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SOH prediction of lithium battery based on AO-AVOA-BP
neural network modeling

Li Junyi' Wang Xingxing' Chen Xiang' Chen Linfei' Deng Yelin®
(1. School of Mechanical Engineering, Nantong University, Nantong 226019, China;
2. School of Rail Transportation, Soochow University,Suzhou 215131, China)

Abstract: To provide accurate and reliable prediction of the state of health of lithium batteries, a prediction model
based on the African Vulture Optimization Algorithm fused with the Aquila Optimizer to optimize the BP neural
network is proposed. Through the analysis of voltage, current and temperature data during the battery charging
process, the correlation between the health factors and the SOH of the battery is verified based on grey correlation
analysis, and four health factors are identified as inputs to the model, which are combined with the BP neural network
model based on AO-AVOA optimization to achieve a more accurate SOH prediction. The proposed model is compared
with other optimization models for SOH prediction of lithium batteries, and the results show that the average absolute
error of less than 0. 008 9, the root mean square error below 0. 011 2, and the average absolute percentage error under
1.451 2%. This model is characterized by high accuracy and robust generalization capabilities, making it highly
effective for SOH prediction in lithium batteries.
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Fig. 1 SOH variation curve of lithium-ion battery
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Fig.4 Temperature change curves under different cycles
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Fig. 5 Change curves of temperature rise and mean

temperature of the battery
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Table 2 Comparison of evaluation indexes of different models

RMSE {f 0. 017 7. F#A& T 49. 81 % Wik 2 {EH, M L T AO-
BP ) RMSE {f 0. 011 9, B&{R T 25. 47 %6 MR 208 , #H L F
AVOA-BP #J RMSE {H 0.021 4, F&fK T 58. 60% iy 22
fH; MAPE 258/ 1. 094 3%, M Lt T PSO-BP ) MAPE
{8 2. 260 7%, FEAIL T 51. 59 % IR 2Z(E AL F AO-BP 1y
MAPE 18 1. 508 8%, FEAK T 27.47% WY i% 218, #H 1L T
AVOA-BP i MAPE {4 2.550 7% . J&#M% T 57. 10% (45 2%
. & R, g AO-AVOA-BP A5 & 34T 41 B 1 f 3l
SOH Wi, 4 H F 1% 4 1 2 il & 1558, LA o8 o 1) o
fifi .

KT I AR ST ) AO-AVOA-BP # £
LR A S BE L L BO0OS BRIt S ] , 45 A T AR P 4R A
5307 30T S SCHR BT R AR R A T I 455 SR AT T X b X b &
Wik 3 pimR,

®3 SHMXEHKEBMEER

Table 3 Comparison with other literature models

HL Tt G 5 7Y MAE RMSE MAPE/% LAY MAE RMSE  MAPE/%
BP 0.057 6 0.0653  8.080 2 TCA-PSA™Y 0.019 8 0.022 1 2.21
PSO-BP 0.016 2 0.0177  2.2607 BO-LSTM*" 0.012 7 0.009 2 1.35
B0005 AO-BP 0.0108 0.0119 1.5088 MFPA-TCN™ 0.009 3 0.009 7 —
AVOA-BP  0.0182 0.0214 2.5507 AO-AVOA-BP 0.007 9 0.008 9 1.094 3
AO-AVOA-BP 0.007 9 0.0089  1.094 3
BP 0.050 1 0.0542  8.1849 N 3 AT LAE R R T — R T
PSO-BP 0.0145 0.0172  2.396 4 RO 4 0 4 - 35 43 #1772 F1 A Transformer A9 SOH il
B0006 AO-BP 0.0124 0.0159  2.052 3 WA TR LLE 38 75 B A B O] L3 B L F R R A3 AR A S E Y
AVOA-BP  0.0173 0.0233  2.891 1 BEHY I BELAE A i A RRAE , B0 5% 22 MAE . RMSE fl MAPE
AO-AVOA-BP 0.0089 0.0112  1.4512 {7 0.019 8,0.022 1 F1 2. 21% ; MENG &P H T —Fb
BP 0.0634 0.0639  8.229 2 FET DL B Ak B 0 AZ B 45, DL 3R HCRY 8 43 1 B A
PSO-BP 0.0163 0.0197 2.147 4 wmMLAE R SOH B B #¢AE . 70l % 22 MAE.RMSE #
B0007 AO-BP 0.0133 0.0154  1.7522 MAPE 23524 0. 012 7,0.009 2 F1 1. 35% ; Zhang 25 ¥4
AVOA-BP  0.0209 0.0242 2.7433 B[] 45 BRI 28 5 0aE 1) A 2 #2 M0 S0 AR 45 6 H A0 A% Ik
AO-AVOA-BP 0.007 8 0.0085 1.0235 i S T B0 R A A r BROR TR v  S31) F RAC R m BEL 80L5 i A %
BP 0.0585 0.0604 7.8301 B ok W SOH., 1 % 22 MAE fil RMSE 43 51 &
PSO-BP 0.0147 0.0178 1.9811 0.009 3 F10.009 7, £t LRFiR A SCRTHE 19 AO-AVOA-
B0018 AO-BP 0.0113 0.0162 1.5118 BP 1 25 [0 4% 450 70 75 00 P f8 AV e B0 b AR X B L Y SR B
AVOA-BP  0.0184 0.0254  2.458 9 TG GIE T 7 45 H0 5 vk 0 A 5P T ek
AO-AVOA-BP 0.0086 0.0109 1.1515

AL 8 FIFE 2 TR B AR b T At 4 FhAE AL, A3
P AO-AVOA-BP £ W] 2% 45 10 19 751 000 555 S5 o 4 4
JA REAAE i MAE,RMSE #il MAPE #5 bR#8 £ 9115 5
i, B4R K5 X R MAE % 22 {6 9 0.007 9, A1 b T
PSO-BP ) MAE fH 0. 016 2, F#4I& T 51. 34 % A9 1% 2% (5, A
It T AO-BP (1§ MAE {4 0. 010 8, &% T 27. 24 % A i 2
{8,456 T AVOA-BP 1) MAE {4 0. 018 2, [/f% T 56. 71%
HYi% 25 {8 ; RMSE % 22 2~ 0. 008 9, #1 It T* PSO-BP Hy

4 £ it

FFX AL 1) SOH B, A SCH Y T —Fh i T AO-
AVOA-BP # 22 W 4 4 AR ) SOH AR, #H CC
For A CC H AR .CV THFHEE M CC TR A&
5 CV RBARZ X 4 MR E T D A RRESE., 7
BEAE LA AO-AVOA 83k 24k BP #4 M 4%, %
AO MEERBBES AVOA [T % Br BEtE A7 Rl & AU B
T A R R R 1 R T v RRE T AR T RSk
W, @ T AO-AVOA-BP #12 ® 45 iy SOH Fl il 45 4

o« 77 o



448 % v 7o ¥ o3 A

=% H B0005.B0006.B0007 .B00018 F, 1th 56 $1F T 145 3145 784 fig) learning pipeline for battery state-of-health estimation[ J].

WERRPE vz fe PR, 25 R R, 9% 7 ik T B itk SOH Y Nature Machine Intelligence, 2021, 3(5): 447-456.

MAE /N F 0.008 9, RMSE /M F 0.011 2, MAPE /N F [8] NUROLDAYEVA G, SERIK Y, ADAIR D, et al.

1.451 2% JEEZ AR AS g SOH Il kS B 85 24 F State of health estimation methods for lithium-ion

oAb ST AR . PR L, A e TR R SOH Fi i A B EL A5 batteries [ J ]. International Journal of Energy

S 5 PP 02 AL 5545 5 T4 4O T B0 00 Research. 2023 2023(1) ; 4207545,

SOH B, [9] BIAN X L, WEI ZH B, LI W H, et al. State-of-

2 S P B B A A ) s T e A e oL o T A health estimation of lithium-ion batteries by fusing an

K T B T T W 5 P M AT A e AIE L U 4 N 2 A Lt 5 open circuit voltage model and incremental capacity

T PR B AE TN S2 5 L A L A S A T A B analysis[J]. IEEE Trans Power Electron, 2022, 37:

9 2 B 7 R S BB AR PR S EE 2 5 P 3K 2226-2236.

E 2R TR FE . 00 52 RSN DA 2 LA e gy L10) HOSSEININASAB S, LIN CH W, PISCHINGER S,

5 FEE 1 EL 3t 1 92 A S AR ST S — 45 TR 5 — A B A% et al. State-of-health estimation of lithium-ion batteries

% %3 it for electrlfled vehicles using a reduc?dforder

electrochemical model[ J]. Journal of Energy Storage,

[1] ZHANG D, ZHAO W H, WANG L, et al 2022, 52, 104684,

Evaluation of the state of health of lithium-ion battery D11 % 7 P 2. 5T JC 76 6 /K 0 U 10 20 77 ol 30 [t e
based on the temporal convolution network [ ] ]. AT, E A 0 R, 2022, 41(10).
Frontiers in Energy Research, 2022, 10. 929235. 136-141.

(2] #ewie. 2ok 2. AN %5, 28T e kA ZHAO Y H. PANG Z Q. State of health estimation of
BiGRU-Dropout ff#1 H1 it fl HER A AG TTLT 1. 0 power batteries based on unscented Kalman filter[ ] ].
SRR, 2023, 37(1) . 167-176. Foreign Electronic Measurement Technology, 2022,
ZHANG CH L, LUO L J, LIU H H, et al. State of 41(10): 136-141.
health estimation of lithium-ion batteries based on [12] QIANG H. ZHANG W J. DING K CH. A prediction
incremental energy analysis and BiGRU-Dropout[J]. framework for state of health of lithium-ion batteries
Journal of Electronic Measurement and Instrumentation, based on improved support vector regression [ JJ.
2023, 37(1): 167-176. Journal of the Electrochemical Society, 2023,

[3] ZHANG F., XING Z X, WU M H. State of health 170(11): 110517.
estimation for Li-ion battery using characteristic (137 40, 375, 3 T B0dE oK 2 iy 40 B9 T o o 4 B IR 2548 3
voltage intervals and genetic algorithm optimized back WFoT ik R R [0, A 280 F 22 4. 2024, 45(3).
propagation neural network [ J]. Journal of Energy 45-59,

Storage, 2023, 57: 106277. JIN SH, DONG ]. Review on progress of data-driven

[4] BT A SRR O ST AR S OB R T B D R based health state estimation for lithium-ion batteries[ J .
ALt SOH Al 3+ [T 1. L I & 5 48 2 4l 2024, Chinese Journal of Scientific Instrument, 2024, 45(3)
38(2): 148-159. 45-59.

HE N, YANG Z Q, QIAN CH. SOH estimation of [14] w8 e, &M, 2. 3 F ISSA-CNN-BiGRU-
lithium-ion battery based on non-parametric model and Attention BY4E LI fidt BEAR A G [T, B Ol AR,
particle filter[J]. Journal of Electronic Measurement 2024, 47(8): 45-52.

and Instrumentation, 2024, 38(2) . 148-159. CHEN X G, ZHAO L, MA ZH P, et al. State of

[5] ZUO H Y. LIANG J W, ZHANG B. et al. Intelligent health assessment of lithium batteries based on ISSA-
estimation on state of health of lithium-ion power CNN-BiGRU-Attention [ J ]. Electronic Measurement
batteries based on failure feature extraction [ J J. Technology, 2024, 47(8): 45-52.

Energy, 2023, 282: 128794. (150 VRN IWAS A0, 55, B T BNN-PF iy DR & 1

[6] DEMIRCI O, TASKIN S, SCHALTZ E,
Review of battery state estimation methods for electric
SOH estimation [ ] ].
112703.
ROBU V, et al

et al.
vehicles-Part 1I: Journal of

Energy Storage, 2024, 96
[7]  ROMAN D, SAXENA S,

Machine

« 78 .

HiYh 2 T80 SOH Al 3+ L1 1. B 7 W 4k 5 {0 4% = 4,
2024, 38(9): 104-115.

PAN D W, SHI J, DU Y H. et al. BNN-PF-based
SOH estimation of satellite lithium-ion batteries under

different operating conditions[ J]. Journal of Electronic



EEZ . AF AO-AVOA-BP # 2 M %A ¢ 42 &, b SOH FAn 55 4 3]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Measurement and Instrumentation, 2024, 38(9): 104-
115.

T IDE . S T O RL R0 Ak B8 vk R R 27 2] L
PR AR BROPR A TR [T, A O R
2023, 42(5): 163-173.

DING T, FU X J. Improved particle swarm
optimization and an extreme learning machine are used
to predict the health state of lithium-ion batteries[]].
Foreign Electronic Measurement Technology, 2023,
42(5): 163-173.

GONG Q R, WANG P, CHENG Z. An encoder-
decoder model based on deep learning for state of
health estimation of lithium-ion battery[J]. Journal of
Energy Storage, 2022, 46: 103804.
Bff, B E,ERF T BP A MY Ho Bk
I 4R L SoH-SoC A Al 1B 58 [T ). AX AU R =4
2024, 45(6) . 307-319.

QIAN W, WANG Y F. WANG CH. et al. Joint
estimation of SoH-SoC for lithium battery based on BP
neural network and H.. infinity filter [J]. Chinese
Journal of Scientific Instrument, 2024, 45 (6):
307-319.

MA Y., YAO M H, LIU H CH., et al. State of health
estimation and remaining useful life prediction for
lithium-ion batteries by improved particle swarm
optimization-back propagation neural network [ ] ].
Journal of Energy Storage, 2022, 52 104750.

LIUR J, WANG T L, ZHOU ], et al. Improved
african vulture optimization algorithm based on quasi-
oppositional differential evolution operator[ J]. IEEE
Access, 2022, 10: 95197-95218.

ALIZADEH A, GHAREHCHOPOGH F S,
MASDARI M, et al. An improved hybrid salp swarm
optimization and  African  vulture optimization
algorithm for global optimization problems and its
applications in stock market prediction [ J]. Soft
Computing, 2024, 28(6): 5225-5261.

MOSTAFA R R, HASHIM F A, EL-ATTAR N E,
et al. Empowering african vultures optimizer using
archimedes optimization algorithm for maximum efficiency
for global optimization and feature selection[ J]. Evolving
Systems, 2024,15(5):1701-1731.

ABUALIGAH L. YOUSRI D, ABD E M. et al

Aquila optimizer: A novel meta-heuristic optimization
algorithm[JJ]. Computers & Industrial Engineering,
2021, 157: 107250.

[24] ABDOLLAHZADEH B, GHAREHCHOPOGH F S,
MIRJALILI S. African  vultures  optimization
algorithm: A new nature-inspired metaheuristic
algorithm for global optimization problems [ ] J.
Computers &. Industrial Engineering, 2021, 158: 107408.

[25] ZHANG M, YANG D F, DU J X, et al. A review of
SOH prediction of Li-ion batteries based on data-driven
algorithms[J]. Energies, 2023, 16(7): 3167.

[26] L& XV, i, 48, JE T TCT-PSA #E A i) £ 25

ToHL b RREOIR 2 PR AN [T i T R, 2024,
47(12):122-131.
LI H L, LIU X CH, GAO Q. et al. Lithium-ion
battery state of health estimation based on TCT-PSA
modeling [ J]. Electronic Measurement Technology,
2024, 47(12) :122-131.

[27] MENG H X, GENG M Y, HAN T. Long short-term
memory network with Bayesian optimization for health
prognostics of lithium-ion batteries based on partial
incremental capacity analysis [ J J.  Reliability
Engineering &. System Safety, 2023, 236: 109288.

[28] ZHANG H, GAO J Y, KANG L, et al. State of
health estimation of lithium-ion batteries based on
modified  flower  pollination  algorithm-temporal
convolutional network[J]. Energy, 2023, 283: 128742.

1EE &I
TR W E BT BRSO g e
B

E-mail:2210310030@ stmail. ntu. edu. cn
TS GRAGER) o 1E R PRIV, F 2B 58 77 1) 4 i g

ﬁ%ﬂ%ﬂ&%%ﬁﬂ?c
E-mail : wangxx@ntu. edu. cn

BRAE B4, R 25 5 R 3h ) il KT P AR R
4G,
E-mail: xiang33. chen@ntu. edu. cn

B AR T, S, 2 R 5 O ) A T AR UERT B ORL K 3% &
HoAR,
E-mail: chenlinfei@ntu. edu. cn

RURIR " N e o3 1 Sl (o = A N T R G o
Y.
E-mail : yelin. deng@suda. edu. cn



