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Introduction
5HFHQWO\�� GXH� WR� UHIRUPDWLRQ� RI� HQHUJ\�RULHQWHG�
VRFLHW\�LQGHSHQGHQW�RI�D�IRVVLO�IXHO�RU�DWRPLF�SRZHU�
WRZDUGV�D�UHGXFWLRQ�RI�JUHHQKRXVH�JDV��RU�VROXWLRQ�
RI�D�QXFOHDU�SRZHU�JHQHUDWLRQ�SUREOHP��H[SHFWDWLRQV�
DUH�JURZLQJ�IRU�H[WHQVLYH�LQWURGXFWLRQ�RI�UHQHZDEOH�
HQHUJ\��VXFK�DV�ZLQG�DQG�VRODU�SRZHU��
� +RZHYHU�� ZKHQ� WKH\� FRQQHFW� WR� D� GLVWULEXWLRQ�
V\VWHP�LQ�ODUJH�TXDQWLWLHV�DV�'*��'LVWULEXWHG�*HQ-
HUDWLRQ���WKH\�PD\�RYHUVXSSO\��7KH�JHQHUDWHG�RXWSXW�
RI�'*�ÀRZV� LQWR�D�KLJKHU� OHYHO�V\VWHP�DV�UHYHUVH�

SRZHU�ÀRZ��DQG�PD\�KDYH�D�QHJDWLYH�LPSDFW�RQ�HOHF-
WULF�SRZHU�TXDOLW\�VXFK�DV�UDLVLQJ�WKH�YROWDJH�RI�WKH�
GLVWULEXWLRQ�V\VWHP��FKDQJLQJ�WKH�DOORZDEOH�YROWDJH�
UDQJH��RU�PDNLQJ�UHDFWLYH�SRZHU�LQVXI¿FLHQW��
� ,Q�WKLV�UHVHDUFK��SHQHWUDWLRQ�OLPLWV RI�'*�ZKHQ�
UHQHZDEOH�HQHUJLHV�DUH�LQWURGXFHG�LV�FODUL¿HG��2XU�
DLP�LV�WR�¿QG�WKH�PD[LPXP�OLPLWV�RI�'*�ZKLFK�FDQ�
EH�LQWURGXFHG�IRU�WKH�PDLQ�JULG�

Abstract

This paper deals with the quantity of renewable energy generation which can be introduced in 
Distribution Systems by using computer simulation which employs a model of the Distribution Systems 
containing a large-scale photovoltaic power generation (Mega Solar). From the viewpoint of the critical 

mass of the reverse power flow occurring in the Main Grid from the Mega Solar, the quantity of renewable energy 
generation which can be introduced was determined. When the amount of connected Mega Solar increased, as a 
result of the simulation, it became obvious that the reactive power of the Main Grid is consumed and the voltages 
rise at the connected bus. Furthermore, it was proved that the connectable quantity of the Mega Solar is restricted 
with 3-phase-short-circuit level at base voltage of the Main Grid. Then, by increasing 3-phase-short-circuit level at 
base voltage or connecting reactive power compensation equipment to the Distribution Systems, a connectable 
quantity of the Mega Solar has been increasingly introduced. In this study, for simulation of an actual power 
system, for the first time, a simulation model of the IEEE 30 Bus Test System on the MATLAB/Simulink environment 
is developed and its effectiveness is verified through various simulation results.

Keywords   Photovoltaic power generation; Distribution systems; Penetration limit; Reactive power compensation; IEEE 30 Bus 
test system

アジアの豊かな再生可能エネルギー
を利用するために、その電力供給源
を電力系統に多数連系し、利用する
ための問題点と解決策。

Renewable Energy Penetration Limits: 
Effect and Solution Issues for  

Interconnected Grid
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Method of Research
,I�39�LV�H[SDQGHG�DV�D�SODQW�VFDOH��LW�EHFRPHV�YHU\�
GLI¿FXOW�WR�VPRRWK�E\�DGMXVWLQJ�WKH�EDODQFH�RI�YROW-
DJH�YDULDWLRQ�DQG�WKH�DPRXQW�GHPDQGHG�XVLQJ�HOHF-
WULF�SRZHU�VWRUDJH�HTXLSPHQW��
� 7KHUHIRUH��FRQYHQWLRQDO�UHVHDUFK��DV�VKRZQ�LQ�)LJ��
1,���KDV�FRQVLGHUHG�KRZ�WR�FRQWURO�UHDFWLYH�SRZHU�DQG�
YROWDJH�EHIRUH�FDUU\LQJ�RXW�WKH�SHQHWUDWLRQ�RI�WKH�'*�
WR� WKH�SRZHU�V\VWHP�E\�XVLQJ�3&6��3RZHU�&RQGL-
WLRQLQJ�6XEV\VWHP��,W�KDV�D�FRQYHUVLRQ�IXQFWLRQ�RI�
'&�DQG�$&��DQG�D�YROWDJH�FRQWURO�IXQFWLRQ��������

� +RZHYHU��3&6� LV� LQVWDOOHG� LQ�D� ORZ� UDQN� UDWKHU�
WKDQ� WKH� WUDQVIRUPHU�� $� VRODU� FHOO� LV� FRQQHFWHG�
DFFRUGLQJ�WR�WKH�UHJXODWRU\�FDSDFLW\�RI�3&6��7KHUH-
IRUH��WKH�PRUH�LW�HQODUJHV�WKH�VFDOH�RI�39��WKH�PRUH�
3&6�V��KDYH�WR�EH�LQVWDOOHG�
� ,Q�WKLV�UHVHDUFK��'*�LV�GLUHFWO\�FRQQHFWHG�WR�WKH�
GLVWULEXWLRQ�V\VWHP�ZLWKRXW�SDVVLQJ�WKURXJK�D�FRQ-
WURO�GHYLFH��7KHUHIRUH��LW�LV�OHVV�RI�D�QHHG�IRU�HOHFWUL-
FDO�VWRUDJH�GHYLFHV��
� 0RUHRYHU��UDLVLQJ�WKH�YROWDJH�RI�GLVWULEXWLRQ�V\V-
WHP�DEVRUEV� WKH�UHDFWLYH�SRZHU�RI� WKH�GLVWULEXWLRQ�
V\VWHP��$V�D�UHVXOW��LW�LV�H[SHFWHG�WKDW�WKH�UHDFWLYH�
SRZHU� RI� GLVWULEXWLRQ� V\VWHP� ZLOO� EHFRPH� LQVXI-
¿FLHQW��$V� VKRZQ� LQ�)LJ����� HTXLSPHQW�ZKLFK�FDQ�
FRPSHQVDWH�IRU�UHDFWLYH�SRZHU�KDG�WR�EH�FROOHFWLYHO\�
LQVWDOOHG�LQ�WKH�KLJKHU�OHYHO�RI�GLVWULEXWLRQ�V\VWHP��
DQG� VWDELOL]DWLRQ� RI� GLVWULEXWLRQ� V\VWHP�KDG� WR� EH�
DWWDLQHG�E\�VXSSO\LQJ�UHDFWLYH�SRZHU��

Method of Simulation
8VLQJ�0$7/$%�6LPXOLQN��D���N9�HOHFWULF�SRZHU�
V\VWHP�ZDV�FRQVWUXFWHG�LQ�ZKLFK�D�0HJD�6RODU�V\V-
WHP�LV�GLUHFWO\�FRQQHFWHG�WR�D�GLVWULEXWLRQ�V\VWHP����
� 0DLQ�*ULG�DQG�ORDG�LV�FRQQHFWHG�WR�%XV����0HJD�
6RODU�LV�FRQQHFWHG�WR�%XV����%XV���LV�DOVR�FRQQHFWHG�
WR�%XV������7KH�DFWLYH�SRZHU�DQG�UHDFWLYH�SRZHU�RI�
WZR�SRZHU�VXSSOLHV�DUH�PHDVXUHG��,Q�DGGLWLRQ��IUH-
TXHQF\��YROWDJH��DQG�FXUUHQW�RI�HDFK�EXV�DUH�PHD-
VXUHG��7KH�SRZHU�FRQVXPSWLRQ�RI�ORDG�LV�VXSSOLHG�
E\�WKH�SRZHU�VXSSO\�RI�0DLQ�*ULG�DQG�0HJD�6RODU��
%\�FKDQJLQJ�WKH�VXSSO\�UDWH�RI�WZR�SRZHU�VXSSOLHV�
JUDGXDOO\�� LW� LV� SRVVLEOH� WR� REVHUYH�ZKDW� NLQGV� RI�
HIIHFWV�RFFXU�LQ�WKH�0DLQ�*ULG�ZKHQ�WKH�JHQHUDWHG�
RXWSXW�RI�0HJD�6RODU�FKDQJHV��:KHQ�HDFK�PHDVXUHG�
YDOXH�KDV�EHHQ�FKDQJHG��LI�LW�LV�OHVV�WKDQ�����IURP�
VWDQGDUG�YDOXH��ZH�FDQ�MXGJH�WKDW�LW�LV�SURSHU���

Simulation Results 1
(1-1) ,QÀXHQFH�ZKLFK���SKDVH�VKRUW�FLUFXLW�OHYHO�
at base voltage causes to Main Grid (Mega Solar 
is not introduced)
,Q�D�VLPXODWLRQ��ZKHQ�WKH�RXWSXW�RI�0HJD�6RODU�LV�VHW�
DW���LQ�WKH�HOHFWULF�SRZHU�V\VWHP�VLPXODWLRQ�PRGHO�
VKRZQ�LQ�)LJ�����WKDW�LV��WKHUH�LV�QR�JHQHUDWHG�RXW-
SXW�IURP�0HJD�6RODU�DQG�HOHFWULF�SRZHU�LV�VXSSOLHG�
WR�ORDG�RQO\�E\�WKH�SRZHU�VXSSO\�RI�WKH�0DLQ�*ULG��
,Q�WKLV�VLPXODWLRQ��WKH���SKDVH�VKRUW�FLUFXLW�OHYHO�DW�
EDVH�YROWDJH�RI�WKH�SRZHU�VXSSO\�RI�WKH�0DLQ�*ULG�LV�

)LJ����*ULG-FRQQHFWHG�0HJD�6RODU 6\VWHP

)LJ����DiUHFW�CRQQHFWLRQ of 0HJD�6RODU 6\VWHP WR�WKH�
DLVWULEXWLRQ�S\VWHP�

)LJ��� The ��N9�EOHFWULF�3RZHU�S\VWHP�SLPXODWLRQ�0RGHO

)LJ��� 3-SKDVH-VKRUW-FLUFXLW�/HYHO�DW�BDVH�9ROWDJH YV�$FWLYH�
3RZHU�RI�0DLQ�*ULG

)LJ��� 0HJD�6RODU YV�%XV�9ROWDJH
�3-SKDVH-VKRUW-FLUFXLW�/HYHO�DW�BDVH�9ROWDJH: 3*103 09$�

)LJ��� 0HJD�6RODU YV�5HDFWLYH�3RZHU
�3-SKDVH-VKRUW-FLUFXLW�/HYHO�DW�BDVH�9ROWDJH: 3*103 09$�

7DEOH� ��� 2SHUDWLRQDO� VWDWXV� ZLWK 0HDVXUHG� 9alueV
�3-pKDVH-VKRUW-cLUFXLW�/HYHO�DW�BDVH�9ROWDJH : 3*103 09$�
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Fig. 1 Grid-connected Mega Solar System
)LJ����*ULG-FRQQHFWHG�0HJD�6RODU 6\VWHP

)LJ����DiUHFW�CRQQHFWLRQ of 0HJD�6RODU 6\VWHP WR�WKH�
DLVWULEXWLRQ�S\VWHP�

)LJ��� The ��N9�EOHFWULF�3RZHU�S\VWHP�SLPXODWLRQ�0RGHO

)LJ��� 3-SKDVH-VKRUW-FLUFXLW�/HYHO�DW�BDVH�9ROWDJH YV�$FWLYH�
3RZHU�RI�0DLQ�*ULG

)LJ��� 0HJD�6RODU YV�%XV�9ROWDJH
�3-SKDVH-VKRUW-FLUFXLW�/HYHO�DW�BDVH�9ROWDJH: 3*103 09$�

)LJ��� 0HJD�6RODU YV�5HDFWLYH�3RZHU
�3-SKDVH-VKRUW-FLUFXLW�/HYHO�DW�BDVH�9ROWDJH: 3*103 09$�

7DEOH� ��� 2SHUDWLRQDO� VWDWXV� ZLWK 0HDVXUHG� 9alueV
�3-pKDVH-VKRUW-cLUFXLW�/HYHO�DW�BDVH�9ROWDJH : 3*103 09$�

0HJD�
6RODU
>0:@

$FWLYH�
3RZHU
>0:@

%XV
9ROWDJH
>N9@

5HDFWLYH�
3RZHU
>09$5@

2SHUDWLRQDO�
SWDWXV

0 ���� ���� ���� uVXDO
10 ���� ���� ���� uVXDO
30 ���7 ���� ���� uVXDO
60 ���� ���� ���� XVXDO
90 -���� ���� ���� XVXDO

100 -���� ���� ���� XVXDO
105 -���� ���� ���� XQXVXDO
110 -���� ���� ���� XQXVXDO
120 -���� ���� ���� XQXVXDO

0DLQ�*ULG 39

69&

3-phase-short-circuit Level at Base Voltage [MVA]

A
ct

iv
e 

P
ow

er
 o

f 
M

ai
n 

G
ri

d 
[M

W
]

PV [MW]

B
us

 V
ol

ta
ge

[k
V

]

PV [MW]

R
ea

ct
iv

e 
P

ow
er

[M
V

A
R

]: 4XDQWLW\� RI� WKH� $FWLYH�
3RZHU�ZKLFK�FDQ�flow

0     102 103 104      105      106 107

minimum level of tolerance

maximum level of tolerance

minimum level of tolerance

minimum level of tolerance

3&6

��N9

Reactive 
Power 
Supplier

��N9

Fig. 2  Direct Connection of Mega Solar System to the 
Distribution System 
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Fig. 3  The 66kV Electric Power System Simulation Model
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FKDQJHG�IURP����09$�WR���7�09$�WR�REVHUYH�ZKDW�
NLQG�RI�LQÀXHQFH�WKHVH�FKDQJHV�ZRXOG�OHDG�WR�LQ�WKH�
DFWLYH�SRZHU�RI�WKH�0DLQ�*ULG�
� $V� D� UHVXOW�� ZKHQ� ��SKDVH�VKRUW�FLUFXLW� OHYHO�
DW�EDVH�YROWDJH�ZDV�FKDQJHG��LW�WXUQHG�RXW�WKDW�WKH�
SRZHU�ÀRZ�RI�DFWLYH�SRZHU�ZDV�UHVWULFWHG��7KH�YDOXH�
IRU�ZKLFK�DFWLYH�SRZHU�FRQYHUJHV�ZDV�LQYHVWLJDWHG��
7KH� UHVXOWV� DUH� VKRZQ� LQ�)LJ�� ��� 6LQFH� WKH� SRZHU�
FRQVXPSWLRQ�RI�ORDG�ZDV�VHW�WR����0:��WKH�UHG�OLQH�
VKRZHG�WKH�PLQLPXP�RI�WKH�WROHUDQFH�OHYHO�RI�DFWLYH�
SRZHU��$FFRUGLQJ� WR� )LJ�� ��� ZKHQ� ��SKDVH�VKRUW�
FLUFXLW�OHYHO�DW�EDVH�YROWDJH�ZDV�PRUH�WKDQ����
��3 
09$�� WKH� UHVXOW�ZDV� WKDW� WKH� DFWLYH�SRZHU�RI� WKH�
0DLQ�*ULG�WRRN�D�SURSHU�YDOXH�

(1-2)�,QÀXHQFH�RI���SKDVH�VKRUW�FLUFXLW�OHYHO�DW�
base voltage on the Main Grid (Mega Solar: 10 
0:����SKDVH�VKRUW�FLUFXLW�OHYHO�DW�EDVH�YROWDJH��
10�MVA)
,Q�WKLV�VLPXODWLRQ��HOHFWULF�SRZHU�ZLWK�0HJD�6RODU�
FRQQHFWHG�WR�%XV���ZDV�SHUIRUPHG��/RDG�FRQVXPS-
WLRQ�LV����0:��0DLQ�*ULG�VXSSOLHV����0:�DQG�0HJD�
6RODU�VXSSOLHV����0:����SKDVH�VKRUW�FLUFXLW�OHYHO�DW�
EDVH�YROWDJH�ZDV�VHW�DV���3�09$�DFFRUGLQJ�WR�)LJ����
VR�WKDW�0DLQ�*ULG�PLJKW�\LHOG����0:�RXWSXW�
� $OO� WKH� DFWLYH� SRZHU� RI�0HJD� 6RODU� ZDV� FRQ-
VXPHG�E\�ORDG��DQG�WKH�UHVXOW�UHYHDOHG�WKDW�WKH�0DLQ�
*ULG� ZDV� FRPSHQVDWLQJ� WKH� SDUW� LQ� ZKLFK� 0HJD�
6RODU�ZDV�QRW�DEOH�WR�FRYHU�WKH�SRZHU�FRQVXPSWLRQ�

RI�ORDG��+RZHYHU��WKH�0DLQ�*ULG�VXSSOLHG����0:�
VXSSOLHG� LQVWHDG�RI����0:��)XUWKHUPRUH�� WKH�VXP�
RI�WKH�DFWLYH�SRZHU�RI�WZR�SRZHU�VXSSOLHV�ZDV�VHW�WR�
���0:�ZKLFK�LV�D�SUHVHW�YDOXH�RI�0DLQ�*ULG��7KLV�
VKRZHG�WKDW���SKDVH�VKRUW�FLUFXLW�OHYHO�DW�EDVH�YROW-
DJH�KDG�UHVWULFWHG�WKH�SRZHU�ÀRZ�RI�DOO�WKH�EXVHV�

(1-3) ,QÀXHQFH�RI���SKDVH�VKRUW�FLUFXLW�OHYHO�DW�
base voltage on the Main Grid (Mega Solar: 10 
0:����SKDVH�VKRUW�FLUFXLW�OHYHO�DW�EDVH�YROWDJH��
�
��� MVA)
7KH�SRZHU�ÀRZ�RI� WKH� JHQHUDWHG� RXWSXW� RI�0HJD�
6RODU�SHQHWUDWHG�WR�%XV����/RDG�FRQVXPSWLRQ�LV����
0:��0DLQ�*ULG�VXSSOLHV����0:�DQG�0HJD�6RODU�
VXSSOLHV� ��� 0:�� +RZHYHU�� ��SKDVH�VKRUW�FLUFXLW�
OHYHO�DW�EDVH�YROWDJH�ZDV�VHW�DW��
��3�09$�EHFDXVH�
ZKHQ���SKDVH�VKRUW�FLUFXLW� OHYHO�DW�EDVH�YROWDJH�LV�
PRUH�WKDQ����
��3�09$��WKH�DFWLYH�SRZHU�RI�0DLQ�
*ULG�WDNHV�D�SURSHU�YDOXH��:KHQ���SKDVH�VKRUW�FLU-
FXLW�OHYHO�DW�EDVH�YROWDJH�LV�VHW�DW�PRUH�WKDQ����
��3 
09$��HYHQ�ZKHQ�WKH�VXP�WRWDO�RI� WKH�SRZHU�ÀRZ�
RI�WZR�EXVHV�ZDV�VHW�WR����0:��D�SRZHU�ÀRZ�FRXOG�
EH�FDUULHG�RXW�ZLWKRXW�UHVWULFWLRQ��0RUHRYHU��VLQFH�LW�
ZDV�MXVW�EHORZ�WKH�PLQLPXP�RI�WKH�QRUPDO�RSHUDWLRQ�
UDQJH�ZKHQ���SKDVH�VKRUW�FLUFXLW�OHYHO�DW�EDVH�YROW-
DJH�LV����
��3�09$��LW�VHW�DW��
��3�09$�
� $OO�WKH�DFWLYH�SRZHU�RI�WKH�0HJD�6RODU�ZDV�FRQ-
VXPHG�E\�ORDG��DQG�WKH�0DLQ�*ULG�ZDV�FRPSHQVDW-
LQJ�IRU�ZKDW�WKH�0HJD�6RODU�ZDV�QRW�DEOH�WR�FRYHU�
LQ�WHUPV�RI�SRZHU�FRQVXPSWLRQ�RI�ORDG��0RUHRYHU��
VLQFH� WKH�0DLQ�*ULG� VXSSOLHV� WKH� UHPDLQLQJ� �����
0:�� LW�ZDV� FODUL¿HG� WKDW�PLWLJDWLRQ� RI� ORDG� ÀRZ�
UHVWULFWLRQV�ZDV�FRPSOHWHG�E\�PDNLQJ� WKUHH�SKDVH�
VKRUW�FLUFXLW�FDSDFLW\�LQFUHDVH��,W�FDQ�EH�VDLG�WKDW�WKH�
PHDVXUHG�YDOXH�RI�WKLV�VLPXODWLRQ�LV�ZLWKLQ�WKH�OLPLWV�
RI�QRUPDO�RSHUDWLRQ�

(1-4) ,QÀXHQFH� RI� ��SKDVH�VKRUW�FLUFXLW� OHYHO�
at base voltage on the Main Grid (Mega Solar: 
������0:�� ��SKDVH�VKRUW�FLUFXLW� OHYHO� DW� EDVH�
YROWDJH���
��� MVA)
7KH�VDPH�VLPXODWLRQ�DV�WKH�SUHYLRXV�RQH�ZDV�SHU-
IRUPHG�� :KHQ� WKH� HOHFWULF� SRZHU� SURGXFWLRQ� RI�

Fig. 4  3-phase-short-circuit Level at Base Voltage vs Active 
Power of Main Grid

)LJ����*ULG-FRQQHFWHG�0HJD�6RODU 6\VWHP

)LJ����DiUHFW�CRQQHFWLRQ of 0HJD�6RODU 6\VWHP WR�WKH�
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0HJD�6RODU� LQFUHDVHV� IURP���:� WR�����0:�� LW� LV�
LQYHVWLJDWHG�ZKDW� NLQG� RI� LQÀXHQFH� LW� KDV� RQ� WKH�
DFWLYH�SRZHU�DQG�UHDFWLYH�SRZHU�RI�0DLQ�*ULG��DQG�
EXV�YROWDJH��7KH�UHVXOW�RI�WKLV�VLPXODWLRQ�LV�VKRZQ�
LQ�7DEOH���DQG�)LJV����DQG����,Q�DGGLWLRQ��WKH�UHG�OLQH�
LQ�)LJV����VKRZV�WKH�PD[LPXP�DQG�PLQLPXP�RI�WRO-
HUDQFH�OHYHO��2QO\�D�PLQLPXP�RI�WROHUDQFH�OHYHO�LV�
VKRZQ�LQ�)LJ����
� $V�VHHQ�LQ�7DEOH����ZKHQ�0HJD�6RODU�LQFUHDVHV�
JUDGXDOO\��WKH�DFWLYH�SRZHU�RI�0DLQ�*ULG�GHFUHDVHV�
JUDGXDOO\��2Q�WKH�RWKHU�KDQG��DV�VKRZQ�LQ�)LJ�����EXV�
YROWDJH�KDV�QRW�UHDFKHG�D�PD[LPXP�RU�D�PLQLPXP��
+RZHYHU��LW�LV�H[SHFWHG�WKDW�LW�ZLOO�UHDFK�D�PD[LPXP�
LI�0HJD�6RODU�IXUWKHU�LQFUHDVHV�VLQFH�WKH�PRQRWRQH�
LQFUHDVH�RI�WKH�EXV�EDU�YROWDJH�LV�FDUULHG�RXW�ZLWK�WKH�
LQFUHDVH�LQ�0HJD�6RODU��
 0RUHRYHU��IURP�)LJ�����ZLWK�WKH�LQFUHDVH�LQ�0HJD�
6RODU��RQFH�UHDFWLYH�SRZHU�JRHV�XS��LW�LV�GHVFHQGLQJ��
7KH�UHDVRQ�ZKLFK�ZHQW�XS�RQFH�LQ�WKH�¿UVW�VWDJH�LV�
VKRZQ�EHORZ��:KHQ�0HJD�6RODU�LV�VHW�DW���:��RXWSXW�
LV�QRW�DFWXDOO\���:�EXW�VHYHUDO�QHJDWLYH�YDOXHV�RI�
���:��6LQFH�WKH�DFWLYH�SRZHU�IURP�WKH�SRZHU�VXSSO\�
RI�WKH�0DLQ�*ULG�SDVVHG�DORQJ�WKH�%XV���DQG�ÀRZHG�
LQWR�WKH�0HJD�6RODU��D�PHDVXUHG�UHDFWLYH�SRZHU�LV�
FRQVXPHG�� 7KLV� LV� ZK\� WKH� YDOXH� RI� WKH� UHDFWLYH�
SRZHU�ZDV� VPDOOHU� WKDQ� WKH�YDOXH�RI� WKH�RULJLQDO��
5HDFWLYH�SRZHU�LV�GHVFHQGLQJ��DIWHU�UHDFKLQJ�DW�WKH�

SHDN�LQ������09$5��5HDFWLYH�SRZHU�UHDFKHG������
09$5�ZKHQ�WKH�DFWLYH�SRZHU�RI�0HJD�6RODU�ZDV�VHW�
DW�����0:��7KLV�LV�OHVV�WKDQ�������09$5�RI�D�WROHU-
DQFH�OHYHO�PLQLPXP��7KHUHIRUH��LW�FDQ�EH�MXGJHG�DV�
DQ�XQXVXDO�RSHUDWLRQ�
� ,Q� WKH�VHWXS�RI� WKLV� UHVHDUFK�IURP�WKHVH� UHVXOWV��
ZKHQ���SKDVH�VKRUW�FLUFXLW�OHYHO�DW�EDVH�YROWDJH�ZDV�
����09$��LW�WXUQHG�RXW�WKDW�WKH�SHQHWUDWLRQ�OLPLW�RI�
0HJD�6RODU�ZDV�����0:��

(1-5) ,QÀXHQFH�ZKLFK���SKDVH�VKRUW�FLUFXLW�OHYHO�
at base voltage causes to the Main Grid (Mega 
6RODU��������0:����SKDVH�VKRUW�FLUFXLW�OHYHO�DW�
base voltage: 105 MVA)
)URP�WKH�UHVXOW�RI�WKH�VLPXODWLRQ��������LI���SKDVH�
VKRUW�FLUFXLW�OHYHO�DW�EDVH�YROWDJH�RI�WKH�SRZHU�VXS-

)LJ����*ULG-FRQQHFWHG�0HJD�6RODU 6\VWHP

)LJ����DiUHFW�CRQQHFWLRQ of 0HJD�6RODU 6\VWHP WR�WKH�
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)LJ��� 0HJD�6RODU YV�%XV�9ROWDJH
�3-SKDVH-VKRUW-FLUFXLW�/HYHO�DW�BDVH�9ROWDJH: 3*103 09$�

)LJ��� 0HJD�6RODU YV�5HDFWLYH�3RZHU
�3-SKDVH-VKRUW-FLUFXLW�/HYHO�DW�BDVH�9ROWDJH: 3*103 09$�

7DEOH� ��� 2SHUDWLRQDO� VWDWXV� ZLWK 0HDVXUHG� 9alueV
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Fig. 5  Mega Solar vs Bus Voltage
(3-phase-short-circuit Level at Base Voltage: 3*103 MVA)

Fig. 6  Mega Solar vs Reactive Power
(3-phase-short-circuit Level at Base Voltage: 3*103 MVA)

Table 1  Operational status with Measured Values (3-phase-
short-circuit Level at Base Voltage : 3*103 MVA)

Mega 
Solar
[MW]

Active 
Power
[MW]

Bus
Voltage

[kV]

Reactive 
Power

[MVAR]

Operational 
Status

0 ���� ���� ���� XVXDO
10 ���� ���� ���� XVXDO
30 ���� ���� ���� XVXDO
60 ���� ���� ���� XVXDO
90 ����� ���� ���� XVXDO
100 ����� ���� ���� XVXDO
105 ����� ���� ���� XQXVXDO
110 ����� ���� ���� XQXVXDO
120 ����� ���� ���� XQXVXDO
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SO\�LV�IXUWKHU�LQFUHDVHG��LW�FDQ�EH�H[SHFWHG�WKDW�WKH�
SHQHWUDWLRQ�OLPLW�RI�0HJD�6RODU�ZLOO�LQFUHDVH��7KHUH-
IRUH����SKDVH�VKRUW�FLUFXLW�OHYHO�DW�EDVH�YROWDJH�ZDV�
VHW�DW���5�09$��DQG�WKH�VDPH�VLPXODWLRQ�ZDV�FDUULHG�
RXW�DV�ODVW�WLPH�
 :KHQ� WKH� HOHFWULF� SRZHU� SURGXFWLRQ� RI� 0HJD�
6RODU�LQFUHDVHV�IURP���:�WR�����0:��ZKDW�NLQG�RI�
LQÀXHQFH�LW� OHDGV�WR�LV�LQYHVWLJDWHG�LQ�WHUPV�RI�WKH�
DFWLYH�SRZHU�DQG�UHDFWLYH�SRZHU�RI�0DLQ�*ULG��DQG�
EXV�YROWDJH��7KH�UHVXOW�RI�WKLV�VLPXODWLRQ�LV�VKRZQ�LQ�
7DEOH���
� )URP�7DEOH����ZKHQ�0HJD�6RODU�LQFUHDVHV�JUDGX-
DOO\��WKH�UHVXOW�LV�WKDW�WKH�DFWLYH�SRZHU�RI�0DLQ�*ULG�
GHFUHDVHV�JUDGXDOO\��2Q� WKH�RWKHU�KDQG�� WKH�PD[L-
PXP�DQG�PLQLPXP�RI�EXV�YROWDJH�DUH������N9�DQG�
�����N9��UHVSHFWLYHO\��$OWKRXJK�PHDVXUHG�YDOXH�KDV�
QRW� EHHQ� UHDFKHG�� EXV� YROWDJH� GHFUHDVHV�ZLWK� WKH�
LQFUHDVH�LQ�0HJD�6RODU��
� )XUWKHUPRUH��PRQRWRQH�GHFUHDVLQJ�RI�WKH�UHDFWLYH�
SRZHU�LV�FDUULHG�RXW�ZLWK�WKH�LQFUHDVH�LQ�WKH�0HJD�
6RODU��:KHQ�WKH�DFWLYH�SRZHU�RI�WKH�0HJD�6RODU�LV�
VHW� DW� ����0:�� UHDFWLYH�SRZHU� UDSLGO\�GHFUHDVHV��
%HFDXVH� RI� WKLV� UHVXOW�� IXUWKHUPRUH�� LW� ZLOO� EH�
H[SHFWHG�WKDW�D�OLPLW�LV�DSSURDFKHG�LI�WKH�DPRXQW�RI�
LQWURGXFWLRQ�LQFUHDVHV��,Q�DQ\�FDVH��LW�FDQ�EH�MXGJHG�
DV�QRUPDO�RSHUDWLRQ�

� )URP�WKHVH�UHVXOWV�� LW�FDQ�EH�FRQFOXGHG�WKDW� WKH�
PRUH� ��SKDVH�VKRUW�FLUFXLW� OHYHO� DW� EDVH� YROWDJH�
LQFUHDVHG��WKH�PRUH�WKH�SHQHWUDWLRQ�OLPLW�RI�WKH�0HJD�
6RODU�LQFUHDVHV�

(1-6) ,QÀXHQFH� RI� UHDFWLYH� SRZHU� FRPSHQVD-
tion on the Main Grid (Mega Solar: 0-120 MW, 
��SKDVH�VKRUW�FLUFXLW� OHYHO� DW� EDVH� YROWDJH��
�
���MVA)
,Q�WKLV�VLPXODWLRQ��WKH�LQVXI¿FLHQF\�IURP����09$5�
ZKLFK� LV� D� VWDQGDUG� YDOXH� RI� UHDFWLYH� SRZHU�ZDV�
FRPSHQVDWHG�IRU�E\�D�9$5�6\VWHP�ZKLFK�LQFOXGHV�
SRZHU�FDSDFLWRUV��:KHQ�WKH�SRZHU�SURGXFWLRQ�RI�WKH�
0HJD�6RODU�LQFUHDVHV�IURP���:�WR�����0:��LW�VKRZV�
ZKDW�NLQG�RI�LQÀXHQFH�LW�OHDGV�WR�LQ�WKH�DFWLYH�SRZHU�
DQG�UHDFWLYH�SRZHU�RI�WKH�0DLQ�*ULG��DQG�EXV�YROW-
DJH��7KH�UHVXOW�RI�WKLV�VLPXODWLRQ�LV�VKRZQ�LQ�7DEOH���
DQG�)LJV����DQG����,Q�DGGLWLRQ��WKH�UHG�OLQH�VKRZV�WKH�
PD[LPXP�DQG�PLQLPXP�RI�WROHUDQFH�OHYHO�
� )URP�WKH�UHVXOWV�LQ�7DEOH����ZH�VHH�WKDW�ZKHQ�WKH�
0HJD�6RODU� LQFUHDVHV� JUDGXDOO\�� WKH� DFWLYH� SRZHU�
RI�WKH�0DLQ�*ULG�GHFUHDVHV�JUDGXDOO\��2Q�WKH�RWKHU�
KDQG��WKH�PD[LPXP�DQG�PLQLPXP�RI�EXV�YROWDJH�DUH�
�����N9�DQG������N9��UHVSHFWLYHO\��0HDVXUHG�YDOXH�
KDV�QRW�UHDFKHG�WKH�PD[LPXP�DQG�PLQLPXP�OHYHOV��
$OWKRXJK�UHDFWLYH�SRZHU�GHFUHDVHV�ZLWK�WKH�LQFUHDVH�

Table 2  Operational Status with Measured Values (3-phase-
short-circuit Level at Base Voltage: 105 MVA)

Mega 
Solar
[MW]

Active 
Power
[MW]

Bus 
Voltage

[kV]

Reactive 
Power

[MVAR]

Operational 
Status

0 ���� ���� ���� XVXDO
10 ���� ���� ���� XVXDO
30 ���� ���� ���� XVXDO
60 ���� ���� ���� XVXDO
90 ����� ���� ���� XVXDO
100 ����� ���� ���� XVXDO
120 ����� ���� ���� XVXDO
140 ����� ���� ���� XVXDO
160 ����� ���� ���� XVXDO
300 -215 ���� ���� XVXDO

Table 3  Each Measured Value (3-phase-short-circuit 
Level at Base Voltage : 3*103 MVA, with Reactive Power 
Compensation )

Mega 
Solar
[MW]

Active 
Power
[MW]

Bus 
Voltage

[kV]

Reactive 
Power

[MVAR]

Operational 
Status

0 ���� ���� ���� XVXDO
10 ���� ���� ���� XVXDO
30 ���� ���� ���� XVXDO
60 ���� ���� ���� XVXDO
90 ���� ���� ���� XVXDO
100 ����� ���� ���� XVXDO
105 ����� ���� ���� XVXDO
110 ����� ���� ���� XVXDO
120 ����� ���� ���� XVXDO
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LQ� WKH�0HJD�6RODU�� LW� LV�DOPRVW�¿[HG�DW�D�VWDQGDUG�
YDOXH��,Q�DQ\�FDVH��LQ�WKH�VLPXODWLRQ�XQGHU�WKHVH�FRQ-
GLWLRQV��LW�FDQ�EH�MXGJHG�DV�QRUPDO�RSHUDWLRQ�
� )URP�WKHVH�UHVXOWV�� LW� LV�SRVVLEOH�WR�LQVWDOO�UHDF-
WLYH�SRZHU�FRPSHQVDWLRQ� HTXLSPHQW� LQ� WKH�KLJKHU�
UDQN�RI�DQ�HOHFWULF�SRZHU�V\VWHP�FROOHFWLYHO\��DQG�
WR�NHHS�WKH�VWDWH�RI�DQ�HOHFWULF�SRZHU�V\VWHP�VWDEOH�
E\�VXSSO\LQJ�UHDFWLYH�SRZHU��DQG�DOVR�WR�PDNH�WKH�
DPRXQW�RI�LQWURGXFWLRQ�RI�WKH�0HJD�6RODU�LQFUHDVH�
ZLWKRXW�LQFUHDVLQJ�RI���SKDVH�VKRUW�FLUFXLW�OHYHO�DW�
EDVH�YROWDJH�RI� WKH�SRZHU�VXSSO\�FRQWDLQHG�LQ� WKH�
0DLQ�*ULG�

IEEE 30 Bus Test System
7KH�,(((����%XV�7HVW�6\VWHP�UHSUHVHQWV�D�SRUWLRQ�
RI�WKH�$PHULFDQ�(OHFWULF�3RZHU�6\VWHP��LQ�WKH�0LG-
ZHVWHUQ�86��DV�RI�'HFHPEHU��������7KLV�PRGHO�RI�
,(((�LV�RI¿FLDOO\�UHFRJQL]HG�DV�D�EHQFKPDUN��,W�ZDV�
UHFRPPHQGHG�WR�WKH�SRZHU�V\VWHP�UHVHDUFK�DV�D�VWDQ-
GDUG�PRGHO�V\VWHP��WKHUHIRUH�WKH�REWDLQHG�UHVXOWV�RI�
WKH�VLPLODU�VLPXODWLRQV�FRXOG�EH�FRPSDUHG�WRJHWKHU��
6LQFH������LW�KDV�EHHQ�XVHG�DV�D�JHQHUDO�PRGHO�V\V-
WHP�IRU�SRZHU�V\VWHP�VLPXODWLRQ��,Q�WKLV�VWXG\��ZH�
DOVR�XVHG�WKLV�,(((����%XV�7HVW�6\VWHP��+RZHYHU��
ZH�ZHQW�IXUWKHU�DQG�GHVLJQHG�WKLV�PRGHO�V\VWHP�RQ�
WKH�0$7/$%�6LPXOLQN��7KXV�� E\� SHUIRUPLQJ� WKH�
VLPXODWLRQ�FORVH�WR�WKH�DFWXDO�SRZHU�V\VWHP��ZH�FDQ�
DVVXPH�WKDW�RXU�UHVHDUFK�VXEMHFW�RQ�SHQHWUDWLRQ�OLP-
LWV�RI�D�0HJD�6RODU�FRQQHFWHG�WR�PHWURSROLWDQ�DUHD�
SRZHU�JULG�LV�FORVH�WR�WKH�UHDO�FRQGLWLRQV��,W�VKRXOG�
EH�QRWHG�WKDW�WKH�RULJLQDO�WRWDO�LQVWDOOHG�FDSDFLW\�RI�
WKH�,(((����%XV�7HVW�6\VWHP�LV�DERXW������0:��VR�
LQ�RUGHU�WR�XVH�WKLV�PRGHO�V\VWHP��ZH�VKRXOG�PRGLI\�
WKH�WRWDO�FDSDFLW\�DGMXVWHG�WR�WKH�VXEMHFW�RU�RXU�VWXG\�
� 5HFHQWO\��PXFK�UHVHDUFK�LV�GRQH�XVLQJ�0$7/$%�
6LPXOLQN��VR�ZH�WKRXJKW�RI�GHYHORSLQJ�DQ�,(((����
%XV�7HVW�6\VWHP�ZKLFK�FDQ�EH� UXQ�RQ�0$7/$%�
6LPXOLQN�VR� WKDW� WKH� UHVXOWV�FRXOG�EH�VHHQ�JUDSKL-
FDOO\�ZLWK�JUHDW�ÀH[LELOLW\��6R�IDU��WKHUH�LV�QR�VXFK�
PRGHO�RQ� WKH�0$7/$%�6LPXOLQN�DQG� WKH�DXWKRUV�
EHOLHYH�WKLV�LV�WKH�¿UVW�RQH�GHYHORSHG�VR�IDU���,Q�WKLV�
UHVHDUFK��ZH�FRXOG�VXFFHVVIXOO\�DQG�QHZO\�GHYHORS�
WKH�PRGHO�DQG�FRQQHFW� WKH�0HJD�6RODU� IRU� IXUWKHU�
VLPXODWLRQ��7KURXJK�WKLV�VLPXODWLRQ��ZH�LQYHVWLJDWHG�
WKH�SHQHWUDWLRQ�OLPLWV�RI�D�0HJD�6RODU�FRQQHFWHG�WR�
SRZHU�JULG��7KH�EHQH¿WV�RI�XVLQJ�WKLV�PRGHO�RQ�WKH�
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HOHPHQW��$OVR��PDQ\�VWDWHV�VXFK�DV�IDLOXUHV�DQG�RWKHU�
SKHQRPHQD�ZKLFK�PD\� KDSSHQ� LQ� WKH� ODUJH�VFDOH�
SRZHU� V\VWHP� ZLWK� ODUJH� LQWHUFRQQHFWHG� 39� DQG�
RWKHU�UHQHZDEOH�HQHUJLHV�FDQ�EH�DQDO\]HG��8VLQJ�WKLV�
PRGHO��ZH�FDQ�LQFUHDVH�WKH�SHQHWUDWLRQ�OLPLWV�RI�D�
0HJD�6RODU�E\�UHPRYLQJ�WKH�FDXVHV�
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Fig. 7  Mega Solar vs Bus Voltage
(3-phase-short-circuit Level at Base Voltage: 3*103 MVA, with 
Reactive Power Compensation)

Fig. 8  Mega Solar vs Reactive Power 
(3-phase-short-circuit Level at Base Voltage: 3*103 MVA, 
with Reactive Power Compensation)
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� &XUUHQWO\��WKH�GHYHORSPHQW�RI�,(((����%XV�7HVW�
6\VWHP�VLPXODWLRQ�PRGHO���KDV�EHHQ�FRPSOHWHG��)LJ��
��VKRZV�WKH�FRPSOHWH�GHYHORSHG�,(((����%XV�7HVW�
6\VWHP�RSHUDWLQJ�RQ�0$7/$��6LPXOLQN�
� 5HJDUGLQJ� WKH�VWDWH�RI� WKH� LQGLYLGXDO�RSHUDWLRQ��
WKH�,(((����%XV�7HVW�6\VWHP�ZH�GHYHORSHG�LV�RSHU-
DWLQJ�QRUPDOO\��,Q�WHUPV�RI�YROWDJH��DV�DQ�H[DPSOH��
WKH�HUURU�EHWZHHQ�WKH�LGHDO�YDOXHV�DQG�RXU�VLPXODWLRQ�
UHVXOW�LV�DERXW�������DW�WKH�PD[LPXP�SRLQW���
� ,Q�DGGLWLRQ��YROWDJH��FXUUHQW��DFWLYH�SRZHU��UHDF-
WLYH�SRZHU��IUHTXHQF\�FDQ�EH�PHDVXUHG�DW�DQ\�SRLQW��
7DEOH���VKRZV�DQ�H[DPSOH�RI�V\VWHP�YROWDJH�VLPXOD-
WLRQ�UHVXOWV�ZKLFK�LV�FRPSDUHG�ZLWK�WKH�WUDGLWLRQDO�
1HZWRQ� 5DSKVRQ� UHVXOW���� 7KH� ORZ� HUURU� EHWZHHQ�
WKH� WUDGLWLRQDO�1HZWRQ�5DSKVRQ�DQG�RXU�SURSRVHG�
PRGHO�GHPRQVWUDWHV�WKH�HIIHFWLYHQHVV�RI�WKH�PRGHO�
ZH�GHYHORSHG��7KH�GHWDLOV�RI�WKH�,(((����%XV�7HVW�
6\VWHP�FRPSRQHQWV�DUH�VKRZQ�LQ�)LJ����
� 7KH�³5HG�EORFNV´�DUH�WKH�JHQHUDWRUV��,Q�DQ�DFWXDO�
SRZHU�V\VWHP��LW�LV�HTXLYDOHQW�WR�D�ODUJH�VFDOH�SRZHU�
SODQWV�� ,W� LPSOHPHQWV� D� ��SKDVH� VLPSOLILHG� V\Q-
FKURQRXV�PDFKLQH��7KH�PDFKLQH� LV�PRGHOHG�DV�DQ�
LQWHUQDO�YROWDJH�EHKLQG� WKH�5�/� LPSHGDQFH��6WDWRU�
ZLQGLQJV�DUH�FRQQHFWHG�LQ�:\H�WR�DQ�LQWHUQDO�QHXWUDO�
SRLQW��,Q�WKLV�PRGHO��WKHUH�DUH�VL[�SRZHU�JHQHUDWLRQV��
*��WKURXJK�*���6ZLQJ�W\SH�*��FDQ�FKDQJH�LWV�SRZHU�
RXWSXW� WR�NHHS� WKH�EDODQFH�RI�VXSSO\�DQG�GHPDQG��
+RZHYHU�� WKH�RXWSXW� YDOXHV�RI�*�� WR�*�� DUH�NHSW�
¿[HG��7KH�JHQHUDWRU�RXWSXWV�DUH�SUHVHQWHG�LQ�7DEOH���
� 7KHUH�DUH����EXVHV�LQ�WKLV�PRGHO��%XV���WR�%XV����
DUH�KLJKHU�OHYHO�V\VWHP�EXVHV��DOO����N9���%XV����WR�
ZKLFK�WKH�0HJD�6RODU�LV�FRQQHFWHG�LV�FDOOHG�D�0HJD�
6RODU�EXV��7KH�RXWSXW�YROWDJH�RI�WKH�0HJD�6RODU�EXV�
LV�ERRVWHG�WR����N9�E\�WKH�WUDQVIRUPHU�
� 7KH�³3XUSOH�EORFNV´� DUH� WKH� WUDQVIRUPHUV��7KLV�
EORFN� LPSOHPHQWV� D� WKUHH�SKDVH� WUDQVIRUPHU�FRP-
SRVHG� RI� WKUHH� VLQJOH�SKDVH� WUDQVIRUPHUV��:H� FDQ�
VHW� WKH�ZLQGLQJ�FRQQHFWLRQ�WR�µ<Q¶�ZKHQ�ZH�ZDQW�
WR�DFFHVV�WKH�QHXWUDO�SRLQW�RI�WKH�:\H��,W�VKRXOG�EH�
QRWHG�WKDW�LQ�WKLV�VLPXODWLRQ�PRGHO��RQO\�WKH�KLJKHU�
OHYHO�V\VWHP�LV�UHSUHVHQWHG�DQG�WKH�ORZHU�OHYHO�V\V-
WHP�LV�RPLWWHG��7KDW�LV�WKH�UHDVRQ�ZK\�DOO�EXVHV�DUH�
ERRVWHG�WR����N9�E\�WKH�WUDQVIRUPHU�

Table 4  Simulation of the System Voltage and the Error 
Before Mega Solar Interconnection

Bus
#

Demand Voltage Magnitude

P
[MW]

Q
[MVAR]

Newton
Raphson

Result
[pu]

Proposed
Model
Result
[pu]

Relative
Error
[pu]

1 - - ����� ����� �����
2 ����� ����� ����� ����� �����
3 ���� ���� ����� ����� �����
4 ���� ���� ����� ����� �����
5 - - ����� ����� �����
6 - - ����� ����� �����
7 ����� ����� ����� ����� �����
8 ����� ����� ����� ����� �����
9 - - ����� ����� �����
10 ���� ���� ����� ����� �����
11 - - ����� ����� �����
12 ����� ���� ����� ����� �����
13 - - ����� ����� �����
14 ���� ���� ����� ����� �����
15 ���� ���� ����� ����� �����
16 ���� ���� ����� ����� �����
17 ���� ���� ����� ����� �����
18 ���� ���� ����� ����� �����
19 ���� ���� ����� ����� �����
20 ���� ���� ����� ����� �����
21 ����� ����� ����� ����� �����
22 - - ����� ����� �����
23 ���� ���� ����� ����� �����
24 ���� ���� ����� ����� �����
25 - - ����� ����� �����
26 ���� ���� ����� ����� �����
27 - - ����� ����� �����
28 - - ����� ����� �����
29 ���� ���� ����� ����� �����
30 ����� ���� ����� ����� �����
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� 7KH�³*UD\�EORFNV´�DUH� WKH� ORDGV��/RDGV�DUH� WKH�
ODUJH�VFDOH�IDFWRULHV�DQG�D�VHW�RI�KRXVHV��)RU�HDFK��
D� WKUHH�SKDVH� VHULHV�5/&� ORDG� LV� LPSOHPHQWHG�� ,Q�
WKLV�PRGHO��WKHUH�DUH����ORDGV��ORDG���WR�ORDG�����LQ�
ZKLFK� WKH\�GR�QRW�FKDQJH�DQG�DUH�NHSW�¿[HG��7KH�
ORDG�FRQVXPSWLRQV�DUH�VKRZQ�LQ�7DEOH���DV�GHPDQG�
� 7KH�EORFN�WKDW�DSSHDUV�LQ�WKH�LPDJH�RI�WKH�39�LV�D�
0HJD�6RODU��,W�FDQ�SURYLGH�DQ\�RXWSXW��6RODU�SRZHU�
RXWSXW�LV�YDULHG�E\�WKH�LUUDGLDWLRQ�DQG�WHPSHUDWXUH��
)OXFWXDWLRQV� RI� 0HJD� 6RODU� RYHU� WKH� PRGHO� V\V-
WHP�FDQ�EH�REVHUYHG�DQG�PHDVXUHG��5HJDUGLQJ�WKH�
PHDVXUHG�GDWD�IRU�WKLV�0HJD�6RODU��WKH�YDOXHV�ZHUH���
DFWXDOO\�PHDVXUHG�DW�DSSUR[LPDWHO\�QRRQ�RQ�$XJXVW�
����������IURP�DQ�DFWXDO���N:�SKRWRYROWDLF�V\VWHP�
LQVWDOOHG� DW� 7RN\R� 8QLYHUVLW\� RI�$JULFXOWXUH� DQG�
7HFKQRORJ\��.RJDQHL�FLW\��7RN\R��-DSDQ�
� )RU�YROWDJH�DQG�IUHTXHQF\��WKH�TXDOLW\�RI�SRZHU�
ÀRZ�RI�WKH�0HJD�6RODU�DQG�SRZHU�V\VWHP�LV�FRQVLVW�
HQW�E\�DGMXVWLQJ�WKH�LQYHUWHU��3DUDPHWHUV�UHTXLUHG�LQ�
WKH�GHVLJQ�RI�WKH�WUDQVPLVVLRQ�OLQH�DUH�PDLQO\�UHVLVW�
DQFH��UHDFWDQFH��DQG�FDSDFLWDQFH��%\�UHIHUHQFH�WR�WKH�
YDOXH�DW���NP��LW�LV�SRVVLEOH�WR�VHW�WKH�YDOXHV���IRU�DQ\�
OHQJWK�
� 5HJDUGLQJ�WKH�GDWD��ZH�UHIHUUHG�WR�WKH�SDUDPHWHU�
GDWD�RI�JHQHUDWRUV��ORDGV��DQG�EUDQFKHV�SURYLGHG�E\�
,UDM�'DEEDJFKL�RI�$(3�DQG�HQWHUHG�LQ�,(((�&RP-
PRQ�'DWD�)RUPDW�E\�5LFK�&KULVWLH�DW�WKH�8QLYHUVLW\�
RI�:DVKLQJWRQ���� +RZHYHU�� LW KDV� EHHQ� SXEOLVKHG�
IURP� WKH� VDPH� UHVHDUFK� WHDP� WKDW� WKH� OLQH� LPSHG-
DQFHV�ZHUH�LQFRUUHFW�DQG�WKH�GDWD�KDV�QRW�EHHQ�UXQ�
WKURXJK�D�SRZHU�ÀRZ�WR�FKHFN�WKH�DQVZHUV��7KHUH-

IRUH��LQ�WKLV�VWXG\��ZH�KDYH�DGRSWHG�WKH�VHW�YDOXH�LQ�
0$732:(5�ZKLFK� LV� WKH� HPEHGGHG�SRZHU�ÀRZ�
FDOFXODWLRQ�VRIWZDUH�RI�0$7/$%�
� 0$732:(5�GDWD� LV�EDVHG�RQ� WZR�SDSHUV�������� 
$FFRUGLQJ�WR�WKLV�GDWD��JHQHUDWRU�ORFDWLRQV�DQG�EXV�
DUHDV�ZHUH� LPSURYHG� IURP� WKH� ,(((� ���%XV�7HVW�
6\VWHP�� %UDQFK� SDUDPHWHUV� ZHUH� URXQGHG� WR� WKH�
QHDUHVW� ������ 6KXQW� YDOXHV� ZHUH� GLYLGHG� E\� �����
6KXQW�RQ�%XV����ZDV�PRYHG�WR�%XV����/RDG�DW�%XV���
ZDV�]HURHG�RXW�

Simulation Results 2
,Q�WKLV�VWXG\��D�0HJD�6RODU�LV�FRQQHFWHG�WR�%XV����
ZKHUH� WKH�JHQHUDWRU�*�� LV� DOVR� FRQQHFWHG��$V�*��
LV�JHQHUDWLQJ�LWV�PD[LPXP�RXWSXW��ZLWK�WKH�H[FHS-
WLRQ� RI� *�� DV� WKH� VZLQJ� W\SH�� WKH� SRZHU� V\VWHP�
PD\�DEVRUE�WKH�FKDQJHV�FDXVHG�E\�WKH�0HJD�6RODU�
WKURXJK�WKH�%XV����)LJ����VKRZV�DQ�HQODUJHG�YLHZ�RI�
WKH�YLFLQLW\�RI�WKH�0HJD�6RODU�

(2-1) ,QÀXHQFH�RI�0HJD�VRODU�RQ�WKH�0DLQ�*ULG�
(Mega Solar: 0-10 MW, No reactive power com-
pensation)
,Q�WKLV�VLPXODWLRQ��WKH�HOHFWULF�SRZHU�ZLWK�D�0HJD�
6RODU�FRQQHFWHG�WR�WKH�%XV���ZDV�SHUIRUPHG��0DLQ�
*ULG�WRJHWKHU�ZLWK�WKH�0HJD�6RODU�VXSSO\�SRZHU�WR�
WKH�/RDG���DQG�RWKHU�ORDGV��,Q�WKLV�VLPXODWLRQ��RQH�RI�
RXU�PDLQ�REMHFWLYHV�ZDV�WR�LQYHVWLJDWH�ZKDW�LPSDFW�
LW�PD\�KDYH�RQ�WKH�DFWLYH�DQG�UHDFWLYH�SRZHU�RI�WKH�
0DLQ�*ULG�DV�ZHOO�DV�WKH�EXV�YROWDJH�ZKHQ�WKH�HOHF-
WULF�SRZHU�IURP�WKH�0HJD�6RODU�LQFUHDVHV�IURP���WR�
���0:��7KH�REWDLQHG�UHVXOWV�RI�WKLV�VLPXODWLRQ�DUH�
VKRZQ�LQ�7DEOH���DQG�)LJ������,Q�DGGLWLRQ�� WKH�UHG�
OLQH�LQ�)LJ�����VKRZV�WKH�PLQLPXP�RI�WROHUDQFH�OHYHO�
� 7DEOH���FOHDUO\�VKRZV�WKDW�WKH�DFWLYH�SRZHU�RI�WKH�
0DLQ�*ULG�GHFUHDVHV�JUDGXDOO\�LQ�SURSRUWLRQ�WR�WKH�
LQFUHDVH�RI�WKH�0HJD�6RODU��2Q�WKH�RWKHU�KDQG��WKH�
EXV�YROWDJH�UHPDLQHG�XQFKDQJHG�DW����N9�DQG�GLG�
QRW�UHDFK�WKH�PD[LPXP�RU�PLQLPXP�OHYHOV��,QWHUHVW-
LQJO\�HQRXJK��LW�ZDV�DQWLFLSDWHG�WKDW�LW�ZRXOG�UHDFK�
WKH�PD[LPXP�ZKHQ�WKH�0HJD�6RODU�LQFUHDVHG��VLQFH�
WKH�PRQRWRQH�LQFUHDVH�RI�WKH�EXV�YROWDJH�LV�FDUULHG�
RXW�ZLWK�WKH�LQFUHDVH�LQ�WKH�0HJD�6RODU�

Table 5  The Generator Outputs

%XV
#

3J
>0:@

Qg
>09$5@

Qmax
>09$5@

Qmin
>09$5@

1 ����� 0 150 -20

2 ����� 0 60 -20

13 37 0 ���� -15

22 ����� 0 ���� -15

23 ���� 0 40 -10

27 ����� 0 ���� -15
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� 0RUHRYHU��IURP�)LJ������WKH�UHDFWLYH�SRZHU�RI�WKH�
0DLQ�*ULG�GHVFUHDVHV�ZLWK�WKH�LQFUHDVH�RI�WKH�0HJD�
6RODU��5HDFWLYH�SRZHU�ZDV�UHDFKHG�DW�������09$5�
ZKHQ�WKH�DFWLYH�SRZHU�RI�WKH�0HJD�6RODU�ZDV�VHW�DW�
�����0:��7KLV�LV�MXVW�D�PLQLPXP�WROHUDQFH�OHYHO�
� 2Q�WKH�RWKHU�KDQG��ZLWK�WKH�H[FHSWLRQ�RI�%XV����
WKH�FKDQJHV�LQ�WKH�RWKHU�EXVHV�GLG�QRW�H[FHHGHG�WKH�
OLPLW��%DVHG�RQ�WKH�REWDLQHG�UHVXOWV��LW�ZDV�REYLRXV�

  

)LJ���� 0HJD�6RODU YV�5HDFWLYH�3RZHU
�1R�5HDFWLYH�3RZHU CRPSHQVDWLRQ�

7DEOH�6� ,QIOXHQFH�RI�0HJD�6RODU�&KDQJH�RQ�WKH�0DLQ�*ULG
$FWLYH��5HDFWLYH�3RZHU�DQG�9ROWDJH
�No RHDFWLYH�3RZHU CRPSHQVDWLRQ �

0HJD�
6RODU
>0:@

$FWLYH�
3RZHU
>0:@

%XV�
9ROWage
>N9@

5HDFWLYH�
3RZHU
>09$5@

2SHUDWLRQDO�
SWDWXV

0 ����� 135 ����� XVXDO
1 ����� 135 ����� XVXDO
2 ����� 135 ���� XVXDO
3 ����� 135 ����� XVXDO
4 ����� 135 ����� XVXDO
5 ����� 135 92 XVXDO
��� ����� 135 ����� XVXDO
���� ����� 135 ����� XVXDO
��� ����� 135 ����� unXVXDO
6 ����� 135 ����� unXVXDO
8 ����� 135 ����� unXVXDO

10 ����� 135 ����� unXVXDO

7DEOH�7� ,QIOXHQFH�RI�0HJD�6RODU�&KDQJH�RQ�WKH�0DLQ�*ULG
$FWLYH��5HDFWLYH�3RZHU�DQG�9ROWDJH
�ZLWK�5HDFWLYH�3RZHU CRPSHQVDWLRQ �

0HJD�
6RODU
>0:@

$FWLYH�
3RZHU
>0:@

%XV�
9ROWDJH
>N9@

5HDFWLYH�
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>09$5@

2SHUDWLRQDO�
SWDWXV

0 ����� 135 ����� XVXDO
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Fig. 10  Enlarged View of the Vicinity of the Mega Solar

Fig. 11  Mega Solar vs Reactive Power
(No Reactive Power Compensation)

Table 6  Influence of the Mega Solar Change on the Main 
Grid Active, Reactive Power and Voltage (No Reactive 
Power Compensation )
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0 ����� 135 ����� XVXDO
1 ����� 135 ����� XVXDO
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4 ����� 135 ����� XVXDO
5 ����� 135 92 XVXDO
��� ����� 135 ����� XVXDO
���� ����� 135 ����� XVXDO
��� ����� 135 ����� XQXVXDO
6 ����� 135 ����� XQXVXDO
8 ����� 135 ����� XQXVXDO
10 ����� 135 ����� XQXVXDO
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WKDW� WKH�SHQHWUDWLRQ� OLPLW�RI� WKH�0HJD�6RODU� LQWUR-
GXFHG�LQ�WKH�,(((����%XV�7HVW�6\VWHP�LV������0:��
7KLV�YDOXH�LV�DOPRVW����RI�WKH�WRWDO�LQVWDOOHG�FDSDF-
LW\��������0:��

(2-2)�,QÀXHQFH�RI�0HJD�6RODU�RQ�WKH�0DLQ�*ULG�
(Mega Solar: 0–10 MW, with reactive power 
compensation)
7KH�LQVXI¿FLHQF\�IURP�������09$5��ZKLFK�LV�D�VWDQ-
GDUG�YDOXH�RI� UHDFWLYH�SRZHU��ZDV�FRPSHQVDWHG�IRU�
E\�D�9$5�6\VWHP�ZKLFK�LQFOXGHV�SRZHU�FDSDFLWRUV��
'HULYHG� IURP� WKH� UHVXOWV� RI� D� VLPXODWLRQ� ������� WKH�
RXWSXW�YDOXH�RI�9$5�6\VWHP�LV�VKRZQ�LQ�WKH�IROORZ-
LQJ�HTXDWLRQ�����

�����±Qm²
����

 = Qvar system�� ���

� :KHUH��Qm�LV�D�PHDVXUHG�YDOXH�RI�UHDFWLYH�SRZHU�
LQ�SUHYLRXV�VLPXODWLRQ�DQG�Qvar V\VWHP�LV�D�UHDFWLYH�
SRZHU�ZKLFK�LV�FRPSHQVDWHG�E\�WKH�9$5�6\VWHP�
� ,Q� WKLV� VLPXODWLRQ�� RQH� RI� RXU�PDLQ� REMHFWLYHV�
ZDV�WR�LQYHVWLJDWH�ZKDW�LQÀXHQFHV�LW�PLJKW�KDYH�RQ�
WKH�DFWLYH�DQG�UHDFWLYH�SRZHU�RI� WKH�0DLQ�*ULG�DV�
ZHOO�DV�WKH�EXV�YROWDJH�ZKHQ�WKH�HOHFWULF�SRZHU�IURP�
WKH�0HJD�6RODU� LQFUHDVHV� IURP��� WR� ���0:��7KH�
REWDLQHG�UHVXOWV�DUH�VKRZQ�LQ�7DEOH���DQG�)LJ������,Q�
DGGLWLRQ��WKH�UHG�OLQHV�LQ�)LJ�����VKRZ�WKH�PD[LPXP�
DQG�PLQLPXP�RI�WROHUDQFH�OHYHOV�
� 7DEOH� �� FOHDUO\� VKRZV� WKDW� WKH� DFWLYH� SRZHU� RI�
WKH�0DLQ�*ULG� GHFUHDVHV� JUDGXDOO\� LQ� FRUUHODWLRQ�
ZLWK� WKH� LQFUHDVH�RI� WKH�0HJD�6RODU��2Q� WKH�RWKHU�
KDQG��WKH�PD[LPXP�DQG�PLQLPXP�RI�EXV�YROWDJH�DUH�
�������N9�DQG��������N9�� UHVSHFWLYHO\��0HDVXUHG�
YDOXHV�GLG�QRW�UHDFK�WKH�PD[LPXP�RU�WKH�PLQLPXP�
OHYHOV��7KH�PD[LPXP�DQG�PLQLPXP�RI�EXV�UHDFWLYH�
SRZHU�DUH�������0:�DQG��������0:��UHVSHFWLYHO\��
5HDFWLYH�SRZHU�LV�DOPRVW�¿[HG�DW�D�VWDQGDUG�YDOXH��
,Q�DQ\�FDVH��LQ�WKH�VLPXODWLRQ�XQGHU�WKHVH�FRQGLWLRQV��
LW�FDQ�EH�MXGJHG�DV�QRUPDO�RSHUDWLRQ�
� )URP�WKH�REWDLQHG�UHVXOWV��LW�LV�REYLRXV�WKDW�RXU�
GHYHORSHG�,(((����%XV�7HVW�6\VWHP�LV�VXFFHVVIXOO\�
GHVLJQHG��7KHUHIRUH��LW�LV�SRVVLEOH�WR�LQVWDOO�WKH�UHDF-
WLYH�SRZHU� FRPSHQVDWLRQ�HTXLSPHQW� DW� WKH�KLJKHU�

UDQN�RI�D�SRZHU�V\VWHP��$OVR�LW�LV�SRVVLEOH�WR�NHHS�
WKH�VWDWH�RI�D�SRZHU�V\VWHP�VWDEOH�E\�VXSSO\LQJ�UHDF-
WLYH�SRZHU�ZKLOH� WKH�DPRXQW�RI� WKH�0HJD�6RODU� LV�
LQFUHDVHG�

Conclusions
,Q�WKLV�UHVHDUFK��LQ�RUGHU�WR�VROYH�WKH�SUREOHP�RI�D�
EXV�YROWDJH�VXUJH�RI�GLVWULEXWLRQ�V\VWHPV�ZKLFK�PD\�
DULVH�DQG�ZKHQ�UHDFWLYH�SRZHU�LV�LQVXI¿FLHQW��ZKHQ�
D�39� LV� FRQQHFWHG� DQG�H[SDQGHG� WR� D�SODQW� VFDOH��
WKH� WHFKQLTXH�RI�DWWDLQLQJ�VWDELOL]DWLRQ�RI�DQ�HOHF-
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SRZHU�FRPSHQVDWLRQ�HTXLSPHQW�LQ�WKH�KLJKHU�UDQN�
RI�D�SRZHU�V\VWHP�HQDEOHV�WKH�0HJD�6RODU�WR�FRQ-
QHFW�WR�WKH�SRZHU�V\VWHPV�ZLWKRXW�SDVVLQJ�D�FRQWURO�
GHYLFH��)URP�WKH�UHVXOWV�REWDLQHG�IURP�WKHVH�VLPXOD-

)LJ���� 0HJD�6RODU YV�5HDFWLYH�3RZHU
�ZLWK�5HDFWLYH�3RZHU CRPSHQVDWLRQ�

PV [MW]

R
ea

ct
iv

e 
P

ow
er

 [
M

V
A

R
]

minimum level of tolerance

maximum level of tolerance

Fig.12  Mega Solar vs Reactive Power
(with Reactive Power Compensation)

Table 7  Influence of the Mega Solar Change on the Main 
Grid Active, Reactive Power and Voltage (with Reactive 
Power Compensation )

Mega Solar
[MW]

Active 
Power
[MW]

Bus 
Voltage

[kV]

Reactive 
Power

[MVAR]

Operational 
Status

0 ����� 135 ����� XVXDO
2 ����� 135 ����� XVXDO
4 ����� 135 ����� XVXDO
6 ����� 135 ����� XVXDO
8 ����� 135 ����� XVXDO
10 ����� 135 ����� XVXDO
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WLRQV��LW�ZDV�VKRZQ�WKDW�ZKHQ�WKH�DPRXQW�RI�0HJD�
6RODU�LQWURGXFWLRQ�LV�LQFUHDVHG��LW�GRHV�QRW�PDNH�WKH�
��SKDVH�VKRUW�FLUFXLW�OHYHO�DW�EDVH�YROWDJH�ZKHQ�WKH�
SRZHU�VXSSO\�RI�0DLQ�*ULG�LQFUHDVHV��,Q�WKLV�FDVH��
E\� LQVWDOOLQJ� UHDFWLYH� SRZHU� FRPSHQVDWLRQ� HTXLS-
PHQW��LW�LV�SRVVLEOH�WR�VWDELOL]H�WKH�SRZHU�V\VWHP�
� 0RUHRYHU��LQ�RUGHU�WR�VLPXODWH�WKH�DFWXDO�SRZHU�
V\VWHP��ZH�FRQVWUXFWHG�D� VLPXODWLRQ�PRGHO�RI� WKH�
,(((����%XV�7HVW�6\VWHP�RQ�WKH�0$7/$%�6LPX-
OLQN� HQYLURQPHQW�� 6LPXODWLRQ� UHVXOWV� VKRZHG� WKH�
HIIHFWLYHQHVV�RI�RXU�SURSRVHG�FRQQHFWLRQ�V\VWHP�WR�
FRQWURO�WKH�SRZHU�TXDOLW\�LQ�WKH�DFWXDO�SRZHU�V\VWHP�
� 7KHUH�LV�VWLOO�URRP�IRU�IXUWKHU�VWXG\��VXFK�DV�FRQ-
VLGHULQJ�D�ZD\�WR�LQFUHDVH�WKH�DPRXQW�RI�WKH�SHQHWUD-
WLRQ�OLPLW�RI�WKH�0HJD�6RODU��$OVR��FHUWDLQ�HFRQRP\�
FRQVWUDLQWV�VKRXOG�EH�WDNHQ�LQWR�DFFRXQW��
� )XUWKHUPRUH�� LQ�DGGLWLRQ�WR� WKH�0HJD�6RODU��ZH�
ZRXOG� OLNH� WR� FRQVLGHU� RWKHU� UHQHZDEOH� HQHUJLHV�
VXFK� DV� ZLQG� SRZHU� DQG� JHRWKHUPDO� SRZHU� DQG�
GHYHORS�DQ�RSWLPXP�PL[WXUH�RI�UHQHZDEOH�HQHUJLHV�
DQG�H[LVWLQJ�HOHFWULF�SRZHU�
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