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ABSTRACT Accurate real-time temperature prediction in electrochemical energy storage systems plays a critical role in enhancing
battery performance, extending lifespan, and preventing thermal runaway, a major safety concern. Proper thermal management ensures
uniform heat distribution, which is essential for optimizing efficiency, safety, and reliability. However, obtaining comprehensive real-
time temperature data for large-scale battery systems is challenging due to the high costs, complexity, and impracticality of deploying
extensive sensor networks. This challenge highlights the need for data-driven methods to infer complete temperature fields from sparse
measurements, addressing the inverse problem of temperature reconstruction. This study presents a data-driven approach using the gappy
proper orthogonal decomposition (Gappy POD) algorithm, a reduced-order modeling technique, for real-time temperature monitoring of
large-scale battery modules. Gappy POD is particularly well-suited for scenarios with limited sensor data, as it leverages spatial
correlations to reconstruct the full temperature field. The proposed methodology is validated through experimental data collection and

numerical simulations of large-format prismatic battery modules, which capture the thermal behavior of the battery thermal management
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system and support the development of a digital twin of the energy storage system. To maximize data efficiency and minimize
computational costs, we employ the Latin hypercube sampling (LHS) method to design a small but representative temperature database.
This database captures essential thermal characteristics of the battery module, allowing for accurate temperature predictions without
exhaustive simulations. The Gappy POD algorithm is further enhanced by incorporating a correlation coefficient filtering technique,
which identifies a minimal set of optimal measurement points to ensure high accuracy in the reconstructed temperature field while
reducing sensor requirements. In our experiments, we used temperature data from only eight surface measurement points to reconstruct
the temperature distribution across 48 battery cells, covering 240 internal and external temperature points. The results show that the
reconstructed temperature profiles closely matched actual data, demonstrating the effectiveness of the Gappy POD algorithm. The
reconstructed temperature curves showed a strong temporal correlation with the measured data, even under varying conditions. However,
near the liquid cooling plate, where temperature gradients are more nonlinear, reconstruction error increased slightly. Despite this, the
maximum absolute error remains within 0.3 K, highlighting the robustness of the method. This slight error increase is attributed to the
complex heat transfer dynamics near cooling interfaces, which pose challenges for most data-driven models. This study highlights the
effectiveness of the Gappy POD algorithm in managing the thermal dynamics of large-scale energy storage systems in real time. By
minimizing the need for extensive sensor networks and reducing computational costs, it provides a resource-efficient solution for
accurate temperature monitoring and control. The integration with a small-sample database further enhances its applicability to large-
scale systems. These insights pave the way for developing digital twins, which facilitate predictive maintenance, fault detection, and
optimized operational strategies. Accurate temperature reconstruction is crucial for building these digital twins, providing a solid
foundation for their future deployment. Integrating Gappy POD with other models can improve the overall efficiency, safety, and
reliability of energy storage systems, driving advancements in smart and sustainable energy management solutions.

KEY WORDS energy storage battery module; Gappy POD method; reduced order model; small sample database; digital twin
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Fig.1 Three-dimensional model of a lithium battery module using the

liquid cooling system
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Table 1 Material parameters for numerical modeling

Heat conductivity coefficient/(W'm "K'

Geometric dimension/mm

Material Density/(kg'm®)
Lithium iron phosphate battery 2094.54
Thermal conductive silicone 2380

Aluminum liquid cooling plate 2719

10.90(x)x1.20(y)x 13.69(z) 174.70x207.00x71.65
2.00 730%857%2.6

202.40 730%1079.3x16
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Table 2 Conditions for Latin hypercube experimental design

Experimental condition

Battery number
Condition 1 Condition 2 Condition 3 Condition 4 Condition 5 Condition 6 Condition 7
1 1 2 1 2 3 3 1
2 2 1 3 1 1 1 3
3 1 2 2 1 2 1 2
4 2 1 2 3 2 1 1
5 3 3 3 3 3 1 3
6 3 2 2 2 2 2 1
7 2 2 3 2 1 3 2
8 3 1 1 3 3 3 2
9 2 2 2 1 3 3 1
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F2(8)
Table 2 (Continued)

Experimental condition

Battery number

Condition 1 Condition 2 Condition 3 Condition 4 Condition 5 Condition 6 Condition 7
10 1 1 2 2 2 3 3
11 3 1 3 2 2 2 2
12 2 3 2 3 2 1 3
13 1 1 1 2 1 1 1
14 2 2 3 3 2 2 2
15 2 3 3 2 2 3 3
16 2 1 2 3 3 2 2
17 1 1 3 2 1 2 1
18 2 3 1 2 3 3 2
19 2 1 1 1 3 2 3
20 3 1 2 2 1 1 2
21 2 3 3 2 3 2 2
22 2 3 1 1 1 1 2
23 1 2 2 2 1 3 3
24 3 2 2 3 3 3 3
25 1 2 1 1 1 2 2
26 3 1 3 3 1 3 1
27 3 3 2 3 1 2 1
28 1 3 1 2 2 1 3
29 1 2 1 1 3 2 2
30 1 1 2 3 1 3 2
31 1 2 1 2 1 3 3
32 3 1 2 2 3 1 1
33 3 2 3 1 2 1 1
34 2 1 3 1 2 2 2
35 1 3 2 3 1 3 3
36 3 3 3 1 3 2 3
37 3 3 1 2 2 1 1
38 3 3 1 1 2 2 3
39 3 3 3 1 2 1 3
40 3 3 1 1 3 2 2
41 2 3 2 1 3 1 2
42 1 2 3 2 1 3 1
43 2 2 3 3 2 2 1
44 3 2 1 3 3 3 1
45 1 1 2 3 2 2 1
46 2 1 1 1 2 3 3
47 1 2 2 3 1 2 1
48 1 3 3 1 3 1 3

Note: 1—5000 W-m*; 2—10000 W-m*; 320000 W-m .
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Table 5 Real-time temperature reconstruction results of the battery module using the optimal point-based gappy POD algorithm

Temperature points classification AVE CCOE
External surface temperature points 0.050815 0.042045 1
Internal temperature point 0.25049 0.23008 0.99999

T 12 T AT Py AR O 22 0 gk Ui 0 1 B 8 iR
(RIPSRTN SN T CE A VA R
ZANT OB UE T 00, N 13 s, Hop i iy
78 B S TR U Tk JBE BB I 1) 9 728 AR 17 D0 285 5 i Y
R RLIET T Gappy POD Bk S, K EAEH S5 B
SEAEHEAT X H, % H Gappy POD 57345 i S AL RE 7.

Static temperature/K

342
339
336
333
330
327
324
321
318
315
312
309
306
303
300

2dy

B 13 AR A UE T R A IR R B A A 1

Fig.13 Temperature distribution of the battery module in steady state

under verification conditions

B 5 R 1, 22,29, 42 SO EG S 25
T BEAE SRy H b ) L SV R AE. R FH Gappy POD &
53 ) X2 DU B A e Tt E A AN A5 A S R

BRI TR, B 14 1, (). (). (e) Fil (g) HHL
b P 0 B 3 A% 0 YR P T A (1 5 2 P T A R st
6] A AR 4k /2%, (b). (d). () FI (h) > 4% 10 o 3 B
(O E R 2 KR 22 . nT LR L, DU g 5 4 R Tt 43 1)
Ab A TR) A T R IR 2%, D WA )3 B 45 1 Gappy
POD 32 5 A4) Y 13 i P 1] 725 1k il 2 BE 96 AR 47 1)
A S o R St T B R IRD B AR Al i 2R, BT AR A
RPN AE T NI AR 2R F, O, @,
G FN@ N 5 B 88 I IV A A, o 4 90 1% 2
Wi Bt [0 ) 78 Ak I S /N, @I A A L b S
VRCVA WA 2% M ) T, AL JE A A R B A ), E A
ek B 1% 22 i s ) %) A% Ak I8 3h A K, H: R i it 1 o
KiRZH 0.3 K, A Kk d b 5 B 19 0.6%, ELA &
i EE 1 = A T i

4 ZHig

RSB Gappy POD 5415 51 A 3] K B 4% BE Ha
b R 45 1) S B I R W, 4 3 A S 0 A Al AR
{EL {5 ECAH 25 6 40 8 i R FL St B30 (0 ECASE AR, 3 2
a3 P A TR S B AR TR it 3R 1 IR R 5 B S R
RN YA RS A 2 R N a WA Y A R T EE R
Brisi sy, SRS, 456 A0 ¢ R 850 8 v i 1k 1 /D i
PE I p5 2R FH 35 F [ B 5 7Y 1Y Gappy POD &1k,
Fa 52 4= T T KA A B H b PR A 2 R 8 1 S 1t



212 - Iﬁﬂ’%%ﬁ, % 47 %, gﬁ X %ﬁ

308 0.12
@ s M (b) —=— Reconstruction absolute error
o7 _peeeR $\5 No.1 battery  —e— Reconstruction absolute error
] 0.10 | heat flux: s Reconstruction absolute error
306 | peeee o 5000 W-m™  —¥— Reconstruction absolute error
% | - AS 0.08 1 —#— Reconstruction absolute error
= 305 =
g =
o 04 g oemeoeeees ‘g 0.06 F
= e
= e® — Actual value I
g 303 f —— Actual value §
=% —— Actual value o 0.04 1
g 302} —— Actual value =}
[2 No.lbattery  —— Actual value =
301 heat flux: O Reconstructed value 5 0.02
5000 W-m™ O Reconstructed value a,
©  Reconstructed value =]
300 [ O Reconstructed value O ot
O Reconstructed value =
299 L L L L L L L L L L L L
0 4000 8000 12000 16000 20000 0 4000 8000 12000 16000 20000
Time/s Time/s
328 0.30
© v @
324 5 025f
5
N L
g 320 § 0.20 +
=
3 T eesoosseecoece 2
A B e E o1st
) o® 17
= = Actual value I=1
% 3121 o2z —— Actual value 8 0.10
= 0.22 battery  —— Actual value o . I
5] =
heat flux: —— Actual vall
E‘ 308 - 10000 W-m™> = A;ﬁ:l Y/Zlﬁz 2 —=— Reconstruction absolute error
o o] g 0.051 No.I battery  —e— Reconstruction absolute error
= 304 + o Reconstructed value b5} heat flux: 4 Reconstruction absolute error
O Reconstructed value a, L 5000 W-m™  —¥— Reconstruction absolute error
©  Reconstructed value =] 0 —@— Reconstruction absolute error
300 O Reconstructed value o
©  Reconstructed value =
L L L L L L —0.05 L L L L L
0 4000 8000 12000 16000 20000 0 4000 8000 12000 16000 20000
Time/s Time/s
324
e eeeTeoTo o
01t E 0.25
318 S 5
M = 020
[} g o
,% 315 4 — Actual value k3
—— Actual value
n.>) 312+ No.29 battery . Actual value ‘g 0.15
= heat flux:  — Actual value 5
‘é‘ 309 b 10000 W-m™  —— Actual value 3 0.10
o | B e eeeeeeeStSOOTOTTTTTTT = .
g |  # et
s 306 S 8 Egggﬁzgﬁggg x:}:g g —a— Reconstmct@on absolute error
[2 O Reconstructed value = 0.05 + No.29 battery —®— Reconstruction absolute error
303 O Reconstructed value 5 v heat flux: ~ —*— Reconstruction absolute error
©  Reconstructed value .
=3 10000 W-m= — ¥ Reconstruction absolute error
L g —&— Reconstruction absolute error
300 e of
0 4000 8000 12000 16000 20000 0 4000 8000 12000 16000 20000
Time/s Time/s
324, oemees
(g) ‘,»--" % 025+ (h) —=®— Reconstruction absolute error
321+ PPN g —8— Reconstruction absolute error
= 5 —4— Reconstruction absolute error
E 318 + = 020 —¥— Reconstruction absolute error
g g —— Reconstruction absolute error
= 315+ 3]
> £ 015}
2 312} z
% AR S
g 309 - A i 7 —— Actual value 2 0.10r
Y 2 —— Actual value et
g 306 —— Actual value E
[ —— Actual value s F
303 b No.42 battery O Reconstructed value ) 0.05 No.42 battery
heat flux: ©  Reconstructed va%ue g heat flux:
m> O Reconstructed value .
300 3000 Wm O Reconstructed value o 0r 5000 W-m
O Reconstructed value =
0 4000 8000 12000 16000 20000 0 4000 8000 12000 16000 20000
Time/s Time/s

B 14 T 8 A5 ) Gappy POD S3EXFBGAIE T.50 I H b i BE Sy ul
Fig.14 Real-time prediction of battery temperature under verification conditions using the Gappy POD algorithm with 8 optimal measurement points
MEE, I3 7 LU 458 4 T R AR i B P v AR AT Sy 1A R RN
(D) FL TR St ae i LD A S0 AR, A HOA A — Bk, RS b BA R



St A R A ¢ T/ D S X 3 ) AR A L L i A 2 L R S N

FNE M 2 T 00 A b U B I 2R B0 o A DR 4R AR
I FE AR B AE S, S8BT 2R B A
BF ) A, Shy RIS Rl P S A A B 2R 9 ) S e
TR W PR T AR R R R

(2) 4 A AH ¢ &R Bt U 2k 1Y Gappy POD % 1%
AT S B LA /D v A 3 T D0 A5 IR R T A SRR R
25 FL LAY PN BB A O B 3R T 22 I AR B, AR DTS
BT DA R 8 NI SR EE B i A T 48 A
3 240 A~ Py SN G EE Y B Ar, B A R IR
Wi B ] 174 722 Ak it 4 5 H b ) S B iR R B B R
AHOGOC ZR, 78422 30 W v A Ak i) ek 32 A 2 M R T
5o, L A 68 X% 2 U B A TR i, Hi R KR 25
Rt 0.3 K, ] Gappy POD 5516 X% Hi, jib I3 i fiE %
SRR v P EE P R R R S S I 6B

F T 25 A RS2 6 1Y) 52 e B IR AR, A SC i il
FH O B DI e A e 32 258 2o 1 57 CFD $5{A
BEALRAS . A X MO A e T T JACR, (H
FH B Z R, 56 S0 00 B8040 i 7 B A RS 1 PR i
PABE Y (4 {7 FCECHE T BLnT Sk Rk, T — 2 A
Y44 B BCTE O Ak FR St BB AR, DL S B e el 3R TR
55U BE I EE AL, AT B v I 0 ) R
BERATEEME. A, E XA H b BT AR TR TR
B &AL, AR IRE I A A & N R
W, DA N L PR SOC ., Tl FEL A 238 b R I 2 A2 Ak
B S R R A S oKL a4 A S I AR S R
{E AR, i — 2 50 UE F1 42 F+ Gappy POD 8.7k Y &
BEPE A WP, SRy R R A B R 4 A A B A A1
ARSCHE.

Z £ x #t

[1] An F Q, Zhao H L, Cheng Z, et al. Development status and
research progress of power battery for pure electric vehicles. Chin
J Eng, 2019, 41(1): 22
(Zaom, it Reaks, 55, Al 3 4 e T Lt R R BUIR 5
WFFEERE. TRERLA2AAR, 2019, 41(1): 22)

[2] Kebede A A, Coosemans T, Messagie M, et al. Techno-economic
analysis of lithium-ion and lead-acid batteries in stationary energy
storage application. J Energy Storage, 2021, 40: 102748

[3] Zhong G B, Wang Y P, Wang C, et al. The review of thermal
management technology for large-scale lithium-ion battery energy
storage system. Energy Storage Sci Technol, 2018, 7(2): 203
(BRI, R, M, 55, KA 7 i s RO G
TR ARDLR T, fHAERF -5 HR, 2018, 7(2): 203)

[4] WangS, DuZM, Zhang Z L, et al. Research progress on safety of
lithium-ion batteries. Chin J Eng, 2018, 40(8): 901
(B, FEEW, kAR, 25 B T Z 2T . T/
Bl2E2#4, 2018, 40(8): 901)

(5]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Chen G X, Sun X Z, Zhang X, et al. Progress of high-power
lithium-ion batteries. Chin J Eng, 2022, 44(4): 612

(BRUBTR, PhBUAR, TR AE, 25 5 D24 g 1 i i Pk e, TR
Fl2#2EdR, 2022, 44(4): 612)

Liu H Q, Wei Z B, He W D, et al. Thermal issues about Li-ion
batteries and recent progress in battery thermal management
systems: A review. Energy Convers Manag, 2017, 150: 304

Patil M S, Seo J H, Panchal S, et al. Investigation on thermal
performance of water-cooled Li-ion pouch cell and pack at high
discharge rate with U-turn type microchannel cold plate. Int J Heat
Mass Transf, 2020, 155: 119728

Yu K M, Chen W, Deng D R, et al. Advancements in battery
monitoring: Harnessing fiber grating sensors for enhanced
performance and reliability. Sensors, 2024, 24(7): 2057

Kim H J, Lee J H, Baeck D H, et al. A study on thermal
performance of batteries using thermal imaging and infrared
radiation. J Ind Eng Chem, 2017, 45: 360

Zhang S W, Wang H, Chen P, et al. Overview of the application of
neural networks in the motion control of unmanned vehicles. Chin
J Eng, 2022, 44(2): 235

(sesyak, A, BRMG, 5. #2200 28 76 T N2 B 4 453 gl ol
MR HERIR. TR A2, 2022, 44(2): 235)

Kheirkhah-Rad E, Parvareh A, Moeini-Aghtaie M, et al. A data-
driven state-of-health estimation model for lithium-ion batteries
using referenced-based charging time. /EEE Trans Power Deliv,
2023, 38(5): 3406

Yang R X, Xiong R, Shen W X, et al. Extreme learning machine-
based thermal model for lithium-ion batteries of electric vehicles
under external short circuit. Engineering, 2021, 7(3): 395

Wang Y C, Xiong C, Wang Y M, et al. Temperature state
prediction for lithium-ion batteries based on improved physics
informed neural networks. J Energy Storage, 2023, 73: 108863
Jaliliantabar F, Mamat R, Kumarasamy S. Prediction of lithium-
ion battery temperature in different operating conditions equipped
with passive battery thermal management system by artificial
neural networks. Mater Today Proc, 2022, 48: 1796

Miao L, Li Q, Jiang Y, et al. A survey of power system prediction
based on deep learning. Chin J Eng, 2023, 45(4): 663

CH %, 2988, 9 L, A DR I TE L ) R GE T vh i BT T
FEb2A4, 2023, 45(4): 663)

Wang Y L, Chen X J, Li C L, et al. Temperature prediction of
lithium-ion battery based on artificial neural network model. Appl/
Therm Eng, 2023, 228: 120482

Kleiner J, Stuckenberger M, Komsiyska L, et al. Real-time core
temperature prediction of prismatic automotive lithium-ion battery
cells based on artificial neural networks. J Energy Storage, 2021,
39: 102588

Jiang L, Yan C K, Zhang X S, et al. Temperature prediction of
battery energy storage plant based on EGA-BILSTM. Energy Rep,
2022, 8: 1009

Everson R, Sirovich L. Karhunen—Loéve procedure for gappy data.


https://doi.org/10.1016/j.est.2021.102748
https://doi.org/10.3321/j.issn.1001-053X.2022.4.bjkjdxxb202204014
https://doi.org/10.3321/j.issn.1001-053X.2022.4.bjkjdxxb202204014
https://doi.org/10.3321/j.issn.1001-053X.2022.4.bjkjdxxb202204014
https://doi.org/10.1016/j.enconman.2017.08.016
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119728
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119728
https://doi.org/10.3390/s24072057
https://doi.org/10.1016/j.jiec.2016.10.003
https://doi.org/10.3321/j.issn.1001-053X.2022.2.bjkjdxxb202202009
https://doi.org/10.3321/j.issn.1001-053X.2022.2.bjkjdxxb202202009
https://doi.org/10.3321/j.issn.1001-053X.2022.2.bjkjdxxb202202009
https://doi.org/10.1109/TPWRD.2023.3276268
https://doi.org/10.1016/j.eng.2020.08.015
https://doi.org/10.1016/j.est.2023.108863
https://doi.org/10.1016/j.matpr.2021.09.026
https://doi.org/10.1016/j.applthermaleng.2023.120482
https://doi.org/10.1016/j.applthermaleng.2023.120482
https://doi.org/10.1016/j.est.2021.102588

TRERLF2ER, 26 47 5, 5 x

[20]

[21]

[22]

J Opt Soc Am A4, 1995, 12(8): 1657

Li TY, Buzzicotti M, Biferale L, et al. Reconstruction of turbulent
data with gappy pod method. Chin J Theor Appl Mech, 2021,
53(10): 2703

(&K —, Buzzicotti M, Biferale L, . Gappy POD Jy & H 4] it
RIS, J17774l, 2021, 53(10): 2703)

Yuan Q Y, Xue K, Zhang B, et al. Gappy POD algorithm for
reconstructing the core temperature of energy-storage battery
packs and its comparison with BP neural network prediction
ability. Chin J Eng, 2024, 46(1): 166

BT, B, %10, 5%, Gappy POD Bk S F ik REH 41 A% 0
RBE K5 BP Bl 2: [0 25 T500 B8 7 %t HE . TRERLSA 2444, 2024,
46(1): 166)

Joseph V R, Gul E, Ba S. Designing computer experiments with

(23]

[24]

[25]

[26]

multiple types of factors: The MaxPro approach. J Qual Technol,
2020, 52(4): 343

Liu S Z, Chen Z Q, Yuan L H, et al. State of health estimation of
lithium-ion batteries based on multi-feature extraction and
temporal convolutional network. J Energy Storage, 2024, 75:
109658

Zhang S X, Liu Z T, Su H Y. State of health estimation for
lithium-ion batteries on few-shot learning. Energy, 2023, 268:
126726

Nekkanti A, Schmidt O T. Gappy spectral proper orthogonal
decomposition. J Comput Phys, 2023, 478: 111950

Qin L M, Yang G, Sun Q. Maximum correlation Pearson
correlation coefficient deconvolution and its application in fault

diagnosis of rolling bearings. Measurement, 2022, 205: 112162


https://doi.org/10.1364/JOSAA.12.001657
https://doi.org/10.6052/0459-1879-21-464
https://doi.org/10.6052/0459-1879-21-464
https://doi.org/10.1080/00224065.2019.1611351
https://doi.org/10.1016/j.est.2023.109658
https://doi.org/10.1016/j.energy.2023.126726
https://doi.org/10.1016/j.jcp.2023.111950
https://doi.org/10.1016/j.measurement.2022.112162

	1 大规模储能电池模组数字仿真模型
	1.1 数值模型
	1.2 拉丁超立方实验设计

	2 算法介绍
	2.1 POD算法与降阶模型
	2.2 Gappy POD算法
	2.3 全局相关性最大化假设与相关系数过滤法
	2.4 Gappy POD算法小样本数据库构建与最优测点的选取

	3 Gappy POD算法实时重构温度结果
	4 结论
	参考文献

