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Voltage regulation ancillary service model for electric vehicle charging station
considering three-phase unbalance
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(1. School of Electric Power, South China University of Technology, Guangzhou 510641, China; 2. School of Electric
Engineering, Guangzhou City University of Technology, Guangzhou 510800, China)

Abstract: Exploring and utilizing the reactive power support capabilities of electric vehicle charging stations can
optimize distribution network operation and help mitigate voltage limit violations caused by three-phase unbalances in
load, line parameters, and new energy output. Additionally, it can reduce voltage regulation costs for the grid. Hence, this
paper proposes a voltage regulation ancillary service model for electric vehicle charging stations while considering
three-phase unbalance. First, based on an analysis of the market mechanism for voltage regulation ancillary services and
the charging behavior of electric vehicles, the daily load curves of slow and fast charging stations are predicted separately,
and their respective reactive power support capabilities are evaluated. Second, a multi-time-scale day-ahead and intra-day
optimization framework for distribution networks is established. The day-ahead optimization model aims to minimize the
voltage regulation costs of the distribution network, determining the on-load tap changer positions and the scheduling of
capacitor banks. The intra-day rolling optimization focuses on minimizing network losses and compensation costs of
charging stations by adjusting their reactive power participation in voltage regulation ancillary services. Finally,
simulations on the IEEE33-bus system are conducted and the results show that the proposed model can effectively reduce
both three-phase voltage unbalance and voltage regulation costs in the distribution network.
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Fig. 1 System framework of charging station in voltage

regulation ancillary service
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Fig. 2 Day-ahead and intra-day scheduling framework
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% OLTC CB EVS#h M S BES HIE
Bl KT ARG BERAG RO KT REY% WE
50 340 1089 19852 34642 100  2.2489
40 2686 — 25343 52603 86.74 2.9807
10 5508 41893 17459 271663 100  1.3534
60 1768 40548 16388 75216 100 196

7 g

ASCAE T J A FAL ) 7 g R 2 B 2 B — AR AN P 1l
LT, 37— P 78 s JETh S RE IVl
FRITC EEL 1 H R PO T AR TR, il 3 S48 o0 M
BHLLIT 4R,

1) H Arpe A5 Y B B2 A AL L 9 1 R R AS B /)
FIRAEE B, = A PR = A AS P18 A 175 00 99 )
N 4652.1 JUHI 3464.2 Ju, T HRIICAGHEE M
OLTC. CB Zh/Eit-%IF EVS el E Loh s &, &
SLH WML, DIMEIEH N EVS 75 R B D)
Ko HArfHWMRZ BB RS2, LS T
HL AT 5. 6 EVS 2 518 4 B IR 55 1)
[, EV 588K 2 THA R 7 BORES, #IR T BV 1)
IEH AT A SZ 5 o A ST HE SRS SEIL T B L EVS
A EV H PRIz AL —

2) EVS M HMENTCI DI )G, BE =N
A FTEGE, R AR N 100%, H IR A i
fi%; EVS B 7R EAESE T3 MR R,
{15 CB MU HHus /b, HH BEVS BAE &R
B RIE M, AME AR AR

w A W N

Fits% A
5500 10.50
——— [l Ay 2R
5000 — —— -HAHAMFRK _
. ERT43 0 FL 1% =
e AN
Z 4500 H Py o B L WE
ﬁ 1040 =
R 4000 2
& =
3500 035 R
3000 0.3
00:00  06:00 12:00 18:00  24:00

I 2
B A A RSKFN RSN

Fig. A1 Load demand and time-of-use price

900

720 affl
———— bifl

cffl

540}

360+

Jetk i F1kw

180}

o&oo 06:00 12:00 18:00 24:00
I %)
E A2 S ER =M sk

Fig. A2 Three-phase output curves of distributed photovoltaic

600
480
360
240

1D ThE kW

120

00 WEAH

800
600

400

TCThTh# /kvar

200

3
200

eV R 0o 100 S
(b) Jo Lt
& A3 ET LHS B HuEIT S fafrrhsk

Fig. A3 Day-ahead node load curves based on LHS

500
400
300
200
100

BITZFERW

o 000:00°% ap
(@) I



-10 -

W) R GRP bk

000:00 0% 421
(b) T 4
A4 B E BRI R Stk
Fig. A4 Reduced day-ahead node load curves

700 ¢

600
——_—
500 — % /

400 |

300/

Fo BT AW

200 |
100

0
00:00 08:00 16:00 24:00
i 2]

AS RFEFIBFE EVS FEERINE
Fig. A5 Charging power of fast and slow EVS

1000
sooW-

5
&
o 0 —— RFEEVS L)% IR
R IRFSEVS K Th 7 & T IR
R
]_‘%

-500

-1000

00:00 08:00 16:00 24:00
Al

[E A6 RFEEVS AIRREINAE
Fig. A6 Declarable reactive capacity of fast EVS

1000

500 /—\/

—— 1B FEVS A& LI
12 FEVS LIh A8 T I

TCIh TN kvar

=500

-1000
00:00 08:00 16:00 24:00
i %1

A7 187 EVS AIRR IR E
Fig. A7 Declarable reactive capacity of slow EVS

Mi% B

OLTCH417.

2

1 R
00:00 06:00 12:00 18:00 24:00
B %)

[E B1 BEFPZEM] OLTC kLR

Fig. B1 Optimized OLTC tap positions in two cases

CB#4fL

CB#4h7

— TR
------------- A 22
4 i 105
=== N33
3t — beeeeeaas
2’ |"":
1—----- ; :
00:00 06:00 12:00 18:00 24:00
%l
(a) 1
31 — I8 o
------------- 22 o
ar 25 i
=== 133 i
3t Vo
2t b
1t s 0

0 N
00:00 06:00 12:00 18:00 24:00
%)

(b) &2
B2 FATHZRY CB L ILER

Fig. B2 Optimized CB switching situations in two cases

T ThE kvar

600 -

N
(=3
(=}

[353
(=3
(=}

0

00:00 06:00 12:00 18:00 24:00
ifZ1)

(a) 1 FTEVS



T S = AR T (K B A 78 HL ks 25 1 s il B A 95 A T

- 11 -

600
Bk
- = =-HA -
g 400t | o
= i v
gl | P
R F SRR
R [ (x| R e
w2000 oy T bbb
olb bl L 1] P 4
00:00 06:00 12:00 18:00 24:00
I 2
(b) TRFEEVS

B3 Xl 1 HAIAIHM EVS EINThEMULER
Fig. B3 Day-ahead and intra-day optimized reactive

power of EVS in case 1

B33k

[1]

SEREE, KT, AR, S AET R ERE RO S
R4y EARALTT VL[], B TREHR, 2023, 42(6):
22-31.

SHI Zhaodi, ZHU Ning, LI Zheng, et al. Joint planning
and hierarchical optimization method of wind
photovoltaicstorage based on decomposition coordination[J].
Electric Power Engineering Technology, 2023, 42(6): 22-31.
HEFR, RIMEAR, TERE, . 258 AU SN SR R X
Jahk LR a AR R LIS AT SRIE[T]. R AEEAR, 2025,
46(1): 31-41.

CUI Lu, LIU Shilin, MIAO Wan, et al. Optimized
operation strategy of wind-solar-storage integrated charging
station considering power-to-hydrogen and demand
response[J]. Power Generation Technology, 2025, 46(1):
31-41.

SURERN, AR, W AERRIRIC AU R HKOBRE IR S 2
S5 IRWIH A G ek [T, B EH S, 2024, 57(4):
77-88.

WU Qunli, ZHU Xinyu. Transaction decision-making of
wind/photovoltaic/energy storage joint participation in
spot market under renewable portfolio standards[J]. Electric
Power, 2024, 57(4): 77-88.

SR, VFIRT, XM, 5. miUE RSO e R
Gt I A RAREBR R G R B[R], & AT,
2024.

Woh, KRS, MER, % RRICERST A
TR RE T PR 2 ) S AU B DR ], RS
FARZAR, 2024, 39(3): 159-167.

HUANG Hongyang, ZHANG Zhenxiao, XIE Zhiliang, et al.

Coordinated control and optimal design method of
multi-mode access energy storage in energy collection
system[J]. Journal of Electric Power Science and
Technology, 2024, 39(3): 159-167.

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

KN, T, 25, & ETEHSRENRNEM
BEAL A BE BT REUR B ) R S A e I UED]. &
£ H 77,2024, 52(5): 82-89.

ZHU Xiaogang, YU Jiaqi, LI Yong, et al. Transient
stability control method for new energy power systems
with scaled energy storage based on transient energy
identification[J]. Smart Power, 2024, 52(5): 82-89.
KA E, ), Bk, & AR RRREATE
THEITIET]. PEOR, 2010, 34(7): 123-128.

ZHANG Youyu, GUO Ke, ZHOU Lin, et al. A method to
compute voltage unbalance factor in three-phase three-
wire system[J]. Power System Technology, 2010, 34(7):
123-128.

JALILIAN A, ROSHANFEKR R. Analysis of three-
phase induction motor performance under different
voltage unbalance conditions using simulation and
experimental results[J]. Electric Power Components and
Systems, 2009, 37(3): 300-319.

Jl, G, MENRER BRI RER]. HEKIE,
2024.

WARM, TN, RES. BARES 5 RMAHBIIR
RIS ZRIR ], B RS A N1, 2023, 47(18):
17-32.

PEI Zhenkun, WANG Xuemei, KANG Longyun. Review
on control strategies for electric vehicles participating in
ancillary services of power grid[J]. Automation of
Electric Power Systems, 2023, 47(18): 17-32.
RESTREPO M, CANIZARES C A, KAZERANI M.
Three-stage distribution feeder control considering four-
quadrant EV chargers[J]. IEEE Transactions on Smart
Grid, 2018, 9(4): 3736-3747.

WEN J, OKTOVIANO G, HAO Q, et al. A multi-agent
based integrated volt-var optimization engine for fast
vehicle-to-grid reactive power dispatch and electric
vehicle coordination[J]. Applied Energy, 2018, 229: 96-110.
WREESE, RS, BRE, 5 B REINVTERRHES
ARG S L] ARG AL,
2022, 46(6): 39-47.

YAO Lanni, LI Qinhao, YANG Jingxu,

Comprehensive reactive power optimization of power

et al.

distribution and consumption system with support of
electric vehicle charging and discharging[J]. Automation
of Electric Power Systems, 2022, 46(6): 39-47.

EoRi, WK, A, 5 TH R B B I AME R
R - S PR LB L T]. B RSB B,
2021, 45(17): 27-34.

WANG Qianggang, TIAN Yuhe, WANG lJian, et al.
Coordinated day-ahead and real-time optimization model
for distribution network considering reactive power



-12 -

W) R GRP bk

[15]

[16]

[17]

[18]

[19]

[20]

[21]

compensation of charging station[J]. Automation of
Electric Power Systems, 2021, 45(17): 27-34.

ARG, XU, TR, S BT umiE A K A AT TG
Dy 7 73 Ay AR TN 1) SRR (D). HEL 0 R 48 H K,
2022, 46(4): 25-35.

HU Jindi, LIU Si, SHEN Guang, et al. Distributed model
predictive control strategy of reactive power response for
charging piles based on peer-to-peer communication[J].
Automation of Electric Power Systems, 2022, 46(4):
25-35.

skid, FHUAR, BR, S ET V2G EDiHEER g
WITETIAMET]. BB, 2018, 39(1): 40-47.

ZHANG Kai, YIN Zhongdong, YANG Xiaotian, et al.
Reactive power compensation of power grid based on
V2G reactive power dispatching[J]. Electric Power
Construction, 2018, 39(1): 40-47.

JE, gz, BoEt, &5 b s g e e e D)
Wi 7 B 77 AR HEL R0 5 RE R 2 VA (D). D R G
B shik2E4R, 2017, 29(5): 129-134.

ZHOU Qi, AN Haiyun, DUAN Meimei, et al. Energy-
saving and loss-reduction control method for power grid
considering the reactive power response capability of
electric vehicle chargers[J]. Proceedings of the
CSU-EPSA, 2017, 29(5): 129-134.

PRy, AT, LU, 5 R EERE AE A
SIARTRINT]. W LARER, 2019, 38(1): 75-83.

LI Dangi, ZHENG lJianyong, SHI Mingming, et al.
Prediction of time and space distribution of electric
vehicle charging load[J]. Electric Power Engineering
Technology, 2019, 38(1): 75-83.

KIS, FEREH, BrEE, & BaRER RS 5
R 55 B TE T DA S RE S EA [J/OL). Fa U7 B A
1-9[2024-11-10].http://kns.cnki.net/kcms/detail/44.1643.

TK.20240625.0926.022.html

ZHU Han, WANG Longjun, CHEN Zhifeng, et al.
Evaluation of reactive power support capability of electric
vehicle charging station in ancillary services[J/OL].
Southern Power System Technology: 1-9[2024-11-10].
http://kns.cnki.net/kems/detail/44.1643.TK.20240625.0926.
022.html

FRB, IRAYHE, REE, . TN B2 Hix
784y ARSI A K A ARG R BE (D], BT &
SR 5, 2024, 52(16): 62-71.

QI Zheng, XU Xixi, XIONG Wei, et al. An improved
multi objective differential evolution algorithm based on
variable time period design for a wind/photovoltaic/
thermal/storage system day ahead optimization scheduling[J].
Power System Protection and Control, 2024, 52(16): 62-71.

SN, WRiGE, W%, & EshEcE MK H - H

[22]

[23]

[24]

[25]

[26]

[27]

WP B R[], BUARHL D, 2020, 37(1): 27-34.
LIAO Jianbo, CHEN Qinghe, JIAN Haojun, et al.
Day-ahead and intraday two-stage optimal dispatch of
active distribution network[J]. Modern Electric Power,
2020, 37(1): 27-34.

AT, B8,y G, &5 R K sh A s L]
51T B RS e AL SRR [1]. I RG RS 5%
i, 2024, 52(7): 33-44.

DENG Yanhui, LI Jian, LU Guogqiang, et al. Charging
optimization strategy of electric vehicles guided by the
dynamic tariff mechanism of a subregion[J]. Power
System Protection and Control, 2024, 52(7): 33-44.
CHEN Jianrun, CHEN Haoyong, LIANG Zipeng, et al.
An exergy analysis model for the optimal operation of
integrated heat-and-electricity-based energy systems[J].
Protection and Control of Modern Power Systems, 2024,
9(1): 1-18.

R T, BRfd, BXUESR, S5, 2 IS Ta) OB B[R] At I H )
Iy IR PR 2 R AR R SENE (T]. O RGR S
241, 2024, 52(18): 53-64.

QI Xianglong, CHEN Jian, ZHAO Haoran, et al. Day-ahead
and intraday two-stage optimal dispatch of active
distribution network[J]. Power System Protection and
Control, 2024, 52(18): 53-64.

PR, R, FWE, T R AR E R SRS
REVR ARS8 H AT H A PR ALE EE[T]. sMECR, 2023,
47(9): 3669-3683.

NAN Bin, JJANG Chundi, DONG Shufeng, et al. Day-
ahead and intra-day coordinated optimal scheduling of
integrated energy system considering uncertainties in
source and load[J]. Power System Technology, 2023,
47(9): 3669-3683.

R, Eei, BEM. T ool K-means FE2EA0
SBR 52 i U HL 37 357 4 9 T VA I T 0], AR,
2021, 45(10): 3947-3954.

ZHAO Shugqiang, YAO Jinming, LI Zhiwei. Wind power
scenario reduction based on improved K-means clustering
and SBR algorithm[J]. Power System Technology, 2021,
45(10): 3947-3954.

L. TC R I e R e T T e B B SR TR D).
RHLAIHR, 2019, 16(18): 66-67.

Wi HEA: 2024-11-16;

{&EIHEA: 2025-03-18

UEEIEMIE

ko (1999—), B, MEARA, BIRF@ARDE

%A 5T S M5 E-mail: 2270319202@qq.com

®1A

EREE (1982—), F, @44, WL, 305, R F
W 4 & %A 5T 4. E-mail: epwlj@scut.edu.cn
(R4 5K #)



