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ABSTRACT: To address the computational errors and
infeasibility caused by non-convex constraint relaxations in
distribution network optimization, this paper proposes a
sequential modified second-order cone (SMSOC) optimization
method to enhance both accuracy and efficiency under
distributed generation penetration. The proposed method
transforms the non-convex problem into a bilevel programming
structure and employs the S-procedure and Schur complement
to construct a strong duality gap condition between the primal
and dual problems. This mechanism iteratively corrects
relaxation errors and ensures convergence to the Karush-
Kuhn-Tucker (KKT) point of the original problem. The
effectiveness of the method is verified using two case studies: a
reactive power optimization model and a photovoltaic carrying
capacity assessment model. Numerical results demonstrate that
the SMSOC method achieves a convergence precision of
1x107 and reduces computation time by 1.5~4.7 times
compared with existing algorithms. The results indicate that the
proposed method reduces convex relaxation errors while
maintaining high computational efficiency, providing a
practical and accurate tool for large-scale distribution network
optimization.

KEY WORDS: non-convex optimization; distribution network
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20 0.7135 0.7135 0.7134 Eﬁuf% 22 1.8587 1.3381 0.6530
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44 0.2960 0.2961 0.2957 14 2.0419 52101 0.7473
49 0.8251 0.8251 0.8256 20 49542 42349 0.8752
%3 RRrBRHPDERZSR 59 Fih 24 4.8587 3.7351 0.9943
Table 3 Total PV output and system power loss Fing 82 21027 29317 05321
% 36 4.8667 3.9183 0.6366
RGN Jitk Fetk St iMw RGLHUKW 39 19770 23765 06497
S 33 SOCR 3.1976 101361 44 3.1525 3.2307 0.6377
R SDR 3.1088 10.1360 49 4.9140 2.1848 0.7715
SMSOC 3.1953 10.1378
SOCR 5.1357 18.1978 #=5 RGLEMSERRBE
50 9 A L .
. SDR 5.1360 18.1978 Table 5 System power loss and objective function value
SMSOc >1391 182015 RO T BRI AMW  RGAEIMW R MW
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AR RAIELE 107° AN 45 A —F, BRI B 125547 8.9397 3.6150
L . _ SMSOC 40733 0.4583 3.6150
A — B, B 3R 7VET EAIR o AT AR [ T cocr swasme 2o 7426 o710
eAh, FELRIEALES, SMSOC AL — s jof f SDR 308192 25,0682 5.7510
AL AT 10°, KIS R FSOCR Y 0 smsoc_sesia 03063 57510
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Fig. 5 Branch error under SDR in 33 node system
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Table 6 Calculation error of different system scales
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Fig. 10 Convergence process of different system scales
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RY WiRES Akt iR £ lpu THE[A]/S
Bk R 33 SMSOC 5.0996x107° 30.464 650
T E RS DDNC 1.5293x107* 62.503 746
50 i 55K SMSOC 4.7382x107° 25.018 774

N DDNC 3.4129x10™ 117.912667
Bk R 69 SMSOC 3.7639x107° 105.964 158
T RG DDNC 2.0533x107* 159.923102
ik 136 SMSOC 0.002 666 6 144.437 906
RS DDNC 0.0027 306.552 059

s REASR s ACE R S AT VA o %
MG 1EEE 33 71 s R FIFALHIX 50 i AUSERR
REGAE 5 AARF GG AKCT PR ZEX R 107° T s
UHEGHAT b, SR 11, 12 fios. w5, xf
T 5 HAFE g A H it 33 715 i RGN 50 1Y

10°

10°F 1
M10-2f 1
PNy
X
10k 1

10k 1
8 , , . . . .
10 0 2 4 6 8 10 12 14
AR E
E 11 2# 33 R ARG E ks iE

Fig. 11 Convergence process under different load levels of
33-node system

102 ——
—— A AKCF: 0.6
0 +ﬁm7ki}z: 0.8
10°r AT 1.2 1
8 Rkl 15
E —— T KF: 2.0
glO’zr s 1
=X
I
104 1
10°°F —=} *

10 12 14 16 18 20 22 24
IEAE
12 50 TRERARGARE AEKFRSTE
Fig. 12 Convergence process under different load levels of
50-node system

0 2 4 6 8

MSERRR G, 4rIAE 15 A1 25 LA IS, I BB
KGN, RGREARSSOR R, ISR
B, XRYERGEHNEO T, REL L
WA S TR 2 ETEE N, RG] LIER
IS [R) Y WSRO S RS BTG T . 28, R
UG, AR R ACE TR AR AR L TR0
RZESMRAREZIAT 0T, FrSa R AE 8 Fas.
7 5 MAFEAARIAKE T, Bt 33 15 Ml R4t
55 50 15 bR RGUTATE B R B NAN IR ZE
I HBEE A AR BT, REESA I, H
B K AT KPR R 22 5 RH 0 R 22 B A8 38 78 7T
ZAGE M. 25 F, SMSOC SyFAHN R RS FE ar
WEHVEH), A58 AR TR K.
#8 ARGFKETRFREE
Table 8 Systematic error values at different load levels

R HEKT% Akt % pu AHX 522 L%
60 4.447 2x107° 0.00258
80 6.9163x107° 0.0042
Mo 33 »
L 120 2.4293x10 0.0155
THRARR 4
150 1.4633x10 0.0096
200 0.0016 0.1047
60 0.00019 0.012
e 80 0.00023 0.014
50 1 A8k
_ 120 0.00027 0.017
Fr&RYE
150 0.00029 0.018
200 0.00033 0.020
:I:. ~
4 én 1‘%

ST Xof 2 SR T L DY) o e A 5t 7 vy L 45
BEEEI SN AR B S, SEH T RSB IE Y
HE(SMSOC) L 77k . He = LRI B iR ILLE -

D AR R E L R IE B R R AR
SRARNEZE, [ FASh B A BEfg 7E 7 FIE IE HHig P8 i
BRI AT

2)F &7 -G ] % A4 )y SDP SHETE A,
AT HR AR (1) o] AbE P S5 8 0E

3) %:T S-procedure ' SMSOC Wik £ J5i il
BKKT s, FRg AR SR . i H
g5 B7R: SMSOC fef5 &kt SOCR 5 SDR =4
kAshiRZE, WEEREEN AT SR, £2
ARG SR B AT A 3 10°°, TR
FIEIRTE 1.5~4.7 5.

4) TERGMBL, BITIREELI N RFF R
FfasEtE, EHMEENTZ . A, SMSOC JRiE
T 53— A5 79N QP1QC . Akt
Bt — IR HAE IR FE . = AH AP e L )



5

Ep A

e BRI RSB IE — I HEOL AL T2 AR DR R e AR AR B Dy )

1843

b
AR R G REIR R Iy T 7T

B 3R

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

BT, WS, Bk, SF. UR-far-iE Y RO T R
TR IR T TER]. P E AL R AR, 2024,
44(13): 5097-5108.

GU Guangrong, YANG Peng, TANG Bo, et al. A method
for improving the balance ability of distribution networks
through source-load-storage collaborative optimization[J].
Proceedings of the CSEE, 2024, 44(13): 5097-5108(in
Chinese).

MU Chenggang, DING Tao, YUAN Yi,
Decentralized and private solution for the optimal dispatch
of integrated wind farms with shared energy storage
systems[J]. IEEE Transactions on Power Systems, 2025,
40(2): 1452-1464.

SR, I, FEREG A, B REGR AR AT SEME AR RE
JRC FL 4 3R B o oy S DA P[] o L AR
4R, 2024, 44(15): 5934-5946.

ZHANG Bo, GAO Yuan, LI Tiecheng, et al. Data-driven
voltage/var optimization control of active distribution

et al.

network considering the reliability of photovoltaic power
supply[J]. Proceedings of the CSEE, 2024, 44(15):
5934-5946(in Chinese).

HEBR, KR&X, HEsE. 30206 R SUZ
R ERATTED]. B TREEAR, 2023, 42(6):
74-82.

YUAN Changhao, ZHU Jinda, NI Jianfu. Coordinated
voltage optimization method in distribution network with
distributed photovoltaic[J]. Jiangsu Electrical Engineering,
2023, 42(6): 74-82(in Chinese).

DU Sijun, DING Tao, XIAO Yang, et al. Real-time
scheduling of high-penetrated renewable power systems:
an expert knowledge and reinforcement learning hybrid
approach[J]. IEEE Transactions on Power Systems, 2025,
40(2): 1545-1557.

YUAN Yi, DING Tao, CHANG Xinyue, et al. A
distributed multi-objective optimization method for
scheduling of integrated electricity and hydrogen
systems[J]. Applied Energy, 2024, 355: 122287.

LI Na, CHEN Lijun, LOW S H. Exact convex relaxation
of OPF for radial networks using branch flow
model[C]//2012 IEEE Third International Conference on
Smart Grid Communications (SmartGridComm). Tainan,
China: IEEE, 2012: 7-12.

BARAN M E, WU F F. Optimal capacitor placement on
radial distribution systems[J] . IEEE Transactions on
Power Delivery, 1989, 4(1): 725-734.

BARAN M, WU F F. Optimal sizing of capacitors placed

on a radial distribution system[J]. IEEE Transactions on
Power Delivery, 1989, 4(1): 735-743.

[10] JABR R A. Radial distribution load flow using conic
programming[J]. 1EEE Transactions on Power Systems,
2006, 21(3): 1458-1459.

[11] ®l—fe, Roofe, ka9, &5 T REG BB MR
R T B lC B A Dh—To Dh il 2 i Bk iz 47 9]
[ AL TRE44R, 2014, 34(16): 2575-2583.

LIU Yibing, WU Wenchuan, ZHANG Boming, etal. A
mixed integer second-order cone programming based
active and reactive power coordinated multi-period
optimization for active distribution network [J] .
Proceedings of the CSEE, 2014, 34(16): 2575-2583(in
Chinese).

[12] M, ErA, ZEA, 5. o LRI
AN ENRL]. B RSGE3ME, 2018, 42(5):
41-47.

TIAN Yuan, WANG Keyou, LI Guojie, etal. Dynamic
stochastic optimal power flow based on second-order cone
programming considering wind power correlation[J] .
Automation of Electric Power Systems, 2018, 42(5):
41-47(in Chinese).

[13] BAI Xiaoging, WEI Hua, FUJISAWA K, et al.
Semidefinite programming for optimal power flow
problems[J]. International Journal of Electrical Power &
Energy Systems, 2008, 30(6-7): 383-392.

[14] #3te, TRk, ZEtil, 5. JET IR Mot R m

B BC L 2 PR B AL I[I]. M EOR, 2016,
40(8): 2416-2422.
CHANG Yao, CHENG Lin, LI Hongtao, et al.
Distribution system optimal power flow with various
controllable sources based on semi-definite relaxation [J].
Power System Technology, 2016, 40(8): 2416-2422(in
Chinese).

[15] ZHANG Baosen, LAMAY S, DOM NGUEZ-GARC A
AD, etal. An optimal and distributed method for voltage
regulation in power distribution systems[J] . IEEE
Transactions on Power Systems, 2015, 30(4): 1714-1726.

[16] ZHANG Baosen. Control and optimization of power
systems with renewables: voltage regulation and generator
dispatch[D]. Berkeley: University of California, 2013.

[17] LAVAEI J, LOW S H. Zero duality gap in optimal power
flow problem[J]. IEEE Transactions on Power Systems,
2012, 27(1): 92-107.

[18] BOSE S, LOW S H, TEERARATKUL T, et al. Equivalent
relaxations of optimal power flow[J]. IEEE Transactions
on Automatic Control, 2015, 60(3): 729-742.

[19] GAN Lingwen, LI Na, TOPCU U, etal. Exact convex
relaxation of optimal power flow in radial networks [J].
IEEE Transactions on Automatic Control, 2015, 60(1):
72-87.

[20] BOYD S, VANDENBERGHE L. Convex optimization [M].
Cambridge: Cambridge University Press, 2004.

[21] XBHRL, 5K, 2R, S, HET o RAshi 3R A



1844 SR G I =< T 1 R B = S )

i 46 35

Dy-To D R SR 0] s TR R, 2020,

39(4): 104-111.

DENG Zhenli, ZHANG Tao, LI Rong, et al. Active-
reactive coordination scheduling method for active
distribution network based on e-relaxation [J]. Jiangsu
Electrical Engineering, 2020, 39(4): 104-111(in Chinese).

[22] JIA Wenhao, DING Tao, YUAN Yi, et al. Fast
probabilistic energy flow calculation for natural gas
systems: a convex multiparametric programming approach
[J]. IEEE Transactions on Automation Science and
Engineering, 2025, 22: 6786-6796.

[23] TAYLOR J A. Convex optimization of power systems
[M]. Cambridge: Cambridge University Press, 2015.

[24] SRIKANTHA P, MALLICK M. Hidden convexities in
decentralized coordination for the distribution networks
[J]. IEEE Transactions on Power Systems, 2020, 35(6):
4470-4483.

[25] MALLICK M, SRIKANTHA P. Optimal decentralized
microgrid coordination via the Schur’s complement and
S-procedure[J]. IEEE Transactions on Smart Grid, 2020,
11(1): 379-390.

[26] F3E—, il T H X PR S 2 B ) B D 2 BUR BR ).

MRS E 3k, 2005, 29(8): 50-54.
WANG Saiyi, WANG Chengshan. Optimal sectioned
switches placements of radial lines in distribution network
systems[J]. Automation of Electric Power Systems, 2005,
29(8): 50-54(in Chinese).

[27] B3, Fmil, £33, & ET R En

S H AT RLD). I RS A BN, 2018,
42(22): 144-150.
MA Xin, GUO Ruipeng, WANG Lei, etal. Day-ahead
scheduling model for AC/DC active distribution network
based on second-order cone programming[J]. Automation
of Electric Power Systems, 2018, 42(22): 144-150(in
Chinese).

[28] ZE550h, RAEZE, TREE, 5. EaNECH M A R
R E LT EERID]. RS HBME, 2021,
45(16): 160-168.

LI Peishuai, WU Zaijun, ZHANG Cuo, et al. Distributed
hybrid-timescale voltage/var control in active distribution
networks[J]. Automation of Electric Power Systems,
2021, 45(16): 160-168(in Chinese).

[29] #4L T, RFILE, B, 5. FETHERIIS R E

T U ARV R RID]. RS AN, 2024,
48(10): 171-181.
DU Hongwei, WEI Tongzheng, XIA Dong, et al. Reactive
voltage self-regulation and coordination control in
distribution networks based on cluster dynamic
partition[J]. Automation of Electric Power Systems, 2024,
48(10): 171-181(in Chinese).

[30] Tk EE. WCHR ) o oA SRR BRI 7S [D]. b
e RJEE IR, 2022,

ZHANG Yunxia. Research on the evaluation of distributed
generation hosting capacity in distribution network [D].
Beijing: North China Electric Power University, 2022(in
Chinese).

[31] 5kFK %, mbezR, EAL 5. 1HRFCLARIEL M
HARFEGIRE JIVRA[I]. WL LARHOR, 2023, 42(6):
14-21.

ZHANG Jiaan, GAO Xiaodong, WANG Tiecheng, et al.
Evaluate the hosting capacity of PV in distribution
network: considering PV curtailment constraints [J].

Jiangsu Electrical Engineering, 2023, 42(6): 14-21(in
Chinese).

[32] JONSSON U T. A Lecture on the S-procedure[C], Lecture
notes, Division of Optimization and Systems Theory,
Royal Institute of Technology, Stockholm, Sweden, 2001:
8-12.

[33] ZIMMERMAN R D, MURILLO-SANCHEZ C E,
THOMAS R J. MATPOWER: steady-state operations,
planning, and analysis tools for power systems research
and education[J]. IEEE Transactions on Power Systems,
2011, 26(1): 12-19.

[34] £ dh, =8, HEFh, 5. HRETIRME&IEN 3N H

W% H bR BRI o 5 i R AR I ED]. H E L ), 2023,
56(12): 69-79.
WANG Jing, YUAN Yi, SHAO Yinchi, et al. Multi-
objective cluster classification and voltage control
approach for active distribution network considering
resource reserve degree[J]. Electric Power, 2023, 56(12):
69-79(in Chinese).

[35] FARIVAR M, LOW S H. Branch flow model: relaxations
and convexification—Part 1[J]. IEEE Transactions on
Power Systems, 2013, 28(3): 2554-2564.

MR
http://ntps.epri.sgcc.com.cn/djgexb/CN/10.13334/j.0258-

8013.pcsee.241768
i HER: 2024-07-23,

UL fEEEa
i i HEEQ00L), 5, BULTSE, L0

TN TREIR R G A TR T 53R
- flitk, yy485784012@163.com;
R NEEES: T5(1986), W, ML, #
%, TERATNEIRRETIEIT. B
F1i BEIRZ 5, tding15@mail xjtu.edu.cn;

FERENI(1999), 5, WLARA, FE
WA TT RN I35 A A 5

(UREE KA, JHHK)

&R EEA: 2025-09-10,

|/



