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Multi-Time Scale Reactive Power Optimization Method for Flexible
Interconnected Distribution Networks with Self-Energy Storage
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Abstract: The widespread integration of distributed power sources affects the power flow distribution of the system. Reactive power
optimization can maintain voltage stability and improve operational economy. To address the insufficient regulation capability of
traditional reactive power devices, the introduction of a soft open point with self-energy storage (E-SOP) enhances the reactive
power-voltage optimization performance of distribution networks. In the day-ahead stage, a long-term reactive power optimization
model is developed to determine the scheduling strategies for on-load tap-changing transformers, switchable capacitors, and energy
storage devices. In the day-to-day stage, a rolling optimization model based on short-term source-load forecasts is established to
refine the day-ahead optimization results. The proposed multi-time scale reactive power optimization method for flexible distribution
networks considers the modeling accuracy of E-SOP loss characteristics, achieving coordinated optimization of continuous and
discrete reactive power resources while reducing operational costs and voltage deviations. Based on convex relaxation techniques, the
aforementioned reactive power optimization model is transformed into a mixed-integer second-order cone programming problem, and
an accelerated technique based on an induced objective function (IOF) is further introduced to enhance the computational efficiency
of the reactive power optimization model. The IEEE 33-node system after retrofitting is used as an example for analysis, and the
results verify the feasibility and effectiveness of the proposed method.

Key words: soft open point with self-energy storage; flexible distribution networks; reactive power optimization; multi-time scale

optimization; accelerated solution

BESWE : FRARBIEILE VI H (52507087) ; LB m B FQIHT 5 H (GXXT-2023-030)
Foundation item: Supported by the National Natural Science Foundation of China (52507087) ; the Collaborative Innovation Program for
Universitires in Anhui Province (GXXT-2023-030).



28 FEITRMEEA

919 %

0 35l

Fifi % 4345 2 H U8 (distributed generator, DG) i)
AN, EHEMRETE S 5, B
PR TR RRBR L A R b A R )
Toh o R F R AR i FEE, W R
VA BE T LA R RSB TIERE Y . BT,
ic i o9 JG T Zh 23R e A Ak 5 1R T RMAFF A B2 G )92 2%
T RS T I Bl P S TE T T A U A B
istT 5EAMM, TR ARG BEERE | BT
RO L e B i v Y 28 e P L T

& 52 W s IG5y 0 2 0% 45 1l (voltage and var
control, VVC) F % i b A 2k 4 [k A8 & %% (on-load
tap changer, OLTC) . 7% ¥ # %5 %% 4H (capacitor
banks, CB)FHEEZSIT & (tie switches, TS)ZF 514
E NS Eer S 7 i e ) 75 1 v
TR M A5 1 TR R R B s =X, AT B
B RS B AT e T % T X i 9 445 A 0 5%
B 7 8 0 | S U SR IR S T A LA it L V8
o A0 B U S e R O PR R Ak AE AT R
KA, B TR AT R,
HL I L T AR ACE AW T, B I
Ry [l e, 3 R RO X R Bk R A T AL
WU H ET LA g 4K FF ¢ (soft open point,
SOP) "y 1 3 B0 397 70 3 e T LB A% 1 TR K
s PER . JF9l & THXEHEIB R R MR
P

SOP 3k H @RI J7 HL g AF SC BT 26 [a] n9
Db TbEERE", BRI R P pd i e
PeRe 7' . % F SOP My & B A, BFE 51464k
WA AR hEE, BET, ST ES
SOP 1 Z2 M e v AL Ak 42 47 & AH 4k 48 8 P8 1k 14
Y EATHLR R A A, X SR SR
TRAFRIT T SOP 7 #2 T+ i B X387 71 fil Hh A1) S 1 4
Mo [, FETCTTRAAL U k[ 17 ]9 T —
Tl SOP F4) Bc HiL 4 B, RN G 2 2 2R g il 42 o1 % o
SCrik[ 18 3 i3 SOP 5 OLTC MR AL i 2 T 2 i
BECARARL 5 AE ) e R % S5 T B R I 32
ATETE . X o] FEA BRI I BEMLAN A E 1, SC
k[ 19-20 ] 3 5l B2 H 1 T R 19X ) S e 908 B R 3 T %k
e B N B R ik, Hoh sorP 52444
VAR & H T fifb . EAAEENE, Lk

FAE LRI o I E S R R AR AL B A
RAE T SOPTE A3 ] b H AT Ty T /50 By Ty 2838 37t 14
FERETT, (HRFTIr %5 B AHAESE B AL I [A] 2 1 P AR
BERYRIEE. EH, ARRERE S SOP B FM L IL ]
NP AR TR H R T D D R A P RS AT
RTBE AHES T 0k S I E A BE A SOP,  F i fE &Y
SOP(SOP with energy storage, E-SOP) AN {AFH
AN AR, HAREFI B s R Sy, (1
YN

i, SCER[22 82 T 6255 E-SOP #Y PR
RIPIRT B i, BRI 2 DA R ¢
IBAT AR AR . SCHR(23 [ T A AifRE
FVEBIRAECHL R GERY HAT- H DGR LS 3R 1 0]
BEUR B B A AL o SR (2438 53 %) OLTC, CB,
E-SOP il 1k Jo ) Ty Z 4 M2 45 (static var compensa-
tor, SVO)RPMEAALIIEE 1 A fif e e PERC i R ) 2
R I) ROBE FE AL . 3R SR 7853 I T E-SOP
(P2 RIG IR RE T), HAFREEE R R IR 2]
JUEE DA A BEDS S 4y M PR A5 S RIS PE BT IR, AT
FEFHICHL M IB A T AT TR 2k

EAHEREN R, BRI IR A B
PSS S R e O = & ¢ R QW N EI i
VVC IR, RS A D2 335 FE A (3 2 5C FL K4
A By P FE IR A48 oM B A IS AT RAE .
W, RMEBE B TR, st
S WA DI AR BFE R, eI
NARPACRE RN e AN RE R I —FH R . SR,
AT BIF S A N7 PR TEC R T TE ) ) R A A P 14 52
PR ARSI, , REZACFIE T i i T a4k
TEOARE 2, xR AR AT TIA
E-SOP X — H K 1 1 FEAS B X T4 T e L 19 G
Hoh AR R AL S A B Y, X — s fE A
HE— R AT IR

BRI ZAb, FEPERC i R TE T D SR e
MR AR . VRSB IT AR L B e )
B AR RS &, AR s TR
FAEL PERL R (mixed-integer nonlinear programming,,
MINLP) [, SR AR AERE M o BT 3 — X, L
SCHRL 18 ] AR B I F2 BT T A il B 2
e FL 190 ) ST B B AR A A B e A S e 5 R 5 — B
#1 %1 (mixed-integer second-order cone programming,

MISOCP) [} . FifiJe, 1) JH RS0 B R ol 3K ik 4 4



LERNE:|

PR, A FARRESME FLIBC A ) 22 (8] RURE T S R LA 7 vk 29

CPLEX 1 MOSEK %5 -3 328 1 FH 73 3¢ 5 S ioxt =i
FFELHERAR . A —E R R T T R
R R AR AR . SR, VVC IR & R
R, SRR . X 2t R BTG )
RARARIANEL, TR RO G 2 ) o S N S 800y
B 2R, IO GE R i i B R AR =X
PR T PR B, e — 2R TR T AR AR
AR )RR BAS LN L

BT RIS, ASCEEN T A A RE M B
FL, DO 22 i (] RUBE TE D) DR ARk i o T4 i % 18
T E-SOP W ikERet:, HIE T & E-SOP By BCHL [ G
I FRAACRL, S5 H AT A H P PSR Y
AL SE B T 4 2L B OIS T D R IR DR as AT,
FAARAZ AT A B4 TR) B R 28 1 o Pl P i 22 . st 5|
A B A A B R I U MINLP Ak 452 20 5 £k,
i MISOCP [0] &, X J5 51 A% S H b oR 807 7
(inducing objective function, IOF), ililif 'S H T
Jn i Z2 1) (] RUEE TC S AL AR SR Al 805 . I
Jei, S ELSRE T4 v I IE B R R

1 ZERFEHEMNE-SOPRSEANE

H G RER BT 5C (E-SOP) & s T 5 Rl )
HL g i E PR BCR i %5 . AC/DC i #is DC/
DC i #8 FIfif GE R 45 (energy storage system, ESS)
AL, W 1R

1 E-SOPHJIRINEMTEE
Fig. 1 Schematic diagram of the topology of E-SOP

E-SOP %45 it /i ) v ] FH - F HUA R A% G e 24
5, P R0 AY AC/DC H T I e 3 28 (voltage
source converter, VSC)#EHELE i Fflj, a] By sk
BRAELESS, 5 SOPZEALL, WY VSC if i xf 44
AU 7 L 2RSS 2 A das ], P AT RO B 4
A ST ERAN [ 19 24 RS [R] 45 2k (B) A8 D) R 119 22 1) 4% i
LkiwhEdl, JF ARSI T YR AME , BN HE 1T
PREC R, SRRy, 5 SOPAHLL, E-SOPtH

HUFPE#: 1) B-SOP Al i i /7 B TICA T TR
P& 1 B 1] 2 1D ) D i 4 R G4  2) E-SOP N2
SRR A DD R AE AR, P ROH R T 2R 5y
i, e TANEE SRS B0 K% E-
SOP [ B %5 R IGPEAT By T 808 Bie f N TS 2 M 24004k
PEfiE .

1.1 E-SOPHRFEEEME

HE 1A LA, E-SOP Hi L 7 o PR R4,
HP= R PR FEAR R ZM . 76 L R i+ E-SOP
B TTRHCR S H BHEMTIR I NE VIR . A5
F AR F R S B4 SR A T i A T A
P AR AR FERRY T3 IRy 3 1 4 HH 3
R UREC, R D R

P =c,+ c,8 + c,5? (1)
A Pes MITEAR A NTIRBFE; . ¢\ o
HRFERE; S TR AL DR bR L (.

PFE R BRI T 28 B FERRPE, Hop i R
B ey ST 42 TR I 28 RS FRE 28 A0 25 2R A0RE ;. — Ik
TR K e, IO T HL S HL PO TR A0 RE s KU 3R
oo, RBLT T F oo i S HAE. DAY E-
SOP BF5E 74 3 4 (X % 1 TT S APURE 4k D 2 4 31
ZWE T RIEARFE S A AU, X R
Kt 25 IR M 2k LI SRASHEG 1 30URE (AT 52 91
K e E-SOP I H 11 .

1) AC/DC#jii i ibiFERE A, th=C(1) A A, E-
SOP i fll] AC/DC i i Y R FEAL AL AT 7R h -
P =g 0SS 0, (ST, me (i)} (2)
e PACYS Syt B 2055 m > AC/DC i %% 9 42 T
HINTIRBAE; c,0. Coiv o NIFEREL; 0L o0
Sk E-SOP 119 i it 11 F1 j 3 15 S0 Ry JARAE T %,
YW

SEr =PI+ (O ) (3)
A PSP Q5P 435 Ky ¢ i 22 m A~ AC/DC 13 7
(A DR T TR

2) DC/DC # i #is i FEABEHY

PAFERLTLN -
PP = ¢+ ¢, [PV + ¢, ,(PYC), ne(k) (4)
e 00 coin €, 50008 DC/DC 4 i 2% & 0
— I R IR AE 228 ki E-SOP 1) k i 11
PP N5 n A DC/DC i #5% (1) B A D R HE 5
PYSC Ry H e F 25 n A VSCHERT A T TR

DC/DC 2 i #% B9




30 FEITRMEEA

919 %

1.2 E-SOP Wi #imiEsl
E-SOP fEiza 171 #2 i i /& SOP [ Ty 3 2y H Al
T A AR A BB TR . Wi 1 TR, L E-
SOP i H A DR AT U8R Rk ), HARS

TR AR A AT

1) SOP Wiz T A R A6 Uy KA 20 o | i e

AR R, BART
P+ P+ PIC+ P, =0, Ve (5)
PiES, = PT™ + PUP™ + PO, Ve (6)
Q<O <O melij} (7)

(PYCY QY <83 mefi,j}  (8)
e PYORAN QSO 4 R ¢ R 2 AC/DC 8 37T 4% i
(A SRR Perules Jy E-SOP 14 T3
RIFE; 00 A1 Q" 735 m A~ AC/DC 3 4% Fu
VR TR B R R 507 ok Hum 245 4
2)ESS Wiz T AL FE V)R P 200 . su AR
KR R R AR A, BARWT

PVSC = PESS - PESS (9)
tk t,ch 1, dis
Xoe t Ve S LVE X0y, €{0, 1} (10)
0 S Pfili S Xt,eﬁgiis’ Vt (11)
~7.P&° < P <0, Vi (12)
EfSC = l,:‘tsi)(live + PFESI,chpc - PFfsl,disp;] , vt (13)
CESS
EX < EXC < EXC, Vi (14)
EX(0) = EXUT) (15)

Ry iy, A R A 78 i R S 1 7
AT HERIAS L, My, = 1 R ESS &b T A
X, My =0REXRESSA T BB, T
SS. TR RETE Al — it ZIBEE 1T T 7 AR B 47
THCARAER ;PR RIPES 43 Bk ESS A 7S F
M, Ph W ESS RVFM B KRR, Poh
ESS VWi R IR I 38 EJ0C i 2 ¢ i) ESS 1Y
TFLRE; BSOS SR R R i L R RR s p, il
p. o3 R ESS ML FI FE LA % s € i ESS I 4%
B THMALE Y.

g1, R(2)—(15) W BRI E-SOP 4
AT, SR A BITE T DR AR

2 ZREBEIRELHNERLEEIGE
SR BB A R T D ) R AAL R B 5 2% AN [F]

TR ] AR ST 1Y 2 S LA B oA 2T A e
TR A B ML 5 0] T, OLTC M1 CBs J& T 2 #1412 5
YRR, BUES AT LIS AE; SVCHIE-
SOP J& T3y PO A T e a5, W R4,
ASCHE T A i RE S ELIDRIE F, 199 22 I ] RS T )
NAAHELE, WE 2 s .

FESOPIIFHE  fifi RIPDEIL fLEE

R ey Lk b
Fk TReR#1 s.t.4 g(u, x)>0
ueZ,xeR HL s fi 22

OLTC ek = =
CBg e S e Ml SR 150 S

SVC i
NG
1 CyBER AT A AR
Z BRI

1
|
1
|
1
|
1
1
1
1
i
|

- At |-

y R R AL H

Hﬁﬁ%g{ﬁi iz | t+1 L | ° | ° | T-1 | T :{%ﬂé

:mfftﬁwﬁt L

DB SR A R D e e

AR L1 A s R
AT )2 eeef 7] -

¥ B > it §Bx

THAEFEROLRE | VR ﬂfﬁ_ﬁ» SVCHISOPI
OLTCHICBsHB LR | yerfeas VBT sty

2 zZEERELINERUIESR

Fig. 2 Framework of multi-time scale VVC
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Tab.2 Comparison of optimization results in five scenarios
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