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Abstract: To address the low-temperature safety issues of traction batteries in electric vehicles
throughout their entire life cycle, this paper proposes an optimal alternating current (AC) heating
strategy for lithium-ion batteries based on an electro-thermal-aging coupled model. The high-accuracy
coupled model integrates a second-order RQ equivalent circuit model, a thermal characteristics model,
and a dynamic parameter-aging interaction mechanism, comprehensively considering the electrical
dynamic characteristics, thermal behavior, and parameter variations during the aging process of the
battery. In this study, a lithium plating constraint is introduced to prevent lithium plating reactions, and
an over-voltage constraint is imposed to avoid excessive or insufficient terminal voltages, thereby
forming a dual safety constraint. Based on these constraints, the optimal AC frequency and amplitude
corresponding to different temperature ranges over the entire battery life cycle are determined, and an
optimal AC heating strategy that maximizes the internal heat generation rate is developed. Simulation
and experimental results demonstrate that the maximum deviations between simulated and measured
temperatures and voltages are 0.29 °C and 0.057 V, respectively, throughout the battery’s life cycle.
The average temperature rise rates of batteries with state-of-health (SOH) values of 95.03%, 89.97%,
84.54%, and 80.14% are 2.70, 2.45, 2.36, and 1.90 °C/min, respectively. The maximum root-mean-
square errors of voltage and temperature are 30.4 mV and 0.31 °C. After 500 cycles of AC heating, the
SOH degradation is only 2.2%, and the incremental capacity (IC) curves before and after the heating
cycles remain almost identical, with negligible changes in IC peak values, thereby verifying the safety
and applicability of the heating strategy as well as the validity of the model over the battery’s entire life
cycle. This study provides a technical foundation for the development of low-temperature heating
technologies for power batteries in electric vehicles.
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Table 5 RMSE of differentS battery temperature and voltage simulation
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95.03% 0.50 030 46.6 27.4
89.97% 0.56 031 36.6 20.2
84.54% 0.21 0.13 46.5 26.6
80.14% 0.47 0.20 51.1 304




N

16 (L7 i ==

XX &

4.2 BRI

B AR SCIIT il 2 A e PR AR IR
W, FEXTHL MR T 2R S MG S
A LB E LA TR IR NI, 43 Hr
PEI N IETJS () 3 S, 78 A0 RN 25 e 1
Tt (1C) M 2 A e oy v, b £t RS S kg
Ak

AR SCHEHLS,, H 95% Y 275 1 8650
PR A T ML RE AT, 1 TR
WA S 7 11 4 2 i o] SO A2 T i AR g
HEAT 500 RAIGAINAASLSS, T340 1194
MR 2.4 79569 1.5 C-100 Hz 32 I i #43 mis
PEATOEER B, PO Hb Ay S, 22tk fn
E 13 FiR o

96

e I T A RS
—— 1.5 C-100 Hz

=04

92 L . . L . . L . .
O S0 100 150 200 250 3 350 400 450 500
A

B3 RS i A b Bibs,, EAC
during the heating cycles

change of the battery

soh

1.5C-100Hz 119 32 It 7 #45F ms E 47
S0, HijthS,, BB, A,
50 RAGFR NG LS, 2R 23T T e £
SEFANPGREME ) 300 KGRI, 24k
SEAGER IR, HE S, Rk b e,
2o PR M A B, SR AR S E
) B A S I ISR S 7E 28021 500 PRI
PEIRINBIE , S, F I/ 2.2%.

HB A 25 B IR 22, 5 By
CERTIES 9 = A B = TSN oS W 5L G T
SEI JIE (%) A6 e B FE TG M4, JR I
SEIE A iR e LUS , THFE BTG 4 A
A, P A AR, A BT
T

LY 1 1C 2 TPk F b & Ak
F RN ERIRES AR, 2848 500 %
TRIRAE PR IS, F Y 1C fh et #]
14 7R

a0V (ah-vl

L L 1 " L L
2.6 2.8 30 12 16 R 40 4.1

||;|T\
B 14 HAFAmA AT )G e IC i 2
Fig.14 IC curves of the battery before

and after heating cycles

ME 40T LIE 1, it 500 RAEER
TG, R W o AR Y 1C 2R
HIC LT A 2Bk, 1C i —
AN IR . mERLE,
50 YA IR N AL 56 J5 Bir i A9 1C it Zerh
ARG E A AR /1N, S FE Sl P 9 T A e
FA WA B, 15 500 G IR
TR H RS AT R R 5

5 #Hig

ASCE XTSI A Ag an A  8
L AR I AIT TS, ST ek



FRARER, 45 AL SR Bl ) e it A A R I S I AR 5 17

B A SRR, il 4 T ] 4
FL L ) R4 4 2 SRS IARGRE W, ik
PEI IS A HE e BE ARk, 753
PIF FE4518

(1) dEINEPER 2R, 456
H L f RS AR TRt Ze vl i, 2 {b
SR AT 43 R R PR 5 S5
RIPEAT o B G o

(2) 7 A B PR AR G
AU, S [R) 2 Akl A R R R K
RMSE {E43 54 30.4 mV #10.31 °C, iIF
B TR R HERE

(3) il HL Yt 4 75 R A IR AR A
WM, 7] & Ak F b -~ i
TR N 1.9~2.7 °C/min, & BHIZ N
TR BN M B2 T L b AT IR A A s

(4) FEFIEF I A2 b oy f
S ZALFNIC Lk, SeUEpri i sg i
IR mS AL, ZUnE otk Ge
AT R 1k

RAAFTE T, X TFHMCEF AL
A AR BRI A] DIAUST S BN
SRR, SRR, FE—
A H b AR 2 1% 07 FH R AR 2 R0 )
B o RIS AS SRS S Z2 v i H R B 11
WAL, ORI ST TR 2K
oAb S s i

S Z 3k

[ 1] #MVESE, H&, BRarsn, 55 . %8R E L
PRI B T 05 42 201 07 L Ao L AR S AR
[0]. 74 % 52 3 K % %= i, 2024, 58(11):
39-51.
SUN J, DU R, CHEN L, et al. State of

[2]

[3]

[4]

[5]

[6]

[7]

Charge Estimation for Power Batteries in
New Energy Vehicles Considering Tem-
perature Fluctuations[J]. Journal of Xi’
an Jiaotong University,2024,58(11):39-51.
CHEN J, KOLLMEYER P, PANCHAL S,
et al. Experimental results of battery
power capability measurement on cells
with different state of health levels[J].
IEEE Transp. Electrification Conf. Expo.
(ITEC) (2024).

FERR, 90K, B AT, 45 IR T 42
FHAE L b B PASR I BIEE (D). 354 A,
2023,45(11):2014-2022.

XUE Q, LI J, XIAO Y, et al. Research on
the Preheating Strategy of Lithium Batter-
ies Under Subzero Temperature for Elec-
tric Vehicles[J]. Automotive Engineering,
2023, 45(11):2014-2022.

HUANG X, MENG J, JIANG W, et al. Al-
ternating current heating techniques for
lithium-ion batteries in electric vehicles:
Recent advances and perspectives[J]. Jour-
nal of Energy Chemistry,2024,96:679-697.
LI J, SUN D. Lithium-ion Batteries Mod-
eling and Optimization Strategies for Sinu-
soidal Alternating Current Heating at Low
Temperature[J]. Energy Procedia, 2018,
152: 562-567.

PR, PN, BOEZE, 45 PRS-
AR W A2 U AR RS e [J]. T
FAR4.,2019,34(9): 1798-1805.

HE X, SUN B, RUAN H, et al. A Variable-
Frequency and Variable-Amplitude AC
Low-Temperature Self-Heating Strategy
for Lithium-lIon Battery[J]. Transactions
of China Electrotechnical Society,2019,34
(9):1798-1805.

ZHANG L, FAN W, WANG Z, et al. Bat-

tery heating for lithium-ion batteries based



18

%

v
B
H—
3

XX &

[8]

[9]

[10]

[11]

[12]

[13]

on multi-stage alternative currents[J]. Jour-
nal of Energy Storage,2020,32,101885.

LI W, XIE Y, HU X, et al. An Internal
Heating Strategy for Lithium-Ion Batteries
Without Lithium Plating Based on Self-
Adaptive Alternating Current Pulse[J].
IEEE Transactions on Vehicular Technol-
ogy, 2023,72(5):5809 - 5823.

A, RTE, IR, 45 HLR T HUIBAR
TN DE J S i 23348 [0, Bl
PR T AR=#412,2025.

XIONG R, ZHU Y, ZHANG Q, et al. Re-
view on Research Progress and Applica-
tion of Low-temperature Heating Tech-
niques for Lithium-ion Batteries[J]. Jour-
nal of mechanical engineering,2025.
XUBHET, BRICH, HUERMG, <5 . fERE I HE R
TN A N A S A RS
[]. fRERL - 5K ,2025.

LIU M, CHEN W, SHEN Y, et al. Re-
search on Accelerated Aging and Safety
Characteristics of Lithium ion Batteries
for Energy Storage[J]. Energy Storage Sci-
ence and Technology,2025.

Kepfh, TEF, B, 5 B it
e PEREZE AL TS HE (D], 35 MR
(T 242h),2024.

SONG X, YU Z, XIAO Y, et al. Research
progress on performance changes of
lithium-ion batteries after aging[J]. Jour-
nal of Jilin University (Engineering and
Technology Edition),2024.

ZHANG Q, WANG D, SCHALTZ E, et
al. Lithium-ion battery calendar aging
mechanism analysis and impedance-based
State-of-Health method[J].
Journal of Energy Storage, 2023, 64:
107029.

BRIR, KNP, Bk, 45 Ry

estimation

[14]

[15]

[16]

(17]

(18]

[19]

B B A R ST R R (D). H
TR ,2024,48(04):554-567.

LI A, LIU D, CHEN Y, et al. Research
progress of electrical and thermal proper-
ties of lithium-ion batteries at different ag-
ing stages[J]. Chinese Journal of Power
Sources, 2024,48(04):554-567.

XU Z, L1 H, YAZDI M, et al. Aging char-
acteristics and state-of-health estimation
of retired batteries: an electrochemical im-
pedance spectroscopy perspective[J]. Elec-
tronics,2022,11(23):3863.

MESSING M, SHOA T, HABIBI S. Esti-
mating battery state of health using elec-
trochemical impedance spectroscopy and
the relaxation effect[J]. Journal of Energy
Storage, 2021, 43:103210.

ZHU S, HU C, XU Y, et al. Performance
improvement of lithium-ion battery by
pulse current[J]. Journal of Energy Chem-
istry,2020,46:208-214.

B, 297, ®AREE, S5 B st igod f2
(R B T H b - AR S AR D). 1
J1 AEhki% %, 2025,45(03): 33-39.
GENG C, PENG Q, MENG J, et al.
Coupled electro-thermal-aging modeling
for lithium-ion battery considering relax-
ation process[J]. Electric Power Automa-
tion Equipment,2025,45(03):33-39.
K, SRS, BEOTHE, SR R T HL-
-2 S B B 1 B T A et 5
FHL SR ME[J]. B F#5 1, 2020,43 (05):1078-
1084.

SHI Y, ZHANG Y, HONG Y, et al. Opti-
mized Charging Strategy of Li-lon Battery
Based on Electric-Thermal-Aging Cou-
pling Model[J]. Chinese Journal of Elec-
tron Devices, 2020,43 (05):1078-1084.
CHEN S, ZHANG Q, WANG F, et al. An



FRARER, 45 AL SR Bl ) e it A A R I S I AR 5 19

[20]

[21]

[22]

electrochemical-thermal-aging effects
coupled model for lithium-ion batteries
performance simulation and state of health
estimation[J]. Applied Thermal Engineer-
ing, 2024,239,122128.

FAN W, ZHU J, QIAO D, et al. Low-
Temperature Charging Strategy Optimiza-
tion Based on Electrochemical-Aging-
Thermal Coupling Model[J]. IEEE Trans-
actions on Transportation Electrification,
2025,11(1): 901 - 911.

QINY, DU J, LU L, et al. A rapid lithium-
ion battery heating method based on bidi-
rectional pulsed current: Heating effect
and impact on battery life[J]. Applied En-
ergy, 2020,280,115957.

SHEN K, CHEN L, FENG X, et al. Non-

destructive battery fast charging con-

[23]

[24]

[25]

strained by lithium plating and high tem-
perature limit based on simulation. Journal
of Energy Storage,2024,84(B),110896.

TRAN Y, HAN J, SONG S, et al. Solid
Electrolyte Interphase Stabilization Path
to Lithium Metal Plating-Free High-
Energy Lithium-Ilon Battery Under
Subzero-Temperature. of The
Electrochemical Society,2021,168,020529.
HAN X, LU L, ZHENGYY, et al. A review

on the key issues of the lithium ion battery

Journal

degradation among the whole life cycle[J].
eTransportation,2019,1:100005.

MATTHHIAS F, OLIVER B, SIMON R,
et al. A method to determine the specific
heat capacity of lithium-ion battery cells
using thermal insulation[J]. Journal of

Power Sources, 2023,583.



