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Fig.2 Electrical-Thermal signal characteritics
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correlation coefficient method

R AE K R H A0
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FFT #5598 % IS0 AH (¥ AH A7 0.960 1
FFT #5597 5 S0 AH (¥ AH A7 0.957 0

R4 BREBREREZNRTENFE
Tab.4 The first 5 features selected by the mutual

information method
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#a 5T e B 2.2202
FFT 5l 5 99 5% RiAH ) 8 2.216 0

5 CatBoost JEIEIFHIAET I MFIAE
Tab.5 The first 5 features selected by the CatBoost method
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W 0, 245 ) e o7 2.400 1
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Tab.6 The first 5 features selected by the LASSO

regression method
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Tab.7 SOC estimates for all features and selected features

AN e b RF GRU BiGRU
MAE(%) 4.11 4.40 3.57
4 RFAE RMSE(%) 4.98 5.24 4.54
t/s 1.48 6.15 6.27
MAE(%) 1.91 0.66 0.58

R IE i B
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Fig.7 SOC estimates for all features and selected features
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Tab.8 Different model estimation results under different

feature selection methods

RIEIERZ RF GRU BiGRU
MAE(%) 1.91 0.66 0.58
TR AIE 15
RMSE(%) 2.58 0.80 0.72
75 %
t/s 0.12 2.82 4.13
MAE(%) 6.35 6.27 5.78
Spearman RMSE(%) 8.24 8.61 7.18
t/s 0.12 2.50 3.98
MAE(%) 5.86 5.03 3.74
LRS! RMSE(%) 7.68 6.60 5.14
t/s 0.16 2.37 4.07
MAE(%) 3.90 2.02 1.61
CatBoost RMSE(%) 5.15 2.66 2.17
t/s 0.12 2.37 4.17
MAE(%) 2.42 0.96 0.87
LASSO RMSE(%) 3.19 1.25 1.12
t/s 0.15 2.46 4.15
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Tab.9 SOC estimation results for different features
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MAE(%) 4.82 3.55 7.56 6.37 7.53 0.58
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Fig.8 SOC estimation results with different characteristics
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Tab.10 SOC estimation results at different magnification

& 0.4C 0.6C 0.8C 1.0C
MAE(%) 0.81 0.46 0.58 0.83
RMSE(%) 0.96 0.65 0.72 0.97

tls 4.56 4.53 4.13 3.78

UG UE BT 38 7 VRAE A SR R B R, AEB)
AJE AKX (Dynamic Stress Test, DST) A7 RR il 25
W53 (New European Driving Cycle, NEDC) 7 F
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Ry tn & 9a FE 9b s, &R, DST L
BT, FEH I SOC it 7% K MAE 5 RMSE 18 %
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Fz 11 FEIAT SOC fhitzER

Tab.11 SOC estimation results under different
working conditions
T DST NEDC
MAE(%) 0.91 0.98
RMSE(%) 1.03 1.13
t/s 3.32 2.35
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Tab.12 SOC estimation results under different noises
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Multi-Source Data Feature Extraction Method for State of Charge
Estimation of LiFePO4 Battery
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Abstract The flat open-circuit voltage versus state of charge (SOC) curve of LiFePO,4 batteries leads to

difficulties in achieving an accurate estimation of SOC using only electrical signals. In addition, there are

limitations in SOC estimation methods for single electrical, thermal, and acoustic data sources. In view of this, a

multi-source data feature extraction method for SOC estimation of LiFePO, battery was proposed. A

comprehensive feature extraction was carried out on the electro-thermal-acoustic multi-source data obtained from

different angles. Considering the advantages of different feature selection methods, a new feature selection method

integrating Spearman correlation coefficient, mutual information, category boosting and least absolute shrinkage

and selection operator regression was proposed. The joint selection of electro-thermal-acoustic key features was
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realized to improve the accuracy of SOC estimation.

Firstly, an experimental platform for LiFePOj4 batteries was built. Electro-thermal-acoustic multi-source data
were acquired. The transient features and short-term variation features of electrical and thermal signals, as well as
the time-domain, frequency-domain, and time-frequency-domain features of ultrasonic signals were extracted,
respectively. Secondly, in order to select the key features more accurately, a new method of feature selection
incorporating Spearman correlation coefficient, mutual information, category boosting, and least absolute
shrinkage and selection operator regression was proposed. In order to verify the performance of the proposed
method, the proposed method was compared with SOC estimation results using all features and SOC estimation
results under different feature selection methods. The effect of SOC estimation using single data source features
versus multi-source data features was compared. The feasibility of the proposed method was verified at different
magnifications and under different operating conditions. Finally, Gaussian white noise with different signal-to-
noise ratios was added to the raw ultrasound signals acquired under dynamic stress test (DST) conditions and new
european driving cycle (NEPC) conditions, respectively, to verify the applicability of the proposed method under
high-intensity noise.

The results show that using the new method of feature selection proposed can effectively select the features
that are important for SOC estimation with higher accuracy than SOC estimation using all features. With the same
number of features, the SOC estimation accuracy of this method is improved compared with that of a single feature
selection method. The model constructed using electric-thermal-acoustic multi-source key features has higher SOC
estimation accuracy compared to single data source features. When using the BiIGRU model, the mean absolute
error and root-mean-square error of SOC estimates are 0.58% and 0.72%, respectively. The method performs well
under a single operating condition. The method also shows good applicability at different discharge multipliers
and under multiple operating conditions. Under DST conditions and NEDC conditions, the mean absolute error of
SOC estimation is 0.91% and 0.98%, and the root mean square error is 1.03% and 1.13%, respectively, which
verifies the validity and accuracy of the method. After adding noise with different signal-to-noise ratios to the
original signals of different working conditions, the wavelet noise reduction can resist the noise interference in the
actual environment to a certain extent and maintain the accuracy of SOC estimation.
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