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cell-to-cell differences in state of charge (SOC) and state of health (SOH) produce nonuniform
voltage margins, impedance characteristics, and heat-generation responses in series-
connected battery modules. To coordinate cell-level safety and heating capability under these
inconsistencies, an AC pulse heating method based on feasible-domain intersection and
dynamic identification of limiting cells is proposed. A 4S module composed of NCR18650B
cylindrical lithium-ion cells was constructed as the experimental platform. Low-temperature
open-circuit voltage and electrochemical impedance spectroscopy tests, together with
distribution of relaxation times analysis, were conducted to characterize the effects of
temperature, SOC, and SOH on cell voltage and impedance-frequency behavior. A coupled
electrothermal model consisting of a second-order resistor-constant phase element equivalent
circuit and a lumped-parameter thermal model was identified using complex nonlinear least
squares. An equivalent parasitic inductance of 0.484-0.562 yuH was included to account for the
high-frequency inductive response. Cell-level safety-feasible domains in the current-amplitude-
frequency plane were then calculated under overvoltage, overdischarge, lithium-plating, and
safe-frequency constraints, and their intersection defined the allowable operating range of the
module. For SOC-inconsistent modules, the current amplitude was adjusted according to the
cell with the minimum dynamic voltage safety margin; for SOH-inconsistent modules, the
excitation frequency was adjusted according to the cell with the highest safe-frequency lower
bound. Linear interpolation between adjacent temperature intervals, rate limits, and hysteresis
control were employed to smooth parameter updates during temperature-region transitions.
The strategy uses offline parameter calibration and online lookup-table interpolation, avoiding
real-time reconstruction of full impedance spectra and reducing the computational burden on
the battery management system. Three independent heating tests were conducted under
each of four conditions: modules with 70%-50% and 50%-30% SOC distributions and
modules with 80%-100% and 90%-100% SOH distributions. The corresponding temperature-
rise rates were 0.364+0.006, 1.257+0.010, 1.193+0.014, and 1.157+0.015 ° C/min,
respectively, with coefficients of variation ranging from 0.79% to 1.62%. Under the 70%-50%
SOC condition, fixed 1.5C-100 Hz heating increased the maximum cell voltage to 4.457 V,
exceeding the upper cutoff voltage of 4.2 V. Compared with the voltage-safe 100 Hz current-
limited method, the proposed method achieved temperature-rise rates that were 2.29-3.62
times as high. Control based on the module-averaged state or a fixed initial bottleneck cell
also led to local safety-margin misjudgment or failure to track limiting-cell migration. The
results demonstrate that the proposed amplitude-frequency regulation method can exploit the
allowable heating capability of the module while satisfying the safety constraints of every cell.
The method provides a basis for low-temperature preheating control of inconsistent series-
connected battery modules. For other cell formats and modules with more series-connected
cells, the electrothermal parameters and safety boundaries should be recalibrated for the
specific system.

Keywords: lithium-ion battery; AC pulse heating; series-connected module; SOC/SOH

inconsistency; safety-feasible domain
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Table 5 Heating strategy parameters for SOH-inconsistent modules
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-5~0°C 9.10 A/2182 Hz 3#/5# 9.10 A/2182 Hz 3#/5#
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S FH AR 5] AR R AE AR T R 573, &t
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EIR AL BARBH TG G R T8 &
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Fig. 9 Temperature and voltage-envelope validation
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Table 7 Comparison of constraints and performance among module-level low-temperature heating methods
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