h�^�b�l�k�y���l�h�e�v�d�h��
�l�h�]�^�Z���� �d�h�]�^�Z�� �Z�g�Z�e�h�]�b�q�g�h�]�h�� �k�h�k�l�h�y�g�b�y�� �g�Z�� �]�j�Z�n�_�� �g�_�� �\�\�h�^�b��
�e�h�k�v���� �:�g�Z�e�h�]�b�q�g�u�f�b�� �b�e�b�� �b�^�_�g�l�b�q�g�u�f�b�� �k�h�k�l�h�y�g�b�y�f�b�� �]�j�Z��
�n�Z�� �i�_�j�_�o�h�^�h�\�� �g�Z�a�u�\�Z�x�l�� �k�h�k�l�h�y�g�b�y���� �\�� �d�h�l�h�j�u�o�� �n�h�j�f�b�j�m��
�x�l�k�y���h�^�b�g�Z�d�h�\�u�_���\�u�o�h�^�g�u�_���k�b�]�g�Z�e�u���^�e�y�� �b�k�i�h�e�g�b�l�_�e�v�g�u�o��
�f�_�o�Z�g�b�a�f�h�\���b���;�M�� 

4 �I�h�k�l�j�h�_�g�b�_���]�j�Z�n�Z���i�_�j�_�o�h�^�h�\���i�j�h�^�h�e�`�Z�_�l�k�y���^�h���l�_�o��
�i�h�j���� �i�h�d�Z�� �\�k�_�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b�� �k�h�k�l�h�y�g�b�c�� �g�_�� �h�[�j�Z�a�m�x�l��
�a�Z�f�d�g�m�l�u�_�� �p�b�d�e�u�� �b�e�b�� �i�h�^�]�j�Z�n�u���� �G�Z�e�b�q�b�_�� �b�e�b�� �i�h�y�\�e�_�g�b�_��
�l�m�i�b�d�h�\�u�o���k�h�k�l�h�y�g�b�c�����b�a���d�h�l�h�j�u�o���g�_�l���i�_�j�_�o�h�^�h�\���\���^�j�m�]�b�_��
�k�h�k�l�h�y�g�b�y���� �k�\�b�^�_�l�_�e�v�k�l�\�m�_�l���� �d�Z�d�� �i�j�Z�\�b�e�h���� �e�b�[�h�� �h�[�� �h�r�b�[��
�d�Z�o�� �i�h�k�l�j�h�_�g�b�y�� �]�j�Z�n�Z�� �i�_�j�_�o�h�^�h�\���� �e�b�[�h�� �h�� �g�_�i�h�e�g�h�l�_�� �b�e�b��
�h�r�b�[�h�q�g�h�k�l�b���b�k�o�h�^�g�u�o���^�Z�g�g�u�o�����i�j�b�\�_�^�_�g�g�u�o���\���k�e�h�\�_�k�g�h�c��
�n�h�j�f�m�e�b�j�h�\�d�_�� �Z�e�]�h�j�b�l�f�Z���� �<�� �w�l�h�f�� �k�e�m�q�Z�_�� �g�_�h�[�o�h�^�b�f�h�� �^�h��
�h�i�j�_�^�_�e�b�l�v���b���a�Z�f�d�g�m�l�v���]�j�Z�n���k�h�h�l�\�_�l�k�l�\�m�x�s�b�f���i�_�j�_�o�h�^�h�f��
�³�j�b�k. 2� .́ 

�>�e�y���g�Z�q�Z�e�Z���h�i�j�_�^�_�e�b�f���k�h�k�l�h�y�g�b�y���k�b�k�l�_�f�u���m�i�j�Z�\�e�_�g�b�y�� 
St_0 �± �g�Z�q�Z�e�v�g�h�_�� �k�h�k�l�h�y�g�b�_�� �h�`�b�^�Z�g�b�y�� �^�_�c�k�l�\�b�y�� �h�i�_�j�Z��

�l�h�j�Z�� 
St_1 �± �k�h�k�l�h�y�g�b�_���^�\�b�`�_�g�b�y���d�h�g�\�_�c�_�j�g�h�c���e�_�g�l�u���\�i�j�Z�\�h�� 
St_2 �± �k�h�k�l�h�y�g�b�_ �^�\�b�`�_�g�b�y���d�h�g�\�_�c�_�j�g�h�c���e�_�g�l�u���\�e�_�\�h�� 

 
�J�b�k����2. �H�k�g�h�\�g�u�_���d�h�f�i�h�g�_�g�l�u���]�j�Z�n�Z���i�_�j�_�o�h�^�h�\ 

 
�H�i�j�_�^�_�e�b�f�� �\�o�h�^�g�u�_�� �k�b�]�g�Z�e�u�� �h�l�� �[�e�h�d�Z�� �m�i�j�Z�\�e�_�g�b�y�� �b��

�^�Z�l�q�b�d�h�\�� 
S1 �± �d�g�h�i�d�Z���i�m�k�d�� 
S2 �± �d�g�h�i�d�Z���k�l�h�i�� 
B1 �± �^�Z�l�q�b�d���i�j�Z�\�h�]�h���i�h�e�h�`�_�g�b�y�� 
B2 �± �^�Z�l�q�b�d���e�_�\�h�]�h���i�h�e�h�`�_�g�b�y�� 
�H�i�j�_�^�_�e�b�f�� �\�u�o�h�^�g�u�_���k�b�]�g�Z�e�u�� �^�e�y�� �b�k�i�h�e�g�b�l�_�e�v�g�u�o��

�f�_�o�Z�g�b�a�f�h�\�� 
M_R �± �k�b�]�g�Z�e�� �m�i�j�Z�\�e�_�g�b�y�� �^�\�b�`�_�g�b�_�f�� �d�h�g�\�_�c�_�j�g�h�c��

�e�_�g�l�u���\�i�j�Z�\�h�� 
M_L �± �k�b�]�g�Z�e�� �m�i�j�Z�\�e�_�g�b�y�� �^�\�b�`�_�g�b�_�f�� �d�h�g�\�_�c�_�j�g�h�c��

�e�_�g�l�u���\�e�_�\�h�� 
�K�h�]�e�Z�k�g�h�� �i�j�b�\�_�^�_�g�g�h�f�m�� �h�i�b�k�Z�g�b�x�� �k�h�k�l�Z�\�b�f�� �]�j�Z�n�� �i�_��

�j�_�o�h�^�h�\�����i�h�d�Z�a�Z�g�g�u�c���g�Z���³�j�b�k. 3� .́ 

 
�J�b�k����3. �K�o�_�f�Z���]�j�Z�n�Z���i�_�j�_�o�h�^�h�\ 

�D�Z�d�� �\�b�^�g�h�� �b�a�� �j�b�k�m�g�d�Z�� ���� �i�j�_�^�k�l�Z�\�e�_�g�b�_�� �Z�e�]�h�j�b�l�f�Z��
�m�i�j�Z�\�e�_�g�b�y���^�\�b�`�_�g�b�y���d�h�g�\�_�c�_�j�g�h�c���e�_�g�l�h�c���y�\�e�y�_�l�k�y���[�h�e�_�_��
�g�Z�]�e�y�^�g�u�f�� �i�h�� �k�j�Z�\�g�_�g�b�x�� �_�k�e�b�� �[�u�� �f�u�� �Z�e�]�h�j�b�l�f�� �h�i�b�k�Z�e�b��
�i�j�b���i�h�f�h�s�b���[�e�h�d-�k�o�_�f�u�� 
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�G�Z���\�l�h�j�h�f���w�l�Z�i�_���i�j�h�b�a�\�h�^�b�f���e�h�]�b�q�_�k�d�b�c���k�b�g�l�_�a���m�i�j�Z�\��
�e�y�x�s�_�]�h�� �e�h�]�b�q�_�k�d�h�]�h�� �m�k�l�j�h�c�k�l�\�Z���� �k�l�j�m�d�l�m�j�Z�� �d�h�l�h�j�h�]�h�� �k�h��
�k�l�h�b�l���b�a���k�e�_�^�m�x�s�b�o���w�e�_�f�_�g�l�h�\�����k�f�����³�j�b�k������� )́: 

�± �;�E�M���± �[�e�h�d�� �e�h�]�b�q�_�k�d�b�o�� �m�k�e�h�\�b�c�� �i�_�j�_�d�e�x�q�_�g�b�y�� �w�e�_��
�f�_�g�l�h�\���i�Z�f�y�l�b���\���;�I�����n�h�j�f�b�j�m�x�s�b�c���\�d�e�x�q�Z�x�s�b�_���6���b���\�u��
�d�e�x�q�Z�x�s�b�_���5���k�b�]�g�Z�e�u�� 

�± �;�I���± �[�e�h�d���i�Z�f�y�l�b�����k�h�^�_�j�`�Z�s�b�c���5�6-�l�j�b�]�]�_�j�u�����n�h�j�f�b��
�j�m�x�s�b�_���g�Z���k�\�h�b�o���i�j�y�f�u�o���\�u�o�h�^�Z�o���k�b�]�g�Z�e�u�����Z���� 

�± �;�<���± �[�e�h�d���\�u�o�h�^�h�\�����n�h�j�f�b�j�m�x�s�b�c���\�u�o�h�^�g�u�_���k�b�]�g�Z��
�e�u���m�i�j�Z�\�e�y�x�s�_�]�h���e�h�]�b�q�_�k�d�h�]�h���m�k�l�j�h�c�k�l�\�Z���b���i�h�k�l�m�i�Z�x�s�b�_��
�g�Z���h�[�t�_�d�l���8�����[�e�h�d���l�Z�c�f�_�j�h�\���'���b���i�m�e�v�l�Z���m�i�j�Z�\�e�_�g�b�y���,�� 

�J�b�k����4. �K�l�j�m�d�l�m�j�g�Z�y���k�o�_�f�Z���M�E�M���k���i�h�a�b�p�b�h�g�g�h�c���k�l�j�m�d�l�m��
�j�h�c 

�W�l�Z�i���\�l�h�j�h�c�� �K�b�g�l�_�a���m�i�j�Z�\�e�y�x�s�_�c���i�j�h�]�j�Z�f�f�u�� 
�K�b�g�l�_�a�� �\�u�i�h�e�g�y�_�l�k�y�� �g�Z�� �h�k�g�h�\�_�� �k�h�k�l�Z�\�e�_�g�g�h�]�h�� �]�j�Z�n�Z��

�i�_�j�_�o�h�^�h�\���\���k�e�_�^�m�x�s�_�c���i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�b�� 
������ �K�b�g�l�_�a�� �[�e�h�d�Z�� �;�I���� �D�h�e�b�q�_�k�l�\�h�� �w�e�_�f�_�g�l�h�\�� �i�Z�f�y�l�b�� �;�I��

�\�u�[�b�j�Z�_�l�k�y�� �j�Z�\�g�u�f�� �q�b�k�e�m�� �k�h�k�l�h�y�g�b�c�� �g�Z�� �]�j�Z�n�_�� �i�_�j�_�o�h�^�h�\����
�>�e�y�� �j�Z�a�j�Z�[�Z�l�u�\�Z�_�f�h�c�� �k�b�k�l�_�f�u�� �m�i�j�Z�\�e�_�g�b�y�� �q�b�k�e�h�� �w�e�_�f�_�g��
�l�h�\���i�Z�f�y�l�b���j�Z�\�g�h���l�j�_�f�� 

�������K�b�g�l�_�a���[�e�h�d�Z���;�E�M�����I�h�^���k�b�g�l�_�a�h�f���^�Z�g�g�h�]�h���[�e�h�d�Z���i�h��
�g�b�f�Z�_�l�k�y�� �k�h�k�l�Z�\�e�_�g�b�_�� �k�l�j�m�d�l�m�j�g�u�o�� �n�h�j�f�m�e�� �^�e�y�� �\�d�e�x�q�Z��
�x�s�b�o��Si �b�� �\�u�d�e�x�q�Z�x�s�b�o��Ri �k�b�]�g�Z�e�h�\�� �d�Z�` �^�h�]�h�� �w�e�_�f�_�g�l�Z��
�i�Z�f�y�l�b���\���;�I�����I�j�b���w�l�h�f���i�h�^���\�d�e�x�q�Z�x�s�b�f���k�b�]�g�Z�e�h�f���i�h�g�b��
�f�Z�_�l�k�y�� �^�b�k�d�j�_�l�g�u�c�� �k�b�]�g�Z�e���� �i�j�b�\�h�^�y�s�b�c�� �l�j�b�]�]�_�j�u�� �\�� �_�^�b��
�g�b�q�g�h�_�� �k�h�k�l�h�y�g�b�_���� �Z�� �i�h�^�� �\�u�d�e�x�q�Z�x�s�b�f�� �k�b�]�g�Z�e�h�f�� �i�h�g�b��
�f�Z�_�l�k�y�� �^�b�k�d�j�_�l�g�u�c�� �k�b�]�g�Z�e���� �i�j�b�\�h�^�y�s�b�c�� �l�j�b�]�]�_�j�u�� �\�� �g�m�e�_��
�\�h�_�� �k�h�k�l�h�y�g�b�_���� �D�Z�`�^�u�c�� �\�d�e�x�q�Z�x�s�b�c�� �k�b�]�g�Z�e��Si �n�h�j�f�b�j�m��
�_�l�k�y�� �i�j�b�� �h�^�g�h�\�j�_�f�_�g�g�h�f�� �\�u�i�h�e�g�_�g�b�b�� �k�e�_�^�m�x�s�b�o�� �m�k�e�h��
�\�b�c�� 

�;�I�� �g�Z�o�h�^�b�l�k�y�� �\�� �i�j�Z�\�b�e�v�g�h�f�� �i�j�_�^�r�_�k�l�\�m�x�s�_�f�� �k�h�k�l�h�y��
�g�b�b���� �q�_�f�m�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �\�d�e�x�q�z�g�g�h�_�� �k�h�k�l�h�y�g�b�_�� �l�h�e�v�d�h��
�h�^�g�h�]�h���b�a���l�j�b�]�]�_�j�h�\���;�I�� 

�\�u�d�e�x�q�_�g�u �\�k�_�� �l�j�b�]�]�_�j�u�� �\�h�a�f�h�`�g�u�o�� �i�j�_�^�r�_�k�l�\�m�x��
�s�b�o���k�h�k�l�h�y�g�b�c���^�Z�g�g�h�]�h���k�h�k�l�h�y�g�b�y�� 

�\�u�i�h�e�g�_�g�u�� �m�k�e�h�\�b�y�� �i�_�j�_�o�h�^�Z�� �\�� �i�h�k�e�_�^�m�x�s�b�_�� �k�h�k�l�h�y��
�g�b�y�� 

�<�k�_�� �l�j�b�� �m�k�e�h�\�b�y �h�[�t�_�^�b�g�y�x�l�k�y�� �e�h�]�b�q�_�k�d�h�c�� �h�i�_�j�Z�p�b�_�c��
�©�B�ª�� 
 Si � ���m�k�e�h�\�b�_�����	���m�k�e�h�\�b�_�����	���m�k�e�h�\�b�_���� (1) 

�?�k�e�b�� �\�d�e�x�q�Z�x�s�b�o�� �k�b�]�g�Z�e�h�\�� �g�_�k�d�h�e�v�d�h���� �l�h�� �\�k�_�� �h�g�b��
�h�[�t�_�^�b�g�y�x�l�k�y���e�h�]�b�q�_�k�d�h�c���h�i�_�j�Z�p�b�_�c���©�B�E�B�ª�� 

�<�u�d�e�x�q�Z�x�s�b�c���k�b�]�g�Z�e��Ri �n�h�j�f�b�j�m�_�l�k�y���i�j�b���k�e�_�^�m�x�s�_�f��
�m�k�e�h�\�b�b�����i�j�b���i�_�j�_�o�h�^�_���;�I���\���d�Z�`�^�h�_���i�h�k�e�_�^�m�x�s�_�_���k�h�k�l�h�y��
�g�b�_�� �\�k�_�� �l�j�b�]�]�_�j�u�� �i�j�_�^�r�_�k�l�\�m�x�s�b�o�� �k�h�k�l�h�y�g�b�c�� �\�u�d�e�x�q�Z��
�x�l�k�y�����?�k�e�b���\�u�d�e�x�q�Z�x�s�b�o���k�b�]�g�Z�e�h�\���g�_�k�d�h�e�v�d�h�����l�h���\�k�_���h�g�b��
�h�[�t�_�^�b�g�y�x�l�k�y���e�h�]�b�q�_�k�d�h�c���h�i�_�j�Z�p�b�_�c���©�B�E�B�ª�� 

 
�H�i�b�k�u�\�Z�_�f���k�h�k�l�h�y�g�b�_���6�W�B���� 

�� , (2) 

�� . (3) 
�H�i�b�k�u�\�Z�_�f���k�h�k�l�h�y�g�b�_���6�W�B���� 

�� ���� ������ 

 . (5) 
�H�i�b�k�u�\�Z�_�f���k�h�k�l�h�y�g�b�_���6�W�B���� 

�� ���� ������ 

 . (7) 
�������K�b�g�l�_�a���[�e�h�d�Z���\�u�o�h�^�h�\. 
�;�<���i�h�k�l�j�h�_�g���g�Z���[�Z�a�_���5�6-�l�j�b�]�]�_�j�h�\�����>�e�y���w�l�h�]�h���g�Z���]�j�Z�n�_��

�i�_�j�_�o�h�^�h�\�� �g�Z�o�h�^�y�l�� �k�h�k�l�h�y�g�b�y���� �\�� �d�h�l�h�j�u�o�� �^�Z�g�g�u�c�� �\�u�o�h�^��
�g�h�c���k�b�]�g�Z�e���k�h�\�_�j�r�Z�_�l���i�_�j�_�o�h�^���b�a�������\���������<�u�o�h�^�Z�f�b���w�e�_�f�_�g��
�l�h�\�� �i�Z�f�y�l�b�� �w�l�b�o�� �k�h�k�l�h�y�g�b�c�� �n�h�j�f�b�j�m�x�l�� �\�d�e�x�q�Z�x�s�b�c�� �k�b�]��
�g�Z�e��Si���� �:�g�Z�e�h�]�b�q�g�h�� �a�Z�i�b�k�u�\�Z�x�l�� �\�u�d�e�x�q�Z�x�s�b�c�� �k�b�]�g�Z�e��Ri 
�i�j�b�� �i�_�j�_�o�h�^�_�� ���� �\�� ������ �?�k�e�b�� �l�Z�d�b�o�� �k�h�k�l�h�y�g�b�c�� �g�_�k�d�h�e�v�d�h���� �l�h��
�\�k�_���h�g�b���h�[�t�_�^�b�g�y�x�l�k�y���e�h�]�b�q�_�k�d�h�c���h�i�_�j�Z�p�b�_�c���©�B�E�B�ª�� 

�D�h�g�\�_�c�_�j�g�Z�y�� �e�_�g�l�Z���� �k�h�]�e�Z�k�g�h�� �m�k�e�h�\�b�x�� �a�Z�^�Z�q�b���� �f�h�`�_�l��
�^�\�b�]�Z�l�v�k�y���\�i�j�Z�\�h���b�e�b���\�e�_�\�h�����^�\�b�`�_�g�b�_���d�h�g�\�_�c�_�j�g�h�c���e�_�g�l�u��
�\�i�j�Z�\�h�� 
�� ���� ��������

�^�\�b�`�_�g�b�_���d�h�g�\�_�c�_�j�g�h�c���e�_�g�l�u���\�e�_�\�h�� 
�� ���� ��������

������ �K�h�k�l�Z�\�e�_�g�b�_�� �n�m�g�d�p�b�h�g�Z�e�v�g�h�c�� �k�o�_�f�u�� �M�E�M�� �b�e�b�� �i�j�h��
�]�j�Z�f �f�u���\���\�b�^�_���k�h�\�h�d�m�i�g�h�k�l�b���\�k�_�o���l�j�z�o���[�e�h�d�h�\�� 

�W�l�Z�i�� �l�j�_�l�b�c���� �J�_�Z�e�b�a�Z�p�b�y�� �i�j�h�]�j�Z�f�f�u�� �g�Z�� �y�a�u�d�_�� �i�j�h��
�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� 

�G�Z�� �l�j�_�l�v�_�f�� �w�l�Z�i�_�� �g�Z�� �h�k�g�h�\�_�� �i�h�e�m�q�_�g�g�u�o�� �e�h�]�b�q�_�k�d�b�o��
�m�j�Z�\�g�_�g�b�c�� �k�h�k�l�Z�\�e�y�_�l�k�y�� �i�j�h�]�j�Z�f�f�Z�� �g�Z�� �y�a�u�d�_�� �i�j�h�]�j�Z�f�f�b��
�j�h�\�Z�g�b�y���i�j�h�f�u�r�e�_�g�g�h�]�h���d�h�g�l�j�h�e�e�_�j�Z�� 

�I�j�h�\�_�^�_�g�u�� �[�h�e�v�r�h�_�� �d�h�e�b�q�_�k�l�\�h�� �b�k�k�e�_�^�h�\�Z�g�b�c��[6, 7,8, 
10, 13] �i�h�� �j�_�Z�e�b�a�Z�p�b�b�� �Z�\�l�h�f�Z�l�g�u�o�� �f�h�^�_�e�_�c�� �i�j�h�]�j�Z�f�f�b�j�h��
�\�Z�g�b�y���g�Z���j�Z�a�e�b�q�g�u�o���Z�j�o�b�l�_�d�l�m�j�Z�o���\�u�q�b�k�e�b�l�_�e�v�g�u�o���f�Z�r�b�g��
�h�l���I�E�B�K���^�h���i�j�h�f�u�r�e�_�g�g�u�o���d�h�g�l�j�h�e�e�_�j�h�\�����B�k�k�e�_�^�h�\�Z�g�b�y��
�i�h�d�Z�a�u�\�Z�x�l���� �q�l�h�� �j�_�Z�e�b�a�Z�p�b�y�� �Z�\�l�h�f�Z�l�g�h�c�� �f�h�^�_�e�b�� �i�j�h�]�j�Z�f��
�f�b�j�h�\�Z�g�b�y�� �i�h�a�\�h�e�y�_�l�� �i�h�e�m�q�b�l�v�� �j�Z�[�h�l�Z�x�s�m�x�� �k�b�k�l�_�f�m�� �i�j�b��
�f�b�g�b�f�Z�e�v�g�u�o�� �\�j�_�f�_�g�g�u�o�� �a�Z�l�j�Z�l�Z�o�� �g�Z�� �l�_�k�l�b�j�h�\�Z�g�b�y�� �i�j�h��
�]�j�Z�f�f�u�� �F�_�l�h�^�b�d�Z�� �i�j�h�]�j�Z�f�f�b�j�h�\�Z�g�b�y�� �b�k�i�h�e�v�a�m�x�s�m�x��
�Z�\�l�h�f�Z�l�g�m�x���f�h�^�_�e�v���h�[�t�_�d�l�Z���m�i�j�Z�\�e�_�g�b�y���i�j�b�\�_�^�_�g�Z���g�b�`�_�� 
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Abstract. The authors developed an automaton model of a 
discrete-logical system for controlling the conveyor based on 
the Moore model of automata. As an example, a conveyor belt 
with two control buttons, with two position sensors and with 
two directions of movement is selected. For the formalization 
of information about the control object the authors made the 
control system of the mathematics model in a form of transi-
tion graph. The problem of �F�R�Q�W�U�R�O���O�R�J�L�F�D�O���V�\�V�W�H�P�¶�V���V�\�Q�W�K�H�V�L�V���L�V��
solved. It consists of a memory block, logical conditions block 
�D�Q�G�� �W�K�H�� �H�[�L�W�V�� �E�O�R�F�N�� �L�Q�� �D�� �I�R�U�P�� �R�I�� �O�R�J�L�F�D�O�� �H�T�X�L�W�D�W�L�R�Q�¶�V�� �V�\�V�W�H�P������
The problem of synthesis of the control logic device, which 

consists of a memory block, a logic conditions block and an 
output block, is solved in the form of a system of logical equa-
tions. The software implementation of the control system is 
made in the language of relay circuits LD. It is shown that the 
use of models of finite automata in the development of control 
systems for industrial controllers reduces the number of logical 
errors in the code. 

Keywords: automata model, conveyer system, programming 
of industrial controllers, discrete-logical control system, transi-
tion graph. 
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