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Abstract

New energy sources bring challenges to the stability theory. In this paper, the topology of the man-
ifold on the boundary of the stability region and the distribution of the singularities at infinity are
studied from the perspective of the region, aiming to provide more comprehensive theoretical sup-
port for the stable operation of the grid. Based on the Poincare converse theory, a new vector field
of the classical model of the power system is derived, and an improved shrinking projection trans-
formation is proposed to obtain the singularities at infinity located on the (hyper) sphere. By estab-
lishing the mapping relationship between the distribution of the singularities and the stability de-
gree of the power system, a stability index based on the singularities is proposed. The simulation
results show that the proposed method is also applicable to the boundary analysis of the non-deter-
ministic power system, and the index based on the singularities can effectively determine the sta-
bility of the system.
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BEE L A R S, KRR JRARR B A RS (R SRR IR 4 N, 5 BB T 3 AE R 1 Y
BRI ) RGP BRI A MR AR, RARENEEA T BETN, Hk-4ET &
FIHTHIRRE M, AR Gika e o i FBU R T Bk, 18 D) 7 B SR A R0 Aa e o b B R A 2
JiE[1]-[3].

FRE R RIRE N L —MES, MZESH KNI A RSN TR e RE, ZEH
AT LI B R R AR, MM mER RSN RVHE. B TARRMEMS S I RS 4, S5
A RB B I RE s 2 E R BARREE P Ak, ERANRELH KRG KA e il i Kk
SE VPN 7 TH AR TR, B AE LA LA 5T :

1) 0T Aa RO R 3 21 1 K 5 18324 5 (Boundary of the Stability Region, BSR), T34 R &M E0E. Rk
ik, DUREE T RIRERMLEE RS Hb, RRE R EE AL OS2 R A Lyapunov bR £ il 5t
BT RANIFE R — NG FEM], SNEM P ERE, B TEiTPul i RESEA T H . fERes
BB T, R 2 B0 A, Zubov 3%, Noether #3245, (HAER T 20y R 6
REE R EUE I AME, ARG A,

TIEAL @ A2 MR TR SE L BSR it /Lt 2ewl, Hilbert L4k ¥ MR ik 7o 5t
%, H—UKIEE SRR E G, S DSPIHAE SR E RO AR A, R T R B LT E R,
NFIFRIEIA BSR HREF 4L T HS AL . 1993 4F, Guckenheimer 2523 51 Nl 28 7K P4 [5] 1A%
T R R G RAT R L, WD S T RE LA R AT, X — R SR T A
K, WERILH T REM AR . SCER[6]1HE R T AR S M5 %R, A LRIES R
JAMAS 8 Z B RER . A T PR EIRE IR, SCER[715EH T H0LKE, BT R E
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S AEAETES, R0 B BE DT AR BRI I iy, (AAEAEAGE R A DRI B AL A, F 1R
T HE S BRI R, WS N USSR A[8]. FRAETEA[9]. W e WA AT LA R B [10]
&, NI RS BSR ZlHESEft 7S AR ST RS . 1994 4F, Chiang H. D.5F 228 456 T8 1 248
M SRR, &7 BCU JE[1L], s | HEEE R REESRE ke, HIR
FrEdemn IR 240, MR BSE PR 1 RGN AR 2 .

2) e BT R AR E IR/ . RRE UK/ N R T RSB ORFFARE RE ST . STHR[L2]0 F 380 A )8R
RAYARATEIRI KN, FEZ I B KRG RE R T B S T R & RS AR R 1
FEANBO S BFEABIR IR, T2 =R KRG FEMEE TR EREE. 8T X B
FOBR, SCRR[L3]SLEL T 2 HLR G 25 R N FE R HE s SCIR[L4T3E— B4 T SO 51 A% Ak
&, WY TZINERBEATEE. A TRETFERE, SINT SRR, RS H0E B A BERLIE
B BRATGR A, R BUE 7 BR 1 eI ST 46 it R IO sl #i e S H0E BN AR B 38 X
BR[15]45 & S E RIS R AR KR S5 0 W 7 v FN3EE, 45 T 9IURD N XGE RS 9 MR, JEXTAE R
FE R LT T IRIE

NTHER T RGRE B RIS HYE ], RGeS RN, A SCE IS AR A A )
T R IC T3 A s ARt 0 = AR 2 A RS e S N 3T B B S AT T 108, 3R —Fh AL bR AR
Jitk, TERE A AR R R AR e A A A R A5, R T I0 9T Im A MG ) R SRR T FR AT .

2. REEBSREMNXR
HEW AR 1% R 5
x=f(x) )
o, RGP IR ITRE T (%) =0 ffi, IREHAEIIFE g(t,x(0)) Fom At = 0 I % R LIS -
FEARZE ], RRAEI R 25T+ 50 x (R AR R (R 8RB A 07 s i e e 4
Q(xs)z{x(t)“imqﬁ(t,x):xs,t—>+oo} 2
AR s S, AHER I QX ) 32 A % i SR (R P4 2, HLZEP4 25 (GO AE x, ) Jaco-
bian #EFEEEA & IESSHIAFER, WA & AU IORHMER . XA, P07 5 x, AR5 A [R]85 A
R TIEW® (%,)={X$(t,X) > %,,t > —oo} FIRLEIFIEW® (X, ) = {X|#(t.X) > x,,t > +o0} . Forh, W*(x,) B

AR LR E X, WY (X)) BZA R IFIRWNTES x, o BT F SR 2 P s R e R 3
£, W pFa e P 5 x, 1 BSR [16], B
o0(x)=Uw*(x,) 3)

A, 1=12,m, mOPT SRR .

AL, EARHRE — AP AL X [ BSR, AT EE A RBIL R B LA E S, RARET
HH T R R R .

B 1 T ERE UK S BSR AL BRE R . LIS FARE AN A X A, R s e,
DL A LR 1 R 3 h(X) 4R

W= (x;)={x[n(x)=0} (4)
el PN (x) A RV R IE R, R AE R (L h(x) = uh(x),0(x) =0}, St
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Leh(x)=0oh(x)/ox f (x) &% h(X) Wi B 7 A Lie S% p AP 4 X 4 Jacobian [ () TEAHE
ﬁ,ﬁ?@@ﬁ%TMN%%Eﬁm?:ﬁﬁMﬁﬁ:
o (1) =[x ] e 5[ W[ ] o ) ®
o, TIRARBUERE Y 20T 7R R -
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2 2 i-1

R, 7, /2 Jacobian 4ERERFAE( p, HOZEAFAEITRE, H, =07, [ox® J& f 1654 55 X, A1 Hessian HiffF.
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Figure 1. The distribution of stable manifolds of the
UEPs on the boundary
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Figure 2. Schematic diagram of the stable manifolds
that does not form a closed region
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3. RFETREREMIAFNXEKMEIH

FEF AP AT 5 B AR VRO E R, T 28 TR R - B1(4)~(5)
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VU FE Y, RS A A LIRS e 3 BSR A R4 .
BEXE n 4R RGEQL), FRIRANTR B =BT U0 R G AT AR AR A e

( Xli)_:_z ;1)(3 ) (7)

Forbt h=(x 4%+ %) o AR, BRSO FH 2
S ={(y1,y2,y3)|yl2 +Y Yy =rtr =h/(l+h)} o

545 R G AT R — AU T ST 7 TE 75 T ALR (%, —> 0,1 €1,2,3) , TS h— o0, ATITAT LA
FE i =1 . SE ISR G oh U R B T ARRIARTTS = (v, v, | y7 + V3 + Y2 =1 » BERGHER:
55 38 A A7 AE 7 15 (singularities at infinity, SAI), EXRIAES' F.
3.1. SAl KRR R T F5 %

F AR AR AR 3 77 VR BUR RGP A S 22 8" B, T BRI RR M A AN T U oL, Al
IS I AS AR AR, A5 2308 58 MRS REC FR o SC LS BRTET 19 (1,0, 0) Sy {51 2 S AH S A AL AR AR oy EAT 53HT o

(Y1 Y2, ¥s) =

xl’x2’x3)

Figure 3. Schematic diagram of contraction projection
transformation
B 3. WaERETRrEE

W 3 B, 1E o SRR U, TAT Ty, Uy AT Ty, o 2E BRG0P I 5 e 2 263 B 1A o
P, — i LA R AR . AL IR B 1 C (X, X, %, ) SR KRAR BRI 1 B(L Uy U, ), DA S BB
ERIR R 95 A(Y1, Y, Vs ) ZIAAFLERISRERC R, T LU 2500 5 W A 45 5 A8 e ) SRR X K 2R

14 C (%, %, %) 5 B(L Uy, U, ) LR R AT AL X /1= % /Uy = X /U, o« AUy =1/ 5 XU KA ST
du =24+ 1y,
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CX

1fl
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B(Lu,u )E’JJ—JFﬂE(l Uy ,u )
(Y Y20 ¥5)=d(Lu,uy) . %é}ﬂ%ﬁjﬁ% yo+ys+yi=1, WLl d E’Jfﬁjﬁ: dzi]/ 1+u} +u2) . EELH:
T LATf 52 AR BRAR IR P A5 B (L, U, ) S 5 B R R T 1 1 AV, Yo, Vs ) IO ELAARAR R

(y V., y +1 +u, +u, ©)
v \/1+u1+u2 \/1+ul+u2 \/l+u1+u2

5 2 T SCAREN 5 R GE 1615 C (X, Xy, X ) WUSH 28 AR AR L 05 B (LU, U, ) IOARARHAE (10,0 ), T
LB 5 5 2R e 1 ST OB BR A2 T 1 L A

(X0 %X +1 +u, +U, (10)
> 3 \/l+ul +u2 \/1+u1 +u2 \/1+u1 +u2

PAEBIONJE R GE R ml 1 SAl ERL I AR AR B SR BRI (I R, ARE BRI L 78 A T o
FAREFIZSAS AR AR, AT AT 58 SR R GE LR — 4L SAI B0 2 A BRIR R MR AL 7 o

3.2. SAl REe /R AFTHVHEY

3.2.1. SAl AR B
T BT SAI FE L ) R GER R Z m R R B L, T TR A SR AL 55 KRR RO 7T L ) R S
DR IS H i R Z TR R R
S =m0

1 . (11)
O)IV(—DC&)-F Py —PumsSind)

REL)TE AT T 28 (5,,0) A1 (8,,0) , Hi°F48 £4b i) Jacobian JERERURHE /2T &1, |
P AR M SR RA D A%, 2 D=0, P (0,,0) RILAHTLL: 4D <0k, %A%
RS B D > OB, LRI E 46 A A TR P £ (0, 0) T, TEibHLR &
$ D BRI, %A R

N0 RSB I, T 2 (6,,0) LA D, 25 SR L Eh KA 1 6, 0 20 T
Wik, i 4a) i é%%ﬁﬁﬁmﬁﬁ S 0, FIURIEAR AT, SR P T 55
i, i A0)FR. BAZEIERNRER, EREETOAT MR ST, AN
R SALL

3.2.2. ERREMRHLEN

B0 R GE N R A R A AR R FRER I RS SRR E H BSR AR R AR, I 7 E A
EOA SAL A RRIER ST . T A—A & B AR RGO AT Ui .

AQ(xy)=—x+ux’-y*, P(Xy)=y, u>0, WAEZRGHWATH L, T S(0,0) LI A+
Oy P R B (1 1, 0) B A 5, 3 AT LASRE BT (¥ 3 B0 HH a5 0 Rk 5 b SRR ) BSR IR R SR
Poincaé A2 X REEHAT B A2 5, 1T AR BN ri oy RREA R S HCT M & /4. i 5 Bis, fa

T RN S, BIREIXIONZ AN BSR; ¥ 8 B, MEAONH# i i2k; D,D,E EF F AJE5mAt)
Bl N, RN RGM AR . 1 G0 TR AT ) X 5 5 S (0,0) i ik
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Figure 4. The stability of OMIB and separatrix trajectory of saddle points
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Figure 5. Global structure of the separatrix of the saddle

B 5 #BRfaREHNERE

M5 AT LR BN 4518

Q) Y4 u>10F, &5 Rk BRI S0 BSR, 8 5 B 4 S BT i P 2l 2 R ST A
S I BSR.

b) 10 < <1Wf, WILUE LS IR XIBIEAFAIG . B mUm) 4R o3 SRR 0 43 353 0l B TG 95 3 Ak 1)
WG F ORI D R, Sl B 2J5, KT EFSmANNELE S E MDD ; IR S iR h sy
7 557 BBl P A X $50 PE AR . 82 54 SR80 B e A X S A e 46 4 S 19 BSR.

IR M AE 5 SAl 4 R A BEHERRHE IR BSR (158 8845 1y, 251 e s00 2R i BBl sl ) P2 28
KILE RGN BSR, MSAEMNRTF L, HEWRSWRERKRE, XA AL RRELK
3T R G A e ) EE R A

3.3. &F SAI TR EMIEER
ARG BB, R R E R RS BSR — A ST WAL, M
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LR R HE R B FOR R RS o, 2908 ) RGEM 2 BRI B (b D) 5147 45:),
MR IRE, RN THT R R BSR WIRER KL BB, MG RGRET 4. SRR SR FLE
SR PV Sei s A g

SHESU AR R SALTE T /A AE ALERRIN, BEF BSR ARML, I ERRIIA LR, (R
LS R, SAL FORGE MERIS BT s R SHRHE. A T SAI FFhE, —J7m, ©f
W28 BSR MZe 45, 53— J7T, @i SAl I AR AT LU BSR IOARAEAEBL, AT Sk
AGNRERLEL . FE =B AT,y SAL TR ) - 1 AR T PAZR R A

ISAI:\/p(p_a)(p_b)(p_C) (12)

Hrr, a=|SAl -SAl,|, b=||SAI,-SAL,|, c=||SAIl,-SAL|, p=(a+b+c)/2, SAl . SAI,. SAI, %
N RGAENERTET B RO SAL Az . ZARERR ML T T F5 I AL ()P AR e e s, R T RS IR 3k 5
At OL, JNT LA R SR E R AL
4. AR HTSIIE

HL ) RGN AR A R IE IR R T 2405 RGN AH R AT, FET I f E BT A R B S
(7L A RERTFCRA, AR R E S KA T A E T, 3 BHR TR 2 ] h s b
IIBNAREE . SA i 5 RGRUGEHEIIORIR,  IEU AR B T AE S A RIS L) R GEH (0 A
41 BETRNESARGESYAREEHLASESTTRNXR

MR 3R YRR 45 6 TG 95 AT iR B B A FELJE R HORE BAMLTE 55 K AR G A T AR B R 5 R AT S«
B, WiE RGP s ek G B Poincare AT ST RATLITIE A AL, KIS T R
R AL ERTHT s R, AFEZERT AL, B0 R GUWATE R L A Dh fAe i, AR AN e
FUAFIAFRGE . K6 gl 7 MRS T RGBT ) e A .

Figure 6. The boundary of the stability domain of the OMIB with
a function of damping
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SEYG P S AR R R R A B s PR 1 (SRR 27-53). il 2 (2K 55-54). #fE 3 (Lt 25-54) il 4
(Zkit% 30-53), CFEK 7 Pirit.

Figure 7. Diagram of the 68-bus 16-generator test system
[ 7. 16 H 68 T35 sl 4t

PR AL (] 3BEE Y 300 ms, WA RGUIEA [\ (0B 13 00 T T Re AR . 2 B 3 B, BEEZHE
IATREE . FEART SIS, MU RN 2 5, FERLBER A bk ) 2 ) R WL, 35 R H SIME
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N CAME 1 OB T o BT, MO S R R G R LT A 2R an B 8 B, AR i 26 AR (ki
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FIRHUEE, SR o, R EERER R « R FEIFER 70T DS B AR 3 Ml il T R Gt 9 pl
BN {G1-G9, G11}. {G2-G9, G11}A1{G2-G9, G11}.

G2-G8)

{G1,G10-G16} 9

5(%)

Figure 8. Angel curves of the test system under the fault case 1

El 8. #b& 1 15 T ARG R Th A rhZk

X E AR R BAT I AR SO A G, T LAE PR B2 SAI I BRERINES Iy » W 1 Piw, H
R 3 AR TEFRAR N lga, =0.0844 , S FTA MR E 1 b 1) e /N g b o

Table 1. Stability index based on SAI under different faults
1. T EIMEER TET SAl A EIBIR

A SN FETRbR IV i fe 2 1A
Wb 1 (421 27-53) {G2-G8} 0.0876 839
ks 2 (261 55-54) {G1-G9, G11} 0.2075 1088
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Wb 3 (421 25-54) {G2-G9, G11} 0.0844 820
Wb 4 (421 30-53) {G2-G9, G11} 0.1093 956

N T BAESRIVIERTE, BUE 2 AN R 2 229 180° N 7R, 24 2 HNUIFSSE R fi 2 22K
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Figure 9. The critical stability time of the system under fault 3
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