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ARTICLE INFO ABSTRACT

Proton exchange membrane fuel cells are considered one of the most important
options for clean energy production in the automotive industry, but their
performance is strongly influenced by water management within the system. In this
study, a novel approach for detecting and diagnosing the water balance state in a fuel
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extracts three key parameters: ohmic resistance, the diffusion semicircle radius, and
the real component of its center, which are used as inputs to a fuzzy system with 640
rules. Simulation results in MATLAB software on 50 operational states (including 9
normal, 15 dehydration, and 26 flooding states) show that the proposed method can
diagnose the fault type with an overall accuracy of 98% and estimate the severity of
phenomena with a mean absolute error of 1.45%. The mean severity errors are
0.17% for normal state, 2.1% for dehydration state, and 1.7% for flooding state.
Compared to conventional methods such as long short-term memory recurrent neural
network with 94% accuracy, deep convolutional neural network with 90% accuracy,
and type-1 fuzzy logic with 80% accuracy, this method demonstrates significant
superiority and can be employed as an efficient tool for online monitoring and
improving the reliability of fuel cells. This achievement can pave the way for the
development of intelligent control systems and extend the operational life of fuel
cells in industrial and transportation applications.
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Introduction

Proton exchange membrane fuel cells (PEMFCs) are among the most promising technologies for clean
energy generation, particularly in automotive and backup power applications. However, their
performance is critically dependent on precise water management within the cell. Insufficient
membrane hydration leads to dehydration, increasing ionic resistance and causing voltage and power
loss. Conversely, excessive water accumulation at the cathode results in flooding, blocking gas
transport pathways and limiting oxygen access, which also degrades performance. Effective, real-time
diagnosis of these opposing faults is essential for developing intelligent control systems, enhancing
reliability, and accelerating the commercialization of PEMFCs.
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Materials and Methods

This study proposes a novel, integrated diagnostic framework that synergistically combines multi-
valued fuzzy logic (MVFL) with key geometric parameters extracted from electrochemical impedance
spectroscopy (EIS) Nyquist plots. The method eliminates the need for complex equivalent circuit
model (ECM) fitting. Instead, three sensitive geometric indicators are directly derived from the EIS
spectra: the ohmic resistance (R,), indicative of membrane dehydration; the radius of the low-
frequency diffusion arc (r), associated with flooding severity; and the real component of this arc's
center (C,.4;), reflecting combined effects. These parameters serve as crisp inputs to a designed
MVFL inference system. The MVFL system, employing Gaussian and Generalized Bell membership
functions, models the continuous spectrum between normal, dehydration, and flooding states using a
rule base of 640 intelligently constructed fuzzy rules. This approach provides superior modeling of
intermediate and boundary conditions compared to classical Type-1 fuzzy systems, while maintaining
lower computational complexity than Type-2 systems.

Results

The proposed hybrid diagnostic system was rigorously validated using a comprehensive dataset of 50
simulated operational states from a detailed PEMFC model, encompassing normal operation, various
degrees of dehydration, and flooding. The system demonstrated exceptional performance, achieving an
overall fault diagnosis accuracy of 98%. It precisely distinguished between dehydration, flooding, and
normal conditions, as confirmed by a clear confusion matrix. Quantitatively, the system accurately
estimated the severity (percentage) of each fault type. The mean absolute error for severity estimation
was 1.45%, with errors tightly distributed: ~0.17% for normal states, ~2.1% for dehydration, and
~1.7% for flooding cases. The three-dimensional response surfaces of the MVFL system revealed
smooth, continuous, and logical mappings from the input parameter space to the output fault
severities, demonstrating the system's stability and its ability to handle complex, nonlinear interactions
between the inputs.

Discussion and Conclusion

The integrated MVFL-EIS approach successfully addresses key research gaps identified in the
literature. It moves beyond binary fault detection to enable precise identification of intermediate and
concurrent fault states (e.g., mild dehydration with partial flooding). The method offers an optimal
balance between high diagnostic accuracy (98%), computational efficiency (bypassing ECM fitting),
and interpretability (through a transparent fuzzy rule base). The strong correlation between the
extracted geometric EIS parameters and the physical phenomena of dehydration and flooding provides
a solid foundation for the system's decisions. This diagnostic framework shows high potential for
implementation in real-time online monitoring and control systems for PEMFCs. By enabling early
and accurate fault detection, it paves the way for enhanced operational reliability, extended cell
lifetime, and accelerated adoption of PEMFC technology in industrial and transportation applications.
Future work will focus on experimental validation with real-time data and integration of this
diagnostic module into an adaptive control strategy.
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