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Abstract: Accurate estimation of lithium-ion battery State of Health (SOH) is essential for the
optimization of battery management systems (BMS) and reliable lifetime prediction. However,
existing neural-network-based SOH estimation methods often ignore the interdependencies
among feature channels, leading to suboptimal feature utilization and degraded prediction
accuracy. This study proposes a novel SOH estimation framework that integrates Hybrid
Spatial Pooling (HPP) with a multi-channel feature fusion module (STAR). The HPP module
performs multi-scale feature extraction on voltage, current, and temperature time-series by
combining max, average, and L2 pooling operations to enhance degradation-sensitive feature
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representation. The STAR module further strengthens feature interactions across channels
through adaptive weighting and cross-channel enhancement. Experimental evaluations on
three publicly available datasets from the University of Maryland, Tongji University, and Xi'an
Jiaotong University demonstrate the effectiveness of the proposed approach. The model
achieves a mean absolute error of approximately 0.0012, a root-mean-square error of roughly
0.0017, and a mean absolute percentage error of about 0.1661, consistently outperforming
conventional neural-network baselines. In addition, the method exhibits strong robustness
under complex degradation patterns and preserves stable generalization capability across
different battery chemistries. The proposed HPP - STAR framework significantly enhances
SOH estimation through three main contributions: (1) introducing hybrid multi-scale pooling to
enrich degradation-aware representations, (2) optimizing inter-channel dependencies via
multi-channel feature fusion, and (3) achieving consistently high accuracy across diverse
datasets. These results verify the effectiveness and generalization capability of the proposed
approach, providing a promising direction for future SOH estimation in practical BMS

applications.
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Fig. 6 Comparison of ablation experiment results
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Fig. 7 Scatter plot of consistency in ablation experiments
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Table 3 Performance comparison with existing methods

SOH CS2_36 CS2_37 CS2_38 tj-45-19
method MAE RMSE  MAPE MAE RMSE MAPE MAE RMSE  MAPE MAE RMSE  MAPE
CNN 0.0095 0.0167  2.846 0.0084 0.0154 2.289 0.0128 0.0227 1.6235 0.0029 0.0035 0.3557
CNN-LSTM  0.0119 0.0184  2.8781 0.0085 0.0124  1.3773 0.0088 0.0116  1.2908 0.0029 0.0033 0.3738
transformer  0.0079  0.0101  1.4905 0.0081 0.0109  1.1902 0.0083 0.0103 1.1664 0.002  0.0025 0.2406
OUR 0.0068  0.009 1.2479 0.0066 0.0117  0.9816 0.0066 0.0085 0.8822 0.0013 0.0017 0.1661

SOH tj-45-20 tj-45-21 tj-45-22 tj-45-23
method MAE RMSE  MAPE MAE RMSE MAPE MAE RMSE  MAPE MAE RMSE  MAPE
CNN 0.0028 0.0032 0.3488 0.0024  0.003 0.292 0.0031 0.0034 0.3925 0.0032 0.0043 0.4133
CNN-LSTM  0.0035 0.0039 0.4403 0.0026  0.003 0.3316 0.0035 0.0045 0.4574 0.0024 0.0029 0.2958
transformer  0.0027 0.0032  0.3329 0.0015  0.0021 0.1853 0.0019 0.0024 0.2471 0.0026  0.003  0.3167
OUR 0.002 0.0026  0.233 0.0014 0.0018  0.1687 0.0015 0.0023 0.1909 0.0018 0.0025 0.2151

SOH xjtu-1-5 xjtu-1-6 xjtu-1-7 xjtu-1-8
method MAE RMSE  MAPE MAE RMSE MAPE MAE RMSE  MAPE MAE RMSE  MAPE
CNN 0.004  0.0062 0.4341 0.0035 0.0057  0.3854 0.004  0.0063 0.4386 0.0051  0.0073 0.5578
CNN-LSTM 0.0042 0.0056 0.4613 0.004  0.0051 0.4312 0.0063 0.0082 0.7003 0.0083 0.0111  0.9196
transformer  0.0065 0.0075 0.6991 0.006 0.007 0.6399 0.0064 0.0077 0.6786 0.0057 0.0073 0.6214
OUR 0.002  0.0031 0.2142 0.0025 0.0036  0.2659 0.0017  0.003 0.1834 0.0048 0.0066 0.5327
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Fig. 8 Comparison of model predictions
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Table 4 Comparison of SOH results from recent
literature
7 Al P A% 1 [ 2%

Jiik i MAE/%  RMSE/% MAPE/%

Li" CALCE 0.87 1.47 0.98

Chen® CALCE 0.84 1.07 1.07

Wang?! XJTU 0.47 0.62 /
CALCE 0.66 0.97 1.03
Ours(Average)
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Fig. 9 Comparison of voltage, current, and temperature
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Fig. 10 Violin plot of voltage, current, and temperature errors
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Table 5 SOH prediction error (MAE) under different
charging intervals

HLl FEATEH 20-80% 30-70%
XJTU1_5 0.002 0.002 0.0019
XJTU1_6 0.0025 0.0018 0.0029
XJTU1_7 0.0017 0.0024 0.0017
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Table 6 Comparison of training time
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