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Table 1 Measurement Ranges and Accuracies of the Main Sensors
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Table 2 Correction Factors for Different Operating States

BT BIEFRTn
IEHIBIT 1.00
BRERT 0.92
K 0.88
SRBER 5 0.85
T 0.86
AR 0.80
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Table 3 Comparison of Detection Performance under Different Model States
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ZSHRIELSTM 97.10 96.53 96.53 96.68
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Multi-Parameter Fusion-Based State and Energy Estimation for
Fuel Cells

LI Yifan'

(1. Jiangsu Normal University, Xuzhou 221116, Jiangsu, China)

Abstract: To address the nonlinearity and time-varying issues of proton exchange membrane fuel cell systems
caused by coupled factors such as load variations, temperature fluctuations, and water-heat management,
conventional single-parameter detection methods are inadequate for accurately identifying operating states and
estimating remaining usable energy. Taking the fuel cell system as the research object, this study first analyzes
the correlation characteristics of key parameters (voltage, current, temperature, pressure, humidity, and
hydrogen flow rate). A multi-parameter data preprocessing pipeline is constructed, incorporating outlier
removal, filtering, normalization, and sliding window processing. Multi-dimensional features, including
time-domain statistics, change rates, volatility, and energy output, are then extracted. On this basis, a
feature-level fusion-based state detection method is proposed, with a comparative evaluation of random forest,
support vector machine, and long short-term memory neural networks for identifying six operating states:
normal operation, membrane drying, flooding, gas abnormality, temperature abnormality, and inefficient
degradation. Concurrently, a state-aware real-time remaining energy estimation model is established,
integrating hydrogen remaining, output power, system efficiency, auxiliary energy consumption, and state
correction factors into a unified framework. The multi-parameter fusion method significantly improves state
detection accuracy, exhibiting stronger robustness and better adaptability to varying operating conditions
compared to the single-voltage parameter approach. Moreover, with the introduction of correction factors, the
estimation error of remaining energy is notably reduced, and the model effectively accommodates load
fluctuations and abnormal operating conditions. The multi-parameter fusion strategy effectively overcomes
the limitations of conventional methods, providing reliable technical support for state monitoring and energy
management of fuel cell systems.

Key words: fuel cell; multi-parameter fusion; operating state detection; remaining usable energy; real-time
estimation
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