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Abstract: State-of-charge (SOC) estimation for lithium-ion batteries is the core technology of
the battery management system (BMS) in electric vehicles. SOC indicates the remaining
capacity of a battery and is affected by multiple coupled factors, including the internal
electrochemical nonlinearity of the battery, aging degradation over the full life cycle,
disturbances under complex on-vehicle operating conditions, and cell inconsistency within
battery modules. SOC cannot be directly measured by sensors and can only be estimated
indirectly through external parameters such as voltage, current, and temperature. Its
estimation accuracy and robustness directly affect vehicle operational safety and the reliability
of driving range prediction, and constitute a bottleneck restricting BMS performance
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improvement and the technological advancement of electric vehicles. This paper systematically
reviews SOC estimation technologies for lithium-ion batteries in electric vehicles. First, the
core role and functional significance of SOC in BMS are clarified. Second, existing estimation
methods are classified into four categories: measurable-parameter-based empirical estimation
methods, model-driven methods, data-driven methods, and model-data fusion methods; the
principles, advantages, disadvantages, and application boundaries of each category are
analyzed in depth. Focusing on model-data fusion as the mainstream development direction,
this paper compares and analyzes the logical architecture, technical advantages, and
engineering challenges of four core strategies: serial compensation, feature extraction,
constraint embedding, and parallel fusion. Finally, in the context of the upgrading of intelligent
BMS and interdisciplinary integration trends such as digital twins and edge computing, this
paper proposes several future directions for SOC estimation, including lifelong learning, cloud-
edge-end vertical integration, deep physics-data fusion, and multi-state joint estimation. This
paper systematically reviews the evolution of SOC estimation technologies, analyzes current
research bottlenecks and vehicle-oriented engineering challenges, summarizes the applicable
scenarios and optimization paths for various methods, and provides theoretical references for
the research, development, optimization, and engineering application of next-generation BMS.
Keywords: lithium-ion batteries; state of charge (SOC); battery management system (BMS);
model-data fusion; state estimation
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