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State of Health Estimation of Lithium-ion Batteries Based on Health Indicators and
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Abstract: Accurate estimation of the state of health (SOH) of lithium-ion batteries is crucial for enhancing
their safety and extending their service life. To address the limitations of existing data-driven methods in capturing
health indicators and achieving sufficient model generalization, an SOH estimation method based on hybrid
degradation features and an improved bidirectional gated recurrent unit (BiGRU) neural network was proposed.
First, by integrating charge-discharge curve features with parameters of a second-order equivalent circuit model, a
multidimensional hybrid health indicator was constructed to comprehensively characterize battery degradation
behavior. Then, an improved Harris Hawks optimization (IHHO) algorithm combining chaotic initialization,
nonlinear decreasing factor, and Cauchy-Gaussian hybrid mutation was employed to optimize the BiGRU
hyperparameters. Meanwhile, a self-attention (SA) mechanism was incorporated to build the IHHO-BiGRU-SA
model. Finally, the proposed model was validated using CALCE and NASA battery datasets. Experimental results
show that compared with traditional methods, the proposed IHHO-BiGRU-SA model averagely reduces the mean
absolute error (MAE) and root mean square error (RMSE) by 46.0% and 43.9% on the CALCE dataset, and by
39.3% and 38.7% on the NASA dataset, respectively. These results demonstrate that the proposed method achieves
high estimation accuracy and excellent generalization performance in SOH estimation.

Key words: lithium-ion battery; state of health (SOH) estimation; improved bidirectional gated recurrent unit
(BiGRU) ; hybrid health indicator
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Fig.1  Discharge and charge curves of CS2_35
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Fig.7 SOH estimation results of cross—cell training
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Tab.1  Error in SOH estimation based on cross-battery training
HL it Jiik MAE% RMSE/%

IHHO-BiGRU-SA 0.659 0.805
CS2_35 BiGRU 1.06 1.35
BiLSTM 1.30 1.57
IHHO-BiGRU-SA 0.575 0.704
CS2_36 BiGRU 0.952 0.877
BiLSTM 1.260 1.580
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Tab.2 SOH estimation error based on data partitioning from single

2R Ik MAE!% RMSE!%

IHHO-BiGRU-SA 0.241 0.307

B0005 BiGRU 0.410 0.535
BiLSTM 0.682 0.798
IHHO-BiGRU-SA 0.678 0.897

B0006 BiGRU 0.955 1.267
BiLSTM 1.065 1.434
IHHO-BiGRU-SA 0.321 0.369

B0007 BiGRU 0.414 0.456
BiLSTM 0.559 0.646
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Fig.8 SOH estimation results based on data

partitioning from single battery
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Fig.9 SOH estimation results considering temperature features

#R3 ZEREBEHTMSOHHITRE

Tab.3 SOH estimation error considering temperature features

48

LY Ik MAE% RMSEI%
ITHHO-BiGRU-SA 0.258 0.335
B0005
HHO-BiGRU-SA 0.308 0.425
IHHO-BiGRU-SA 0.771 0.927
B0006
HHO-BiGRU-SA 0.823 1.092
IHHO-BiGRU-SA 0.229 0.291
B0007
HHO-BiGRU-SA 0.287 0.390
x4 BRLESE
Tab.4  Optimal hyperparameters
CERIU) Ak e 24 SRtk IENfE 2 %L
THHO 300 0.01 1.295e-05
B0005
HHO 187 0.001 7 1.107e-03
ITHHO 156 0.004 9 1.559¢-05
B0006
HHO 300 0.003 8 1.791e-05
THHO 271 0.009 1 le-05
B0007
HHO 227 0.004 1 3.518 9¢-3
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