E37EF4LH
2017 £ 4 A

% 2 & % iR S

Electric Power Automation Equipment

Vol.37 No.4
Apr. 2017

Z LRGP IR i 5 STATCOM 1Y
ARG SR bl YR

x| A, RS
(BB HKRF BALEFIRFR T KL 071003)

WE., TRAMGESONEREROAT BEFTHE N RATRTFED N A%, A A Pade 1418 3 B
R KHEN RS ERGES TG AT HIER T AME R (STATCOM) #3) S8R — -5 5 28
RO THERGCRBET HEFT A% E STATCOM 8 2 M A Ly sy R Rk X A T4 X Hamilton
Z A 04 STATCOM #= B #F BAR B FE0G % AL & Yok A 7~ L4 Hamilton 24 H X, #1 8 [, Fi£
AR AR kAR B H R T BAS 5 e R A A 30 A U B Ae STATCOM #4 iRl 42 6 vk 4 L2 R
RAGOT BEREAN | 5 %6 5 3asH) B4R P45 B B ¥ om 09 3F & SRR A2 B 2B AR 45 R 20k

Wk BRI AR — & 6 i R ARG

KEEWR. A AR%, MAEZYL, L LM, STATCOM; h&58E; $4) L Hamilton & % ; B i, Pade 40

L, F#drh), WrifdsHl
FESZES, TM 76 X EEERISAD . A

0 5l

i 1E [F] 2D A M2 8% STATCOM (STATic synchronous
CO]\/[pensator)ﬁ5 Ry 2 PR AC I i L R 48 (FACTS) I A%
DERSZ — EReEs: il S MER SN
TR R M A R R, T STATCOM R
B %) e 7 3 B RO AT M TR R G v R S R R
SEREER & T A A EEAE 2 ENA e
75 STATCOM % & 5 J& Wi ALl e 14 1 981 42 i D7 1T B
TP R . SCHR[3 T8 52 T 417 STATCOM
YR HIL AR 8 1Y 1 eR B, AR BE B bR 4 B R A 1 3
PR SCRR (442 1 — A T g8 Bt
STATCOM HERY K& T R G AR BO B IR 2 &
T bR AR L A5 il 2 U R AR R A i et (HEL By
A B BAHLTE ST R AR GE, SCHR[S R B I it
LAEALTTIE R F B ARSI H T STATCOM 5 & R
UINGIE AR s e A HECT IR (ER oy i i S g Su R 4 b0
RGHAT TR Dk 55 T Pr i il 25 10
Lt TR RS WAMS (Wide-Area Measure-
ment System ) 75 L X T (19 i 2z I WL ) R G209 55
BRI SR TR R ik BRI T BN R AE S 4
i WAMS 19tk Ab 3R 5 v BefE e L R B R0 =
R0 B IF i | 0ORE A HL T FR G U R G I XS
HL ] R G n e PR AT S SR 52 e | DRI 7 220 W e i
SEMA R G0 T B R A A AR A S PR ) R G Y
FERIBCR S LT 2 SRR E R E TS,

VT AF 2K | W 2% 0 (Hamilton ) 3 48 #1652 31 4E 4 4

[l

Y iE B H1.2016-04-07; 18 B HEA .2016-12-27

DOI: 10.16081/j.issn.1006-6047.2017.04.015

RGP SR Tz O MR I T R R AR £
PR g BAA RO i FE w RO Fsh 2 1R RES Sk
(10738 it 7 Bz 452 77 ¥ 56 i)™ SCALh Hamilton 523
PR T — B T AR G E AR g Y Bt Oy
2, 0 BT T 2 R DO A AR (SVC) B PR U
P SR SCHR[ 11 TS T4 & ) B e 4 il 5 1)
Z LI RGBT BE T Lyapunov-Krasovskii 12 bR
2, 4% 2R I AR g8 Y T AR e R L H RS
MR AR Z e S SCHR[ 12778 LFER Hamilton
SEPLTT R R b KRS R s m  BR T Dl
] X Hamilton B i S HBE 458 i O i | (5 & H AL Jih
A7 T SR TR AR T B SAF S R B

ARSCHTF T L Hamilton PRI | X Z WL R G
fir BBt % 5 STATCOM % 8 [W] i 347 B 9 42 1]
STATCOM 4 3l 25 5 P i — B i 20 O 2 8 50 T 42
Ter IR o, R Pade 3T AL IE I3 I 7 2R 5, 6
I ¥ 5 e B 7E R GE B A T R R AP K R
Hitt Ko STATCOM 3l 24 9 5 /5 F 1) 22 #IL 22 G i ik i £h
J7 XFEH Hamilton RGIE R L, 1440 il 42 il
T A9 3 K LR A % A STATCOM F Bip i 45 il
FUAE 07 B SR W] T BT 4 2 BB Vi 4 I R 4 SR
W P19 L A R

1 A7 X Hamilton 2% IRt

SE X1 XA AN E P B I 0 5 A ek
ARG, HORE TN .
x=f(x)+g(x)u+G(x)w (1)

Hr xeR A n 4ERGREL B ;ue R m HEFE



%48 XA ZHLR G R AL A S5 R 5 STATCOM B Al 2 4 5 1 1 i 42 1) @

BWAME,weR N SHZRLEN NN ;g (x) . G(x) N
PR RECE M EAAE DA R RECH (x),
WA (D) iR RE R R I TR,
x=T(x)0,H(x)+P(x)+g(x)u (2)
T(x)=J(x)-R(x)
Hfr JT=—J;R=R"=0; HAx % M A8 it i o L]
2% k[ 12], W (2) FiR R G V-4 5k x,, 45
T(x)n % WHE P(x)=T"(x)P(x),fF H(x) I HEH
- 3 T 1 R R 0,

W(x)=H(x)+3 f:)fj(xj)dxj—H(xo) (3)
&i(x) =pj(x10,x20, X G005 K0, X (105 " 5 %00)
W (2) B AT Fem n g

X=T(x)9. W (x)+n(x)+g(x)u 4)

Nx)=Px)-Tx)[ (1) ,6(x0) -, Eu(x) ]

B B h ) X Hamilton PREX W (x) 76 -1 55

A 1) Bl N
AW (x0) =0 H (x0) +[ & (x10) , -+ ,€u(w0) I'=
0. H (x) +P(xo) (35)

B W (x) 1 3R I8 22 B 0 T8 AR 2R 401 1 a5 ik
FIE W (x0) =0, H 0, W (x)| 1, =0, W 3 BESEAR ) X
Hamilton PREL W (x) ) —DE G B EEH—
(ERSN

Mt K A W 3 i AR ME A B 2R 08 =X
5 h) X Hamilton BREX W (x) B9 #% (Hessian ) 4
R () 1E 22 25 A (HRT 3T S AL BB 3 5 O 2 40 B
Hessian 0 M A9 1E & PE | ol #5459 2 HOE @ &40,
W (x) B Hessian B4 1IE 5, W] x, /&8 X Hamilton
PR W () B9 — AR/ IMELRL, BRI W () T RAAE D 5
51— JRr Lyapunov PR,

A 2 R G A AR W T R i ) R BRI 2 0
W R 2 (4) TR 2 G 4 ) i 1] 1) S 50N F 55 F
0,80,

W(x)<0 (6)
TE R 125 RS W ()W 2K (6)
PN AN AR AL T ] (8 Xt 2 00T 28 G s 45 1l
AR LA
EH 1 AE—TES z=hg" (X)W (x), I
o h BG4 0 T P K v >0 BETH
2 R(x)+ 2;2 [g(x)g"(x) -G (x)G"(x)]=0, M1 7E
an =X (7)) 7 1 B0 (2R e A S L e, b R T
FEm,

u:—é— hT<x>h<x>+y1—21 g (W E)  (7)
Horpr A AN X A A R IR G R TE L SCRR [ 14 ],

2 BE STATCOM BRI S HLE 1R 5 M %K
HiE

TR A& HLHLEE R #E 5 STATCOM 9 P33
5 16l T W | AN RE AT B b g s ¥ Bl G T STATCOM. 19 9K
ST S R GRS RAZE | R T B SR
STATCOM 5 Hi J1 R Go M TR R i K 3%
2.1 HHEATELIE
TS e S A A A I AE S B0 R R
WA e (T HAE TR R/ FRoR . 24 & iU G
ECoR i E X S B i (= B S N 79 7 (== )
Bf i M | T BB 2 R M T U TS AR RIOR R A
R R G R, T B R HE 5 1 R R ) s
P I R G R SR e s o R, IR H
v Pade VT 32538 UT B A IR TT ™ K Sk A BHIE R 4G
A — B B B A s R T AR O
1 1 2.2
1——TS+ET S

ere—t 1 (8)
I+ Ts+— T2’

2 12
Wox MR o AR o 220 I ER
e B AR R MR PRI R T R A

xrzx+Z—x+Z—xT+ll)—(xl—yl) (9)
/ﬁ‘:qj ,(L:—%T ;b :1172‘[2; X1\ Y1 ﬁ%uﬂgiﬁi/\ﬁgiﬂ
i 11 B AR

A SCR FH SCHR [ 15145 i HL ) R GERR € % (PSS)
i I UNES IS WS NS R 1 522 AR 1 (39 12
PEAL R T A PR b o5 | 2% REER 1 L D 22 AU, 1E
NEAAR T W & KWL AR S U, 3R
LW

Uli:KU

AUli+ %AUli+ l}i (xk—yk)

Horr K, o PSS B 1 KA x0 0 737901 R AU,
AU, BB AU, NE AR R AL S,

+Z—iU,,- (10)

B 1 & SIS pss R
Fig.1 PSS model with wide-area control signal

2.2 STATCOM HIBhSREE SH RS BEINE

ST — 2R RS, S N A KB
MM B STATCOM $6'& , 1.2.--- N NEHEILI A,
N+1 N+2 -+ N+M HE%AE STATCOM 25 & 1+
LT, B 2 STATCOM 11 AT 8 Ha 37 U 455 780
STATCOM 1) 8 25 5Pk H — B s 43 7 #R s o) &S
k & STATCOM ¢ & 1) 2h BRI ] KRN .

jsk=i(lsk—[sm)+§% us, k=1,2,---.M (11)

TSk Sk




4] ® 0 8 & iR B

F£37%

Quulk
I |
r4<3© |-ﬁ#“
Qui| Usi o — |

& 2 STATCOM I 2 i I A 2
Fig.2 Controllable current-source model of STATCOM
Horp I, f STATCOM F i i B 5 15,0 M STATCOM
i I A RI LR R Ty, AEE & £ STATCOM & 1
o 25 15 PE B 1) B K, MR AE B us, MR B
STATCOM 2% ‘& i 45 il %y A .
%k 5 STATCOM 2% B 4 A s iR L R R .
USkz Qnut]-:_ Qink ( 12)

Sk

HF Qi Qo NEE E F STATCOM 236 B 32 A BEZE
i e, mal(12) &, % STATCOM
BB ERG  STATCOM #: A S L4
JE Uy, B2 Iy, BRI AR 1L B 9Us, /015 #0.,

AT S STATCOM # & #: ARG )5 & H L

W B TR A K AL Ea do
ikt gRgn O w HHO-
WRSMEERENEE | F | L
STATCOM 15 £/t % FL L F C}%@%T+fo
2R G T 2 R
‘Z%ﬁMM%& il 3 -
Pz o W FRCR 5 R Fig.3 System network model
BRI ARGE TR .

IG _ YGG YGS EG]

1 ly, v o (13)

Hrh E. N N 4t & ALY SOl K ml U 8 M4
STATCOM #2 AREZEY fif FR a2 51, o N 4 A AL
HEA B & T 8 M 4E STATCOM A HL R W] i
Yoo N & HLHLT 18] B9 5 94 36 BF  Yos & STATCOM

A5 TS YN A B Y M Yo MR AL S
STATCOM 15 5[] i) 5 40 4 B4

HTRBITE L Yeo=Yo=Ge+jB;,Yos = Y=
Gs+jBs, W5 i & % Fa ALY HL W D) 28 F0 o Pl P Y 1)
Tk,

PI&@JJ_

E;, ZE' (Bgsind;+ Ge;cos6;) +AP..(Is)  (14)
](li_lm(E(;tI(JL>/EGi:

N
2E;,-(B(;i,-cosﬁi,-—G(;l-]-sinﬁij) +Alfli(IS) (15)
j=1

M

APH‘(IS) :E;i; USk(BSik Sins{k‘l'GSikcosaik)

i=1

M
A[m'(ls) = Z USk(BSik c0s 0y — G%sin&)

K$Emﬁ%ikaMw£%FmiE%h
ﬁﬁ%ﬂ%%*%%ﬁpﬁﬂﬁﬁ%z@%ﬁﬁ%,

8u N El I Uy ZIB WA 225Gy T Beyy 73 9 R4
A REHURE j A &L i SR L AN Gy, FI
By, 7P HIRES © 5 K BALFIEE k /5 STATCOM Z IR i
HLS RGN

i IR AL, RGP RGN AP, (I5) |
HLI AL (Is) & STATCOM % i F it I 9 eRER, W) m]
DI AP (1) AL(I) B EAR AT E S50 =L (1)
A R,

3 EEMHENSHENRGEMES STATCOM

B 3E 2k M 1 8 4 il 2R i T

3.1 SHBARGEHHAT XFEE Hamilton X3
X x=(x, %) " HWRGEMRES AL 1 o x, =

(8,0, EL U  xp=1syo IV x0 2 FGE R A7 1, 0

T St JT A & A AL % . STATCOM 1Y 2 1L &

G sh SRR

Si=w;,—w,

(UOP D

M, = (w;—wy) —

0. APei(IS) -

“n zE(,/iE(:j<BGijSin8ij+G(;L'jCOS(Sij)
M, =
E,’, Td(n [(xd —x4) ZE,U(G ;sind;— (16)

Ui Byt | %u=%i pf

di
10 Td

(Is)

BCij COS&,‘j) }

U[;:KU{AUZI,*' Z%AU”-'—[%(M_”) +ﬂUh-

b;

s —1Isi0) + Ks

Sk
Usy;
Sk Sk

Horb w, R NI FE s, R IR0 563, D, M, 5397
& FLHILBH 2 2 ORI M 5 8] 4 P, R i AL
N Tl N d A 25T I ) 8 50 ), 2000 R R
HIBL o Bl )20 e p A s e,
MAREHE I AR B R #03E R G2 Hamilton PRECH .

H(xi,)—?;

jSk:_

~(w; wo)2+ZG(,L5E’2

Z E E (Gcijsinaij—B(;ijCOSSij)—

g

//\
0y
N
=

N /2

ZBWE”+ZA——4L—— Zf@8+
i=1 2(x1 xd) i=1

l\.)‘—‘ l\)‘r—‘

v
2 C'U%+?k§lcsk(15k— sk0)’ (17)

1

Horp € Cs, 53 ) R WS PR T F STATCOM 5 3417
(R HL 25U R 3 Y R PR R H () R RS0 B HE
i, % T STATCOM 7E N £ M Be HL oo 14 i g
L Wk TSR RERENERE I,



%48 XA ZHLR G R AL A S5 R 5 STATCOM B Al 2 4 5 1 1 i 42 o) @

B BRI H () XA AR R 5 WX (16) AT 3R
7N BN e A

X=(J-R)d,H(x;)+P(x;) +gu (18)
J:diag[Jg,]/(] ER(4N+M)><(4N+M)
R=diag[R,,R,] e R4"*">x+1)

g:diag[gi,gk] €11(43\“+M)><(4s\"-¢-!l4)

P: [PL P]r:l GR(4N+M)><(4N+M)

Wo
0 M, 0 0
— Wy
M, 0 0 0
Ji(x;) = 1
0 0 0
2T 40 Cyi
-1
0 O 2T1’10[ Cl[ O
0 0 0 0
D;
0 M? 0 0
Ri(xi): = -1
0 0 di di
Tr’l()i 2T 50: Cy;
-1 —a
0 o0 :
2T 30, Cy; b.Cy

_M CAP(I5)

i

P(x;)= Mcﬁi OiE,+ %A[di(ls) + %

d0i d0i d0i

KJAM+%Amﬁ%xm—ﬂw

1
T o:

K,
TSk

! _Ks
) 8= Tsk

Pi(x;)= 0

Uso, gi={0 0

ﬁi:[uﬁ_uﬂo uSk_uSkO]T
FE Juo M usyo 70 1) 2 28 B8 Y- 187 5 i Xof o7 ) A R AL
Jil i A AELMT STATCOM 2 8 )42 i 18 90 45 (KL

3 (18) BRI N 25 S8 7 v S I 400 & & s HILINE i J
Wt % b STATCOM % 1) 22 HLHL 1 2 48 09 AR A 1f
I X Hamilton 3, 1 LB AT AEFHHE & &
TE (18) I
32 FEL&MEHIAESISRAIET

B RS T X Hamilton & G854 B AN 55 A7 R Jonn 35
P(x,), H it (18) MAEFRHE)™ X Hamilton B, 2
175 AL 3 Y RE B R B H (x) N RE L HEAE N RS
Lyapunov BECRIHE RG MR E M, R AEIK I
RGN E S A% T H (o) #EAT — & B 0,

i (18) R RE R A X Hamilton B
R
W (x;)=H (x;) +

;é J:;fij(xj)dxﬂ'é J:‘fk(xs)dxs—H(xo) (19)

sz<x1 ,x205x305x40’x50> ]': 1

Pij(xlo,xz,xm,xm,%so) ]':2

glj(x}) =

Py(%10,%20,%3,%10,%5) J=3

ﬁ;]-(xlo,xgo,xm,m,xm) j=4
&(xs) =Py (210, %20, %30, %40, X5)
P(x)=[J:(x) -Ri(x) ' Pi(x,) =

[Pi(x,) Pa(x)) Pa(x;) Pa(x)]"
Pi(x) = [Ji(x) = Ri(x) 17 P(x,)

M= (18) AT R m h
%=(J-R)o, W(x,) +n+gu (20)
n= [ﬂi,‘flk]T, nk:Pk_Pk(xl()’xZD’xSO’xztony)

Py (1,220, %30, %40, %50)
P (210,22, %30, %40, X50)
ni:Pi_ Pi3(x10,%20,%3,%40,%50)
P4(%10, %20, %30, %4, X50)
WU 255 B8 ) A o P i 5 e RS R Y 5 R R HL Rl
fh & STATCOM 2% BRI E 2 Z LA 1 ARG h)™ X
Hamilton SE 3405 (20) W | o] #2281 &t
Jil 5 STATCOM %€ # B Al 2 4 W i 2 ] S
WA () mX6) I I RGP i
13 % HUBIL % Jal 42 ot R A

1 "
ufi:_;i (h%+7 )gi(xi)ai,w(xi) Flgio=

U o) E e
_ZTzliOi (hi+ ’y2 ) jzlzj:#iqu(G(}ijSln5ij—
B(JijC058ij) _BGiiE(’,["l'*Eqil—_'_

Xdi — X dj

M
2GGiiEz,1i( 0;—6i0) + Ea Usi(Gsisindio—

u .
Bgy cos0;0,) ——10—+
Xdi =X di

Y RN AN A
a(xg—x) [AU1L+ b, AU+ b, (2 yk)}

%k £ STATCOM %& & 1) ¥ il SR sy .

’ 1
usk:—;’— (h%""yT )gk(xl)a;‘W(xl) +uSk0:

+ug (21)

Kg (p2, 1
_ﬁ(hk'i"yz )[a}k(W(xJ_H(xi))_l_

Csi(Isy—Isi0) ] +usio (22)
0. (W (x)~H(x))=

> [E[,l( Gy 8in0;0, — By c0s 0s01) +

i=1
E;i()( Gsi Sin8ik —Bs;, COS5fk) - ZE;I:O( Gsi Sinaiok_
IUs,
s
ot by Rl by TS RE R B

BIRPERI RS K T B AR R I B R R

Bsicos8i)

- Cy K usio (23)



106) ® 0 8 & iR B

F£37%

wiE T BRETE a0 b, P, K EALAYEE ] RG]
(2115 1M STATCOM 25 & YA R &5
4 Fis,

?y’ (€< Usko
Sk
I,
[0y e STATCOM
+

1 K3, Cy 'h2+17
il )

“KS (ppp L » IR 250 Bt
77, |hi+ ¥ {2 23) f— e

[SkO

B 4 STATCOM Y IEZ&HIxHI R4t
Fig.4 Nonlinear control system of STATCOM

4 fAESH

R T B8 E AR SC T R A 2 Bl 3R 4 o R )
ARCME | VEHULE X Ik A FINX I, B A B 4% 2% v o 20
7 STATCOM % & Ry ML 4 B 2 X3 RS AE Il EH
BN S TR, BB LR 7-8 By ] £k K A
IHELR 7 AFE 2.0 s B A A2 BRI PRAH 45 B R 0.1 s
JE MR RGR A EH  BEE T a8 1 L R
% AU VERRNEER) B A MG S R G RENILh
R e B 1 B R S0 5 w28 S 80, B hy=hy =
Ly=2,

O s 607 8 9 011 3 &
T!:L:!Tﬂ—r@@@
P Jiiﬂg
2 4
STATCOM
<38 A G, G, K B

BS54t 2XERGLEHE
Fig.5 Structural diagram of four-machine two-area system

NS B UEA SO BT I Al L v B R 4 i 2%
XF RGEE ASTERERIRZ R K I A i 0 FUBCR 5 00
A 2R AT X HE
4.1 E[EEHE 2 R R TR X b

NG T B T A I T 2 R SR AR T
KM Gy 5 G, BT A 22 IR R L b iYL 4 T 2R 1Y
Wi 137 2 53 AP 6 (a) L (b) BT £ 5 BLAS ST L
A, e IR 5 IR A 18 2k 5 i) ok A
SCPIT B A AR LA P R 45 ] SR ok 2R 8 AR — R L i
FikC R i ) AR A3 4R 7 1) 410 o) 25 R 8 T I A T o A
i, R Ge s TRUE
4.2 FEERIE A 2 FIE G R EIT L

VB S B IR 2 T R4 4 1 47
ROR, ELA [R] F) I i I I 0F 42 1) % 9 52 00 7 B2 AN [
fEBE 2 Bl 1) AR 5 20 047 AE 50 ms 100 ms

<
S
<
0 5 10 15 20
t/s

(a) Gs 1 G, BT ASy

500
= B s
< Sy
200 : : : :
0 5 10 15 20

t/s
(b) BREBELRALH TR P,

Bl 6 RE¥EH KA T & S0 5 i 2
Fig.6 Response curves of system with
different control strategies

150 ms (UIHE 7 45 10 T AR R BSOS 5 5 i
TG OLT | ZRGE A Az = AR I A o 7 gt 2%

A8/ (%)

=
=
>
O
200 1 1 1 ]
0 5 10 15 20
t/s
(a) 50 ms BT 250 09 M iy il 28
O -
<
S
<
500 1
=
N 350 F
=y
200 ¥ L L 1 ]
0 5 10 15 20

t/s
(b) 100 ms B 28 6 A i i 1 28

Ady/(°)

500
=
< 350 F
<
200 : : ! ]
0 5 10 15 20
t/s
(¢) 150 ms Wit T 2848 04 Ly fh £k
rrrrrrr Sy, —— Bl

7 EREIE T 5 G002k
Fig.7 Response curves of system with
different time-delays



%48 XA ZHLR G R AL A S5 R 5 STATCOM B Al 2 4 5 1 1 i 42 o) @

t & 7 AT LAE W FERTR T =50 ms B, AR ST R
B4 PB4 S R LA AR A B[] PN SF 9 &R S AR
WIR 5 3 76 3 WO 25 A4 T &R 58 0 4R35 W B 3
KRG H AR S0 T =100 ms A1 7 =150 ms
I EE R8s D AR I R G IR ; 52X T,
ALtk i i 25508 B RAF R Bl RO) . ik
AR YRS AU S R g S R B
SRR T B ARSI SRR T
AR SC T T 0 25 HE B s 5 M %) A 2 I IR 42 o 25 AT
BEARCF M RS £ A RS E MR, R 5%
PRE R BT IR

5 #it

T35 5 B0 B s R B — E
SZ | I LA R B R 2 0 s 1 g i R RE L A
SCHESE T R AE SRR R AR AT £
STATCOM % & ZHL R G F H Pade 3T L4
I S I B 7E R G sh A R R 80 B RS 1, T
PIEAM il 42 1 D7 v BT E & e BTL B s S 5t Dl e 45 ) B
STATCOM 2% B [ WA 2 i SR m B BT e it i B 4
il 88 R0 TR T #S E AT X L EL A AT 4 R R B AR
SCHT T A PR i 8 v RE O F A s il e HL7ER
[ 250 Bris it i & LI #E 5 STATCOM 19
DM 2 2 X RE A RO ) R GE IR R &
HETRE,

SEH .

(1] M E Bk Bk, A TO0 T %30 STATCOM #9128 17 B FRR
SIBT)]. BT H BB, 2015,35(1) :44-49.

TAN Shulong, YANG Geng,GENG Hua. Analysis of operating
limit for cascaded STATCOM in unbalanced condition[]J]. Electric
Power Automation Equipment,2015,35(1):44-49.

AR T Uk o 45 ST IRIRIERIE I H B 905 STATCOM
LAk R SRme )], M) A 4 ,2015,35(1):50-57.

XU Rong,YU Yong,YANG Rongfeng,et al. Strategy based on

—
5]
[}

passivity theory for nonlinear control of STATCOM with cascaded
H-bridges[J ]. Electric Power Automation Equipment,2015,35
(1):50-57.
[3] PhaE B XURE  TERE. [R5 A AL HLIG i STATCOM 3 26 1k P i 4%
W], BRGS0 ,2014,42(17) :8-14.
SUN Zhihuang,LIU Hui, WANG Ni. Nonlinear coordinated control
for synchronous generator excitation and STATCOM[]J]. Power
System Protection and Control ,2014,42(17).:8-14.
AUk AR R T RO UECR B STATCOM
LR AL ) Z R ARAE LA PR R (] ]. TP E R AL LR R,
2014,34(1):123-129.
LI Xiaocong,XIE Zuibing, LIANG Zhijian,et al. Multi-index

—
~
P

nonlinear coordinated control of STATCOM and generator excita-

tion differential algebraic system[]]. Proceedings of the CSEE,

2014,34(1):123-129.

[5] GU L. H,WANG J. Nonlinear coordinated control design of excita-
tion and STATCOM of power systems[]J]. Electric Power Systems
Research,2007,77(7) : 788-796.

(6] WA kAT IS, )3 ) RGE i P I ME S A e PR ()] O AE
b4 ,2010,30(6) :67-71.

QI Jun,ZHANG Youbing. Selection of time-delay control signal
in wide-area power system[]J]. Electric Power Automation Equip-
ment,2010,30(6):67-71.

[7] WU H X,TSAKALIS K S,HEYDT G T. Evaluation of time delay

[

effects to wide-area power system stabilizer design[J]. IEEE
Transactions on Power Systems,2004,19(4):1935-1941.
[8] WA VLATC, W —5. R B0 & A5 5 0 X )R R %
BELJE F il i Be it (1], T HOAR 24 2009,24(6) :154-159.
QI Jun,JIANG Quanyuan,CAO Yijia. Design of damping
controller for inter-area low-frequency oscillation using time-delay
wide-area measurements[J ]. Transactions of China Electrotech-
nical Society,2009,24(6):154-159.
FEIR. )7 X Hamilton FE ) RIS 5080 ol SR H M. b
IR AL 2007 :249-274.
[10] fiuk sk M. JE T 25 QREFHIAL I 2 Sve IRl RI ()], T E
AL TR 2442 ,2007,27(28) :34-35.
HE Bin,ZHANG Xiubin. Coordinated control for multi-SVCs

[9

[}

based on structure preserving model of power system[J]. Pro-
ceedings of the CSEE,2007,27(28):34-35.

LR AR B T Hamilton Z2HLHL J) R GERY ) I
MBLETERIL) ], PP T R, 2014,34(34) :6199-6208.
GULIZHATI Hailati, WANG Jie. Wide-area time-delay damping

—_
—
[

control of generalized Hamilton multi-machine power system[]].
Proceedings of the CSEE,2014,34(34):6199-6208.

(12] AV7, B4, Ph) SO 250 3 S AR 2 0L T 5 G2 AE 2 1k il
WEAE R AR AT [) ). T E LR R, 2011,31(19) :67-74.
SHI Fang,WANG Jie. Pseudo-generalized Hamiltonian theory
and its application to multi-machine power system nonlinear
excitation control[J]. Proceedings of the CSEE,2011,31(19):
67-74.

[13] Bl EA. ZHL RS Hamilton 3B Hessian 5 B 1E % H 5
SRM)]. B RGAY5HEH,2013,41(23) :16-22.
YIN Ting, WANG Jie. Judgment and application of Hessian
matrix positive definiteness for multi-machine system Hamiltonian
realization[J ]. Power System Protection and Control ,2013,41
(23):16-22.

[14] 495, A8 BESHHE. 25T Hamilton B UGE ZHL R SE 8 STE

PERIIBES SVC BRI ()], B J1 A S B4 ,2012,32(10)

48-52.

SHI Fang, WANG Jie,XUE Guiting. Coordinated excitation and

SVC control based on Hamilton theory for improving transient

stability of multi-machine power system[]J]. Electric Power Auto-

mation Equipment,2012,32(10) :48-52.

UCHIDA N,NAGAO T. A new eigen-analysis method of steady-

—
—_
W

[}

state stability studies for large power systems S matrix method
[J]. IEEE Transactions on Power Systems,1988,3(2):706-714.
[16] LIU Q J,SUN Y Z,SHEN T L,et al. Adaptive nonlinear



® R R E37%

coordinated excitation and STATCOM controller based on Hamil- BR T AR RGBT B ARG
tonian structure for multimachine-power-system stability enhan- A B 9 5 M 545 %) (E-mail ; hddlliuging781@
cement[]J]. IEE Proceedings—Control Theory and Applications,

163.com) ;
2003,150(3) :285-294.

#1980 — ), %, FT AR & A A
LR A R T @A TR R M B E KR
% M (E-mail : zInncepu@163.com) .,

EER N
0 EH(1974—), ko, TR B REA B HE B £

Nonlinear robust coordinated control of time-delay feedback excitation and
STATCOM for multi-machine power system
LIU Qing,ZHANG Lina

(School of Electrical and Electronic Engineering,North China Electric Power University, Baoding 071003, China)
Abstract: The power system with wide-area signals becomes a time-delay dynamic system due to the time-
delay of wide-area feedback signals. Pade approximation is adopted to implicate the effect of time-delay
section in the coefficients of system dynamic equations and a first-order differential equation is applied to
express the dynamic characteristics of STATCOM (STATic synchronous COMpensator) as a controllable
current source,based on which,the electromagnetic power expressions of multi-machine power system with
multiple STATCOMs are derived. Based on the pseudo-generalized Hamilton theory,a multi-machine power
system with STATCOM and time-delay feedback excitation is represented as a pseudo-generalized dissipation
Hamilton system. I, disturbance attenuation control method is used to design a coordinated control strategy
of STATCOM and generator excitation,which considers the time-delay of wide-area signals and the transfer
conductance. Results of the simulation for a four-machine two-area system show that,compared with
traditional decentralized controller,the proposed nonlinear robust coordinated controller with the consideration
of time-delay effect restrains the power system oscillation more effectively and is insensitive to time-delay to
a certain degree.
Key words: electric power systems; excitation system; electric generators; STATCOM; dynamic models;
pseudo-generalized Hamilton system; time delay; Pade approximation; 1, disturbance attenuation; coordinated

control
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Reactive power planning considering voltage interaction among
HVDCs for hybrid AC-DC system
YANG Di',CHENG Haozhong' ,MA Zeliang’, YAO Liangzhong®,ZHU Zhonglie’
(1. Key Laboratory of Control of Power Transmission and Conversion,Ministry of Education,
Shanghai Jiao Tong University ,Shanghai 200240, China;2. East China Grid Company Limited ,Shanghai 200120, China;
3. China Electric Power Research Institute, Beijing 100192, China)

Abstract: As multi-infeed HVDC greatly influences the safe and stable operation of hybrid AC/DC system,
a method is proposed to quantitatively calculate the system voltage interaction factor and average voltage
interaction factor between HVDC systems in hybrid AC/DC system. Furthermore,a reactive-power planning
method considering the voltage interaction among HVDC systems is proposed,which takes the minimum
voltage interaction as the objective of its upper layer while the minimum power-loss and minimum
investment as the objectives of its lower layer. Simulation and analysis for IEEE 39-bus extended system
show that the proposed reactive-power planning method improves the voltage stability of hybrid AC/DC
system.

Key words: voltage stability; voltage interaction; hybrid AC/DC system; reactive power planning; bi-level

programming



