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Abstract: The precise identification of model parameters for lithium-ion batteries is crucial for the observing of
remaining battery capacity and extending the service life. However, traditional parameter identification methods are
often affected by parameter coupling, getting trapped in a local optimum, and other factors, which reduce the estimation
accuracy and subsequently lower the accuracy of the subsequent joint estimation. Therefore, an SOC-SOH joint
estimation based on a three-stage parameter identification method is proposed. In the first stage, an RC model with fast
and slow dynamic modules is constructed based on the internal dynamic characteristics of the battery. In the second
stage, the fast dynamic (FD) module uses the forgetting factor recursiveleast squares (FFRLS) adaptive parameter
identification method to identify the parameters R, R,, and C,; with a forgetting factor. In the third stage, the slow
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dynamic (SD) module uses the adaptive extended Kalman
filter algorithm (AEKF) for online parameter identification,
and combines the zebra optimization algorithm (ZOA) to
solve the local optimum problem and further improve the
accuracy of the parameter identification of U, R,, and C,.
Considering that battery capacity and battery state have
different time-varying characteristics, a multi-time scale
method is used for the SOC-SOH joint estimation to improve
the estimation accuracy. The simulation results show that the
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improved joint estimation method has better estimation characteristics than traditional methods in terms of average error and

maximum error of SOC estimation under different temperatures and operating conditions.
Keywords: Zebra optimization algorithm (ZOA); dual adaptive extended Kalman filter (DAEKF) algorithm; state of charge

(SOC); state of health (SOH); joint estimation
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Tab. 1 Basic parameters of lithium-ion batteries

L INR 18650-20R  ICR 18650-26F
TAEHE/V 2.50~4.20 2.75~4.20
FE HLHR/V 3.60 3.70
PR R/(AD) 2.0 2.6

30, 60, 90, 120s4 FhEFRIRE, F7E25 C. £

MEJR) 06 57538 US06(United States Environmental
Protection Agency 06 Driving) T./% F @M, {[5E
ZiRANE 6 MK 7 s, BARMEHRZENE 2,

1.2 : 5 ; ; ;
P e—TH
1.0 : 30s -
— 05
—90s
0.8 . : : _1205 ]
0.6
Q
o)
w
0.4
0.51
02 050 ....... . \
1o N ‘\.
0 0:48 i '\f\ -
Va7 ‘l
41100 4200 2300 i
-0.2
01000 2000 3000 4000 5000 6000 7000 §000 9000

it /s

B 6 25 CT US6 TRAEARERE SOC EitE
Fig. 6 SOC estimation results at different time scales under
USO6 conditionsat 25 C

1.04
1.02f
1.00
jan)
3
£ 0.98F
—E;‘Mﬁ
0.96 — 60 s
¥ —90s
T 120's
0 94 1 1 1 1
) 2000 4000 6000 8000 10000

i 1a)/s

B 7 25 CT US06 LRAERERE SOH f&itE
Fig. 7 SOH estimation resultsat different time scales under
US06 conditionsat 25 C

M1 6 IR 7 nTLAE A Y, 7ERs ) RO I
560 s Bf, ASCIHEFEZXT SOC 5 SOH Wit
BN HAUE, 454535 2 T3 60 s IF SOC &5 SOH
TR 2E /D, PIASSCEEXS INR 18650-20R
RS B R S LRI 60 s 1R RUEE

F2 25 °C USO6 TR TAEARERE SOC 5 SOH
HitiRE
Tab. 2 SOC and SOH estimation errorsat different time
scalesat 25 C US06

Lis SOC ¥y iRz SOH 7 i1 22
30 0.007 7 0.0190
60 0.006 9 0.014 8
90 0.008 7 0.0215
120 0.0105 0.0390

3.1.2 B ZOURRBENEIELZER

75 US06 TAUT, LA 3 iR Rl S50 PR I 2 4
TEFTHRS:, AnlEl 8~I&] 10 7R . 3% 3~3 5 4 US06
253 T FUDS(The Federal Urban Driving
Schedule) . 25 % 71illi DST(dynamic stress test) 3
P00 T ASFERREE R SOC 15222

0.10 .
— HIHE
0.95 ¥ A
———DAEKF
0.90 ——DEKF
0.85 \
0.80(— 0868 .
0.84 %
0.750:82 et i
T
070 50 550 600[650 700
Yo 200 200 600 800 1000

W)/
B8 -20 CTARHEEM SOC flitE
Fig. 8 SOC estimation results of different algorithms
at-20 C

0.8

0.6

SOC

0.4

0.2

.

U """ 47100 4200 4100"§ """" oo e

0.2

0" 1000 20003 00040005 000 6000 7000 § 000 9 000
sf il/s
B9 25 CTARHEXEM SOC fhitE
Fig. 9 SOC estimation results of different algorithms
at2s5 C



5594

e, %, T =MESEPRNHE S 7t SOC-SOH Beafilitt 139

0.2 i
0 0 1000 2000 30004 0005000 6000 7000 80009000

0.4

— Y

—BRERNE

—— DAEKF
DEKF

I E
1100 4 200 4 300 4 400 :

i} )/s

B 10 40 CTAREEZEM SOC fhitE

Fig. 10 SOC estimation results of different algorithms

Tab. 3 SOC estimation errorsat different temperatures

at40 C

Fz 3 US06 TR TARERE SOC MtitRE

under US06 oper ating conditions
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BA BRI 220 0.26%, AT DAEKF 5
DEKF [&MET 0.65%5 0.87%, Hx KigZEEET
0.60%5 2.46%. Pt BAHIETERFHEEEAR
T T X SOC Mk 1A BB &
#£6 25 CHAEIMRTH SOC fhit{E
Tab. 6 SOC estimation resultsunder different operating
conditionsat 25 C

SOC . A
. T o ; DAEKF  DEKF
US06 0.38 0.76 1.07
¥ FUDS 0.26 0.91 113
1R2E/% ’ ’ '
DST 0.41 0.94 1.06
3 US06 1.30 1.42 2.92
Bx FUDS 0.82 1.42 328
1R2E/% ‘ ’ ’
DST 1.05 1.41 231
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Fig. 13 SOH estimation results of different algorithms
under US06 working conditionsat 25 C
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Tab. 7 SOC and SOH estimation errorsat different time
scales under NEDC conditions at room temperature

L/s SOC iz SOH ¥y 5 il 2%
30 0.003 6 0.031 4
60 0.002 7 0.0159
90 0.004 2 0.019 3
120 0.004 5 0.024 2

TEZET 2 FORRIAL S A b I o] A& B, B
(B Rk 60 s B, 2 FfHL3AY SOC 5 SOH Mfiliit

RPN, AR5 3R 30] R #5925 — 2.



5594

e, %, T =MESEPRNHE S 7t SOC-SOH Beafilitt 141

AELER T [ HR s T i G B Bl TR A R 22 5, DR
Xof AU 2R 5 v e PR B ) RUBE N, T3R5 25 AN [ iy
1) RUPE ) 86 BT SR 14158 22 )i
322 REALIATFTEBER

X[ ICR18650-26F U5, TEH AT,
FTF NEDC. il hplir3h T4 UDDS(urban
dynamometer driving schedule). & 2\ BEATH £
Fr I 72 HWFET (highway fuel economy test)
3 R L OLHEAT R B RIE , 5 ELAE R A 16~
K19 s .

Pi P
400; : : : :
F 00@600?8007 {000 | i i

i i
0 02 04 06 08 10 12 14 16 1.8 2.0
B fE)/(10% )

B 16 NEDC TR TAREHE* SOC fhitfE
Fig. 16 SOC estimation results of different algorithms

under NEDC conditions

—

LOR i —— A
; ; i —DAEKF
0.8 Nl ——DEKE
5 ; ;
00.6 777777777777777777777777777777777777777777777777777777777777777
w1
0.4 067 FGs T N
0.66/*
0.65
[ 0 SO 2T ¥ e = S
0.63C- 4 .
7400 7800 8200 :
7 6008 0D0 i i
0 0.5 1.0 1.5 2.0 2.5

/(104 s)
E 17 UDDS TR TAREHE % SOC ffitE
Fig. 17 SOC estimation results of different algorithms
under UDDS conditions

F 5 AR AR, A5 — RS H A 3
J&, ARSCHHE T SOC A THEL RS B
BRA%IE, SOH (HAREL T HAWAER L B iy, ko
T R A A B — T A b R R
GFEITE L

_____________________________________

i R N N
3000 5000 7000

i :
0 1000

1
9000
2000 4000 6000 8000 10000
i /s

& 18 HWFET TR TARE#% SOC it
Fig. 18 SOC estimation results of different algorithms
under HWFET conditions

1.01
1.00
0.99
T 0.98
8 0.97
/ — e
096 — IR
0.95 —DAEKF
0 ——DEKF
1 L 1
0 4O 0.5 1.0 1.5 2.0

R ii)/(10*s)
19 E#iBT NEDC IR SOH flitf&
Fig. 19 SOH estimation resultsunder NEDC operating
condition at room temperature

T R RS T M SOC-SOH filiiRE B , A%
SCH SCARYE LR H A R R B R A b R
Tl 43 S5 R R | DS DR E S S S B
7] , 3 5% JH] FFRLS & AEKF BvE T2 5000,
I ZOA & HSH R B . AELIERE L, SR
DAEKF 8173 51l A AROWE 1 2 IR BE E 47 SOC-
SOH Bt A fliil, AR RE 225, =&t
KGEE . D EEEREM, EARFERS B RIEE
. ARFETAT, ARSCIITEXT SOC Hyfl i1k
FERGE, ARACT HAL S 8E A i+, SOH
AR RS BE L REAS AR UE o A R b 4 75y JEL D14
Pt e xR B L B0 E I R , BOAR SOR T 2
DA FL S FR 70 0 B S S — AN FLR R S
AT R AR G R AT, DUEINAR A



Eie o524 %

SE Wk

(1]

Zhang Shuzhi, Guo Xu, Dou Xiaoxin, et al. A data-driven
Coulomb counting method for state of charge calibration
and estimation of lithium-ion battery [J]. Sustainable
Energy Technologies and Assessments, 2020, 40: 100752.
Mohammadi F. Lithium-ion battery state-of-charge esti-
mation based on an improved Coulomb-counting algori-
thm and uncertainty evaluation [J]. Journal of Energy
Storage, 2022, 48: 104061.

FifRs, Yilicte. JET BP-ZMRINZ UKF ik
# SOC {11 [J]. iR, 2025, 23(3): 363-372.

Bai Junqi, Xian Yanhua. State-of-charge estimation based
on BP-multi-timescale UKF optimization algorithm [J].
Journal of Power Supply, 2025, 23(3): 363-372. (in Chinese)
MR #E, EH K RH. BT TCN-GRU-GAT (%L
FAMEAE T SOH Atk )], MR, 2026,
50(4): 672-680.

Shi Zhixin, Wang Yufei, Sang Yiyan. Digital twin lithium-
ion battery SOH estimation method based on TCN-GRU-
GAT [J]. Chinese Journal of Power Sources, 2026, 50(4):
672-680. (in Chinese)

RAe, BhaiE. ST BEE AR AdE Al DEKF-WNN-
WLSTM 481 it i (e HEBR S S Al T[], W CHoR
i, 2024, 39(5): 1565-1576.

Song Xianhua, Yao Quanzheng. Real-time state of health
estimation for lithium-ion batteries based on daily seg-
ment charging data and dual extended Kalman filters-
wavelet neural network-wavelet long short-term memory
neural network [J]. Transactions of China Electrote-
chnical Society, 2024, 39(5): 1565-1576. (in Chinese)
TN, EWINE, ST SR 2 RS ) PR S - R b
HUIR IR S A T 5L (0], P9 225858 R 27274k, 2021,
55(1): 78-85.

Li Lingfeng, Gong Minghui, Wu Jiang. Joint estimation
algorithm for state of charge of Li-ion battery with
multi-mode model [J]. Journal of Xi’an Jiaotong Univer-
sity, 2021, 55(1): 78-85. (in Chinese)

HIVLT, mkak, §7A, 4. R TiITREAIREE il
WIEIREE 2 A SOC 5l Ak A ]. T4

[10]

AR, 2023, 38(11): 3052-3063.

Shen Jiangwei, Gao Chengzhi, Shu Xing, et al. Joint
estimation of SOC and usable capacity of lithium-ion
battery with wide temperature and full life based on
migration model [J]. Transactions of China Electrote-
chnical Society, 2023, 38(11): 3052-3063. (in Chinese)
RV, TS ) A it AR SRS AR SE (D). B
fer R RS, 2020.

Wu Kuan. Research on modeling and state of estimation
of lithium-ion power battery [D]. Wuhan: Huazhong
University of Science and Technology, 2020. (in Chinese)
FEGEL, RIS, RO, T AR AR B
e SOC I ALRIRN]. TR, 2021, 16(1):
90-102.

Gao Mingkun, Xu Hailiang, Wu Mingbo. Review of SOC
estimation methods for power battery based on equivalent
circuit model [J]. Journal of Electrical Engineering, 2021,
16(1): 90-102. (in Chinese)

R, K B, 5 TG SEIRRAR TR
Ay TR DB I ) R R A HLARAS A TH[0]. A TEOR
24k, 2024, 39(2): 595-606.

Yun Xiang, Zhang Xin, Wang Chao, et al. State of charge
estimation of Li-ion battery using particle swarm optima-
zation extended Kalman particle filter based on joint
parameter identification [J]. Transactions of China Elec-

trotechnical Society, 2024, 39(2): 595-606. (in Chinese)

[11] Ouyang Tiancheng, Xu Peihang, Chen Jingxian, et al.

Improved parameters identification and state of charge
estimation for lithium-ion battery with real-time optimal
forgetting factor [J]. Electrochimica Acta, 2020, 353:

136576.

[12] Tang Ruoli, Zhang Shihan, Zhang Shangyu, et al. Model

parameter identification for lithium-ion batteries using
adaptive multi-context cooperatively co-evolutionary parallel
differential evolution algorithm [J]. Journal of Energy

Storage, 2023, 58: 106432.

[13] BZENE, 20K, BRoRME, 45, JETHRi SR-UKF AIHREg

FEhhdI SOC BEAATHI. TARER, 2021,
43(7): 976-984.
Zhang Junhui, Li Qing, Chen Dapeng, et al. Real-time

SOC co-estimation algorithm for Li-ion batteries based



591 e, %, T =MESEPRNHE S 7t SOC-SOH Beafilitt 143

and Astronautics, 2021. (in Chinese)
[21] B2, JE47 5. T WURE A (1 326 #E e /N — 3 K i )
P HLBHL IS HAELPHR[]. IR, 2025,

on fast square-root unscented Kalman filters [J]. Chinese
Journal of Engineering, 2021, 43(7): 976-984. (in Chinese)
[14] A, Pk, FE, % ETZ2hEmE s

i SOC-SOH Bk fliHI]. JLatBL T R4, 2023,
43(6): 575-584.

Wang Zhifu, Luo Wei, Yan Yuan, et al. Joint SOC-SOH
estimation for Li-ion batteries based on multi-method
fusion [J]. Transactions of Beijing Institute of Technology,
2023, 43(6): 575-584. (in Chinese)

(15] X g, WA, skEME, S8 S T4 By A o 4

HIEH) SOC-SOH BKA T[], M TH AR, 2023,
38(17): 4551-4563.

Zhao lJingying, Hu lJin, Zhang Xuechui, et al. Joint
estimation of the SOC-SOH based on lithium battery
model and fractional order theory [J]. Transactions of
China Electrotechnical Society, 2023, 38(17): 4551-4563.
(in Chinese)

[16] Zhang Cheng, Allafi W, Dinh Q, et al. Online estimation

of battery equivalent circuit model parameters and state
of charge using decoupled least squares technique [J].

Energy, 2018, 142: 678-688.

[17] Yang Zhao, Wang Xuemei. An improved parameter

identification method considering multi-timescale charac-
teristics of lithium-ion batteries [J]. Journal of Energy

Storage, 2023, 59: 106462.

[18] XUmsd, ER, MER, % Tt FFRLS k09

HLES T RIS EORA]. IR, 2022, 46(6): 657-
660.

Liu Xiaojing, Li Jianliang, Nan Zhongliang, et al. Parameter
identification of Li-ion battery based on improved FFRLS
algorithm [J]. Chinese Journal of Power Sources, 2022,

46(6): 657-660. (in Chinese)

[19] Dai Haifeng, Xu Tianjiao, Zhu Letao, et al. Adaptive

model parameter identification for large capacity Li-ion
batteries on separated time scales [J]. Applied Energy,
2016, 184: 119-131.

[20] 440, 4R ESFHa3th iy SOC Fl SOH A& 1y &2 A BvE Y

[D]. PR RIMIZS AR KA, 2021.
Xu Shuai. Study on composite algorithms of state-of-
charge and state-of-health estimation for lithium-ion

battery [D]. Nanjing: Nanjing University of Aeronautics

23(3): 343-353.

Bao Mingkun, Zhou Yangzhong. Dual-model-based
recursive least squares online identification of electrical
parameters of permanent magnet synchronous linear
motor [J]. Journal of Power Supply, 2025, 23(3): 343-353.
(in Chinese)

[22] &A%, WL, HOEH, &5 RN T RN Ak

PEREEES T ot S H(T]. i, 2023, 53(6): 629-633.
Zhao Zhuan, Cao Yilong, Du Junli, et al. Identification of
Li-ion battery parameters by forgetting factor recursive
least square method [J]. Battery Bimonthly, 2023, 53(6):
629-633. (in Chinese)

NS, EHEE, B, 55, BT R/RS IR AR
B PR ()], SN SRR, 2022, 41(10):
39-44, 64.

Li Haonan, Li Qixuan, Ni Zan, et al. Research on control
strategy of sun tracking device based on Kalman filter [J].
Research and Exploration in Laboratory, 2022, 41(10):
39-44, 64. (in Chinese)

RN, XVEEME, AR ShAS TOUBLT 3 ) B b
BESHRTNED] IR EOR, 2022, 45(14):
103-108.

Li Hongpei, Liu Guixiong, Deng Wei. Modeling and pa-
rameter identification method for power lithium batteries
under dynamic working condition simulation [J]. Elec-
tronic Measurement Technology, 2022, 45(14): 103-108.
(in Chinese)

[25] TrojovskaE, Dehghani M, Trojovsky P. Zebra optimiza-

tion algorithm: A new bio-inspired optimization algori-
thm for solving optimization algorithm [J]. IEEE Access,

2022, 10: 49445-49473.

[26] P2y, RTR, XURE, 55, BT 2 RE A 1

LR SIS Al 0] AR IR A, 2018, 39(8):
118-126.

Yin Xuehao, Song Yuchen, Liu Wang, et al. Multi-scale
state joint estimation for lithium-ion battery [J]. Chinese
Journal of Scientific Instrument, 2018, 39(8): 118-126.
(in Chinese)



144 i, T

E 4 %524 %

[27] Wik, JfH, BfCR, 5. BT IMDEKF (1 SoC-SoH HE#A
). SRR SR, 2021, 40(7): 111-115, 139.
Hai Tao, Fan Heng, Lu Daigiang, et al. SoC-SoH joint
estimation based on IMDEKEF [J]. Research and Explora-
tion in Laboratory, 2021, 40(7): 111-115, 139. (in Chinese)

[28] FRsfestk, XS4, BB H AR BF A i 5 o R R KL

BB G RE[T]. HETEEIAR, 2025, 49(1): 57-66.
Chen Binglin, Zhao Jingquan. Research progress on
influencing factors and mechanisms of cycle life of
lithium-ion batteries [J]. Chinese Journal of Power
Sources, 2025, 49(1): 57-66. (in Chinese)

[29] % £, S5, T DAEKF B n4 8 7t 32 38
AREELIBSAGTT[I]. B TR 4R (A AR B
), 2023, 51(1): 84-94.

Luo Yutao, Wu Zhigiang. Online joint estimation of main
states of lithium-ion battery based on DAEKF algorithm
[J]. Journal of South China University of Technology
(Natural Science Edition), 2023, 51(1): 84-94. (in Chinese)

[30] Xiong Rui, Sun Fengchun, Chen Zheng, et al. A data-
driven multi-scale extended Kalman filtering based
parameter and state estimation approach of lithium-ion
polymer battery in electric vehicles [J]. Applied Energy,
2014, 113: 463-476.

EE BN

BAEER(1978— ), Z, 1+, Hl
oz, I ARE MRS, 25
AREIE RS S AL A E o B-mail :
jmhou@nuist.edu.cn,
: ERiE(2000— ), B, EfEES,
8 LB BT AR
224> E-mail: 2659353390@gqq.com.

AEEEE(2000— ), B, BI-LEIS
A BFE DT I SEAREIR RGEMLALIRE
E-mail: 1659301644@qq.com,

W (1999— ), 2o, Bi-EESE
e, WFFETT I : LR REIR R AL IR
E-mail: 2497732960@qq.com,

ARG FVIEH)

(L35 76 W)
PNRERESAERFTANL: GB/T 40432—2021[S].
et T EBRE L, 2021 1-28.
State Administration for Market Regulation, Standar-
dization Administration of China. Conductive on-board
charger for electric vehicles: GB/T 40432—2021. Beijing:
Standards Press of China, 2021: 1-28.

[29] Zhang Junwei, Liu Bin, Tan Zhukui, et al. A novelty
detection method for non-intrusive electric bicycle chargers
[C)/ 2023 3rd International Conference on Electrical
Engineering and Control Science (IC2ECS). Hangzhou,
China, 2024: 1000-1006.

fEE T

T4E(1988— ), W, HEEEY:
e, W, R, 505 B
PNRETLTRBEAR, BITBRTHA,
E-mail: 1187002466(@qq.com,

¥(1999— ), H, W,
fHFFE 7 160 - B 7 HELF o E-mail : 221812088
@njnu.edu.cn,

TEHAEA1995— ), F, W-ER
Mo W57 BT, E-mail: 1361
374914@qq.com,

MEF(1992— ), B, WL
Ao WEFE A Ia) . B ST HF . E-mail :
15605199081@163.com.

(STt INES)



