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Fig. 2 Experiment object and equipment information
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Fig. 3 Test current
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Fig. 4 Curve of open-circuit voltage versus state of charge
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Fig. 5 Current and voltage curves of HPPC test at 80% SOC
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Table 1 Correspondence of model parameters with SOC
Fr RS A o0 DR AR P BH R (/mQ WAL HLBH R /mQ WAbHLZS C\/F WAL HLBH R,/mQ WAbHLZS Cy/F
0.95 0.412 680 0.009 940 1801 273.6 2.233 237 68 885.862 15
0.90 0.417 169 0.213 385 80 773.175 0.726 025 214 832.9792
0.80 0.420 720 0.188 980 82 327.660 0.776 393 179 477.662 7
0.70 0.427 608 0.241 812 63 761.686 0.692 447 227 174.944 4
0.60 0.430 090 0.277 654 51 677.499 0.646 236 286 614.754 8
0.50 0.433 822 0.226 183 65 700.708 0.678 413 235530.701 2
0.40 0.442 373 0.249 995 58 476.427 0.641 866 252 654.808 4
0.30 0.443 773 0.276 473 50 176.041 0.608 414 284 496.090 6
0.20 0.443 107 0.292 564 44 541.527 0.665 384 232 661.424 4
0.10 0.444 341 0.316 628 37 402.465 0.743 931 197 676.027 9
0.05 0.447 419 0.406 219 28 976.462 0.788 523 208 579.035 9

-100

, o
S 3T s00 -300 A

C/(x10°F)

CJ(x10"F)

() ZHuC,
K6 ZSHR,.R .R,.C,.CHSOCHS 1ML
Fig. 6 Variation of parameters R, R,, R,, C,, C, with SOC and /

LTI, BHBHR,. R, C,. R,. C,51NH
2 R BRI 5 R AN 2 T o

3.2 MASHKEIEE

KITABIEAE (KNN) E—F T R eEmdE S
BOR(E T, W TR0 5 G s = 5
5 B AL PR, 2B L B . R
{EL s B P AT 1) kA B O 5 A E 2 A - 24975
2, A SRR R L . AE 2RI T e
B BK R I T FRIIRIT FSA 81, Ao WA 114, RIS
BOA S, WAL 5 A 11 x 8 A, %M 5
AMERIBRG Agoe. THIXTIRFE . BARIX SAFME N
By T Sli = R N i R Y Sy A I P i i
FHF AL XA 1) 547

KNNBE RN . 15 AR (B S AR e As h
FIARER (Agoes 1), MIZ A B A HAT R A2 2. (A soc o
I)(m=12,---,11;n=1,2,--- 8) WK [CHE 1y

d(Asoc’[): \/(ASOC_ASOCm)2+(I_In )2 (18)
SRIG, BRI IR B R I kA ORSCUA=6), Xk
MEBSEAEIA TINACEY, SRR EA R
6 z,
2,

z=

(19)

bX;
Uy SR FHRE BB d, KA AR A
BEs 2, WA S AR SR

T ot X L 25 A4 (A 40 2 580 T i ek
i KA — B SO B S, S
BB R )M 4 [ S A T T S 2 B

4 AIBSHRRAEREITIES MK

AR B B IE T 8 SRR A ] T8 B H e A
BT EE ST .



34 BT, HOl, BET, U0, WE, HES PuBSCmlpiR e f i n] 28 S H0E M sE 5T 61
F2  BIRISECSAAT) R R
Table 2 Correspondence of model parameters with coefficients of equation (17)
NARE " . o
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p,.j.(l=0, 1,2,3; j=0,1,2,3)
Poo 4.460x10™" 4.151x107! —4.287 x 10* 1.846x107! 7.599 x 10°
Pio 1.062 x 107 —3.671x107* —-6.393x10 —2.220x107* 1.633 x 107
Poi -9.971x10™* —-9.472x107" 8.474 % 10° 9.624x10™" 1.731x 10"
P 1.553x 1077 -2.257x 107 4.791x10 —9.354x1077 —2.189 % 10°
Pu 2.136x 1077 3.365x107* 1.304x10? 7.963x107° —6.681 x 10°
Py —5.918x1072 1.609 —2.179x 10° -2.920 —6.959 x 10"
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P 2.480x1077 9.199x10°° —3.189x10? —1.700x107* 8.876 x 10°
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WK 8 f R .
4.1 1RBMMREREIIIE 36
B S IN AT AR S RO R 5 A% 5 [ S RO R A 34 ’ -rlrl ,
25 °CFR§5E HPPC 100 9 v FR BB BE ), 2B A= > 32k [
SR » . S 300 - - - EE RS SRR
0.8, Wkl fL ity 0.3C, 3 iR A Y g 38 U RICR an 5 %ﬁ%ﬁﬁ"{’ﬁ/ﬁﬁﬂ
7B, 5 SR U, AR T 500 205 i e L e
N 0 2 000 4 000 000 8 000
B A 2548 tls
334 200 :
i A B S o 0 | |
5
3.32F g 200+
g — - -HELA S R E 400!
I — - ~KE PR ES BRR S TR SR
830 {E5 0 SRk —600} 1 D165 2
— R ESE —80 . ) | f \ . ¢ y
3.28 - . - - . 2 000 4000 6 000 8 000
0 200 3?0 400 500 600 s
tls
s IS FERRIE T T SBTR IO ERE
_%%iﬁﬁ%% Fig. 8 Performance comparison between variable-parameter
> - = del der non-fixed conditions
g 10 % models un
. AE 55 [ s ST ‘ o . ‘
S 1% 228 Ah HLIISJE DL 0.5C I L, 2 )5 ' 60
' : , , , , , min fff L Ao FEZE 0.8, SR 5 HEAT 42 ik nir e I HPPC
9 00 200 =00 40 A0 600 D, PR TR () i P T A1 -5 S A 0 R 3

tls
K7 TERE LA N AESE G LSRR R PERE LA
Fig. 7 Performance comparison between constant-parameter
and variable-parameter models under fixed conditions

F 7RI, BT B a7 1 [ 8 SRR TE
broE 45 T e BB .l O PR R 2
(RMSE) ity 2 N E 5 SR 0 P 22 FRFE IS, A% 5 [
FE S BT RMSE B 4 0.005 8 V, il 44 25k
PR | T 4RI (S BU5 R ) RMSE {5451 4 0.008 2 V
F10.007 5V, mrln, B R TARE S5, LG
RUTRME S BRI AT AR A A R 22, DA T 56 T
AR AR X S Rl R A AR ELAT A A
—REANE 5 RS R AR S RO A TN R JEE J T  aEh
FALGARRY , H o A B AR AL A A ELS
ISR LA — e HERA T

K 0.5C 15 37 28 i 4 ik v L 3 HPPC 3K
05 I3 P A AR 2 B0 R e Yt i e TR A R R R

b D] AR — 3, A 0.5C FE 37 i L IX A 55 2C ik e
FEH AR AR 22T . HTEL A S BUE R k4R
THESHURI RMSE (535124 0.087 6 VF10.016 7 V.,

PR H DX, A IR (2 AR R 11 T DS
BI85 Tl E LA SER, R 0.5C U H
WJE T AR L, AR LA AR Y 2o A (A
B T BT SR, B2 5 s i T
B AR AR [ T ARAEAR 2 S BT 4 H e T
PERBZLEH AR T kI ABIR S BUETY . SR T CbrE
S, CHEEE T oMIG S S5, Tl i
RSB S, 1R T B X B SE
FIIR2E . BIHI7E 8 000 ~ 9 000 s X [A] Bk HL & 4T 2C ik
TR, TR C B Y B (B 28 AR (A5 B 8] 5 4L
T, RSN, BHASLE R, C, f v o TR Sz [ 48k, ek
{6 TR S S B0 R T T N S T A
M AR AR fy TR FINABGT, NS Ech



62 it et

2025 45 H

TLL, B B S BOINARENE, FeRlR e
s S5O0 A A8 PR B P 00 T B TR A

Zi BRTIA, XTI E TO0T B R RTINS
TESBRIPEREDL T ] A S HHRL, (B K AR E
TOL T2 Ha e

X F AR E A0 F 5 b 9, FASOR
XIbRsE A HEA TR AL, (A A SRR (R B A
TSI DU T X ARTE R E 2 2T AT 14 it vl s B e
T PE I 558 1 TS AR, E T kA SR A (E R
TIBGHE, FEbr g 2 B I i ey o e P00 BE 1 5
T MW AT 55

4.2 ETIEHIFEAERME NI

B X 0] AR S ORI AT %ol [ RE T 00 B S 8
{EARYTRIGE 7, AT R0 202447 F 2 H FXD3H 1
HIR A s A WL e dL WL 55 Be A T - g AL
A b st 2 268 ol R A AL St 1 3 1 5 5000 o A SR B R
FIRER A FPEREMN . HLGET T T 38 2H 12K
HEERHLRA, B RGHE R N3 A, IS
RN 55 2 3 IR s IR A, i RS
Fy L TEEITE 15 ~ 30 A, HUESHUEIR SR 3%
FhnEEG PR, BRSSO ALL L, H
INHLERRERIZL, BEAh, #2224 H 12805 /3 F1 22 B 17
XTHI RS T T 2T . T AL IE T TR AN
E (FE25°C EFFsh), Mg LI E A K& 5
PR AE MBS, R S A 500 DA TS TR0 T X 8 A A
P19 SR T PRI AR SRR S 22 5000 A L5 D

3.5

—— A SRR
sor __MOWEESEBUE Y
0 1 2 3 4 5 6 7 8
H(x 10¢s)
K19 AR SRR S 4 LA 1 L
Fig. 9 Fitting of variable-parameter models to real locomotive
data

RELE TR IR, WIS ERRKIR SR
— R I AERYE, LR TE A R S T T 5
BeJRisf i ol R, PIAMEE R TN R 22 B 7E 25 mV AN,
EAE i L T 0 AR (Y T P e A 22 . AR R AE S
BORTY 4 R PN 25, il T A S 8RR 1Y) RMSE
B0 0.029 4 V, ki 4B 4 {5 2 BB AL ) RMSE {5 0

0.025 4V, Al WX F A BAR AN TERE , kA4 (E
SRR BB T D SR

5 ZERiE

1R 58 — B S0 B T S HOR R LU iR R 4
AF T 0T R PERE,, DR A SCHE T etk i — B T
AR SRR, A2 B 2R S50 o7 IR S 06 2R 1 Sl
FEIABTIERNSHZIRE, A28 S 5058 Ge a8 BRI
AFHL I T 00T B HL o e, AR R B M T e 1 o
i o

ASCH R T B SR B RO R P
H 72 5 HPPC TR A i 568 0 45 /i it OCV 5
SOCEM R MEL, RGN THORBCRE; HEF
AR E /N R HHR LS T HPPC R 1
RIZHOHER, RAG TR N . LB S5 2 5018
S ASE Y ek, SRS R RS EAUG Tt
PG AT HRAGIEAD 5 IS5 58 P Fh AR S OB R A AN
[ T8N A EERBIRIE , 25 5% 7 P RS 780 X6 52 2 55040
B LR BR R TR 22 RMSE ¥/NF 30 mV, I HIE T kUL 4P
TR AR S RO RIPEREELL T il R A S B A
A SO AT A PR kAL L b T A8 2 BSOS AR 3L
BRI

KA, EHHEARSE I E AR E R IE, Xt
SR B A A TR E AR AL, T 2 X
WEIEPEAR K, $RTHAE S HOR A FONRS 5544
o [, % g T UL A AR S EOR R S T R 1
(] REAEAE A A Z2 T B B, X B0 it o A 24
HLAHRE TR IO e e Pk

SEHk -

(17 SR R 8h J f pR S THEFE [D]. B
TR R, 2022.

MA Liang. Study of state of charge estimation for lithium-
ion power batteries of electric vehicle[D]. Yinchuan: Ningxia
University, 2022.

(21 bl iy A S s . e T A S T P s TLAR R
JEFLR (2023 4E—2027 4F ) [J]. 3T BLIHE 2838, 2023(12):
8-14.

CAMET. Five-year development plan (2023—2027) of the
China association of metros[J]. China metros, 2023(12):
8-14.

(3] AROlNE, B, A= R, 55 . XU 5T P A58 4k Rk
K AL 5 PR A []. R AR ME AL, 2023(3% T 2):
53-59.

SONG Yehui, WEI Zheng, NIU Limin, et al. Opportunities
and challenges of green and low-carbon development in ur-
ban rail transit under the dual carbon goals[J]. Standardiza-

tion of engineering construction, 2023(Suppl 2): 53-59.



553

BT, MM, T, TR, GaaE, R

+ WU S AR B PR P T AL R g P RE DS 63

[4] HU Xiaosong, XU Le, LIN Xianke, et al. Battery lifetime
prognostics[J]. Joule, 2020, 4(2): 310-346.

[5] CHEN Zeyu, XIONG Rui, TIAN Jinpeng, et al. Model-
based fault diagnosis approach on external short circuit of
lithium-ion battery used in electric vehicles[J]. Applied ener-
gy, 2016, 184: 365-374.

[6] ZHU Feng, FU Jingqi. A novel state-of-health estimation
for lithium-ion battery via unscented Kalman filter and im-
proved unscented particle filter[J]. IEEE sensors journal,
2021, 21(22): 25449-25456.

[71 LUCAFERRI V, QUERCIO M, LAUDANI A, et al. A re-
view on battery model-based and data-driven methods for
battery management systems[J]. Energies, 2023, 16(23):
7807.

(8] R, mier, wlBH, 55 . 8l it S R0 B A B F S (D).
TRIRER SR SE, 2022, 41(1): 62-64.

GUO Xiangwei, GAO Yan, SI Yang, et al. Research on
equivalent circuit model for power battery[J]. Transducer
and microsystem technologies, 2022, 41(1): 62-64.

[91 EMR], Z=/INEE, REATDE . HH Ho o S 000 s A 5 fir IR
ASATFIM]. et HUBRCTL R, 2021
WANG Shunli, LI Xiaoxia, XIONG Liying. Lithium battery
equivalent circuit model building and state of charge predic-
tion[M]. Beijing: China Machine Press, 2021.

[10] EFARN . BT v Al 25 I B0 B 15 5l g e vl S5 A5 o i g

55 SOCA,TH[D]. BAR: P ACiH R, 2022.

WANG Qiansong. Equivalent circuit modeling of lithium-

ion power batteries based on electrochemical principles and

SOC estimation[D]. Chengdu: Southwest Jiaotong Universi-

ty, 2022.

B, AT EE R, ASERIE . I T 22 00 2 1) 50 ) v 3l R e

JEZEFRIM )5 0], H =4, 2023, 21(1): 151-158.

HUANG Shun, HE Jiawei, ZHENG Wangxiao. Prediction

method for power battery cell voltage difference based on

[1

—_—

neural network[J]. Journal of power supply, 2023, 21(1):
151-158.

[12] EAE, B, &1, % . 5T BP M ML s Esh
FrH AT, AL TR, 2024, 43(1): 400-406.
WANG Jinghan, LYU Jie, ZHAO Ding, et al. BP neural net-
work approach for heat generation rate estimation of power
battery for electric vehicles[J]. Chemical industry and engi-
neering progress, 2024, 43(1): 400-406.

[13] LI A . e A5 5 5K 2l 1 K5 3k K 20 174 1 2 P, el £t B AR
AFUMAFFE[D]. MIRIEE: MIRIEE Tl K4, 2022.

KONG Qingqing. Model-driven and data-driven lithium ion
battery SOH prediction research[D]. Harbin: Harbin Insti-
tute of Technology, 2022.

[14] Bidear . BT i AL/ B SRR A 1 1 i vl 2 AR 2
FETHD]. MR MR Tl K%, 2021,

HUANG Huangi. Aging state estimation of lithium ion bat-
tery based on electrochemical thermal coupling model[D].
Harbin: Harbin Institute of Technology, 2021.

[15] GIORDANO G, KLASS V, BEHM M, et al. Model-based
lithium-ion battery resistance estimation from electric vehi-
cle operating data[J]. IEEE transactions on vehicular tech-
nology, 2018, 67(5): 3720-3728.

[16] #RAkT, Fe7m, TRvkaE, S5 . 05 EOGF HG A R it S0
BT3B [I]. HL 51 ER, 2017, 54(2): 1-6.

XU Jianing, PEI Lei, XU Bingliang, et al. The equivalent
circuit model analysis based on simulation comparison[J].
Electrical measurement & instrumentation, 2017, 54(2): 1-6.

[17] E4E5i, 4505, Mis 5 BERR B i vt — B il 28 B2 1Y
BT[], U5 3E, 2024, 398(4): 23-27.
WANG Weigiang, CAI Fanchang, YAN Yunbing. Research
on the model of the second-order variable resistance-capaci-
tance of lithium iron phosphate battery[J]. Machinery de-
sign & manufacture, 2024, 398(4): 23-27.

(18] BEZGAE, WV, W8, 5 B B 73 ) i S HO R S L
SOC A [T]. 7 B R (T AR, 2019, 41(1): 62-69.
HUANG Juhua, YANG Zhiping, CAO Ming, et al. Parame-
ter identification and SOC estimation of Li-ion power bat-
tery in hybrid electric vehicle[J]. Journal of Nanchang uni-
versity(engineering & technology), 2019, 41(1): 62-69.

[19] FEPRIE, PME F . B FHEB0ARZS N T4 He th SOC A 55
AL AU 3, 2019(6): 92-95.

MU Zhenbo, SUN Huanwu. Lithium ion battery SOC esti-
mation algorithm based on index freeze factor[J]. Machin-
ery design & manufacture, 2019(6): 92-95.

[20] RANJBAR A H, BANAEI A, KHOOBROO A. Online esti-
mation of state of charge in Li-ion batteries using impulse
response concept[J]. IEEE transactions on smart grid, 2012,
3(1): 360-367.

[21] DE SILVA H, PERERA A S. Missing data imputation using
evolutionary k- nearest neighbor algorithm for gene expres-
sion data[C]/IEEE. 2016 Sixteenth International Confer-
ence on Advances in ICT for Emerging Regions. Negombo:
IEEE, 2016: 141-146.



64 it et 2025 45 J1

Research on the performance of variable-parameter models for lithium iron
phosphate batteries in rail transit systems

LIAO Ningbin', DU Chao', YANG Jiayu’, LI Xinfang’, ZENG Jiabo', JIANG Fengbing'

(1. Zhuzhou CRRC Times Electric Co., Ltd., Zhuzhou, Hunan 412001, China;
2. CRRC Dalian Co., Ltd., Dalian, Liaoning 116022, China)

Abstract: Complex multi-physics coupling processes occur within lithium batteries, and high-precision modeling can accurately de-
scribe the dynamic characteristics of these batteries, thus facilitating predictions regarding their state performance and degradation
trends. Lithium iron phosphate batteries have become the dominant battery type in the rail transit sector due to their advantages of high
safety and long cycle time. Based on a second-order resistor-capacitor equivalent circuit model, this paper proposes improved variable re-
sistor-capacitor parameter models that can change the main parameters according to the state of charge (SOC) and current value of batter-
ies, thus affecting the output of the models. Constant-current charging and discharging experiments, as well as pulse power characteristic
experiments were conducted on lithium batteries to identify the required model parameters using the nonlinear least squares algorithm.
The identified parameters were organized into tables, and the missing values were filled using the surface fitting tool and the k-nearest-
neighbor nonparametric interpolation algorithm. This enabled the parameter values to be adapted to battery operating conditions across
different SOC and current levels. The performance of the proposed variable-parameter models was verified, with the results indicating
that the root mean squared error (RMSE) of the models is about 8 mV under fixed operating conditions. Furthermore, the RMSE of the .-
nearest-neighbor interpolation model is about 20% of that of the surface fitting variable-parameter model under non-fixed operating con-
ditions. Finally, the models’ accuracy was tested using the real data from a new energy locomotive. The comparison results show that the
accuracy of the k-nearest-neighbor interpolation variable-parameter model surpasses that of the surface fitting model. This paper provides
a new modeling approach for second-order variable-parameter models tailored for lithium iron phosphate (LiFePO,) power batteries.

Keywords: rail transit; lithium iron phosphate; battery modeling; variable parameter; surface fitting
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