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Transient Stability Emergency Control of High Proportion DFIG Grid-connected Power
System Based on Network Energy

LIU Cheng', ZHANG Yuchi!, CAI Guowei!, WANG Cong?, YANG Hui?, ZHANG Mingna*
(1. School of Electrical Engineering, Northeast Electric Power University, Jilin 132012, China;
2. Dispatching and Control Center, Northwest Branch of State Grid Corporation of China, Xi’an 710048, China;
3. Guangde Power Supply Company, State Grid Anhui Electric Power Co., Ltd., Guangde 242200, China;
4. Jilin Power Supply Company, State Grid Jilin Electric Power Co., Ltd., Jilin 132000, China)

Abstract: Under the scenario of large-scale wind power grid connection, if the traditional method of cutting off thermal
power units is still adopted for the emergency control of power system transient stability, the maximum number of ma-
chines that can be provided by thermal power units will be reduced due to the reduction of grid-connected capacity of
thermal power units. Therefore, it is difficult to ensure that the system can be restored to a stable operation state after
power cut-off. And after the removal of thermal power units, system inertia is further reduced, which will bring a greater
cost of machine cutting. Consequently, an emergency control strategy for transient stability including wind power cut-off
measurement must be considered. We proposed an emergency regulation strategy for high-proportion DFIG
grid-connected power system based on network energy. First, we calculated the branch stability index, judged the transient
stable state, and identified the fragile cut set. Secondly, we constructed a branch potential energy sensitivity index, and es-
tablished the relationship between stability of critical cut set branch and active power of generators. Thirdly, we selected a
control object through sensitivity index,and designed a wind-thermal power coordinated cutting strategy after taking the

minimum cutting amount as the goal and presetting the cutting set stability and cutting margin as constraints. Finally,
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through the simulation of single-machine system, we analyzed the influence of wind turbine access on network energy

distribution in transient process.Through the simulation of ten-machine system, the proposed cutting strategy which can

achieve quantitative control of DFIG grid-connected power system is verified.

Key words: DFIG; cut set potential energy sensitivity index; branch potential energy function; transient stability; emer-

gency control; grey wolf optimizer

0 5|8

HEBH A SRR AR IR A HE PR R R A S A
[ e R N5 g o R P Wy == S ] R e o o
R R R R AR . S XU T R
BN K, HARGH 2 e it ik 1
BN B . Fenl 2 m e pI R BENE, RS
TR R, BSREREME, RESES RSN
AT IUNEE,

WA 5T R 2 £ 55 U5 XML (doubly fed induc-
tion generator, DFIG)X & 25 A e PE (1) 520 Je I .
SCER[2-T150 AT 1 KIS XLIZ# N L) R G 5 5
BAEDMRE R RN 2 SCER[81EE T4 R &
FAHEN] (extended equal-area criterion, EEAC), 5%
T B SR A A F X B A D AR E B s2 AL
H s SCER[O- 1510 FT 1 AU XA L4% 1 R 15 % B A F
PERIRZW ;. SCER[1614R W 7 R AR I2 4777 =
AR NAL B A R BT R G 8 A FaE PEI
Wi SR, LA B IKGER53 788 A2 IR FML A FE 43 i
HORFGSME, 568N ZE A FE A s Eaggl X
HLIEM ) R STRE, W2k XL &
HAEE, NEASEE e it — A EE N S A 5T
B SCER[1713 H 7 SRR B A HaeiE, BT W%
ReE T T ARG ESRE, (BUELS KR
WL FEMI 5t R AT 710, S0 e EAg XU
L 7] 2 S8 5888 W48 0 Mt 5 B A et 7

b4k, DFIG #:A\45 L) R E AT e Wz
KT AR HIBRIE . SCER[181 @ 0 #r AL, fEmth
151 XU R X H, g 3 491 SR R A e U0 Bk K B LAEL ) 55
ST A LMRIE RGBT . BRI, MEE
T XM R R B A fe e R ks A =

B X SCHR[19-20]42H T DFIG JEM L) REG#F
At e, o SCER[19]ie FH B T AR &
BRIHON W fE RIS AT R AT 20, AL T
FER IR AL S AL DIHL R AR SCRR[20]%) e
0T T ARG KL S R LA 1) B A AR E 2
PE, JRRH T RGbERAEE NI %, b
SR KK PR TINLE HEAT T — 2 a1 T

VB, ABASAEAE LU R 7 R TR T 18 COUR{RT B 2 e
EL B XL IR I ) R e L DI s @ ARy sizE
X A XU I ] R ) 28 0 8 A A A A 8 RS

A, AL EE AR I 7 i
DFIG JFM L R S8 5 HeE R 2 e sms. Bk
THEE MHLR Gt Ra e B R bR, ABER I R 4t
BERERSIHRARGNETHISE, HMMES 173
BRETS B RER MU TEbR; ST RPUZIRIRIRE A=
B, HRAE S SRl PR 2 A A, Bt TR
KPR E BRI e, ERPLRGEATHHLR
i oK T AR R BB E T BT R T RER I
ATRFAEFFIRIE 1 AR SR AT R A IE A

1 REBHWEB ARG ESIRERIFE

fE = L] DFIG IR R GeH, Oy 1 G
JTHF IR BB IR B A @, ARSI SR
MWK, RASCEERHBGET 0o R4
HIEASTE « BRI B ) RG0S Fa e Rt 52
M Rl S5 2810 O 2 S o, I I DX 4% A A R R SR AR
KHEPHZ SR E e, Fik, fEE80E
FRAa A AN 8 KA L A, KRR TR
M2 S E,  AEORUE XULRH I B RT3 A 20
W1 i SR .

11 IEFEENERMSERESESHEE

HEFBRAEME PR mEAREMN. R4k
T IR 2 3L Sy [0 266 m 5 — BT D S 2% 79 g A A7 AS W 1S
K, XHBGERHREY, ERARGRIEEE R .
EX ARG HAGeRR, KRN SBR G X
T3 B — 2H 3% O R G AR AR 172122 il
FEVEMARE E 0 RIE R A f e L .

N T AR R G A EI 5, SCHER[17,2173
SR A RARRE R T R FE R bR (branch
stability index, SBI), F*/RHN

Pl(tb)_PlS

o Vow (ty,2,) M

e Pto) R SCHE | RS 1 USRI RAE I %
XA DIER s B RSO RS A DI D2
Vooi(to,ta) R 783 1 B RESE — PR MOAE AR ME



B sk, EEM, S5 HE TS RER N HLE) DFIG JF R R G0 SR E R S 3111

ZME.

A SBI fEAREEIT 0, W H e PGS,
T 0 MZ TR, Rk, F— 10 F
PME T 0 [ —H %N RG MG S EI4E . R,
AE I FEEI4E ) SBI faARRAE R A MR E LR,
N R B A e E B R R PR R
1.2 & DFIG BEMMEIE X RESHEERBE

S ) 32 R F VDML 1 ) B B 2 i S
HHEE R G RS E RN, A ETINL
i A BRI 2 RO D AR . AT I S
e 7 ) £ S 6 v W 5 R 500 IR LR K R AL A T
AT R, RTINS R PR AL EE FE A
RIE A e R R AL, X m il DFIG HL ) R 411
EEsCHs 1, HEERERETRRAN

b S 0
Vow (0) = [, (B) = B (6]))du )

Rt PO)EFLH | G B Ry |
B IR, 0 FR 8 | PRI
M OF OB | RadS I T B 1 HL IR AT A7 22
4 da/d=ona@)RANRQ)F, o) N [
W EERAIR Y 2, on NHUE FSRE . DA ¢
As gk, MISRQ)A BAHEA
V=] ou(BO-B @) 0de ()
B)XFHFE] £ SR FA52

Vo =@, (0B (0) = By @)
Voot X BHUVIE B 3R 34351
%%?=B@—BS (5)
SCHRTIT5E T S B BB
i E=7f%m@ (7

Kb x A LIS Une U NSCEE 1 o
Jo Pr X ZHAL RO KRFEE
dPp UU
d—g’lz;—lzcosﬁ, 8®)
PIXtSHUE & Poo SR FAFEISCHE [ A I K H
Wl g AU IR R F Digl?)
dP,
l =Al,g +(Pl - Z Al,pPG,p)/ZPG,p:
G.,g p*R P
rx ©)
L+(B-Y A ,P,)/ Y R,=D,
14

x[ P#R

Reft Pog ATFR AR B ¢ MATIH T A Aip
HRFETR N g0 RN p HITh SRR S T
MR | B Xe N E A
SSERERES ¢ MR Pop T RN A p 1
BN, R NS R,

S R U B O S U R A R S a5
“w_ﬁ$MM%r@m—m“%g“

do, Vo (1,2,
UU, cos OV, (t,t,) = X, (P (t) - B
X, Vo (2,2, )2
#ZE45(8). (9). (10)LAEE] Seu()X S H &
HIRA DI 77 Pog R BUE SN

) (10)

dSp, 46, dSpy
dS,,  dg, 4t d6,
dF;, oy dR dg - AR, b
dP d6, dr  dP dg, (11)

D,, UU, cos O, (t,t,) — x,(F(2) -F )%)
Vi (AN )2 U,U, cos 6,

Zi b, WIEFAHEIESCE ¢ B Sei()XT K AR
1AL ZE A T D) 2 1Y) R B2 $8 A% (sensitivityindex  of
cut set branch SBI, CSSI)5E X N (12).

D, ,(UU, cosOy, (1,8,) = x (B()—B)*)
) Ve (.1, PUU, cos, (12

IS Cssie FIFT5 AT 7 5 S48 € B 5 1%
HLR A OGOG R o DA i ) 221 1) B S % 0t . )y
FRPINIET ], 45 Cssic>0, Il S E8E 3C B Fe e
B %R BAA IR 2 IEAHGKR R, VNG E
TRPRBEAS, AL RARIFRENE: & Cssie<0, NG 7
RS E 52K LA DI Dh & 2 AU G R
#, UIMEtefatrttnm, degR2amfaett. 8
I Cssie £55 BIATHFIA AT ML . R Cssic BUE K
ANTUPET AR S RS LA . FE AT AL 4% Cssie
LB R BI/NHEY s Cssie ZE0HEB Ry BN LA AT
VINLERAE G X SBI R FHIR IR, X RAE AT
SE P ) A R R B

2 ETF CSSI & StEf DFIG B H&RSGE
PO =W RICEAY 04

2.1 IFEH SRR

sl DFIG H ) R 408 500w T2 Hh f gk
BUREEWE 1 s, Ebrmd, JEEl R
4i(wide area measurement system, WAMS)HE 1% 35 HX

Slc



3112 i LR AR

2022, 48(8)

THEA R, HIEHASHAER, K SERER
S BRIz 0 R, AT
CSSI FIREHLA TR 75T 5 WAMS 44, B
A M SER TRER

BAATHEEFE N RO N R AT WAMS
H Bk ik BT W A T AR S B AR E B AR A
SBI, AW RS 8 Sk RS IE R R Gt A
G THEIG AR A R RBUE RS, IEEURBUE
PR XU R K L ZE AT S e R DML R 3
Ja, AT NZ R B R A DhREE S, B
BEIA Rt AR B H
22 YINERRZE

IRIRR AL 32 (grey wolf optimizer, GWO) J&—
FhEEE REAAL B3, 78 2014 4F Hs R T ) 2 5 —
—Mirjalili FIBAFEH . ZEIEZ 2] T RKIRF SR
WHIE R, BAWRSER . S5, Bl
S, R AA BERBMRAE R ITE. AL
KH GWO B R g et VINL &

DIV E /N AR A B AR, ik BT B e fe e
JEE 45 B BOME RT IR F RN KRR AT ZH DIATLAR B2 D B il 2%
i, M EREHIRAERY, A SEIE B, HE
W R PRSI, KE GWO &Kk
RIXECH 500, A TET LR, AR CRAZLH
WA, BEIERUR YA FTINLE T SBL K
A, e SBI 5 AR, BIEIREE ko AITIEE S
RESE HRHAIPES SBI iRk AN Hix
PR LR AN 0(13)s (14 PR .

minAP:iAPGi (13)

i=1

0<AF;; <AF,

1,max

4 (14)
| sziAPGi > Sgr,

i=1

e ARG o RN RN i BKVINUE s ki KonEl
B ST AR FEAR AR5 R LI B 2 8] ) 3R 4L Sbie
T FI RS RE TR AR o
2.3 RUKEYIH SRS

FEXS LB DFIG J 9 HL 77 R G R AR T 1
KK VTIPS B AR D 3~ Brid (LK 2).

AYR 1l EINEEE TR SR SBIE, iE
RGmFEEI 5

YR 2. R A(12) 9708 R L0 R R AT K
HLLAL.

WYR 3. MASRMPIA (AR, » SBD), FAMAE

B 1 mEpl DFIG Jf 9 ) 3R S8 A Aa 8 2 b i e X
Fig.1 Selection of location for transient stability control of

high-permeability DFIG grid-connected system

| ARG EWWAMS |
¥

5 % S B SBIE I
ARG R EE

1=}

rE
S (12) W R
DRI K BT
1

BRI AS AT A2
NERIER ) SBIEEE
¥

I 28 1 JU A iR R EL
IR H i ISBIS VI HL &
B2k &R, 53 34 Kk
¥

N s
FIFGWOSESRIR, ARt
YN, JRRIT T

A

E -
=R
=

X AT i ML AT
DINLEEAE

EHITH IR
A,
I T AN o

B2 KR TIAL A
Fig.2 Wind turbine-thermal turbine coordinated cut-off

strategy diagram

J7 R i SR AR SRR E TE TR bR 5 RS S UL
HUWLE LR R

BIR 4. @id(13)F10(14), FIH GWO &k
RN RATINIT R

IR 5. PIEBIEUINTT R GG, HAE



B sk, EEM, S5 HE TS RER N HLE) DFIG JF R R G0 SR E R S 3113

M, REELE 4, LS, B0l RE%E
7% SBI & Bl 2 25 F, AN E, IREIEIDIE 4;
A, BT SR RGN LERAE

3 DFIG HMEDRGESEMEDHT

A RS KRG WE 3 fis.

AR PSASP B AFHEAT 4 H A3 AT o LEAALE
FRAEG NG, T 2 ASUFHHML, G1 AR L
MR N 8OR L H). 0 s FZIZE A 3 WE =
MR, 0.1 s 5B WA F ELEIR BN &
Gt KRG ARG LRI . B 4 ik
B 75 % J A [ XU L VB 0 6 R B ML R G 11 S B 44 i
S

M 4 w50, BlE KRB IE RGN, Sk
REdRw AN, HshtE k. REEBERE
F 75%HF, REGKFE. BEEAELED T LK 2-3,
RGN SR EAAE

TEARFE R s 2 EAN R B L T, FF AN
RHIBIEF N RG0S5 SBL RFR M. AN
RSB TG S EI4E SBI T 45 & 1 fis.

MR 1 a5, Bl RGP X HIBIE R I A Y
I, 3% 2-3 SBIMHM#K. MHBEFRIREE 75%
W, SCig 2-3 KFa, FRARMETAUN 0. mlERb I S
bR 2 BV DFIG HM 1 R 8 S e
PEo M 4 FZk 1 nf LR, & Bl X I X AL
T ARG AEERE M, KA MR IR

4 BERIEFIRRGES R

& X NEW ENGLAND 10 H1 39 5 5 £
gtk 5, % G06, GO7, GOS8 5 He A ] Hi 77 ) XUk
KL, 7E GO1, G04, GO5 H N7 & L7 I
HE BN 400 MVA. 300 MVA. 300 MVA FXUE
ML, RHLBIER N 44.82%, [EIEHLRHZ
25 B e REL, AR RTHE 7V IE#f I o
41 Fx:1

VBT A 4 RAAE R e, s ()
MO 's FFUs, SEFELEET (]9 0.22 5. LI RG KR,
RACHEAREIM L P 6 iR, #4> % SBI i
SR WE 2 Fros.

ME 6 fTLLE ], SZ#{2-1, 89, 1-39, 9-39}
Rera.ER2, WU HTEH RS IGAEIE N {2-1,
8-9},

THE 0.23 s N2 R BUEEFE R CSSI, ¥ 7 Al 8

K3 KRN RNIE S KRG
Fig.3 Wind farm connected to a single infinite

bus system diagram

K4 AN LRI R 8 S A RE 1A
Fig.4 Potential energy diagram of each branch under different

wind power permeability

N Cssi-1+ Cssiso THHE4EH .



3114 i LR AR

2022, 48(8)

R 1 AFRAEBERTHILE SBIHUEE

Table 1 Cut set SBI value table under different wind power

permeability
PN LA/ % Il 5 I 4E SBI fH
0 2-3 3.510
25 2-3 2.940
50 2-3 1.930
75 2-3 0.075
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Fig.5 Diagram of wind turbines connected to 10-machine

39-bus system

K2 O CHIATET SBLE

Table 2 SBI value of some branches before adjustment

B3 E SBI R SBI
2-1 0.010 8-9 0.015
1-39 2.935 9-39 0.029

RGP 7. B 8 A4 Spio-t X GO1. GO2 [ R
FERT 0, Seiso X GO1. GO8. G10 [ RESE KT 0,
4 S AL E TR AR 5 G01,G02,G08,G10 A T Hi /1
SIEMAXKR, BEEAIHISEMREANE S
k. Fk, AT N G03—G07. G09. MK
6 AT LLE HEIEE S 2-1 AR RVR IO FE i T S ik
8-9, HMNFE 2 Hrf LA H S /N T Spiso, HEEE
P2, KIEEL Spoa AZFEXT R FHR SR 2-1,
G03 — GO07 « GO09 1) R 5 B 48 %+ {5 7 N
G09>G04=G05=G06=G07>G03,

NTBAERTIR R BUE bR CSSI A &t 78
IR O GO1—G10 7£ 0.23 s 43 51l 17] R 200
MW, AEESFEHNL G02. YIHLE S Spr 115
RNk 3.

K 6

H LA RE 2L A

Fig.6 Potential energy curve of each branch

K7 Cssp1FIRE

Fig.7

8
Fig.8

#£3 AEEZEIVIPLE Ser

Table 3  SBr-1 value after adjustment

Cssiz-1 histogram

Cssiso IR A

Cssis-9 histogram

VINLHLE 2 Fx SBi2-1 VINLHLAE 2R SBi2-1
GO1 N GO07 1.889
GO03 KFa GO08 Kfa
G04 1.873 G09 2177
GO05 1.896 Gl10 Kfa
G06 1.921




B sk, EEM, S5 HE TS RER N HLE) DFIG JF R R G0 SR E R S 3115

MF 3 FRTUE R, bRt g RS R T
JPoEAR—. R R ES R, L7
G09,G06,G07 MRS INLE G, FFehE 3 &R B
PIVINLEA & T M L~ A DD 2] 70%.

BB HA Y Sepa 5 G09 VINLERIRIR
N 0.370, 5 G06,G07 YIHLEIFIZ A 0.310, it
IRBALBER R (13). (1) FAT AR KRR, 5%
Fasg BEAEAR Seai=5, HAHR &M A5)
0<AF,, +AF,, <8470
0<AP,, <5810 (15)
0.310(AP,, + AP,,) + 0.370AP,, +1.440 > 5.000

X BRI AT, i ORI R K
ML G09, M HELHLA G06. GOT7 HIVIHLE s 418
439K AP,y =5.810, AP, =2.278, AP, =2278, ¥
FRTF S5 AE 0.23 s i bINLEsh L3 15 B AGIE,
VINLE RGBT BF0e kA, AR S DA e
ARG Haeth 2 - & 9 Fros.

M9 T AR tH, HRYE SR BT 7 AT DASEI
BRI, HfEgmgateE AN LRy
ERB|FEIFER, (AASCREE VAR AL T fe
i S I B XL N S B A RE AR Ak B )
HHIGHT . K 4 AVINUE T EIER SBI $E .
MF 4 T LR R fE EI4E (2-1, 8-9, 1-39, 9-39}
Fe s FEARbR IR, IAR) T AR .

TR S1=5, MK 4 el LB 1, #Z IR #
VI ZUINLE % 2-1 SBI 12T+ 4.916, %
728 1.680%, FEASZIL T BB,

42 1H=2

BB 28 KA AR R, R
M O's FFUfi, WP HESem (A8 0.19 s. B RETK
&, RO HReh £ 10 fros, #45> 3 #% SBI
THR AR INR 5 s

ME 10 TELE H, X #%{29-26, 29-28, 28-26,
225V KA E . AR S, WU RS
Il P45 8 {29-26, 29-28} .

THEIG FEEIER SBLX & AL Dh D2 1 R U
CSSI, B 11 FIB 12 N Cssio-26+ Cssio-ag HITHE
4h

RIERE 11, 12 A 51 Ser29-28+ SBr2o-26 X GO1
—G08. G10 [ RBE KT 0, FIE L ERFE R bx

5 G01—G08. G10 HIhH I RIEMRKR, FEK B9 PEEHTE A HLIh A R R G B e
HADH 2B /M Si2eEtt. Bk, v Fig.9 Generator power angle and system branch potential

WL A G09. energy diagram before and after adjustment



3116 i LR AR

2022, 48(8)
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Table 4 SBI value of fragile cut set before and after

adjustment
i) P S5 LT S
VAR T emewm "
SBI SBI SBI SBI
2-1 0.010 4916 8-9 0.015 3.926
1-39 2.935 8.673 9-39 0.029 8.980
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Fig.10 Potential energy curve of each branch
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Table 5 SBI value of some branches before adjustment
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Table 6 SBI value of critical cut set before and after

adjustment
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energy diagram before and after adjustment
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