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Abstract: To accurately estimate the state of health (SOH) of lithium-ion batteries, a convolutional

neural network-residual-BiGRU-attention ( CNN-Residual-BiGRU-Attention) model and fine-
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tuning estimation method are proposed. Firstly, a piecewise approximate aggregation algorithm is
used to reduce the dimensionality of battery capacity increment and constant current charging
curves to construct a global health factor. Secondly, the CNN is used to extract the temporal
features of the global health factor, highlighting strong correlations through an attention
mechanism, and the residual network is introduced to maintain information integrity. Finally, by
improving the artificial bee colony algorithm for model hyperparameter optimization, the accuracy
of SOH estimation is enhanced. The accuracy is validated using lithium-ion battery datasets from
NASA and the University of Oxford. The results show that, even with a less accurate convolutional
neural network-long short-term memory model, the proposed fine-tuning estimation method keeps the
mean absolute error eya: » mean absolute percentage error eyapz » and root mean square error epyszof the
SOH estimation results within 2%. Compared with the CNN-BiGRU-Attention model, when the
CNN-Residual-BiGRU-Attention model is employed to estimate the SOH of the same battery with
a training set ratio of 30%, the ey emapr and eguse of the estimated results are reduced by 41. 86% ,
44.35% and 42.11% , respectively. For estimating the SOH of the same type of batteries with a
training set ratio of 40%, the ey emaps and eruse of the estimated results are reduced by 45. 51%,
45.93%, and 40. 10%, respectively. These research findings provide a theoretical reference for
accurately estimating the SOH of lithium-ion batteries under low training set conditions.

Keywords: lithium-ion batteries; the state of health estimation; global health factor; improved

artificial bee colony algorithm; residual; bidirectional gated recurrent unit
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Fig. 1 Battery SOH change curve with different data sets
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Table 2 SOH estimation error of B0007 battery with model

fine-tuned using different proportions of training sets

I 25 4R Lb A5 eMAE eMAPE €RVSE
20% 0.014 6 0.018 9 0.017 1
30% 0.010 2 0.013 1 0.012 2
40% 0.002 8 0.003 6 0.004 2
50% 0.002 5 0.003 3 0.003 5
60 % 0.002 4 0.003 2 0.003 3
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Fig. 9 B0006 and Celll battery SOH estimated results and

estimated absolute error

B, B A SO B CNN-Residual-BiGRU-
Attention #HHY SOH fhiit45 R 5 O A B A £t
GERPEATRT . BT A BRI G R — 2, B
i F TABC Sk 47 8 S 80 DLRR K = 80
FEXTAG 45 S W52 BT AT R R R R A RN A R
3 LA B4 AR — B30, DA HE B B A58 78 A0 L Ath 19 3R 1) 52
M, # 3 AR 44T R A R BB B BO006 Al




o544

WA S 5 R 4 Jr it R DR 7 11 22 MR g 8L 1 7 L vt gt R S A 0T 113

Celll H AL TR Z XL,
%3 FREEAE T B0006 %ty SOH 4Fiti% £

Table 3 B0006 battery estimation error of different models

(R EMAE  EMAPE  ERMSE
CNN-LSTM 0.013 6 0.0195 0.015 2
CNN-GRU 0.008 4 0.012 5 0.010 6
CNN-BiGRU 0.007 2 0.010 4 0.008 7
CNN-GRU-Attention 0.007 3 0.010 6 0.008 5
CNN-BiGRU-Attention 0.005 9 0.009 0 0.007 8
CNN-Residual-BiGRU-Attention 0. 003 1 0.004 5 0.004 0

A4 ARRBEET Celll &iuey SOH #iti% £

Table 4 Celll battery estimation error of different models

FEE Y eMAE  €MAPE  €RMSE
CNN-LSTM 0.006 1 0.007 6 0.006 5
CNN-GRU 0.004 9 0.006 2 0.006
CNN-BiGRU 0.004 7 0.005 8 0.005

CNN-GRU-Attention 0.004 1 0.005 1 0.004

0 0. 0.
0 0. 0.

CNN-BiGRU-Attention L0027 003 4 003
CNN-Residual-BiGRU-Attention 0. 001 9 002 4 0.002
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Fig. 12 SOH estimation results of B0005 and B0007 batteries

by different models
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Table 5 SOH estimation errors of B0005 and B0007 batteries
by different models

*ﬁ piy| ) @ E€MAE €MAPE €RMSE

B0005 0.0120 0.017 3 0.013 8

CNN-LSTM
B0007 0.008 7 0.0116 0.0106
B0005 0.0099 0.014 2 0.011 3

CNN-GRU
B0007 0.008 5 0.0113 0.010 3
B0005 0.007 3 0.010 6 0.008 9

CNN-BiGRU
B0007 0.007 9 0.0104 0.009 5
B0005 0.006 8 0.009 7 0.007 9

CNN-GRU-Attention

B0007 0.006 4 0.008 5 0.007 9
CNN-BiGRU- B0005 0.004 8 0.007 0 0.006 0
Attention B0007 0.006 0 0.008 0 0.007 4
CNN-Residual- B0005 0.003 2 0.004 5 0.004 0
BiGRU-Attention ~ B0007 0.002 8 0.003 6 0,004 2

%6 ARREAEMT Cell3 o Cell8 &89 SOH # it

% E

Table 6 SOH estimation errors of Cell3 and Cell8 batteries
by different models

*ﬁ pivl % ﬁﬂ E€MAE €MAPE €RMSE
Cell3 0.004 8 0.0059 0.005 3
CNN-LSTM
Cell8 0.0035 0.0044 0.0041
Cell3 0.004 1 0.0052 0.004 6
CNN-GRU
Cell8 0.0034 0.004 2 0.003 38
Cell3 0.003 3 0.004 2 0.004 3
CNN-BiGRU

Cell8  0.0027 0.0035 0.0035

Cell3 0.002 9 0.0036 0.0036
CNN-GRU-Attention
Cell8 0.002 2 0.0027 0.0030

CNN-BiGRU- Cell3  0.0027 0.0033 0.0031

Attention Cell8 0.0021 0.0026 0.0027

CNN-Residual- Cell3  0.0012 0.0015 0.0017

BiGRU-Attention  Cell8  0.001 3 0.001 7 0.001 6
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