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1 -���+�  
  

 �<=�#" >��� ?� $#��� �� ���%�# �0@!    5=�2�� A��=�� ��=� 7#

      ��=�B�C " �"5=�� D=�3�E 7#�#� " ��#� �#�=F G�=
� H6#�� " $#��

 7#�#���#�:� D=�# ��I �� J�
�� �%���# 7�C .   7�=C�#9�� �� �6#�=�

�� L� ���:�C ���  �;��=M� N��� O;P# �� ���F ���%�# �0@! �6 5C

D��"5�� �� �#���Q� �I�� 9# �!�� ��# ��# �6 5!�@� �#9�� �R� ����-

D�# $/ ������� 7�C]2[ .      ��S=&� �=6 �%=&�� 7�=C���#��# ��#���=��

       ��=��0�# 9#  ��T%=�# �=� 5=��� .5�%=&C �=� �%��F� �#9�� " D���# UT+

 ��%@� 7�C�#H�# �� " ��V��5�C� WC�6 #� �6#�� .�#9�� �� .   �=��/ 9# #X=2

 �� A3� Y��F $#�� 7��3 ��%�6 �� Z����# �0@! $#�� ���%�# D��"5�� �6

     �=I�� 9# .�6#�=� D���5=� G#5=C# �� ����%�� ��R�� �� .D�# WC�6

  �#"�# �=� 9�3  5�C� DT�! 7�C�������T&�#�� ��R� �#H�'��  �%=&��

� $���V ��X� G�<M�# ���%�# 7�C["��% )FACTS ( �=�    ��T%=�# $#�=�

       7�=�� �@=���� ��H:��=V �=6 $#�=� ��=�%�# D�3�E W�#H3# �� �� ����

�0@! D�M^" .D�# 5�5V ���%�# _�<I DI�� ��` �� #� ��V�� 7�C

  5�=1�� ��=@'� 7�ab�.]12[  ��=� ��     9# 7��=�9 $�=���� .�=�I# 7�=C

?��0� �%=&�� �� �6#�� D���5� ��S&� Y+ 7#�� �T�%�� 7�C  7�=C

 ��6  ��T%�# ��5F$/ ���V 9# �6 .5�#�� �C     7�=C [�c��=c �=� $#�=�

 D'V ��5F �%&�� D�M<F N5� �%3�8 �R��� �� �3��
� �35C 5�c

�6#�� D���5� " d�%2" 7�#5��� ��@'�]9[  "g"�   7�=�8�#�F 7#�=� ���C

 �#"�#FACTS �#���� �� �#9�� ?� ��     WC�=6 G5=C �=�  5=! ��#�9

 �6#��]15[  "�g"    ��ah=� �=� �=V�� �� �0@! �6#�� D���5� 7#�� ���C

D��a $#�� " $���V .i�#5j�# ��� �5� ]1[  $#�=@V 9#  ��T%�# "  5=��6-

 ��%&��� ��  5! ��%�6 7�� 7�C)TCSC (  �6#�=� D���5� 7#��]14 [

��6  ��!# .   �� ���=�+ " D=��C# �� l�^�� ?� .���%�# ��� �6#�� ��%�6

�� [�&+ �� �� �#9���"� .g"� 9# �0�    �=�# �� �=6  5=! O�<� 7�C

�2���  �#"�# .D�# �%3�8 �#�F ����9�# ����FACTS 7��  ��R�TCSC 

�� �=� ��6 �� ��� �6#�� WC�6 7#�� �ab� 7�C�#H�# $#��� �� �6 5�!��-

5�"�.      7�#5=��� D=�# �=0�� ��=� �6#�� WC�6 9# i� �0��# �� �V�� ��

# �� .���8 �#�F ��ah� D�� �0@! ���2���   ��R�� 5�c [�c��c ?� 9#

���'� �%���:2# 9#  ��T%�# �� 79��PSO   �=@�� �=� ��%@�  ��=!�+ 75=�� 

   A��=� �=� Y��! �6 D�#  5!  ��T%�# ��� �6#�� ��%�6 7#�� 7��#��

 ���V 9# �%��F� G5C ���HC ��@'� " #�X8 7�#5��� ��!�+ .������� Y6

 $��H�C ���P �� �6 D�# d�%2" Y�3"�����'��� 79��5��! .  �=�# ��#

�� �3�P �� $"��� " 7�F ������� �<�� ?� �� ����   $/ �� �=6 ��=!

�� �� �� #� �#5����� " #�X8 7�#5��� D���# " d�%2" m<����8 .  �=�#�# ��

�5� .�2h&� $��� �� N"� W�� �� �2���  79�=�TCSC   75=�� ��=��3 .

  �"5=�� " ��=�F �3�M� .�35C 5�c �6#�� D���5�D�   �� ��=V�� 7�=C

 9#  ��T%�# J�
�� " ���%�# _�<I �6#�� D���5� 7#�� ��5F �%&��

 �#"�#FACTS D�#  5! �n#�# .�'� ��# �� .   m��=1� �=� N�� W�� ��

 �==��'� �%���=:2# �==@�� �==� �=�%@� �#�o N�==+�9# 79�==� ��==!�+ 75==��

5! 5C#�I �%I#��� .7��#�� .  5! O�<� �2h&� Y+ .N��'c W�� ��

Y@F �� ��@! p��%�  #��C ��D�#  5! �n#�# 79�� .���%�  9# �=�6 7��8

D�#  5! $��� ���� W�� �� WC"*� ��# N���#.  

  

2-��� �� �&��� '������ ����� �� ���FACTS 

 ��  

2-1- ����� �
��� ������  ��� ������� '%��

FACTS  ��  

  
 �� �#9�� �� ��6#�� q�C �6 ���:�C �� �6#�%!# .��#5� ��V" D��F

�<�����! ����� �� �0��%02# 7d��# 7# �#9�� ���&� D��F ��#�� �C

D�# . D�# �0�� .��#� ��V" �#9�� �� �6#�� �6 ���:�C �� .��+ ��# ��

��!�+ D��F �6 ���� 7#)LMP (5!�� �"�T%� ��! �C �� . �"�T�

 ���LMP���! 7�C�� �I�! ?� ���'� 7�C 9#5�# ?� �2H�� �� 5�#��-

7��8 5!�� �I�! $/ �� �85!�� �� �6#�� 9# . G;%I# .��#�����LMP 

���6#�%� �%3�� 7#�� 5�#���I�! ����D�MF�� ���%'� ���B�C " �C �C

 �#"�# r
� 7#��FACTS  ��6 ��# �6 ���:� �#�F  ��T%�# ���� 7��

�6#�%� ���%�# D����F ��@'� s����I�! ������ �C��!.  D��F G;%I#

�<��7#  �I�! ��` �� ��! "� ���i-j �� $�����!:  

)1( 
, ,i Loss i Con iρ λ λ λ= + +                                                      

)2(       
, , , ,( ) ( )ij i j Loss i Loss j Con i Con jρ ρ ρ λ λ λ λ= − = − + −  

 >�#"� ��# �� D��F�<��7#  ���! �C)
iρ( .��!�+ 7d��# �T2b� 7#  

)λ(��!�+ ��T�� �T2b� . 7#)
,Loss iλ (��!�+ �6#�� �T2b� " 7#  

)
,Con iλ (5�!�� �� ]10.[  

  

2-2-  ��� *��TCSC  
 

�5��� �T�%�� 7�C�5� 7#�� $#�� 79��TCSC ��$#���  �#"�# �0�

FACTS  �����6 �� �5� ��# [��%�# �6 .���:� �#�F  ��T%�# ���� 7��

��#� �:%&� ����� ��+ �� �M2�<� �� $/ . .��85��� D2�+ ��M2�<� ��

TCSC �� ��� ��Q%� ?���%�# $9�I ?� Y0! ��  ��� ���P �� 5�#��

��! 7�Ci  "j  Y0! �� �6 ��<���C .��! �%3�8 �R� ��)1 ( $�1�  �#�

D�#  5!.  

  
 Y0!)1 (�5� 79��TCSC ��85��� D2�+ 7�C�����6 7#��  
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     Y0! ��# ��
ijZ  "

shjB  " 7�� i�#5j�#  5�C� $�1� r���� ��

 " ���%�# >I 79#��cjX  ��9�I i��%6#�  5�C� $�1�TCSC D�# .

�5� 9# l�� ��# 79��TCSC  �"#5%� ��85��� D2�+ ��M2�<� 7#��

D�#]10[.  

 r
� " 7��8�#�F .D���+ ��TCSC  ���Q� r@� ���%�# >I �#5%�# ��

�� �0@! i��%���# i����� ���������8 .g"� ��+ ��# �� 7#�� ���C

�5� 79��TCSC  ���Q� #� �0@! i��%���# i����� �6 ��#� ��V"

���5C� .# 9# �0�g"� �� D2�+ ��M2�<� ��  ��%&8 ���P �� �6 �C

 ��85���TCSC �� �#�F  ��T%�# ���� �6 .D�# $#�� v��H� �5� .���8

 �a# $/ ��TCSC ��! �� $#�� v��H� $#��� �� ������� 7�Ci  "j  �6

TCSC �� �%3�8 �R� �� .�%3�8 �#�F $/ �����! . $#�� v��H�TCSC 

��v%1� ��
�� 5�#�� 7��8���! �� $#�� v��H� 7�Ci  "j  "� ��

 �� ����TCSC 5!�� $/ $"5� " . .���%� ��TCSC  $#�� v��H� �5� ��

��  �#� W����  5! v��H� $#�� ��'c >��� ��!]10:[  

)3(
 

( ) ( )2
Cos SinTCSC

i i ij i j ij i j ij i jP V G V V G Bδ δ δ δ = ∆ − ∆ − + ∆ −
 

       

                            

)4( ( ) ( )2
Sin CosTCSC

i i ij i j ij i j ij i jQ V B V V G Bδ δ δ δ = − ∆ − ∆ − − ∆ −
   

  

)5(
( ) ( )

2
Cos SinT CS C

j j ij i j ij i j ij i jP V G V V G Bδ δ δ δ = ∆ − ∆ − − ∆ −   
  

)6(
      ( ) ( )

2
Sin CosT CS C

j j ij i j ij i j ij i jQ V B V V G Bδ δ δ δ = − ∆ + ∆ − + ∆ − 

  

  

 >�#"� ��# �� �6T CSC
iP .T CSC

iQ .T C S C
jP  "T C S C

jQ  $#��

  5! v��H�)�T�� �� D@y� ( r
� >���TCSC  �I�! ��i-j 5�%&C .

 .���B�C
iV .

iδ .
jV "

jδ  " d�%2" ���#� �� _���� r���� ��

��! 7�C9�3 7�Ci  "j 5�%&C .
ijG∆  "

ijB∆ i��%6#� �� �%&�#"

TCSC �� " 5�%&C  >�#"� ���P)7 ( ")8 (�� �@���� 5��!]10:[  

 

( )
22 2 2

( 2 )

( )

c ij c ij
ij

ij ij ij ij c

x r x x
G

r x r x x

−
∆ =

 + + −
  

 )7(                       

( )

2 2

22 2 2

( )

( )

c ij ij c ij
ij

ij ij ij ij c

x r x x x
B

r x r x x

− +
∆ = −

 + + −
  

 

 $/ �� �6
ijr "ijx �I�! i��%6#� " D�"���  5�C� $�1� r���� ��-

�� 7# �6 5�!��TCSC D�#  5! r
� $/ 7"� �� . ���'� �#5��cx 

�� ���M� �6#�� D���5� �2h&� >������8 . v��H� �5� 9#  ��T%�# ��

  ��13 ���M� �#5� .$#��π ) r
� 9# 5M�TCSC ( ���%�# >I �I�!i-

j �� Y0! ���P �� 5�#��)2 ( 9# YP�+ ���M� $#�� v��H� $�"H3# ��

TCSC��! O;P# . .  

  
 Y0!)2 (  ��13 ���M� �#5�π  �I�!i-j  $#�� v��H� �5� 9#  ��T%�# ��

TCSC 

  

2-3 - ��V%�  �
� *���.�&��� '����� �.�4 �
  

  

 7��'�1�� �35C 5�c [�c��c �� 7#�#� �6#�� D���5� �2h&� 7#��

������ |�M� �� �6 D�# G5C A���D��"5�� " ���F 9# 7# 7�C

5��#� �#�F ��5F �%&�� . ��P# G5C A��� $#��M� �6 G5C A��� ��2"#

)f1 (�� ��5F �%&�� ������� ���HC Y6 .D�#5!�� . N"� G5C A�#��

 N�� ")f2  "f3 (}I�! r���� �� 7�#5��� 7�C #�X8 7�#5��� " d�%2"

�� ���P �� ���'� G5C A��� �6 .5�!��
1 2 3[ , , ]Min f f f ��5!�� .

 "  ��6 ����6 #� ���HC 7��'�1�� �35C 5�c �6#�� D���5� g"�

VSM  "CTEM �� ���1�� .��5F �%&�� 7�#5��� W�#H3# 7#�� #�-

5���� . W�#H3# �6 D�# �6o $���!VSM  "CTEM  g"� ��

� #� �6 D�# ��#  5�C� ���~� 7��'�1� 9# i�  5�/ D�5� Y+

D�# ���# ��6 �<�� ?� .�6#�� D���5� �2h&� . ������ .���%� ��

���'�N"��� s��� .�2��� ��# ��  5! �n#�# �35C 5�c 79�� $5! ��

 L�� WC�6 s��� ���%� �� "  5! ��;%I# ��#�� �� ��5F �%&��

�M<F�� �C��!.  

  

2-3 -1 -�KA� >�4 `��� 9��& �
�F& :����KF: �
�34 S&  

  

 �<�#� ���P �� �� �#9�� ������� ���HC Y6)9 (�� �%3�8 �R� �� ��!

]10:[  

                       
1 ( ) ( )GK Gk DK Dk

k SG k SD

Minimize f C P B P
∈ ∈

= −∑ ∑
  

 �<�#� ��# ��
GKC  "

DKB �  5�C� $�1� r���� �� 7��'�1�� ����

5�2��  5��6k  �^��� ��� ����� "k D�# . .���B�CSG  "SD  �� H��

D6�! $�85��65�2�� ������ r����D�# �#9�� �� �^��� "  5��6 .

 $#��� �� Z���M� �^��� ��� ����� " $�85��65�2�� 7��'�1�� �����

�� �%3�8 �R� �� N"� �V�� A�#����!.  

  

2-3 -2 -��� 9��& �
�<��X�� >�4 ` :  �����= aO�!

0����  

  

)9( 

)8( 

 [
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  .d�%2" �� _���� ��;%I# ��#�� �� ��5F �%&�� $��6 N"��� ��R�� ��

 d�%2" D���# 9# �3�6 m<� ?� .�6#�� D���5� 9# i� �6 D�# 7�"�^

��! UT+ . .����# ��VSM  9#5�# 7#��  ��T%�# ���� d�%2" D���# 7��8

D�# �%3�8 �#�F .  

)10(                                           ( , )DK DKVSM f P Q=  

 .�<�#� ��# �� �6
DKP  "

DKQ  ��%6#� " ��%6# $#�� G�
� r���� ��

 7�^���K 5�%&C . .d�%2" 7�#5��� ��M2�<� ��
DKP  "

DKQ  �� Z���M�

�� �#�F ����9�# ���� D��a $#�� ��%6�3 ?�5���8 .�� .��#����� $#��

 7�C��Q%� �6 D!#� ��'E#
DKP  "

DKQ  ��#����� "  ��� �%&�#"

VSM ���^��� ��%6#� $#�� 9# �M��� $#��� �� 5�#��
DKQ  |�3  

����!]8.[  

  

2-3 -3-X�� >�4 `��� 9��& �
�<�� :  �����= aO�!

��UH  

  

 ��;%I# " �C�<I ��#�� �� ��5F �%&�� 79��5���#�� ��R�� ��

�� .#�X8 7�#5��� D���5� 9# i� #�X8 D���# 9# �3�6 m<� ?� D&���

5�/ �C#�3 �6#�� . 9#5�# ��R�� �� [�c��c �� #�X8 D���# 7��8

��5� .7��'�1�� �6#�� D�CTEM  7�#5��� }I�! ?� $#��� ��

 D�#  5!  ��� ��6 �� �<I 7#�X8]5 .[CTEM  5�2�� 9# �M��� Z��5��

�� �C���#��d ��%6# $#��5!�� . . 5! ��'�1�� �35C 5�c [�c��c ��

v%1� 7#�� D���&+ 7��8CTEM  �@��� r���� .���#��d �C �� D@&�

<�� ��+ ����� 7�� 9# �"#  ��T%�# ���� ��5F �%&�� 7��@� ��6 �

D�# �%3�8 �#�F . �� ���Q� .r���� ��# 9#  ��T%�# ��CTEM  �� �V�� ��

�� �6#�� D���5� 9# i� 5�2�� ���Q� �<�#� ���P �� 5�#��)11 ( $���

���8:  

                                         
Gk

Gkk SG

CTEM
CTEM P

P∈

∂
∆ ≅ ∆

∂
∑

  
 .���%� ��CTEM � �<�#� ���P �� �6#�� D���5� 9# i� ���')12 (

�� �%!����!:  

)12(     
3 of CTEM CTEM CTEM= = +∆                                       

 �3 �<�#�
oCTEM  �#5��CTEM �# 9# Y@FD�# �6#�� D���5� ��� .

3f  7��'�1�� �35C5�c [�c��c �� �6 D�# G5C A��� �����

�� ���1�� ���8]10.[  

  

2-4 - ��� �
��� ��V%� ���; � �4 '����7�  

  

 ��# �� 7��'�1�� �35C 5�c �6#�� D���5��2���  G5C A��� �� Y��!

�@F W�� �� �6 D�#�  m�^���6 5!  �#�  r
� ���P ��TCSC  ��

 �I�!i-j  >�#"� 9#  ��T%�# �� ." ���'� ���� ��9 ��5F �%&�� ���F -

�� �#�F 79�����8.  

)13  (                                             min max
c c cx x x≤ ≤                                                                                       

)14(                         min max
GK GK GKP P P k SG≤ ≤ ∈                                                                  

)15(                          min max
GK GK GKQ Q Q k SG≤ ≤ ∈                           

)16(                         min max
DK DK DKP P P k SD≤ ≤ ∈                                                                

)17(                               tan( )Dk Dk DkQ P k SDφ= ∈                                              

)18(                        min max
K K KV V V k S N≤ ≤ ∈                                                                         

 �<�#�)13 ( i��%6#� �"5+TCSC �� }�1� #�  5!  ��T%�# 7��-

5���� .SN ��! ������  5�C� $�1�D�# ��5F �%&�� 7�C .

 ���B�CSG " SD �I�! " �^��� .�C���#��d ������ r���� ���� �C-

5!�� . >�#"�)14 ( ")15 ($#�� �"5+ #� �C���#��d ��%6#� " ��%6# 7�C

�� $�1�5C� . .���B�C �<�#�)16 ( ��%6# $#�� �"5+  5�C� �n#�#

D6��1� 7�^���D�# �#9�� ��  5��6 . �<�#�)17 ( $#��  5�C� �n#�#

D�# �C�^��� 7#�� D��a $#�� r��^ |�3 �� .�^��� ��%6#� . �<�#�)18 (

 �8 5�2��  5�C� �n#�#��! 7# 5�2�� 7�C5+#" 9# ������ ���P �� �C

%� 7�C5+#" �6 �2�+ �� .D�#  5! r
�  �8"��� ?� �� �5M

5!��]10.[  

  
  

Y0!)3(:  7��8�#�F 7#�� 7��'�1�� [�c��c ��6 ���c��3TCSC  7#��

�35C 5�c �6#�� D���5� ��S&�  

)11( 
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 ��W�� �35C5�c �%���:2# ����� �� 5M� �2��� ��# ��  5! �n#�# 

���'� �2h&� ��# Y+ D'VD�#  5! �%I#��� 79�� .  

  

3- �� �
��� ���W X�"���  ��� �
��� ��������

���� ����� ��!�"  �
�  
  

�%���:2# �0��# �� �V�� ��  9# �P�I l�� �2��� ��# �� 7��'�1��

 �#�o N�+�9# �%���:2#)PSO (D�# ،�� ��� ��  �%���:2#PSO  #�
%��

 ��!�+ 75�� �@�� 7*�#�%�# �� ij� " �%3�8 �#�F ����� ����

��! �� �%I#��� D�# �2��� ��# G5C �6 7��#��.  

  

3 -1-�W X�"���  ��� �
��� ����������  

  

 g"�PSO  g"� ?���#�� 7 79�� ���'� $/ 9#  ��T%�# �� �6 D�#

�� 7�~3 �� m<� �� �<�� ?� �C $/ [#�V �6 ��n�&� �� $#��n 

���� ���I�� .5!�� �� 75M� .�� O�<� ����^�3 ���~3 ���B��# ��-

��  �#� J�
%I# �#�o �� ��#5%�# D��� ?� " ��! ���B�C " ��!

�� �%3�8 �R� �� �#�� ��� �`�@��# 7�C ����6! �#�o ��# ij� ��

�� D6�+ ���� 7�~3 �� �;� ?� 7��@� �� ��P�+ p��%� " 5��6

�� �@���� ����9  9�� �C 9# i� �:%&��!��! . �#�o $��9 D!X8 ��

  "�8 �� " 5�%&C 7����� �:%&��! �;� 7#�#� �6 ��#�o D�� ��

�� [�%! 5��#� �#�F ���&0� �`�@��#5���8]6[ . g"� ��# ��P# D�H�

�7*�#�%�# � �#�o $#"#�3 �#5M� �6 D�# ��# �:�� 79�� ���'� 7�C

 ���� ���'� ���� Y01� ��#�� �� g"� G�<M�# s��� . 5��6 N�+�9#

�����8 . ��
%��  5��6 }�1� �6 D�# D�MF�� ?� 7#�#�  �o �C

�� 75M� 5�c 7��%&V 7�~3 ��  �o ��` ��  �o D6�+ �� " 5!��

���Q�  �o D�MF�� .$��9 ��5���� .( )ix t   �o D�MF��i }�1� #� N#

5���� �� . ?� �� 9��� �~3 �� $���� D6�+ 7#��  �o �C ���B�C

 ��#� D���( )iv t   �o D���i $��9 �� N#t�� }�1� #� N#5���� .

�� $#�� ��  �o �C D�MF�� �� D��� $�"H3 # ��#�� 75�5V D�MF 7

D3�8 �R� ��  �o . ��  �o D�MF�� " D��� $���� 9"� �� ����M�

 �<�#�)19 ( �<�#� ")20 (5�#  5!  ��"/]6[.  

)19(    ( ) ( ( 1)) ( ( ))
( 1)

( 1) ( ( 1)) ( ( ))

i i i
i

i i i

y t if f x t f y t
x t

x t if f x t f y t

+ ≥
+ = 

+ + ≤

  

                                min max

( 1) ( ) ( 1)

( ) ( , )

i i i

i

x t x t v t

x t U x x

+ = + +

�  
  

3 -2 -����  c������ ����� ��!�"  �
�  

3 D�MF�� ���;`# 9# ��!�+ $��"/ D�5� 7#�� .G5C 7�~3 �� 7��

 �� �<�� D����  ��T%�# D�M�V Y6��! . ���;`# 9#  ��T%�# ��

��!�+�� .7# D�5� #� Y+ 7�~3 �� 7��3 �<�� D�� ������ $#��

��!�+ D��C# �:��:c �6 .��"/ #� $��� �� �CY+ �V�� ���� #� �C

�� �#�F5C� .�@�� ���@�� .7��#�� ��!�+ 75�� �� 7��#�� 75��

 ����9�# 7#�� .D�M�V ��#�� �� �#�3# �6#�� ���;`# r�6�� 9#  ��T%�#

���'� N���# 7#�� �#�3# D�T�6�� D�5� 79��5�/ .�@�� ��!�+ 75��

 G#5C# ����� ������ �"�T� l���� ���P �� .�#�3# 7#�� 7��#��

�� ���M� ��!]7[:  

                
 .$/ �� �6Xi  "Xj  #� "� " 5�%&C Y+M D�# G#5C# �#5M� . N�'T� ��

 .����� �<��( )iGM R X  #� �%1�� .�%0c�6Y+ 7�CXi  r2��

��� 5�C#�I . �<�#� ���# ��)42 ( .�~3 �� Y+  #� "� �C 7#��Xi  ��Xj 

 �8# >�3 " �8# .5��#� 7����( ) ( )i jGMR X GMR X< 5!�� . �8#

( ) 0iGMR X =  .5!��Xi  ��%&V 7�~3 �� �#�3# 9# ?� q�C ��

��� 5C#��� �<�� D�� .  

  

3 -3 - �� ���F4 `���� d�"GMR  

 
���'� �R� ���� G#5C# 9# �0� $��"/ D�5� .�35C5�c 79��

 ?� �6 �D�# DI#��0� A�9�� " �8��%&8 �� .�0�� 7�C#5�5��6

�V��9# 75�� D�# �%���:2# �:%&��! . ��# ��2��� ��P�3 l���� 9# .�

�%�/ ���� �� 7��3 ��5��F# 9#5�# ?� $#��� �� .��%&V 7�~3 �� �C-

 �6#�� ���M� "  5!  ��T%�# ��%&V 7�~3 �� �#�3# A��� 9# 7��8

7��#�� )GD(  �<�#� ���P ��)22 (�� ���M����8]7[:  

                                                   
,

1

( )
pop

i i j

j
i j

GD X d
=
≠

= ∑
                                          

 �<�#� ��# �� �6GD(Xi)   �o 7��#�� �6#��  5�C� $�1�Xi  "di,j 

 ��� ��5��F# ��P�3  5�C� $�1�xi  "xj D�# . �#5�� $��� �%8�H�

GD(Xi)  G#�`# �� �#�o $��� �6  5�C� $�1�XiC �� . �"�T�  #��

D�# �%'� A�9�� " �#�3# $��� 7�%1�� .�@�� 7��#�� ����� 75��

)GGR ( �<�#� ���P ��)23 (�� ���M���!]7[:  

  

  
  

 �<�#� ��# ��GGR(Xi) �@��  5�C� $�1� 7��#�� ����� 75��Xi 

D�# . $��� �%0c�6GGR(Xi)  $��� r2��  5�C� $�1�Xi  �D�#

�� $�1� ���B�C�6#�� �6 5C�  7��#��Xi  7�%'� A�9�� 7#�#�

D�# .  

)20( 

)21( 

)22( 

)23( 
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3 -4 -  ��� �
��� �������� �� ��V%�  �
��& ��7,

���� �� �
��� ���W X�"��� ����� ��!�"  �
�  

  

��@! ��R�� �� ��  5! $��� �2h&� 79��W��7�C �@F� ��9  ��! �� .

�� Y�� �C 7#�� ���B�C ����8TCSC �� ���M� ��Q%� "� �6 .���8

#�� �0� $/  9#5�# ���M� 7#�� 7�:�� " �#"�# ��# r
� D�MF�� 7

D�# . Y0! �� �%���:2# ��# ���c��3)4 (�1�D�#  5!  �#� $.  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

4 - ��� ���! [���,  
  

 ��# ��W�� �����V 79�� ��@! p��%�  �#"�#FACTS  9#  ��T%�# ��

���'� �%���:2# �#�o N�+�9# 79���@�� �� ��%@� ��!�+ 75��

D�#  5! �n#�# �0@! �� �'� }I�! �� ��@'� ��R�� �� .7��#�� .

}I�! ��# �� �C�2���  " #�X8 7�#5��� ��!�+ .������� ���HC Y��!

�� d�%2" Y�3"�� ��@'�5!��.  9# "� ��# 9#TCSC �� WC�6 ��R�� �� .

�0� �� 7��8�#�F �� " D�#  5!  ��T%�# _�<I �6#��$ .�R�5� 7�C

}I�! �� ��@'� r@�D�#  5���8 �%&�� 7�C . ����� ��R�� ��

 �#5M�TSCS $/ �#�a# " �%&�� �� �C}I�! 7"� �� �C .�%&�� 7�C

 �#5M� �� �%&�#" �6 ��"�T%� 7�C������TSCS�� �C  5���8 �n#�# 5!��

D�#.  ���B�C " d�%2" Y��3"�� ��@'� .���HC $#H�� ��+�� �C �� ij�

D�# �%3�8 �#�F ����9�# ���� d�%2" 7�#5��� 5+ .  

  

4-1-�/��5� ���� ��%��  

  

 ��# ���2��� �%&�� 9# ��5F 39 ���! New England. ��<���C �6 

�� Y0! )5( $�1�  �#�  5! .D�# 7#�� ��@! 79��7�C ��%��  ����

D�# �%3�8 �#�F  ��T%�# .��# W����  ��� 9# �%&�� ���%�# 345 ���6 

D2" �� New England �� �%!#� 10 .���#��d 29 ��� ��� " 46 _�<I 

���%�# D�#.  

 
 Y0!)5 ( �%&�� 7��!39  ���!New-England ]11[  

  

4-2- �4 ����
�  

  

 �#5M� �� ���Q� �� ������ �� �2��� ��# ��TCSC$�0� D'V �C ����

D�#  5! �n#�# . ?� >�3 �"# ������TCSC $�0� " ����9�# D'V #�-

����� �R� �� ����8 . "� �#5M� N"� ������TCSC $�0� 7#�� " ����

}I�! ��@'��� �R� �� ��S&� G#5C# " �C���8 . .N�� ������ ��

 �#5M�TCSC ���'� g"� 9#  ��T%�# �� " �%3�8 �R��� N��M��� #� 79��

�� }�1� �#5M� ���%'��� ���M� N#56 �C $�0� "  9#5�# " ��!-

���8 .  

l"�! 

$���� 

��� 

 ���;`# $��6 ��#"

D2�+ �� �%&�� ����� " $#�� W�� N���# ���� 

�%�#��� $��6 ��#" ��2"# 7�C
��S&�  

  9#5�# " $�0� Y��! ��2"# �#�o ����#
TCSC 

G5C A��� �@���� "  �o �C 7#�� $#�� W�� N���# 

 �o �C D��� ����� 9"� �� 

 �o �C D�MF�� ����� 9"� �� 

G5C A��� ������ �@���� " 5�5V �#�o 7#�� $#�� W�� N���# 

 ����� $�#� �#�FN#56 �C 7#�� �@�� ���M� " �C ���6 �� �#�o 

�C �@�� ���# �� ��2"# �#�o �#5M� [��%�# 

 �� �#�0� �#5M� ��/

  5��� $����

��I 

 Y0!)4 ( �%���:2# ���c��3PSO  75�� �@�� �� ��%@�

 �����V ��S&� Y+ 7#�� 7��#�� ��!�+TCSC 
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  5=! �&���� �:�50� �� ������ �� ��# D��'� �� 5=�# .   �%=&�� �=�# ��

 ��#�� ���� D2�+ �� $#�� ���h� ���HC18/9628 �� ���5!��.  Y0=! ��

)6 ( �#5��LMP��! ����� 7#�� �CD�#  5!  �#� $�1� �%&�� 7�C. 

 Y0!)6 ( �#5��LMP ��!�%&�� 7�C M2�<� �����  

  

 �� �"5V)1 (���� ��?� Y��! �"# TCSC  ���HC ��@'� ��R�� ��

D�#  5! �n#�# d�%2" Y�3"�� ��@'� " #�X8 7�#5��� 5+ .������� .  

 �"5V ��)2 ( Y��! N"� ������ "�TCSC  ���HC ��@'� ��R�� ��

�#5��� 5+ .�������d�%2" Y�3"�� ��@'� " #�X8 7" . �� �"5V)3 (

 Y��! N�� ������ ��'c �y6#5+TCSC ��@'� ��R�� ��  ���HC

�������d�%2" Y�3"�� ��@'� " #�X8 7�#5��� 5+ . D�#  5! �n#�#.

 �"5V)1 ( 7��8�#�F $�0� p��%�TCSC  �%&�� ��39  ���!New-England ���� 7�C [#�V ��  

�� ����� 
 	
�� �����

���� 
����� 	
�� ����� 

TCSC 
(%) 

Cost($) 
VSM 
(%) 

CTEM 
(p.u.) 

de(V)% 

37 22 35 29/64 13/37991 98/14 02/7  91/2 

25  15 16 05/61 04/44325 89/14 12/8  47/1 

40 25 26 39/54 95/51095 05/15 74/6  01/3 

34  20 34 33/60 31/39362 98/14 15/9  99/1 

  

  ���!

>I  

  ���!

 ��!

#5%�# 

  ���!

 ��!

�'%�# 

TSCS(%) 
  ���!

>I 

  ���!

 ��!

#5%�# 

  ���!

 ��!

�'%�# 

TSCS(%) Cost($) VSM(%) CTEM(p.u) de(V)% 

34 20 34 73/12 25 15 16 14/69 3/41273 90/14 34/20  17/1 

36 22 23 42/20 6 3 4 71/12 82/39282 90/14 55/14  10/1 

37 22 35 31/32 46 29 38 33/58 02/40392 94/14 64/18  34/1 

43 26 28 21/11 24 14 15 00/80 8/42275 85/14 46/25  93/0 

  

  

  

  

  

  

  

  

  

  

 �"5V)2(:  "� 7��8�#�F $�0� p��%�TCSC  �� �%&��39  ���!New-England ���� 7�C [#�V ��  

  ���!

 _��� 
�#5M�  

  ���!  

�C >I 
 9#5�#  )5P��(  Cost($) VSM(%) CTEM(p.u) de(V)% 

1  3  5-15 -26 69/12-81/43-23/15  55/41001 91/14 16/19  50/3 

2  3  35-42 -46  96/50-19/60 -16/57  39/40296 69/15 90/14  59/2 

3  2  6-42  39/44 -43/42  65/41173 67/16 27/22  71/5 

4  4 15-31 -33-35  74/73 -21/71-79/15-75/23 30/39447 78/14 44/14  07/6 

5  4  15-28 -30-31  75/71 -34/12-47/49-63/54  57/41916 78/15 32/27  73/5 

6  2  6-15  04/20 -76/58  01/41140 67/14 86/25  30/4 

7  3  46-6-16  15/50 -14/27-79/48  13/40744 69/16 55/18  58/1 

 

 �"5V)3(:  ��'c �y6#5+ 7��8�#�F $�0� p��%�TCSC  �%&�� ��39  ���!New-England ���� 7�C [#�V �� 
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 �� �I/ �� " �&���� ������ �� 7#�� d�%2" Y�3"�� p��%� �����

D�#  5! �%I#��� . .��R�� ��# ��3 [#�V ���%'� 9# [#�V 7�C

�%�#D2�+ ��  5! [� Y0! �� �:�50� �� ��@F 7�C)7 ( 5! �&����-

5�# .D�P 7#�� " ��R�� ��# �� .�%'� ����3  7#�� ��%�� �#5M�

TCSCD�#  5! �%3�8 �R� �� �C.  

  
 Y0!)7 ( �&����3  ��%�� �#5M� 7#�� d�%2" Y�3"��TCSC  �� ��

������  

  

 Y0! �� �6 ��<���C)6 (�� �R+;��#�F �� .��! ?� 7��8TCSC .

 7#�� ��# .5��@�� ��I �� #� ���I ��@'� .$/ 7��8�#�F $�0� �� Y�3"��  

���! �:����#5� ��#5�c ��ah� �C . "� �6 ����9TCSC  �#�F �%&�� ��

���� �%&�� W�� 5�c �� ��@'� r@� .r���� �85�6#�� �� ���8-

���8 .�� r@� ��# ��## �%'� _��� �y6# �� Y�3"�� �6 ��! D2�+ 9

 ?� 7��8�#�FTCSC ��! �%&�� �� . �� �6 ����9TCSC  ��

�� �#�F �%&�� �"�T� .$/ l���� D�3�E �#5�� �0��# ��V" �� ���8

 D2�+ �� ��#5�c2 TCSC �� �%'� ��@'� r@� .��#5� �� #��9 .���8

 �%&�� 9# 7�%1�� _��� �� �6#�� ��@'� r@� .�%&�� �� �85�6#��

�%'� Y�3"�� "  5!D�#  5�/ D�� �� �%&�� 7#�� 7.  

�� �R+;� �6 ��<���C �� ���8TCSC ��@F ���� Y�3"�� 7#�#� 7��

Y@F D2�+ "� �� D@&��� ���� " 5!�� " WC�6 #� �%&�� �6#�� $#��

 7�#5��� ��@'� r@����8 �%&�� 7#�X8.  

  

5-  ��H �G��,  
  

 ?� $�#� �#�F ��TCSC  �6 ���! �� >�3 d�%2" Y�3"�� .�"# ������ ��

TCSC �� ��@'�  5! r
���! ���� 7"� �� ��#5�c ��ah� ��# .5��� �C

��#5� . �� "� $�#� �#�FTCSC}I�! " �%&�� d�%2" Y�3"�� . 7�C

# ������ �� D@&� ����� ���� 7��0����� #5�� 7�%1�� ��@'� �"-

5����� . g�%&8 D�3�E �85�6#��TCSC .�0@! ��%�� _��� �� �C

 #�X8 7�#5��� ��@'� " �%&�� �6#�� WC�6 .d�%2" Y�3"�� ��@'� s���

����!. �@�� �� ��%@� �%���:2# 9#  ��T%�# ��6 ��<���!�+ 75�� 7#

�%���:2# ���� �� D@&� 7���&� 7��#H� 7#�#� 7��#��  ���'� 7�C

�� 79���� �6 5!�� �V�� Y��F WC�6 " ��� ��#�:�C D��� �� $#��

��@! p��%� �� �V�� �� H�� D��'� �� " ��6  ��!# ��@���� 79��

 ��@'� 79�� ���'� g"� ��# 9#  ��T%�#14 % ��@'� .7�#5��� }I�!

18 % WC�6 " d�%2" Y�3"��%6/4 D�# �%!#� �� �� #� ������� ���HC. 
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 ��c, �K��� 9�%"� 52�%� ��39� ��

D�#  5!)1370 .( ��I  �:1�#� �;�
��

�� �� #� �� ��5�'� ����!��6 A<– 

 5+#" ��;�# �#9/  �:1�#� 9# ?��"�%02#

 ��39�)1393( ��5�'� 5!�# ����!��6 .

 ��–  5+#" ��;�# �#9/  �:1�#� 9# ��5F

 ��39�)1396 (D�#  ��6 7�j�.  

 7�C D�2�M3�F;� " �1C"*��0@! ����9 �� $�1�# 75�� 7�C

 " ��5F 7�C �%&�� 79�� ���'� .5��!�C �#"�#FACTS ��5!��.  

��Z�#<� -�<.�   5! 52�%� $#�'� ��

D�#)1352 .( ��I �C�:1�#� �;�
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 5!�# ����!��6 .����!��6 A<�� �� #�

��� �� �� ��I 7�%6� " 7�C)1374( .

)1380 ( ")1389 (  �:1�#� �� r���� ��

 " ���  �:1�#� " $#�5�9��  �:1�#� .��39�

�5�'� �%!� �� $#��# DM�P �� �– 

D�# �n��� XI# ��5F.   ��5�'� ����# 5!�# �~� $��6# �C $�1�#

 �0���# ?��"�%02# " ��)IEEE Senior Member ( ��� 9# ")1380 (

�� ��39� 5+#" ��;�# �#9/  �:1�#� ���� DS�C �~� $��6 �� -

5�!�� .����9�0@! $�1�# �������� 7�C 79�� ���'� .5��!�C 7�C

��5F 7�C �%&�� 7�C �%&�� �0������ " �0���%�# �M2�<� .

��%�6 " 7�#5��� . ��5F  �#"�# "FACTS ��5!��.   
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Multi-Objective optimal location of FACTS device using PSO 

algorithm based on Global Margin Ranking 

 

Abstract: 

 
Increased demand for electrical energy and the lack of development of the transmission 
network, has made transmission systems, as an intermediary between production and 
consumption, be more pressed. If the transmission network is not able to correct the desired 
interactions in the market congestion occurs in the electricity market. If this density is not 
controlled leading to a rise in market prices and monopolies in sales. One of the effective 
ways to deal with the issue is the use of FACTS devices such as TCSC, by changing the 
transmission line impedance, it has the ability to control the power flow of the transmission 
lines. Therefore, finding the capacity and location of these devices, it is a necessity for power 
system operators. In this thesis, an optimization method is used to find the number, the 
installation location and optimal capacity of the TCSC are intended to control network 
congestion. The goal of the optimization problem is to improve the voltage profile, improve 
transient stability and reduce operating costs. For this purpose, the Multi-objective particle 
swarm optimization based on global margin ranking has been used to solve the problem. In 
this research, several scenarios have been presented to illustrate the effect of adding TCSC to 
the network. The proposed method has been implemented on the New England Testing 
System, which has been used for this purpose by the Matlab software environment. The 
results obtained by the proposed algorithm indicate the accuracy and efficiency of the 
proposed method. 
 
Keywords: 
Congestion Management, FACTS devices, TCSC, Multi-objective particle swarm 
optimization based on global margin ranking, Transient Stability, Voltage Profile 
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