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Abstract: The deep coupling of high-penetration distributed energy resources with diversified loads
significantly amplifies source-load stochasticity and complexity. This exacerbates three-phase load imbalance in
conventional distribution networks, posing a severe threat to grid stability and power quality. To address this, a
coordinated optimal control strategy for load imbalance in flexible distribution networks equipped with soft open
point (SOP) was proposed, taking into account the uncertainty of wind and solar power. Initially,an analysis of the
three-phase load imbalance was performed, incorporating mathematical models of renewable generation and load
characteristics. Subsequently, a power decoupling control model for an SOP, based on a three-phase, four-leg
topology, was developed to enable flexible per-phase power regulation. A dual-objective optimization model was
then formulated to minimize both system power losses and the degree of three-phase imbalance. Finally, a typical
scenario set was generated based on probability models and Monte Carlo methods to quantify the impact of
randomness on wind power output. An adaptive particle swarm optimization (PSO) algorithm was employed to
solve the non-convex optimization problem and derive the optimal control commands for the SOP. A validation
framework was constructed through system-level case studies and device-level Simulink simulations. The results

demonstrate that the proposed strategy effectively mitigates load imbalance, improving both the system's
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operational economy and its engineering feasibility.

Key words: flexible distribution network ; soft open point (SOP) ; load imbalance ; wind and solar uncertainty ;

particle swarm optimization (PSO) algorithm
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Fig.7 Wind and solar power output forecast

curves and uncertainty intervals
i Bk 2 24 36 kW, H (8] H Jp A% . 6
PR& LG H O R, S e oA, W Hh 2R
TE 12: 00 B, S R H H 135 63 kW .
52 & SOPF#E
FF SOP A X N 24 h = AHZh R A4k v
AT ES R 8 s . o1&l 8a~ 5] 8¢ 43 Ry
AN BE LA X L | B R AR L [SOP A T 5

80 (A
[ = AY
A
& 00— — — - Jlilfii 59
= 50+
& 40+
B30 |
X 20t R i 115
ey AT
0 — . " —"f \"\
00:00 05:00 10:00 15:00 20:00

st %)
(a) AHAS T AR AR X L

g0 et

70 e idE
= = T IR70%

60 fm = FRRI8%

L)
/\

/%
3

30NJ o v J
0 e e e e e e e e e e T
10 ! : , :
00:00 05:00 10:00 15:00 20:00
st %)
(b) R AE b
20 ‘ .
; S5t
Z:
£
2R
R
TR
8 o —10 .
» 32 15 BAIA ) === BHIJI)
o l==Ctiti D~ = iy ,
00:00 05:00 10:00 15:00 20:00

P 22
(c)SOPA Ty 5 Ty Dy R 7 ik

B8 SOP = HHSHAR (L I 47 45 5
Fig.8 SOP three-phase power optimization
coordination analysis results
MAIE] 8a R, YL AR A7 75 ™ 5 (1) = AHAN P 1
] 15 . 24 h YA B I 50% B B, HAS S JiE ok
it 1 30%. it SOPALALSE , —AHAN V-4 FE 45 3]
B2, AR 24 h AN R X THIAE 159% PRI
AN o e KA BE N 72.1% [ %2 13.3% , %



W ) W N e AL B e XA AR N o B S

WA 20265 F 564 F 10

IR 81.9% A it B )N Ay B2 [ B S M v /s
2 0% IiAy, —AH 24 T

] 8b WL EI I Ak i 17 2R I 303 LN 30%~
89% , 7E 09: 00—14: 00, 17: 00—22: 00 Fif B¢ /™ &
2 PRSI L de i ik B 89% MY E(E . Ak
Ji B9 7 38R R I SV B A 24%0~71.3% . TE DR
A3 3™ H 09 00— 14+ 00 BF B Y 71 28 R 9l A 4%
P TE 319%~59.5% (LG50 N o 3 i 3 ok
W R PR BRCRIIE T R A I e 25 A %, Sl
TRENLRE

H %] 8¢ 1 5 : A FH7E 06: 00—22: 00 s B A
Dy 2 R - 22, P2 {EAE 18 kW ; B #H SOP
R TR AR AR B e K, TE 16:00—23 : 00 i B
B[] A6 TR WA 16 kW, 7K HH FEAY IR
JHAY 5 € HIAE 22 80T BE S B IE [ Th 3R (1 /)M g i AR
o 551U 2R TR AE X N . A,
SOP TGy Ly R 8 7 3= B4 W e H (] 7 ff 55 e A
B AAHAE TR 20 I B /5 B G ) TE T T % % 5
G ; B AR C AR SR B, 7R 2 204 To Ty A
12, AR 5 SC B T AR TCH DR A 35T o

ALHT G R G4 ZPFE M AR LI Bl an & 9 Jir
TN o i ARRE R AL 5 A R AR RE A b 2 i

FEPIAERAY
2 ;
——— S A
| === PSR

n

AL RTAURE/ KW

0.5
0 L - - d P — L — T _
00:00 05:00 10:00 15:00 20:00
s 2]
()AL T R G % 240
1.5 r , ‘
—— I
N L L
= 1
'3'_'::’
\o
K] 0.5F
=
0 1 - == 1 1 "
00:00 05:00 10:00 15:00 20:00
fiif %)

(ARG R Ge 45 ikt
B9 RALRR R G4 K BRE R AL RSB
Fig.9 Changes in various types of losses in the
system before and after optimization
PEAL T Y 2R G0 030 € il 1 oy 22 fb 52 0 I i
B H AR A A, W fE AR 12: 00 B, B3t
1.898 kW, Forf AR FRZSHAAE & = . i
L PUFE T2 — AT 5 AL, 7E 17:00—22:00
BB E. LG, R SPURE B2 FRAC, 5 (E

FAFE I 1.898 kW FFEAEF] 1.346 kW, HPELE i #E
153804 i, ek J5 SEAR R AR K -, il
ZWEARTE . GPTPER IS T ik RN A )5
SOP P Al ks = FH DR EH 4B, (628 R 4R
TR AE R AR LT E T X 8], R A T = A
A EU LR
53 {FEWIE

{8 W Simulink ~F- & , #5 2 40 181 1 i 758 1Y 196 i
P22k BT HL I AR X SOP [ W Iu, mT 454
P10 7R RO LE T ER SR R T A 25 AH D)% | B
BE2R A Ak 2 LB T T O o

=1 20 T T T
<
Z2
10k
=R
Rl ]
'R e A S —— AT S
TE = BRI 4 —— IR
< 10 | | | 1
5 20 T T T T
22
2% o0
2R
ER
rongerad
=<
T J . .
& 20 T T T
22
=R
R
R
Emx
© -’6 1

1 1 Il
00:00 05:00 10:00 15:00 20:00

ik 221
()25 FH 1 88 5 1L
= 12.1 ' ' ' y
E; 10+ 11.9 1
R BB — - — T
ﬁ*:\ o
R
£E
BT - : : :
11:00  11:12  11:24  11:36  11:48  12:00  12:12
P 22
(b)12:00 1 ZI & 25224k
1000 ‘ , —
> - = HUEB
2 900 — i JE TR
g 800 - 30 —
= 700
;‘; 8O0t = = = = =
i 600
500 \ 780 L
00:00 05:00 10:00 15:00 20:00
P 22
(o) ELILBEER L R A2 AL
SEVE(50 Hz)=105.8 LIk F=1.44%
04 B
S
o
g

0 100 200 300 400 500 600 700 800 900 1000
B R /Hz
(d)BAHHLRE T it
K10 5 ELIG RS,

Fig.10  Simulation verification results

39



wAEF 20265F F56% F 104

AR, S A R R A 6 Fe b Bl B 5 R T A A R AT R

Al NI 10a 5 K 8¢ 2 B . SOP L T
A Y MITCT D2 AR WER S IR S, Sk TS
A ILFE A KB 10b /R T 3T QPR 2 il #5 1)
A DN TC T By e K FLr I 1B S AR A

DL B AIAEZF 18] 1200 B} 20 Ky 1], A Sh o R %
ZAE A 11.9 kW, T A7 ) Ty 28 52 Br g 44 12.1
kW, R 22 R AN 1.7%, i J5 4 21 B bR fa S48 ; o
=77 kvar RS % 8.5 kvar i , BREZZUCR N
97.2%. M/NEIRY LR 2ZEHE H  BHISEPRHL
SRR B AIRE RN 0%, iS00
BGUE T 2.2 795 Pr P i 2R i A s

N 10c F W - B R 2R TR R E 2 R A
800(1£1%) V (S ALFL I, PRIE 1 P93 H (1Y HE
AR LA T IEFIRGS . DL DI KW B
FHA B, AT 10d H A5 < 7E 2100 B 21 7 i i H
Uit SNV I W A8 2R THD ALK 1.44% , W] AR T E A%
GB/T 14549—1993 L& 11 5% FR{E . Wi “ R4
27 AR B A& 2 N (1% XL EE 56 IE , UE S T
TR B S AT Rk TR AT St
54 FSOPF#

FESEPRE ) RGBT, SOP ¥ A& 1 Ry Kk
(14 22 P ELICRE B, T Al DR i A8 i e R 1B Bk
W ia 17 2R s 1T . FERIE LT, REK
2T T AR T T B, A S
ftb v IR 4 R G MM X R g 18 1T, AT
JEARE SOP AT AR SE BT e R 75 F SR g iE 4 7
ARG W RGEE TRt L, i 11 s . 3
L B 11a S = A AS T4 5 07 OB ORXT L 5 B
11b A 7 KRR B B o3 A .

HT T 1 La PO SR 30, O AR 8 — A A S i i
WG N 14.8%~T72% , 5 P 4L Y (1 XU 4R AF
E S it #T B IR 57 F SR W S, AU Y R i A
0.66%~63.8% , TERL 1] 22.: 00 I %] H 3 63.8% il
o LLisF7 5 J7 e RAXOE ) fie K 0 48 I
BEAB), AT S A EL R B 24 27.9% , 457 1T 3%
Z BTN o DL AT T 838 R 30%~
89% , ZML AL 1A 7 80 H B 9, B0 Pl
M 13.5%~T72% , 5 % i SOP 4 i J Z5 45 1t I 1) 3
T 7, {H 15:00—23 : 00 B B = HH A -4 15 473 7™
L R, BRI, % RAREE T 77 H SR B
FEVR IR 22 50 % 4538 A1) T 1Y) Jey R

& 11b o , 35 HL 38 52 300 8 i I Bk 25 5
ARG A 8.9%~60% . FE H A4y it 3 B
sl FEH T RGBT SN EA. 12:00—

40

0 : : '

00:00 05:00 10:00 15:00 20:00
s Z)

(a) = MR- 5 R

5 3 8

53
(=4
T

000100 05:00 10:00 15:00 20:00

1 2]
(b) “FEMFF A B A
P11 B REIR ST SRS L AL IS IS AT RS HE
Fig.11 ~ Comparison of operational characteristics before

and after optimization of wind and solar power

curtailment strategies

15: 00 B B2 ()N 4 07 oy (e WA, 5 FL 36 1% &2 10%~
25% , T KA BT 68 U6 0 i i L FR ok .
I BT R R T H U s S B — S LT O A O Ak g
1 AH H ¥ 35%~40% 1 35 B R AL R T BEIRIR
WMZFFH B, FT LA, %7 ZAUAHE T SOP
s I AT S R 1 o Y R

6 4t

Bt xR EL 51T BE IR -5 22 5 0 A 51 S50 HE Fe
P = AR ANl A ) A B 3 B XA Bt 1
955 SOP ZE4: Fic FL X 2 ) AN -7 de 010 0 2 SR e
FEEGRWT

D) AG A D~ " BEATL I 30T TC HE o0 K~ Ao
B o AT 5 SRR AL EOR , B ORI
TTZRAE NG F7 i 22 T 1) 68 A2 T

2) = AR BT AN S A B PG 3R 2 SR L e /N Ak
R GUARAE AN = ANV B2 O s 14 P13 [+ 2 A 3
FESRMS , RES 7573 F HH SOP Ay PR i | R 1% Ty 294
TR A RS = AR 6 2 EAR<15%
(R, [ ARG 2R GG , T 48 T RE AL 40
Ko BIAETE SOP 845, ol DAY i i 1o #8737
L, AT R AL T BLE T TIE R A .

3) 15 B Simulink ~F- 15 , #4 2 SOP {jj FLA Y, X6f
FEHEAT D A A A W I, REVERS e b JZ A AE I
JER2 IR G I I I ER . W R G- %7



RE R, F AR TRA e Z e fy W f AR PR R R R

WA 20265 F 564 F 10

JZ SR 52 P 32 5 s B B A Rt S TR Al s
Jiti Pk

25 Lk il it SOP BRI AL , [R] 25 5 T ic

R ) = AP R R RE T S 2 s AT K
SHECHT REVSTH AN BE 7, D v L BB RE TR AT R M
LA AR e SRR BRI OGS R AR SCHE

[4]

[5]

S 3Lk

TRZEE MR R I R TP M2 10 T P s I L i
B ) R B3 B SR SELN]. LS AL 3, 2024, 54 (1) 33~
39.

Xu Junyue, Liu Yi, Gui Jia'e. Research on power quality issues
and control measures in low-voltage distribution networks
based on imbalance compensation[]J]. Electric Drive, 2024, 54
(1):33-39.

BRI . A 602 T SVG 43 Fa il SR mg B S ). A
£07,2020,50 (11):47-53.

Jia Yongbo. Research on SVG sequencing control strategy un-
der unbalanced load[J]. Electric Drive,2020,50(11) :47-53.
KR IRBENE XL AF L AREARAE = AR U
RS EE ] LTy LA R S TR, 2019, 40(2) -
131-135.

Zhang Xiaoyun, Zhang Hongbo, Liu Dingli, et al. Application of
commutation technology in three-phase load imbalance gover-
nance[J]. Power Capacitor & Reactive Power Compensation,
2019,40 (2):131-135.

IRAEUE , DR IIE, Bl RESE, 45 . B THUNR S A IR H
W = AP 36 B 5 10]. 0 5 9 0 AR TR, 2023, 39(1)
29-36.

Zheng Zaitao, Ye Baoxuan, Zhong Kanghua, et al. Three-phase
imbalance governance method for active low-voltage distribu-
tion network based on predictive rolling[J]. Power System and
Clean Energy,2023, 39(1):29-36.

FEAK R R, R W], 45 . ST sh AR AL B 5 X A
BT AV G BT R )] RO RS S5 1, 2020, 48
(21):58-66.

Tang Donglai, Hao Jianwei, Liu Ronggang, et al. Dynamic pro-
gramming-based method for mitigating three-phase load imba-
lance in distribution stations[]J]. Power System Protection and
Control ,2020,48(21) : 58-66.

Gu X, Xia Y,Fu D, et al. Performance under limited-service ca-
pacity for load balancing EV charging network[J]. IEEE Journal
on Emerging and Selected Topics in Circuits and Systems,
2023,13(2) :596-604.

Zhao W, Chen G, He G, et al. A new shared module soft open
point for power distribution network[J]. IEEE Transactions on
Power Electronics,2023,38(3) :3363-3374.

Tao A,Zhou N, Chi Y, et al. Multi-stage coordinated robust op-
timization for soft open point allocation in active distribution

networks with PV[J]. Journal of Modern Power Systems and

191

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Clean Energy,2023,11(5):1553-1563.
PG IR 5 AR 45 L T S R R S B i 22 1k
T FLL PO B BT S AL R B (). 1A% 30, 2025,55(4) 141~
47.
Sun Jia, Han Shuntian, Ni Lianghua, et al. Optimal configura-
tion of intelligent soft switches in flexible distribution networks
based on branch power sensitivity analysis[]J]. Electric Drive,
2025,55(4) :41-47.
R R IR BT, A BT A AL I 2 X M T
ORI H AR GE ORI Bl D ) B0 (). P 0 A B B4, 2025, 45
(9):62-69.
Ling Feng, Zhu Jiran, Sheng Wanxing, et al. Source-grid-stor-
age coordinated planning for multi-region flexible interconnect-
ed distribution systems based on distributed optimization[J].
Electric Power Automation Equipment,2025,45(9) :62-69.
KEH, AR, K, 45 2 IR A AR RE RO SRR R S
SRAM e 7 3 3 C H AT D JE S b AR D). i D R GER
P 5P, 2024,52(3) : 104-118.
Mi Yang, Shen Jie, Lu Changkun, et al. Active-reactive power
coordination optimization for active distribution networks with
three-terminal intelligent soft switches and demand response
considering energy storage[J]. Power System Protection and
Control ,2024,52(3) : 104-118.
MG, AR, sl HA PR AN SRR A T F 10 7 RE K
TFRANGHREIE 5 HLRI)]. P71 R 58 A Bk, 2025,49(5) : 38~
47.
Wang Peng, Li Huawei, Zhang Pei. Joint planning of intelligent
soft switches and energy storage in distribution networks with
source-load imbalance characteristics[J]. Automation of Elec-
tric Power Systems, 2025 ,49(5):38-47.
Sezgin M E, Uzunalioglu A, Deveci U, et al. Maximizing active
power flow controllability in distribution systems with optimal
SOP placement|[]J]. Electric Power Systems Research, 2025,
244:109078.
Zhang Jing, Wang Tonghe, Liao Zhuoying, et al. Optimal opera-
tion strategy for distribution networks with high-penetration dis-
tributed PV based on soft open point and multi-device collabo-
ration[J]. Energy,2025,325:136-151.
AR, S, T2, AR BT O R RE O O I SR T
BCHL B X = AR 532 T AR 2 5 TR SRS . AR EAR
2024,48(10) :4358-4367.
Li Tianlin, Guo Qi, Wang Xin, et al. Comprehensive control
strategy for three-phase imbalance and light/heavy load in flexi-
ble interconnected distribution stations based on four-leg intel-
ligent soft switches[J]. Power System Technology, 2024, 48
(10):4358-4367.
TLIAY BRI RO, S5 2 R KOG AN S T A T H T
PR A2 ], LI A, 2022,46(11) :4356-4364.
Wang Hongjun, Chen Zhiqing, Zhao Hui, et al. Fault restora-
tion strategy for distribution networks considering wind-solar-
load uncertainties[J]. Power System Technology,2022,46(11):
4356-4364.

41



wAAMEF 20264

%564 H 104

AR, S A R R A 6 Fe b Bl B 5 R T A A R AT R

[17] Farzamnia A, Marjani S, Galvani S, et al. Optimal allocation of

[18

[19

[20

[21

|

|

|

|

—

soft open point devices in renewable energy integrated distribu-
tion systems[J]. IEEE Access,2022,10:9309-9320.

H S, BB, Ak, 45 . 25 1 2 AL A B KORAN A S P 11
Fic e I £ AL BRI (). #0350 M H: B sl 4R, 2021, 33
(9):144-150.

Tian Hao, Wang Keqing, Yu Bin, et al. Optimal planning of dis-
tribution networks considering multi-type loads and wind-solar
power uncertainties[]]. Proceedings of the CSU-EPSA,2021,33
(9):144-150.

TR, SERR . 2% SEXOG H AN 5 1 B A DG 1 T H Do R R
TPk BURHL ST, 2024,41(2) :318-325.

Zhang Ying, Ai Xin. Distribution network planning method con-
sidering uncertainty and correlation of wind-solar power output
[J]. Modern Electric Power,2024,41(2) :318-325.

Wang X, Guo Q, Tu C M, et al. Two-layer control strategy for
soft open points considering transformer economic operation
area in active distribution networks[J]. IEEE Transactions on
Sustainable Energy,2022,13(4):2184-2195.

WEN, T 05 B RE KR RS Ts T IX Y
B REPIT ICAa i e mi )], FLIEEAR ,2023,47(2) - 848-858.
Tu Chunming, Wang Xin, Yang Wanli, et al. Intelligent soft
switch control strategy considering economic operation range of
distribution transformers[J]. Power System Technology, 2023,
47(2):848-858.

ik, B U, A A, A5 2 PB4 1 1 A 5 2 e = A
A 4 22 AL TR A ME (], T H 7 ,2025,58(11) 1 1-9.
Yang Qiang, Luo Yingting, Shi Mo, et al. Differentiated gover-

42

[23]

[24]

[25]

[26]

nance strategy for heavy overload and three-phase imbalance of
distribution transformers considering source-load regulation[J].
Electric Power,2025,58(11):1-9.

Chen J, Zhou F, Gu L, et al. Evaluation index and evaluation
method of three-phase imbalance treatment effect based on
commutation[J]. IEEE Access,2022,11:913-921.

S UL < R Y e S R S Ry A 3 A i A7)
A sG] S (] LKA, 2015,39(1) :63-68.

Niu Liyong, Zhang Di, Wang Xiaofeng, et al. Charging guid-
ance for electric taxis based on adaptive mutation particle
swarm optimization[]J]. Power System Technology,2015,39(1):
63-68.

o, TR NG T SR AR 1 T Sl T R T
Wbk & SRR (D] 701 [ B kB #,2021,41(12) :45-53.

Xu Yan, Zhang Hui, Sun Yizhou. Fault recovery strategy for ac-
tive distribution networks based on mutation particle swarm op-
timization[J]. Electric Power Automation Equipment, 2021, 41
(12):45-53.

W R ANETT . BET A A G 2 H SRR A Al
FL I TE AL ], L 53l R 2241, 2015, 49(11) 2 1711=
1715.

Zeng Yujiao,Sun Yanguang. Reactive power optimization of en-
terprise power grids based on dynamic adaptive multi-objective
particle swarm optimization[J]. Journal of Shanghai Jiao Tong

University,2015,49(11):1711-1715.

ek H I . 2025-07-22
& chs H 91 :2025-10-10





