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Abstract: Accurately estimating the State of Energy (SOE) of lithium-ion batteries and
quantifying the uncertainty in these predictions is crucial for improving the energy
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management, safety control, and operational reliability of battery management systems.
Addressing the challenge faced by traditional Gaussian process regression—namely, the
inability of a single kernel function to account for the complex physical degradation behavior of
batteries when processing large-scale time-series operational data—this study proposes a
lithium-ion battery SOE prediction framework based on Hybrid Composite Sparse Gaussian
Process Regression (HCSGPR). First, HCSGPR employs a multiscale hybrid kernel function
to achieve the statistical feature separation and simultaneous fitting of the global energy
evolution trend and the microscopic local nonlinear fluctuations under transient operating
conditions. Building on this foundation, we introduce a virtual-sample-based induced point-
sparse approximation mechanism, which ensures real-time high-precision feature capture in
engineering online applications. In addition, the framework employs the marginal maximum
log-likelihood method to achieve closed-loop adaptive optimization of hyperparameters.
Validation results for DST and BBDST under typical operating conditions indicate that the
proposed HCSGPR model exhibits good tracking accuracy and adaptability: its average
coefficient of determination (R?) reaches as high as 99.74%, and its average root mean
square error (RMSE) is as low as 1.18%. This demonstrates that the model outperforms the
standard SGPR and CNN-LSTM benchmark models in terms of prediction accuracy. In terms
of uncertainty quantification, for a prediction interval with a nominal coverage of 90%, the
actual prediction interval coverage ranged from 92.46% to 96.36%, and the normalized
average width of the prediction interval ranged from 2.55% to 4.77%. This indicates that the
constructed prediction intervals meet the nominal coverage requirements while maintaining a
narrow normalized interval width. Finally, by introducing kernel density estimation to perform
nonparametric probability density fitting for posterior estimation errors, the results
quantitatively confirmed that the residual sequences exhibit good convergence and
robustness at the three temperatures of BBDST and DST, providing a reference evaluation
scheme for large-scale, industrial-grade battery big data time-series estimation.
Keywords: Lithium-ion battery; Hybrid Composite Sparse Gaussian Process Regression;
multiscale hybrid kernel function; Induced Sparse Approximation Mechanism;
Root Mean Square Error
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