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Adaptive neural decentralized-coordinated predictive control of
double fed induction generator
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Abstract: At present, all designs of rotor-side excitation control system of double fed induction generator (DFIG) are
based on the stand-alone machine model, in which the interactions between subsystems and existing controllers were not
considered. In this situation, those “stand-alone machine”-based controllers will have only certain effects on improving the
local system dynamics. Considering the problems above, we propose the adaptive neural decentralized-coordinated predic-
tive control (ANDPC). Firstly, the interaction measurement method is introduced to build the local signal-based interaction
measurement model (IMM) of DFIG. Secondly, a multiple model predictive control scheme based on the obtained IMM is
proposed to control the rotor-side excitation system of DFIG. Finally, an artificial neural network (ANN) trained online is
employed as a weighting controller to cope with the nonlinearities and the large operating range of DFIG. The dominant-
eigenvalue analysis and dynamic simulations demonstrate that the proposed ANDPC scheme not only achieves an accurate
maximum power point tracking (MPPT) control performance, but also provides a consistently enhanced contribution to
network damping over the full operating range.
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ì��39Ù�p�^. Ïdù«��ì=éUõ�
XÚ��A5k�½��^,é��fXÚ�Ä�A
5Ø�Uk(½�Uõ,��34à�¹e�3Ï�
��ì�mÄ�Ã{�Ó
¦XÚ��A5�z�

�¹[3].
©Ñ�N��´3�½��ì=�"�/Cþ�

^�e,�ÆÜn�?nXÚ¥�fXÚmÍÜ�^,
¿Uì�½�5U�I3�©Ñ��ì�m?1�

`�N��«�O�{. du©Ñ�N��éÐ�ê
Ü
>åXÚ���!©Ùª�A:,Ïd<�éÙ
3>åXÚ¥�A^?1
�\�ïÄ,��
�þ
¤J.¸=��<JÑ
ÑÑ�"©Ñy^��ì�
O�{[4],)û
ÑÑ�"©Ñ�N��3¢S¢�
¥¤���X�¯K,X�XÚ�.����{[5];
�Ý
��N�^!�`�Ý
�S�O��{[6];
�"Cþ�À��|Ü!©Ñ�N��ì�C�/

�(½¯K[7]�. ©z[8]�¡�ã
©Ñ�N���
Ä�nØÚ�{,¿òÄufXÚ'éÿþ�.ÚG
�N!ì�©Ñ�N��¤õA^uðÓÅN�Ú

ÓÚÅy^XÚ��Nz��.©z[9–10]|^©Ñ
�N��nØ�½>åXÚ­½ì,¦�>åXÚ­
½ì��Ó���JpXÚ{Z,l
UõXÚ6�
­½5. d	,©Ñ�N��nØ�2�A^uYÓ
Åy^ÚN�XÚ[11]!��6péXÚ�6ì/_C
ì��XÚ[12]ÚpØ�6Ñ>XÚ[13]�.
�©òÄuDÚ>åXÚ�'éÿþ{*Ð�#

U
>åXÚ,JÑ
�«g·A ²©Ñ�Nýÿ
��(adaptive neural decentralized-coordinated predic-
tive control, ANDPC)üÑ,¿òÙA^uV"ºÅ=
fýC6ì(rotor-side converter)��XÚ.T�{K
Ü
<ó ²�ä(artificial neural network, ANN)�
�!�.ýÿ��(model predictive control, MPC)!
>åXÚ'éÿþ{�A:. Ì�A��©ÛÚÄ�
�ýL²: T�{Ø=�¢yp°Ý���õÇ�l
��,
��3�ó¹��S�XÚJø¿v�{
Z!Uõ#U
>åXÚÄ�A5.

2 ###UUU


>>>åååXXXÚÚÚ'''éééÿÿÿþþþ���...(IMM of
renewable power system)
>åXÚ�êÆ�.®�2�ïÄ,d?Ø3K

ã. �3{zÚ��°Ý�m��ûÐ�²ï,�©
¤^DFIG�.�Äud–q^=�IX�n��.[14].

Ė′
d =

−rr

Xrr

(E′
d +

X2
M

Xrr

Iqs +
Xm

Xrr

Vqr) + SE′
q, (1a)

Ė′
q =

−rr

Xrr

(E′
q −

X2
M

Xrr

Ids +
Xm

Xrr

Vdr)− SE′
d, (1b)

ω̇r =
1

2H
(Te − Tm − Fωr). (1c)

ÑÑ�§:

Ps = −E′
dIds −E′

qIqs, Qs = E′
dIqs − E′

qIds, (2)

ª¥: Xs, Xr©O�½f!=f>|; Xm�p|, Xrr

= Xr + Xm, X ′ = Xs + XmXr/Xrr; H�=f.5

�m~ê, F�{ZXê; ωr�=f��Ý, ω0 =2πfn

�ÓÚ��Ý; Te, Tm©O�>^!Å�=Ý; Rs,
Rr©O�½f!=f>{; E′

d, E′
q©O�d–q¶6�

>Ø; Vds, Vqs, Ids, Iqs©O�½f>Ø!>6d–q¶©

þ; Vdr, Vqr©O�=f>Ød–q¶©þ; Ps, Qs©O�

½fkõÃõõÇ; S = 1− ωr�=�Ç.

�
ïÄ>�¥�ÓÚÅm�é=f �,�I
ïáÓÚ^=ë�X–Y�IX.�©¤^>��.�
=�¹>
!:�X–Y�IXe�6�äO­��

.,Ù¥>åKÖ±ð½{|L«�¿\XÚ!:{
|Ý
[15].


VX1

VY1

...
VXN

VYN




=




R11 −X11 · · · R1N −X1N

X11 R11 · · · X1N R1N

...
...

...
...

RN1 −XN1 · · · RNN −XNN

XN1 RN1 · · · XNN RNN







IX1

IY1

...
IXN

IYN




,

(3)

ª¥: VXi, VYi, IXiÚIYi©O�1i�!:X–Y¶>

Ø!>6©þ; RijÚXij�1 iÚ j!:�mp>{!

>|. �L«�B,þª�5z! �z(J�{��
Xe/ª:

∆VF = ZF∆IF, (4)

ª¥∆L«� �þ. �¹NF�V"º|�#U


>åXÚ(u>Åoê�N > NF)G��m�§��
�Xe/ª:
u>Å!:�§:

Ẋ = A1X + A2∆IT + BU + dm, (5a)

Y = C1X + C2∆IT. (5b)

>Ø²ï�§:

∆E′ = ∆VT + Zdq∆IT, (6)

ª¥: X = [X1 · · · XN ]T��XÚu>Å!:G�
�þ; Y = [Y1 · · · YN ]T��XÚu>Å!:ÑÑ�
þ, Xi, Yi�1i�u>ÅG��þÚÑÑ�þ, A1,
A2, B, C1, C2, Zdq, dm�©¬é�Ý
,ù
Ý
¥
�1i�é�¬éAu1i�u>Å�k'�§.
1i�u>Å>Ø!>63d–qÚx–y�IX�m

�'XXã1¤«. dã1�í�,>Ø!>6�þ3
ü«�IXekXe�5z'X:

∆VF = T̄∆VT − T̄ VD0∆δ, (7a)

∆IF = T̄∆IT − T̄ ID0∆δ, (7b)

ª¥: T̄�©¬é�Ý
,ª(5)–(7)¥Cþ�[L�ª
�N¹A.òª(7a)–(7b)�\ª(4)�

∆VT = Zt∆IT + KZ∆δ, (8)
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ª¥: Zt = T̄ZFT̄ , KZ = VD0 − ZtID0. ª(8)��ä
�§�ÅàCþu�ª,�
?�Ú��XÚ'éÿ
þÝ
,òª(8)�\ª(6)�

∆IT = M1∆E′ + M2δ, (9)

M1 = (Zt + Zdq)−1,

M2 = −(Zt + Zdq)−1KZ.

ã 1 >Ø>6�þ3d–qÚx–y�IX¥'X

Fig. 1 Terminal voltage and current in the d–q and x–y frames

w,, ∆E′Ú∆δ�G��þXäkXe'X:

∆E′ = M3X, ∆δ = M4X,

Ù¥: M3, M4L�ª�N¹A.dd��>åXÚ'
éÿþÝ
M :

∆IT = (M1M3 + M2M4)X = MX. (10)

òª(10)�\ª(5a)–(5b)=����¹V"ºÅ
!:�#U
>åXÚ'éÿþ�..

Ẋ = AX + BU + dm, (11a)

Y = CX, (11b)

ª¥: A=A1 +A2M , C =C1 +C2M . ª(11a)–(11b)
��XÚ'éÿþ�.. �;�8¥��,òª(10)Ð
m�

∆IT = MiiXi +
N∑

k=1,k 6=i

MikXk. (12)

Ðmª(5a)–(5b)¿òª(12)�\,��

Ẋi = A1iiXi + A2iiMiiXi + BiUi +

A2ii

N∑
k=1,k 6=i

MikXk + dmi, (13a)

Y = C1iiXi + C2iiMiiXi +

C2ii

N∑
k=1,k 6=i

MikXk. (13b)

é'ª(13a)–(13b)�ª(11a)–(11b)�Ðmª,�
��Äu�/Cþ�V"ºÅ'éÿþ�..

Ẋi = AiiXi + BiUi + hxi + dmi, (14a)

Y = CiiXi + hyi, (14b)

ª¥:

Aii = A1ii + A2iiMii, Cii = C1ii + C2iiMii,

hxi = A2ii

N∑
k=1,k 6=i

MikXk = A2ii(∆ITi −MiiXi),

hyi = C2ii

N∑
k=1,k 6=i

MikXk = C2ii(∆ITi −MiiXi),

lª(14a)–(14b)�wÑ,Ý
AiiÚCii®Ø2´

é�Ý
,Ù¥�¹
�u>Åm�p�^&E.Ó
/�á0�.�',>åXÚ'éÿþ�.ý¢��
N
�>
:�m��p�^�¹,�ÎÜ¢S�¹.

3 ������ììì���OOO(Controller design)
¯¤±�,>åXÚ´��r��5XÚ.AOé

u#U
>åXÚ,Ùó�«mÚó�:CzªÇþ
�L
DÚ>åXÚ.�
Aéù
¯K,�©æ�

V��ìüÑ:±Äu'éÿþ�.�õ�.MPC
��ì��Ì��ì,�y�ï�:ó¹����J;
±Elman ²�ä��\���ì,l
�yANDPC
�ó¹������J.Ïd, ANDPC��ì�OL
§�d4Ü©|¤: ýÿ�.¥!G��O¥!ANN\
���ì!MPC��ì,Xã2¤«.

ã 2 V"ºÅ=fý_CìANDPC��üÑ

Fig. 2 Scheme of the ANDPC control of rotor-side converter
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3.1 ýýýÿÿÿ���...¥¥¥(Predictive model bank)
õ�.ýÿ��´ÄulÑ���«���{.

ÏdÄkòª(14a)–(14b)lÑz,��

X̂j,k+1 = FjX̂j + GjUk + ĥxj,k + Bdjdmj,k, (15a)

Ŷj,k+1 = HjX̂j,k+1 + ĥyj,k+1. (15b)

z���5�.^5¿©£ã��ãf«mS

�Ä�L§. ù�,����5ó�«mÒdù
�n��5f�mÜ¤. �
{zúªL�ª,3±
eí�L§¥�Ñ
�Lu>Å?Ò�e�Ii.

3.2 GGG������OOO¥¥¥(State estimation bank)
�©¥,V"aAu>ÅÑ\Å�=Ý�w�

/�ÿ6Ä0. �
Jpy^��XÚ-|ù«
/�ÿ6Ä0�Uå,G�Cþò±O2�/ª�
#,äN�{Xe: ºÅýÑÑÅ�=Ý�5z�
§�

X̂dj,k+1 = FdjX̂dj + Gdjndj,k, (16a)

d̂mj,k+1 = HdjX̂dj,k+1, (16b)

ª¥: dm�ºÅýÑÑÅ�=Ý,=V"aAu>
ÅýÑ\Å�=Ý(�Ñ¸Ó��?��Þ),ºÅ
�.�N¹A.nÜª(15a)–(15b)Ú(16a)–(16b)�
� [

X̂j,k+1

X̂dj,k+1

]
=

[
Fj,k BdjHdj

o Fdj

][
X̂j,k

X̂dj,k

]
+

[
Gj

0

]
Uk +

[
Gdj

0

]
n̂dj,k +

[
ĥxj,k

0

]
, (17a)

Ŷj,k+1 = [Hj 0]

[
X̂j,k+1

X̂dj,k+1

]
+ ĥyj,k+1. (17b)

½ÂO2G��þX̂a
j,k = [X̂j,k X̂dj,k ]T,Kª

(17a)–(17b)�;n/ª�

X̂a
j,k+1 = F a

j X̂a
j,k + Ga

jUk + ĥa
xj,k + Ga

djndj,k,

(18a)

Ŷj,k+1 = Ha
j X̂a

j,k+1 + ĥa
yj,k+1. (18b)

�©|^k�ùÈÅ{�#O2G��þ,K
ýÿ/���§�

X̂a
j,k|k−1 = F a

j X̂a
j,k−1|k−1 + Ga

jUk−1 +

ĥa
xj,k−1 + Ga

djndj,k−1, (19a)

X̂a
j,k|k = X̂a

j,k|k−1 + Lj(yk −Ha
j X̂a

j,k|k−1), (19b)

Ŷj,k|k = Ha
j X̂a

j,k|k + ĥa
yj,k|k, (19c)

ª¥: Lj�1j��.�k�ùOÃ,�l1j��

.�­�ikJ�§¦�[16].

3.3 ggg···AAA   ²²²���äää\\\���������ììì(Adaptive ANN
controller)

Elman ²�ä�êÆ�.�[17]

vk = WU
k (uk + yk) + WC

k xC
k , (20a)

xH
k = f(vk), (20b)

xC
k = αxH

k−1, (20c)

wk = WY
k xH

k , (20d)

ª¥: WU
k , WC

k , WY
k ©O�Ñ\�!«��!ÑÑ

���Ý
; uk, yk�Ñ\ ²�äÑ\�þ; wk�

 ²�äÑÑ�þ,=��.��Ý
; vk, xH
k©O

�Û�Ñ\!ÑÑ�þ; xC
k�«��ÑÑ�þ;

f(·)�-u¼ê; α�«��g�"Xê.

 ²�ä\���ì�ÑÑ��ó¹:þ�.

��,±�y8¥�.[Ü°Ý,Ïd�äØ�¼
ê½Â�

JE,k =
1
2
(yk − ŷk|k)T(yk − ŷk|k). (21)

|^FÝeü{,���Elman ²�ä��3
�N�ÆS�{.

W x
k = W x

k−1 − η∇W x
k
JE,k, (22)

ª¥: x = U, C, Y, η�ÆSÇ,

∇W x
k
JE,k =

∂JE,k

∂uk

∂uk

∂wk

∂wk

∂W x
k

�JE,kéW x
k�FÝ.Ù¥

∂wk

∂W x
k

��âª(20a)–

(20d)dØ��D�{��;
∂uk

∂wk
��â�`��Æ

��;
∂JE,k

∂uk
�V"ºÅä�'Ý
(Jacobian ma-

trix),�dV"ºÅ�.²L¦���½^ÙÎÒ
Ý
�O[18]. �
\rÆS�{�­½5,3ÆS
L§¥Ú\ÄþÏfλ,K∇W x

k
JE,k�­��

∇W x
k
JE,k =

∇W x
k−1

JE,k−1 + (1 + λ)∇W x
k−2

JE,k−2. (23)

òª(23)�\ª(22)=���Elamn�ä3��
#�{.

3.4 õõõ���...ýýýÿÿÿ������ììì(Multiple MPC controller)
�1j��.����wj ,K\�Ü¤�(k +

1|k)�(k + P |k)����.ýÿÑÑ�þ�

Ȳ = Sx + ScSe∆U + ScU0 +

Shx + Shy + Sd. (24)
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�.ýÿ��ì�8I¼ê���

J = (Tr− Ȳ )TQ(Tr− Ȳ ) + ∆UTR∆U. (25)

�âª(25),�`��Æ�

∆U = (ST
e ST

c QScSe + R)−1ST
e ST

c

Wy(Tr− Sx − ScU0 + Sd)−G, (26)

ª¥: Tr��½�, Q, R�\�Ý
,

G = (ST
e ST

c QScSe + R)−1ST
e ST

c Q(Shx + Shy),

±þúª¥¤^Cþ(²9y²��N¹B.

dª(25)�±wÑ, ANDPC��ÆdüÜ©|
¤: c�Ü©�~5õ�.MPC��Æ;��Ü©
G�'éÿþ�é�ª��Æ¥�K�.l±þí
�L§�±wÑ,�ª��Æ=�¹�/�ÿCþ.
G�w��N&Ò,�©Ñ��ì3G��Neª

Ó���ó�,¦5U¼ê�`. ÏdT�{��
«©Ñ�Nýÿ���{. qÏ��N&ÒG´�

/�ÿG�Cþ,XÅà>Ø!>6��5|Ü,´
3�/¢�ÿ��. �äëêCzòÚåù
�/
�ÿCþ�Cz,l
��ìU
�âG�Czg

·A�N���Æ,l
¯�²³XÚ6Ä;Ó�
 ²�ä��ì��âXÚ¤?ó¹g·A�N�

��.��,Jp�.[Ü°Ý,ÏdT�{��
w�� ²g·A©Ñ�Nýÿ��.

d±þí�L§�wÑ,�©¤JÑ�ANDPC
��ìØ=�^uV"ºÅy^��XÚ,Ó��
�^uÓÚu>Åy^��XÚÚðÓÅN���

XÚ.�A^uðÓu>Å|�,�Iòª(15a)–
(15b)¤«V"ºÅ'éÿþ�.U�ðÓu>Å
|'éÿþ�.=�[8].

4 ���ýýý©©©ÛÛÛ(Simulation and analysis)
duÓÚÅ=f^ó�=f��ÓÚ�^=,

ÏdÓÚÅy^��XÚ¥�k=f^óÌ��

�.ÓÚÅgÄ>Ø��(automatic voltage control,
AVR)Ú>åXÚ­½ì(power system stabilizer,
PSS)���Cþþ�=f^óÌ�.w,,ùü�
��£´�m7,�3�r��ÍÜ,��ÙPSS
£´��½7L3>ØN!ÚXÚ{Z�m�ò¥

(J.
V"ºÅ���ÉÚ>Å,Ù=f^ó�
�ÝÚÌ�þ�ë���.ù�A:û½
V"º
Åy^��XÚ��(¹,cÙ36����¡,
V"ºÅäkã��då. Ó�,V"ºÅ=fý
y^��XÚ���E,,3�y�½°Ý���
õÇ�l���cJe,��é>�Jø7��$
1|±,X?1à>ØN!,�>åXÚJø�½
�{Z�.

�
`²V"ºÅSCANDPC�3±þ¤ã
�¡����J,�©3MATLAB/Simulink�¸e
�ï
��{z�!äkÊH¿Â�#U
>åX

Ú�.,Xã3¤«. ã¥: 1�B3ë�	Ü>åX
Ú,KÖ1ÚKÖ2±ð½{|L«, SG1�ðÓu>
Å|, WF�ÄuV"ºÅ�º>|, T1–T2�,Ø
CØì, L1–L3L«e��´,±þ��.äNëê
�N¹A.

ã 3 #U
>åXÚ(�

Fig. 3 Configuration of renewable power system

I�`²�´: 3±e�A��©ÛÚÄ��
ý¥,�©¤JÑ�ANDPC=^u��V"ºÅ
=fýC6ì(rotor-side converter),Ù�ýC6ì
(gridside converter)!óå���ì(pitch controller)
þæ^DÚPID��üÑ[19].

4.1 AAA������©©©ÛÛÛ(Eigenvalue analysis)
V"ºÅØÓ=�Ç(S)e�#U
>åXÚÌ

�A��Xã4¤«. lã4¥�±w�,�V"º
ÅSC�Ñ'é�DÚõ�.ýÿ��ì(classical
multiple model predictive controller, CMMPC)�,X
ÚÌ�A���¢Üþ u−1.58�−1.62�m,é
A�{Z�0.1125�0.1242;�V"ºÅSCõ�
.©Ñ�Nýÿ��(multiple model decentralized
coordinated predictive control, MMDPC)�,Ì�A
���E²¡�>£Ä,XÚÌ�A���õ 
u−1.72�−2.1�m. V"ºÅSCANDPC�,X
ÚÌ�A���E²¡��Ü©£Ä
é��ãå

l,`²XÚ�{Z��
4�Jp. ~X,�S =
0.2�(éA�$ó�:), ANDPC��e�Ì�A
��¢Ü�−2.11,éA�{ZXê�0.214;�S =
−0.2�(éA�pó�:),XÚÌ�A��¢Ü�
−2.238,éA�{ZXê�0.273. ±þ����ª
�L1.

lã4¥�±w�,Ó�Ñ'é�DÚõ�.ý
ÿ���',Äu'éÿþ{�ýÿ��þ���
Ð����J.Ù¥,duANDPCæ^
 ²g·
A\����{,Ïd3V"ºÅ�ó¹��Sþ
��
�Ð����J.
MMDPC=3ï�:
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(S = 0.2, S = 0.02, S = −0.2)ÓANDPC��
�
C�{Z���J.

ã 4 DFIG�ó¹��S#U
>åXÚÌ�
A��: PSG1 = 7.3MW

Fig. 4 Dominant eigenvalue analysis of renewable power
system over full operating region of DFIG: PSG1

= 7.3MW

L 1 �MPC��ì�{(�
Table 1 Structure of various MPC

ýÿ�. G��O \��{ ��Æ

CMMPC /�á0�. ª(19) ��d ª(26), G=0

MMDPC 'éÿþ�. Óþ ��d ª(26)
ANDPC Óþ Óþ g·A ª(26)

duV"ºÅ>^6�L§��¯uÙÅ�6

�L§,Ïd3>^6���¥,Å�L§�À�
~þ. dd,ýÿ��ì5U¼êª(25)�C�Xe
/ª:

J = ∆Ȳ TQ∆Ȳ + ∆UTR∆U. (27)

dN¹Bª(32)��, Ȳ�
n∑

j=0
wijX̂

a
ijäk�5

'X.Ïdª(27)7���Xe/ª:

J = (
n∑

j=0
wijX̂

a
ij)

TQe(
n∑

j=0
wijX̂

a
ij)+∆UTRe∆U =

X̄TQeX̄ + ∆UTRe∆U. (28)

dþª��,36���¥T5U�IdÑÑ
�lì=z�IO�G�N!ì. 6���¥,X
-ª(27)���,K7,�Ì�A���ÌÝ�£.
ùÒ)º
V"ºÅ��ìæ^ª(25)��5U�
I�JpXÚ{Z��n.

4.2 ������õõõÇÇÇ���lll���������ýýý(MPPT simulation)
��õÇ�l��´¢yºU=z�Ì���

Ãã,Ù�l��°Ý��K�ºU=z�Ç.�©
¦^ý¢º��.[20],±¦�U��C¢Sº�C
z�¹. 3p!$ü«º��¹e?1��õÇ�
l��?1�ý,�ý(J�ã5–6. �ý¤^º�

�.ëê�:$º��ª²þº��8 m/s,6Äþ
�15%;pº��ª²þº�13 m/s,6Äþ�30%.

lã 5–6��,3V"ºÅ�ó¹��S,
ANDPC��þ�±
�p°Ý���õÇ�l�
�.�
?�Ú`²MPPT���J,L2�Ñ
p
º��ªekõõÇÑÑ�Ú�½�eZæ�:ê

â. l¥�±wÑ, ANDPC��õÇ�l��Ø�
$u2%,±�u3ã¥Ã{«©ùü^­�.

(a) $º��.­�

(b) DFIGkõõÇÑÑ

ã 5 $º��ª�ý

Fig. 5 Simulation under low effective wind speed

(a) pº��.­�

(b) DFIGkõõÇÑÑ

ã 6 pº��ª�ý

Fig. 6 Simulation under high effective wind speed

L 2 pº��A­�æ��
Table 2 Sample values for the response of

high effective wind speed

�m/s 0 1 10 50 100 120

�½� 6.8927 6.9426 6.3570 6.4133 4.5480 8.0086

L§� 6.8901 6.9270 6.3535 6.4395 4.5107 7.9892
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4.3 XXXÚÚÚ666ÄÄÄ���ýýý(System disturbance simulation)
�
�yANDPC3>åXÚ6Äe����

J,�©©O3ØÓó¹e!3#U
>åXÚØ
Ó ��\õ«6Ä,Xà>Ø�½�6Ä!n�
�/�æ6ÄÚ�´�Ø!­Ü6Ä.

���¹¹¹ 1 3V"ºÅS = 0.2ó¹:(éA�$
ó�:)é>Ø�½�?1��6Ä�ý,Ù6ÄÌ
��8 V,±Y�mþ�1 s,�ý(J�ã7. ã7¥:
d−V t�V"ºÅà>Ø ��.dã7��,Äu
'éÿþ�.�MPC���Jþ`uÄu/�
á0�.�MPC��.

ã 7 DFIGà>Ø½�6Ä(S = 0.2)
Fig. 7 Set point disturbance of terminal voltage of

DFIG (S = 0.2)

���¹¹¹ 2 3�´L2–1¥m?�\±Y�m�
0.1 s�n��/�æ,XÚÄ��A­�Xã8¤
«.

(a) SG1kõõÇÑÑ

(b) DFIGkõõÇÑÑ

ã 8 n��/�æ�ý(PSG1 = 6.67 MW,
PDFIG = 8.08 MW, S = −0.2)

Fig. 8 There-phase ground fault simulation (PSG1 =

6.67 MW, PDFIG = 8.08 MW, S = −0.2)

ã8¥: d–P�u>ÅÑÑkõõÇ ��,�
�ý¥MMDPCÚANDPCÓ���V"ºÅ=f
y^XÚÚðÓu>Å|N�Úy^XÚ.lã8
�±wÑ,ÓCMMPCÚMMDPC�',XÚ{Z3
ANDPC��e��4�Jp. ~X,3ANDPC�
�e,ðÓu>Å|3�æ�²Lü�Å¸�(�
1.5 s)?\­�;V"ºÅK3�æ�²L��Å
¸(�1.7 s)�=?\­�,ÙLÞ�m²w/�u
MMDPCÚCMMPC.

���¹¹¹ 3 ÏL�Ø!Ý\�´L2–1±�y��
ìANDPC3>�ëêCz�����J.�ýL
§�:3t=0 s�äm�´L2–1üàä´ì, 0.5 s
�gÄ­ÜT�´üàä´ì,�ý(J�ã9. �
ä´ìäm�,º>|Ñ�ë���{|Ó��Ø
c'O\
0.5 pu,ä´ìgÄ­Ü�,XÚëê¡
E�6ÄcG�.

(a) DFIGkõõÇÑÑ

(b) DFIGà>Ø­�

ã 9 �´L2–1ëê6Ä�A­�(S = −0.003)
Fig. 9 Response of parameter disturbance from

transmission line L2–1 (S = −0.003)

dã9��,=¦3�´ëêu)��6Ä��
¹,©Ñ�Nýÿ��LyÑ
�Ð����J,
Ù¥ANDPC���J`uMMDPC.

ã7–9�y
ã4¤«Ì�A��©Û(J.d
uDÚõ�.ýÿ���Ñ
�u>Å!:�m�

�p�^,E¤���ìþ/�á0�ó�,Ã{�
N��,ÏdéJ��-<÷¿����J.
Ä
u'éÿþ{�ýÿ��¿©�Ä
�fXÚ!�

©Ñ��ì�m��p�^,Ïd��y���ì
35U�I��åe,�NÚ��ó�,l
��
�Ð����J.
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l14.1!A��©Û¥,�±uy3ï�ó¹
:MMDPCÚANDPCLyÑ�C�{Z���J.
�lÄ��ý(J5w, ANDPC3�«6Ä�ý¥
Ly²w`uMMDPC,Ù¥��Ï�8(�±e
ü::

1) �XÚ;��«6Ä�,>��e�Úëê
þ¬u)Cz. 
A��©Û¤éA�XÚó¹þ
�­�ó�:,Ã{�¡�Nù«6Äe�XÚ6
�Ä�A5.

2) Äu��dVÇ�\��{,��´�«�
5[Ü�{. Ïd,|^�5�.Ú�5\��{
�[Ü��r��5L§,Ù[Ü°ÝéJ-<÷
¿. cÙ3XÚ;��6Ä�,ù«�5\��{
�f:Ò��²w. 
ANDPCK|^<ó ²�
ä�\���ì,du<ó ²�ä�����5,
2\þ3�N��{,l
¦�ANDPCU
�â
>��Czg·A�N���ìÑÑ±¢yp°Ý

�[Ü,l
¦��ìU
¯�²³XÚ6Ä.

5 (((ØØØ(Conclusion)
�©3>åXÚ'éÿþ{�Ä:þ,òÄu

ðÓu>Å|�DÚ>åXÚ©Ñ�N��*Ð�

#U
>åXÚ¥,JÑ
�«g·A ²©Ñ�
Nýÿ��üÑ,¿òÙA^uV"ºÅ=fy^
��XÚ�ýïÄ.Ì�A��©ÛÚÄ��ýï
ÄL²: T�{3V"ºÅ�ó¹��S�±
�
Ð����J,Ø=¢y
�p°Ý���õÇ�
l��,Jp
ºU=z�Ç,
��Uõ
V"
ºÅÄ�A5,Or
#U
>åXÚ{Z.
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NNN¹¹¹A ###UUU


>>>åååXXXÚÚÚëëëêêê(Appendix A Pa-
rameters of renewable power system)

A1) V"ºÅ�.(IN�,�½Nþ�Sb = 9MW).

Rs = 0.00706, Ls = 0.171, Rr = 0.005,

Lr = 0.156, Lm = 2.9, H = 5.04, F = 0.01,

A1ii =

2
666664

−ω0F

2H

ω0Iqs0

2H

ω0Ids0

2H

E′do
−Rr

Xrr
ω0 − 1

−E′do 1− ω0
−Rr

Xrr

3
777775

,

A2ii =

2
6666664

ω0E′q0

2H

ω0E′d0

2H

0
RrX

2
m

Xrr
−RrX

2
m

Xrr
0

3
7777775

,

C2ii =

"
2RsIqs0 + E′q0 2RsIds0 + E′d0

−2X ′
sIqs0 + E′d0 −2X ′

sIds0 − E′q0

#
,

C1ii =

"
0 −Iqs0 −Ids0

0 −Iqs0 Iqs0

#
, Bii =

2
64

0 0
−Xm

Xrr

0
Xm

Xrr
0

3
75

T

,

Yi =

"
∆Psi

∆Qsi

#
, Ui =

"
∆Vqri

∆Qdri

#
, ∆ITi =

"
∆Iqsi

∆Idsi

#
,

∆E′i =

"
∆E′qi

∆E′di

#
, ∆VTi =

"
∆Vqsi

∆Vdsi

#
,

∆Zdqi =

"
−Rsi −X ′

i

−X ′
i −Rsi

#
, Xi = [∆ωi ∆E′qi ∆E′di ]

T,

dmi = [
ω0i∆Tmi

Hi
0 0]T, i = 1, · · · , NF.

A2) ÓÚÅ�.(IN�,�½NþSb = 25 MW).

Xd = 0.3990, X ′
d = 0.1495, Xq = 0.2395,

H = 7.13, T ′d0 = 5.0, TE = 0.13, D = 4.0,

Xi = [∆δGi ∆E′Gi ∆ωGi ∆PGmi ∆µGi]
T,

∆ITi = [∆IGqi ∆IGdi]
T, ∆E′i = [∆E′Gqi 0]T,

∆VTi = [∆Vqi ∆Vdi]
T,

Zdqi =

"
0 X ′

di

−Xqi 0

#
, i = NF + 1, · · · , N,

ª¥: e�I0L«­��, δG, ωG, E′Gq, PGm, µG©O�q

¶�X¶�Y�!��Ý!6�>Øq¶©þ!ðÓÅÑÑÅ

�õÇ!ðÓÅN�mÝ; Xq, X ′
d©O�q¶ÓÚ>|!d¶

6�>|; Id, Iq©O�d–q¶>6. ðÓu>Å|'éÿþ
�.��©z[8, 15].

A3) ©¥úª�[L�ª.

∆δ = [0 · · · 0 δNF+1 · · · δN+1]
T,

T̄ = blk{T1 · · · TNF T(NF+1)0 · · · TN0}T,

VD0 = blk{O1 · · · ONF V(NF+1)0 · · · VN0}T,

ID0 = blk{O1 · · · ONF I(NF+1)0 · · · IN0}T,

T0i =

"
cos δ0i sin δ0i

− sin δ0i − cos δ0i

#
, O =

"
0

0

#
,

V0 =

"
−Vd0

Vq0

#
, I0 =

"
−Id0

Iq0

#
,

M3 = blk{
"

0 1 0

0 0 1

#

1

, · · · ,

"
0 1 0

0 0 1

#

NF

,

"
0 1 0 0 0

0 0 0 0 0

#

NF+1

, · · · ,

"
0 1 0 0 0

0 0 0 0 0

#

N

},

M4 =blk{[0 0 0]1, · · · , [0 0 0]NF , [1 0 0 0 0]NF+1,

· · · , [1 0 0 0 0]N},
Ù¥blkL«©¬é�Ý
.

A4) ºÅ�..
ºÅÓ¼�Å�õÇPae�

Pae = 0.5CpπR2ρv3,
8
><
>:

Cp = 0.73(
151

λ
− 0.58β − 0.002β2 − 13.2)e

18.4
λ ,

λ = (
v

ΩR− 0.02βv
− 0.003

β3 + 1
)−1,

ª¥: ρ��í�Ý, Cp�ºUÓ¼Xê, R�º��», v�

º�, λ��k�', Ω�ºÅ=�, β�÷å�.
ºÅDÄÅ��.�Ṗm = (Pae − Pm)/Th. Pm�ºÅ

ÑÑÅ�õÇ, Th�DÄÅ�.5�m~ê. nÜ±þ�ª
��ºÅëY�5zG��§�.,¿lÑzd�§���
ª(16a)–(16b)¤«ºÅlÑz�..

A5) >��.ëê.
CØì(T1):

V1 = 230 kV, R1 = 5.878× 10−5Ω,

L1 = 0.024H, V2 = 10.5 kV, R2 = 4.444× 10−7Ω,

L2 = 0 H, Rm = 222.22Ω, Lm = 0.59H.

CØì(T2):

V1 = 230 kV, R1 = 3.674Ω, L1 = 0.292H,

V2 = 575V, R2 = 6.89×10−5 Ω, L2 = 5.482×10−6 H,

Rm = 2.204× 106 Ω, Lm = ∞H.

±þ�Cþe�I1L«pØýëê, 2L«$Øýëê.
>åDÑ�´:
zúp�S/"S>{: 0.053/1.61Ω/km;
zúp�S/"S>a: 0.0014/3.32× 10−3 H/km;
zúp�S/"S>N: 11.33× 10−9/5.01× 10−9 C/km;

�Ý: L1–1ÚL1–2��Ý�10 km; L2–1ÚL2–2��Ý

�20 km; L3��Ý�30 km.

NNN¹¹¹B \\\���ÚÚÚ¤¤¤ýýýÿÿÿ���...(Appendix B Syn-
thesized predictive model)
ÐmȲi,k+1|k��

Ȳi,k+1|k =
nP

j=1
wij,kŷij,k+1|k =

wi1,k(Ha
i1X̂a

i1,k+1 + ĥyi1,k+1) + · · ·+
win,k(Ha

inX̂a
in,k+1 + ĥyin,k+1), (29)

Ui,k+1 = Ui,k + ∆Ui,k+1. (30)

òª(18a)–(18b)�\ª(29)��

Ȳi,k+1|k = wi1,k(Ha
i1Fa

i1X̂a
i1,k + Ha

i1Ga
i1Ui1,k +
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Ha
i1ĥxi1,k + ĥyi1,k+1) + · · ·+

win,k(Ha
inFa

inX̂a
in,k + Ha

inGa
inUin,k +

Ha
inĥxin,k + ĥyin,k+1). (31)

|^ª(29)–(31)aq��±��: Ȳi,k+2|k�Ȳi,k+Np|k
�L�ª,dd���ýÿÑÑ�þȲi = [Ȳi,k+1|k · · ·
Ȳi,k+Np|k]T�L«ª:

Ȳi = Sxi + SciSei∆Ui + SciUi0 + Shxi + Shyi, (32)

ª¥:

U0 = [Ui,k−1 · · · Ui,k−1]
T
1×Npi

,

∆Ui = [∆Ui,k ∆Ui,k+1 · · · ∆Ui,k+Nui−1]
T
1×Nui

,

Shxi =
nP

j=1
wij,k

2
664

Ha
ij · · · 0
...

...
Ha

ijF · · · Ha
ij

3
775×

2
664

ĥa
xij,k

...
ĥa

xij,k+Npi−1

3
775 ,

Shyi =
nP

j=1
wij,k

2
664

ĥa
yij,k

...
ĥa
yij,k+Npi−1

3
775 ,

Sxi =
nP

j=1
wij,k

2
666664

Ha
ijF

a
ij

Ha
ijF

a2

ij
...

Ha
ijF

aN
pi

ij

3
777775

X̂a
ij,k|k,

ª¥: e�IijL«1i�u>Å|1j��., NpiÚNui©

O�1i�u>Å|�ýÿ��Ú����.
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