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�h�?�2�`�2�7�Q�`�2�- �i�?�2 �H�Q�r�2�` �H�B�K�B�i �Q�7 �i�?�2 �.�6�A�: �b�?���7�i ���M�;�m�H���` �p�2�H�Q�+�B�i�v �B�b �F�2�T�i ���i �� �K�B�M�B�K�m�K �i�m�`�#�B�M�2

���M�;�m�H���` �p�2�H�Q�+�B�i�v �U! m�Bn �V �( �j�d �)�- �( �R�R�N �)�X

�j�X�R �>�v�/�`���m�H�B�+ �h�`���M�b�K�B�b�b�B�Q�M �a�v�b�i�2�K �U�>�h�a�V

�h�?�2 �/�B���;�`���K�b �Q�7 �i�?�2 �/�2�+�Q�m�T�H�2�/ �a�a�@�q�1�*�a �r�B�i�? ���M �>�h�a ���`�2 �b�?�Q�r�M �B�M �6�B�;�m�`�2 �j�X�k ���M�/

�6�B�;�m�`�2 �j�X�j �X �h�?�2 �M���+�2�H�H�2 �+�Q�M�i���B�M�b �� �?�v�/�`���m�H�B�+ �T�m�K�T �i�?���i �B�b �/�`�B�p�2�M �#�v �i�?�2 �i�m�`�#�B�M�2 �b�?���7�i�X ���b

�i�?�2 �r�B�M�/ �i�m�`�#�B�M�2 �i�m�`�M�b�- �B�i �i�m�`�M�b �i�?�2 �T�m�K�T�- ���M�/ �i�?�2 �i�`���M�b�K�B�b�b�B�Q�M �~�m�B�/ �B�b �T�`�2�b�b�m�`�B�x�2�/�X �h�?�2

�?�B�;�?�@�T�`�2�b�b�m�`�2 �~�m�B�/ �B�b �+�B�`�+�m�H���i�2�/ �B�M �� �?�v�/�`���m�H�B�+ �b�v�b�i�2�K �i�?���i �`�2���+�?�2�b �� �?�v�/�`���m�H�B�+ �K�Q�i�Q�` �H�Q�+���i�2�/

���i �;�`�Q�m�M�/ �H�2�p�2�H�X ���b �i�?�2 �r�B�M�/ �b�T�2�2�/ �B�M�+�`�2���b�2�b�- �i�?�2 �?�v�/�`���m�H�B�+ �T�m�K�T �+���m�b�2�b �i�?�2 �T�`�2�b�b�m�`�2 �i�Q
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�B�M�+�`�2���b�2 ���i �i�?�2 �B�M�H�2�i �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �K�Q�i�Q�`�X �*�Q�M�b�2�[�m�2�M�i�H�v�- �i�?�2 �K�Q�i�Q�` �T�`�Q�/�m�+�2�b �K�Q�`�2 �i�Q�`�[�m�2

�i�Q �/�`�B�p�2 �i�?�2 �;�2�M�2�`���i�Q�`�X �A�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�m�#�b�2�+�i�B�Q�M�b�- �i�?�2 �/�v�M���K�B�+ �Q�7 �2���+�? �b�v�b�i�2�K �2�H�2�K�2�M�i �B�b

�2�t�T�H���B�M�2�/ �( �R�y�3 �)�- �( �R�k�y �)�- �( �R�k�R �)�X

�6�B�;�m�`�2 �j�X�k�X�*�Q�M�}�;�m�`���i�B�Q�M �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �r�B�M�/ �i�m�`�#�B�M�2 �r�B�i�? �� �p���`�B���#�H�2�@
�/�B�b�T�H���+�2�K�2�M�i �T�m�K�T �U�o�.�S�V

�6�B�;�m�`�2 �j�X�j�X�*�Q�M�}�;�m�`���i�B�Q�M �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �r�B�M�/ �i�m�`�#�B�M�2 �r�B�i�? �� �p���`�B���#�H�2�@
�/�B�b�T�H���+�2�K�2�M�i �K�Q�i�Q�` �U�o�.�J�V
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�j�X�R�X�R �q�B�M�/ �h�m�`�#�B�M�2 �_�Q�i�Q�` �.�v�M���K�B�+

�h�?�2 �r�B�M�/ �i�m�`�#�B�M�2 �`�Q�i�Q�` �+���T�i�m�`�2�b �� �T�Q�`�i�B�Q�M �Q�7 �r�B�M�/ �2�M�2�`�;�v�X �h�?�B�b �T�Q�r�2�` �T�`�Q�/�m�+�2�b �� �H�B�7�i

�7�Q�`�+�2 �Q�M �i�m�`�#�B�M�2 �#�H���/�2�b ���M�/ �`�Q�i���i�2�b �i�?�2 �i�m�`�#�B�M�2 �`�Q�i�Q�`�X �h�?�2�M�- �i�?�B�b �/�`�B�p�B�M�; �i�Q�`�[�m�2 �Q�7 �i�?�2 �i�m�`�#�B�M�2

�`�Q�i�Q�`�-� r �- �i�m�`�M�b �i�?�2 �b�?���7�i �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �T�m�K�T�X �h�?�2 �?�v�/�`���m�H�B�+ �T�m�K�T �b�?���7�i �+�`�2���i�2�b �� �#�`���F�B�M�;

�i�Q�`�[�m�2�-� sh�- �#�v �T�`�2�b�b�m�`�B�x�B�M�; �i�?�2 �?�v�/�`���m�H�B�+ �~�m�B�/�X �>�2�`�2�B�M�- �i�?�2 �K�Q�b�i �T�Q�T�m�H���` �i�r�Q�@�K���b�b �K�Q�/�2�H

�Q�7 �i�m�`�#�B�M�2 �`�Q�i�Q�` �?���b �#�2�2�M �2�K�T�H�Q�v�2�/ �( �R�k�k �)�X �h�?�2 �;�Q�p�2�`�M�B�M�; �2�[�m���i�B�Q�M�b �Q�7 �r�B�M�/ �i�m�`�#�B�M�2 �`�Q�i�Q�`

�/�v�M���K�B�+ �B�M �i�?�2 �7�`�2�[�m�2�M�+�v �/�Q�K���B�M ���`�2 ���b �7�Q�H�H�Q�r�b�,

� r � � sh = Jr s! r + D r ! r �U�j�X�j�V

� sh = ( ! r � ! p) (K sh=s+ Dsh) �U�j�X�9�V

�r�?�2�`�2�-D r �-Dsh�- ���M�/K sh ���`�2 �r�B�M�/ �`�Q�i�Q�` �/���K�T�B�M�; �+�Q�2�{�+�B�2�M�i�- �b�?���7�i �/���K�T�B�M�; �+�Q�2�{�+�B�2�M�i�- ���M�/

�b�?���7�i �b�i�B�z�M�2�b�b �+�Q�2�{�+�B�2�M�i�- �`�2�b�T�2�+�i�B�p�2�H�v�X

�j�X�R�X�k �>�v�/�`���m�H�B�+ �S�m�K�T �.�v�M���K�B�+

�h�?�2 �;�Q�p�2�`�M�B�M�; �2�[�m���i�B�Q�M�b �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �T�m�K�T ���`�2 �i�r�Q �i�v�T�2�b�, �i�Q�`�[�m�2 ���M�/ �~�Q�r �2�[�m���i�B�Q�M�b�X

�h�?�2 �`�Q�i���i�B�Q�M �Q�7 �i�?�2 �T�m�K�T�-! p�- �+�`�2���i�2�b �� �~�Q�r �Q�7 �~�m�B�/ �B�M �i�?�2 �?�v�/�`���m�H�B�+ �T�B�T�2�H�B�M�2�-Qp�- ���b �b�i���i�2�/

�B�M �j�X�8 �X �h�?�2 �p���H�m�2 �Q�7 �i�?�B�b �~�Q�r �/�2�T�2�M�/�b �K���B�M�H�v �Q�M �T�m�K�T �/�B�b�T�H���+�2�K�2�M�i ���M�/ �b�T�2�2�/�X �a�Q�K�2

�T�Q�`�i�B�Q�M �Q�7 �i�?�B�b �~�Q�r �H�2���F�b �#���+�F �i�Q �i�?�2 �H�Q�r�@�T�`�2�b�b�m�`�2 �b�B�/�2 �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �T�m�K�T �i�?�`�Q�m�;�? �i�?�2

�+�H�2���`���M�+�2 �Q�7 �T�m�K�T �K�2�+�?���M�B�+���H �T���`�i�b�X �h�?�2 ���K�Q�m�M�i �Q�7 �H�2���F�B�M�; �~�Q�r �B�b �T�`�Q�T�Q�`�i�B�Q�M���i�2 �i�Q �T�`�2�b�b�m�`�2

���M�/ �T�m�K�T �b�T�B�H�H���;�2 �+�Q�2�{�+�B�2�M�i�-Csp�X ���+�+�Q�`�/�B�M�; �i�Q �j�X�e ���M�/ �j�X�d �- ���b �i�?�2 �T�`�2�b�b�m�`�2 �Q�7 �i�?�2 �~�m�B�/ ���i

�i�?�2 �T�m�K�T �b�B�/�2�-Pp�- �B�M�+�`�2���b�2�b�- �i�?�2 �T�m�K�T �#�`���F�B�M�; �i�Q�`�[�m�2 �U� p�V ���M�/ �B�i�b �/�`�B�p�B�M�; �i�Q�`�[�m�2 �+���M �#�2

�#���H���M�+�2�/�- ���M�/ �i�?�2 �T�m�K�T �`�2���+�?�2�b �� �b�i�2���/�v ���M�;�m�H���` �p�2�H�Q�+�B�i�v�X

Qp = Dp! p �
Csp

�
DpPf �U�j�X�8�V

Jps! p = � sh � � p �U�j�X�e�V

� p = DpPp + �C vpDp! p + Cfp DpPf + � bp �U�j�X�d�V
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�h�?�2 �+�Q�2�{�+�B�2�M�iCfp �`�2�T�`�2�b�2�M�i�b �i�?�2 �Q�T�T�Q�b�B�M�; �7�`�B�+�i�B�Q�M �i�Q�`�[�m�2 �Q�7 �i�?�2 �T�m�K�T�- �r�?�B�+�? �B�b �T�`�Q�T�Q�`�@

�i�B�Q�M���H �i�Q �i�?�2 �/�B�b�T�H���+�2�K�2�M�i ���M�/ �T�`�2�b�b�m�`�2�X �o�B�b�+�Q�m�b �/���K�T�B�M�; �+�Q�2�{�+�B�2�M�i�-Cvp�- �`�2�T�`�2�b�2�M�i�b �p�B�b�+�Q�m�b

�i�Q�`�[�m�2 �`�2�[�m�B�`�2�/ �i�Q �b�?�2���` �~�m�B�/ �B�M �i�?�2 �b�K���H�H �+�H�2���`���M�+�2 �Q�7 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v�X ���H�b�Q�-� �B�b �i�?�2

���#�b�Q�H�m�i�2 �p�B�b�+�Q�b�B�i�v �Q�7 �i�?�2 �~�m�B�/�X �q�?�2�M �� �K�Q�`�2 �p�B�b�+�Q�m�b �H�B�[�m�B�/ �B�b �2�K�T�H�Q�v�2�/�- �B�i �B�b �?���`�/�2�` �i�Q �b�?�2���`

�i�?�2 �~�m�B�/�- ���M�/ �i�?�2 �i�Q�`�[�m�2 �H�Q�b�b �B�b �K�Q�`�2 �+�Q�M�b�B�/�2�`���#�H�2�X

�j�X�R�X�j �>�v�/�`���m�H�B�+ �S�B�T�2�H�B�M�2 �.�v�M���K�B�+

�h�?�2 �T�B�T�2�H�B�M�2 �/�v�M���K�B�+ �B�b �2�t�T�`�2�b�b�2�/ �B�M �j�X�3 �@ �j�X�R�k �#�v �+�Q�M�b�B�/�2�`�B�M�; �~�m�B�/ �+�Q�K�T�`�2�b�b�B�#�B�H�B�i�v ���M�/

�T�`�2�b�b�m�`�2 �/�`�Q�T ���H�Q�M�; �i�?�2 �T�B�T�2�H�B�M�2�X �.�m�2 �i�Q �i�?�2 �T�m�K�T �~�Q�r�-Qp�- �i�?�2 �Q�T�2�`���i�B�M�; �T�`�2�b�b�m�`�2 �B�M�+�`�2���b�2�b

�#���b�2�/ �Q�M �K���b�b �+�Q�M�b�2�`�p���i�B�Q�M �T�`�B�M�+�B�T�H�2�b ���M�/ �i�?�2 �/�2�}�M�B�i�B�Q�M �Q�7 �#�m�H�F �K�Q�/�m�H�m�b �j�X�3 �X �� �?�v�/�`���m�H�B�+

�~�m�B�/ �r�B�i�? �� �H�Q�r�2�` �#�m�+�F �K�Q�/�m�H�m�b �B�b �K�Q�`�2 �+�Q�K�T�`�2�b�b�B�#�H�2�X �S�`�2�b�b�m�`�2 �H�Q�b�b ���H�Q�M�; �i�?�2 �T�B�T�2�H�B�M�2 �+���M

�#�2 �+���H�+�m�H���i�2�/ �#���b�2�/ �Q�M �j�X�N ���M�/ �j�X�R�y �X

sPf =
� f

Vf
(Qp � Qm ) �U�j�X�3�V

� Pp = ( Pp � Pf ) = f
L� f

2Dp�Bp�2A2
p�Bp�2

QpjQpj �U�j�X�N�V

� Pm = ( Pf � Pm ) = f
L� f

2Dp�Bp�2A2
p�Bp�2

Qm jQm j �U�j�X�R�y�V

�r�?�2�`�2Pf �-Pp�- ���M�/Pm ���`�2 �i�?�2 �~�m�B�/ �T�`�2�b�b�m�`�2 ���i �i�?�2 �K�B�/�/�H�2 �T�Q�B�M�i�- �T�m�K�T �b�B�/�2�- ���M�/ �K�Q�i�Q�` �b�B�/�2

�Q�7 �i�?�2 �T�B�T�2�H�B�M�2�X �h�?�2 �+�Q�2�{�+�B�2�M�if �B�b �+���H�+�m�H���i�2�/ �#���b�2�/ �Q�M �i�?�2 �_�2�v�M�Q�H�/�b �+�Q�2�{�+�B�2�M�i ���b �7�Q�H�H�Q�r�b�,

R�2=
QDp�Bp�2

vf Ap�Bp�2
�U�j�X�R�R�V

f =

8
>>>>>>><

>>>>>>>:

K s=R�2 R�2 � R�2L

f L + f T � f L
R �2T � R �2L

(R�2� R�2L ) R�2L < R �2< R �2T

1=(� 1:8 log(6:9
R �2

+ ( r=D H
3:7 )1:11))2 R�2T � R�2

�U�j�X�R�k�V

�A�M �1�[�m���i�B�Q�M�b �j�X�R�R ���M�/ �j�X�R�k �-v�- � �-AH �-DH �- ���M�/r ���`�2 �~�m�B�/ �F�B�M�2�K���i�B�+ �p�B�b�+�Q�b�B�i�v�- �~�m�B�/ �/�2�M�@

�b�B�i�v�- �i�?�2 �T�B�T�2�H�B�M�2 �+�`�Q�b�b�@�b�2�+�i�B�Q�M�- �T�B�T�2�H�B�M�2 �B�M�M�2�` �/�B���K�2�i�2�`�- ���M�/ �`�Q�m�;�?�M�2�b�b �Q�7 �i�?�2 �T�B�T�2�H�B�M�2 �r���H�H�-

�`�2�b�T�2�+�i�B�p�2�H�v�X �.�2�T�2�M�/�B�M�; �Q�M �i�?�2 �_�2�v�M�Q�H�/�b �+�Q�2�{�+�B�2�M�i�- �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2 �~�m�B�/ �+���M �#�2
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�H���K�B�M���` �Q�` �i�m�`�#�m�H�2�M�i�X �q�?�2�M �~�Q�r �B�b �i�m�`�#�m�H�2�M�i�- �i�?�2 �T�`�2�b�b�m�`�2 �H�Q�b�b �B�b �M�Q�i�B�+�2���#�H�2 �H���`�;�2�` �i�?���M

�H���K�B�M���` �~�Q�r�X

�j�X�R�X�9 �>�v�/�`���m�H�B�+ �J�Q�i�Q�` �.�v�M���K�B�+

�a�B�K�B�H���` �i�Q �i�?�2 �?�v�/�`���m�H�B�+ �T�m�K�T�- �?�v�/�`���m�H�B�+ �K�Q�i�Q�` �~�Q�r ���M�/ �i�Q�`�[�m�2 �2�[�m���i�B�Q�M�b ���`�2 �i�?�2 �b���K�2

���b �7�Q�H�H�Q�r�b�,

Qm = Dm ! m +
Csm

�
DmPm �U�j�X�R�j�V

Jms! m + Dg! m = � m � � �2 �U�j�X�R�9�V

� m = DmPm � �C vm Dm ! m � Cfm DmPm � � bm �U�j�X�R�8�V

�h�?�2 �p�Q�H�m�K�2�i�`�B�+ �H�Q�b�b �Q�7 �K�Q�i�Q�` �~�Q�r �T���b�b�2�b �i�?�`�Q�m�;�? �i�?�2 �+�H�2���`���M�+�2 �Q�7 �i�?�2 �K�2�+�?���M�B�+���H �T���`�i�b

�r�B�i�?�Q�m�i �+�`�2���i�B�M�; ���M �2�z�2�+�i�B�p�2 �T�Q�r�2�`�X �h�?�2 �2�z�2�+�i�B�p�2 �T���`�i �Q�7 �i�?�2 �~�Q�r �/�2�T�2�M�/�b �Q�M �i�?�2 �/�B�b�T�H���+�2�@

�K�2�M�i ���M�/ �b�T�2�2�/ �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �K�Q�i�Q�`�X �h�?�2 �T�`�2�b�b�m�`�B�x�2�/ �~�m�B�/ �`�2���+�?�2�b �i�?�2 �?�v�/�`���m�H�B�+ �K�Q�i�Q�`

���M�/ �+�`�2���i�2�b �� �/�`�B�p�B�M�; �i�Q�`�[�m�2 �i�Q �/�`�B�p�2 �i�?�2 �;�2�M�2�`���i�Q�`�X �a�B�K�B�H���` �i�Q �T�m�K�T �2�[�m���i�B�Q�M�b�- �i�?�2 �?�v�/�`���m�H�B�+

�K�Q�i�Q�` �?���b �b�Q�K�2 �i�Q�`�[�m�2 �H�Q�b�b�2�b�X

�j�X�R�X�8 �J�S�S�h ���T�T�`�Q���+�?�2�b �B�M �a�a�@�q�1�*�a�b

�A�M ���M �a�a�@�q�1�*�a�- �� �?�v�/�`���m�H�B�+ �T�Q�r�2�` �i�`���M�b�K�B�b�b�B�Q�M �b�v�b�i�2�K �/�2�+�Q�m�T�H�2�/ �i�?�2 �r�B�M�/ �i�m�`�#�B�M�2 ���M�@

�;�m�H���` �p�2�H�Q�+�B�i�v ���M�/ �i�?�2 �;�2�M�2�`���i�Q�` �b�T�2�2�/�X �A�M �b�i�2���/�v�@�b�i���i�2�-dPf =dt �B�M �j�X�3 �#�2�+�Q�K�2�b �x�2�`�Q�- ���M�/

�#�v �M�2�;�H�2�+�i�B�M�; �i�?�2 �H�Q�b�b�2�b�- �i�?�2 �b�T�2�2�/ �i�m�`�M �`���i�B�Q �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �i�`���M�b�K�B�b�b�B�Q�M �B�b �Q�#�i���B�M�2�/ ���b

! m=! p = Dp=Dm �X �"�v �+�?���M�;�B�M�; �i�?�2 �/�B�b�T�H���+�2�K�2�M�i �Q�7 �i�?�2 �T�m�K�T �Q�` �K�Q�i�Q�`�- �i�?�2 �?�v�/�`���m�H�B�+ �/�`�B�p�2�@

�i�`���B�M �#�2�?���p�2�b ���b �� �*�Q�M�i�B�M�m�Q�m�b�H�v �o���`�B���#�H�2 �h�`���M�b�K�B�b�b�B�Q�M �U�*�o�h�V ���M�/ �+�Q�m�H�/ �T�`�Q�p�B�/�2 �/�2�+�Q�m�T�H�2�/

�T�Q�r�2�` �i�`���M�b�K�B�b�b�B�Q�M�X �h�?���i �K�2���M�b �i�?�2 �;�2�M�2�`���i�Q�` �b�T�2�2�/ �+���M �#�2 �+�Q�M�i�`�Q�H�H�2�/ �B�M�/�2�T�2�M�/�2�M�i�H�v �Q�7 �i�?�2

�i�m�`�#�B�M�2 �b�T�2�2�/�X �A�M �b�m�+�? �b�v�b�i�2�K�b�- ���+�?�B�2�p�B�M�; �J�S�S�h �/�2�T�2�M�/�b �Q�M �i�?�2 �/�B�z�2�`�2�M�i �i�v�T�2�b �Q�7 �>�h�a�X
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�P�T�i�B�K���H �S�m�K�T �.�B�b�T�H���+�2�K�2�M�i �*�Q�M�i�`�Q�H �U�P�S�.�*�V

�h�?�2 �+�Q�M�}�;�m�`���i�B�Q�M �b�?�Q�r�M �B�M �6�B�;�m�`�2 �j�X�k �?���b �� �p���`�B���#�H�2�@�/�B�b�T�H���+�2�K�2�M�i �T�m�K�T �?�Q�m�b�2�/ �B�M �i�?�2

�M���+�2�H�H�2 �/�`�B�p�2�M �#�v �i�?�2 �i�m�`�#�B�M�2 �b�?���7�i ���M�/ �� �}�t�2�/�@�/�B�b�T�H���+�2�K�2�M�i �?�v�/�`���m�H�B�+ �K�Q�i�Q�` �H�Q�+���i�2�/ ���i

�;�`�Q�m�M�/ �H�2�p�2�H�X �h�?�2 �T�m�K�T �b�T�2�2�/ �B�b �+�Q�M�i�`�Q�H�H�2�/ �i�?�`�Q�m�;�? �i�?�2 �T�m�K�T �/�B�b�T�H���+�2�K�2�M�i �i�Q �Q�#�i���B�M �i�?�2

�K���t�B�K�m�K �T�Q�r�2�` �+�Q�2�{�+�B�2�M�i �UCmax �V �7�Q�` �/�B�z�2�`�2�M�i �r�B�M�/ �b�T�2�2�/�b�X �A�M �i�?�B�b �+�Q�M�}�;�m�`���i�B�Q�M�- �i�?�2

�Q�T�i�B�K���H �T�m�K�T �/�B�b�T�H���+�2�K�2�M�i �B�b �Q�#�i���B�M�2�/ ���b �7�Q�H�H�Q�r�b �( �R�k�j �)�,

Dpo =

 
1

2� 3
oP

!

� m � pR5C�K���t! 2
p = kopt! 2

p=Pf �U�j�X�R�e�V

�P�T�i�B�K���H �J�Q�i�Q�` �.�B�b�T�H���+�2�K�2�M�i �*�Q�M�i�`�Q�H �U�P�J�.�*�V

�h�?�2 �+�Q�M�}�;�m�`���i�B�Q�M �b�?�Q�r�M �B�M �6�B�;�m�`�2 �j�X�j �?���b �� �}�t�2�/�@�/�B�b�T�H���+�2�K�2�M�i �T�m�K�T �?�Q�m�b�2�/ �B�M �i�?�2

�M���+�2�H�H�2 �/�`�B�p�2�M �#�v �i�?�2 �i�m�`�#�B�M�2 �b�?���7�i ���M�/ �� �p���`�B���#�H�2�@�/�B�b�T�H���+�2�K�2�M�i �?�v�/�`���m�H�B�+ �K�Q�i�Q�` �H�Q�+���i�2�/ ���i

�;�`�Q�m�M�/ �H�2�p�2�H�X �h�?�2 �Q�T�i�B�K���H �T�Q�r�2�` �T�`�Q�/�m�+�i�B�Q�M �Q�7 �i�?�2 �r�B�M�/ �i�m�`�#�B�M�2 �B�b ���+�?�B�2�p�2�/ �#�v �Q�T�i�B�K�B�x�B�M�;

�i�?�2 �/�`�B�p�2�i�`���B�M �Q�T�2�`���i�B�M�; �T�Q�B�M�i�b �b�m�+�? �i�?���i �i�?�2 �Q�T�i�B�K���H �h�a�_ �B�b �Q�#�i���B�M�2�/ �B�M �� �+�Q�K�#�B�M���i�B�Q�M �Q�7

�b�T�2�2�/ ���M�/ �T�`�2�b�b�m�`�2�X �h�Q �i�?�B�b �2�M�/�- �i�?�2 �Q�T�i�B�K���H �K�Q�i�Q�` �/�B�b�T�H���+�2�K�2�M�i �i�Q �Q�#�i���B�M �i�?�2 �K���t�B�K�m�K

�T�Q�r�2�` �+�Q�2�{�+�B�2�M�i �UCmax �V �B�b �Q�#�i���B�M�2�/ ���b �7�Q�H�H�Q�r�b �( �k�y �)�,

Dm =
� v

! m

vu
u
t 2(Dp� o)3

� mp � a�Br pR5C�K���t

q
Pf �U�j�X�R�d�V

�P�T�i�B�K���H �S�`�2�b�b�m�`�2 �*�Q�M�i�`�Q�H �Q�7 �>�v�/�`���m�H�B�+ �J�Q�i�Q�`

�A�M �i�?�2 �+���b�2 �Q�7 �� �p���`�B���#�H�2�@�/�B�b�T�H���+�2�K�2�M�i �K�Q�i�Q�`�- �i�?�2�`�2 �B�b ���M�Q�i�?�2�` ���T�T�`�Q���+�? �i�Q �7�Q�H�H�Q�r �J�S�S�h�X

�h�?�B�b �+�Q�M�i�`�Q�H �b�i�`���i�2�;�v �B�b �i�Q �7�Q�H�H�Q�r �i�?�2 �Q�T�i�B�K���H �T�`�2�b�b�m�`�2�X �h�?�2 �Q�T�i�B�K�m�K �T�`�2�b�b�m�`�2 �+���M �#�2 �7�Q�H�H�Q�r�2�/

�#�v �+�Q�M�i�`�Q�H�H�B�M�; �i�?�2 �/�B�b�T�H���+�2�K�2�M�i �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �K�Q�i�Q�` �i�Q �;�2�i �i�?�2 �K���t�B�K�m�K �T�Q�r�2�` �+�Q�2�{�+�B�2�M�i

�UCmax �V�X �h�?�2 �Q�T�i�B�K���H �T�`�2�b�b�m�`�2 �B�b �Q�#�i���B�M�2�/ ���b �7�Q�H�H�Q�r�b�,

Pfo =

 
1

2� 3
oDp

!

� tp � a�Br pR5Cmax ! 2
p �U�j�X�R�3�V
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�j�X�k �1�M�2�`�;�v �*�Q�M�p�2�`�b�B�Q�M �1�{�+�B�2�M�+�v ���M�/ �S�Q�r�2�` �6�H�Q�r

�>�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v �m�i�B�H�B�x�2�/ �B�M �i�?�2 �>�h�a �?���b �i�r�Q �i�v�T�2�b �Q�7 �H�Q�b�b�- �p�Q�H�m�K�2�i�`�B�+ ���M�/ �i�Q�`�[�m�2

�H�Q�b�b�2�b�X ���H�b�Q�- �i�?�2 �T�B�T�2�H�B�M�2 �H�Q�b�b �B�b �/�m�2 �i�Q �i�?�2 �T�`�2�b�b�m�`�2 �H�Q�b�b ���H�Q�M�; �i�?�2 �T�B�T�2�H�B�M�2�X

�j�X�k�X�R �>�h�a �1�{�+�B�2�M�+�v

�6�Q�` �i�?�2 �?�v�/�`���m�H�B�+ �T�m�K�T�- �i�?�2 �B�M�T�m�i �T�Q�r�2�` �B�bPsh = ! p� p ���M�/ �i�?�2 �Q�m�i�T�m�i �T�Q�r�2�` �B�bPhp =

QpPp�X ���H�b�Q�- �7�Q�` �i�?�2 �?�v�/�`���m�H�B�+ �K�Q�i�Q�`�- �i�?�2 �B�M�T�m�i �T�Q�r�2�` �B�bPm
�Bn = QmPm �- ���M�/ �i�?�2 �Q�m�i�T�m�i �T�Q�r�2�`

�B�bPhm = ! m � m �X �l�b�B�M�; �i�?�2 �2�[�m���i�B�Q�M�b �Q�7 �i�?�2�b�2 �2�H�2�K�2�M�i�b�- �i�?�2 �p�Q�H�m�K�2�i�`�B�+ �2�{�+�B�2�M�+�v �Q�7 �i�?�2

�?�v�/�`���m�H�B�+ �T�m�K�T ���M�/ �K�Q�i�Q�` �B�b �Q�#�i���B�M�2�/ ���b �7�Q�H�H�Q�r�b�,

� vp = 1 �
Csp

Ap
�U�j�X�R�N�V

� vm =
1

1 + Csm=Am
�U�j�X�k�y�V

�r�?�2�`�2Ap = �! p=Pp ���M�/Am = �! m=Pm �Xvp ���M�/vm ���`�2 �i�?�2 �p�Q�H�m�K�2�i�`�B�+ �2�{�+�B�2�M�+�v �Q�7 �i�?�2 �T�m�K�T

���M�/ �K�Q�i�Q�`�- �`�2�b�T�2�+�i�B�p�2�H�v�X �J�Q�`�2�Q�p�2�`�- �i�?�2 �i�Q�`�[�m�2 �2�{�+�B�2�M�+�v �Q�7 �i�?�2 �T�m�K�T ���M�/ �K�Q�i�Q�` �B�b ���+�?�B�2�p�2�/

���b �7�Q�H�H�Q�r�b�,

� tp =
1

1 + Cfp + CvpAp � � bp=(DpPf )
�U�j�X�k�R�V

� tm = 1 � Cfm � Cvm Am � � bm=(DmPf ) �U�j�X�k�k�V

�r�?�2�`�2� tp ���M�/� tm ���`�2 �i�?�2 �i�Q�`�[�m�2 �2�{�+�B�2�M�+�v �Q�7 �i�?�2 �T�m�K�T ���M�/ �K�Q�i�Q�`�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �Q�p�2�`���H�H

�2�{�+�B�2�M�+�v �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v �B�b �i�?�2 �T�`�Q�/�m�+�i �Q�7 �i�?�2 �i�Q�`�[�m�2 ���M�/ �p�Q�H�m�K�2�i�`�B�+ �2�{�+�B�2�M�+�B�2�b�X

� p = � tp � vp �U�j�X�k�j�V

� m = � tm � vm �U�j�X�k�9�V
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�r�?�2�`�2� p ���M�/� m ���`�2 �i�?�2 �Q�p�2�`���H�H �T�m�K�T ���M�/ �K�Q�i�Q�` �2�{�+�B�2�M�+�B�2�b�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �T�Q�r�2�` �H�Q�b�b

�Q�7 �i�?�2 �T�B�T�2�H�B�M�2 �B�b ���b �7�Q�H�H�Q�r�b�,

Plp = � PpQp + � PmQm �U�j�X�k�8�V

�j�X�k�X�k �S�Q�r�2�` �6�H�Q�r �B�M �a�T�H�B�i�@�a�?���7�i �q�1�*�a

�h�?�2 �`�2�H���i�B�Q�M �#�2�i�r�2�2�M �i�?�2 �B�M�T�m�i ���M�/ �Q�m�i�T�m�i �T�Q�r�2�` �Q�7 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v �+���M �#�2 �+���H�+�m�@

�H���i�2�/ �m�b�B�M�; �i�?�2 �2�[�m���i�B�Q�M �Q�7 �i�?�2 �b�v�b�i�2�K ���b �7�Q�H�H�Q�r�b�,

Qp = Dp! p� vp �U�j�X�k�e�V

Php = � tp � vpPsh = Dp! pPp� vp �U�j�X�k�d�V

Qm = Dm ! m=� vm �U�j�X�k�3�V

Phm = � tm � vm Pm
�Bn = Dm ! mPm � tm �U�j�X�k�N�V

�h�?�2 �T�Q�r�2�` �~�Q�r �/�B���;�`���K �Q�7 �i�?�2 �>�h�a �B�b �/�2�K�Q�M�b�i�`���i�2�/ �B�M �6�B�;�m�`�2 �j�X�9 �X

�6�B�;�m�`�2 �j�X�9�X�S�Q�r�2�` �6�H�Q�r �Q�7 �i�?�2 �>�h�a

�h�?�2 �i�Q�`�[�m�2 �H�Q�b�b �Q�7 �i�?�2 �T�m�K�T �+���m�b�2�b �i�?�2 �B�M�T�m�i �T�Q�r�2�` �Q�7 �i�?�2 �T�m�K�T�-Psh�- �+�m�i �i�QDp! pPp�X ��

�T�Q�`�i�B�Q�M �Q�7 �i�?�B�b �T�Q�r�2�` �#�2�+�Q�K�2�b �i�?�2 �p�Q�H�m�K�2�i�`�B�+ �H�Q�b�b�- �U1 � � vp �VDp! pPp�X �h�?�2 �`�2�K���B�M�B�M�; �T�Q�r�2�`

�B�b �i�?�2 �B�M�T�m�i �T�Q�r�2�` �Q�7 �i�?�2 �T�`�2�b�b�m�`�B�x�2�/ �T�B�T�2�H�B�M�2 �i�?���i �2�[�m���H�b �i�QQpPp�X �h�?�2 �T�B�T�2�H�B�M�2 �/�2�H�B�p�2�`�b �i�?�2

�T�Q�r�2�` �Q�7QmPm �i�Q �i�?�2 �?�v�/�`���m�H�B�+ �K�Q�i�Q�`�X �a�B�K�B�H���`�H�v�- �i�?�2 �p�Q�H�m�K�2�i�`�B�+ �2�{�+�B�2�M�+�v �Q�7 �i�?�2 �K�Q�i�Q�` �+�m�i
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�i�?�2 �T�`�2�b�b�m�`�B�x�2�/ �T�Q�r�2�` �Q�7 �i�?�2 �~�m�B�/ �i�QDm ! mPm �X �6�B�M���H�H�v�- �i�?�2 �i�Q�`�[�m�2 �2�{�+�B�2�M�+�v �Q�7 �i�?�2 �?�v�/�`���m�H�B�+

�K�Q�i�Q�` �`�2�/�m�+�2�b �i�?�2 �i�2�`�KDm ! mPm �i�Q �i�?�2 �Q�m�i�T�m�i �T�Q�r�2�`Phm �X

�h�Q �/�2�K�Q�M�b�i�`���i�2 �i�?�2 �2�{�+�B�2�M�+�B�2�b �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v ���M�/ �i�?�2 �T�B�T�2�H�B�M�2�- �� �a�a�@�q�1�*�a

�r�B�i�? �a�: �B�b �b�B�K�m�H���i�2�/ �B�M �J���h�G���"�X �h�?�2 �/���i�� �Q�7 �b�m�+�? �� �b�v�b�i�2�K �B�b �;�B�p�2�M �B�M �h���#�H�2 �j�X�R �X �h�?�2
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�6�B�;�m�`�2 �j�X�d�X�>�h�a �2�{�+�B�2�M�+�v

�?�B�;�?�2�`�X �:�2�M�2�`���H�H�v�- �i�?�2 �/�B�b�T�H���+�2�K�2�M�i �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v �+���M �#�2 �+�Q�M�i�`�Q�H�H�2�/ �i�Q �B�K�T�`�Q�p�2
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�B�M �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v�X �>�Q�r�2�p�2�`�- ���i �p�2�`�v �?�B�;�? �T�`�2�b�b�m�`�2�- �6�m�H�H �H�Q���/�- �i�?�2 �/�Q�K�B�M���M�i �H�Q�b�b �Q�7

�i�?�2 �b�v�b�i�2�K �B�b �i�?�2 �p�Q�H�m�K�2�i�`�B�+ �H�Q�b�b �Q�7 �i�?�2 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v�X �A�M �Q�i�?�2�` �r�Q�`�/�b�- �B�M �p�2�`�v �?�B�;�?
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�j�X�j �.�6�A�: �J�Q�/�2�H

�A�M �+�Q�M�p�2�M�i�B�Q�M���H �;�2���`�#�Q�t�@�/�`�B�p�2�M �.�6�A�:�@�#���b�2�/ �q�1�*�a�b�- �i�?�2 �.�6�A�: �b�?���7�i �B�b �K�2�+�?���M�B�+���H�H�v

�+�Q�m�T�H�2�/ �i�Q �i�?�2 �r�B�M�/ �i�m�`�#�B�M�2 �b�?���7�i�X �h�?�2�`�2�7�Q�`�2�- �B�i�b �b�T�2�2�/ �K�m�b�i �#�2 �+�Q�M�i�`�Q�H�H�2�/ �T�`�Q�T�Q�`�i�B�Q�M���H�H�v

�i�Q �i�?�2 �r�B�M�/ �b�T�2�2�/ �i�Q �K���B�M�i���B�M �i�?�2 �h�a�_ �+�H�Q�b�2 �i�Q �i�?�2 �Q�T�i�B�K���H �h�a�_�X ���b �� �`�2�b�m�H�i�- �i�Q �Q�#�i���B�M

�J�S�S�h�- �i�?�2 �;�2�M�2�`���i�Q�`�ö�b �Q�T�i�B�K���H �b�T�2�2�/ �K�m�b�i �#�2 �+�Q�M�i�`�Q�H�H�2�/ �r�B�i�?�B�M �� �r�B�/�2 �`���M�;�2 �Q�7� �j�y�W�- ���M�/

�i�?�2 �+�Q�M�p�2�`�i�2�`�b�ö �T�Q�r�2�` �`���i�B�M�; �K�m�b�i �#�2 �+�?�Q�b�2�M ���+�+�Q�`�/�B�M�;�H�v�X �"�v �+�Q�M�b�B�/�2�`�B�M�; �i�?�2 �/�v�M���K�B�+ �Q�7 �i�?�2

�b�i���i�Q�` ���M�/ �`�Q�i�Q�`�- �i�?�2 �`�Q�i�Q�` ���M�/ �b�i���i�Q�` �p�Q�H�i���;�2 �2�[�m���i�B�Q�M�b �B�M �i�?�2dq �7�`���K�2 ���`�2 ���b �7�Q�H�H�Q�r�b �( �N�N �)�,
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�T�Q�r�2�` �Q�7 �i�?�2 �b�i���i�Q�` ���M�/ �`�Q�i�Q�` �Q�7 �i�?�2 �.�6�A�: �+���M �#�2 �+���H�+�m�H���i�2�/ ���b �7�Q�H�H�Q�r�b�,
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ds) +
3
2

! sLm (I dr I qs � I qr I ds)

=
3
2

Rs(I 2
qs + I 2

ds) +
3
2

(
! sLm

�L r L s
)( � dr � qs � � qr � ds) �U�j�X�j�8�V

Pr =
3
2

(Vqr I qr + Vdr I dr ) =
3
2

Rr (I 2
qr + I 2

dr ) +
3
2

Lms! s(I dsI qr � I qsI dr )

=
3
2

Rr (I 2
qr + I 2

dr ) +
3
2

(
s! sLm

�L r L s
)( � ds� qr � � qs� dr ) �U�j�X�j�e�V

�"�v �M�2�;�H�2�+�i�B�M�; �i�?�2 �H�Q�b�b�2�b�- �i�?�2 �`�2�H���i�B�Q�M �#�2�i�r�2�2�M �b�i���i�Q�` ���M�/ �`�Q�i�Q�` �T�Q�r�2�`�b �+���M �#�2 ���+�?�B�2�p�2�/

���b �7�Q�H�H�Q�r�b�,

Pr = � sPs �U�j�X�j�d�V

�1�[�m���i�B�Q�M �j�X�j�d �B�M�/�B�+���i�2�b �i�?���i �i�?�2 �T�Q�r�2�` �T���b�b�B�M�; �i�?�`�Q�m�;�? �i�?�2 �.�6�A�: �`�Q�i�Q�` �B�b �T�`�Q�T�Q�`�i�B�Q�M���H

�i�Q �i�?�2 �b�H�B�T �Q�7 �i�?�2 �;�2�M�2�`���i�Q�`�X �h�?�B�b �7�2���i�m�`�2 �?���b �#�2�2�M �m�i�B�H�B�x�2�/ �i�Q �/�2�+�`�2���b�2 �i�?�2 �b�B�x�2 ���M�/ �M�m�K�#�2�`

�Q�7 �T�Q�r�2�` �+�Q�M�p�2�`�i�2�`�b�X

�j�X�j�X�R �a�i�2���/�v�@�a�i���i�2 �J�Q�/�2�H

���b�b�m�K�B�M�; �i�?�2 �b�i���i�Q�` ���M�/ �`�Q�i�Q�` �`�2�b�B�b�i���M�+�2 ���`�2 �M�2�;�H�B�;�B�#�H�2�- �i�?�2 �b�i�2���/�v�@�b�i���i�2 �.�6�A�: �~�m�t ���M�/

�p�Q�H�i���;�2�b �2�[�m���i�B�Q�M�b �B�M �i�?�2 �b�i���i�Q�` �~�m�t�@�Q�`�B�2�M�i�2�/ �7�`���K�2�- �B�M �r�?�B�+�? �i�?�2 �[�m���/�`���i�m�`�2 �Q�7 �i�?�2 �b�i���i�Q�`

�~�m�t �B�b �x�2�`�Q�- ���`�2 ���b �7�Q�H�H�Q�r�b�,

� sq = L s�Bsq + Lm �Brq = 0; � sd = L s�Bsd + Lm �Brd = Lm �Bm0 �U�j�X�j�3�V

� rq = �L r �Brq ; � rd = �L r �Brd + L0�Bm0 �U�j�X�j�N�V

Vsq = ! s� sd; Vsd = 0 �U�j�X�9�y�V

Vrq = s! s� rd ; Vrd = � s! s� rq �U�j�X�9�R�V
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�r�?�2�`�2� = 1 � L2
m=(L r L s)�- ���M�/I m0 = Vsq=(! sLm ) �B�b �i�?�2 �K���;�M�2�i�B�x�B�M�; �+�m�`�`�2�M�i�X �h�?�2 �2�[�m���i�B�Q�M�b

�Q�7 �.�6�A�: �2�t�T�`�2�b�b�2�/ �B�M �T�2�`�@�m�M�B�i �?�2�H�T �m�M�/�2�`�b�i���M�/ �i�?�2 �.�6�A�: �2�[�m���i�B�Q�M�b �#�2�i�i�2�`�X �h�Q �i�?�B�b �2�M�/�-

�b�i���i�Q�` �M�Q�K�B�M���H �T�Q�r�2�` ���M�/ �T�?���b�2 �p�Q�H�i���;�2 ���`�2 �+�?�Q�b�2�M ���b �T�2�`�@�m�M�B�i �#���b�2�b�,

Vb = Vs� ph �U�j�X�9�k�V

Pb = Psn =
P�K�2�+�?

1 + s�K���t
�U�j�X�9�j�V

Pb = 3VbI b =
3
2
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b I dq

b �U�j�X�9�9�V

Vb ���M�/I b ���`�2 �i�?�2 �#���b�2 �p�Q�H�i���;�2 ���M�/ �+�m�`�`�2�M�i �Q�7 �i�?�2 �b�i���i�Q�` �7�Q�` �i�?�2abc�7�`���K�2�- �`�2�b�T�2�+�i�B�p�2�H�v�X

�a�B�K�B�H���`�H�v�-V dq
b �-I dq

b ���`�2 �i�?�2 �#���b�2 �p�Q�H�i���;�2 ���M�/ �+�m�`�`�2�M�i �B�M �i�?�2dq �7�`���K�2�b�X �"�v �m�b�B�M�; �i�?�2�b�2 �#���b�2�b�-

�i�?�2 �2�[�m���i�B�Q�M�b �B�M �T�2�` �m�M�B�i �+���M �#�2 �+���H�+�m�H���i�2�/ ���b �7�Q�H�H�Q�r�b�,

V s
pu = 1 �U�j�X�9�8�V

I sd
pu = �Bm0� pu � I rd

pu; I rq
pu = � I sq

pu �U�j�X�9�e�V

Pr � pu = � sPs� pu = sI rq
pu �U�j�X�9�d�V

Qs� pu = I sd
pu; Qr � pu = sI rd

pu �U�j�X�9�3�V

T�2� pu = � I rq
pu �U�j�X�9�N�V

���i �i�?�2 �`�Q�i�Q�`�- ���T�T���`�2�M�i �T�Q�r�2�`�- �p�Q�H�i���;�2�- ���M�/ �+�m�`�`�2�M�i ���`�2 �Q�#�i���B�M�2�/ ���b �7�Q�H�H�Q�r�b�,

Sr
pu � j sj

q
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q
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�h�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2 �.�6�A�: �m�b�B�M�; �i�?�2�b�2 �2�[�m���i�B�Q�M�b �B�b �K�Q�`�2 �m�M�/�2�`�b�i���M�/���#�H�2�X �1�[�m���i�B�Q�M

 �j�X�9�8 �/�2�K�Q�M�b�i�`���i�2�b �i�?���i �i�?�2 �T�Q�r�2�` �~�Q�r �i�?�`�Q�m�;�? �i�?�2 �`�Q�i�Q�` �B�b �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q �i�?�2 �`�Q�i�Q�` �b�H�B�T�X

���#�Q�p�2 �i�?�2 �b�v�M�+�?�`�Q�M�Q�m�b �b�T�2�2�/�- �i�?�2 �b�H�B�T �B�b �M�2�;���i�B�p�2�X �*�Q�M�b�2�[�m�2�M�i�H�v�- �i�?�2 �T�Q�r�2�` �Q�7 �i�?�2 �`�Q�i�Q�` �B�b

�T�Q�b�B�i�B�p�2�- �r�?�B�+�? �K�2���M�b �i�?�2 �`�Q�i�Q�` �B�b ���H�b�Q �/�2�H�B�p�2�`�B�M�; �T�Q�r�2�` �i�Q �i�?�2 �;�`�B�/ �i�?�`�Q�m�;�? �i�?�2 �+�Q�M�p�2�`�i�2�`�X

�a�B�K�B�H���`�H�v�- �i�?�2 �`�Q�i�Q�` �p�Q�H�i���;�2 �B�b �2�[�m���H �i�Q �i�?�2 ���#�b�Q�H�m�i�2 �p���H�m�2 �Q�7 �i�?�2 �b�H�B�T�X �6�B�;�m�`�2 �j�X�N �/�2�K�Q�M�b�i�`���i�2�b
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�i�?�2 �p�Q�H�i���;�2 ���M�/ �+�m�`�`�2�M�i �Q�7 �i�?�2 �.�6�A�: �`�Q�i�Q�` �r�?�2�M �i�?�2 �`�2���+�i�B�p�2 �T�Q�r�2�` �Q�7 �i�?�2 �b�i���i�Q�` �B�b �2�[�m���H

�i�Q �x�2�`�Q�-Qs = 0�- ���M�/ �Q�T�2�`���i�B�M�; �T�Q�B�M�i�b �K�Q�p�2 �Q�M �i�?�2ABCD �+�m�`�p�2 �b�?�Q�r�M �B�M �6�B�;�m�`�2 �j�X�R �X �h�?�2

���K�Q�m�M�i �Q�7 �i�?�2 �b�i�2���/�v�@�b�i���i�2 �p�Q�H�i���;�2 �/�2�T�2�M�/�b �Q�M �i�?�2 �b�H�B�T �Q�7 �i�?�2 �;�2�M�2�`���i�Q�`�- ���b �b�i���i�2�/ �B�M �j�X�9�N �X

�>�Q�r�2�p�2�`�- �i�?�2 �+�m�`�`�2�M�i �Q�7 �i�?�2 �.�6�A�: �`�Q�i�Q�` �/�2�T�2�M�/�b �Q�M �i�?�2 ���+�i�B�p�2 �T�Q�r�2�` ���M�/ �K���;�M�2�i�B�x�B�M�; �+�m�`�`�2�M�i

�Q�7 �i�?�2 �`�Q�i�Q�`�X

�6�B�;�m�`�2 �j�X�N�X�P�T�2�`���i�B�M�; �p�Q�H�i���;�2 ���M�/ �+�m�`�`�2�M�i �Q�7 �i�?�2 �.�6�A�: �`�Q�i�Q�` ���i �/�B�z�2�`�2�M�i
�b�T�2�2�/�b �r�?�2�MQs = 0 �7�Q�` �Q�T�2�`���i�B�M�; �T�Q�B�M�i�b �Q�M �i�?�2ABCD �+�m�`�p�2 �b�?�Q�r�M �B�M �6�B�;�m�`�2
 �j�X�R 

�6�Q�` �� �+�Q�M�p�2�M�i�B�Q�M���H �;�2���`�#�Q�t�@�/�`�B�p�2�M �.�6�A�:�- �i�?�2 �T�Q�r�2�` �B�M�D�2�+�i�2�/ �B�M�i�Q �i�?�2 �;�`�B�/ �UPs + Pr �V �B�b

�b�?�Q�r�M �B�M �6�B�;�m�`�2 �j�X�R�y �7�Q�` �Q�T�2�`���i�B�M�; �T�Q�B�M�i�b �Q�M �i�?�2ABCD �+�m�`�p�2�X �h�?�2 �/���i�� �m�b�2�/ �7�Q�` �b�B�K�m�H���i�B�Q�M

���`�2 �;�B�p�2�M �B�M �h���#�H�2 �j�X�R �X �A�i �?���b �b�?�Q�r�M �i�?���i �i�?�2 �T�Q�r�2�` �Q�7 �i�?�2 �`�Q�i�Q�` �7�Q�` �b�m�#�@�b�v�M�+�?�`�Q�M�Q�m�b �b�T�2�2�/

�B�b �M�2�;���i�B�p�2�X �h�?�B�b �K�2���M�b �i�?���i �i�?�2 �`�Q�i�Q�` ���#�b�Q�`�#�b �T�Q�r�2�` ���i �i�?�Q�b�2 �b�T�2�2�/�b�X �"�m�i �i�?�2 �b�m�K�K���i�B�Q�M

�Q�7 �i�?�2 �b�i���i�Q�` ���M�/ �`�Q�i�Q�` �T�Q�r�2�`�b �B�b �2�[�m���H �i�Q �i�?�2 �K�2�+�?���M�B�+���H �T�Q�r�2�` �Q�7 �i�?�2 �T�`�B�K�2 �K�Q�p�2�`�X

�6�B�;�m�`�2 �j�X�R�R �/�2�K�Q�M�b�i�`���i�2�b �i�?�2 �K���t�B�K�m�K �T�Q�r�2�` �Q�7 �i�?�2 �`�Q�i�Q�` �#���b�2�/ �Q�M �i�?�2 �K���t�B�K�m�K �b�H�B�T

�Q�7 �i�?�2 �;�2�M�2�`���i�Q�`�X �h�?�B�b �T�Q�r�2�` �r�Q�m�H�/ �#�2 �i�?�2 �`���i�B�M�; �Q�7 �i�?�2 �_�a�*�X
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�6�B�;�m�`�2 �j�X�R�y�X�a�i���i�Q�` ���M�/ �`�Q�i�Q�` �T�Q�r�2�` �B�M�D�2�+�i�2�/ �B�M�i�Q �i�?�2 �T�Q�r�2�` �;�`�B�/ ���i �/�B�z�2�`�2�M�i
�b�T�2�2�/�b �7�Q�` �Q�T�2�`���i�B�M�; �T�Q�B�M�i�b �Q�M �i�?�2ABCD �+�m�`�p�2 �b�?�Q�r�M �B�M �6�B�;�m�`�2 �j�X�R 

�6�B�;�m�`�2 �j�X�R�R�X�_���i�B�M�; �Q�7 �_�a�*
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�h���#�H�2 �j�X�R�X�*�?���`���+�i�2�`�B�b�i�B�+�b �Q�7 �i�?�2 �a�T�H�B�i�@�a�?���7�i �>�h�a

�:�2�M�2�`���i�Q�` �.���i��

Pg �:�2�M�2�`���i�Q�` �_���i�2�/ �S�Q�r�2�` 1:5 MW
V s �:�`�B�/ �o�Q�H�i���;�2 �U�G�B�M�2�V 690V
L ls=Llr �a�i���i�Q�`�f�_�Q�i�Q�` �A�M�/�m�+�i���M�+�2 0:167mH
Lm �J���;�M�2�i�B�x�B�M�; �A�M�/�m�+�i���M�+�2 5:48 mH
Rs �a�i���i�Q�` �_�2�b�B�b�i���M�+�2 2:65 m

Rr �_�Q�i�Q�` �_�2�b�B�b�i���M�+�2 2:63 m

P �:�2�M�2�`���i�Q�` �S�Q�H�2 �S���B�`�b 1

�h�m�`�#�B�M�2 �.���i��

R �"�H���/�2 �.�B���K�2�i�2�` 68:45 m
� a�Br ���B�` �.�2�M�b�B�i�v 1:225kg=m3

vw �L�Q�K�B�M���H �q�B�M�/ �a�T�2�2�/ 11 m=s
� o �L�Q�K�B�M���H �h�B�T �a�T�2�2�/ �_���i�B�Q 9:94
Cmax �J���t�B�K�m�K �S�Q�r�2�` �*�Q�2�{�+�B�2�M�i 0:5
H t �q�B�M�/ �h�m�`�#�B�M�2 �A�M�2�`�i�B�� �*�Q�M�b�i���M�i4:32 s

�>�v�/�`���m�H�B�+ �h�`���M�b�K�B�b�b�B�Q�M �a�v�b�i�2�K

Pf �S�`�2�b�b�m�`�2 �"���b�2 4 � 107 Pa
Dp �L�Q�K�B�M���H �.�B�b�T�H���+�2�K�2�M�i �Q�7 �S�m�K�T0:0208m3=rad
Dm �L�Q�K�B�M���H �.�B�b�T�H���+�2�K�2�M�i �Q�7 �J�Q�i�Q�`9:95� 10� 5 m3=rad
! p �L�Q�K�B�M���H �h�m�`�#�B�M�2 �a�T�2�2�/ 17:2 rpm
! m �L�Q�K�B�M���H �J�Q�i�Q�` �a�T�2�2�/ 3600rpm
Q �L�Q�K�B�M���H �6�H�Q�r 0:0375m3=s
� f �"�m�H�F �J�Q�/�m�H�m�b 1:2 � 109 Pa
Vf �6�H�m�B�/ �o�Q�H�m�K�2 0:864m3

Csp �S�m�K�T �a�H�B�T�T���;�2 �*�Q�2�{�+�B�2�M�i1:7302� 10� 11

Csm �J�Q�i�Q�` �a�H�B�T�T���;�2 �*�Q�2�{�+�B�2�M�i3:6238� 10� 9

Cfp �S�m�K�T �*�Q�m�H�Q�K�# �6�`�B�+�i�B�Q�M �*�Q�2�{�+�B�2�M�i0:025
Cfm �J�Q�i�Q�` �*�Q�m�H�Q�K�# �6�`�B�+�i�B�Q�M �*�Q�2�{�+�B�2�M�i0:025
Cvp �S�m�K�T �o�B�b�+�Q�m�b �.�`���; �*�Q�2�{�+�B�2�M�i2:0806� 107

Cvm �J�Q�i�Q�` �o�B�b�+�Q�m�b �.�`���; �*�Q�2�{�+�B�2�M�i 92720
� �.�v�M���K�B�+ �o�B�b�+�Q�b�B�i�v �Q�7 �6�H�m�B�/0:0160Pa:s
vf �E�B�M�2�K���i�B�+ �o�B�b�+�Q�b�B�i�v �Q�7 �6�H�m�B�/18:786� 10� 6 m2=s
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�9�X �a�*���G���"�A�G�A�h�u ���L�. �1�G�1�*�h�_�A�*���G �1�Z�l�A�o���G�1�L�h �P�6

�a�a�@�q�1�*�a

�A�M �i�?�B�b �+�?���T�i�2�`�- �i�?�2 �2�H�2�+�i�`�B�+���H �2�[�m�B�p���H�2�M�i �+�B�`�+�m�B�i �Q�7 �2���+�? �2�H�2�K�2�M�i �B�b �Q�#�i���B�M�2�/ �i�Q �?�2�H�T �m�M�@

�/�2�`�b�i���M�/ �#�2�i�i�2�` �i�?�2 �b�v�b�i�2�K �T�2�`�7�Q�`�K���M�+�2�X �A�M �i�?�2 �2�[�m�B�p���H�2�M�i �+�B�`�+�m�B�i�- �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �2���+�?

�K�2�+�?���M�B�+���H ���M�/ �?�v�/�`���m�H�B�+ �2�H�2�K�2�M�i �B�b �2�t�T�H���B�M�2�/ �r�B�i�? �i�?�2 �2�[�m�B�p���H�2�M�i �2�H�2�+�i�`�B�+���H �+�Q�K�T�Q�M�2�M�i�b�X

�6�m�`�i�?�2�`�K�Q�`�2�- �H���`�;�2�@�b�+���H�2 �a�a�@�q�1�*�a�b �#���b�2�/ �Q�M �>�h�a �`�2�[�m�B�`�2 �H�Q�r�@�b�T�2�2�/ �?�B�;�?�@�/�B�b�T�H���+�2�K�2�M�i �?�v�@

�/�`���m�H�B�+ �T�m�K�T�b ���M�/ �+���M �#�2 �+�?���H�H�2�M�;�B�M�;�X �h�Q �/�2���H �r�B�i�? �i�?�B�b �+�?���H�H�2�M�;�2�- �b�Q�K�2 �`�2�b�2���`�+�?�2�`�b �T�`�Q�@

�T�Q�b�2�/ �� �M�2�r �+�Q�M�+�2�T�i �Q�7 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v �i�?���i �+���M �T�`�Q�p�B�/�2 �H�Q�r�@�b�T�2�2�/ �?�B�;�?�@�/�B�b�T�H���+�2�K�2�M�i

�T�m�K�T�b�- �b�m�+�? ���b �i�?�2 �`�Q�i���i�B�M�; �?�v�/�`���m�H�B�+ �+�v�H�B�M�/�2�` �+�Q�M�+�2�T�i �T�`�Q�T�Q�b�2�/ �B�M �( �R�k�9 �)�X ���M�Q�i�?�2�` �r���v �B�b

�i�Q �2�K�T�H�Q�v �� �Q�M�2�@�b�i���;�2 �H�Q�r�@�i�m�`�M�@�`���i�B�Q �;�2���`�#�Q�t �#�2�i�r�2�2�M �i�?�2 �r�B�M�/ �i�m�`�#�B�M�2 ���M�/ �i�?�2 �?�v�/�`���m�H�B�+

�T�m�K�T�X �6�m�`�i�?�2�`�K�Q�`�2�- �i�?�2 �M�m�K�#�2�` �Q�7 �i�?�2 �;�2�M�2�`���i�Q�` �T�Q�H�2 �T���B�`�b�- �r�?�B�+�? �`�2�~�2�+�i �i�?�2 �b�T�2�2�/ �Q�7 �i�?�2

�;�2�M�2�`���i�Q�`�- �+���M ���z�2�+�i �i�?�2 �>�h�a �T�2�`�7�Q�`�K���M�+�2 ���M�/ �2�{�+�B�2�M�+�v�X �h�?�2�`�2�7�Q�`�2�- �i�?�B�b �+�?���T�i�2�` �T�`�2�b�2�M�i�b ��

�K�2�i�?�Q�/�Q�H�Q�;�v �i�Q �2�p���H�m���i�2 �i�?�2 �B�K�T���+�i �Q�7 �i�?�2�b�2 �p���`�B���#�H�2�b ���M�/ �T���`���K�2�i�2�`�b �Q�M �i�?�2 �/�B�b�T�H���+�2�K�2�M�i

�Q�7 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v ���M�/ �+�Q�K�T�Q�M�2�M�i �b�2�H�2�+�i�B�Q�M�X

�9�X�R �1�H�2�+�i�`�B�+���H �1�[�m�B�p���H�2�M�i �*�B�`�+�m�B�i �Q�7 �>�h�a

�l�M�/�2�`�b�i���M�/�B�M�; �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2 �a�a�@�q�1�*�a �7�Q�` �K�Q�b�i �2�H�2�+�i�`�B�+���H �2�M�;�B�M�2�2�`�b �B�b �M�Q�i

�2�M�i�B�`�2�H�v �b�2�M�b�B�#�H�2�X �>�Q�r�2�p�2�`�- �+�Q�K�T���`�B�M�; �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2�b�2 �i�v�T�2�b �Q�7 �?�v�/�`���m�H�B�+ �K���+�?�B�M�2�`�v

�i�Q �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2 �2�H�2�+�i�`�B�+���H �2�H�2�K�2�M�i�b �+�Q�m�H�/ �?�2�H�T �i�Q �?���p�2 �� �/�2�2�T�2�` �m�M�/�2�`�b�i���M�/�B�M�; �Q�7

�b�m�+�? �� �b�v�b�i�2�K�X �h�?�2�`�2�7�Q�`�2�- �i�?�2 �2�[�m�B�p���H�2�M�i �+�B�`�+�m�B�i �Q�7 �i�?�2 �r�?�Q�H�2 �b�v�b�i�2�K �B�b �Q�#�i���B�M�2�/ �m�b�B�M�; �i�?�2

�b�v�b�i�2�K�ö�b �2�[�m���i�B�Q�M�b�X �h�?�2 �2�[�m���i�B�Q�M�b �Q�7 �i�?�2 �b�v�b�i�2�K �b�?�Q�r�M �B�M �6�B�;�m�`�2 �9�X�R ���`�2 �b�i���i�2�/ �B�M �i�?�2

�T�`�2�p�B�Q�m�b �+�?���T�i�2�`�X �A�M �i�?�B�b �}�;�m�`�2 �i�?�2 �i�r�Q�@�K���b�b �K�Q�/�2�H �Q�7 �i�?�2 �b�?���7�i �B�b �/�2�K�Q�M�b�i�`���i�2�/�X �"���b�2�/ �Q�M

�i�?�2 �2�[�m���i�B�Q�M�b �Q�7 �i�?�2 �b�v�b�i�2�K�- �i�?�2 �i�Q�`�[�m�2 ���M�/ �T�`�2�b�b�m�`�2 �Q�7 �2���+�? �2�H�2�K�2�M�i ���`�2 �2�[�m�B�p���H�2�M�i �i�Q �i�?�2

�p�Q�H�i���;�2 �Q�7 �i�?�2 �+�B�`�+�m�B�i �M�Q�/�2�b�- ���M�/ �i�?�2 ���M�;�m�H���` �p�2�H�Q�+�B�i�v ���M�/ �~�m�B�/ �~�Q�r ���`�2 �+�Q�M�b�B�/�2�`�2�/ ���b �i�?�2
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�h�Q �#�2 ���#�H�2 �i�Q �B�M�D�2�+�i �T�Q�r�2�` �B�M�i�Q �i�?�2 �;�`�B�/�- �i�?�2 �.�*�@�H�B�M�F �p�Q�H�i���;�2 �b�?�Q�m�H�/ �#�2 ���b �7�Q�H�H�Q�r�b �( �j�d �)�-

�( �R�k�8 �)�,

Vdc � 2
p

2Vb=nt �U�8�X�k�V

�r�?�2�`�2nt �B�b �i�?�2 �i�`���M�b�7�Q�`�K�2�` �i�m�`�M �`���i�B�Q�X �h�?�2 �K�Q�/�m�H���i�B�Q�M �B�M�/�2�t �B�b �+�Q�M�b�B�/�2�`�2�/ ���b �Q�M�2�X �P�M �i�?�2

�Q�i�?�2�` �?���M�/�- �i�Q �#�2 ���#�H�2 �i�Q �/�2�H�B�p�2�` �T�Q�r�2�` �i�Q �i�?�2 �`�Q�i�Q�`�- �i�?�2 �.�*�@�H�B�M�F �p�Q�H�i���;�2 �B�b �/�2�i�2�`�K�B�M�2�/ ���b

�7�Q�H�H�Q�r�b�,

Vdc � 2
p

2V
0max

r �
smax

n
2
p

2Vb �U�8�X�j�V

�r�?�2�`�2V
0max

r �B�b �i�?�2 �K���t�B�K�m�K �`�Q�i�Q�` �p�Q�H�i���;�2 �i�`���M�b�7�2�`�`�2�/ �i�Q �i�?�2 �`�Q�i�Q�` �b�B�/�2�- ���M�/n �B�b �i�?�2 �b�i���i�Q�`

�i�Q �`�Q�i�Q�` �r�B�M�/�B�M�; �i�m�`�M �`���i�B�Q�Xsmax �B�b �i�?�2 �K���t�B�K�m�K �Q�7 �i�?�2 ���#�b�Q�H�m�i�2 �p���H�m�2 �Q�7 �i�?�2 �`�Q�i�Q�` �b�H�B�T�X

�6�`�Q�K �8�X�k ���M�/ �8�X�j �i�?�2 �.�*�@�H�B�M�F �+���M �#�2 �Q�#�i���B�M�2�/ ���b �7�Q�H�H�Q�r�b�,

Vdc � max
�

2
p

2
Vb

nt
;
smax

n
2
p

2Vb

�

�U�8�X�9�V

�h�Q �T�`�2�p�2�M�i �i�?�2 �Q�p�2�`�@�/�2�b�B�;�M�B�M�; �Q�7 �i�?�2 �_�a�*�- �B�i �B�b �#�2�i�i�2�` �i�Q �+�?�Q�Q�b�2nt ���b �+�H�Q�b�2 ���b �i�Q �i�?�2

n=smax �X �h�?�2�`�2�7�Q�`�2�- �i�?�2 �.�* �p�Q�H�i���;�2 �B�b ���b �7�Q�H�H�Q�r�b�,

Vdc �
�

2
p

2
Vb

nt
=

smax

n
2
p

2Vb

�

�U�8�X�8�V

�o�Q�H�i���;�2 ���M�/ �*�m�`�`�2�M�i �_���i�B�M�; �Q�7 �S�Q�r�2�` �1�H�2�+�i�`�Q�M�B�+ �.�2�p�B�+�2�b

�h�?�2 �b�r�B�i�+�?�B�M�; �T�Q�r�2�` �2�H�2�+�i�`�Q�M�B�+ �/�2�p�B�+�2�b ���M�/ �/�B�Q�/�2�b �b�?�Q�m�H�/ �r�B�i�?�b�i���M�/ �i�?�2 �.�*�@�H�B�M�F �p�Q�H�i���;�2�X

�h�?�2�`�2�7�Q�`�2�- �+�Q�M�b�B�/�2�`�B�M�; �i�?�2 �.�*�@�H�B�M�F �p�Q�H�i���;�2 �2�t�T�`�2�b�b�2�/ �B�M �8�X�8 �- �i�?�2 �K���t�B�K�m�K �_�J�a �Q�7 �T�?���b�2

�p�Q�H�i���;�2 �Q�7 �#�Q�i�? �+�Q�M�p�2�`�i�2�`�b�- �_�a�* ���M�/ �:�a�*�- �B�b �+���H�+�m�H���i�2�/ ���b �7�Q�H�H�Q�r�b�,

V
0max

RSC = V
0max

GSC =
1
nt

Vb =
smax

n
Vb �U�8�X�e�V

�d�j



�l�b�B�M�; �8�X�R �-I max
pu� rq = 1 �r�?�2�M �i�?�2 �b�i���i�Q�` �T�Q�r�2�` �B�b �K���t�B�K�m�K�X �a�B�M�+�2 �i�?�2 �+�m�`�`�2�M�i �Q�7 �i�?�2 �`�Q�i�Q�`

�B�b �2�[�m���H �i�Q �i�?�2 �_�a�* �+�m�`�`�2�M�i�- �i�?�2 �+�m�`�`�2�M�i �`���i�B�M�; �7�Q�` �_�a�* �+���M �#�2 �Q�#�i���B�M�2�/ ���b �7�Q�H�H�Q�r�b�,

I
0max
RSC = nI b

q
(1 + ( �Bm0� pu)2 �U�8�X�d�V

�r�?�2�`�2I
0

RSC � max �B�b �i�?�2 �+�m�`�`�2�M�i �Q�7 �i�?�2 �`�Q�i�Q�` �i�`���M�b�7�2�`�`�2�/ �i�Q �i�?�2 �`�Q�i�Q�` �b�B�/�2�X �h�?�2 �:�a�* �b�?�Q�m�H�/

�B�M�D�2�+�i �i�?�2 ���+�i�B�p�2 �T�Q�r�2�` �Q�7 �i�?�2 �`�Q�i�Q�` �B�M�i�Q �i�?�2 �;�`�B�/ ���i �i�?�2 �b�i�2���/�v�@�b�i���i�2 �+�Q�M�/�B�i�B�Q�M �i�Q �F�2�2�T �i�?�2

�.�*�@�H�B�M�F �p�Q�H�i���;�2 �+�Q�M�b�i���M�i�X �h�?�2 �`�2���+�i�B�p�2 �T�Q�r�2�` �7�Q�` �:�a�* �B�b �x�2�`�Q�X �h�?�2�`�2�7�Q�`�2�- �i�?�2 �`���i�B�M�; �Q�7 �i�?�2

�:�a�* �+���M �#�2 ���+�?�B�2�p�2�/ ���b �7�Q�H�H�Q�r�,

I
0max
GSC = ntsmax I b = nI b �U�8�X�3�V

�6�Q�` �b�B�K�T�H�B�+�B�i�v ���M�/ �K�Q�/�m�H���`�B�i�v�- �i�?�2 �`���i�B�M�; �+�m�`�`�2�M�i �Q�7 �#�Q�i�? �B�M�p�2�`�i�2�`�b �B�b �+�Q�M�b�B�/�2�`�2�/ ���b �B�M �8�X�d �X

�S�Q�r�2�` �_���i�B�M�; �Q�7 �_�Q�i�Q�` �a�B�/�2 ���M�/ �:�`�B�/ �a�B�/�2 �*�Q�M�p�2�`�i�2�`�b

�a�m�#�b�i�B�i�m�i�B�M�; �8�X�e ���M�/ �8�X�d �B�M�i�Q �8�X�R �- �i�?�2 �T�Q�r�2�` �`���i�B�M�; �Q�7 �i�?�2 �_�a�* ���M�/ �:�a�* �+���M �#�2 �+���H�+�m�H���i�2�/

���b �7�Q�H�H�Q�r�b�,

Smax
pu� RSC = Smax

pu� GSC = smax

q
1 + �B2m0� pu �U�8�X�N�V

�A�M �;�2���`�#�Q�t�@�/�`�B�p�2�M �r�B�M�/ �i�m�`�#�B�M�2�b�- �i�?�2 �K���t�B�K�m�K �p�Q�H�i���;�2 ���M�/ �K���t�B�K�m�K �+�m�`�`�2�M�i �?���T�T�2�M ���i

�i�?�2 �b���K�2 �i�B�K�2 �r�?�2�M �i�?�2 �r�B�M�/ �b�T�2�2�/ �B�b �`�2���+�?�B�M�; �i�?�2 �M�Q�K�B�M���H �Q�` �?�B�;�?�2�`�X �h�?�m�b�- �i�?�B�b �T�Q�r�2�` ���H�b�Q

�T���b�b�2�b �i�?�`�Q�m�;�? �i�?�2 �i�`���M�b�7�Q�`�K�2�`�- ���M�/ �i�?�2 �`���i�B�M�; �T�Q�r�2�` �Q�7 �i�?�2 �i�`���M�b�7�Q�`�K�2�` �b�?�Q�m�H�/ �/�2�}�M�2 �#���b�2�/

�Q�M �8�X�N �X �>�Q�r�2�p�2�`�- �B�M �i�?�2 �a�a�@�q�1�*�a�- �i�?�2 �b�H�B�T �B�b �+�Q�M�i�`�Q�H�H�2�/ ���i �� �;�B�p�2�M �b�H�B�Tsc�- ���M�/ �K���t�B�K�m�K

�p�Q�H�i���;�2 ���M�/ �+�m�`�`�2�M�i �/�Q�2�b �M�Q�i �?���T�T�2�M ���i �i�?�2 �b���K�2 �i�B�K�2�X �a�Q �i�?�2�M�- �b�B�K�B�H���` �i�Q �8�X�N �- �i�?�2 �`���i�B�M�; �Q�7

�i�?�2 �i�`���M�b�7�Q�`�K�2�` �7�Q�` �i�?�2 �a�a�@�q�1�*�a �B�b ���b �7�Q�H�H�Q�r�b�,

SH
pu� T rans = sc

q
1 + I 2

m0� pu �U�8�X�R�y�V

�d�9



�8�X�k�X�k �*���b�2 �a�i�m�/�v �7�Q�` �1�p���H�m���i�B�Q�M �Q�7 �*�Q�M�p�2�`�i�2�`�b �a�B�x�2 �_�2�/�m�+�i�B�Q�M

�� �R�X�8�@�J�q �r�B�M�/ �i�m�`�#�B�M�2�- �b�?�Q�r�M �B�M �6�B�;�m�`�2 �j�X�R �- �B�b �m�b�2�/ �i�Q �`�m�M �b�B�K�m�H���i�B�Q�M�b ���M�/ �+�Q�K�T���`�2 �i�?�2

�#�2�M�2�}�i�b �Q�7 �/�2�+�Q�m�T�H�B�M�; �i�?�2 �b�?���7�i�b �Q�7 �i�?�2 �i�m�`�#�B�M�2 ���M�/ �i�?���i �Q�7 �i�?�2 �;�2�M�2�`���i�Q�`�X �h�?�2 �T�2�`�7�Q�`�K���M�+�2

�Q�7 �i�?�2 �+�Q�M�p�2�M�i�B�Q�M���H �.�6�A�:�@�#���b�2�/ �q�1�*�a ���M�/ �a�a�@�q�1�*�a �?���b �#�2�2�M �+�Q�K�T���`�2�/ ���M���H�v�i�B�+���H�H�v ���M�/

�p�2�`�B�}�2�/ �i�?�`�Q�m�;�? �b�B�K�m�H���i�B�Q�M�b�X �A�M �� �;�2���`�#�Q�t�@�/�`�B�p�2�M �r�B�M�/ �i�m�`�#�B�M�2�- �i�?�2 �K���t�B�K�m�K �b�H�B�T �B�b �+�?�Q�b�2�M

�i�Q �#�2� 33%�X �A�M �i�?�2 �?�v�/�`���m�H�B�+�@�/�`�B�p�2�M �.�6�A�:�- �i�?�2 �b�i�2���/�v�@�b�i���i�2 �b�H�B�T �Q�7� 0:025%�B�b �+�?�Q�b�2�M �i�Q

���p�Q�B�/ �r�Q�`�F�B�M�; �B�M �b�v�M�+�?�`�Q�M�Q�m�b �b�T�2�2�/ ���M�/ �m�M�#���H���M�+�2�/ �i�?�2�`�K���H �b�i�`�2�b�b�2�b �( �R�k�e �)�X �A�M ���/�/�B�i�B�Q�M�- ��

5% �K���t�B�K�m�K �b�H�B�T �B�b �+�?�Q�b�2�M �i�Q �2�t�i�2�M�/ �i�?�2 �b�v�b�i�2�K �K���M�2�m�p�2�`���#�B�H�B�i�v ���M�/ �+�Q�M�i�`�Q�H�H���#�B�H�B�i�v�X

�6�B�`�b�i�- �i�?�2 �`���i�B�M�; �Q�7 �i�?�2 �+�Q�M�p�2�`�i�2�`�b �7�Q�` �#�Q�i�? �+�Q�M�}�;�m�`���i�B�Q�M�b �+���M �#�2 ���+�?�B�2�p�2�/ �#���b�2�/ �Q�M �i�?�2

���M���H�v�i�B�+���H ���T�T�`�Q���+�?�X �h�?�2�b�2 �p���H�m�2�b ���`�2 �b�?�Q�r�M �B�M �h���#�H�2 �8�X�R �X �A�i �+���M �#�2 �b�2�2�M �i�?���i �i�?�2 �.�*�@�H�B�M�F

�p�Q�H�i���;�2 ���M�/ �i�?�2 �T�Q�r�2�` �`���i�B�M�; �7�Q�` �i�?�2 �?�v�/�`���m�H�B�+�@�/�`�B�p�2�M �.�6�A�: �?���p�2 �/�2�+�`�2���b�2�/ �+�Q�M�b�B�/�2�`���#�H�v

�7�`�Q�K �j�N�y�o �i�Q �e�y�o ���M�/ �7�`�Q�K386kV A �i�Q73kV A�- �`�2�b�T�2�+�i�B�p�2�H�v�X �6�m�`�i�?�2�`�K�Q�`�2�- �i�?�2 �T�Q�r�2�`

�`���i�B�M�; �Q�7 �i�?�2 �i�`���M�b�7�Q�`�K�2�` �?���b �#�2�2�M �/�2�+�`�2���b�2�/ �7�`�Q�K386kV A �i�Q37kV A�X �h�Q �p���H�B�/���i�2 �i�?�2

�h���#�H�2 �8�X�R�X�*�Q�K�T���`�B�b�Q�M �Q�7 �h�r�Q �.�6�A�:�b

�*�Q�M�p�2�M�i�B�Q�M���H �.�6�A�: �.�2�+�Q�m�T�H�2�/ �q�1�*�a

Ps(kV A) 1127 1428
Scon(kV A) 386 73
VDC (V) 390 60
St (kV A) 386 37
nt 3:18 21
V

0max
r (phas�2) 138 21

I
0max
r 990 1255

�/�2�b�B�;�M ���M�/ ���M���H�v�x�2 �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2 �T�`�Q�T�Q�b�2�/ �b�v�b�i�2�K�- �b�B�K�m�H���i�B�Q�M�b �Q�7 �#�Q�i�? �b�i�`�m�+�i�m�`�2�b

���`�2 �+�Q�M�/�m�+�i�2�/�X

�a�B�K�m�H���i�B�Q�M �_�2�b�m�H�i�b �7�Q�` �a�B�x�2 �_�2�/�m�+�i�B�Q�M �Q�7 �S�Q�r�2�` �*�Q�M�p�2�`�i�2�`�b

�h�?�2 �r�B�M�/ �i�m�`�#�B�M�2 �B�b �b�B�K�m�H���i�2�/ �7�Q�` �#�Q�i�? �;�2���`�#�Q�t�@�/�`�B�p�2�M ���M�/ �?�v�/�`���m�H�B�+�@�/�`�B�p�2�M �q�1�*�a�X �h�?�2

�H�Q�b�b�2�b �Q�7 �T�Q�r�2�` �i�`���M�b�K�B�b�b�B�Q�M ���`�2 �+�Q�M�b�B�/�2�`�2�/ �B�M�b�B�;�M�B�}�+���M�i �B�M �i�?�2 �b�B�K�m�H���i�B�Q�M�X �h�?�2 �r�B�M�/ �b�T�2�2�/

�b�?�Q�r�M �B�M �6�B�;�m�`�2 �8�X�8 �U���V �B�b �+�Q�M�b�B�/�2�`�2�/ �i�?�2 �b���K�2 �7�Q�` �#�Q�i�? �b�B�K�m�H���i�B�Q�M�b�- ���M�/ �B�i �`���M�;�2�b �7�`�Q�K5:3

�d�8



�i�Q11m=s�X �h�?�2 �r�B�M�/ �b�T�2�2�/ �B�b �+�Q�M�b�B�/�2�`�2�/ �i�Q �~�m�+�i�m���i�2 �/�`���b�i�B�+���H�H�v �r�B�i�?�B�M �i�?�2 �`���M�;�2 �i�Q �#�2�i�i�2�`

�2�t�T�`�2�b�b �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7 �i�?�2 �b�v�b�i�2�K�b�X �6�Q�` �i�?�2 �;�2���`�#�Q�t�@�/�`�B�p�2�M�- �i�?�2 �Q�T�i�B�K���H �i�Q�`�[�m�2 �+�Q�M�i�`�Q�H

�U�P�h�*�V �K�2�i�?�Q�/ �B�b �m�b�2�/ �i�Q �i�`���+�F �J�S�S�h �( �R�k�d �)�X �j�X�R �X

�6�B�;�m�`�2 �8�X�8�X���V �q�B�M�/ �b�T�2�2�/ �U�#�V �L�Q�`�K���H�B�x�2�/ �T�Q�r�2�` �+�Q�2�{�+�B�2�M�i �U�+�V �Q�m�i�T�m�i �T�Q�r�2�`

�h�?�2 �M�Q�`�K���H�B�x�2�/ �T�Q�r�2�` �+�Q�2�{�+�B�2�M�i �b�?�Q�r�M �B�M �6�B�;�m�`�2 �8�X�8 �U�#�V �/�2�K�Q�M�b�i�`���i�2�b �i�?���i �i�?�2 �J�S�S�h

���+�?�B�2�p�2�/ �#�v �+�Q�M�i�`�Q�H�H�B�M�; �i�?�2 �T�m�K�T �/�B�b�T�H���+�2�K�2�M�i �7�Q�` �>�v�/�`���m�H�B�+ �q�1�*�a �U�>�@�q�1�*�a�V ���M�/ �+�Q�M�i�`�Q�H�@
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