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Static voltage optimization for active distribution networks based on Sobol’s method

LIU Zifa, HUAI Heyang, YAO Yusen, YE Mengni

(School of Electrical and Electronic Engineering, North China Electric Power University, Beijing 102206, China)

Abstract: In active distribution networks, the uncertainty of a large number of distributed energy resources increasingly
accentuates voltage stability issues. Existing optimization methods typically treat the economic efficiency and voltage
stability of distribution networks independently, seldom considering their interconnection, which hampers the efficient
utilization of flexible resources. An interlayer connection factor is introduced, and a bi-layer voltage optimization model
for distribution networks based on the Sobol’ s method is proposed. Firstly, a probabilistic load flow calculation model
in active distribution networks that considers distributed energy resources in the networks and the load uncertainty is
constructed, and the impact of load fluctuations on the L-index is quantitatively analyzed through global sensitivity
analysis using the Sobol’ s method. Subsequently, based on the results of the sensitivity analysis, the interlayer
connection factors are calculated, and these factors are used to link the upper-layer economic objectives with the lower-
level stability objectives to establish a bi-layer optimization model. This model optimizes the flexible resources in the
system. Finally, simulations are conducted on a modified IEEE 33-node system using the proposed optimization model.
The comparison verifies that the proposed model can improve the optimization efficiency and support the economic and
safe operation of distribution networks.

Key words: voltage stability; economic efficiency; active distribution network; sensitivity analysis; uncertainty

VT AE Ok, B % BC R M ) 3 B B ) (active 2 R 2o AN EE R L Bl VR ff A R B E
distribution network, ADN) %% % | & & £ 3 71 fif 1 AT, T G 25 B R, S BN A e R T
A IR 5 A H A A% g e S A e R 3 AR SRy (A 5 B R A, AT B R TR R R s A e

I %5 B #3:2024-08-30; 1€ Bl H #: 2024-11-01
EE&TWH: BE A KA #54(51977074)
BEMES XA K(1973—), B 4 082, F 2 e b IR0 R e e I 1632 17 55 D7 1T 1 BF 5% 5 E-mail : tjubluesky@163.com



5540 5 4 1)

XA K L5 BT Sobol 1 ¥ 32 3l B i 9 25 v AR 73

BE b, 1 5t B e v I S A 1 A 2 D 1 R AR SE A
oSz A bR, 20 T B AT AR X AT RE S 2L
X LA S B RS SR B R . FERX IR T 45
o BT IC FL IO 28 5 R AR SE M YOG AR, A AR 4
T FRR A M A R T 0 A Y g 2 4 T R 1Y 3

o, 00 R S O O R 22 B Y TG HL I8 R 8 B A R S
PRt o

3 A 2 IR g R B O S i g T T B 1Y
Bt L 3z A7 XU 3 e e SR T B R ) B T T
O B BC L X 22 4 as 47107 . SCHR (84 & F Bk e
2R R DS SN S TSl S VAN B S R TP A =
DA AL 5 SRR [ 9 T LA 50 HL T A 22 O AK #9211
W48 fe /N S E AR B2 T — R A A SO £ 3
e Fi, o e, s A =G A 4 ) SR w5 SCHRL 10 ] L& %
S F TR AR E O B AR I8 EPSILON 24
HOVE R TE HL G AT LA B AL B A 2 H AR TR &
B ALY 5 X 2004k T7 vk BORE DRI G H ) 22 42 28
Griz A7 (B K 75 18 28 5 M A RS E 1 B N A DR B, B8]
AN 3 3 a7 PR KA Ah 3, 52355 B 9 A R AR A

SRy G IR TC H 1Y) 114 28 % Ik RS E M L S A
2 AT BB AR R e o R O b R) e
i A g A 0 52, T A A Ry BB R
% 4 I (local sensitivity analysis, LSA) ™ Al 4>
J&y RABUE 43 Hr (global sensitivity analysis, GSA )1
T LSAAUAE HL J) R Geis 17 s B A7 280, it LSA
AEHTARLMER I RGERA . 5 LSAME, GSA
T P T AR e MR, I Al A I iy A2 B (R Y 5 4 00
F .o WAUADN G50y & 2%, 1 SO0 B 8 P 48 AR 1y 52
M) 4 A5 MR T Sobol & S — Fh Bk T 5 2 1)
GSA J7 %, BB 1 M B AL AR 1 1)t 238 43 A 1S i (]
MEAEN, &G &AM EER RN IR
ADN" - Sobol v R $& 4 4 2 Kl iy B M A 4
B e Hosg HAE 4650, I0 0 R G da th J7 22 73 i il
i AR B PR E 1Y 7 25 Z F0, AT A & 43 B i A7
Xt & Ged th 20 . H AT, Sobol ik & i i H
P L AN B E LR A0 b o £ BT IR AR SRR T
— B 5L F Sobol "1k Y T L 9 HL X2 AR AR AT . B
b -3 e N N e SR R T N R R S VAR
T AL SR 5, M Sobol ik 4 Jry R 43 A 45
SIA BT RERERN T FOn  J I R LR 2
AR AL Z B A | R A& e v BAn ek i, T 2
PLiB ER b2 de U0 o H B[] s Sife Jo0 e, s A 7 P
PTG 356 T F, 0o 28 0 v 5 | TR R e L IR AL R e b
9 290 R . R PRIE R GE L R AR E MR TR T, 5K

B LB B, A0 R, REET
B TEEE 33 799 55 & 4 % B 382 40 4k o7 vk 47
Bk .

1 ETFSobol'iZ&RBRBEDHT

Wi 25 68 O ik 22 1) W] FE 2B B IR R BT L 7 e 4 A
BN RGE P B REWAHCEREE N, 5
& G5 far AR, 0] A Rl VR R B Y A7 far 48 5 AT AN 1
E M R C L I AT S T RN B R A T
SER o AT A AT IR A N A M E R R B R
AR ARG T S A R I A R A AR 3 ) 2 TR U e
AN E M B A R R A IR R T —
P U A ) JR) PR R RS A F8 bR (L A8 AR ) L IRl i
Sobol i 4 Ji R A5 72 143 BT 45 1 s BT Dk skt L
FE bR 52
1.1 BEREEM LIERF

1% G5 1) e o 1) P R R e 22 48 S as AT
{F 3% i A7 Y0 R G0 R B 20 R L TC TR R
Wil RS s A PERR i T oA 2 H R A A T
et B 9 325 47 ) A A PR A8 BT, 7% B TC TR A B R SR
M

HL R e M VT A O T KB O R S TR AR A Bh
APEAR T2 A PEAG vk R ) 450
Jr B AT B A RN AR B, AT LR B R
35 Y A AR e IR B AR G WA RN TR R
SN ASVEAG J5 3 I 3 1 W 45 RS T

A FL R RS T R bR O T R B S
JRIE 2, BT AL ) RGE YR TR S 5 i R
WS Z AR . b T AR OR R AT A0 R PR R
B2 0 L AR e Tk AT DA FH 22 R Al 1 ok i E A
6] () H R AR e PR HR bR o 2= B TN TE] A B 3 0 T
ZREAS B ERE MRS, LAsbrh T H R
TR iz g AR A A R
R Mk Y £ B AR AR

L F& b8 5 o S il 3L 55 0% AL [R] 056 R R 5
HEATOZR1ZM, L8R T 1, B0 kK

o HTFFR“G7RFRBIET A, TR L7 kRN R
fof 15 A5, AR SR T AR LS T A, W 45 A L R
TN

Yoo Yo VYesl|| Ve Li

Yo Y. Yl V=1 (1)

Yoo Yo Yl Vs 0

X, Vo T 73500 D f ALY e A9 H s - L O [
Vo 2330 D GAE 1 A R S R R 1) 5 Vs DR



74 LN I .

L:j

E5a PN % Eild 2025 4F 7 H

LR L R ;Yo Yo Yes Yo Yos 2050 &
G0 T 90 A0 B A o e R
TH ARBTG5 2 R
Io|
[LJ N
[ Yoo — YosYes' Yo Yo — YV YSI}[ v(;} (2)
Yie— YisY&'Yeo Y — Y Y'Yl Vo
BT WA A B R A R E S R R
RLFERR N

L; (3)

V/‘j

R G T A AT SR LR AR AT LU R
L=[LiLoLy L], mEN, & % 10 34 1k L 4%
L]

i=1

‘ 1— 2 - YLLl YL(; V(;,i ‘

L =maxL, (4)

LEWSRZREREEM LR L1, L{H
N, RGOS s R, R E MR Y L=18F,
RO A RaE ;4 L>10, R R
1.2 EHFFESMEHRITEESR

TEAL 5 43 A1 2XR] P A R R Y IC H, 9 5% v T R
PR AT A BB U, 451 40 oK FH B8 % L DL S B R Y
T, 2 F BRI E M RIE . T W R W
AN [ 45 857 U5 A ) 5 B ML P 8 A6 3R 48 R A Y
m T 224 K & B # (Monte Carlo simulation,
MCS) A1 K T 3 Sl A AR S5 0 A AR, DLAS
[F] (%) 5 A 2y 3R A S R A i A 5 A 1Y) ) R T 45
B ME 252 70 A ok ER, LA H R ASE 48 B L A8 bR AR i i o
TE MCS A AN [] 118 5 BF AS Y it b AT 2 45032
G3 T, R JE S E Sk 43 A B4 I Bl R L S A i) R e B
TR

XoF T U5 A 08 AN B 2 P AR T R FHRE 23 4 A 5 R
HEAT R . OGAR 1 J0 5O BESR FE A DA OC L R
Beta 43 47 3 U 8 Ho Tk o B R B
77 T R BN AZ ] LA Sk HoA T 77 32 A i DA
E A

1) 5T Beta /3 A JGAR AR AY L Ol BRI B ST
UK AN Beta 434, AT AG T G AR D1 32 p i) #E 25 %% B2 bR

rid+q) o o
Str F(d)F(qq)<Piax> (1_/)/)) )
KA, o MR TR B e KA ; () 2 Gamma R
B;d g M Beta 3 i LR 250
2) BE T IE A 0 A 0 i BE SRR L R I Y
EERP IR RIS Bl VN8N o o PN = P R £

)=

0 PR RO R
— 1 _(PI“I_#L,[)Z
f(PL,,-)—MGMeXp( 207, ) (6)

o, g0, 23 B Py B 38 {8 FRR E 2%

He 75 1B AL A4 BT D A AOGAR ) A
WAL SR SRR RIS LR AT 5 AR
IE A e AR i AT O 5 R AR B S A
HCAJE X B L AR AR o
1.3 LERERRHES T

4 JRy R AR G BT R — PP AN A X
5 WR B 7 i , A R A Sobol' ¥k X HL R R FE A L
8 bR PEAT 4 Jm RBUE 4 BT . Sobol ¥k 3k T 05 25 4
Br i A5 R L 38 b iy 8 6 A B U O HE R X
BE PR 2R X L A6 bR i B A L J7 28 AN R
I, TE 5 R A T LA 5 S B AT B AL R
07 52 WE) A FL 0 2R GE U, M T B A 5 S B &R SR as AT
HUF=I/ S o

Sobol' ¥ 3 F 77 22 4» T #LIS |, ‘& 38 i 43 fife A5 A
i A 7 22 O ik Al B A i S B 8 R KR
HH R S

HEAT X C L ) F T AR M 23 B I, R SRR AL

L=1(z) (7)
A,z =[ 21, 20, =+, 2, I" 0 M YR ST B9 iy A BB AE
W/ () NRGEM . A SCULLIEARE N REGEM
i o

3 T Sobol 43 fif B , X & G A B E£7 LR
I3 it -

f(z)=

fo+ iﬁ(zz')+ +f1.2.,4,v,,(21,22, .
A ,ﬁdﬂﬁ'}fﬂ(;f,(21>\f},j(2,»,Zj>\fl,z,...,n(21,22, ---,z,,)
o0 2% o3 i T IR B, X T SO [0, TR PO
AR R (=) (H & FIME R 0) ./ (2) 7T HE—453
fift o P [ I IO 2245

DZZHDDI—’_ 2 Dlv/_’_"'—i_Dl.Z,A..‘,, (9)
i—=1 i< j<n

1<i— i<

z,) (8)

K, DRHRGM DT 2D, AR & o, R J7 22,
F R B —Hy AR i o, X AR T 2 TTER ;D
R AR W T 2, RN A AR B 2, x; Z (8] A
HAE R i AR B 2 BTER 5 Db, AR BEY
I 7 2, 27 T A 7% 1 KA 4 R gt 78 6 7 22 1Y
Dl

FE ST AR e B R R AR



5540 5 4 1)

XA K L5 BT Sobol 1 ¥ 32 3l B i 9 25 v AR 75

Sy, = (10)
P2 (10) A8 4 Ny
DS+ D S, Feets, =1 (1)
i=1 1<i=j<n

XA, S N — By R EE 8 #5 (first-order Sobol’

indices, FST), e W 1 i 7% 5 52 50—y ABEHLAS &
L R3S, o B RUEFRAR ;S 10 0 n B R4
JEFEFE
FE AR 2 4 R R AUE (total Sobol indices,
TSDH
S“:
DS 2 =A(ar+a,)Bu€l1,p),a, =i} (12)

A, 0 0 S HL R FERHAHES; S, E
i Y BG4 R R AR

TSI 75 2% 8 B iy Br A AT B4 7, X 1R
ZABERGEHIE Ll gedE W E MR E K.
TSR] PE i 25 88 i =, 6 BT A7 H A 7% 8 728 A I X
B 13 R MR R AN A AT B . BLROR R, TST AT
VAR O 10 25 T A AN A0 5 =, I A 728 6 25 ) fi o
S Y A R

D,

Sp=1—S.,=1— D

(13)

A, S0 = B AR AR e AR I B9 B 07 225D oA
2B REUE Z MBS (E .

PRE S (=) Rl AR E S8 b3 L8 A5, R AL
BONEZR TR G R M A MG 85 R A58 . 1
Ak B 5T % bR BT, Sobol 12 1 — K AR 3 A8 T H ik %
ELHAG T pR B B A T 22 A4 A S B TTRRBE
1713 G 7 R0 5 R K LA i A 1 5

X T BA NAFEA R 2 H M0 R A a F1 6, 24
SRR RUBE N BRI, AR rh B AL i A A2 i A1) R KR (R
B 23 48 HE AU SICT R B SE PR AEL o 6 T SR AR LA

KN 247 R a b, K FHMCSH B & =,

B 2R
fo=>7(2") (14)

N =

X (14) (15) W, /i K fo A4S HE s D D, D 4 3

D.D,.D_ G THA ;2 Ry i AR 855 s WORFE(E
2R a L s UORFEI AL i 520 AR 2 ] 2
Bt 22O a HUAR s IR FEFT AR 10 25200l b
L s R AE BT A1) 25

E—20 AT LS B0 A 5 2, 1 — B 22 BORE A T HE
S, VL K 42 R AR A B S,

. D,
§ ==
b (16)
N D
S =1——+
D

Sobol J5 ¥ i) & A< SEATR R I Jr 22 43 fiff ok 4k b
B A i A AL R Y B T 22 I TTK X Rl T ik
91 3 T A B R AT 22 A g A RS R S AT
Hh A% A i AR 10 S B E A T BE X A T B o A
BN Gl Sobol 77 i, I LAE T Hb 1 i) Wi £t
PR3 X A% 48 R T A A 2 WA e R, DT O v TR G A 4
PepcHs o TR AR REUE AR AR I 1R

URd

B X0 A RERIBEBLYE 2k R 2 4
SEA L AR N RIREA

[«

&

| 6 2 S0 A 50 2 R

; i MCS 5 A (15) 555
s o s 1

TR ARy I 75 22 LA R G 805 %2
JFARE 0 (16) 15T Sobol ¥k i 42 Ja) 2 #HUE

1 &5 ZHEH R
Figure 1 Calculation flowchart of global sensitivity

2 EF Sobol 7 EHEEMEENEMR
1 1=

e gt v 11 & 48 59 O A 38 oK 25 S IR A BE ML
i ) A2 ek B G A 52 U5 AN Al S RS I T AT RE
BOLA A B A B o A, Bl IE A AR
PEF ORI PE i, 2t et S RE s MlE . L5
B R G A LA 7 op il D R A ST S AR
JE MR 22 8] Y QI , a1 o AT A 22 H AR eR BAE
BN TR A 4 ] AR AR SE PR S R A OR



76 LN I .

L:j

E5a PN % Eild 2025 4F 7 H

IR ) RGBT, A TEIAT BTN RE
Fe T —Fh L T Sobol vk Y FE L I FEL R AL
JEAALRER

1) B2 A0 AR AR LT 932 47 25 5 AR B/
o BAR, LAY I AT B B R B
e an T = .

2) TR A B DL 28 55 4 R e T AR E 1 AR
BRI & VA R RIS U CEEt S A i A SN A = =
%, LUB B R R AUAE 0 H AR, OF % 18 B A € 4
bR L A6 R, LLSE B W 22 2 22 5 Ry as 47 . AR SR
A7 T R R FRL TR U (I A B A PR 2 s

SRt ) | . bRAR 3
i N (R MBRA
HE T e 5
S22 VT 925 i TR " . IV 7 L
MCSBERMIRETE | & | JC LTINS
) L :
LAEHR § 3 :
i LESSPC ]! [Essiti | | [sveiig]

Rz T
BN LA ¢ Y
R | T2 H s -
LIk ~ N

HEbz [ T ; : h 3

: ((C MURRGELTERR )

[ iz s v AR s P A b P g |

B2 e W d R AR AR 4 AR R
Figure 2 Framework for bi-layer model of voltage

optimization in distribution networks

21 EEM®EBR

RO LIGERE R G2 (energy storage system,
ESS) Fl # 1k JC Iy b £2 £§ (static var compensator,
SVO) Ry Iy e A i, LA TP Hbn, AR R
BOBE Rt/ ME RS A D A5 DL K i BE e e, 4R
BN 2 G vk F A BB RE RN SV.C S, DA A T A IR )
SR g B AT IR S .

1) A S A

T N.

~ 2 .
(/loss - 2 z Closs Ilj,f’ ij

(=1li=1,j=1

T, Crow 9 UGS BFE BLAS 5 1, O ST B 2 75 ¢ 6 20 1
Ui 5 7y 09 B 1 IO BT 3 N, R SRR
2) L I H AR

T Nt
(/huy - zzcbuy.lp(hrd.i ( 4 )
t=1i=1

SCefC o JELOR P W o A L B L L o W TE 5 8
Eﬁﬁﬂ‘,cl,uyy‘jﬁl ;Cbuy,rj‘jlﬁﬂ‘E&EﬂmEﬁm;P(;im(”ﬁl

(17)

(18)

isF 2200 FEL I i) G Y9 R AR R AR R A% i ) 3 N Ol R R A
TRES.

FJEBCRL H bR R ECH

min I, = Cyy T Cios

22 TEMRLER

TR DA AL B P S A i A R AR TR G i
Fe A7 0l ) 1 22 55 1k H AR S AR E PR H AR R
ok fat FRBRPLA S A5 2] T G I AR
RIS REA SVC Yy 5 N R AEALE B2 0 A i
it EL,LLESSHMSVCah{ES F 22 /&M H
P, () B 25 el R B e, ) S T I B2 A AR AR A
NTIE 3 =% R = 9aek d 0 I 2200

1) &5 HR.

(19)

TS
minFlzzz‘ Pues.o — Pres.i (20)
=1i=1
TS
1’1’11an222| QHES,;,/i Q}I&JES.U (21)
(=1li=1

K (20) (21, Pugs,, e W BERY )2 P ESS A
I 75 Ques, i M e BE B R 2T SVC By TE T 75
Pies.. W&t FEEALIE W ¢ i B e ESS Hh U7 5
Qiks. W&t L Z AL G 8 ¢ i BB B 4 SVC
71 5S N e HL B T A

2) FaEME HAR .

minF3:2(maxI,,) (22)

=1

A, max L4 (W 2 R G oK L A6 s -

TEFEAT A2 JR) FRAUEE 53 BT sd B4R 49 s 67 £ 0 20 X6F
HLURARE LIPS RAE R Go(S N RGN /) o IR
GRS Y 219 s 77 i SO0 W R AR L AR AR B 32
Wi B8 A R A 4 SRy R 3 T B AR G, AR SCT A
LR REEN T S G R 1 T2
5 G, BRGS0 30 8l 22 B 1 4 32
MRS, R A S VE B R AN o B FRIR N

2
Xz':a
X, 0 N IH— AL B R K G, o 19 a4 19 97 5 B
X HL TR ARE T8 B L A8 AR A9 RBUE

it b TR EEN TR L T RS, TR

NN E RN 4 )

T S
: _ U
min Fy = 22( X1u| Pygs i — Pogs.is

=1i=1

(23)

+

(24)

T
xXa. z'| Qups,ie — QLL.JI-S it )+ zmax L,
=1

AP e o A3 N T A B RESE BRI SVC Y
HEHF



5140 5 4 11 R F1 R 4 53T Sobol v 2 30 i 59 25 o Tt 77
A F A R AT U H 0 SR A1 R 0 A 3

S L 36 bR AR A A, D) S 2 [T AR N 3
2o PE B AR I DAkt S AR/ 75 1 2 2 i i H
JERGE M H br o
23 AREH
1) WA R T
P.= V,-z V.(G,cosf,;+ B;sind,)
Jjei
Q=V. > V,(G,sing,— B,cosd,)

Jjei

(25)

K, €S, Hh S, ARG WA P.Q. 4 i
RIEANNA DR ESXNE G, B, & 0,5 5 H
i S 2 DA HL gl L R R AR A
2) ESSA .,
O<Pi‘ch./<ui‘ch./ ?ﬁ?
O<Pi‘dis‘/< U, ais. Pl (26)
Uy T ui‘dis‘/<1
L EMe < E,soc, < LEREr%.  (27)
P g
N
H(26)~(28)H1, P o \Praie., 5390 FAEBE £ 7 2 10F 2 1)
FEH IR 2w, e 5391 8 T ESS R ¢
A 20 35 LRI HE, 00 A8 o s S R A R A A 1 e K
HL B 5 L E0c ESoc FILESe E1S6e 43 ) R A e fer HEIR S 10
B CTBR 5 30 R R 11 T LRI R FL RO
3) SVCH 4 .
Qe < Qi sve < Qe (29)
X, Qusve WM i ASVC I LI &7 QL.
QAT AEEA SVC F R E R,
4) g MAER DR AR,
PE(1)< Pou(t)<< Pii(1) (30)
X, Pon(e) Pas(e) 3 3k b 9 v 4% 4 D) 3211
TR,

3 EolaoWH

AR B TEEE 3397 5 R 4 bk f7 0 B, H
AN B 3P R . FEifEH o8 12.66 kV ., Rk
JCARTN 70, 25 a1 A 2 JC B B 24 0 3 45 i A8
o TE17.21.23 3115 sUAb 43 54 AGAR 5 B4
PRAT 5 RN T A B 6 B SVC, SVC I 1 1 [l
i 60 Mvar; fif fig ¢ & (1 SOC A VF 1 Bl K [0.1,
0.9, TR ER Y J 0.4, 455} 20 MW -h, 7EH
— AL AbHL 5, o AT LA H SCHE AR R R T SR A R
8], W Tk SR R AR Ay 2 0 AR AR SR
BRI R

E:soc. + P, chtfeh - E,‘,soc,/+1 (28)

[@Pv3
23 24 25

1 23 4 5
V2 0 R AR

L
19 20 2122
ipvz

3 BHEeIEEE 33% &
Figure 3 Modified IEEE 33-bus system

3 BERABMEHERREEIWER

i MCS J5 2 A2 Bl 2 21 %0 S 10 000 1) il 57,
B 3 SR Ik AN 25 A B AR SR o A, R T MCS it
B L AR bR X T8 71 0000 0 B Y 4 R ROBOEE (75 AR
Vi i M R AT RO S i) o T H R fr
A BEALYE , & 5 8505 B 3% L 46 A 19 R B
23 B B ) A8 Ak, 2 AN B 0 TR 3R 19 4 Jmy R 02 3 1) T
o W A — LA B AT LA B 45 A T e
BXE L A8 bR (AR X R, W8 4 TR . Hoh i
ISR NSRRI TR X N A = X e o ] D

[ef+lpva
26 27 28 29 30 31 32 33

6 7 8 9 10 11 12 13 14 15 16 17 18
LLLLLLLLLLLLL
®HPV1

A X R gl

AR R Ay iy

(b) 795 ki TSI L AR AR 6947 % R A0 Bl v 74 722 1

4 P RS E Fh A L 38 AT 6 AR 3 RALE R A R AT T AL
Figure 4 Relative sensitivity of L. index to load fluctuations
at each node with changing net load



78 B

g3

2025 4F 7 H

BAVEmFE AR . SEAR D IR T

RN R 51 = /7 N 1 R 1 R N S S A E =N R
P B L 45 b 14 R A8 R /INAS () H B 3 v 974 K
AN AT X LARAR A9V — A R AU, B A% A
A B 3 0T L R E M A S e AR L R AR L A
1, 75 S BR R R AT LA 9 Xk R i ] B TR A R
B DEAT o Mt 5, DUt R . BT R R
P an 18 5 B .

0.000 § F————————
0.000 6
)
B 0.000 4
™
0.000 2 |
0.000 0 Hﬂﬂﬂ (ot Hﬁmﬂﬂﬂﬂ ﬂﬁﬂ
’ 1357 9111315171921232527293133
Bl
(a) #17 SAUEHEH T
0.00025————————— """
0.000 20 S
@ 0.00015f
ki
™ 0.000 10 -
0.000 05 |
0.000 00 [ S — I
1357 9111315171921232527293133
RiP=S
(b) £ 5 TN T
Bs X2V ELTEEERAT

Figure 5 Inter-layer connection factors at each node

FT P S T R G SR RS A R G A B R L A
R R WA LU R )RG5 e DR AR /DN o 22
00 Pl 22 AR /N 18 e % 08 R L TR AR E Tk H
b, B W S 6 R L 22 B4 H s
32 E T Sobol ZHERMESEEREMRLER

TEAE 2R (9 TEEE 33 95 sl RGE P, R4 A SCHi
LA T 6 I AT A AL, T 6 D e AL AT T
SR

Hi P 6 R AT, p T R e A BE AL PE AT RE S EUR S
R R P AT R AP AR 5 3 e AR S B I A T 1 T LA
ARG IR R AT S R P B AR

AR SR A X 28 B R A AR E PR BB B LT 3
Fft 5 35 AT X L - Tk TOAR SO k) R 96 42 Jm) R
JEr M E b R REREN T LRt A
bR ER TR AR E PR HARSS A, SR LA T7 A R %

e ———
oo o o
Whmagggs

R /p.u.

NI OO~

(a) PEAL R 2% 5 R R

Soooo-——; ey
VOOV OO i e -
0 =10 Sooc oo
PN J0T o
HE /p.u.

[T RN (%)

15
2
25 20 R

30

(b) ) 4755 a5 L
E6 MAHEE T EbE

Figure 6 Voltage at each node before and after optimization
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optimization methods

0.058 ; i ; i " . .
0.057 — B YRRk ]
0,056 — RICHE ]

& 0.055F 1

ﬁ\u}

3 0.054F R
0.053 8
0.0521 1
0.051 1 1 1 1 1 1 1

0 500 100015002000 25003000 35004000
Ak 17 I 6] /s
E8 rREKMALFGHMER
Figure 8 Optimization results of different optimization
algorithms
4 £5iE

AICIHET Sobol Bk RIBIE ML RGIAT BT
RN T I T —FP T Sobol Wi BC HE I HE
KUZ ALK R 28 Tk H AR AR SE 1 H AR CHRER .
M Y TEEE 33 745 s 38051 ) 07 F L, 460k 1
PSR T A RO T 25 BARFIAR 2 P B s,
SEHL T RIE IR R BORE . RSB

1) T2 )m REUE i th gy b TR &
PR ¥~ RE % 2% 18 U A BE ML IR , A7 200l B R 4% 5 53 4 fi
BB L AR AR I 52 W A 5

2) A SCHR Y A RUZ F ARG A AR L BE 5 A5 2
B 2255 5 RS PR IR AR R, 2 U H 0 fE R Y P
POk, v Ak R 2 T R

T-E TS 2B B MR T TR E

F N7 BT R RCR  JF R O I 4 A 2R

S % Uk

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

M 3k G T T . % I V2G it RE R I 5 6 e 7 R )
LB S TC R ARG Bk - R EE (D). HL S T RE R
2024,40(1):29-39.

CHE Bin,ZHANG Zelong, YANG Yan. Research on the
low-carbon robust dispatch of active distribution
networks considering storage characteristics of V2G and
load demand response[J]. Power System and Clean
Energy,2024,40(1):29-39.

o e i, £ S A 15 A SR AR i s M 2 H
Frar R AR IR BE[D]. B8 ) TRE 4R ,2024,43(4):156-165.
YANG Xiaohui, WANG Xiaopeng, DENG Yeheng.Multi-
objective hierarchical optimization dispatch of active
distribution network with electric vehicles[J]. Electric
Power Engineering Technology,2024,43(4):156-165.

B ARV A A AR, A B R 2 R IR B 2 S
IR il [ 52 4 5 [ ). 1 S FL 8%,2024,60(2):210-215+222.
HUANG Daixiong, WANG Zhijun,YUAN Yongbin,et al.
Fault recovery strategy considering multi-source
collaborative active distribution network[J].High Voltage
Apparatus,2024,60(2):210-215+222.

XIS SR T B AR A L 3 R AL L ) R KR
FOTHC HE 19 4R v - o3 A O 25 B a3 )2 0 X 1 D). 8 2
F, 77,2023,51(1):94-100.
ZHAO Pengzhen, XIE

Centralized-distributed pattern of distribution network

Ning, YIN Jiamin, et al.

and its hierarchical partition method adapting to
development trend of new power system[J].Smart Power,
2023,51(1):94-100.

AR R e T RS 3 A R RE IR A KT 4 R 1
FE MRS ], [ 17,2024,57(6):174-180.

LI Jiawei, ZHANG Guanyu. Impact of large scale
distributed new energy access on provincial power grid
stability[J].Electric Power,2024,57(6):174-180.

AR R B AR TR L AF T b T P T I B T R I )
PEBT T IR (1] 1 7 € ,2023,44(12):66-84.

ZHANG Haichun, CHEN Wangda, SHEN Jun, et al.
Review of power distribution network resilience studies
considering flexibility resources[J]. Electric Power
Construction,2023,44(12):66-84.

SRR, B R PR A5 R SRUHL T AR AL 0 IR
AR HE R 5Y 5 B 7). P [ 47,2024,57(1):2-8.
SONG Tianqi,LV Zhipeng, SONG Zhenhao, et al. Research
and thinking on the aggregation and dispatching control
framework of virtual power plant's large scale flexible
resources[J].Electric Power,2024,57(1):2-8.

B EAT R B LA L KOG R IR - ML S AT
PSR [J]. 18 R G 5 4511,2019,47(13):46-53.



80 N il B % 5 # A # iR 2025 4F 7 H
GE Weichun, TENG Jianyi, PAN Chao, et al. Operation [17] PN, T BR 4 &5 . 3 T 5 mi £ 20 QIR 70 J& JT (1) vl
regulation strategy of source-storage-load with wind JH i L B8 0 AN B E PR A A B (3] o R ML T AR 2
energy storage energy[J]. Power System Protection and 2019,39(10):2904-2914.

Control,2019,47(13):46-53. SUN Xin, WANG Bo, CHEN lJinfu, et al. Sparse
[9]  Z=WE KRR AT &=Lk i 32 30 s X f e A polynomial chaos expansion based uncertainty
AR, 50y B sk 4,2021,41(9):102-109+125. quantification for available transfer capability[J].
JIANG Tao,ZHANG Donghui, LI Xue,et al. Distributed Proceedings of the CSEE,2019,39(10):2904-2914.
optimal control of voltage in active distribution network [18] =B R KA R MEE & oA O R rY B e 82 Ui
with  distributed  photovoltaic[J]. Electric = Power VE A AR 5 R [T, B TR R ,2023,42(6):74-82.
Automation Equipment,2021,41(9):102-109+125. YUAN Changhao, ZHU Jinda, NI Jianfu. Coordinated
[10] 5,21 Mo 5k /N4 56 F P 1AW A 25 {8 i Bc voltage optimization method in distribution network
9 5 285 F e R e F8 bR o B S v I, M & 48 B B4k, with  distributed  photovoltaic[J]. Electric =~ Power
2023,47(23):44-54. Engineering Technology,2023,42(6):74-82.
WU Zhi,LI Guanghuan,ZHANG Xiaoping,et al. Analysis [19] gl 2= e A I Ak B8 45 2 R s R ML A i fe X 22 H
and application of static voltage stability indices for FRHERTC I LAR[D]. 7 5 B R ,2023,17(1):125-135.
distribution network based on single-port coupling YANG Shunji,LI Qingsheng, MING Zhiyong,et al. Multi-
equivalence[J]. Automation of Electric Power Systems, objective probabilistic reactive power optimization of
2023,47(23):44-54. distribution network considering the randomness of
[11]  ZFEE R 28V Rk 52 A6 L F Rl v SR A R A i 2 R source and load[J]. Southern Power System Technology,
AR AT B 0], 8 0 1 B A1k 4%,2012,32(4):1-5+30. 2023,17(1):125-135.
LI Guogqing, JIANG Tao, XU Qiumeng, et al. Sensitivity [20]  BA T bRUE AR AR — BB 00 8 S R R R VT A
analysis based on local voltage stability margin and its FEPR[I]. IR 5 HOR % 41,2018,33(3):37-43.
application[J]. Electric Power Automation Equipment, CHEN Baoping, LIN Tao, HUANG Hua, et al. A new
2012,32(4):1-5+30. evaluation index for static voltage stability[J]. Journal of
[12] XUFE,E 5B, S ek XUAL OF 09 28 40 3 A i s R PR 1Y Electric Power Science and Technology,2018,33(3):37-43.
I3 BT K ACAL[I]. 1 846,2020,42(2):67-69+109. [21] X S, o0 i A% 1R 06,55 . — A OC F i 3 W R R A PR
LIU Lei, WANG Zhuoqun,MA Ping.Analysis and optimization A AR B eI T B [0). H Ty B2 5 R 24 417,2020,35
of static voltage stability of wind power integration systems[J]. (4):181-186.
Electrical Automation,2020,42(2):67-69+109. ZHAO Rui, YUAN Huafang, YANG Junwei, et al. An
[13] FFH8, 057 A A am 25 5 N 45 550 B2 g R 6% improved engineering calculation method of static
SIHT T AR [T]. B 5 (X 38,2023,60(11):60-65+122. voltage stability limit[J]. Journal of Electric Power
QI Chao,CHEN Xiyou, YANG Xugqiang,et al. Research on Science and Technology,2020,35(4):181-186.
the sensitivity analysis method in matrix form of [22] XU X Y, YAN Z, SHAHIDEHPOUR M, et al. Power
incremental network approach[J]. Electrical Measurement system  voltage stability evaluation considering
& Instrumentation,2023,60(11):60-65+122. renewable energy with correlated variabilities[J]. IEEE
[14] SRfd, BE/NES 24 55 ST 97 8 47 G450 A0 1% S o o2 1k Transactions on Power Systems,2018,33(3):3236-3245.
e A AR AR E M A Ry SRR AT (D). R TR R R [23] BT . W) RS HE RS LG AR 50 K o v
2021,36(13):2821-2831. Jr L [D] KU K 24,2018,
LE Jian,LTAO Xiaobing, LI Ben,et al. Global sensitivity HOU Longyu. Analysis of L index of power system
analysis of uncertain static voltage stability based on voltage stability and its improved evaluation method[D].
extended affine model[J]. Transactions of China Changsha:Hunan University,2018.
Electrotechnical Society,2021,36(13):2821-2831. [24] Ha&n . BEAFEMEN R N REFEL M E S E1T
[15] SOBOL I M. Sensitivity estimates for nonlinear WEFE[D]. TF /1L 4R K 2,2022.
mathematical models[J].Matem Mod,1993,2(1):112-118 YANG Jinye. Research on optimal allocation and
[16] ¥ ™ IE, Ty, 4 % 8 M- -5 -far " 22 0 ANl o8 operation of power system resources considering
P 1 A2 T8 ) 5 C L TRE SR G G I A (D). L RS flexibility[D].Jinan:Shandong University,2022.
5116,2022,46(12):76-87. [25] B JoSTAT e SR DK 25 I 4 J A G A 1Y S 2l TE vl I L TR

FANG Xiaotao, YAN Zheng, WANG Han,et al. Analysis
on probabilistic joint flow for transportation network and
distribution network considering multiple uncertainties
of road-vehicle-source-load[J]. Automation of Electric
Power Systems,2022,46(12):76-87.

LA SI[I]. B 1 R 58 A 5516,2023,47(21):99-107.
CHEN Zhong, GU Dingdong, GUO Qing. Optimization
and control of voltage security in active distribution
network considering global correlation[J]. Automation of
Electric Power Systems,2023,47(21):99-107.



