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Fig.1 Example system and simulation

(W5 KR IIF P, BF B g PR A 2 5 4t 1l 3 ot 7
HEULTC 72 He 25 19 43 42 S A A5 1K A A7 far Fis o ] 3]
i 2 L P g ) 2 el A SR ARG 1 0 i P R 2 —
A REAR PRt 3 ik LK 52 97 A FL R ) 9 o S B
R IEATAE , U, R E AL Ay 2R an sl 1(c)
B 18 70 s B A SER A2 OEL AR 8y, &
AL G Y il i FRL I 1 BE R ] ARk i £k an il 1 (d) Fr
N, TE 70 s Ab OEL ZhAE | i RE M I 28 R T I i &
Z HEARFRE SRR T R E S 17 2008 o AL
1) de KT 3 3 13X AT R S T R A A fep 1
I, BSR4 2 R ORI A A A 2 Y BT
B (B an  3n] 2 B kT — 181y IR HL/ 5E
T U R R AR ) — o A R (e A P i A 97 A T R
JCIE R, AN S A (2 R N L B HL AT HVDC)
T P 7E B AR [R]R 52 LR R G hT BB R A
HL R e

2 AR EMET T Tk

2.1 BRHETHSHNMARAE

T AT 87 SR F ) R G R R R AR ) R AR
ARGt & TR N Ay S s w5
J5 FEAI 5T HL R A AR M R AR T LR 98 ok e K AL
iy DIy 2Rk WA 22 U AE AT L R A Sk R R
BB 43 B A5 H b S8 4 9 (CPFLOW) 7E K iU R 4t
P—U MR T Z 0N 8 (5 ZE 4 s B
By A& AL R ARG 0L B RE R SAT
SRy, A Ak SR A TR I AR A 2 2 R RE TT BG R A
SRR D MR 2 IF BN S R 2 A 5L
(L PRI ME 22 0 97 ol FH 0044k — A 1 T 58 4R s B 17 fir
ZHB AR R B HOR i AR & 2 BoR

v i
- B

0

B2 ZR#ERTELIETEE
Fig.2 CPFLOW calculating progress

MEH B BEA S A TT I, R T D) 28 T o A ot
6 5 G far IR T RO B AR5 AR T E B T fdE
FHH R A 0 0 R PP A LA T E DA A5 3] o Ay ) i
Co UJe  BET 05T i U4 A 45 T 6 iy 1k — 20 g
JE B RRR RS ARG T R AT DO HERR A T
{08 7N TN o A T A O T O N 7 QR S
IF 7 [ R SERE A AR T A B e A B, I
e, BACHY B0 r 2 00T ik A 30 I HE R L R B A
Sl E FEAEM, sl S To e R AR E T
VER, FIKs S 25 04 7 RE AN It J7 R 5 S7oR e | AT
A N7 Bl 2 P AR B 4 (B Bl 2 U T AT B T AR
BRI AN RERG il B W 28 8 80 25 R R A ) o R S )
AR, ERETEWN P-U 8305 Q-U MZ&m
I AT a2 B SR AT B DL

B ER AT R A R — A S A B T
T ik )V AS T T B R0 T B 0 A R P AR5 R S8
fifk (A7 AEPEBIE T 5 e AR A R S 2% o R 19 3 45
R, BB ER ) 2R 8 00 B BR A S/ R AR
SE AR PR A T S v TR AR S B9 B R R T IR 52
Oy A T A SRR 2 2 AR LR
22 ETHENRARTE

G T RS R ITEZ )G BRI S AR
B 7TEM, B RGBSR G, I A E
PE—H R IEREE R R T R EREN
FREVER, Fe b B T ool Y B AR IR T e
f6 7 LR R RS BRI AS I, R B LR
Fa g MR I A BIE IS & A D AR E AT s



F28

Ml 0% ) R GG P AR P S AR e (3]

REaRE W K W W 88— — A B0 T Heh i
—Bh G =S AL EIRR S X A, SR, A
Ih A R Ve R TR A2 B R X 3 T 0 T e 40 1 i &
R W R A I R R GE s 1T O RS E
P RIS A S EE N, shA M ik, EEREN
SR It 2 i ey I P S v S = R /N
020 A N BTN A S Wk M 2 S A o A a1
AU L PR A E R A BT 3 3848,
221 FkEELE S K

AN L R E AT O IR S T R S A 1R

x=f(x.y.u) )
0=g(x,y,u)
W3k (2) TEIB AT A kAL 15
‘1 [A B
[Ax]:l }Ax} 3)
0! lCc g llAy
THRCEE R Ay, 115 RGURE R R BUE RS
H.=A-Bg;'C (4)

it B R GRS T R R B H, W RREAE T
DL KT 22 G0 (1) L R S e PR R AIE L 45 T A R i B &R AL
TEF 221 W R G R FR e 1 A — Ak
FEAEAE 55— X e R AR AR T A7 21 10 U R GE AN F
FE s A IR AR AL T R Bl D)X R B AS L hTR
LR ARUE 70 BT N A B /N TR R M o T O ik
HIBESE /N TR e B BR R AIF 9T SRR AIE A 2 R 9 43
BrFN; 3 A J7 T, i o] &7 B S A M A RS T R
FBOH R Y A E R AR 2 /N TR AR E A
MR QR FIEFF IR IF 2 B AR E KA R
e /N T PLRE 43 BT 08 T s IR 3 B R B
FEAEAE 43 I K AU ) RGN TH0REE | an S 4%
e EH N RGER LT REZEERB T
— i F g 2 FRORE O O AT A A S R W R
M /N TR 0 3 S BN B B AT 7 4% B HE s
FEndt | 7 HOANT5 ZEARRE (A5

RN IR R BEW (Hh TR AR
G sh A ou AR E £ A 1) F BT AR A B S
B 1) (JUAD ) 2k 98 38 LA B L 2= )L+ 43, Jor DA N7
ARG SE B s 4T S R AL oy T B R B S
FEAR RIE R, g 7 7 T 0 A TRORS Aff S it L R AR A
HASHE— W58 Ao BUA /N T 0 07 i
RGBT BCERT A R R 20, A /N Tk
TR & BRIX 2 R — A e B B n)
222 HALEBTEINT E

HORFGESHEREHZIERRALEZ KLY
Ja A& AT S AR IEE R AKCEEE T . MRS
ZREIKME G, RA T R AR AR E | A fg
INARGEESREN, SUMB ettt g8
MR FR e 2 218 2 BT A4 R & 40 A AE D
LR 40 T B far B B S AT N R AN AT RE Y, JF H ) M AR
FE PR RN A R R E PR R R AR AU — e o
) 2 7 285 HEL P R (] A8 R 47 245 R P B 9% ] A A

I R A AR A, 3o (A5 7 BROS b 7™ A% 1B S
JE RS E N o3 PRI E A 7 25 e A S )
K2 B T g ) BRAS AR I  HLORL ) g
Z AMELBRNH, MHBIRF BESRE W Rk
R A RO A B R — R B R R AR D
R R AR 00 s ToRE ) | I S 07 L9k
7 L AR A T 2 B R RS B G 3k AT RS A%
Tl gk i SF [0) 725 b iy 28, ] 3 7 4% b o R AR AR D R PR
ke ALY W] 3G N A% A oo A 0 R 2 L R e
VB, AR 385 B0AR 2 ol B0 R )2 o B AR e A B
BF, B AR K, O T BORE B b o BT R G AR
PE | BT FH AR TR 2 B0 B AT A R TTEAG

VAR W SR T DL T R R e A
RS B B SR Bk E B AR Tk L
SR BT A B AR LA R O v
223 KBw ERBTHLSN T E

K3 30 25 05 220 B 2 0F 75 4 00 L R R R E HL
PR 5t A AR DA SRS e At R R E 43 AT O Ik I
PR AT B, NSRS Py R AL
2 WA A R] A AE ST fT R R R G N  OC A AY
A ULTCs,OLEs, DA K G faf R 2 | HL S FIDBI 36 (1) — R
WAL B s A R R AR L LR T K 1)
A FE R AFFLL LA 40, 163X 2 AN [A] A s ) 3
SR SR (S92 N DTV G R N Sl i (178 i PO
Hh e HELBIL R AR L 0 T R R T R SRR R S iRk
TCUIAMERS (SVCs) i F B i L R 48 (HVDCs) Jak
I HL B B A7 Aar S5 R X R S8 R R E R 32 BEAR
F K AT F2 H ULTCs, OELs A K Al #:4E 3K
7 Som KA R R ks A Bh kL
I (AGC) S5 6 X 2 48 1 L e AR ke EZEAE
DAL I 2 2500 35K 6 AN [] Bof 221 ke 32 S/ 0% e 44 o LA
YA IR T R T R AR AL A A RS S
B 15 (QSS) W AE# A A BT ik R Bh & i ik 2
B FEAT TR AR K R R R B A2 s A nFr
PE O 7 R T i A i 7 BRAR R A ok
fife R G0 — R INVE ST AR R K s sh
K3 gt T QSS BT RE

U/p.u.

t/s

B 3 QSSitEie
Fig.3 QSS evolution
i 3 UL 7E QSS HyA B A b 2w T A
WS Hop N A-A', B-B' ¥ T ULTC,
OLEs % B HUCFMsh G, A B EHEHH T
ULTC,OLEs %5 &5 # T 248 19 R4 J5 F 4 1 32 5K A 1)
F G0 R A B R



(4] € D 8wt s

F25%

S QSS T EAE L A o B A SE I A A
ARG BE RN B B HAA 2 SRR ERR IR E e N T
B QSS 23 2SR A R R R ) B H
K, QSS ok 4 th K W i AR T 5 B R 2 LU
AR RAL BB RE

3 HL AR A it T 5

TELZR L R AR e FE Y 3 A S BB B H TR RS
FEAR TR AR T S 5 D R s A i, B
A TR PR R R ) H R RS E 8 bR 1T DL R s
TR RS M R R e M i, i R G i R R
TR 5 1 AR S5 5 A h gk £ 0 A R AR 4l T gk 5 1)
R — F RS RE FE A R R A TR S AT A
T ) 28 o 22 5 f e R P 7™ R ) 174 e 3k )
I/ A R i U)X T g R 1 ) TR
AT VRGN 20 BT 10 1 AH N A0 4 ) SR
3.1 BEREEIRTE

HERERE S B A EREHN RGBT
dRER BT AREFEMERERENERE, &
ARk R E 5T N B[R] f BE 4R H T 2 R
W TR Fa e, MR EAr 2 26
3.1.1 #EARAR

M BE AR AR b W P A AT O R
PR AR R (H AR BT R P S R I B i Y
REC PR R,

B 36 BRI 7 i A vk R AE I ik 2
25 Horb g vkl ad A A 4R v Oy AR D3 a4k )
ASTHRAS R R S, NS BI AN =A"- A H R
GRERETe bR, TR HEEE H AR
F G0 o T B0 R R S H AR RS BB R &R
45 R[] 18 4% 213K W BR B o) B S A 5 0 T S A
L5 T Ao A AR SR AT DL AR A 2R G0 H R A T8 A58 AT
T Ao S R 2 A 7 A 1 0 2 R A H R AR b R 2 4R
BEZHEL,

SUE D EEE BT R TSR R AR B S BT
RAopfaett, HEABEEEENSRESEHN R
P B8 T BIF 9% 71 A A 2 R A (R PR AR X — R R
RGO RGN SR B H P R AR
SUOMTEES S SR T AR R R
FE A BR A0 S Oy ik 0023 i g 22 i LA AT T
S U-1RF NTRYE U—-1 V18 U s 1 her
Rl A0 e KRN R /R RS2 1 BR 1O 3 ok o 4k g
S5 FL I R R T AR AR YT R L R R E L A (VSB)
T ARAS I T S A T JoTh WAE TS 20 i
22 SR B A B A (E S 500 7 1k B R 4R -
3.12 kEAR

RSB bR IE bR A S0 R G RESFE LR TR
faj 5 (HRMEREE AR WP ORI,  HAEsh
ARG YA AT R E R X IRPR R KR
WO AR bR R IEAE RN Ar S E T8 bR | B far IR 245 25 8] o i

T2 M (B PR RS AR AR 45 RABUEEH AR SE PR o T e
PR VR Sy v AR E 1 B 2 2 S (98 b FLRR AIE
T8 BRI 3 A 4 SR AR K Bl o3 AR B0y B A 1 4 i Ak
LR MR 3 A X AR B B A AT S 40 A 2 R AE (E
SR F E RG R RRREE O, BT, &
ANFER A SR T 2R R bR . AR 4R O A B 1
S8 Jov i 2 /D | 4 AR B A A — X | R i a5 Ak
2 AR A R PR, DA BE RN B R AR E AR AR T
SCHR[ 28 1) FH T S8l 5 4 AR 78 26 e W &R S8 iy L R
Fe o T, 0 3 S I B 4 R A 20 A % I R L
R M | TR S SR FH B 422 30 S B 0 1 ZIP 7 ep A5
REAT R RRRE fe bR it 5 JF Hob 17 B & bl
Iy 2] 35 BR 15 B LT PU - PQ e # ) 1] B 4
LT 3T P R I R e 9% A ) SR A R R 1
R 52 W0 R 0 v 1 0, O 08 I B R FR R 1Y
R SE AR B Ik T SCHR[30 R kB 21 R 456
R, B RGE k+1 B k+4 B ZPRES X R4S A
PIR S TS U, A A TR WA A A H T
It [) 200 5 75 DU 5 AP BRI ST L e i bt e, T
B A £ ar 335 TIUOHE AT EG R P 1 X8 £ T 3R AE A BT/ 1Y
FAL, SCHR[31 14 H A 24 A HE ET G X £ T
(4 {H 55 25 20 B RE R 6T AR o6 0 L (B VR R L R AR 18
B o SCHK[ 32 T3l ik % i 4 Ak T Bb AR R A7 81 X 25
FFF5 8 SCT 2 i e feoE debm R S 6 2 A%
i — RO BRAAR A A= 02— dac ST RGEL
B D) R AL A R A TR BIAR R BR Y Y b2/ dac BUE
FEIE T 1.0 I 37 e 3 B4 3 H D) AR S Al B
32 FEEHSUEE

TAR ik A 2 6 0 7 2 ol R R DA 1 — A
T L CER 43 BT 3E A X AR S Y S — F8 A HE
F AT LR R o Mt it P2 SCikig it T A
) ) TUAR il B Sh k05 S -0 ARk s - U £k
1 R IR SR T Bt UG AR R 2
AN IBAT AR T TR S B S e EE 80 IR0 Ut
HEAT ST . 5 OOk [38 JAH L, SCHR[39 1B IE T
SCHR[38 T T Ze LG HoAR | I BT e #3 P- U 1
b 5N 2 DG R AT 2 A AT # & T 4
A HOREIREE  SCER[40 PR 1512 B9 4 i1 o 2 805 | it
VU 5 AR S e A S R A SR 5 0 e I Y R
FEAGTH = 8O B RS BE O 4 X a8 B HE T
SCHR [ 41 T30 2k 358050 X 2R 4t fi /DN 7 S5 L 1Y) 52 e X
gy E R Y O R B E e A
A Y SR BR  Liu Han S5 AR 45 #0915t K8 43
SRR RIS | B R R Y A5 H RIS A ) ST
T Z 8 6 Z2 ) FH F A S 8 38 07 1 o it — =i
(1 Fi A ) DX 3427 4 AE A 7 O 32 A8 3P 3 2 )
P T B R A R AR R T Kk R
R0 A £ T AR Y T DA B HL R AR AR, SCAR[43 ]
AL LB A R YD i d U/d PR RN,
XSO BT, SCRR[44 PR L 2R A% 0] 43



F28

Ml 0% ) R GG R E PR T ST AR B e 2 (5

Shy H R R 4 S B AN B E T BH 2 S 300 L AN B e
2% R T R R I X AT A A A, Hh
TF BN R SRR Q-U M4 FEAE BRI
), MRS T I R 22 (B e R LT )
A FE bR R B -1 SOk (47 N il P-U
B ) P—Q BEERL AR 0T B 4tk $2 T — 48
) 2 Ff8 45 (RSD) , & Je 15 35 50t & 48 19 e K
g, SR Ja T R DR I B Ry 1 7 22 = S A
AMEAR PU T s JC T 48 R 5 7 M
R T R R T SRAIOR | AR 4k AR b R
AL P A 1 I ) 10 AR S 5 0 B s T
I A AR UL 45 3 4 B 1 s | 3 = T E R
33 HEREMMMpEHFZIIES

JE L RGN S e AR LR AR FHA MR
5 ) T B B 0 ) B R AE A5 ol S 0 Y 3 A 4
2 A RN 22 1 A U i FEL RS (FACTS) 1 HH B840 ok HEL R
PR AL TSR AT 7 A T B0 R P I U R e
ERFERGERUE MR T |, F B HACH =/ py L
Ak m) 8, B A 4 o B B 5% B 1k H R 2R R A B
A R SRR OB AR T

TR 3 i 2 AE P B 9T R kAR R REVE L AR
RGN TAE S FUE SN B — R A R
My B9 ) 2 50 0 7R 80RE RVOL AL B AR 1 S O A
Jith | 4N FL AL M g R ORD 7 A ) DRSS SCRR [S1 3
it SO B QSS 5 HA o 3 R A ) e AR S
WP AR i R A M B AN 8 1 1 O 3 o A B AR
T AR 5] A Gt f R & A A R R Gk B
AL R s KO il R G A kAR AR P Bl
Je MR AL F R B R R — R RS E M B STk
[52 148 M T — 4> 79 B A 1 9 1 5 s | ko 99 AR = i )
W2 75 A AT A Y G R R R 2D A far
G, AR T 0 R GRS M R S R i
P T 3% 5 A 50 T B 42 ) T B

U T 3 T B 4 ) T DA AR G A RS S AR 1)
WO LT AR e e B —J7 T, N 55 FI LS5 A
K R T 4 A it — B S AN e B
A LA A B AT I R A DT 52 e 2] 1F 5 is AT 1
DL 2 BEFR bR 5 55 — O T, %) 1 7 T BB | PR 5 T B
5 il A B LA B R L R AR M IR R R B AR
(K A7) A T S ) A T 2 o N = W SR P A N <6
P RERE T 0 RS B RV 4 9 8 N BE T R
FMR e th T3 2R E W8 SR i JE L
AR Fe AR RO ARk | [ P A 2 3 ) R R
R R G0 8 AR E MR U 0 e R B T TR
WF5E TAES 500 (HEEAR AR IR 56 T 4 b Bk MR 4l
AR M R R R Y s il i, RPfR
TA B HE 0 1 S SRl AT SRS B SOk b i B vk
FRRE XTI ARCE R, MRGR LK a7
far 8 32 K AP BB | R Ge 78 D) A DR e Ae o n 1 O
TAHWRR A LESHERE,

SCHiK [57 ~ 59 V42 H 18 de e VI A7 g 42 1 550 3% b 25
BT RS MR 25 400 TR AL B AR

RS (R o AR FREE R ) SO 3 R A i
[, ARG R .
a. HiReRECH
min[Cl(u)+C2(9Af)]

Cl(u) =Q LZI [Bi(PLnldi_Pani)K J
. nr n 2 (7)
> 2 [(Ui,j_Uj>/Ui,j]

5=y 2
(nT_ nllsh)n

b oy, R AT LAY 01 B, AR DD BR
Je WA 2580 0y R (0, T ) B[R] BE DY 1) R A3 25
Boon RGN FEGC (u),C(y) 5 5 R Yl
o £ AT A 3 R A R T A E AR PR AR oy 0
G3RR Cy(w),Cy(y) AR
b. IR

f(Us,Pcs,u)=O
h(Us,85)=0
ri(Pesi,u)=0 i=1,---.m

H(y,u)=0 (8)
Pi(}’i,fss)go i=nzlsh,'“,ﬂT
vl <u,;<U!,
O0sw<P i j=1,,nu
A o MIEEE (V) e ) ;8 Y e I ER S
HLHIL A B 5y ok B UL S 1 R G e (AR A
A R AU ) s U A U B AR 2B A
%IQEKJEEE—I:‘F%[;PLOMJ'yﬂ%’ﬁ\ﬂwﬁﬁ%,'ﬁ
1 S5 45 A 5 5 f(Us, Pos,u) B Y15 TS AR S
WA H s h(Us,8s) MY far 5 1) & B LR s
17 885 (Pos,w) 0 HH T far 19 2 FBIL Y T Bl HL
PRI H (y,u) N E BRI Eh BSR40,
P.(y;,85) IR Ty f Fa g PE R AN SE LY o
PO NS TR G S N AT B 2 ey W
AR F RN A F AR R R0 18
L=C(u) +Ca(y) +C3(7,8) + Cu(y)+
AT F(Us, Pes,u) + " h(Us,0)+
Y H(y u)+€ T(Pis,u) (9)
A ALy, p £ BRI HE T C (r,80)
Co(y ) R S WA 25 2 2 S <5 R

C(7,80 = (@)! 3 5[P(7.80)]

(P)- {0 P.<0
Tl pxo
() —>o (Hk > o) (10)
R _z’ g[(Ui,j_Elim/o-i,j)}2
Cy(y) = (ag)h 222 .
(n'l' - n‘l]sh)
B vy v, >U
U= Ulmj U;,1<UL""[/
o Hifm
U, Hft (11)
{Uw U, <U";
o =
A HAth



(6] € D 8wt s

F25%

o Il oy ZEARL AR AL R B, T VA th TR AE
DR AS I B A — 1 8 X TR] 3 BN [) A bR 2 A o
5 ) A% A S Al ST AR BT FL ) R S8R Y BOR =
Lt 2G5 LTt AR K BAG S, nfif
i D e 1) TG Bt — 2B A Y NS R T
AL N TR 2 A Rk ) i e oot

W TR 22 B0 R L R & A I s ) T B R L
PEAl AT A 7 1A B 458 il T B e 1 1] b fer by
] B 3 I o A R R R e O AR
REUIE: 3 ok e I — 7 P R ] 7 1) SR IR o 4 i) = B B
AF R i 15 9 A DT R ARG Ak Tl 80 4 i R A 45
A A B PR i B AR T

a. HIReRECH

J(p)=§&(uf,pt), peR", weR" (12)
b. LA R 2R R

PrSp<pme 1=12,N  (13)
R R A
Smargin(pt)_Smargin(pt _1)>‘9 (14)

Kb 1=1,2,- N FRAFEEERIB B C(w,p ) N

A I [i] BT L £ B H AR B R s, p, A2

P9 PR 252 At T SR FH B 45 ) T BE 5 S e ()

P p W0 AR A

Sk 25 BB A7 AAT (1) 29 2 SR R ) G 1 Ry
P, SCER[ 63, 64 188 i i i e A 15 20 e S L
e FBE, SCHR[ 65 JFE4IIE o8 1 ¥ i - BL sh A/ i 1]
HRGHERE N SR 5 H R H 2% s )
) R/ IN IS B 2 4 B %) i e, SCRik [ 66 ]
A28 T vk E R H LD (GAMME ) 1 HL 22 4
TEAS A RERE A28 T HOF 5 s i e i, 42
e S AU RS B, SR [ 67 142 1 1 —Fh T B fR 4
T kAP SR R GPS A5 45 4~ S By a5 5K
B 7RGl T B A S 40, DA = UORS B {5
B AR HE BN S S BT IF I R R U 4y
BrE ARATISR I T 38

M2 LR ARE [ UAS S — S RS7 A AR 1)
W BN RGP HIX A E R AT
A AF LI R B [R) B0 X6 L ) R B8 AN TR H R R R
75 B AR B it

4 R ARE TR AT BRI 5 B0 1]

4.1 BEREMESFER

TEHL R AR E 23 AT R O A 2 A% B AR A T 9 AR
AT 0, ACRT X6 — B o H e 52 Wi 50 /N i) ) B 1) AR
PR A S 88 3T (LB 5, DA T 7 A5 2 1) 52 2 P 5
M2 ) A5 BT

AT, F T A8 E 23 B BAR 22 5 ik 1 R 28 D3 A 7Y
PN 25 ) 167 R A B R B ) B T T AL L Y 0 BT 4
RACAE(EAT R, — Fh HEPE B R B . 1 SE R ST B
AR T Y T AR R v T2 Al KL B S AR

JE 58 2452 2% e 09 0 140 A5 A X H e AR b B
B 25 A5 U B2 | LB A GR 3] 4y
B i) 157 SR RN A e M & BT R

1 o7 2 A AL 5T 2 L ) R 4 L R AR E AT
W 5 LR PR TR BT, S H R AR A B ) B A U
R BT I A A TR R AR P R R e AN [
St DA [) b DX £ 67 g A5 789 1 32 5 A S [R] 9 R | T
e Th — S — B AR SRR
S B S 1 I 28 47 8 B A7 AE R B JE D) 5 1 e R T R
I AT BE % 1 240 7% T ULTC A2 25 45 o D # 1il
S E AR R it £ far S ARE B i T SRR M B R T
— LA ST IR) R 7E T A R vh Z0m T F T I 4
R HALE F 1 R R A G R A R R T R R
FL 7 28 7 AR A S AREOT AR (RUAE R R AR T A b
rh ) EE T D % 1) RS AR TR R A A SR A A — A
o 2 B ff [ 225 g I
42 BEREMEIHAE

T A 3 F 80 A B 5T J7 AR it b AR S A R
R FMHE e AR kot T2 R M REc sl i
ST A5 B PR 7 3 o R < Dy SR B 7 il < R AR R
PR A PR TR B8 37 L T3 AW M52 7 ik A 0
HEESTEERB REWRBEITRE 38 FWETT
A1 3 o SR R B A o B O i i A T — B
B[] PN AR TE A AR LT 32 I S S il [ A2 2 ]
FEA B A 43 BT 7 3k 18 g PR Y TR R GE A% e i
miIRZEE, AN, R R ESRE MY A ERS
T B S 5 5 AT SR 0 — A5 L 9T i IR

AN R AR E A3 B O i B T A Y B AR
fitlt, P & it B % A R ) R oA R PR
AR AE 0 A7 7 1 2 HOCBE Iir e, FE Ar Arad # v )
TV BTG 2R 500 B 9 B 2, TR 1 O B8 X fL R R
SR BTk KA e T R AR E T BN LA TR 40 o
TR

ZICEE ) | B T Bk R R e — Y0 A AT
HELR | PR HT G P B BT LT s AR IR AT A
£ NI 167\ o= T 3 i B N v | K N SR S S e R
B B2 T B T A PR e Ah | X RS A S 0
TTSEBR RGN E | TR HATE S8BT A R
FE BT, I ELGH B A R AT b LB 45
e o, [FE Rz B B S 4 Bk A
BN N TR RS HIR S & Tk
43 HBEREEHEE

TR A ERER MM BN, AT L
— PP PR R T S A R N 0 R AR E
FEhn . XFIE AR N %I T B RAIE H AT R
etk BIRM EEFR AR B e S PR R G AR B 5
FH RS BE 8 bR 00 530 0 R R 3k 3 Ao R A T 2 n LA
PE R FORS AL S K & R B IR R . W H
AR E  REF B R e Rt t Bl T
F AR AR TN R R W AL e S A



F28

M 0,4 ) R P AR P S SR e (7]

PR B Sh AT AT, B Ah A P
T, HRTR ZBAER AR 0 € TE AR br  BEHE R GEH)
AWK A e BT T S AR G H M R E R AR
RAYEER

T A RO L R G AT HE 5 A
FH 2 3 0 388 A5 T Be A4 1 B8 T R AT R0 v TR R AR
T 1 s o A S A, 22 e MU GPS
DA% B4 i | o R s A A i o 4 ) e T AR E A AT
FE AT | R TR R AR G AR 9 R W A B
Pl UE R R s TR b . fEZHE ARG
Dy A E M H TR AR EL R S R R OGRS RE A A
KA O 1Bk B TR g (i A1 v S P A E
s 1l phe S T 2L AE S YU TR A B R AR S, R R
I BE T3 1) Xk TSI 1 il A 2K s i DA PR
P B S 22 e B 1 A A ) 8 G ) AR
AR R i AN — 2 5 5 A SR B FE AT I e ik T AT 11
YRR, 55 2 24 22 B WOk A I 5k e 45 il - BE 22 ]
BB A B W R ECRGE IURA IR  Z — ]
K 2% Tl T A i L G 0 T 5 P A s 2 9 ) SR
bl T ARGARLNE A TR R A A X TS
o Sl 45 77 THT B4 5 W) e A ST 4 ] T B SR S SE
S N HE— W TR

5 5B

FII, HHASRE V2 A R RN T vk 2 Rh 2 FE
WFFEN B AAS [R] ) Ff1 BE T 50 i 0 2R 8 1) v T A E )
A, N H T B R R E MR R TARR | B ERUS
TARKHYZE R  EATIA BRI B R R B 2,
ATV 22058 B FLKE 18 B Y ) R 2 A O

AR SO AR Z2 (0 BIF 5 R T 2L 4 o L TR AN AR
E B | HE H ARRE TR 0 A O 1 B ) T BEAE 0 )
BEAT T 08 VA R R TR R — 2L B
HRE R EEN AR IERE NS iR E PR
RO AL T W B AL A B T 2R R P Y O A
fifp T LA R A7 T 8 T ) i 1 A H AT AR Y

SE k.

[1] TAYLOR C W. Power system voltage stability [M]. New
York :McGraw-Hill, 1994.

[2] CUTSEM T V,VOURNAS C. Voliage stability of electric
power systems[M]. Norwell, MA ; Kluwer, 1998.

[3] v, IR e, AR e 4 A i FEE SR [0,
4% H 31k ,2000,24(5):1- 4.

ZHU Lingzhi,ZHOU Shuang-xi. Study on power flow ari-
thmetic for voltage stability analysis [J]. Automation of
Electric Power Systems,2000,24(5):1-4.

(4] FKITTME , JHRCE | LA i S i AR E 2B b sh A T
TR R FLSEE ()], v E AL T A2 254 ,2000,20(3) :66 — 70.
ZHANG Yuan-peng,ZHOU Shuang-xi, WANG Li-feng. The
model of dynamic components and its realization of study
on static voltage stability analysis[J]. Proceedings of the
CSEE,2000,20(3) :66-70.

[5] CHOWDHURY B H,TAYLOR C W. Voltage stability analysis:
V-Q power flow simulation versus dynamic simulation[]].
IEEE Trans. on Power Systems,2000,15(4):1354 —1359.

[6] NAGAO UN. A new eigen-analysis method of steady-state
stability studies for large power systems:S matrix method
[J]. IEEE Trans. on Power Systems,1988,3(2).424 -
429.

[7] CAMPAGNOLO J M,MARTINS N,FALCAO D M. Refac-
tored bi-iteration: A high performance eigensolution method
for large power system matrics[J]. IEEE Trans. on Power
Systems, 1996, 11(3) :1228 - 1235.

(8] & ¥, AN, a4 A AT S ALLH 3l 2 ik f) 3 v 7

LSRR SRR E R (). TR G A 31K ,1997,21
(4):13-17.
WU Tao, WANG Wei-sheng, WANG Jian-quan,et al. Calcu-
lation of voltage stability margin by load flow Jacobian
matrices and taking account of generator unit dynamics
[J]. Automation of Electric Power Systems,1997,21(4).
13-17.

(O] Ras il i @ Mk, s iAE . 27 A5 vl TR AR E A9 A2 2R A PR

I[N, RS A B, 1995,19(12):11-15.
XU Tai-shan,XUE Yu-sheng,HAN Zhen-xiang. Modeling
requirement and fast judgment of transient voltage stability
[J]. Automation of Electric Power Systems,1995,19(12):
11-15.

[10] BERRE AT M08 | PR, A ) 2R 408 A vl TR AR E 1) BE AR
LS AT EAMHT[J ], FErP BT A 1995,23(4) :21-24.
DUAN Xian-zhong, HE Yang-zan,CHEN De-shu. The
basic concept and simulation analysis of the transient
voltage stability in electric power system[J]. Journal of
Huazhong University of Sci.& Tec.,1995,23(4).21- 24.

[11] B A Bl A8 S i W 42 S I R e A AL ()], /)
YL H 316 ,2002,26(5) :1- 4.

HE Ren-mu. Power system dynamics monitoring and mana-
gement system [J]. Automation of Electric Power Sys-
tems,2002,26(5):1-4.

[12] VANCUTSEM T,JACQUEMART Y ,MARQUETJN et dal.
A comprehensive analysis of mid-term voltage stability[J].
IEEE Trans. on Power Systems,1995,10 (3):1173-
1182.

[13] CANIZARES C A,ALVARADO F L. Point of collapse
and continuation methods for large AC/DC systems[]].
IEEE Trans. on Power Systems,1993,8(1):.1-8.

[14] AJJARAPU V. Identification of steady state voltage stability
in power systems [J].Int. J.of Electric Power & Ener-
gy Systems, 1991, (11) .43 -46.

[15] CUTSEM T V. A method to compute reactive power mar-
gins with respect to voltage collapse [J]. IEEE Trans.
on Power Systems,1991,6(1):145-156.

[16] LU J,LIU C W,THORP J S. New methods for computing
a saddle-node bifurcation point for voltage stability
analysis[J]. IEEE Trans. on Power Systems,1995,10
(2):978-989.

[17] PARKER C J,MORRISON I F,SUTANTO D. Application
of an optimization method for determining the reactive
margin from voltage collapse in reactive power planning
[J.IEEE Trans.on Power Systems,1996,11 (3):1473—
1481.



0 € D 8wt s

F25%

[18] IRISARRI G D,WANG X,TONG J,et al. Maximum loa-
dability of power systems using interior point non-linear
optimization method [J]. IEEE Trans. on Power Sys-
tems, 1997,12(1):162-172.

[19] HAQUE M H. Use of VI characteristic as a tool to assess
the static voltage stability limit of a power system[]].
IEE Proc.-Gener. Transm. Distrib.,2004,151,(1):1-7.

[20] HAQUE M H. Novel method of assessing voltage stabi-
lity of a power system using stability boundary in P-(Q
plane [J]. Electric Power Systems Research,2003,64
(2):35-40.

[21] HAQUE M H. On-line monitoring of maximum permis-
sible loading of a power system within the voltage
stability limits [J]. IEE Proc.- Gener. Transm. Distrib.,
2003,150(1):107-112.

[22] JULIAN D E,SCHULZ R P,VU K T,et al. Quantifying
proximity to voltage collapse using the voltage instability
predictor (VIP)[A]. Proc. IEEE PES Summer Meeting
[C]. Seattle WA .TEEE,2000. 931 - 936.

[23] WARLAND L,HOLEN A T. Estimation of distance to vol-
tage collapse:Testing an algorithm based on local measu-
rements [A]. Proc. 14th Power Systems Computation
Conf. (PSCC)[C]. Seville,Spain:IEEE,2002.1-7.

[24] % B2 Bkl Amee. v RE RIS E R HUE 75

Moy sk giid (], AR [ 1997,9(21):21-25.
YUAN Jun,DUAN Xian-zhong, HE yang-zan. Surmari-
zation of the sensitivity analysis method of voltage
stability in power systems [J]. Power System Techno-
logy,1997,9(21):21-25.

[25] LF A,SMED T,ANDERSON G,et al. Fast calculation
of a voltage stability index[]J]. IEEE Trans. on Power
Systems, 1992,7(1) .54 - 64.

[26] GAO B,MORSION G K. Voltage stability evaluation using
modal analysis [J]. IEEE Trans. on Power Systems,
1992,7(4):1529 - 1542.

[27] YORINO N,HARADA S,CHENG H. A method to appro-
ximate a closest loadability limit using multiple load
flow solutions [J]. IEEE Trans. on Power Systems,
1997,12(1) .424 - 429.

[28] MILOSEVIC B,BEGOVIC M. Voltage-stability protection
and control using a wide-area network of phasor measu-
rements[J]. IEEE Trans. on Power Systems,2003,18
(1):121-127.

[29] VERBIC G,GUBINA F. Fast voltage-collapse line-protec-
tion algorithm based on local phasors[J]. IEE Proc.
-Gener. Transm. Distrib.,2003,150(4) :482-486.

[30JANTONIO C,de SOUZA Z,JULIO C,etal. On-line voltage
stability monitoring [J]. IEEE Trans. on Power Systems,
2000,15(4):1300-1305.

[31] SINHA A K,HAZARIKA D. A comparative study of vol-
tage stability indices in a power system[]]. Electrical
Power and Energy Systems,2000,22(8):589-596.

[32] PRADA R B,PALOMINO E G C. Voliage stability assess-
ment for real-time operation[]J]. IEE Proc.- Gener.
Transm. Distrib.,2002,14(2).175-18l1.

[33] QUINTELA A S,CASTRO C A. Improved branch-based
voltage stability proximity indices Part I:Theoretical backg-
round [ A ]. Proceedings of 2002 Large Engineering

Systems Conference on Power Engineering[ C ]. Halifax,
Nova Scotia, Canada;:IEEE,2002.109 -114.

[34] JAIN T,SRIVASTAVA L,SING S N. Fast voltage contin-
gency screening using radial basis function neural network
[J]. IEEE Trans. on Power Systems,2003,18 (4):1359 -
1366.

[35] SRIVASTAVA L,SING S N,SHARMA J. A hybrid neural
network model for fast voltage contingency screening
and ranking[J]. Elect. Power Energy Syst.,2000,22(1):
35-42.

[36] CHIANG H D,WANG C S,FLUECK A J. Look ahead
voltage and load margin contingency selection functions
for large scale power systems[J]. IEEE Trans. on Po-
wer Systems,1997,12(1):173-180.

[37] GREENE S,DOBSON I,AVLARADO F L. Contingency
ranking for voltage collapse via sensitivities from a
single nose curve[J]. IEEE Trans. on Power Systems,
1999,14(1):232-240.

[38] EJEBE G C,IRISARRI G D. Methods for contingency
screening and ranking for voltage stability analysis of
power systems [J]. IEEE Trans. on Power Systems,
1996,11(1):350-356.

[39] JIA Zhong-hong,JEYASURYA B. Contingency ranking for
on-line voltage stability assessment[J]. IEEE Trans. on
Power Systems,2000,15(3):1093-1097.

[40] FLUECK A J,GONELLA R. A new power sensitivity me-
thod of ranking branch outage contingencies for voltage
collapse [J]. IEEE Trans . on Power Systems,
2002,17(2):265-270.

[41] BERIZZIM A,ZENG Yong-gang. A second order method
for contingency severity assessment with respect to
voltage collapse[J]. IEEE Trans. on Power Systems,
2000,15(1):81-87.

[42] LIU Hang,BOSE A,NKATASUBRAMANIAN V. A fast
voltage security assessment method using adaptive boun-
ding [J]. IEEE Trans. on Power Systems,2000,15(3):
1137-1141.

[43] de SOUZAA A C Z,da SILVAA,A P A,JARDIMB J L
A,et al. A new contingency analysis approach for volta-
ge collapse assessment[]]. Electrical Power and Energy
Systems,2003,25(10):781-785.

[44] SCHLUETER R A. A voltage stability security assess-
ment method [A]. IEEE PES Summer Meeting [C].
Berlin: IEEE, 1997.1423 - 1438.

[45] BEGOVIC M M,PHADKE A G. Control of voltage stability
using sensitivity analysis [J]. IEEE Trans. on Power
Systems, 1992,7(1):114-123.

[46] WANG Yuan-ning,XU Wilsun. An investigation on the
reactive power support service needs of power producers
[J]. IEEE Trans. on Power Systems,2004,19(1):586-
593.

[47] VAAHEDI E, FUCHS C,XU W,et al. Voltage stability
contingency ranking and screening[J]. IEEE Trans. on
Power Systems,1999,14(1):256-265.

[48] BIWEA P R,KOTHARI D P,KELAPURE S M. An effi-
cient approach for contingency ranking based on
voltage stability[J]. Electrical Power and Energy Sys-
tems, 2004 ,26(2) . 143 - 149.



F28

Ml 0% ) R GG R E PR T ST AR B e 2 (9]

[49] LI Xiao-lu,BAO Li-xin,DUAN Xian-zhong,et al. Effects
of FACTs controllers on small signal voltage stability
[A]. IEEE PES Winter Meeting[C]. Singapore:IEEE,
2000. 2793 -2799.

[50] NUQUII R F,ARUN G P R P. Fast on-line voltage
security monitoring using synchronized phasor measure-
ments and decision trees[A]. Power Engineering So-
ciety Winter Meeting [ C]. Columbus, USA :IEEE,2001.
1347-1352.

[51] CAPITANESCU F,van CUTSEM T. Preventive control of
voltage security margins: A multicontingency sensitivity
-based approach[J]. IEEE Trans. on Power Systems,
2002,17(2):358-364.

[52] FENG Z,AJJARAPU V,MARATUKULAM D J. A com-
prehensive approach for preventive and corrective control
to mitigate voltage collapse[J]. IEEE Trans. on Power
Systems,2000,15(2):791-797.

[53] HU J X,FU S T,CHEN J L,et al. Determination of emer-
gency tripping generator / load by PEBS method with
linearized sensitivity coefficient[A]. International Con-
ference of Electric Engineering[C]. Taejon,Korea:IEEE,
1995.19 - 21.

[54] TONG Jian-zhong, CHIANG H D. A sensitivity-based BCU
method for fast derivation of stability in electric power
system[]J]. IEEE Trans. on Power Systems,1993,8(4).
1418 -1428.

[55] FENG Zhi-hong, ATJARAPU V K,MARATUKULAM D ]J.
A practical minimum load shedding strategy to mitigate
votage collapse [J]. IEEE Trans. on Power Systems,
1998,13(4):1285-1291.

[56] TUAN T Q,FANDINO J. Emergency load shedding to
avoid risk of voltage instability using indicators [J].
IEEE Trans. on Power Systems,1994,9(1).341-351.

[57] de TUGLIE E,DICORATO M,la SCALA M,e: al. A
corrective control for angle and voltage stability enhan-
cement on the transient time-scale [J]. IEEE Trans. on
Power Systems,2000,15(4):1345-1353.

[58] la SCALA M,TROVATO M,ANTONELLI C. On-line dy-
namic preventive control:An algorithm for transient secu-
rity dispatch [J]. IEEE Trans. on Power Systems,
1998,13(2):601 - 610.

[59] de TUGLIE E,la SCALA M,SCARPELLINI P. Real-time

preventive actions for the enhancement of votage-degraded

trajectiones [J]. IEEE Trans. on Power Systems,
1999,14(2):561-568.

[60] GRANVILLE S,MELLO J C O,MELO A C G. Application
of interior point methods to power flow unsolvability[J].
IEEE Trans. on Power Systems,1996,11 (2):1096-
1104.

[61] WANG X,EJEBE G S,TONG J,et al. Preventive/cor-
rective control for voltage stability using direct interior-
point method [J]. IEEE Trans. on Power Systems,
1998,13(3):878-883.

[62] WU Qiang,POPOVIC D H,HILL D J. Voltage security
enhancement via corrdinated control[J]. IEEE Trans.
on Power Systems,2001,16(1):127-135.

[63] LARSSON M,KARLSSON D. Coordinated system protec-
tion scheme against voltage collapse using heuristic
search and predictive control[J]. IEEE Trans. on Power
Systems,2003,18(3) :1001-1006.

[64] LARSSON M,HILL D J,0LSSON G. Emergency voltage
control using search and predictive control [J]. Int. J.
Power Energy Sys.,2002,24(2):121-130.

[65] VARGAS L S,CANIZARES C A. Time dependence of
controls to avoid voltage collapse [J]. IEEE Trans. on
Power Systems,2000,15(4):1367-1375.

[66] NATIVEL G,JACQUEMART Y,SERMANSON Vet dal.
Integrated framework for voltage security assessment[]].
IEEE Trans. on Power Systems,2000,15 (4):1417-
1422.

[67] REHTANZ C,BERTSCH J. Wide area measurement and
protection system for emergency voltage stability control
[A]. Power Engineering Society Winter Meeting[C].
New York:TEEE,2002. 842-847.

(REHE: FAK)

EHEA,

78 (1976-), 8 T THMA WELHEE NFL A
RYGw BT AR U BRI 5 @R A (E - mail.:
fuxu@mailst.xjtu.edu.cn) ;

IH(1936-), 8, e FA #iE HEHALLES
B 2 BENFE N R GRS A G N T F @RI,

AER(1963-), %, EHEA S ##K HE LTE2NR
FHAH RGBSR T BOFRE A,

Survey of power system voltage stability study
FU Xu,WANG Xi-fan,DU Zheng-chun
(Xi’an Jiaotong University,Xi’an 710049 ,China)

Abstract: Voltage instability manifests itself in a dramatic drop of transmission system voltages,which

may lead to system disruption. The voltage instability phenomena is described and explained. Approa-

ches to voltage stability study based on static and dynamic means are analyzed and reviewed ,as well as

the index calculation,forecasting accident selection and control measures. The achievements of all study

stages are concluded. Considering the problems not solved,the research direction for analysis model,

analysis method and control measures are pointed out.
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