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Hierarchical operation optimization method for distribution networks and charging stations
considering edge computing in electric vehicles
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Abstract: Breakthroughs in electric vehicle (EV) battery technology and the continuous enhancement of onboard
computing power enable EVs to possess dual capabilities of mobile energy storage and edge computing. This paper
considers the dual attributes of EVs as mobile energy storage and edge computing resources, and introduces the concept
of “charging and computing station (CCS)”. Based on the analytical target cascading (ATC) method, a hierarchical
operation optimization model for the distribution network and charging stations is proposed. First, an energy consumption
model for EV charging/discharging and edge computing within a CCS is established. Then, aiming to minimize the
operating costs of a CCS and the distribution network, a power flow optimization model for the distribution network
incorporating multiple CCSs is constructed to achieve optimal decision-making for EV charging/discharging power, edge
server task offloading, and computing resource allocation. Second, a hierarchical operation optimization calculation
method for the distribution network and CCS based on the ATC algorithm is designed, enabling CCSs to perform
autonomous energy and computing management while protecting the local data privacy of each CCS. Finally, simulation
results demonstrate that the proposed optimization model can effectively enhance the computing revenue of a CCS by
aggregating EV computing resources to assist edge servers in completing more computational tasks. Additionally, by
optimizing EV charging/discharging and edge server power consumption, the overall system operating cost is further reduced.

This work is supported by the Science and Technology Project of China Southern Power Grid (No. GDKJXM20222215).
Key words: power distribution network; charging station; edge computing; hierarchical optimization

HETH: &7 wMaa #4490 B %8 ((DKIXM20222215); B R &AL %R B %85 (2019YFE0118700)



JAE R, S5

i R BRI Gt S BC L 5 78 sy R B AT A T -23 -

0 38

TR, FE HBh7K 4 (electric vehicle, EV)Ti
WESRIE, BV BEAWIE M, 1 5HEMmm
Wgid R 2T BV AR AS 45U o5 4 5
bz, SEEEZ MG, — 5T, EV A RME
NEE I A A RE G, T %5 W H B (vehicle-
to-grid, V2G) A SZH 55 e W F 0[] i B EL 3, 243t
PR & A B B IR 5 S — 5w, B
¥* EV B REIL 5 MEML RN K&, EV /E NS
THE A, BRI E R, NTHERE IR
DG H MBS R, SEBURRTZE T+ 5 AR 55
A AV =1 2 N[O N st VA= R I E b IES Sa =
ML8 AT Z M RAIAC H. BEE BV S8R H 254
K, EV TE(REEH 1 RGN St 5N 4 1 B [F A
A% EKE . WA A EV N B
TR E IR, TR RRIBITRCR . LHE R
HIZ5 e B B B E A .

HHT, ERAMEENT BV 28508 & V2G EHIE
{8 E 3T 7 KB, KE EV LFRHESY
F O 7 oF 71 B B T 2, AR A L AR
AR gsid . Kk, ik EV P EIEC BN 3#ITE
FEHLE V2G 6 E 2 B AR . iP5 EV 1 ATEE
MIFE TR, 5 FE T H AR Y K% v i B F 43 A
AT, Aelgh]E AL EV 8 iR, {76 EV
FIHE R, [F BRAREC B s T AR . W EV
FUARERG, HAEZETKESZMME M, 7EHBFHRE
B LSO T , 75 78 B b A E Y HEAT FELRERE 5
FHRAE 2 PR B ST IR 4%, s sRm P SR
F UM f g s BV R A R It R A E T
B, FIH BV WFeshtE, nI7EAciE M4 )2 i se Bl ik
RE BRI 25 B, 454 EV R FRIRT B I B,
A S R T X L PR R B A AR A TR B s T SR AR
W, FFEE A B g, BV Bt s
oG IRRARMMACREE. B, BEIRE LR
AU R R, TTEE R BV AIERERIR
FEPRHEANREAR S5, I A A s N 2 Fh e YR 1 A=
FEREAL, R IREANBE TR SR FI PR R Guis AT
wAs, A RGO R R R R AT
FEEHRMNZ AP ES), EXT EV i NE
THE IR R AR AT IR TR

FeHYEE N EV 5 EE TS BAS E X 4L,
FE BN 5 KBRS H A, nT PASEIEE 5 Ae i
RIS At o SR R R AN T S E 7 IR ) )
J&, Hrh “Zyighs” RAREENHZ —. E7R
FH il BT 22 B IO G oL, RS AIEE R, B

THE RN B imdh e 2 Som, SCIRTE 557
PRURMAE A B, X R E SN TR g gk
ffy Bk sk, L G SR — R A S
M, BEFF P 2R3 B B ) SR R B A
WA HEHAR B R S5, DAYB ) Hh de il 55 2 A
W, AR XS AL AE TR, e A A 3 AT AL
KU HAr, OFEHTCEV BV RCaE S
HEDGATENE AT Flhn, SCER[21]
R AR ED G S, 1R TUsIE
W2 ST ONUZ B R RESE, JEid s BV #EF AW
o, AR EV BT EAR B TR, iR
THEW R, HRUERCE M R AR E . SCHR[22]42
o) il D 8% /15 I N 257 N 2 | S )
EV ERLIRERAY, /MU EV RIS R K
A, ZOCERE PR T 78 LTS (charging and
computing station, CCS)##:%, fuiF EV £ CCS H1[H]
I AT L AN R OB A2 B o SCHR[23 ]9 H
TR ELN, FIER EV AR RN
EARBAMTEAES T BT RR, BERILE
WEFEAMERE EV Al SCER[21-23]2 M 2
[ 25 1& EV 78 B 5 1HEE BT, (HEATRH
M Z2 B BRI ) A B R R AN IR FAERC RN EV
ARHEEYS EV UG ERFRE I, Kk,
X ERFF IR, AW BV A&
Bor M Z i B EV e SiHERLE L. B, &
RN TR L RS, N CCS, K&
EV fEZ /> CCS ZIA#3)), EV fE44 CCS Hal i
AT TR IR B S v B R IR U B 25 iR 5 4 b 3
THHEALS . CCS H1) EV FIUZAR S %% ML HL I ]
AR A ESRECERE. RSN, WE—FEE EV B
ReFTH A H R 2 M sk i, P NER
CCS Wiy, LR RRLH M HREA, KM Hix
25 7% (analytical target cascading, ATC)SZELAC H Y
5 CCS z a1 pfE BAZ B UL oy E B R AL. -

AL FEZETTERUN T o

1) %8 EV #ahfi e 510 2 S0 0UE JE M,
EALRCHLM AT CCS XURMAL RS . 7£F 2
CCS XfZ I Bt EV FRHL A2k 55 #s 1t SAT 55 )
AR SR BOEAT R, oK CCS THEIR
ano £ b JZ MR AL AT S LR R 5, T &2 CCS
FH 75 SR I (R ) de MEIE AT AR

2) KM ATC 775 BN EZ R RS A A8 ik
ITHERE, BB EMEN I, LERELTE
PRAR I, SEHLAC A CCS oy It F Ak . ik
CCS ReWg#kAT B LRt g H, REFD
CCS AR L.



224 - BRI AL RE B

3) T HEAREH, Friti EV e 5 it RS
BN LR S BV TS BRI 4 55 A e
R Z AT S5, $Eer CCS Mk, J HaTRe
AL EV i B8 S TR 19 030 25 55 % F F 47 P A1
RGBARIBAT A

1 REGIEE

1.1 EEEAR

AT H— M HLR . 24 CCS AR &
SR, w1 Frs. Hd EV Al LA#EZ AN CCS [H]
17538, EV AT HAT I RIE B3 44 M N 1Y
CCS, i3 RGa LRI EV 20 B HEATAL 1L v
%o AN CCS #HCAH XA V2G 78 FUAE A 2 AR %%
&, MTUESORA SR FRE . Bk RIEREE
JE BV 1 AT 5% - ARGl RS STUE CCS
1 EV THERIRE, K54 E] BV AT HATHR
AT, DA SR E . JRE RS E. 7
CCS 1, 1571 BV AJ LAt 47 B BE X ) A& A 4L
PERTFEEIE, BV BIREREFTHE SRS 3 T AR
FIFH . B HPAANETT S CCS HIIA IR 55 4 Al
EV $eftab e, A )5 3 s AT X m e A 4.

7 HLTFISICCS FHIFHEBCCS

men T @) me T @)

é'c;;’(é&, = V&ZT—ZA:
S e S - > ol DGR3

EEH | | | | »J |
x I I | I \

J i R )
< :| | | | | | |

B 1 RpREREE

Fig. 1 Schematic diagram of the system model
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in different scenarios
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Table 1 Various costs of CCS in different scenarios

S
Yt CCS 5 CCS I Ha i A CCS A
758 3.1104x10° 2.6542x10° -0.5232x10°
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AR S T RGE D FEA MR 2 Pios. B
R2ATLVE N, ARG A RIC. A,
3 AT PR R RS AR AR ZEAN K, AR A H A
AR RS TR 1. B3R 1A, A



230 - BRI AL RE B

CCS WHL AN F, B T i CCS S2AF—5E

M2, BT DAAR SC37 55 (A F Y S AR AN 2 e 1 o

¥ CCS SHLH W & B AN & EAT T2 (R AE

Gy ARSI EARW, EV 32 S50 T F R ) T R

ARH CCS HITHEI 8 T PRACEEA R G 1 R -
%2 FREHE T ARG STRA

Table 2 Various costs of the system in different scenarios

E
Y CCS & A [REEPSYIN RYUE A
W5t 1 -0.5232x10° 1.6287x10° 1.6241x10°
Y52 -5.5124x10° 1.6291x10° 1.5745x10°
W53 —7.6247x10° 1.6291x10° 1.5533x10°

3.3 BHBURM S

AFTHEMNH 6 T %A CCS A uEl 7 fir
Ne ATLAER], BEE QY BHiHA, 3 4 CCS Mk
KB TR X RIS HOE Kigm TitH
ORI L, CCS W IR & B2 2145 LAk
7, RPAEDR A T ANt 5 AR

*ZOOOJ ——CCS1

—2500 |

=3000

CCSA/FEIL

=-3500 |

-4000 |

0.10 015 020 025 0.30
6"
E 7 1% 3D AR ENES K 6" T&A CCS MR
Fig. 7 Cost of each CCS under different computing

pricing parameters in scenario 3

3.4 ATC ERUagtt

BCHLM 5 CCS MIAZ# T2 AE 09: 00—10: 00 Ff
Bt s tn I 8 o REARFR R IR AN 12
RXEL ST SEEREAE, AT 2<A <3
s, g, A WE N 2.5, ATLUES,
CCS b2y 5 (38) FIC Ha WA A Ak 15 28 = (39) )
BT B R B H T R B E AR IR TS
23t 5 kAR, FHB MY Z & A CCS PZih 4T
g, HAREHaL. iEF, ATC HIEESH 5K
IEARHS A D AZ B T R iR 2 /N T 6.8x107°, 1XFp
RZENT AN RGIE 52 LT i) L2, (RIS
NN ATC Hik B2 UK.

1000 ; .
2 gl - CCSIRIRME ||
2 600 —— LA BRI
g 400 T L
200
0 1
1 2 3 4 5
AR
1000 ,
Z
i 800:\\\,—,7
§ 600 —— CCS2e il
b —=— it E oY E'ﬁ‘{ﬁ
400 2 3 4 5
IR
1000
=z o
= 500 -
2 sl S CCS3RMRME ||
i —=— BCE M H ARfE
-1000 : -
1 2 3 4 5
BRI
8 ECEEM S CCS BAZHRINZRTE 09:00—10:00
At B BT S50 1 R

Fig. 8 Convergence performance of the exchange power between
the distribution network and CCS at 09: 00—10: 00

4 i

ARG BV BahtE KK RSB 51T H
G, FROEIE EV I V2G B 5t ERE S, oL
—/NEG EV HLRRAITH R EE B 2 s P A A A
A, HNER CCS bR, 22N ML
B, geAh, FREEHENSLETERHEM AR,
K BB T VX AR A AT 2R AL A, KR
e R A i S AT A ) R K ATC B0 N T AR AR A
Wy R ERMCR AR B A, ASBriE AR,
SEEUN SR B RN R . e EE i B A
WIRESiL: 1) It Bl gei R4 CCS H EV M
HEHIHUAPR L CCS AT SS, #m CCS MIihHik
o [FINF, BARTEAFIH EV I V2G #77, REAR
[T B LAY, RSUHETRTE BV OFE R, ARG
BN RAWEA . 2) ATC Hik R & RO msesitt:
RE, REWESCHF CCS S H WS IHAEE R, Mk
AHEAR B 24
SEHk
[1] TAEMAEAM CGHaedii 4=k Rkl (2021—2035

)Y (FERZIWAD[I]. RE SR, 2019(23): 16.

(2] F2AZ, ZEiEvt, XU, 5. B3Rk Byld s

5 AT B TR 25 PR AL A% ) S (], ) RGEAR P 545

], 2024, 52(6): 142-151.



JAE R, S5

i R BRI Gt S BC L 5 78 sy R B AT A T

- 31 -

(6]

[8]

[10]

CHENG Shan, LI Fengyang, LIU Weiwei, et al. Optimal
control strategy of thermal power units with electric
vehicles participating in frequency regulation auxiliary
services[J]. Power System Protection and Control, 2024,
52(6): 142-151.

TKEE, RBE, TER, 5. BN B AR5
T FLERIR[T]. TR R, 2023, 44(12): 161-173.
ZHANG Xiawei, LIANG Jun, WANG Yaoqiang, et al.
Overview of research on spatiotemporal distribution
prediction of electric vehicle charging[J]. Electric Power
Construction, 2023, 44(12): 161-173.

XIAO Z, SHU J, JIANG H, et al. Perception task offloading
with collaborative computation for autonomous driving[J].
IEEE Journal on Selected Areas in Communications, 2023,
41(2): 457-473.

YAN D, CHEN Y. Distributed coordination of charging

stations with shared energy storage in a distribution

network[J]. IEEE Transactions on Smart Grid, 2023, 14(6):

4666-4682.

SHI X, XU Y, GUO Q, et al. Day-ahead distributionally
robust optimization-based scheduling for distribution
systems with electric vehicles[J]. IEEE Transactions on
Smart Grid, 2023, 14(4): 2837-2850.

XStimws, 281, 7 ER, % %R XA AL
SRR ER R ERE [T]. I RS RI 512
1], 2024, 52(7): 33-44.

DENG Yanhui, LI Jian, LU Guogiang, 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.

LI Y, HAN M, YANG Z, et al. Coordinating flexible
demand response and renewable uncertainties for

scheduling of community integrated energy systems with

an electric vehicle charging station: a bi-level approach[J].

IEEE Transactions on Sustainable Energy, 2021, 12(4):
2321-2331.

oM, sk, i R V2G fEREREIE S G R ok
W 7 F) 3= Sl T P OO (U B U RE 0], R IR 53 V7
2024, 40(1): 29-39.

CHE Bin, ZHANG Zeong, YANG Yan. Research on the
low-carbon robust dispatch of active distribution networks
considering storage characteristics of V2G and load demand
response[J]. Power System and Clean Energy, 2024, 40(1):
29-39.

R, WKEEE, BOCHE, . RETRES TRz
) PR B2 FL 09 2 0 o I R S o) S 0], P
R2ER, 2022, 37(23): 6025-6040.

YU Yang, ZHANG Ruifeng, LU Wentao, et al. Auxiliary

[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

frequency regulation control strategy of aggregated
electric vehicles based on Lyapunov-based economic model
predictive control[J]. Transactions of China Electrotechnical
Society, 2022, 37(23): 6025-6040.

JEH, WISCF, e, S5 T L PID &
BT Tl L 0 S AR s SRS (0], AR BE IR L
e, 2023, 6(3): 258-265.

FAN Peixiao, HU Wenping, WEN Yuxin, et al. A load
frequency control strategy of island microgrid with V2G
based on evolutionary-PID[J]. Journal of Global Energy
Interconnection, 2023, 6(3): 258-265.

ZHONG W, XIE K, LIU Y, et al. Topology-aware vehicle-
to-grid energy trading for active distribution systems[J].
IEEE Transactions on Smart Grid, 2019, 10(2): 2137-2147.
LIU J, LIN G, HUANG 8§, et al. Collaborative EV routing
and charging scheduling with power distribution and
traffic networks interaction[J]. IEEE Transactions on Power
Systems, 2022, 37(5): 3923-3936.

KEEH, KM, W5, & ETIZE-B RS
RSV PR Rl S C L B S LRI D). B RS R
P 545, 2023, 51(11): 51-63.

ZHANG Meixia, ZHANG Qiangian, YANG Xiu, et al.
Joint planning of electric vehicle fast charging stations
and distribution network based on a traffic-electricity
equilibrium coupling model[J]. Power System Protection
and Control, 2023, 51(11): 51-63.

FANG X, WANG Y, DONG W, et al. Optimal energy
management of multiple electricity-hydrogen integrated
charging stations[J]. Energy, 2023, 262.

CAI P, MI Y, MA S, et al. Hierarchical game for
integrated energy system and electricity-hydrogen hybrid
charging station under distributionally robust optimization[J].
Energy, 2023, 283.

FIRR, 265, KB & “ZuiiE” SRR R
RGEAEIRMIF]. B LHER, 2022(11): 137-140.
WANG Letian, JIANG Weihao, ZHANG Li, et al.
Research on the optimization of overall planning and
layout of “multi-station integration” smart energy station[J].
Electric Engineering, 2022(11): 137-140.

T4, MR, WH¥E ZHiE%R TN RAR
B IZAT SRS [)]. HLEBE, 2021, 42(1): 96-104.
MA Huimeng, LI Xiangjun, JIA Xuecui. Capacity
configuration and coordinated operation strategy in the
multi-station integration scenario[J]. Electric Power
Construction, 2021, 42(1): 96-104.

HUANG X, LI P, YU R, et al. FedParking: a federated
learning based parking space estimation with parked

vehicle assisted edge computing[J]. IEEE Transactions



-32-

BRI AL RE B

[20]

[21]

[22]

[23]

[24]

[25]

[26]

on Vehicular Technology, 2021, 70(9): 9355-9368.

FAN W, LIU J, HUA M, et al. Joint task offloading and
resource allocation for multi-access edge computing
IEEE
Transactions on Vehicular Technology, 2022, 71(5):
5314-5330.

HUANG X, ZHONG W, NIE J, et al. Joint parking and

power management for electric vehicle edge computing:

assisted by parked and moving vehicles[J].

A bilevel optimization approach[C] // 2022 International
Wireless and Mobile Computing
(IWCMC), May 30-June 3, 2022, Dubrovnik, Croatia:
719-724.

RONG S, ZHONG W, HUANG X, et al. Joint path

selection, energy trading and task offloading in electric

Communications

vehicle charging and computing network[J]. IEEE Internet
of Things Journal, 2024, 11(10): 17067-17081.

WEI Z, LI B, ZHANG R, et al. Contract-based charging
protocol for electric vehicles with vehicular fog computing:
an integrated charging and computing perspective[J].
IEEE Internet of Things Journal, 2023, 10(9): 7667-7680.
AFFOLABI L, SHAHIDEHPOUR M, GAN W, et al.
Optimal transactive energy trading of electric vehicle
charging stations with on-site PV generation in constrained
power distribution networks[J]. IEEE Transactions on
Smart Grid, 2022, 13(2): 1427-1440.

X EGE, WEE, MRS, B RNERER A 5
1 P P gt AT Wy AR 22 55 R E[T]. HB I R G E 3
1k, 2024, 48(9): 11-20.

LIU Ruijie, BAO Zhejing, LIN Zhenzhi. Distributed
collaborative low-carbon economic dispatching of source,
grid and load considering dual-layer carbon trading
mechanism with reward and punishment[J]. Automation
of Electric Power Systems, 2024, 48(9): 11-20.

iR, BBR, B, & FEEBFERTT AN
IR B R G EE BRI BT 5EEFER

2024, 46(3): 934-943.

ZHONG Weifeng, HUANG Xumin, KANG Jiawen, et al.

[27]

(28]

[29]

[30]

[31]

Optimization of computation offloading for UAV-assisted
intelligent transportation systems considering age of
information[J]. Journal of Electronics & Information
Technology, 2024, 46(3): 934-943.

B, B3, BREESE, & T BRZIGE R
Z FR A R FET]. b I RS R (A 98 R
220, 2019, 46(2): 25-33.

ZENG Zhiji, YANG Ping, CHEN Yaosheng, et al.
Distributed optimization scheduling of multi-microgrids
with multiple stakeholders based on analytical target
cascading[J]. Journal of North China Electric Power
University (Natural Science Edition), 2019, 46(2): 25-33.
GerE, skaT7, R, 55 &5 IDR B4 I
LG Y 2 ST FE N e BRI TR BE (D). H ) RS AR AP
Eil, 2022, 50(3): 19-28.

YANG Xiaohui, ZHANG Liufang, WU Longjie, et al.
Economic optimal dispatch of an active distnbution network
with combined cooling, heating and power microgrids
considering integrated demand response[J]. Power System
Protection and Control, 2022, 50(3): 19-28.
ZIMMERMAN R D, MURILLO-SANCHEZ C E.
MATPOWER (Version7.0)[EB/OL]. https:// matpower.org.
National Electricity Market of Singapore (NEMS). Prices
[EB/OL]. https://www.nems.emcsg.com/ nems-prices.
TOSSERAMS S, ETMAN P F L, PAPALAMBROS Y P,
et al. An augmented Lagrangian relaxation for analytical
target cascading using the alternating direction method of
multipliers[J]. Springer-Verlag, 2006(3).

Yis BHA: 2024-04-16;

&EIHER: 2024-10-11

EEE T

)

BUER) (1980—), 5, A, FRIAEIW, ARTE@H
AR5 EEAT. ABAEIXEAT. AR IR AT 48

FAERFAR; E-mail: 903816910@qq.com

ARBEEA (1993—), F, Ald, TA2)F, AR F @A R

AFFRALSEZEETH AR, E-mail: linxmd@csg.cn

(4h#% #m)



