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JE R G S R FE AR S U i L R A (flexible AG
transmission system , FACTS ) 1% #& A< | 7 fuf V) Bk 1
S 2 BARUARR R LGS R G i R fR e , e
P2 Hbr 220 A SR Tk i . (B e R AH
V2 B BE R 2SR AR J5 2O T F T s 3332803
A, EL7E SR EE 70 20 s B v T A 24 o R0 25 T g
SEORNSL . SR8 1L T 67 fir s 01 B8 (A A
FEAERE 2, I A TR £ AR Y, S0 A 30 B A
iy I ABE B SR it T REAS WSS, SCHR[9 TR 25 R o
AR R P R 2 PR Y B O R Y R 2
Benders 43 i 58 15 Al % 22 3] it (continuation power
flow, CPF) BRI JEAT SR A o CPF AL B BE F 0 b iF
FrZRGESVS A (B H A S AH R A1 T 4
1l SR ) A BRI o AT, SRAURE O ik DL A
PERG BE AR SR fi v 42 i 200, Tk T OPF 44
FE B TS A T A AR A L (LA 2 ELAR Y AT
TEMELLPT SV'S [R5 4 28 ) R FORG 12

Hla sk s B AR R E AR ) RGP A3
JUZ L R R AL A 2 ) R AR AR L R
G LI Ak B, DA A A 08 AR Lt As
il v i A2 2R B TR ), S IR R BRI ARE O
Ab PRI % MR AR e M4 ) A9 A RO T v Hoh 2 ol
IHFIPE R (decision tree, DT) K HAG ) ff AT (4 15
T 32 3 5GHE o SCHRL 1T R 8 51 1) 6% 24 A [ ) A6
R HAE DAy AR A 4 3 2R 8 HL TR AN 1
P, IR Hem AL P ALY DL S AR REIC . S
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TRIZ 57~ e U2 3 B s VR 2 R AE iz AL B AT FR
H A — 2 AR AR e M 22 42 00 SR 1 P RE 1T RE
BERE . Mk, REAFTE 51 ALZ AL RE T T 5 1 UR 2
>J (deep learning, DL) R4 g R ARAR Y | H AR 7RI 35
HAE R A PERE "o SBR[ 13 1 2k 7 DL i-S b 22
P 265 f14 2 A R A A g 2% R A5 AR 29 A OPF 82
B ISR O AR B DUt i 16 Ak il g 7975 42 ) SR s
SCHR (14 15T IR AR S M4 kL Bk i T 55
SEMPT R . FOR BB L T R AR B, (H T
Jet A R i SR ATY A7 AR AR HRR [, 35 T B8 1Y)
KA RETE B bn el T B Ry 5 ) EA8 R AT
T G R A o At AR e 11 2 A T A ) A A
158 DL BYAE M PR s B S S i R R

A2 2% (input convex neural network,
ICNN) fE LAAEZ M s BOE 20RS e 2 ik th 5
B N RFOE Y SCIRALIN , Rt T HL R B 2 i
AT 50k G R TR I 22 42 i 20 o S B B AR S
PRI X 58 Sy 350 e 0 ) A0 B MR TR et 42 )
2% ICNN AJ L™ & 1k W v, 5 A 38 0 2k
S G AR R R A TR S . ARSI
ICNN kAR CPF, IEA R AR LM AT 52 T, g7
H, R 2 M PR ORS o h Aa  BEAY  [E] JT
ICNN SN | i aod 4 S L He R 4 JBE X 42 ] A2
et PR T LR AR AR I L A5 3R T s i
AR B, T R & M 15,92 (interior point method,
IPM ) > 552 B FH o 3 g 30 SR A 42 thl IS A e
J&i , LUIEEE 14 95 5 R GURIEEE 118 7 £ R G iE
)5, A AR R N TR gt R U T i AR
i 0 45 (0 R ARy 1, T B S SR 3 1 v TR AR
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HL DA ST IR L 25 s JC DI AMEE D 26, BRI 255
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;Irl’l({lh‘ineznjcm(PGi)_l-,;CC”(an) (1)

Ao FOR PRI ) HFR RS P, Q205015 1L
B A AL T 0 R 55 n 0 R K FL AR AR AL TE D) #b
2 0, 050 Rk AL S5 5E A LG D A
T ER 5 Co( P ) Co Q) 23 30 R 1 45 ) 2 HL AL
BT RARTT B R BRI 25 n ) TC I AME AR T35 R
B (2) L (3) R .

Cp(Py)=a,Pi+b.Pg+c, (2)

Co(Qe)=c.Q., /P, (3)

R, b, R R LA D T AR R B e,
B A ] B BT S AR s PR
BB AN T RMET A
1.2 AREH
D)l =2, B
Po=P,=V,> V(G cos0,+B,sin6,)=0

(4)
QGi+QCi_QLi_Viz Vj(Gij sin eij_BiJ cos 0&):0
jetdy

X i, QN RGN SR PL QUi 1 A
(45 Dy G g FTC ) G 4e7 5 VR 71 0 i B4 LS {5 6,
R R R AE AR 22 5 Qo 01T 5 Y A FRHILTC
T3 G B Ay SN i R S R I T
RIS AR

2)isf T AN ER LR
(DAL 7 L R BRZY 5, R
Bcisp(‘,igp(}i
_ el (5)
QGiSQ(;iSQ()i

Ko Py P 1 Qu QAP BI04 0 % LA 30

AT T R R
(2)TCI A b R BRZTH, B

ango(lngg(}n nef), (6)
R 0,0 ARIA 45 0 050 5 BRI RME )
I UFR.
(3)HL EZ) 5, B .
V.<V<V, ief), (7)

KbV v A s R IR B TR
()L A, B
Vfgij VLI/j(gi]» cos 0,+b; sin 0,‘,)
P.= -
ok k;
P <P, <P; ijel), (9)
Kb PR LA DD g, b, o0 AR B
iRV R sk, R i AR BRI S H 5 P, P
I3 AR B it A P Een b UTR R
(5)SVSH L, B
A=A (10)
A A, AR B, AR E i CPF BT (11) i
PR A e B AT B R RR .
max A

st. Po(1+Ang)-P(1+An,,)=
Viz Vj(Gij cos 0+ B, sin HL./)
jely
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K A N AGIER S E G e Qs ng, sy ng, 7090 0TS
SR AL DR T A D B e RS B £ A 3
Tl 5s(x)<O N RF LB, x HRGOIREA &
X5 T3 B R T, CPF B A VE i R 40 fap b K
SR RS AR T . BB Sk E
BT RGN, B2 WA AR A 5 SRS R
Gk A NI AL R GE 1 SVSHS (HIZ Ty 1%
E W e i e By N [ 1 O B Y A
e 8 i B AR (1 SR g o 7 b, I R ] CPF 1A H
JEASE M B IS AE R TR A . ik, AR SCHs:
ZEHE T DLAY A CPF YR AU AY , S AR e 1Y
P Bh PR .

2 BEREEGIRENICNNEREZ

FLF 21D SRAFE 57 or #8 BE A7 AEMRC S 5 300K )
L, 28 ARG R, 20 (D) — (1) (AR 2 B 4
i, I, B TCNN AR A B AL, A3y 1 i i
TR 8 [R) RS VR ™ S IR  FEXF =8 (1D A7 2%
FEA (model-free ) 28 2, A= BECHE BX 2 A9 B R A2
I AR RS A S5 A 4 R RCR S s hORG 1
2.1 ICNN &+

ICNN A & K AR R P0G oT , v 72 S %5 1]
HER A A AR M R R e e A Rk L 4
B 25§ 2% 20 76 0 Ak 3 il 455 28 ep i) B o 1 S B0 ik
S i SR AR AL G T kR BREE
ICNN 2544 . [ ICNN S 4 dE 450 5 X Y 20 510
ICNN [ i AFRIE FIAR 2, A SCR F A 5 A RRAIE X =
[Pos Vs Qe Py ) Vi, o 52 B A5 BOHLI FiL T B
ZEY KT E A, ;8 NG PR B w (€=1,2, -+, k+1)
R R E ST (€=1,2, -, k= 1) 5 €+1
ZBRORZ S WA Z R AR ESEG2,(0=1,2, -, k)
€ R BERZ T T . TONN A8 e DL R AR 4R 1
PIA e AT 4T B 1R B 2 ARE

SEFL1 ICNN 2548 P (AR w, — w, N AE 5L
HLTE pRECS S AR D™ PR AR, X T LR TIE AL
B eh Y oM A X pRER, HLIZ ™ R RS v R
IRy 12 WLBRE 5% A (AT —(A3)) IEXE o

FEFL 2 ICNN PR fionn: RR R 18 T 5% 5
(compact domain) F1 AT B FISE A5 ¢ ™ bR K f: R —
R(R N d 4EBR G2 18] , BVAEFE N B &, (45X T
BOEBU TR XA | fion(X)-f (X) |<e0

IR XS A BT T AR BR R, 5540 T K
K FIRRE T, UL, ICNN ZE5 A 2 5 B2 2 i 22
JUZ A3 i B3l " )2 (passthrough layer) D)5 £ IR
VI 28 X 45 (1) 2% 2 RE T, A8 RCE T fEL R RS TEA RE
T1o BRI E i 2, R

z€=5(w€zf,,+b‘g+ Te,]X+b}f,])
0=1,2,,k (12)
e by by A3 € R BRI R RS €1 = B
JZ IR
22 BREEHE

Ay — T W = S B TONIN 6 45 4 JXURG: LA
RS oA T BB A AR A TN R . XA
JIT bt 5% 1 B R Tt o7 A il ) T, R B AR A R
DA M BE AR 2 B FEASBE X ICNN #4791 %5
221 HAAERT &

WEBF 5 2] B RE AR 2 2S5 K |h g AREAE T E AR
TEAG B i ARRAE A & A HLAT Dy i 07k AL L
R RGN AME = A TA DR . HARRHIE
(Pn%8) M A far s B, Al = (11) 3K i

T FRFEARGA LS il e s T AR i
b U BRA R Se g g A R BEAL AR A K s AT
RUAES RIS 117 S AL T A B AT
BT B2 4 AR BARFRIE (BR28) , BIATIE M
TICNN YA AL S . IEBRLT AL
J7 fh#E (Latin hypercube sampling, LHS) 5% #£ %4 %
AR SR LHS 7 R BENLIAE Ik . B 1T
14 56 50 3 A KR iR A0 T 28 50 R A B PR PR A 2 1 T 7
JE + R AL LA LS LT 30 B3 LA 0.94~1.06 puu. s K HY,
LA Dy e Bl B (5) 4 L R BR#f 2 ;5 9
I HL 25 AR 2 TE D AMEETE LA 0~10 Mvar; £ far 7K
Rl R 4T H A 7K FHY 90 9%~130 % o
222 ICNN 3R %k & B )] 45

SRy i AT b S 78 ICNN B2 2544, 7 SCHnR ROk
JEILICNN JZ B ARG R

Yf(zé,l)=w€z(,l+b‘§ w,e R
we=[wé; ces Wy e ,wz‘:| wieR"" (13)
by=[by s sy s b7
D, (X)=T, X+b;_, T, eR"™™
=T s T e s T ] TR eR7™Y (14)
b =Bt e 5 b e b0 ]
Y (2,.,) D (X)) 53 BR S € 2 RO ZE ok |
T — B H0Z A A Z %A s N, ICNN 2 € )22 [0
JZRIPR L TTAEL, Ny R ARRE I GERE N, bR
BIYERE ;) by (m=1,2, -, N,) 535 05 € )2 R )2
(155 m AERI 2870 55 BT — 2 R 34 422 19 AN A g
BTl b (m=1,2, -+ N 5350 R 5 € 2 B2 1
55 m YEAR 280 S5 AR A B AR AR . AR
Fii: ICNN e | 8 B B2 T PR S (%, ) B CeLu R
5, BARRIEA N

8(.)=

~

x,20

a(e”’/‘x—l) x,<0 (15)



® ® 0 & % L %

%43 %

Kb, M ERGEZ A s R AL

XF B S A L AT BT 2R () ICNN 32577 i A, e g
Wk
¢0(X)=Y/.»+1(ZA»)

o V(v (5 (5 (v, ()0, (D)) ¢
D,(X)-+)+D, (X))

0:{(1‘)(’ b?)le,z,“-,/m’ (Tf’ bl)€:1,2,~~~,k—l}

A @°(X) K ICNN 1Y 171 faf #5 BEAT THEL, @ 24 ICNN
HWSH Y, (2,) 0 ICNN Hi 2 A% o ek iR
Brytgarh gl A L2 IEWAL SRS, B kU 22 R 10 i
UG A5 E ICNN Y256 KU A5 2 A

k
min  Low=H|@(X)-Y [+ 1Y w, |+
> (=1

(16)

Wy Wy, *o* W,

T, b, b,
k=1
Hl; I (17)

FH 2 Lo A ICNN A6 pREL; HO AL 1E 4k
TR RS EG B H o IEE 28, W= (17)
AT DL o an = (18) r 7 1 4% 3 86 B T B vk gk A7
IIE
0'=0'-V,L\
10‘”=0’—7ﬂw,v,20(0") =1 (18)
K0 5 -1 UGB F I ICNN BB EG YV, Lo N
ICNN 515 BB B I 5y K5I, Lo(07) Tl A2
0 TEH S 2 I A B
W55 B9 ICNN R R K
0= argmin Ly
{x“:¢W(x)
A argmin TR 15 PR BRI B AR B HUE ;0 R
95 J5 1 ICNN 412K ok Bl i /N RE S50 A, i B AR
BRI A B far 4 B
2.3 HERNICNN BB EFRE = H =5
2.2 A Y ICNN AR IR AT DA 5 AR 2 ki S PR
R AU PR A, L, R (o) B AR 19
J A B i A5 AU e (8 0 far M B TR R S (1), 75
FIHR A TCNN [ HL R 4 il A 750 5

(19)

(1)
st. X (2)—(9) (20)
D' (X)zA

or

Pt i e A A A 2 (20) P AL
M ARAEAE R BCR SEERRG . gt — 2B ORAE AL
TCNN B AL A A5E 1Y 14 SR A 303, T BEAE it T e
i 8 RN . i, 51 AAEZe BRI (nonlinear
programming, NLP) J5 7% , {H ICNN B RUf7 7R KRB =X
FEAE, 1 T B SR 5 T M UKL B 5 TCNN 9 £

ORI, TR, AR SCHE HY TCNN M i 5 e, 9 S At T
L JHE A RIVEE AR I, A A A R R B R A A A 7y
B A B, I BG4 ICNN 295 5 AR LR PR R .
TCNN # RN i FE an il 1 97 o

FT LHS AR HHLIR Jg | S B A Lo

(] IR AR S AP
T | ;
| [FEF PRI Hgify AFE |
GTHIE AE !
* ‘ I
s HbRFHE ICNN #|
BEARSE SRbr |
_________________ [ S IR
WATE (A TONN B

e PE AR

i
R | |
(3% A P A2)

f
BT ]

B 1 ICNNHEBENHRRE
Fig.1 Overall application flowchart of ICNN

3 MRESICNNKREEEHBREE
3.1 ARZE

PN AT T e A D R T 0 B 4 R A A
RUR G, IR AL R ks B H ek AT
KA. He TSR R R, 2R 2
TS B H ok O (B A 45 1 A2 S e e o PRt sd et
i AT ICNN AR | HE 5 1 PR R 44 JEE 6T H, ) 95 i A2
ISR S R, AT SE IR N RO P A
HL RS I e LA i SR o N SR A AL R AN R o

DRI (20) s y— OB L, B .

min F (x)
st. g(x)=0 (21)
h(x)<h(x)<h(x)

A F () Sy PR 45 T ASE AL 114 H b R B, 1 SR i 78
%xZ[Pcn Q(}i’ an’ Vj’ Gf](ieﬂc,neﬂc,jeﬂls) vejjj
TR R g (0) NAFA R b (x) HATFE
290 h (%) b (x) 53 AR SE LR R, F
AR R AR LT RS 52 5 u=[u,,
s e, ] B=[ 1 Ly e L] A S S A U R
AL, I 05 B 4 3 R 5 pR K. Ho
AARERARE G u, L (c=1,2, -, r) 33 RS e A
AR ERRAT RPN AR i e 2R IRk
B H 3fe 12 R B H BRELL R -

L=F(x)-y'g(x)-2"(h(x)-1-h(x))-

e'l'(h(x)+u—ﬁ(x))—,u(zln lﬁZln uc) (22)
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RUAZE Z58 < 1N AT A 22 90 4 B T 2 Pl PR G i e A 12 ML AT B 125 &

Sy =]y yas sy, | R L R ) H TR
TN, RGN SRy (s=1,2, -+ ,2N,) s 55
2 AR BT H TR T s 2=[ 200 s
L1, ens -y e, ] 40 Pl AR 2 2 24 ok WA LR
1 A A RS B H %%,zc\e[(c= 1,2, .-, r)ﬁ:}‘
A 1505 /A 26 2 24 R T IR BT i 5 2 24
AP F TR T

2) AR 40 b 2 AR SRR 29T I B K,
5y FOAETE Bt A Ay FOIETE 7Ry -

H ng(x) Ax . T
[Vfg(x) 0 }[M} li—g(x)} (2

H=-VF(x)+Vig(x)y+Vih(x)(z+e)-
V.h(x)(L"'Z-U"E)V.h(x) (24)
T=V F(x)-V,g(x)y-V,h(x)(z+e)+
V.h(x)[ L (1-z-p@+ZL,)+ U (u-e+p@-EL,) |
(25)
o 7 RN ST s L=diag(L,, L, -+, 1,); U=
diag(ul,uZ, '--,u,);Z=diag(zl,z2, ---,z,);E=diag(el,
e ne,); O=[1,1, -, 1] 4EBE Hy rs L L3 5 o hir
6 B H R EON RIS B H Tz e 9D S0 %20 SR A
FHT ICNN fR £t B AR B, , T S R RLSR AR
3)RELz 1 e u B IE T Az Al Ae Au, Bl :
Az=L"'(1-z-p@)-L"' ZAl
Al=V'h(x)Ax-L,
Ae=U"(u-e+,u@)—U‘lEAu
Au=L,-V'h(x)Ax
4)EETEIE R A (27) 3R o+ L a2
HIEIEL R,

v
z,] .e=

(26)

L, -u,
O[DZO.999 5|:mln(Alc’ Alc<0; Tuc’ Auc<0), 1:’
(27)
-z —-e
T Az <0; 2% Ae >0, 1
A z,<0; A’ ec>0) }

(z+1)

«,=0.999 S{min(

¢

(z+1)— , (7)
2" V=x" v Ax, y

=14+ Al, 2"V=z"+a,Az (28)
W V=u+a Au, eV=eV+a,le
Koo,y WK
5) RS R, R

C l T V4 uT e
1PM
=0

p=a 2r 2r (29)

K oe(0, D) LS E Gy X T B, 24
G iow>¢ (O NBCE CBUED I, R PR 2)—4) , B
) Gy MBI

SRAGSEVR IR I DL RA 53¢ A T8 A2

=y(7)+adA9’

3.2 BREZENR

SRR A AL S ICNN B8 B, e =X
(16)E5 i M.
I n)=o0,

01=Y2(8(Y1(X(t))))+D1(X(t))

0,=Y,(8(0,))+D,(X (1)) (30)

0;,1=Yk(5(0k,2))+Dk,l(X(t))

0/;:Y15+1(8(01;—1))

A0, HICNN 5 0,(1=1,2, -+ k=1) R 1+1
JEREE B T (¢) 0 ICNN # g i . 2(30) 38
THW R T B k2 B2 09 ICNN 58 4 1 R 5t
AR &5 A 0300, A BE R Sk ] P S
ICNN iy i1 I (o) X5 ARRNE X (¢ ) AR AT BY 2 14 F it
PR, AR LIRIT .

1) 4 305 PR CeLu (19— YR R S8, B

dé(x,) (1 %20
dx - e~ x.<0 (31)
dzﬁ(xz) 0 xZBO
dx? - le""“ x.<0 (32)
z a z

2) FE R AR T 1 RN S PR AR — YR T
WS 0,(1=1,2, -, k=1)F1 T (1) % ICNN % ABRHE X
() — B 45, B
00, _:(8(¥.(X(1)))) 38 (v,(X (1)) a¥ (X (1))
X as(v(x(0)  avi(x(n) X

aD, (X (1))
aX

00, _%(5(0.2)) 36(0.,) 40, . ,
0X (0,,) 90, X

D, (X (1))
X
aF(t):aYM(fS(OH)) 65(015—1) 90,_,
oX 35(0/;_1) 00,., 0X

(33)
3 EEA 222 A, R (33) & )2 3K f# 3T 0l
X, 752 ICNN AHE R HE AR R R A R -

ar (1) ds(0,.,) 00,
8X _wi.»ﬂ dOk,] aX
00, _ ds(0,.,) 90, .
oxX "t do,, ox M (34)

00, (v, (x(1))
oX " ay,(x (1))

’w1+T1
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ay, (X (1))
b (r(x () C
(X (@) (35)
0 0
L dY,‘V‘(X(t)) |
Y, (X (0))=[ V(X (0))5 -5 Y)(X (1) ]eR™

YI(X(0)=w! X (1)+b)" m=1,2,---,N,  (36)

wlmERlXN“, X(t) Rsv,,xl
da( ) > VA= )
) k=1 BT ] DUAR P
H(35) . (36) iS55,
4)9@@?@@1@&%%&@ B KSR,

éLéiiTEE'f HI=1,2, k=D)AL ()% a0, (X=(,), i=

1,2, ,NO)EI’J B850, an bt s A (A D) Fes . 26
U255 3) , 15 2] ICNN IR AR R 156 i 7oK fge =X, an
B A SR (A2) i . Z I, n] R A5 r i 47 T A 28 v
F S R A B T 45 i) A8 e 1) 43R B BE A B . IEA,
T E ICNN FHE AT b0 B AR ARG M AN & )
AR s A5 | AR i BB S 8 0] N kAT,
PEAR SIS vk SR i 52 2 B, il ELBR R T3 2
FETFHERE AT A, AR 20 8 hin a3t i)

4 BB

AR SC R JH % A K A3, A4 TR IEEE 14 il
IEEE 118 %5 ;Ui R ge . xF T fir #3578
MATLAB i  Matpower T HAR AT E . X8
RAEEFG 7 Python -5 3T PyTorch #37. ICNN,
FHF scikit-learn JEFE X L ERACALAY | B DT AR AL I
RA 2D (mixed logistic regression, MLR)
B
4.1 BRERWHERZUK

2N R GE R R A v - i o R
2.2.1 1 BUREA A T ¥R L HE A8 000 MHEA, g Hor
6 400 AT 23 S N R4 K HAR 1600 A HEA )
G RIHRAE s SR 5 B HE 5 A 6 )2 B2 1 ICNN A
A PR TUIZRAEF AL ICNN S A RRF 5 T fr i =2
() 4 ™ SR RO 5 5 5, 38 3 5 DT MLR A& 48 J [m]
15 & # 22 W 4% (back propagation neural network ,
BPNN) (7% 6 JZBat)Z ) # HLJEAT X L , B ik ICNN X
T M HE B PLS HG 8 Sz Ak BE 1 . i T IEEE 118
TR RGO, P e AL ICNN AL I [
EM U R TR IE S Z T IEEE 14799 5 R 450, VIR
UERCA 2 T BB o MR AE RN 1 o . R

(I=1,2,-

S5 R O R B (square correlation coefficient, SCC)
R ZRAE X G Ry 70 i e o8 L S R AR AL A 1
)77 1% 2 (mean square error, MSE ) 154 28 20 40 =X
TR, Fbs £ 18

My,= Nl S(r.-A.) (37)
tiel)

R My, IR BAE A MSE; N, R REA IR 4
IN O RREARTINREE s A A A B AREA I R v s
i IREAS ) G A 4 L SRR R AR A IR A

1 MKER
Table 1 Test results

MK R 45 B sce MSE
DT 0.9920 1.0636x107
MLR 0.9670 4.7073%107
IEEE 14 .
BPNN 0.9996 4.4613x10°
ICNN 0.9997 3.8870%107°
DT 0.8188 8.6994x107
MLR 0.9029 5.6286x107
IEEE 118 o
BPNN 0.9986 7.5251x10°°
ICNN 0.9986 7.4766x107
f# 1AL, IEEE 1475 5 A& 504, ICNN 1 MSE

3.8870x107° p.u., Ml A 22 13472547 0.006 2 p.u.,
IEEE 11855 245 ICNN U MSE "~ 7.4766x107 p.u.,
I3k 4R 15 22 19 181 J7 255 0.008 6 p.u., YL T DT,
MLR .BPNN A 78  [] 2 55 F 00 b J 7R 77 ICNN £ 4%
D 2R G b ) M e 2R 30 (&1 v O | S B A L1 22
VIR 4 H) . FaRGER RN BT ICNN A 2 i g

/a

Tﬁ‘i‘)lME

1.0 15 —0 02
%BTﬁ
o G - %Exfréﬂ(
RS Lm — AR
T IR RS

(a) IEEE 14 WA RS

0.8
%400
0.4

THHE

04 08 12 —003
SebRE
o ffuf i - ﬁ’ﬁzﬁ'ﬁ(
RN — sk
1E L R g

(b) IEEE 118 17 SR %

B2 ICNN7AEMRE ERIERERTHL

Fig.2 Visualization of ICNN performance on test set



28

WACIE , 288 AR ALY A 22 0 265 ) i A o TR P R A Sy ok S F L A Bk 57

PG RE PP (4 DL E G 15 i HARBE Y BT ik p) iz
TLRE ST, BEAE A AL B CPF AL (AR 2R i, W] ik — 45
FT e S AR 1
4.2 PriRTARG R A B B

N T B R I T IB AT RS AR L
AR G A 4 B 7 B HEA T TR P B R GEas A IR
o3 TR L 2SN M 2R, IR 2 PR .

®2 BITRESZE

Table 2 Classification of operation conditions

FREM L REBIPIRES
INF20% I3
[20%,50%) 2
[509%,80%) || B

AR SC AR 7 T 4R ] AR R R B A AR B R T &
80 %, [RIBT, Ak I 43 Bk A ICNN (1) B R AR UE 35
A A 4 T AU S 4R TR B, ZE A SRy i H R
s W7 4 4SS 10 g el b ST AR 2 Aot e
AR ACRIAY IE R P Sk R AT R A He T
B 1, B TR G R A3 b 7 M s B far 4
L il 2 1) R U 6 A, A A L PR AR s X
F 5k 2, BE 4.1 15 HR A A ) BPNN B RY (JE ™ i 28
R (ESRi VAT = hrek = AW i1 I | 0 W = S N RS
3, RISk H 2 B bpist i 5 ok il R 2B AR IR 4G SVS
AL

T, HH4 1Y TP A EEAY TCNN AR R U
FETEEE 14797 58 RGPS A SOk A st . AR
SCOT IR R T 2R A 19 67 ey s B B2 T 22 T B 45 )
b, A2 BT R G nT B IR, o T ORI
RS T fr 8 B SR T B B B bR L, 7E b
REZGE RS TP A BEER 100 20K T 00, 8 it 5
AT T B X He SR A A SO vk AT Sk, 5
R 3R

#3 IEEE UFHRRGEMLER
Table 3 Test results of IEEE 14-bus system
RYiatT TR B S AR 09 1 A 253

ren BB e e et/
I % R T 3.03 0.2535

= ICNN 3.47 0.0287

e RAYEETT 5.15 0.3191
|ES

ICNN 5.09 0.0305

PR 2% 3 AT, AR SO VR RE A AU T &R 48 17 for 4
BE, BAEXT T 2RI SRS PEA T 0B 42 T Bsf, A
SR ] 43 51 R 0.028 7 s F10.0305 s,
YOO A% 58 RABUE T vk, A SO 1 e 30 v 48 o 1 4
MR, it — 20 3 BT AR SO ik I 4 RS BE 45 4l
BOR VL AR R R G h BN FHRE T, B A SC v i
HTFIEEE 118 715 s R GeH , 45 21 (1) I K 25 2 4 Bff 5%
AR ALFI/R. HEAAL,EIEEE 118 15 ARG,

JIr 8 7 1AV J B0 A e 4 A R S P ROR
TEFETH R GE T B B [R) I, 5 [ PR AL 5 s
Fedio R T TR BT R ARL A o SR, P 3 — 5
25 T IZ IR GE R ST N 32.55 % 1R T =
80.43 % F) T3 i SR (1 5 Hh Al RO AR £ (D) o

14 7 10 13 16 19
KL
—@— mpE T, —@— B

B3 REHEINHANEE
Fig.3 Adjustment and control of active

power for generators

—_

TJCININ 3 / Mvar
S SN

2 4 6 8 0 12 14
IR A IC M 1
== LTy Ay A

B4 FTINThRIME

Fig.4 Reactive power compensation

Y
1, f‘,} I!\l}xx IV\ x“, i|u1 Q\Ex

il H L

1 o 28
-o- P il i, —e— P4

KM
E5 #HlinBEiEE

Fig.5 Adjustment and control of terminal

0.94

voltage for generators

SEHR AR SO R BRIE A BOR B R Sk
SR I M SR G, Ll 1 25 A 5 R TC Db
P A R 2 HELAIL S O A Y 2 F LA B
T3 B AL L R R I ) M 1 478 5 W E A0 S oA
oAz i R G A B 2 H AR KT
43 FiEFtE
Sk 3BE 25 o3 BT AR SO 0 A RS B 5 4 o A
FOE AR SO SR 1 X e 2
T IEEE 118 17 f5 A& 40, 45 2 A 45 5 an b 5 A &
ASTI7R o S5 AT X L7 i 1RIXS L ik
2, A SO VR B B v AR DRG B, 8 08 X6 A Aoy B
1% F 80 % 114 0 3 T 0 33F A5 B0 A A% B 4 Al



® ® 0 & % L %

%43 %

(100 % B 47 s 45 il e Dy 28 ) % e vk 1 O e
52 B S s 25 3R 72.5 % 85 % o

BE—2 B A 26 A2 45 T R TR R LG 7 %
3 A LR T A T S S TR RS AT AR
Ao SRR ELET L AR SO i B B B R RSCR
254 P A3 il i b s 3B 4 R R Y AT
7S (ICNN & 4.322 4x10° 7T, 3E ™ # 48 W) 2% Hy
4.327 3x10° G, R A J7 1% 0 4.329 8x10° 6 ) AT AT,
AR S 1 B A SO R I 2 ) 5 s A B e A 1k

g b, 56507 M B, R ICNN A9 LR
R 2 B A ARy ik LR b B, AN A
Fo BT R A RS B i EL T BE R TE 4 o) SR ek
B RAS B o

5 it

A SR —FP R A TCNN 4 SVS 2 il 25 44 e it
79 I Hofg A 83 L il i IEEE 14745 5 2 42 X IEEE
118717 s RGN T4 J kb A 743 A A BN U R 4518

1) A4 EE ) TCNN AR R AN S RE PR o ff L PFAl7 3R
4t SVS, 1M L fig 156 ] Wiz 47 4% 5t 5 7 oy #5211 R
BIORE G AR Gl B A AR R SRS 5

2)3 i 22 2% ) ICNN REHE VfE b 2 1] R Geis 17
A5 b 55 SVS I A SRR 5

MRS ERE A AR G st A w5 H R
ENFAFAE RN AELPE R R X RN T RE Ik
HA Hw5 AT EE .

I ICNN (Y AE LR B 3 1 SVS #& il 77 ik B A
UL

1) X3 T AU A ICNN A S8 25 364K
R AT S L R R T, BB SRS R
TR AT AT RO e AR 1523 (8] T A v 248 L3 A

2)ICNN Z A i A2 30 SR UE T P 3 H L 2
SRR SR A SR ARIE T PR I L M
PR AR WS 5

3)TEABZ 23 [A] F BT ICNN , 15 3] e, 1 5 122 1
RS B R BBURE , VA AL AR I LA AR S AR

4) T BRI B 3y 5 P PR R A i A T
HA —wm#e) 1, v T A & a2 2 R
LM T FERT 2R A Ptk ]

P s LA ) M 2518 (http : / www.epae.cn)

SZ ik :
(1] BRE 2, JT00E , 55 . EHe T 2 oy TR i 1 B (0 0

weiik[)]. B A4 ,2020,40(11) : 150-156.

CHEN Chang, JIANG Tong, WAN Kaiyao,et al. Improved point

of collapse method for direct calculation of static vol-tage sta-

bility margin[J]. Electric Power Automation Equipment,2020,
40(11):150-156.

(2] Pasee, B, w8, 5 . A ol R AR 107 42 11 A XURS: 3 Ak
(). ) Ashfkiess,2014,34(8) :65-70,97.

—
(98]
[i—

—
W
[a—

—
=)}
[—

—
~
[—

—
o]
[—

—
=}
[—

[10]

[11]

[12]

[13]

[14]

HU Xiuqiong, YAN Wei, YU Juan,et al. Risk assessment for
preventive control of static voltage stability [J]. Electric Po-
wer Automation Equipment,2014, 34(8):65-70,97.
SRR SR A AN S BT RS RIS R E
PR L) ], w5 RS 2008,34(4) :748-752.

CAI Guanglin, ZHANG Yongjun, YU Tao, et al. Static voltage
stability preventive control by unified sensitivity method [J].
High Voltage Engineering,2008,34(4):748-752.

ZEIM P, B2, XD, A5 BE T HL AR SE R M D B A 15T
Bt Jrd )] s E AL TSR, 2015,35(18) :4598-4606.
LI Shuaihu, CAO Yijia, LIU Guangye,et al. Preventive control
method of electric power system based on on-line voltage sta-
bility monitoring index[J]. Proceedings of the CSEE,2015,35
(18):4598-4606.

BCE L TR AR, R0 . — ALl ) R S R E Y R AE
HIFE T ]. A E LT R4, 2005,25(8) . 7-12.

ZHAO Jinquan, JIANG Xiaodong,ZHANG Boming. An on-line
enhancement control algorithm for static stability in power
system[ ] ]. Proceedings of the CSEE,2005,25(8):7-12.

DRI, A0, SRAKZE . T 2 B B M O s A% S ik 1 ol T G
SERE R ER L] mMEA,2011,35(1):53-58.

CHEN Gang, GOU Xu,ZHANG Jihong. Hopf bifurcation con-
trol of voltage stability based on two-stage kindred-protected
genetic algorithm[J]. Power System Technology,2011,35(1):
53-58.

ROSELYN J P,DEVARAJ D. Adaptive multi objective diffe-
rential evolution with fuzzy decision making in preventive and
corrective control approaches for voltage security enhancement
[J]. Journal of the Franklin Institute,2018,355(11):4553-4582.
P U AR . ELIGE P 0 S P P RS T A
HAEL]. w1 Ak, 2015,35(2):68-74.

HU Xiugiong, YAN Wei, YU Juan. Preventive control model
of static voltage stability and its algorithm for interconnected
power grid[J]. Electric Power Automation Equipment,2015,35
(2):68-74.

ARERS , B S v . 2o TUAR Rk i A v G S TS 47 o BEL 2 4 T
Jri[T). AR ,2010,34(2):143-148.

70U Xiaosong, LUO Xianjue. Acongesti on management me-
thod based on preventive controls for voltage stability consi-
dering multi contingency[J]. Power System Technology,2010,
34(2):143-148.

TAHom, B, 2. JET I AT DI RS R ILRC RIS LB
NRGFRSRIERE I ]. 1 A S ,2021,41(4)
132-138.

WANG Yansong, XUAN Dezhi, LI Qiang. Static voltage stability
analysis of offshore platform power system based on source-
load power dynamic matching[J]. Electric Power Automation
Equipment,2021,41(4):132-138.

CHEN P W,TAO S,XIAO X N,et al. Uncertainty level of
voltage in distribution network:an analysis model with elastic
net and application in storage configuration[J]. IEEE Tran-
sactions on Smart Grid,2018,9(4):2563-2573.

LEONIDAKI E A, GEORGIADIS D P, HATZIARGYRIOU N
D. Decision trees for determination of optimal location and
rate of series compensation to increase power system loading
margin[]]. IEEE Transactions on Power Systems,2006,21(3):
1303-1310.

LIU T J,LIU Y B,LIU J Y,et al. A Bayesian learning based
scheme for online dynamic security assessment and preven-
tive control[J]. IEEE Transactions on Power Systems,2020,35
(5):4088-4099.

SU T,LIU Y B,ZHAO ] B,et al. Deep belief network

enabled surrogate modeling for fast preventive control of



F2H KA, 5 AN B2 I 265 A B A o TR E P A Sy ok S L A Bk 5

power system transient stability[J]. IEEE Transactions on 3415-3425.

Industrial Informatics,2022,18(1):315-326. WEI Pengfei, XU Yonghai, WANG Jinhao,et al. Sag immunity-
[15] QIU G,LIU Y B,ZHAO J B,et al. Analytic deep learning- level evaluation of sensitive equipment at node based on Latin

based surrogate model for operational planning with dynamic hypercube sampling[J]. Transactions of China Electrotechnical

TTC constraints[J]. IEEE Transactions on Power Systems, Society,2018,33(15):3415-3425.

2021,36(4):3507-3519.
[16] YANG S,BEQUETTE B W. Optimization-based control using EERA -

input convex neural networks[J]. Computers & Chemical

Engineering, 2021, 144:107143-107151. X A% (1983 —), 5 , &l #az, ¥ 7
[17] CHEN Y,SHI Y,ZHANG B. Data-driven optimal voltage KAEFI L, LEMET AR A
regulation using input convex neural networks[J]. Electric Po- LR F T E k. EFhE e AR Y iE 4T
wer Systems Research,2020,189:106741-106747. (E-mail: liuyoubo@scu.edu.cn) ;
(18] BT A . RS0 LA v ) R SR AR i SM BT Thy TEM(1997—), B AEF R A, £ %
BRI, W1 RSEA 91, 2005,29(11):91-97. Bt A & s 5 45 4] (E-mail

ZHAO Jinquan, ZHANG Boming. Summarization of continua- wangtianxiang@stu.scu.edu.cn);

- em[J]. Automation of Electric Power S X A3k o H(1994—), F @B R,
S1s O power SyS em . utomation o eclric ower yS- . > N JES 2y 3} 25 3 >
ems. 2005.29(11) :91.97. BEMNE, ZRHRT ARG N RRKIELR

[19] 55}1%”6,?%?7](@,1%%,% %??ﬁj—ﬁﬁﬁ%ﬁﬂ@ﬂﬁ,ﬁ@'{ #}E—L:J%ﬂif!?ﬂif}%%‘i*(E-mail:qiugscu@163.com)o
TR A W S AT (7).l TR 24, 2018, 33(15) « (%wi8 4% %)

tion power flow and its applications in static stability analy-

Surrogate modeling method and its analytical algorithm for static voltage stability

control embedded with input convex neural network
LIU Youbo',WANG Tianxiang',QIU Gao',WEI Wei’,ZHOU Bo’,LIU Tingjian',
LIU Junyong',MEI Shengwei’
(1. College of Electrical Engineering,Sichuan University, Chengdu 610065, China;
2. Electric Power Research Institute of State Grid Sichuan Electric Power Company,Chengdu 610041, China;
3. Department of Electrical Engineering,Tsinghua University, Beijing 100084, China)

Abstract: The static voltage stability control of power system is generally dependent on precise physical
modeling, which may cause convergence and timeliness problems. From the data-driven perspective,the sur-
rogate modeling method and its analytical algorithm for static voltage stability control embedded with input
convex neural network (ICNN) are proposed. ICNN is used to accurately parameterize a convex and non-
linear voltage stability boundary mapped by the operational variables. Considering the real-time calculation
performance and iteration-free advantage of ICNN,ICNN is embedded into the preventive control model for
replacing the nonlinear iteration process of voltage stability calculation and avoiding the convergence problem
of mechanism calculation, thus a convex and nonlinear simplified control model oriented to voltage stability
is constructed. The control gradient driven by the super parameters of ICNN is derived by analyzing the
deep structure expression of ICNN,a steepest decent solution strategy of ICNN effectively coupled with the
interior point method is proposed,which realizes the improvement of volitage stability control efficiency. The
test results of TEEE 14-bus system and ITEEE 118-bus system show that the proposed ICNN-driven voltage
stability convex and nonlinear control can effectively couple mechanism modeling and data model, it can
better balance the control accuracy and calculation efficiency compared with the traditional methods, and
has certain online application potential.

Key words:static voltage stability; preventive control;interior point method;input convex neural network ;sur-

rogate modeling
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Table A2 Comparison of different surrogate models
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ICNN 5.396 4.0243x10°
J5(CPF H71) 86.15 4.0580%10°
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