5 51% 22 L R ] Vol.51 No.22
2023 11 H 16 H Power System Protection and Control Nov. 16, 2023

DOI: 10.19783/j.cnki.pspc.230363

V% 437 7 LR SR B A B e O L 4 B e T 9

g R, 2RAY, R FEY, BRI, dak

(1. P E A ARG (B R, A AR IRA RG], i dm 211106; 2. B b d 2R A FA-3)
LA BT 211106; 3. BHFGERFAIMFR/AIFGRFIR, TH HF 210023)

PE: BEOCIR, MRS IR RN, B0 A ) X IR R AP . B A 3R IR R N R
ANHE PRI, $Eth 1 — it S oA AR USSR R AN B 2 VA C FE DO O R R R R R T iR R R 20 A 3 YR
RGO ELIRBRAOEEAE, 0 H R AR AT 70 XM T 15, BT E R 1o 5 4y 52 2% A A1 2 LR R 22 T S
Bt P T 2o Louvain SEIK NG HL I ERAE S 7307 585 I AR ISE R KA e 1™ SR A 11 R e RABBBEAN 73 A1 5
TR A R, N5, BT CREEN S R PRI R A 2L, ERI AR AE L3R — R B B AN
YRR B B 7%, R A SRR IR R AR RE 0, 1] TR SR D A Eh A AN E 1R S BRI
R R Bl . f e, ISR T IRAIE T TR T I AT YRR R

REIA): ATIRBCHEIM; SRR O ECE R RLEIES]; Louvain 5%

A decentralized robust voltage control method for distribution networks considering
the uncertainty of distributed generation clusters
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Abstract: With the access distributed generation such as photovolatic and energy storage systems, the voltage of the
distribution network fluctuates frequently. To solve the uncertainty issues caused by widespread distributed generators, a
decentralized robust voltage control is proposed considering the uncertainties of distributed generation clusters. It
aggregates large-scale decentralized resources into clusters to perform decentralized voltage control. First, in view of the
complex structure of the network and the wide range of generators, a clustering method based on the improved Louvain
algorithm is proposed. This further considers the voltage sensitivity and capacity of distributed generators in its
modularity function. Second, since the power flow of the distribution network is more variable with distributed generators,
a decentralized robust control method considering the uncertainties of the voltage sensitivity is proposed on the basis of
cluster divisions. The voltage fluctuations caused by uncertainties such as model parameters and power fluctuations can
be suppressed by coordination of controllable clusters. Finally, the feasibility and effectiveness of the proposed method is
verified by case studies.
This work is supported by the Science and Technology Project of NARI Technology Co., Ltd. (No. 524608210250).
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oo, E

A i Ry A LIRS R AN RE 1 AT R IO 2 S A L T A ) - 159 -

2 BECHEMEEIHEEEEREH A

E TE L I AN ) SR 2 T £ 20 A1 2 B8 Y5 B AL A
Ky RN RSN, LR IR FSIA
B PERG R, 7 B A R 4% ) T B T BC HL kA
RN B R R RE
2.1 E9HNERIRMEEMEIZSER

AR FEC H B T i ) 2 2 A
VAR R GERER S -

JefR R g8 R ERDCIRFES 2 R IR il 1
RIS, R BRI B DR A SR
R, M A B AL RoR— R RADEIR R G R
HRIZ5 R . LR o KAHSRAR BT dg i
. REDUIRARGEEHEA, W13)Fr.

. R E v,
Id:—zld+a)1q——"’+ Z K,

. R E v,

qu—a)ld —Zlq _Tq—i_%Kq (13)
) 1. 1 1

va =Elpv —EIde —EIqKq

i R ORI L 9Lt AE
SRR, COVERAEE; v, AERBAERE; i,
N ELR AR 1, AL 733 I8 AR 4
I d q oy & E, ME, 70 A I8 AR 28 fa
IR Fon - SR N AN 57 155D AN SN
Mo & K, MK, 2059838 S84 1 AL o g Bl
pin RUIVEONREES

fif B RS LM VR L ER L s, 241
WE AR SRR, SR ABEIEARRE, i
REMIZHRREME XA, R R =, 72
ic R ] 3 s L B SR R, B A2 o —
FhIF I BUAR BE R AT A5, B b, ARUigE . U8
PSR HE R E R M, HRRRIR N

.
fi=— (M 1y +M 1, ~1)
1
. R E
fy=—"21, +ol, =4+ ey, (14)
I, L1,
. R E
i, =—ol, -1, ——L+Xe )
L L

X o NERERGIE BN I E R AL, 2058
fili e R gtk LB ATHUES: M, AT M 7258 ds g
FRROTT R RRE Lot RE R gtk B 1, A1, o)
BRI d g B e 1. 1, 1,0

X NAR B B v, NAERERGERM AL E,
FE, 53l A ML) dy g oy &
e E, =0 , MIfigRE RS H TR =015 FR.

3
P=2E,],

3 (15)
0=>El,
H TR e L PSR 2RI S U, TR E 2,
N R B SR DL, ASCRARETHER
BRI 77 SR T R 5 A R E AT R )
K&, ¥RQ)E X 16) R,
AV=S,AP + §,,AQ
AP :[AR,AQ,"',A})H]T

AQ = [AQUAQZ’”':AQ,,]T
AV =[AV,, AV, AV, T
K AV . AP FIAQ 73 N B R ZE . AN )
DZSE B E NI Zg mp i, BE A
M HEERENTLZ, S, F1.S,, 7986 Tk
FNTE Ty o R
¥ R13)—RA5 B AL, FHEEK36),
MR A A, TS 2 SR P A X P PO 2
RE R, nXA7)HR.
xi(k+1):(Ai +AAi)xi(k)+(Bi +AB[)ui(k)+

(16)

< : a7
Z {p,/[Gy +AGg‘]gij(xisxj)}al:1:29"'7NC

e x, (k) Mo (k) A2 @ NEBEIPIRES R
MEEHRN; g, & ORI R R REL R i A
SERERNSS j DN Z IR SRI p, X IR & R EL
A« B MG, AUHMIMRGHIF: A4 . AB FIAG,
N HL T RIBUE S HOANHE R FFERE, JFRA
LA

{[AA[ AB|=LF[E, E,]

(18)
AG, =L;F;E,

A FALF, s BoErs, Hisd F'F, < I,
F/F,<I  E,. E,. E;« L. L CHK%
B RE o
2.2 pHRBEESESEELZHME

BRI AT IR 2 BN T L Y ) e
PRI T 20, (HIEA R AR S R %
ZMThRE . ASCHE— 2B BT B R A £ 2% (on-load
tap changer, OLTC). FLZAZSA5 73 A =X r 2 R 1)
P =



- 160 - B R GARY 524

OLTC I DA #2250 [X 3 FL D) 1) HL PR 55402
ST R A BT B, B 2% R A= i A B S5 A8 5 =X
T H R AT Re R LR R B, HAME AL E
TFB. B, ASCHE OLTC W H Rk s 34 A
SEJEE OLTC WthE: 1 Jc il E X & E
Votsang THBNVELEIR IS (B T, 5 LAZEAR (1 A Hs A He )

delay

HUIE Py 109 OLTC A LT, 24 L SR i [

SEX IS AR 7, B U OLTC 35 o #2307
Al 2 fross

Vv

ef deadband
Vs n=ccadband,
MV

2
pret _ Vacatbana
£

2

& 2 OLTC mh{EMNI
Fig. 2 Principle of OLTC operation

%
+17 VMV < V;{E\f/ _ deadband

AN, = - (19)
_1, VMV > V]\:{S\i + dea;band

A VN OLTC 7p3kabiE; ¥y, A OLTC
HERISHHEE; AN, N OLTC ZhffE&. OLTC [

BB (] ZEIR T N 5 42 Sk — AL B 7% 3 (1) B
/], JEHIE 3~10s. Kk, B OLTC fI4r#:ksh
VETE t =t WA, T o2 Sk AR AR st [ ] DAk 52
to =ty +T o ty NG SRUEETE, ¢, NSEBREIE
B 1]

Xof TR s AL ], W@ 15 min B TRRE
(1 H N H R ARG, R X S 22 5 T ER A
TEC I EERE N T RS 5484, (B NECHE N /ME
SEBAUE TAES, HARRAIREOHRZ X
BRIEATHE TS, RIS SO FERUA
2.3 S EEITHIgIT

8 B RS 2 L IE NTHR 52 m, 18
a3 A YR IR 26 A N AR, R
Wb 7 ERE . AR SO FEAE D HE AR RER 1
it FRH — R 2 XS Seas e sl ik, BEX 2
o3 A IR 1) R AR R BUE S ECH R AFRERNAE
FH s 385 H A B I BEAL H 0 s T ) .

P ) 25 REBC FL W TR R GO SR e 1
FHANES 73 A7 IR D 2B A e e, R R
BICHCE YRR A BN It ik A

SRR TN R 30 3 B0OAC F IR A R AR BB, BT ik
T P32 1) 85 4 R S ) s A U B R sl 4
L, FRESAFHI & AT e 2. 8
[ e s A, S PR R LE 2 AT PR YR IR B 1R 2
RAEEVEREEIR

(18 IS EU A 2 &5 /B )72 N B A
RGN E R E M S . 78 2 SR H R IR
b, R RIRE ] . PR B IE () S )
K TC HL AR B HEAT A s ], D S AR )
(RAHELREMA, ASSCMH DA R A 7E SN Sk
FERE W, R, % TAER IR x, « x, 325K(20).

e e ] < [x |+, x| (20)
L W W, RIFORERE | RIAREERT i j 2

[APRZS AP FE . 1R g, (x,,x,) W 2 LR
W, WA Lipschitz A FAELMERFE . 0T
Fifii=12,--,N,, #AFEAHE
R=E E, >0 1)

X ROAFINGERE; E, N EASBUOERE .

T B s, TIEC B AR RS B i
T T 1) R AT R N

VT — AN 20 R M ) AN (1) 8 e I it 92 ol 2%
u(t)=—K.x(t), i=12,--,N., N, NEFHE,
P AW 3 FrvR . AR SCBETT IS i 1 il 48 2 42
PR g il g, B ST SR ARG H AR B R A 4L
I8, R SRR B P AR R K, S
B AR IESITE A, IS & s R IEAT
EZENEEN . RENT7)WERA8)FM)E, FriF|
(1) PR 22 Gont TV P AT A AN B e I o, 727
17 55 T AR B 4 R — Bt R e, IXRORECH
I ST 2R GU0t T 75 5 A 55 BRHT RE 05 52 3 A B o 1
Waha, 1R I BE PR i 48 MAE A R U324 R
R B TAE S RS DL R, AIRR R SE(17)
TEBUE T2 A M K, R EF R R G 2%
Bttt

oA LR

NEIRIES

a3

A4

e HL AR

A

SRR K,

3 s

Fig. 3 Block diagram of control structure

AEERAS ST 20 B i & K (102500 2 5
TEVESRAE, BUX Y HNF i a2 R A 3 0 S
B HA FFT < I, WX TAERS E MR &



O, S5 T LA AR AR AN A R I I R I ) R e R - 161 -

e>0, #HH
1

XFY+YTFTXT<?XTX+52YYT (22)
K X Y MF IR 1 NS AsERE.
WG . L, E,HlF, v & 5 BEAH e (1)
SEHGERE, HWRE FF) <1, NN TFEEkE
e>0HEEE, <I, WA
(G+L,F,E,YG+L,F,E;,) <
2T -1 T 1 T (23)
G(I-¢’ELE,)'G +?LGLG
X, G L, E, M F, Rt IR
B B Ry
H{ ¢ D} 4
D" E
KA. C FE RNHHE, €=C', E=E'. 4
HAC 43 2 AR 2600, H AIEER .
E>0HC-DE'D">0
®C>0HE-D'C'D>0
B EIRFERE IR L S A AL NG, i
SLAREL Riccati J7 Pk € L LM SR R R L
Eeizhlas I Bk 22, w@2e)y—=RRDH AR,
A'P+PA+PBB'P—v’B,R'B, +VE E, +

(25)

Ne o _ (26)
S p, 0, +WW,)+0,=0
=
BE LI+
27

Ne
2 T =1 T -2 T
Z .pif[Gi/(I_ﬁ“ifEi/‘Eii) G +4, L, L]
J=Lj#

A B, =B'P+VvEE,; B NILERFE: p, A
BE R v, WA, NI HA R A EJE, <1 :

0 NIEEHMF: L R\ L, G, E, NHJEE Riccati
TIRERT N R SEHRE R

DR] I T L PO B 0 0 0 e e o M ) A mT RO
N P RET M EETE R G 2 (20— 2D, nE
FAEIEZ v, >0, 4,>0, EA4EE,<I, HRX

QOVFIEILERE P, WIAFAEAIE 1B R 5% il 25

K,=vR’'(B'P+V'E}E,) i KRG A EHEFLE

u(1)=—-K x,(t) (28)

ZIb, EREECE RIS K, S H0HE

i MEAERE RS E x WS ERT, Wil K,

e R PR S e . G IR I HITE 4
u, . BOTERER G HUR B S SHRTE T .

W B RFEMT), [EMXKERS
kA . B . G, A, AB, . il AGy
% o0 RS M E i IE R G A E M)
FEFE 5
B0 XTEERE | M Riccati 30(26);
SEVUE: PRSI H oy, A0 A, WA IEE SR
ke P L (26), MZRQ28) N R G o HE HEfE il 3% .
2.4 BISIEIRSH
% JEIC L X S RE B AE S5 0 5 26 AN e 3
I REAFAEAEHISEIR . 2 RGFAEENEEIR N d I,
BHIEARQC)E N u(t—d)=-K x,(t—d) , NEH
PG A RGN
X, (t+1)=[4, + LEE,]x(t) +
[Bi + LiF:'E2i]Kixi (t=d)
T R RS, A RAF N BRI E R M,
N,, #1330,
@i + Ni })IKI (BL + LiEEZi)
|:(Bi + LiFiEzf)T M, -N

i

29)

}<0(w)

K, @,=(4, +LFE,)" M, +M(A +LFE,) .
PR GE(29) /e ~IRFaER, HiIZRG g
SRR AE P,

3 EBISH

3.1 RBRE

AN CHE 123 5 25 B ER X SR B T
F A ERE Y E A BC L Y E R A I RCR, BSR4 LA
4, AR, A E . FERES
Hok B MR B & Bl i R SG0Eid Matlab/Simulink
SEERMTIONUE, G KRR R E N 0.01 s,

B 4 Sefif SR AR MLEHa[E]

Fig. 4 Structure of the distribution network based on

clusters of PV and energy storage



-162 - B R GARY 524

3.2 SRR IRENE

195 SR B R M IR 5 vt (0 22 D LA £
ABEATRE, RGEA S5 3 e v o Hoxt
123 95 BN R ST AT SRR 2y, S5 R AIE 4 P
s ANFEBE R R ERERI TSR, BB
B 5 Fros. ZEMAT A E Oy 123 1, 5
EEREECR Y 123 WOTRZB DA, RN THE R
GBI s BdR br, — ELRIEREECEOY T I, R
BRPEPRBOL R T HONE, HUIS R R S R LS
R a5 R, NJESERERBHR O 1A .
0.15
0.12}
0.09+
0.06
0.03F
0

YL bR B /p.u.

0 20 40 60 80 100 120 140
SERHRA
B 5 Bt fE R AR R 2 E

Fig. 5 Modified modularity function

ONSSUESRAE R 70500 S H Y R IR AR A RIOR, . A
SONTARRER 3 55 R R RORBEAT W . T R
FERRBR A G50 42 0 5 R 15 0T 4 U e K ) 43
ALY, ARG 1Y e v s A PR 38 % 1 )
s SR A RE AR 5 AT AR B AR H J{E . ASCK
FHERRER 21077 30, R TE A ) 7 5 DXk, I
FESLERAS DR A, B DX BT 2>
AT AR DR AR, oG8 XA S A i
HHC HEL R AR 3 32 Th =R P U S 5, SR AN A
TR . W 67, RRITEEE, K
P05 AT U I, FE A 15 5. 85 e A v il PR
Ja AR L 84 AN A HOG IR it JC D Th R AT
P, (HBTHEEER B SAYH IrR ],
TPEL 84 W R HUR ARSI AR AT DL, ELBN A
80 A HL HBRBRIN Ok AL R SRR R [ 77 4T
fr B AT EREA THRENE, 5 R 2 A %E
N SIAS TR 1 HdzhrikE, WK
6(b) T, ERHE N AR T o F LT 52 B A 20 A
A PRI, TR P B i IR AR AL 1
DXTa] A, 38 b At 4 1A sy 3 3 SO 3 1 PR

1.10 r
. 1.05
=
2 [~
SR N S—
0.95 —Txi80 5585 —— 1577 —— 1584 — 1186
0 2 4 6 8 10

t/s
(a) ARXN 3 BRI

1.10

5 105 S
= S
= Loof v
— i .80 85 —— 77 —— 115584 —— 19 86
0.95 - - - '
0 2 1 6 g 10

tls
(b) R ARG
B 6 EBXINRIEXIE 7 BEMIEHISRE
Fig. 6 Waveform of control effect of bus voltage in area

7 with and without clusters

3.3 SBEEEITHIRRIIUE

AR 36 BORC L ) — e R T AR B St AT 0
Ho BRI, SRk BRI ISR, fE
4 s INFEE PRI H DR T m, 12 s WG R% H 2%
RIRFEAC, HT XA 5T OCREE R Eom B AT
AR, HLHEL R 2GR P B, 5y A R )

UL TS TR R, A A 3 AR
M RS OL B SRR R O, 2 Bl R 1.
EEHE 4 FIEERE 7. £RAF | NFEIE 2 RHIAERE, R 4
AEERE 7 J9lc B AR i R T, BE 28 5 S2 W RE RS
Kl Bl o Joi il it s o ™ S-SR i e AR 1%
Do FEHVICE HL M Z 2% BB IO LR, A D
J%F L FL R AR A RE AR K o N AR ST B Y 43 1
BRI, SERFRERIE 7 . A
K 7 RIS RICE 45 A 12 s R, HERE4 FIEERET N
o R R Al 24X [H] 0.95~1.05 pu., H
R A ) Ah TERPR TOL R, G ERE 4 FIERE
7 WA ST 5 67 AT A 74 BRI BE R T
1.07 pu.~ 0.93 pufl 1.06 p.u.. 0.94 p.u., KXt
B R G St R E L B R K AE S SR,
X 45 F 12 s RAGIRH I RIZLB BT, & &8
25 1] 25 R 005 L ek e 7 400 o P ) PR U B, PG
W, fRESmPDEE. BN, 5 P
FHEE, AT M2 TG A 1) 4 A0 B 5
Xof FEL S R AR 1 LA S A PR 4R RO

DB UE AR SCHS I TV A R, e OB AR i
W B B (8] BEHEAT 28T AR R B ZL EN 1 T T
P HL P 1) R S8 D3RR SR 2 1A
WsE k. Wkl 8@, FEH I EBEHITERER
N ANHE P O F Y R B ) R B AR R EY,
YREARIENTRAZIT, 4755 e AE T [ H
FREVIEOL, £ 10 s FJ5 A LB BRI OL. A1
EE2 T, il 8oy, R AT & A E I



oo, E

A i Ry A LIRS R AN RE 1 AT R IO 2 S A L T A ) - 163 -

K& BRIz G, e DRI ARG RN H

JEUE S B RN, R 8RR .
1.10
105
=3
R — i
N | \ ——
0.95
—i 1580 "85—'1‘7" H77 —) “84—11 186
L 5 10 15 20
t/s
(a) BETE 1 ERLFE 43 A 2 I
1.10
105
=
£ 1.00F \ 4
= 095 \j
0.90 29108 : A 67 "r'J,..L‘,I,IIO ’x'n,l.‘J,,l(.)O 9197
70 5 10 15 20

t/s

(b) R4 R AT TR 1B

1.10
1.05
5 —
£ 1.00F /
INg .
0.95
o6 — 19180 i 4 85—11 177 ——4i 14 184 —1i5i86
] 5 10 15 20

t/s

() SERETHR A0 A e T &
7 BCEMEEORE R IR SRR

Fig. 7 Waveform of bus voltage of the distribution network

1.10
1.05

1.00 £

Vea/p.u.

0.95
0.90
0

FTRI108 AT RLOT——"7 #1110 ——11 21100 —— 11 2197
5 10 15 20
tls

(a) AN LA RE T A0 478 I 0OCR

1.10

1.05

1.00

Vea/p.u.

0.95

AR08 —— p67 —— 7 JK110 —— 4 51100 —— 5 1197
0 5 10 15 20
t/s

(b) A SCHEHITTVE T = H R
8 BNMAEMITR TR 4 BERTE
Fig. 8 Waveform of bus voltage of the 4th cluster in the

0.90

distribution network with uncertainties

3.4 TN ENBERME TR EHITHIRREIE
ONYSUEA [FIEAE M R AR S e, A
SO R BOR IR 4 SRHE 6 MEERE 7 Xt R

REERLE T 5 74, 76, 81 VE A& BRI R 3 BT i)

Hbro £ 4s F112's 705 5O NFER ST i3l , Xt Le
A H A2 1) 170 RS A P A A [ 3 175 SR R 8 R 1
P RBERR, EHISIRE 9 Pos, 7 HvE
Pl 54 B R I 2E I IR AR, 20kt
SRS RIMZEA T 0.005 pu., XFPRE
FEATE B S I PTERE . RN, HAEAE ©s
LA FRIBE AL I SE IR I, P 45 R a0 10 Fros.
TR X ) £ R GBS SN R, 50
AT AR I AR B, Bt S5 Bz AR
b, ER ] A2 B RER R R, IR REIR &
SRR MRS, Hrhgrh B aEn SE0E N
PRI IR B, ARSI B B,
PRIE AR SL S T REE IR 46 2 s DL R AW ssont
8], JFREAR 5% UL L RBhZ s S BEh oMl AREL
T BRI AT R

1.05

0.95
0

t/s
B9 TR EEEHIBERE

Fig. 9 Waveform of bus voltage with robust control

without time delay

1.10
105}
2
e 1.00E
=
<1 TS
0.95y. it ]
560 .f s v
o 5 10 15 20

t/s
10 REIREHITHINIRE
Fig. 10 Waveform of bus voltage with robust

control with time delay

3.5 EEIREIAHEMENSHITHIERIIE
DR P SR AR 1) 7 2R 5 H L R AT AN E
PER ST IR I 22 R, AR SO T2 o i 42
FXS P R TE XS AT o T8 (B A 75 25 18
A IR I O S s, fEREA I 2030 T
B H Y R e AL, DR K P T B M DA FE AP )
(R TR R Se . FEASCHE G 5N, W EIESHL
B BRI SR R R T b, S5 S an ]
11 Frr. o ULAEIF R4 i R BB H,
JEWBNFR, 7E 20 min AT 40 min B, H A



- 164 -

W) &Gk B

JEsz B, BB THEh S AR, AR
RFe PAY PR PR B B AR AR, T R TS B Y
RAR T VEAE CLLERD G 8] RUBE SR s5cdzs bl BRItk
9 BBV BOR PR BN AR I L 2 HH I T
B o T A ST T 2 P 8 4 ) 7 ¥k R B v B s il A
FEIZAT TR B b ST I RDE LR, Wil 11
HSZZR 4. (E 20 min A1 40 min HL BN KRS,
OLTC #iHEA ST R 77 U R e, e R f vy
FEAM AT, FEFCARET &SR3 K A i AT TERD G AT
Wal 82, A 530 2 FR A R LR AR AR, K
BRI

1 IREAHE SR THEHIRERE

Fig. 11 Waveform of control effect considering uncertainties

in source and load
4 LEip

AT o i o e JE 2 U, 4 T
IR BEROEr O LB AT H7 45, LA 7 EL
FtRBE N BB AT 5. AT 5 E Dk
(RN HE L FR B HH R 1 S B R 50
AR R T, WA B SR 4 AT R PR
SHATRRERIS, 7EMES Louvain SLUERIIERE 1%
HEUB I 10 R R A4 sk R A I 4
SRR A AR . e B RER S O -,
PRI B AT SR T, LA SN R B
bt R HLA 9 4 L 4% ORI 5 50 A 2
O BELIE R P 4 b b S o A4
DCHAE 2K A 0 P B3 AT 4
Wi A

I + R L
Wﬂ_
i—>
wW__ J i e o4
C
AR RS R

M RRRGEEHE
Fig. A1 Structure of PV system

c
R,
[lll
—= R r R L
_/\/\/\,_NV‘(\_
+ I—> fy—>
(D= WCJ il 4 4
ke R4 E

A2 FBLfERE R G LEHIE
Fig. A2 Structure of grid-connected ESS

Ff3% B
# Bl ANHEIESH
Table B1 Parameters of DGs
Egit] (A% BUERAW  BUERE/KWh
12,23,41,57,63,74 300 —
e
& hﬁ 27,34,45,84.91, 107 400 —
etk
30,50,70,88,100, 350 —
22,47,52,62,108 400 400
3
" 7,28,42,57,84,97, 500 500
ﬁ%ﬁu
13,38,77,89,105 450 450
1.10
105
2
£ 1.00E r \ g
n
0.95
—— 1 80 —— ¥ £85 —— 1 477 — 14 84— ¥ 186
0.90 : : .
0 5 10 15 20
t/s
(a) SRR DZE

1.10

1.05 7
1.00F ' \
0.95

Va/pu.

T R108 —— H5 £167 — i 1110 — 4 15100 — T 5197

0.90
0 5 10 15 20
t/s
(b) BERE4 L R WTE
1.10 T T T
1.05 3
S
£ 1.00F ]
1N
0.95 \e
— W 72— £86 —— 7 A74 —— i
0.90 176 il K72 p,.‘“86 2] ,m74l 83
0 5 10 15 20

t/s
(o) ZERFTHE IR
Bl EiEH T HIREEMEREERTLE
Fig. B1 Waveform of bus voltage of active distribution

network without controller



S T g A U ISR AN 5 P (A TEE R ) B AR LS A

- 165 -

1.10

1.05

eSS \———=

0.95

Vei/p.u.

— 5 1580 19485 —— 1 Bi77 —— 17 (84 17 8186
5 10 15 20
t/s

(a) FEAF 1L IR B IR

0.90
0

1.10

1,05 | =-mmmmmmm S e e e :

Q9 [-mmmm oz L———

A5 108 45 67— 11110 —44 14100 — 297
0 5 10 15 20
t/s

(OESEZLNR)§7

Va/pu.

0.90

1.10

1.05

1.00

Va/pu.

0.95 | -=mmmmmm e oo s
— K76 172 ——T1 186 —— T 474 —— T 83
S 10 15 20

t/s

(c) SETH 7R P

(&1 B2 PI{&HI T AIREC B W& R BB [ E R &
Fig. B2 Waveform of bus voltage of distribution

0.90
0

network with PI control

S5 3R

(1]

(2]

(3]

(4]

AR, S8R, Eh, 5. T XEENEARRMLE R
BRG 2 ERARIRETF IS AT SRE ). ThE 7, 2022,
55(11): 184-193.

TIAN Fuyin, MA Jun, WANG Can, et al. Multi-agent
low-carbon and economy operation strategy of integrated
energy system based on bi-level master-slave game[J].
Electric Power, 2022, 55(11): 184-193.

X, R, B, & FHEMEETE S AR
WRAFEBME LRI B SR, 2022, 59(12):
1-13.

LIU Daobing, YUAN Ye, LI Shichun, et al. A review of
capacity allocation of renewable energy system using
hydrogen storage[J]. Electrical Measurement &
Instrumentation, 2022, 59(12): 1-13.

WE e, EETEL BREE, S5 5 RRHAE IR 9 FR R
SEME 2 DR P I RSB T[] A R SR 5 Feil,
2022, 50(10): 20-30.

YANG Yulong, WANG Tiantian, CHEN Xiang, et al.
Multi-power level control strategy of an electric heating
cluster considering new energy consumption[J]. Power
System Protection and Control, 2022, 50(10): 20-30.

XU Biao, ZHANG Guiyuan, LI Ke, et al. Reactive power

(5]

(6]

[7]

(8]

[9]

[10]

[11]

optimization of a distribution network with high-penetration
of wind and solar renewable energy and electric vehicles[J].
Protection and Control of Modern Power Systems, 2022,
7(4): 801-813.

IR, RIEF, NRR, 5. BEEZ R X AEHK
I Af g7 AN 5 M ) S ShE R ) X TR Al 1H[0].
HUHL T FE244R, 2018, 38(11): 3255-3266.

XU Junjun, WU Zaijun, HU Qinran, et al. Interval state
estimation for active distribution networks considering
uncertainties of multiple types of DGs and loads[J].
Proceedings of the CSEE, 2018, 38(11): 3255-3266.
BEME, IhVRE, TR, & it OGRZIRES A 6
R E HEL IR0 22 I () RORE L IR AR AR 0], o [ H g, 2022,
55(3): 105-114.

YANG Genye, SUN Rongfu, DING Ran, et al. Multi
time scale reactive power and voltage optimization of
distribution network considering photovoltaic multi state
regulation capability[J]. Electric Power, 2022, 55(3):
105-114.

XU Junjun, WU Zaijun, WU Qiuwei, et al. A robust
Restoration decision-making strategy for unbalanced
distribution networks considering the uncertainty of
photovoltage generators[J]. International Journal of
Electrical Power & Energy Systems, 2022, 141: 108202.
MENG Xin, LIU Jinjun, LIU Zeng. A generalized droop
control for grid-supporting inverter based on comparison
between traditional droop control and virtual synchronous
generator control[J]. IEEE Transactions on Power
Electronics, 2019, 34(6): 5416-5438.

B WA, ROk, S R TR TN 4% I ) B
B B R A5 I [D]. FR AR ZE4R, 2015, 30(23): 42-49.
CAI Yu, LIN Jin, SONG Yonghua, et al. Voltage control
strategy in active distribution network based on model
predictive control[J]. Transactions of China Electrotechnical
Society, 2015, 30(23): 42-49.

T4, KUMNEE, XIS, 5. 25 REIE G i B 6 F 3
TS FEL P I8 A8 P T B TE (0], s R e R S
2022, 50(1): 167-173.

LUO Jinman, LIU Liyuan, LIU Piao, et al. An optimal
scheduling method for active distribution network
considering source network load storage coordination[J].
Power System Protection and Control, 2022, 50(1): 167-173.
FHEH, T, BB, S5 TR R E R I A o A
HOCRTE O 36 T BRI T iR ). I R GER Y
¥, 2021, 49(12): 124-131.

LI Xiaoming, LIU Xiangyu, LI Anchang, et al. Distributed
photovoltaic reactive power affine adjustable robust
optimization method for voltage control of a distribution
network[J]. Power System Protection and Control, 2021,
49(12): 124-131.



- 166 -

W) &Gk B

[12] KARBOUJH, RATHER Z, PAL B. Adaptive voltage
control for large scale solar PV power plant considering
real life factors[J]. IEEE Transactions on Sustainable Energy,
2021, 12(2): 990-998.

[13] LU Nanjun, LIU Xuetao, HU Junjie, et al. Cluster
partition method development for high penetration of
distributed photovoltaics using intelligent algorithm and
K-means[C] // 2022 IEEE 5th International Conference
on Electronics Technology (ICET), May 13-16, 2022,
Chengdu, China: 1255-1260.

[14] NAZIR F U, PAL B C, JABR R A. Affinely adjustable
robust Volt/VAr control without centralized computations[J].
IEEE Transactions on Power Systems, 2023, 38(1): 656-667.

[15] FBFEHE, PR, FE T RS BUAN 73 XA & PR ) 52 2% I

L8 TCTh L R 43 X 7 VA [T]. HRIER, 2020, 44(1):
223-230.
ZHENG lJixiang, ZHONG Jun. A complex network theory
fast partition algorithm of reactive voltage based on node
type and coupling of partitions[J].
Technology, 2020, 44(1): 223-230.

[16] Hfese, B, FeHE, 4. BOH R 3R T R0 X Y
e LA 7 A SO AR GERE R IR A R [0]. HB 0 RS Bk,
2017, 41(21): 147-155.

XIAO Chuanliang, ZHAO Bo, ZHOU Jinhui, et al. Network
partition based cluster voltage control of high-penetration

Power System

distributed photovoltaic systems in distribution networks[J].
Automation of Electric Power Systems, 2017, 41(21):
147-155.

[17] WANG L, DUBEY A, GEBREMEDHIN A, et al. MPC-
based decentralized voltage control in power distribution
systems with EV and PV coordination[J]. IEEE Transactions
on Smart Grid, 2022, 13(4): 2908-2919.

(18] 3P, KT, FER, 5. ST A GHT REEH 9

RE 1009 73 A1 Uk REAR HEOL AL P2 ) SR (D). " R GEH
ik, 2021, 45(23): 76-83.
LI Cuiping, DONG Zhemin, LI Junhui, et al. Optimal
control strategy of distributed energy storage cluster for
prompting renewable energy accommodation in distribution
network[J]. Automation of Electric Power Systems, 2021,
45(23): 76-83.

[19] Tre, TRRH. BT LMI MERHM AN A4S
H_co#5Hil[J]. KBHAEZEH, 2022, 43(5): 45-52.
WANG Xiaolan, WANG Kezu. Distributed robust Heo
control in DC microgrid based on linear matrix inequalities
NEQUALIITIES[J]. Acta Energiae Solaris Sinica, 2022,
43(5): 45-52.

[20] LIU J, ZHANG W, RIZZONI. Robust stability analysis
of DC microgrids with constant power loads[J]. IEEE
Transactions on Power Systems, 2018, 33(1): 851-860.

[21] BARANWAL M, ASKARIAN A, SALAPAKA S, et al. A

distributed architecture for robust and optimal control of
DC microgrids[J]. IEEE Transactions on Industrial
Electronics, 2019, 66(4): 3082-3092.

[22] SHAFIEE M, SHAFIEE Q, SADABADI M, et al.
Decentralized voltage stabilization and robust performance
satisfaction of islanded inverter-interfaced microgrids[J].
IEEE Systems Journal, 2021, 15(2): 1893-1904.

[23] DERAKHSHAN S, SHAFIEE M, SHAFIEE Q, et al.
Decentralized voltage control of autonomous DC microgrids
with robust performance approach[J]. IEEE Journal of
Emerging and Selected Topics in Power Electronics,
2021, 9(5): 5508-5520.

[24] BABAZADEH M, NOBAKHTI A. Robust decomposition
and structured control of an islanded multi-DG microgrid[J].
IEEE Transactions on Smart Grid, 2019, 10(3): 2463-2474.

[25] ‘RAg, Fwk, Ew, & FT 7040 2P R AAC A R L s

AN A AR H1 7 EDE T[], E AL LR R,
2020, 40(4): 1249-1257, 1415.
LE Jian, ZHOU Qian, WANG Cao, et al. Research on
voltage and power optimal control strategy of distribution
network based on distributed collaborative principle[J].
Proceedings of the CSEE, 2020, 40(4):1249-1257, 1415.

[26] FLWG, KIg5E, BIRE, 5. FETMHRGE T 2T

HL I A i e B 5 A AR BT[] R
GiAHh 54540, 2019, 47(6): 103-109.
DU Peng, MI Zenggiang, JIA Yulong, et al. Optimal
placement and capacity of distributed energy storage in
distribution system based on the sensitivity variance of
network loss[J]. Power System Protection and Control,
2019, 47(6): 103-109.

[27] Grar. EHER: KIERMEAEXLEIEM]. b5
IHERE H AL, 2002.

[28] SONMEZ S, AYASUN S, NWANKPA C O. An exact
method for computing delay margin for stability of load
frequency control systems with constant communication
delays[J]. IEEE Transactions on Power Systems, 2016,
31(1): 370-377.

RS EEA: 2023-04-06;
{EEER:

¥ 3(1983—), F, ML, SARIARN, ARFTEH
AR BAEFEIAIE T, B E) . HEFBRBIRSSF;
E-mail: caojing2@sgepri.sgce.com.cn

A ER1995—), F, Hid, TRF, BT @A
RPEAEEE, BB 548 ) HHAREF; Email
jinyulong@sgepri.sgce.com.cn

ok 097T—), F, B, ML, AR RAHA
IAIF, FRTAAFRBRAEEEL, BN 5T
5% . E-mail: zhengtao2@sgepri.sgec.com.cn

(%4 K B

&EIHHA: 2023-07-11



