219

U ER TR

20254 5 A Electric Power Engineering Technology Hask HIW

DOI:10.12158/j.2096-3203.2025.03.021

oA 2 r UG FEL 0 A A B B e, P A g X ik

WMER, HER, BB, AL
(1. = MA BT A VLA R R, =/ ANV 6741005 2. BIUR22 S5 B kb,
AL RN 430072; 3. [ W5 /e 24 B S A PR Bl HE i R AR B 28 A, iR 7> 410000)

B BN, AN CREEATHEFR, ARLRETLAMLRLGE RS Ry FEES K REE KX
AR AR TR FRFFM, TP RS —ARTEREMELB G ANES R T, F—HBETHSS RS
A, ARHE R AR AIE B RN A R AT ST 5 K, AR AT T2 R AL S AT R A d ) K A 5T E, R AR
DF B kA B HLEE . 5 ZF-BoR R Louvain AR B A I H RSt A7 4 KB R, 1818 skt 5 K AL B & S
¥ K BATIEE, ARIES K 69 R 2R 4 A1 o VA IEEE 69 ¥ & & 46 4 6] B3 Uk A4 5 sk ey A otk . RA 0 ik

S REW S XEE KRA R #HHEREERT EABRFBRA, EREALT RS R F RO RA AT E

&, £ A T AR MG RIR R R 8BRS,

KRR oA XE R AL NEIEL, LB ELSRX; RArH 5w

hE 4SS TM727 XERPRARRD: A

0 5I§

BiE XUHL . OGRS RE IR 0 KA, HL I 45
F H 4 52 4%, TR 7 75 oK A [R] IR0k v, ) 547 4
Jry a2 B R AR AR D R, AR SR L ) RS
H, R ] DX R 0 KR T s A7 N B3 48 56 R FL )
SR T b, oK 25 TE L ) 5 B 0 e SRR, TR T A
3 DX 45 SR LS e H X S B DX REAE, SR T F
RGBT G MR T I 4 KA
REN 4R ny ) B AREE AR Jm il il B AR, B
{8 FS2B ., 9 v R O B el as

H, X 10 2 fL 42 ol ) — 1 o i 0 3 PRk
T 3 XV, LAE S oD D32 i iR g i .
SEIAR SO FL R TS H A R, R ERL R TC ) 43 X
JELLUT 23 X s

(1) T g DX IO Al 1 R H R g%
e I TC T IR 43 7E R — 53 X

(2) HL 53 X R N A BRAY BE T D IR AN R
H R 73 DX, (4545 A4 43 XA T Dy 2y 58 A7 A AR X 1)
15, BEARAS 0 DX A TC D8 (AR %5

(3) Ha He 3 XA e B ARAIE A X %719 L 2 ]
AH B %

il /2 Bk B AR, U AR R A A T
Dijkstra 27" | JE T MBS YLLK B T W it
B A i T FL I 4 DX S, AR R T AL
KT oy X B AT S B, (AT R R A
MAG B 2: 2024-10-05; 15 B £ 2024-12-27
ALTB: BE G AMFAL T B (52207013)

514 X ; Louvain F- 3%
X E 4 S:2096-3203(2025)03-0219-09

Bvm . THEI AN AR AR R, SR [16-171 34 T
Z= 28 3, FH e 34 0 R A 3 f I v ) 45 S AR
JUER, B B S A ST B 4R DX,
2 H TC T T A BT HUAEAE R i SO A R R R A
P M AZ a7, 1B R A X A5 R . % X
SEIEAT LA E Sl 2 43 DX P T 38 R X P R
A KB S5 A R . HAEE oA X H R
(distributed generation, DG) A% & Z% i 1, ¥ 1, 1% J5
BB R G0 AR SR I XS AT 4 DX e SR
B, BRI R, B TG gort R e 0T
DRI X IR TC I 48 25 51 O, A0 X 45 SR A A
FEFS 5 XTGP 8 15 Be 1 A R iy IR) &, SCiik [18]
FE T HL AR B AR PR AR AR AR o e A IX B, Pl
Ward I 25 1% 58 28 55016 X0 fL SR B 0 PR F A T SR S
B i o3 DX 2R, -4 JHE iy FH 20 F, I F R 4 X4
il i, HaZ AT R R AR, AN B i S
PR SCHRT191 3 7255 R AR 52 B A7 ff 35 A% 40
X, AHIZ 5 ik DA XS i R AR Mo 32 . R R,
FERR R 2 SCHk (20175 08 DG £352 i
JEAEOL, 21 T DG ML R S RE I I HE S, JF T
I HY T3 Bl HL R (active distribution network, AND)
S IX 5k, %7 M H DG R R S P g D1k B
FERICR

il e 22 DG 4R A B R R = IR
H, P PR 3 DR SR, B v 4% X sl T oy 3k Y- 1 e
3, SRR — PR T A e M 25 B ) & DG L
W P i Be 43 X7 12, 5 — B B ik 1 I Op 0 XUV,
PAIC TGS R DXy, B 0 A 9 i 40l 43 31 5


https://doi.org/10.12158/j.2096-3203.2025.03.021
https://doi.org/10.12158/j.2096-3203.2025.03.021
https://doi.org/10.12158/j.2096-3203.2025.03.021

& AH) ALK 220

PRI 8 i AT ) G S Y BT A X, AT A5G
DS RE % 54 P 042 1) DX PN 9776 35 A, ] R /)
5 B Bl At UL . 55 T BORE T AR 4
PEAT 0 DXBE SR, By XA Ak R B PRAIE 7 X
IR

1 BT R R R4 Xk 43 = N

1.1 BRESNEXEKE

3 ) b S R I ke TG Ty 9 B 7 A Y A
Z IR TET /M R R R . S5 0 3h 25 H e 45 il
(R JC SR AT LA R P, BRIV e 4% 4 8 G Sh Y5 G
Dy AR TC Dy 5 o H R 4 ol 7Y TG 2 VR G ARk
PV 5, HAE T T B o R o A A 3 i o el
AR ity b L, VR4 0 e HOR SE B, % R TR
A WA I R AOER L KU P R
AMEETRLIC IR AT AR PO Y , H A H W JE 2
3 3 R R A 1 D 3 A e R Y T T e R
R Bk ST, %28 TC T I 5 A 45 H 4
BUSEAR . SUSR LX) & AL L ke 2 P 4y
A3 FOGAR AR H 2R 48 AT LA a5 0 S ) R
Z 55y KNRTCTI-H RS § . etk & B R L
WA T T, 4 R S T X DX s P 7 i i
A3 TCIIAMEZ LA ] Hi e 1 B

(1) PQ 4 il 78 76 Ty PR 671 faf 5 4 22 [ fr) 52 40
R

T 538 B PO T A, B AT i A
PQ FITCII IR st BN T LIy B 7 4o 1 0 P P W (L 1Y)
AR, WL S TC YR R U . R RSE
A n AT, Hd PO TS m A, PV AT A n—m—
1A, DA AR AR IR 2R 0 2 B b e 3 07 A

AP AG AG
MRl I
A AP, AQ T HEAE T LY RAR AL
T Jpg. Tpy T Ty Jou 5390 A BTG H X L
FEAR AR L BRAE DR TR A0 AU 43 510715 55 HL
M. TR A FE B J O HE AT FLAE RS, R S
WA FERAS o SO FE X R G 2% i) JCTh g R
AT E AT, HICT 54 DhiE s, k] 4
H IR AR E S, BIAP=0, 1153 2 4 h ool /i )k
FAGE R R NAU = (Jou —Jridrudo) - AQ, B H:
TR Sou = (Jou = Tridrod o)
(2) Py 43 il 79 J6 Dy Y5 A1 A7 fap 55 05 22 [RIAG38 T
R
BRRZRET LT m A PO, ;= (1)7]
SKAFE mxm HE) S o FiFE o ZIERE IR T PO 5 15 A

B K FC A ] 26 RS B R AR C R . T
PV RATCI IR s, ZUE SR 1 7 2O S g i
8T8 1 de, B WAL, B —A ] Py BLJET)
JRERIRI PO Y 1L, HABAY (T N R, RS R
AT T T/ R R AR AR R, HOR B AT oK B8 3%
FNIZ LSS IR 5 Al PO T R B TE T/ H e R AU s
Bt i, MUK Ay Py I G T VR R S HL R, R
P m AT KN )5 B2, K LR AT KB ) 45K
fife T S A BB AR RS oo P, SR AR (n—1)x
(n— D HEFEE S, , FAL & T BRSP4 ST
ME R

(3) MU BB R

e, R (2) X B S, AT AR AL, AT
AR IZHE R i 2 TR BTE 0~1 Z [H]:

Sij = ]s,-j}/mjax{]sij}} (2)

5o max {| sy } RS, A j 9 ICH A XA 1)
e KAH; 53,00 B A0 Ak 38 S 56 B Sy, P i NG
s;, € 10,17,

SRIG WA RE S, 2B 3 Ry XPBOE X, (45 Ae bR 3k
ARTEETE R, AR BN (3) R

x; =—lg |s;)] (3)
ZJ5, B ()RS A S AR R, A
T A4 B L AR B R D
1 n—1 )
dij = E; |xik _xjk| (4)

A o o 2000 R RIS R BT RES k S R
PEATARHEAL 5 (4 X5 OE SXBE; @, 1 i i A A
J TED B RSO, OB EL A, 4 RS A 8] Y
Rl G AR, BTz, IR OC 2B
1.2 ffaH SBRESREN

WS DXk RERE B 1Y A5 O 22 A I TG 2y
PRI A DI, (75— 3 18] A4 R OB 8 /0N, AT
PR AT T R R IO TC D018 5 RE ) d 5 8 S B R 53
T 2 S A AR BN

(1) R4 T PR3 73 247 T 0 X, JFbR i
I RS

(2) ML 1135 B8k, RO 4473 X 4T T 57
AR TR RO S AR 23 X AP JC E R
(] LR, BOHG P 8 i/ IMEL A D A T 07 Ay 1
B FITAE 23 X RS

(3) BOE B (2) R 5 B9 B 5 de/IMELRT XS B B
3 XA A2 A 3 i A B8 731X

(4) THE LR Q)RR (3), HZEFTA Y
M SE R IR ERAE



221 W e A 5 oA CHL IR IC B I B T I BB TR ) 23 X 1%

i 2o b AR G A S JC IR R — — B
KA, 13 B H I DX J) 2 4551, PR IE K 2 1Y
AU B B R/ o 20 XS RT3 4] 20 )5 451X
SR A R R SRR S O AR AR, A% DX ) Y L R
B R AR, HAS XK BN AT ol 5D A7
T3k o AU XA DA —A T A,
v B — 5T L mT LA S 3k R AT A Dl e
1 DDA B A R AR A P T A JC D TR S

2 ETEFNMRERAFHMEBERES S
X7iE

BT AR B AR B 23 XA R S MR
FNE 5o ABAE SRR HL R v 57 R A 23 A X H
23 B I 8] R R A A2 AT A AR B B, PRI,
o LAV XA R . T T 1 43 X 7
58 L BE S WA (] Y5 £ 25 1 D0 X 43 X 45 2R 1Y) 520
I 2 22 00N 43 DX HL S 9 50 X X B T D6 A%
HHRAYTR
2.1 AT R E oy X R

RN RS D, R Z R RN E
w5, SRS SRR, & TR L
—ESSMAR LSS, LR I A M % . S AR R4
A AT P — R L B R A i b S Bl 52 24 ) 5%
F 235 W R P I SRR DAL 40 K A B9 R e X
s

1 A,
Mzzﬁ)Z;(W,-j— 5 )w(c,-,cj) (5)

A MORESRE eR B WD 8 4 AT R T
A T L R ASLE, 2 R A LR AT I I W1,

$7Fﬁi§ﬁﬂLW,,55( 0; A, = ZW]%—‘?%‘,\J—:T\ l*ﬁﬁﬂ/ﬂé
FSLAACTE R A, =) Wiy 5 R AR 3 Y A

IR p = S0 S W, % b A

s cpn o 23 R R RS A R B X (e,
;) R — > BREI, 50 A5 1 R A R A3 AR AR R X
B, W wlc, ¢)=1, T wlc, ¢;)=0, HE LA, K
B sR g M BUE ™4/ T 1, H S54RI N R %
FERIEASE, AT FfE MBI, P25 4t 1A 4544
AP, DRI, T e A O BR SR AR B B A A
AR, T2 BT X I Ay DX 3k 40 o 235 S Ry o 432 D) 8%
53X

Vo T F PX) A0y 37 3 ) %, HE b % B ATL R £ fer
R A, T R A S A S i, O AR R A AR b TR
i SR AN TSI i B ARAL . AL 4L Louvain 55

T8 HORE R U B A Ry S SIS, 7R X BESR
o R FPORE AN it A2 T DA A 7 e ORI DX AT A
IR AR 235 SR T R 45 F b, AL BT X
HZ ARG R RIATI . I8 TCI X H
FE AR ROR, % AR 23 DX XN JC S i -
A 7, [v) I feff 45 DX I8 ) 194 DI 2 4% i S ] BB AR, SC
f t — 2 0 X JC -1 R g A T H 9 52 24 A
ZRRAY  RERY LA A ) Y AU B A S A,
s
W, =d,; (6)
At bR R J7 kAT LA G 4 A I H R 45
F4, [) P A% 3t O Hy H AR B AR R AR A 3 1Y
IrIX AR ZE SO
BT DXL TR FR R, JCHAf & n] LA 0
AR i, DUAESF IX B TR AR, PR X s
(4 TC D i 48 R T A ff g K o (B2, JC Sk e ufe
A A i, i o i i R R B8O # H S A
FREYZEIR, S B /NI ATRE S BUR AR R AR B4
WU T S HEA R, i ) R G IE R s AT R B
&, B, FF2A% HoE s i s i e, B
FE XIS L TC i dE br e 0T
e = {|QG,:/QL,:| Oc, < Ov,
I Q6 =0,
Kb Qg N X ¢ B S TC AR B 5 O, Ry X3k
t AT IR oK o TR, 3 B XS T D it £ 46 b
AIBIE A 0.2 Sl X N A7 78 2 8 7Y JC D it 4 LA
X B RO, PR A 224, I ¢ TNt A 5 A
WK TZH . TCI i TEPRAERS XS 43 X A Y
T DO EA T 2 B AR, B 1R JC I B A R Bl
TC T ik ) A1 0 K AR T bR RO SR X BLATY
AP TR B o ARYEFE AR R EUE RN, 723 X
P g3 X 6] 5 BEC B oD AMas o, IR45 | DG, L
P TCIV- . % IEN S TCIME A I, AL
PRIE M IR N

1 X
M=M-—=) g (8)
X =1

(7)

1 X
e x ARG KHH; — D el REHKIRIE

VA RE o Rt AR R T bR B TR AR EIL Y
FL B R R AR A% 1 S B IR 5 S 2R, R I R RS
TG Ui 25 45 b AR BRIV R] A5 2 e Je A0 A B e
oo T e p AR R pR B B A U R S
DV A5 B, DR AE ) o o 245 DX I, BE %4 1
W24 4D, SCREAR b3t S W3] o DX 3 N 1) DG 2 ~F- 165
ROR, IR AT RERE AR XS 2 8] (4 o D e 7%



& AH) ALK 222

2.2 Louvain S XERE L

FEFALELE ) Louvain L EEHF RIS
JZ R IAAE DX S5 KL, -l A4t DX P 2% A S 36 3]
e M, [F) B B30 i 45 45 R4l W o L B0 B 3
PR, Be3E T RIS 4404 o FIHIZ SRR
B B RO, 0 BT UM AKE— 4L X BB B 3
PEFIZAL X BB B2, WP IZ T SR04 AL X
A1 30 53 22 At A DX AR e B AR A N B I, U327 05
R BB A 24 A4t X . Louvain 25 3538 1 % 45 85 5
AR R, DRTE R —UGE A H 2 Ty
S AR AR A ] A AR AL EE 5, TR AR 4 X . B
AT,

(1) JHEA e DA 3R I 4% e A 25 1 s, B
P 2% T B T X

(2) MUK A5 i I 28 2 AR AR 49 5 BT a4t
X, TRz X R R B B 1 55 AM B | AM e K
BN R A5 o AFAM R T 0, W32 sl oy 2
|A M f5e KAB XS 1 A AH AR5 s BT g 41X

(3) EEAIR(2), HE AT AL )E X
PIABE

(4) ¢ e Ja A [l X T A I — A
R, R DT TR A AR B Ak SR T A AR
o, A1 X A] 3 AR Ak A L A R

(5) EELBE)—LIRGB), HEENMLET
BB R R RRE -
23 HBEEHSXRRE

5 — a2 DX I, I PN 7 7 59 B N, B AR
X5 X IRANECR g0, ARG TT SNl g, 2T
52 2% S BE I 43 XA I B 2L IR IR .

(1) a5 AFE 4 DX H D i, T 1 e AR B
Mo B ATCOIUE S S e 7 558, THR) T
I/ e e R AR LR

(2) & “ e/ N AR RS I S#E AT W) 46 3 X
W N AT RO g OGRS ] F <R
B /N, WA 2 1 iG XI5 B b go XT TR
X3 S T a5 AN R A e A X,
H 5 5 B AR IS DR o X I 5 91

(3) Lh g MWIaR X SR g4 A, R (8) 3
A AU o5 AR A AT R BE eR L M

(4) XTI S KBRS Y M H
T AR B AT 28 01 43 X, AR B AR X3l o3 25 5 .

3 DR AN 1 BT o 38R R B SR AT
SRR AT D A TC D 2y 38 S AR LB A, TR AR
TR AL B B 8 X 26 W 28 S50 i B % K EE
T AW AT A I 2 R A X, PR T 2P

BERBNRG X, T RR IS BRI 7 X 5E SR 5
Pry B A, W AR e LAk 43 X 45 2R . Louvain
VLB T3 DX 2 3 P S U], X6 DX 1) 3 5 AR AR
B X RR AT 1Y 3 DX, BT I AT DR e B T R, X
P XA B oR B0E INTC D it & 8 b, (A5 DX 3R] 43
Iy Z8 T LI N, A R TC DA Bt e 45 ) A
(1) 5 HE MR

WIFRALINZE S B, o i
HEAT ST, T SRR AR

K AR TN FL B BRI Y
TETIRNT 3, VAFIE S AT TE Tl
L A Bg MIUA X IR
|

v
(KAt X RS AL A, MR 4 |

& Jatt B
RERIE B K2

KR IO 2 L R R IR AAR AR
W RUTAEAL X, TH5EAL ]
IR TR T AM

AM'JE IR E
NAGEFNIN

1=}

FE
[P0 AT AR A AL

[IRoE )

R

B 1 EFEFMEZEIEHBEESSXRE
Fig.1 Flow chart of voltage control partitioning based on
complex network theory

3 Eflatr

K 2 iR TEEE 69 5 5 28 4o 3¢ fir 43
X J5 ¥ A A E AT I UE o 18 R R R ) 3R S
WEMH 2R 500 127 KV, 10 MW; 24T A )
g 43 A 2 694.7 kvar, 3 802.1 kW; 5 fi % 4 H
JEH 0.9~1.1 pu.. Z5E M CTRL, SCHAET &L 3.
9. 12, 17, 21, 24, 27, 30, 38, 41, 55, 58, 60. 66,
67 &b Bz A DG, K ¥E TR LK, 7677 55 25, 44,
64 kb73 531 A 950, 760, 570 kvar 4 B HOC D) I Bk
AR E, B IR R A% o 12k AT DIAR AR
R O Bh AT O Tl M, i X s e AR
ENEL IEAN, 38 R4 DG B A Dk DL
T, AT LAY 48 T DM £ 0 15 95 RS 4 AR, )



223 W .

oA L PR C L A P B B ) o0 Xk

/D BE IR G, BT — AT E. DG A
TR AR HINER 1 PR,

. 29!31 33
28 30 32 3435

[47484950 @ @

, 5115210 666714 16 18 20 2223

D
1]23634567EG9 s 17 1‘2 4
65 0909 €9

535455565 585960616263 6465

37, 40, @

36 3839 4142 43 44 45 46

@

Bl 2 IEEE 69 W E BG4

Fig.2 |EEE 69-node system structure
*1 DGEANLERSH
Table 1 Access locations and parameters of the DG
AT HRE P2 A 2 /kW DG #Y
3.9.12 PrEET 600 Jetk
17.21. 30, 38 PO¥:E 400 A
41,55, 58 POYEH] 200 Jetk
24,27, 60, 66, 67 PO 300 Jetk

31 IEEEG) TREREZHFRER
B AR 115 i AR B SN T Y
FL A B B, R LA TE T U84 a5 A Xk Hp 0 X 7
far 9 ST 40X, A3 B IR 3 X7 22 A 3 . i
& 3 WAL, AN SRR 4 KRB 5 H e g i R T )
U5 RN T Dy A MR T DR, 33K HH 43 DX PN ) 2 e R
&L 3 AT UL, S5 T IR i 24, 67 FTTE X 4
TC AT T a5, B 3 43 S AR 4R H i i o B i
IR 27, 66 B IF, Tfar 1 A o3 A B Ho i i T
DIPEAT AT AE X3, e T8 1 13 DRI X 7
X EERBERPATE RS, REBIE R M 5

R4 X R H B 56 2N 4 Fros . DABEER i K
M H AR, 28 XBCH B 4 15, 75 3] 1 &R0 0 05
B S im . aies, B S A1 X 3 A 6T
BT R, A5 3 DX I aE P S
32 SRR

Sk 56 UE SCH TR 43 IX 7 TR A ROk, SR 3 Rl
T7 R IR 2 iR RGEHEAT o XA AR, IE AT
FE B 1 G Ty V- A7 17 10 4 5 16 T A 45 SR AT L
B 3R RAMKMT,

T 1 SCh TR X B

J5 5 2: AL GE gy 1 S B, TET R SR
HL AR B SRS S IX 8l R 4

75 % 3: /48 Louvain 545, B RG041 RifER

T3 X AT X 3K 53

SR Win 10 R4 4 AL PRSI MATLAB
R2017b #4745 1L, A 43 Kt R FERT 0.51 50 TR
2 FERT 0.49 s SERLATIX, T 758 3 Z0AERT 1.46 50 J7
A AN %8 3 PR, A R B A, X
JEHN Louvain BIEFEXT e T 241 X #E47 40 X A1
SRR AR, TS AL XA I IS, A S AR
ERAR R8N, TN 7 35

BT 3 PO RS X RN L 2—K 4 7
TRo 7% 2 FNER 3 TR, RGN 1 R S AR B
A A TC DR AR T R — X 3K, 1 3% 4, 1 ey
T 37,53, 56 5 1R B A A 9 T YR T A 38, 9.
55 ATE Al — X3, ToiE AR IETC IR X 135 s i 1
WRET o TELEBAT TOLT, 3 Fhor X 7 RIIAEAE
TCYIA RO, Horh 7 58 3 A X5 SR X3 7 1)
T e bRl l 0.213 1, 43X N TC T4k 45 4
A, TOTESCE X P LR Y IR R

TR 2R 40 XE5R, X T &
TRV YRR R G IO V- B, 53 X T ) B 44

|

1

1

|

[ e R, et e e il et St
@ R RO @ ENOR @
1 1 | 1 1 1 1 1
! 4748 4950 | | 100 : : :
A I P ! | | | | |
i. Fe el | ® [ © ©P@
| ! 5 4 1 ! |
124 405 60784 10 11 1121311415 16 17 18 19120 21 22 23124 25 26 27 |
! | | | 1 | 1
L 00 68 69 ! | : |
L I""""T""""" """""""'""": """""""""
| e ey B e

I

: ' | 53154 55 56157 58 591 60 61 62 63 64 65!

e ® J

1 : i

| ' :

3 MRS RER

Fig.3

Initial partition results



& AH) ALK 224

0 2 4 6 8 10 12 1
SRHH
4 RGHIGRE L

Fig.4 Curve of system modularity

———————————————————————————————————————————————————

_______

e' 8, HRes

1

1

1

1

1

1

1

1

1

1

1

i

N /B4a5678 -1011 2T 2 23240 27,
(G DG'
1
1
1
1
1
1
1
1
1
1
1
1
1
1

_____________________________________

®
{D
&)

_________________________________________

BS5 REASRAER
Fig.5 Final partition scheme
x2 ARIHRER

Table 2 Partitioning results of scheme 1
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Table 4 Partitioning results of scheme 3
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Table 3 Partitioning results of scheme 2

X Gis KN EHS TR EHS ¢ TCDIEE/kvar
1 1~6. 28~50 3,30, 38, 41 1 —682.860 4
7~13. 51~56. 9. 12,55,
6669 66. 67 0.3589  443.266 4
3 57~65 58. 60 0.4723 549.663 1
4 14~27 17, 21, 24, 27 1 —782.283 4

{EL Z IR 7R ZR 58 IX Sl 0] JC D e A% (KL, 3 R T 220
I bexs sk 5 froR .

H13% 5 A, SCAp T 23 Xkl LAGE R G20
Dy AT, X ek ra] JC L 56 A% i EE /DN, RSO AR i 4
Tk 0 73 X SR AT X A JC Z R 4 RE T B, I
FH T B HL I ) D3R e G 2 A Il

XS KNGS BT ERS g  JETIREkvar
1 1~9,28~37,47~52  3,9.30 05710 308.2221
2 12~23. 68~69 12,17, 21 1 —469.615 8
3 24~27 24,27 1 —383.042 1
4 38~40 38 03885  28.4467
5 41~46 41 03162  34.570 4
6 53~55 55 1 —252.1332
7 56~59 58 1 —219.611 1
8 60~65 60 02131 7692742
9 10~11, 66~67 66. 67 1 —-197.290 4
x5 BARLIIERITLE
Table 5 Comparison of reactive power
indicators of each scheme
Gy éj\lz %éﬁ]ﬁj} X 3 H] TE L)
#H A % Mvar
1 4 0.758 4 1.193 3
2 4 0.707 8 24581
3 9 0.721 0 27532
4 gEiE

SCH R R — i T A2 2 R 2 TR | A XA
. Louvain 1 W1 A& 3525 09 P B B3 X 5 ¥, OF
A TEEE 69 11 i Z 4t o4 Bl Bk 11207 i A 2hk:
ZITERA 3 X A /N TAESE Louvain 53970
DXHCH , DX 1] JC DA B A2/ T A5 8 Ao 1 e i
SVE e ABSE Louvain H3% Fr #4521, JF BT A 11X
S e S A, S BGEYE FOUARST . X RIS
JIr$2 73k 14 73 DX 45 R AT X A JC S 1 RE g o,
FECIE T F R Y DX sl e e ) F YR R, BT
17 P 1 2580, ik FEE T P TR L I 0 2 ) ) I BR 5K
i B o B H R B S %
&% 3Lk
(1] 3K, Wi, E&, 55 BB BR A IR AT SEPERYIC L R T L
R 0], R HURHOR, 2023, 49(7): 2775-2784.
ZHANG Bo, GAO Yuan, WANG Lei, et al. Reactive voltage
control strategy of distribution network considering the reliabi-
lity of photovoltaic power supply [J]. High Voltage Engineering,
2023, 49(7): 2775-2784.
E R, A JOHUARRUHL - 15 T D) H s T 42 i SR s F 5
(], L T HUBERHEAR, 2019, 38(3): 47-55.
WANG Yuting, LI Peng. Study on reactive power and voltage

[

[2

coordinated control strategy for power system with large-scale
wind power integration[J]. Advanced Technology of Electrical
Engineering and Energy, 2019, 38(3): 47-55.

(3] 4, APt HBUR, 55, I8 R4 23 DY 38 L A 206


https://doi.org/10.12067/ATEEE1805012
https://doi.org/10.12067/ATEEE1805012
https://doi.org/10.12067/ATEEE1805012

225

AT 5 4P AL B B Bt 4D

(4]

(5

[l

=

(6

[

(7

[

(8

(9]

ARTC HB, 1o Hy L B 260 (9] PTREAE BB, 2024, 42(10): 1399-
1407.

JI Yan, YANG Dandan, ZHOU Zhengdong, et al. Voltage coor-
dinated control of distribution network with high proportion
distribution photovoltaic considering network partition[J].
Renewable Energy Resources, 2024, 42(10): 1399-1407.
BRScaE, HEE, kMR, 4. 25T HEM RBUE AL N2 431X
LR SREms 1), i, 2022, 43(11): 42-52.

CHEN Wenjin, GAN Wen, ZHANG Jun, et al. Divisional and
hierarchical voltage regulation strategy based on HEM sensiti-
vity for distribution network[J]. Electric Power Construction,
2022, 43(11): 42-52.

Fgask, 38, B, 5. FETIREESRAL S > 197 VR T H T H
SYIRPERIRNE (V). R, 2024, 45(4): 734-743.

DU Wanlin, WANG Ling, LUO Wei, et al. Voltage hierarchical
control strategy of active distribution network based on deep
reinforcement learning[J]. Power Generation Technology,
2024, 45(4): 734-743.

AN, RN K. B AR S AR HE A U DX 2 5 LB
W5 (1], i 2 i 5 04, 2024, 45(6): 83-91.

GUO Xiaolong, SONG Pengfei. Optimal identification of sub-
regional dominant node considering the neighbourhood coupling
degree[J]. Power Capacitor & Reactive Power Compensation,
2024, 45(6): 83-91.

IRAEAE, XL, XM, 5. 3+ KA 2 A AR A e 1 T
RZhZSTEIIEA L] . B R, 2021, 19(1): 82-89.

RONG Desheng, LIU Shanlin, LIU Jianchen, et al. Dynamic
reactive power optimization of distribution network considering
accurate characteristics of distributed generation[J]. Journal of
Power Supply, 2021, 19(1): 82-89.

INEFE, 32, AP, 5. TRAFIR Sl % R 2572 Heli 1) A TR
L R B S TE D Ak 5 16 . 7T P54 AR TR, 2024, 42(7): 937-
945.

SUN Ruyi, YUAN Zhi, WANG Weiqing, et al. Dynamic reac-
tive power optimization method of active distribution network
with solid state transformer under source load fluctuation[J].
Renewable Energy Resources, 2024, 42(7): 937-945.

FICE, A, R, S RS AR st A
(0], BBl SRR, 2021, 36(1): 117-126.

WANG Wenbin, SHI Leilei, JIA Qingquan, et al. Study on reac-
tive power operation mode optimization of low voltage photo-
voltaic cluster[J]. Journal of Electric Power Science and Tech-
nology, 2021, 36(1): 117-126.

[10] Bem, sk 5%, T, % 3Tk Louvain fl BAAM-

ADMM FYRBCHL I £ FARGERER] > F s ) (7). 4028
Hi 73,2024, 52(10): 32-39, 102.

DUAN Xuesong, ZHANG Jinjia, LI Hongbo, et al. Multi objec-
tive cluster partitioning and voltage coordination control in
distribution networks based on improved Louvain algorithm and

BAAM-ADMM[J]. Smart Power, 2024, 52(10): 32-39,102.

(1] ABFEHE, SR, BT R RIFN 2 XHE & PR Y 52 2R M 25 T2 D)

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

FLURHRE 7 X 7k D). UK, 2020, 44(1): 223-230.
ZHENG Jixiang, ZHONG Jun. A complex network theory fast
partition algorithm of reactive voltage based on node type and
coupling of partitions[J]. Power System Technology, 2020,
44(1): 223-230.

ST, AR, Rk, 55, 25 B KU A R L TS
Thy-H, 4 ] 8 43 X 07 1 00, L R, 2023, 47(10):
4102-4111.

PENG Xiaoyu, SHEN Yi, LU Qiuyu, et al. Robust var-voltage
control partitioning for power grid considering wind power
uncertainty [J]. Power System Technology, 2023, 47(10): 4102-
4111.

BEHUN M, KNEZO D, CEHLAR M, et al. Recent application
of Dijkstra's algorithm in the process of production plann-
ing[J]. Applied Sciences, 2022, 12(14): 7088.

LIHZ,ZHANG X Y, HAN W H, et al. A power grid partition-
ing optimization method based on fractal theory[J]. Interna-
tional Transactions on Electrical Energy Systems, 2019, 29(3):
e2741.

LIU F Y, GU B, QIN S W, et al. Power grid partition with
improved biogeography-based optimization algorithm[J].
Sustainable Energy Technologies and Assessments, 2021, 46:
101267.

XISCIE, &7 8, B R, . JE TR R i FRAR E fahn S 2 2R M 4%
S TC Yy R AF X 5 (1], F R, 2018, 42(1): 269-
278.

LIU Wentong, SHU Qin, ZHONG Jun, et al. A new algorithm
for partitioned regulation based on local voltage stability index
and complex network theory[J]. Power System Technology,
2018, 42(1): 269-278.

HIGEE, PN, 256 HE T U R 2 23 XA RC L R 3l 25 T8
AL LI). VY2 frih R 24 (A AR BHA R, 2023, 38(3): 94-
99, 128.

WU Xiaomeng, SUN Fengyu, LI Fei. Dynamic reactive power
optimization of distribution network based on electric distance
partition[J]. Journal of Xi'an Shiyou University (Natural
Science Edition), 2023, 38(3): 94-99,128.

i 2, WOLTS, RS, 4. BT 1 AU B AR MR R AR 204
B9 3 B T H ) H R R R 43 X O ). H ) R, 2018,
39(1): 83-89.

LU Lingzhi, GENG Guangfei, JI Yuqi, et al. Voltage control
partitioning method for active distribution network based on
electrical distance matrix eigenvalue analysis[J]. Electric
Power Construction, 2018, 39(1): 83-89.

ZEuihr, R, R, 55 JE TR A UL I MR Be B A
il 43 X R (7], Bl R 5 TR, 2022, 22(6): 2284-2290.
LI Yingliang, WANG Kang, GAO Zhaodi, et al. Two-stage
voltage control partition method based on comprehensive sensi-
tivity [J]. Science Technology and Engineering, 2022, 22(6):
2284-2290.

R, SLBR, BLASN. F T4 XU R 19 2 S e i R E e
BT TS (1], BT, 2023, 40(6): 1032-1042.


https://doi.org/10.3969/j.issn.1000-7229.2019.05.010
https://doi.org/10.3969/j.issn.1000-7229.2019.05.010
https://doi.org/10.12204/j.issn.1000-7229.2022.11.005
https://doi.org/10.12204/j.issn.1000-7229.2022.11.005
https://doi.org/10.3390/app12147088
https://doi.org/10.1002/etep.2741
https://doi.org/10.1002/etep.2741
https://doi.org/10.1016/j.seta.2021.101267
https://doi.org/10.3969/j.issn.1673-064X.2023.03.013
https://doi.org/10.3969/j.issn.1673-064X.2023.03.013
https://doi.org/10.3969/j.issn.1673-064X.2023.03.013
https://doi.org/10.3969/j.issn.1673-064X.2023.03.013
https://doi.org/10.3969/j.issn.1673-064X.2023.03.013
https://doi.org/10.3969/j.issn.1673-064X.2023.03.013
https://doi.org/10.3969/j.issn.1000-7229.2018.01.011
https://doi.org/10.3969/j.issn.1000-7229.2018.01.011
https://doi.org/10.3969/j.issn.1000-7229.2018.01.011
https://doi.org/10.3969/j.issn.1671-1815.2022.06.017
https://doi.org/10.3969/j.issn.1671-1815.2022.06.017

A LBRA

226

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

WU Xiaorong, MO Jun, WEI Jinxiao. Voltage support opera-
tion strategy of active distribution network based on zone-divi-
sion control[J]. Modern Electric Power, 2023, 40(6): 1032-
1042.

LUO C, WU H B, ZHOU Y Y, et al. Network partition-based
hierarchical decentralised voltage control for distribution
networks with distributed PV systems[J]. International Jour-
nal of Electrical Power & Energy Systems, 2021, 130: 106929.
YANG Y, SUN Y C, WANG Q, et al. Fast power grid parti-
tion for voltage control with balanced-depth-based community
detection algorithm[J]. IEEE Transactions on Power Systems,
2022, 37(2): 1612-1622.

LI W X, TIAN A N, MA J, et al. Network partitioning
approach for reactive power/voltage control using analytical
nodes coupling expressions[J]. IET Generation, Transmission
& Distribution, 2020, 14(7): 1337-1343.

TR, LUHE, RREZ, 5. A ORI AR L HL 19 M1
SRBANG 25 R (7], L P R, 2020, 44(10): 1518-1521,
1548.

FU Zhixin, WANG lJingjia, ZHU Junpeng, et al. Impact of
distributed photovoltaic access on forecast results of sag
regions in distribution networks[J]. Chinese Journal of Power
Sources, 2020, 44(10): 1518-1521,1548.

Wk R, FURER, 2924, 5 ORI B SR T LM 98 hE
AP B, s 1 SR B9 (7). i IR, 2019, 43(2): 462-
469.

YAO Hongmin, DU Xinhui, LI Tingjun, et al. Simulation of
consumption capacity and voltage control strategy of distribu-
tion network with high penetration of photovoltaics[J]. Power
System Technology, 2019, 43(2): 462-469.

WAL, . ST R RN B0 5 A OGRS B A I
DX HL PR [O]. IS 48R, 2023, 60(12): 153-158.

XIE Lijun, WANG Chao. Voltage partition coordinated control
of county distribution network with distributed PV based on
partial measurement data[J]. Electrical Measurement & Instru-
mentation, 2023, 60(12): 153-158.

BRI, ZEAE, ZE0. T R i 1] 6 P DI 8 i XU S i
JC T e R4 JE A I LT, o T4 R 2241, 2019, 34(6):
1240-1250.

CAI Youming, LI Zheng, CAI Xu. Voltage hierarchical opti-
mal control of a wind farm cluster in account of voltage fluctu-
ation in control time window [J]. Transactions of China Elec-
trotechnical Society, 2019, 34(6): 1240-1250.

SETT U, % M0, MRG3, 45. IRA IR AR B KB i A L.
HL R SR 2E4R, 2020, 35(6): 124-130.

YUAN Kaibo, LUO Pingping, FAN Zunyi, et al. Power flow
model with hybrid single and three phase and algorithm analy-

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

sis[J]. Journal of Electric Power Science and Technology,
2020, 35(6): 124-130.

BANNYKH P, PAZDERIN A. Distribution grid three-phase
power flow algorithm based on flow model[C]//2020 IEEE
61th International Scientific Conference on Power and Electri-
cal Engineering of Riga Technical University (RTUCON).
Riga, Latvia. IEEE, 2020: 1-6.

BANNYKH P, LOZHKIN S, MUKHLYNIN N, et al. Distribu-
tion grid power flow algorithm based on power-energy flow
model[C]//2018 IEEE 59th International Scientific Confer-
ence on Power and Electrical Engineering of Riga Technical
University (RTUCON). Riga, Latvia. IEEE, 2018: 1-6.

GUO D S, JIN H, GAO P, et al. Detecting spatial community
structure in movements [J]. International Journal of Geographi-
cal Information Science, 2018, 32(7): 1326-1347.

KUIKKA V. A general method for detecting community struc-
tures in complex networks[M]//Complex Networks and Their
Applications VIII. Cham: Springer International Publishing,
2019: 223-237.

LIU F Z, WU J, XUE S, et al. Detecting the evolving commu-
nity structure in dynamic social networks[J]. World Wide
Web, 2020, 23(2): 715-733.

WAN Y, TAN X C, SHU H. Finding and evaluating commu-
nity structures in spatial networks[J]. ISPRS International
Journal of Geo-Information, 2023, 12(5): 187.

EHLL BRI, AR, T R A L IR AN 2 M R
B IO A B E PR R (). W RGO S bl 2023,
51(22): 155-166.

CAO lJing, JIN Yulong, ZHENG Tao, et al. A decentralized
robust voltage control method for distribution networks consid-
ering the uncertainty of distributed generation clusters[J].
Power System Protection and Control, 2023, 51(22): 155-166.
JEIBR. S A M 28 A X R IR RS (D). iR PR R
2#,2020.

ZHOU Qiang. Research on community discovery algorithms in
complex networks[D]. Chengdu: University of Electronic

Science and Technology of China, 2020.

W dd(1975), 95, Wi, TR, R,
o] 9 32 45 3 B R T/ (E-mail: 1281270423@
qq.com);

P #R8%(2000), L, BAFEE, 5T 5 19
SREREIR S Rk R

W E (1997), 2o, Wi, TR, AFELH,
P TR T AR

M


https://doi.org/10.1109/TPWRS.2021.3107847
https://doi.org/10.3969/j.issn.1002-087X.2020.10.029
https://doi.org/10.3969/j.issn.1002-087X.2020.10.029
https://doi.org/10.3969/j.issn.1002-087X.2020.10.029
https://doi.org/10.1080/13658816.2018.1434889
https://doi.org/10.1080/13658816.2018.1434889
https://doi.org/10.1080/13658816.2018.1434889
https://doi.org/10.1007/s11280-019-00710-z
https://doi.org/10.1007/s11280-019-00710-z
https://doi.org/10.3390/ijgi12050187
https://doi.org/10.3390/ijgi12050187
https://doi.org/10.3390/ijgi12050187
https://doi.org/10.3390/ijgi12050187
mailto:1281270423@qq.com
mailto:1281270423@qq.com

227

W e A 5 oA CHL IR IC B I B T I BB TR ) 23 X 1%

Two-stage voltage control partitioning method for distribution network
containing distributed generation

YANG Aigang', YANG Miaoran®, XIE Lijun’, SHAO Jianwei’
(1. Lijiang Power Supply Bureau of Yunnan Power Grid Co., Ltd., Lijiang 674100, China;
2. School of Electrical Engineering and Automation, Wuhan University, Wuhan 430072, China;

3. State Grid Hunan Electric Power Co., Ltd. Ultra High Voltage Substation Company, Changsha 410000, China)
Abstract: Aiming at the characteristics of large-scale data in the distribution network with distributed generation, as well as the
limitations of the traditional grid partitioning method based on complex network theory, such as irrational partitioning and
insufficient reactive power regulation capability, a two-stage division method based on complex network theory is proposed in
this paper. In the first stage, based on mapping partition, load nodes are initially partitioned according to the principle of
"minimum electrical distance" so that the reactive power resources can better coordinate and control the load nodes in the
region. At the same time, the initial association size in the second stage is reduced. In the second stage, the Louvain community
discovery algorithm is used for partition aggregation, and the initial partition is adjusted by improving the partition modularity
function to ensure the reactive power adjustment capability of the partition. The IEEE 69-node system is used as an example to
verify the effectiveness of the proposed method in this paper. The number of partitions and the amount of inter-area reactive
power transfer after partitioning are reduced compared with the traditional method. The results show that the proposed
partitioning method has stronger reactive power regulation capability and is more suitable for autonomous control of regional
voltage and reactive power in distribution networks.

Keywords: distributed generation; complex network theory; reactive voltage partition; load node; mapping partition; Louvain

algorithm
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Collaborative planning of distribution-grid and micro-grid considering bilateral

transactions under wind-solar uncertain conditions

WANG Shuzheng', WU Shouhao', WU Zhi*>, SUN Yuzhu'
(1. School of Electrical Power Engineering, Nanjing Institute of Technology, Nanjing 211167, China;
2. School of Electrical Power Engineering, Southeast University, Nanjing 210096, China)

Abstract: In the emerging electricity market, bilateral transactions are conducted between distribution-grid operators and
micro-grid operators. Under the uncertainty caused by the large-scale integration of wind and solar generation, the cooperation
game between the distribution-grid and the micro-grid is analyzed at the planning level. The impact of multi-agent bilateral
energy transactions is considered in this approach. To address the multiple non-convexities in traditional coordinated planning
of distribution-grid and micro-grid, an alternating optimization-based strategy is proposed. Through the alternating optimization
process, the discontinuous coordinated planning problem is transformed into a bi-level iterative solving process. In the upper
level, Nash bargaining is applied to determine the traded electricity and payment strategies within a convex subset generated by
the lower level. In the lower level, local individual planning problems are solved using trading variables obtained from the
upper level. The market-clearing problem is decomposed into two subproblems, electricity transaction and payment settlement.
The alternating direction method of multipliers is used sequentially to solve these subproblems. Case simulations on the IEEE
33-bus system demonstrate that the proposed model effectively enhances the operational benefits for both trading parties.

Keywords: bilateral transactions; collaborative planning; cooperative game; Nash bargaining; alternate optimization; two-layer

solution
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