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Optimal operation of distribution substations for aggregating multiple user side flexible resources
CHEN Yanbo, ZHANG Ruixin, TIAN Haoxin, ZHANG Zhi
(State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources,
North China Electric Power University, Beijing 102206, China)

Abstract: The large-scale integration of distributed generation poses challenges to the reliable operation of distribution
networks. Proper regulation of multiple user side flexible resources can inject new vitality into the flexible operation of
distribution networks. However, traditional centralized control methods in distribution networks are difficult to cope with
the energy management and information interaction needs of numerous nodes. This paper proposes an optimal operation
method for distribution substation areas focusing on the power aggregation of multiple flexible resources. First, based on
Monte Carlo algorithm, this paper aggregates power from flexible controllable resources, such as electric vehicle charging
load, air conditioning electric load, interruptible load, and user side energy storage in a multidimensional manner within
the substation area. On this basis, models of electric vehicle charging load, air conditioning electric load and interruptible
load participating in different types of demand response are established, and a multi-objective coordinated optimization
method is proposed that considers both economic efficiency and energy comfort in the operation of the distribution
substation area. Finally, an analysis is conducted on a county-level distribution substation area, and the demand response
potential of multiple flexible resources is evaluated. The results verify the validity of the established model and proves
that the proposed optimal operation method can effectively increase the photovoltaic consumption rate of the distribution
network.
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Table 3 Comparison of the results of photovoltaic consumption
rate in DR stations with or without flexible resources

in photovoltaic abundant day
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SRR SHE
¢, /(OG/kWh) 12
N, /A 1000
Fis% C
| Wi R MRk ‘
I
| s <
| SYRHR A |
! %
| A ERLT L ‘
& ¢1 K-means++EISHRIEE
Fig. C1 K-means++ clustering flow chart
2200
o G
2000 © B ¢
o s 51 P
1800 o
[ ]
o 1600 .
;\i 1400 °
® o*
1200 P
1000 '
800
600 - ‘ ‘ ‘ ‘ - ‘
600 800 1000 1200 1400 1600 1800 2000 2200
IR /KW
C2 K-means++E2 LR
Fig. C2 K-means++ clustering results
S E Rk
(1] BR0E, ARA, AKE, & FEBHRGERS

KRIEHLIARD]. B REG A B, 2024, 48(5):
157-175.

CHEN Xinyi, HU Qinran, SHI Qingxin, et al. Review on
residential distributed energy resource management in

new power system[J]. Automation of Electric Power



S142 -

W) R Gy B

[2]

[3]

(5]

(8]

[10]

Systems, 2024, 48(5): 157-175.
SAIF A, KHADEM S K, CONLON M F, et al. Impact of
distributed energy resources in smart homes and community-
based electricity market[J]. IEEE Transactions on Industry
Applications, 2023, 59(1): 59-69.

KRR, BRI, iR, . TH K R IEMEBEE AC HL
WIERT SR ). IR, 2023, 44(12): 66-84.
ZHANG Haichun, CHEN Wangda, SHEN Jun, et al.
Review of power distribution network resilience studies
considering flexibility resources[J]. Electric Power
Construction, 2023, 44(12): 66-84.

B X RESER, HKREER. X THEE TR R
R R R K95 5% IW[EB/OL]. [2024-02-06]. https://
www.gov.cn/zhengee/zhengeeku/202403/content_6935790.
htm.

National Development and Reform Commission. National
Guidance

Energy Administration. on high-quality

development of distribution networks under
circumstances[EB/OL]. [2024-02-06]. https://www.gov.
cn/zhengce/zhengeeku/202403/content_6935790.htm.

LIU Z, CHEN Y, ZHANG Z, et al. Identification of

vulnerable nodes and sensitivity analysis of control

new

parameters for multiple grid-connected converter systems[J].
IEEE Transactions on Sustainable Energy, 2024: 1-11.
XIE X, ZHANG J, SUN Y, et al. A measurement-based
dynamic harmonic model for single-phase diode bridge
rectifier-type  devices[J]. IEEE  Transactions on
Instrumentation and Measurement, 2024, 73: 1-13.

WU S, WANG Q, CHEN Q, et al. Cyber-physical integrated
planning of distribution networks considering spatial-
temporal flexible resources[J]. Protection and Control of
Modern Power Systems, 2024, 9(3): 142-156.

W, EARNS, BAREE, 5. B EIERT O RIS T R IRE
ROGIHAN ELARFE]. 2, 2023, 51(1): 1-8.
PAN Chao, WANG Jinpeng, BAO Yuting, et al.
Interactive control of wind and photovoltaic power
consumption considering source-load side flexible
resources[J]. Smart Power, 2023, 51(1): 1-8.

R, FRAAW], PVERK, 5. EIECHEMBERE RS

AT YRR R[], ARG E 3L, 2020, 44(9):

111-118.

WU Wenchuan, ZHANG Boming, SUN Hongbin, et al.
Energy management and distributed energy resources
cluster control for active distribution networks[J].
Automation of Electric Power Systems, 2020, 44(9):
111-118.

QU M, DING T, WEI W, et al. An analytical method for

generation unit aggregation in virtual power plants[J].

(11]

[12]

[13]

[14]

[15]

[16]

[17]

IEEE Transactions on Smart Grid, 2020, 11(6): 5466-5469.

TKIEEE, Fhell, M75, 5. MR AR
GERE R IR LN ZROU A R SRR (1], L R G R
P51, 2024, 52(3): 1-11.

ZHANG Meixia, WANG Xiaoqing, YANG Xiu, et al.
Stackelberg game optimization scheduling strategy for
aggregated electric vehicles considering customer
satisfaction and the road network[J].

Protection and Control, 2024, 52(3): 1-11.
VATANDOUST B, AHMADIAN A, GOLKAR M A, et al.

Risk-averse optimal bidding of electric vehicles and

Power System

energy storage aggregator in day-ahead frequency regulation
market[J]. IEEE Transactions on Power Systems, 2019,
34(3): 2036-2047.

WkEDe, LR, WRELW, 5. 1) A R EE
P UHCR IR RIS T VE[T]. W) B3k 4, 2023,
43(8): 56-62.

YANG Guixing, WANG Weiqing, YAO Hongyu, et al.
Control method of wide-area distributed household
regenerative electric heating clusters[J]. Electric Power
Automation Equipment, 2023, 43(8): 56-62.

G, Kk, £, % BEHSRTTITAZ RN
A R AN H AT NS ()], B RGRY 5
], 2022, 50(17): 133-142.

FAN Dejin, ZHANG Shu, WANG Yang, et al. Day ahead
scheduling strategy for air conditioning load aggregators
considering user regulation behavior diversity[J]. Power
System Protection and Control, 2022, 50(17): 133-142.
FT, BRAK, LS, S5 B R S B N TR HL I
MU ALGREREN]. B R2%HE 1, 2020,
44(10): 193-207.

QI Ning, CHENG Lin, TIAN Liting, et al. Review and
prospect of distribution network planning research
considering access of flexible load[J]. Automation of
Electric Power Systems, 2020, 44(10): 193-207.

R, XUseC, BRI9AL, 5. F&T E B0 R A3 T
RER ELIR I 4K 2R 200 S HORBEROR (1], v [ Fe L A
224, 2015, 35(14): 3511-3521.

PU Tianjiao, LIU Kewen, CHEN Naishi, et al. Design of
ADN based urban energy internet architecture and its
technological issues[J]. Proceedings of the CSEE, 2015,
35(14): 3511-3521.

PR, BPMR, IKAE, SF. 58 LRI AT H X 0 R
G RMAET[T). B R GRS ], 2023,
51(23): 16-25.

ZHONG Hao, SHU Dong, ZHANG Lei, et al. A two-
layer optimization model of value-added service in a

distribution network considering power quality[J]. Power



PRt %

TG 174 FH P 0 22 56 R PR B R D) 23 R 5 1L R 6 X ARARIZ AT 0F T

- 143 -

[18]

[19]

[20]

[21]

[22]

[23]

System Protection and Control, 2023, 51(23): 16-25.
FEAZ, A, 2R0E0E, &5 & misid ] A REUR AT H
WSR3 T (A G B R MR 0], FR ) R G AR A
2023, 51(22): 1-12.

CHENG Shan, FU Tong, LI Fengyang, et al. Flexible
supply demand collaborative planning for distribution
networks with high penetration of renewable energy[J].
Power System Protection and Control, 2023, 51(22):
1-12.

W5, s, ROOK, & B RNXER AT S 5L
R E S A I SRS A L[] B0 RGUIRY 54, 2023,
51(21): 22-34.

YANG Xiu, LU Wei, YU Wenchang, et al. Optimal
dispatching and control strategies for residential load of
intelligent communities[J]. Power System Protection and
Control, 2023, 51(21): 22-34.

X, BT, DU KPR ARR K g H
FAEF e 5 2 H ARG TR BEBEFE[0]. R BARE 273,
2023, 44(8): 110-118.

LIU Yanfeng, YANG Yanzi, LUO Xi. Multi-objective
optimization scheduling model of flexible energy
consumption load in summer for different types of rural
households in Guanzhong plain[J]. Acta Energiae Solaris
Sinica, 2023, 44(8): 110-118.

MNATSAKANYAN A, KENNEDY S W. A novel
demand response model with an application for a virtual
power plant[J]. IEEE Transactions on Smart Grid, 2015,
6(1): 230-237.

PP, FEA, ERA, SE BB RN LR A
REAZAL IR AU L H AT BEhR SRR )], B R GRS
241, 2023, 51(3): 13-25.

LI Mengyang, LI Guojie, WANG Keyou, et al. Day-
ahead bidding strategy for virtual power plant considering
demand response and frequency regulation performance
variation[J]. Power System Protection and Control, 2023,
51(3): 13-25.

W5, 455, X075, & 2582 m K R A A I e 5
i N 7 VA R A R SRS A A7), IR, 2022,
46(2): 699-714.

YANG Xiu, FU Guangnu, LIU Fang, et al. Potential

evaluation and control strategy of air conditioning load
aggregation response considering multiple factors[J].
Power System Technology, 2022, 46(2): 699-714.

R, WEE, SKIOT, A& RTINS0 AR AR
HL SR 1) £ DX T 4% BRI R S SR L D). kR
HiR, 2023, 12(4): 1204-1214.

WANG Feng, LIU Zhigiang, ZHANG Keyong, et al.

Adjustable resource aggregation and scheduling in

[24]

distribution transformer station areas based on time-of-
use price and charge-discharge strategy of energy storage[J].
Energy Storage Science and Technology, 2023, 12(4):
1204-1214.

WSO, A% G ) 5 SR TS DR A K L R AR Ak
EHHILD]. UM WL K2, 2019.

XIE Dunjian. Demand response evaluation and coordinated

[25]

optimization of thermostatically controlled loads[D].
Hangzhou: Zhejiang University, 2019.

Freaik, HERK, XIF28, & i SR s T RS
R Ve A B i 2% X Ol i 78 i L AL R &L (J/OL). i
HHL TAZ2AAR: 1-16[2024-05-22]. https://doi.org/10.13334/
j-0258-8013.pcsee.231850.

CHEN Yanbo, TIAN Haoxin, LIU Yuxiang, et al. Robust

optimization configuration of photovoltaic-energy storage-

[26]

charging integrated system in expressway service area
considering demand response of electric vehicles[J/OL].
Proceedings of the CSEE: 1-16[2024-05-22]. https://doi.
org/10.13334/j.0258-8013.pcsee.231850.

WiEHHA: 2024-06-10;
fEEEN:

MRtk (1982—), %, i+, &%, HE, Haiza A
FEREARAESHN, ©HRELERAAESF; Email
chenyanbo@ncepu.edu.cn

RS (1999—), %, LR A, HAR T @ AR
W) BGSHT, B RAAMRAREES; E-mail: 18830258021@
163.com

kO (1994—), F, d@fE4EE, WL, BHF, IR
©) AF R W ) A B 474, E-mail: zz_dqge@163.com

(R4 &)

&EIHEA: 2024-09-24



