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Abstract: Combining batteries and super capacitors into a composite power system (CPS) with an effective energy man-
agement strategy can significantly improve the energy utilization, and increase the service life of the energy storage sys-
tem. To minimize the energy loss of the system, an energy management strategy based on the twin delayed deep determi-
nistic policy gradient (TD3) algorithm was designed. Compared with the deep deterministic policy gradient (DDPG) al-
gorithm, TD3 algorithm solved the problem of overestimation of Q value and less energy loss. A MATLAB/Simulink si-
mulation model based on the TD3 algorithm was built, and tested with the electric vehicle driving equation and the
equivalent circuit model of CPS. The outcomes indicate that the proposed energy management strategy can effectively
reduce the impact of high current on the battery, and compared with DDPG algorithm, the energy utilization efficiency is
improved by 1.36%, the peak of output current of the battery is reduced by 14.68%, the temperature rise of the battery is
reduced by 3.52%, the total energy consumption of the system is reduced by 2.17%.
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R 2 SOC B L ihk an i 13 Fror. A 13
ATLVE W, FHELT DDPG % #5 g A1 PPO 41 5
W&, FET TD3 i 5RBE K HZS SOC Hh4 T Pk %
Fph, T ESE WG, DDPG ¥ HH 550% (1) L 28 SOC
Pl EN 0.6606, PPO 5 HHS (L SOC FlR
TN 0.6361, T TD3 5 H& Y L2 SOC Fl R &=
4 0.5418, iHH TD3 4% 5KHE N R BEANE R
WA T HELZ MRS, TBORIETH “HIgH
&7 1EH

0 200 400 600 800 1000 1200 1400
LGS

B 13 B SOC AF ik 2k

REGLREFIT B R WK 14 Fion. WK 14 7]
UG H, AT HR—dE, SE IR RS0 REFE
7f DDPG il 50 . PPO % il SRS A1 TD3 425 il 5
W& R BB T 12.71%. 13.57%411 14.60%. HHEL
T DDPG #5508 Al PPO 551 550%, TD3 ##5%
& T RGREFE ST MK T 2.17%H0 1.19%.

200 400 600 800 1000 1200 1400
s /s

K 14 REERERETELER

TSR BN P 000 45 TR AN [ 42 i) S s 1) &5
R, BAERE 2.

*z2 REIEHI R EELE R
PERERE AR H—jH  DDPG PPO TD3
FHih SOC FlARE  0.7019 0.7271 0.7320 0.7370
2 VA FLIAT/A 107.61 74.23 68.77 63.33
&R/ C 2.30 1.99 1.96 1.92
B SOC Bl — 0.6606 0.6361 0.5418
RYUEREFEN 5.82x10° 5.08x10°  5.03x10°  4.97x10°

MFE 2 ATLAEH, T R—m)E, E4H
PRI & HIh A5 TV B4R A5 A R LB REAETE DDPG
2 1l SR BE . PPO 42 il SR BE A1 TD3 42 il SR b T &R A
AFFREMSE. S8R—@BEMEL, &HBih SOC
TR EAE DDPG | 5RIE A PPO 42 il 5 R 43731
PE T 3.59%FH 4.29%, VEAE FLIA 73 MBI T 31.02%
A 36.09%, WmIHrAIFEIG T 13.48%F1 14.78%, H
iR BERE D BIBRAR T 12.71%H01 13.57%. T AHEL T
DDPG ¥ #il| S g Al PPO 5 1] 51, TD3 42 il T i
(11 E FIth SOC 73 A# R T 1.36%F1 0.68%, VE{H
HLY 43 A B T 14.68% 1 7.91%, T+ 43 7] PR A%
T 3.52%%1 2.04%, L HZ SOC bl &= 7 hil b
KT 17.98%F1 14.82%, RGLRERETHIFFIKT
2.17%F1 1.19%. X BLEH TD3 % il 5k 0% n] LA 78
Gy LR PR A D) BB . AR = )
PFA, AT B G OR 7 & Ha i, BRAIS FL 3D IR 42 1
1T B AR

4 ZERE

ASCEFTIET DDPG ik (1 BE 25 HE 5 A7
EXT Q A m v iy R, ik 15T TD3 Bk
[RE R BEIRIS . TD3 SIAEE ST T AL I
MR Q MH, FRRB/MEME B Q A, MMl
gt Q AELISE Ay v vl o I A B B S BG4S 2
LR 45t .

O 153 2 530 11 T3 T, A1 T DDPG
P SRS AN PPO 51 i, T TD3 HikHIRe &
B HEWE ] DAFS 3 R B G L2 70 T80 FE R PRI
LR R RSN B) B L v T G A= R (= ] 5
T 14.68% A 7.91%, T For M FEAK T 3.52% A
2.04%, fe IR & b

@ #HELT DDPG ¥ il 5 W& Al PPO 42 il S W



° 286 -

BRER S TR R

a4t

B TD3 5k i Re i H R ik & faith SOC
RESINIRE T 1.36%A 0.68%, A RBMMET
& HIB I CERES, I OR P & Hth, B3R K
RGN TR Adr, Rm ARG RRENHE.

@ RHMEAHBIEAG LPEH AT TD3 &
VA Re A B ERG 78 40 PR T 4 P 2 BRI e
FA, B2 70 TEOHL 80 = R L, IR T B 2 I Bl R
&, HHELT DDPG %] 5E0% A1 PPO #% 1 50&, TD3
P23 1] SRS A8 R G0 REFE 3 I FEAIK T 2.17%F0 1.19%,
BEAR T RE AT B RAR

S :

[1] AU, R, EEIE. AR shE L s eI i
ZER[T]. B LEAR AR, 2022, 37(3): 537-554.

CUI S M, SONG B B, WANG Z Y. Overview of magnetic coupler for
electric vehicles dynamic wireless charging[J]. Transactions of China
Electrotechnical Society, 2022, 37(3): 537-554.

[2] TRICHE, Bk, R0, S BETOR— A PR I AR I R AR

FEA T, FBIEEOR, 2022, 46(1): 109-112.
ZHANG W S, LIJ, YU W T, et al. Analysis and verification of in-orbit
management of lithiumion battery based on the new generation of
power control unit[J]. Chinese Journal of Power Sources, 2022, 46(1):
109-112.

[3] WTHE, svER, MDY, SF. BETOCHUR N p A R T Bl

M2 A HT[T]. fERERI S 540K, 2019, 8(2): 259-263.
JIN C, GAO S, SUN S G, et al. Analysis of safety performance of li-
thium-ion power battery during life cycle based on non-destructive
testing[J]. Energy Storage Science and Technology, 2019, 8(2):
259-263.

[4] BRARWE, BZA, FL%, S5 Fiil SOC M A R IRIMIET]. H
JEHAR, 2016, 40(6): 1321-1323.

WEI D T, HUANG Z J, KONG H, et al. Battery SOC research and
prediction methods[J]. Chinese Journal of Power Sources, 2016, 40(6):
1321-1323.

[5] ZHAICJ, LUOF, LIU Y G. A novel predictive energy management
strategy for electric vehicles based on velocity prediction[J]. IEEE
Transactions on Vehicular Technology, 2020, 69(11): 12559-12569.

[6] ZHANG L J, YE X M, XIA X H, et al. A real-time energy manage-
ment and speed controller for an electric vehicle powered by a hybrid
energy storage system[J]. IEEE Transactions on Industrial Informatics,
2020, 16(10): 6272-6280.

[7] JASEE, maklE, skt AHANRES SRR G LA B 5
WE[T]. ML R 2R, 2019, 23(5): 51-59.

ZHOU M L, FENG J F, ZHANG Y. Composite energy storage system

and its energy control strategy for electric vehicles[J]. Electric Ma-

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

chines and Control, 2019, 23(5): 51-59.

BAZR, X, AR, & HSRER SRR R SR RS PRI HT
FE. HURL 5HR, 2020, 39(10): 1606-1614.

HU J, LIU D, DU C Q, et al. Study on energy management strategy of
hybrid energy storage system for electric vehicles[J]. Mechanical Science
and Technology for Aerospace Engineering, 2020, 39(10): 1606-1614.
INKAE. AR EE LSRR RGN 5iEHI[D]. K&:
HHR, 2017,

SUN Y J. The optimization design and control of hybrid energy sto-
rage system for A certain type electric bus[D]. Changchun: Jilin Uni-
versity, 2017.

CHEN Z Y, XIONG R, CAO J Y. Particle swarm optimization-based
optimal power management of plug-in hybrid electric vehicles consi-
dering uncertain driving conditions[J]. Energy, 2016, 96: 197-208.
ZHANG 8, XIONG R, SUN F C. Model predictive control for power
management in a plug-in hybrid electric vehicle with a hybrid energy
storage system[J]. Applied Energy, 2017, 185: 1654-1662.
VAZQUEZ-CANTELI J R, NAGY Z. Reinforcement learning for
demand response: a review of algorithms and modeling techniques[J].
Applied Energy, 2019, 235: 1072-1089.

XIONG R, CAO J Y, YU Q Q. Reinforcement learning-based
real-time power management for hybrid energy storage system in
the plug-in hybrid electric vehicle[J]. Applied Energy, 2018, 211:
538-548.

WU J D, HE H W, PENG J K, et al. Continuous reinforcement learn-
ing of energy management with deep Q network for a power split hy-
brid electric bus[J]. Applied Energy, 2018, 222: 799-811.

KONG H F, YAN J P, WANG H, et al. Energy management strategy
for electric vehicles based on deep Q-learning using Bayesian optimi-
zation[J]. Neural Computing and Applications, 2020, 32(18): 14431-14445.
LI W H, CUI H, NEMETH T, et al. Deep reinforcement learn-
ing-based energy management of hybrid battery systems in electric
vehicles[J]. Journal of Energy Storage, 2021, 36: 102355.

TAN H C, ZHANG H L, PENG J K, et al. Energy management of
hybrid electric bus based on deep reinforcement learning in continuous
state and action space[J]. Energy Conversion and Management, 2019,
195: 548-560.

WU Y K, TAN H C, PENG J K, et al. Deep reinforcement learning of
energy management with continuous control strategy and traffic in-
formation for a series-parallel plug-in hybrid electric bus[J]. Applied
Energy, 2019, 247: 454-466.

SCHULMAN J, WOLSKI F, DHARIWAL P, et al. Proximal policy
optimization algorithms[J]. arXiv preprint, 2017, arXiv:1707.06347.
SONG Z Y, HOU J, HOFMANN H, et al. Sliding-mode and Lyapunov
function-based control for battery/supercapacitor hybrid energy sto-

rage system used in electric vehicles[J]. Energy, 2017, 122: 601-612.



952 34

NIFK A BT TD3 WA E S A IR RS &8 H RS AT 70 <287+

[21]

[22]

[23]

[24]

QI X W, WU G Y, BORIBOONSOMSIN K, et al. Data-driven rein-
forcement learning—based real-time energy management system for
plug-in hybrid electric vehicles[J]. Transportation Research Record:
Journal of the Transportation Research Board, 2016, 2572(1): 1-8.
LILLICRAP T P, HUNT J J, PRITZEL A, et al. Continuous control with
deep reinforcement learning[J]. arXiv preprint, 2015, arXiv:1509.02971.
FUJIMOTO S, VAN HOOF H, MEGER D. Addressing function ap-
proximation error in actor-critic methods[J]. arXiv preprint, 2018, ar-
Xiv:1802.09477.

THE, Wik, B, F ET MRS AT ROR 2 IR
B SOC i H 7AW ], P EFLA TR, 2020, 31(15):
1823-1830.

DING Z T, DENG T, LI Z F, et al. SOC estimation of lithium-ion bat-
tery based on ampere hour integral and unscented Kalman filter[J].

China Mechanical Engineering, 2020, 31(15): 1823-1830.

(HEZ BT

XKL (1995— ) , B, HEMEBE PR K
B TR E sk, REM AT
FONERZHEF. HERERREEHE,

SKEL (1976- O, 55, M4, HARE TR
PR T TR S A s Bemt /e oy, 3238
WEFET7 RN IR 4 RE R B Bl ) At A
HAG. BRI BE R



