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Analysis of short-term voltage stability of a large-scale direct-drive wind farm integrated into a
weak AC grid based on the generalized instantaneous energy function method

LI Dongdong, WU Xiangwen, SUN Mengxian, ZHAO Yao, LUO Ding, ZHONG Weilun, LIU Yiming
(College of Electrical Power Engineering, Shanghai University of Electrical Power, Shanghai 200090, China)

Abstract: With the integration of large-scale direct-drive wind farms into weak AC grids, the complex interactions between
the two make the short-term voltage stability problem of the system after perturbation more and more prominent. How to
accurately analyze the short-term voltage stability of the grid-connected system of direct-drive wind farms after disturbances
online is a key challenge. To this end, a short-term voltage stability analysis method based on the generalized instantaneous
energy function method is proposed. First, a dynamic model of the grid-connected system of direct-drive wind farms in the
phase-locked loop dg coordinate system is established. Then, the generalized instantaneous energy function of the
grid-connected system of direct-drive wind farm is constructed according to the principle of reactive power conservation.
Based on the generalized instantaneous energy function, dynamic reactive power energy security regions (DRPESR) are
proposed to evaluate the short-term voltage stability of the system online. A hierarchical energy structure is constructed to
analyze the short-term voltage destabilization mechanism of the grid-connected system of direct-drive wind farms. Finally,
the time-domain simulation results based on Matlab/Simulink demonstrate the validity of the generalized instantaneous
energy function and the accuracy of the proposed criterion.
This work is supported by the National Natural Science Foundation of China (No. 52377111).
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Fig. 1 Diagram of the system structure of a direct-drive wind farm integrated into a weak AC power grid
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Ak BB
VIV RS R
Ul M, TR0 A7 55 11 = AR PP = A LR
Upe. FEF A PCC AR IE
i FADIAS Y 2892 Bt i o BB/ d 2% dit
i, AU 28 bR g SRR/ B R
thy /1ty HEI 5 d i R g
U ! IS 28 92 BRI T o LR /d il R
g, A5 7 28 S BRAf Y g B /g % %
O I 037 4 AR R A4 A
o, (M 25 AR I 4 1
0™/0, A5 28 52 T Th 3/ SEBR A Th Th
ko~ kiolky~ Ky, q ST AN/ N R PLEE ISR
[N N N d Bl bR SRR/ HLIE I ER PT 1 54
RJL, A VSC ¥ I8 FLBH/ HL BT
R+ R+ R/
Ll o FLk K P/ P A
R /L, IFJ 25 % FUL R 1 R BEL/ Pl
PWM A 2 P A T A5

1) BB RIS T R T R4k

2) ZWE L B TR AT OGN, R I AR AR
R 4 H R 2 2 (2 T f e S B HEE
1.1 EHKBHIRE

K HH BENE 25 Fe 3 P G SR A G BT S I [R5 R
HALVUR AR, ZmE s fE, HEiS Mg SHE
=R .

5:(60—1)600
o1
&=—-[T, ~T. - D(@-1)]
T,
~r 1 ’ N (1)
Eq :T_’[_Eq —(x, —xd)lgd +E;]
do
~r 1 ' Y
By = By + (5, =),
q0
{ugd iigqlxq o (2)
Ugg = Lg Tl Xy

Aot SR o NHAEEIRLE; E,
FE 4351 d A g A HEh S T, it )
W T, BT, 5 B UR R RO B B,
TR D NFE REL T, BT, 435 d
g WOFBE ARG x, o x, WA do g
Mgt ¥ x BN AL g EIE AL i, .
iy, SRR o g B uy oy S
NIEE R LI ORI dy g B4R,

1.2 BRI B

LRSI PR AR B 5 5 T R

di
cd __ . .
¢ 5, upd Uy — Rclcd + a)chlcq
dr
di 3)
cq __ . .
c de - upq - ucq - Rclcq - a)chlcd

IR X HL 37 ) A% 38 48 A0 B 45 il R 8 0, -
o, i, HEnB TR,



IR,

S S e B R K2 (1 AR LI X L3 1 \ 55 58U FEL R £ 5 P P A e 1 ) #r - 27 -

_ .ref . .
u, =k, (@, —i,)+k,x, +u, —oLi,
_ -ref
Ug = kpd (lcd
.ref ref
I = ka (I/dc - I/dv:) + kiVxl
-ref ref
lcq = ka (Qw - Qw) + kiQ'XZ
dxl

—i,)+k,x, fu, + a)LClcq

Jundsd U Vref _ V

a e @
de _ yref

dt - Qw QW

dx .re

d; = lv:a{f - lcd

d’x4 __ eref _

dr e Tl

e X Fx, 23 5 9 AR IR I v R 8 LI F S 4
ITAE T D 2 IR PPIRES & o Al x, AN
IR IR A & .
2 | XERETREE R BAIE
2.1 BT IINTIEREESE K&
T =N BRI 0 15 R4S, 2
L R AR N R 98 &R AT DUR (SR AR -
Vg, — g +ip =iy, =0 (5)
X y NRGET R Ry, A 2%
RIS, g, =g +juy s k=12, 05 iy AR
PUBFZR IR iy, ARG IR S @ A B BF
L
I(5) 355 il o HAEHE B w AR 53, W45
W = [[(yuy,, —ig +i, —iy) ] du =
[y, )" duy, — [ig dug + (6)
[iydu, - [iydu, =0
Rt ug AR IR, ug =uy, +juy 5 ig N
R, i =i, + i, s ASRFERE
Ho g =wy + juy, > oy~ oy, 23N RREG L)
dv q oy i NG RHRRI, i =i, + i, o iy
i, 7P e BRI d g B
HRGRER, (6B ARG REETEHKR
SV VD i 70 s W () )0 P & 21|
Tm() = Tm[ [ (yug,,”)" diy,, — [icdug +
(7)
[irduy — [i,duy 1= Wy + W + W, + W,
/\EFI

WNeI = Im[_[ (yuBus* )T duBus ] =
(1= B, Gy duty +, du)) — (8)
i=1
> B, (u,du, +u,du,)]
J#i
j=1

X uy s w, M, uy, IIRINMEE TR iy H
JE( dv g oy Es B, By AN R RANAERE IR
W, = Tm(~[ idug) =

Im[ = [ (iyy = ji,, MGy, Tju )= (9

Iy, du,, —i,du,,

FEL, W, Wy, 133212k 0 ml an =0 (10) A1 20
(ADF7R,

W, = [, du, —i,du, (10)

WW = J‘ichucd - icdducq (1 1)
2.2 BIRREIZHT R BE S R 3
Br(3). ). K1), HEHIRKEZHTT X
ik I} BE 5 R R
WW = jichucd _icdducq =
[ ke, G5 =)+
kg [ G =it +uy, + oL 1= (12)
[ dk, G55 =)+
e, [G5F =i, )t +uy, — oL,

19 5
Wy =W, +W,+W.+W, (13)

Hop
W, =k [1, 0078 = Vi) —ky kg [ 1,405 - 0,)
(14)

Wy = [Uykiq + K ey iy (O = O, )t —

. ref (15)
j(kp\/kid + kinpd )lcq (I/dc - V:ic )dt
W, =k koi,[| (O —Q,)dt]dt —
= [ukoial] (16)

[ Kkl L[ 7" =V )drde

iVicq

Wy = [ du,, — &, [i,di,, — [i,du, —F, [i,di, -
[oL.G,di, +i,di)+ [ LG -i2)do

(17)
AR SC T AL 36 PR LR R I R TSI N fE R bR

oy 4 AER Ty, BIARPAIR AT B I Y AR A A



-28 - W) R GRP bk

[ A5 386 25 38 A A R I RE & W, » AR IRFE I AR
WIS AR o SR AH S Re W, Fw. . LA R
SRR R IIREE W,
2.3 RZREMAT AT EE R

FE, BArA(1D)—30(10), HESFARFED KA
Bl FrE 2 DL fm i Re s R 4, wsX(18)—=4(20)
Fiwe

Iy . P L.
W, :j;—,(Efd —u,, —xdlgd)dt—j(xdzgddzgd +xi di )
do

9879 &4
(18)
Wia = I[_Z B, (uidduid + uiqduiq) -
i=1
n (19)
Z B, (u,du, +u,du,, )]
1
W, = [i,du, —i,du, (20)

2.4 HIRREEIAFH RGBT RER R

LRI IR R GE I SUBRI B i e
A E N

W, =Wy + Wy + W, +W,, 1)

RAMBEER BT EWE LT 3 MM DR
R BT AT S EER R AR IR 2) RS
T x(¢) AV, WHHZHE, HE {t e R W (x(1)) = 0}
ER PR EARME; 3) semRE W x@O] AR, W
x(t) 5o MR SCHR[2 1] 7T IE B A< SC p i ad i S
% i B B R R RS RE B R AL

3 FEHARETRREM S

3.1 BN EgEE R £l

FE G 1) e B R AU SRR R G s R A
IS BARE I A B 456 S AR E T SRR EL
I FLRE &, MG RSP, R
BEILFE— IR SR R RS R e %, i =
SAFRE SRR B 4 H s R 2RO Wi,
ARSCHT HIKR I RS & R B BT 5
L R AR E FB AR

KA E IR I H N2 FEHE ) R G KR
W FP AL E ST R R N K S E
Sefal T R4 —RA7) AT E,  ELIRR LI b
i e B2 PR AN BB A% S I L7 8 25 i TB) 22 i TR ROBE T
= L A TR = kil B Nl SN S 17162 N 1 e
WIEH L M 22, BT R iE R R ke s
PR ZEDO gE A A e E B, T DU ELORK
L7y 4 AN 40 e 5 N B 5 R 07 R 1 ) (A8 1k

SRR B (R e P

Wk 2 frs, 2w, <O, LB a5 aeis
IR R AIRZE, W, =0 1, Feplg oA
M S G IR R B R % o RV PR, = W, A0, R
AT OIS, BUPAITREHR R A BB IRE, HNE
BIRT 0, RSN RAGEHIRE. M
XFAEHIPA, MO R GBI A T RN A
PO TIRN, RETIRAREGC T, RS

/0 O
N
0.12
0.10}
0.08}
= 006}
%
2
i
0.02|

Al

1 L 1 L 1
1.995  2.000 2.005 2.010 2.015 2.020 2.025
/s
2 ERIATHNERSFIEFRESREE

Fig. 2 Schematic diagram of the transition point and critical

stabilization point for positive and negative moderating effects
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Fig. 3 Grid-connected VSC reactive power structure of direct-drive wind farm
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Fig. 4 Schematic diagram of the critical stability point
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