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ARTICLE INFO ABSTRACT

Proton exchange membrane (PEM) fuel cells are emerging as critical technology for clean and efficient energy
conversion, providing a path to worldwide decarbonization and renewable power generation. Their successful
integration into renewable and hybrid systems necessitates a thorough understanding of the interconnected
electrochemical, thermal, and fluid processes that regulate performance. However, many existing models
oversimplify these dynamic interactions, resulting in an inadequate understanding of system-level behavior and
control optimization. This study fills that gap by creating a dynamic MATLAB/Simulink-based model of a PEM
fuel cell to investigate how integrated thermal and fluid management affect efficiency, gas usage, and opera-
tional stability under changing loads. The model includes several critical subsystems, including the membrane
electrode assembly, gas flow routes, heat regulation, and purge control. Simulation findings show a peak elec-
trical output of 95kW with a power density of 1.116 W cm™. This highlights the need for active cooling and
purging strategies in reducing hydrogen loss and preserving stack performance. The findings aid sustainable PEM
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fuel cell design and real-time control development.

1. Introduction

Proton exchange membrane (PEM) fuel cells are becoming popular
for clean energy conversion due to their high efficiency, small size, low-
temperature operation, and quick start [1,2]. PEM fuel cells are espe-
cially appealing for electric vehicle (EV) applications due to their high
electrical efficiency, which is often more than double that of internal
combustion engines. They also operate at low temperatures and pres-
sures, offer high power and energy density, and produce very low noise
emissions. These characteristics make PEM fuel cells crucial for
achieving sustainable mobility and meeting the clean energy goals
outlined in Sustainable Development Goal 7 [3].

These systems electrochemically convert hydrogen and oxygen into
electricity, generating water and heat as byproducts, and have a great
potential for integration with renewable energy systems [4,5].

Modeling and simulation are critical components in the design,
control, and optimization of PEM fuel cell systems, particularly under
dynamic and transient load situations. MATLAB/Simulink has evolved
as a popular tool for creating component-based models that incorporate
electrical, thermal, fluid, and control subsystems [6-8]. These models
enable real-time monitoring of hydrogen consumption, current-voltage
(I-V) characteristics, membrane hydration, and heat rejection, all of
which are critical for assessing performance under changing load pro-
files [9,10].
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The appropriate representation of the membrane electrode assembly
(MEA) is critical in PEM fuel cell modeling because it influences electro-
chemical behavior and losses due to activation, ohmic resistance, and mass
transport restrictions [11,12]. Recent research has highlighted the im-
portance of combining thermal and water management subsystems with the
MEA for forecasting events such as membrane dehydration, floods, and
thermal runaway [13,14]. Active cooling, purge control, and humidification
strategies have been proposed to improve thermal stability and membrane
conductivity across a wide range of operating conditions [15,16].

This study creates a MATLAB/Simulink-based dynamic model of a
PEM fuel cell system that incorporates electrochemical, thermal, and
control subsystems to assess performance under transient loading con-
ditions. The model's subsystems include hydrogen and air flow paths,
MEA, humidification units, coolant loop, purge control, and real-time
feedback controllers. The goal is to determine how variations in power
demand and environmental circumstances influence electrochemical
performance, system efficiency, and gas purity. The simulation findings
are utilized to gain insights into fuel cell control techniques, energy
efficiency, and hybrid system design.

2. System description and modeling approach

In a PEM fuel cell, heat is generated mainly through electro-
chemical reactions and resistive losses in the cell components.
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Fig. 1. Proposed schematic diagram of the optimized PEM fuel cell model.
GLDs = gas diffusion layers; MEA = membrane electrode assembly; PEM =
proton exchange membrane.

Hydrogen oxidation at the anode and oxygen reduction at the
cathode release energy, which is partly converted into electrical
power and partly lost as heat. This thermal energy arises from the
irreversibility of electrochemical reactions, resistances to proton
and electron transport, and gas diffusion within the flow fields. The
heat generated depends on factors like current density, reactant
utilization, and membrane water content. Effective thermal man-
agement is crucial to maintain temperature uniformity, prevent
membrane dehydration or flooding, and ensure system durability
and efficiency, especially in fuel cell EVs, where dynamic load
conditions can increase heat transients [17].

2.1. Overview of system architecture

A dynamic system-level model of a PEM fuel cell was created in
MATLAB/Simulink to simulate its electrochemical and thermal beha-
vior under changing operating circumstances. The model is made up of
interrelated subsystems such as the fuel cell stack, electrical input, gas
supply and circulation, water management, and temperature control
(Fig. 1).
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The fuel cell stack model uses a semi-empirical voltage expression
that accounts for the reversible Nernst potential as well as losses caused
by activation, ohmic, and concentration overpotentials.

2.2. Hydrogen source

The Hydrogen Source stores and provides pressurized hydrogen (H,)
to the anode side. Hydrogen acts as fuel and is oxidized, releasing
protons and electrons [18]. It is a vital fuel supply component of the
PEM fuel cell system, ensuring that hydrogen is delivered cleanly,
consistently, and safely for efficient and reliable power generation.
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2.3. Anode humidifier

The Anode Humidifier maintains appropriate membrane hydration
by managing the humidity of the hydrogen supply, improving the PEM
fuel cell stack's ionic conductivity, efficiency, and lifetime. It moistens
incoming H, to maintain membrane hydration, essential for strong
proton conductivity and preventing drying [19].
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2.4. Anode flowfield

The Anode Flowfield is critical for hydrogen distribution, water and
gas management, and overall electrochemical uniformity, and has a
direct impact on the PEM fuel cell stack's performance, durability, and
efficiency. It distributes humidified hydrogen evenly throughout the
catalyst layer, facilitating effective electrochemical reactions [20].
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2.5. Membrane electrode assembly (MEA)

The MEA is the heart of the PEM fuel cell, where electrochemical
processes occur to convert hydrogen and oxygen into electricity, water,
and heat, while also assuring effective proton transport, electron flow,
and water management. This includes:

o PEM: protons are conducted from the anode to the cathode.

o Catalyst layers: facilitate hydrogen oxidation (anode) and oxygen
reduction (cathode) processes.

e Gas diffusion layers: maintain uniform gas distribution and water
management.

Electro-osmotic drag, reverse diffusion, and humidification all affect
water balance in the PEM fuel cell model. To maintain proton con-
ductivity, the anode humidifier keeps the hydrogen input almost
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saturated. Electro-osmotic drag and back diffusion compete for the
dynamic membrane hydration state (A). This water content influences
membrane conductivity and overall voltage losses. A feedback-con-
trolled humidification subsystem adjusts inlet humidity to prevent
membrane drying at high current densities and flooding at low loads,
thereby ensuring stable ionic transport and membrane integrity.
Appendix A contains the full Simscape implementation of the MEA
submodel, including parameter definitions and internal calculations.

2.6. Cathode flowfield

The Cathode Flowfield is responsible for hydration, uniform oxygen
distribution, and water removal on the cathode side, enabling the PEM
fuel cell to operate efficiently and reliably under varying conditions. It
manages oxygen supply and humidity to efficiently support the reduc-
tion reaction, just as they do on the anode.
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2.7. Pressure regulation valve subsystem 2.8. Cathode gas channels subsystem
The pressure regulation valve subsystem guarantees that the PEM The Cathode Gas Channels Subsystem allows for efficient oxidant
fuel cell receives gases at the proper operating pressure while pro- supply, water management, and uniform reaction distribution, all of
tecting the system from overpressure, so contributing to both perfor- which are critical to the PEM fuel cell stack's efficiency, lifetime, and
mance stability and operational safety. stability.

connection to share cathode fluid propert

2.9. Thermal management subsystem

The thermal-management subsystem uses active coolant circulation
to keep the PEM stack temperature within the specified operating
range. A cascade control architecture was used, with the outer loop
acting on the measured stack temperature to produce a commanded
coolant mass flow rate, and the inner loop converting the mass-flow
command into a pump actuator signal (pump speed or valve opening).
The temperature setpoint was set at 70 °C, giving an operating margin
below the model's 80 °C design limit while maintaining membrane
hydration and conductivity. To mitigate the effects of quick electrical
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transients on the thermal loop, the outer controller has a relatively slow
integrator time constant (minutes scale), whilst the inner mass-flow
loop responds faster (seconds scale), resulting in a consistent cascade
response.

The PI controllers are expressed as:

ur () = K 1 [eT ) + K“Z(S)eT(s)] .
_ Ki,m (S)
i (5) = Ky [em )+ =20, (s)] .

where er = Tiet — Tytack 1S the temperature error and
em = Memd — Mmeas 1S the mass-flow error.
Controller tuning occurred in 2 stages. First, open-loop step responses

were utilized to create a reduced-order thermal model of the stack-coolant
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loop, which was then used to get initial gains via the Ziegler-Nichols relay
method. High-fidelity Simulink models were used to optimize and im-
prove, including limiting temperature overshoot to less than 5%, achieving
settling durations compatible with the stack thermal constant (~10? s),
and avoiding oscillations during dynamic load phases. Anti-windup pro-
tection was implemented to prevent integrator saturation during pump
restrictions and purge events. A feedforward term proportional to the in-
stantaneous stack current was added to predict heating during large cur-
rent steps, improving transient response.

The following controller parameters were utilized for reproducibility:
outer PLK,7=0.8, K;7=2.0x10"2 s~ '; inner PI (mass flow)- K, ,, = 1.2,
Kim= 1.0x107! s™% Pump actuator limits were set per manufacturer
specifications, and the integrator was clamped during saturation. Fig. 6
shows the closed-loop stack temperature and coolant mass flow for a 0—peak
current step, with less than 5% overshoot and a settling period of < 300s.
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2.10. Hydrogen source subsystem

The Hydrogen Source Subsystem is the principal fuel supply unit of
a PEM fuel cell system, ensuring that hydrogen is delivered safely,
purely, and consistently to support efficient and long-term power gen-
eration.

Fuel Tank

Pressure-Reducing

Valve

Stack Pressure

To provide comprehensive model reproducibility, Appendix B con-
tains detailed formulations and parameter definitions for auxiliary
power modeling of the compressor and coolant pump.

2.11. Oxygen source subsystem

The Oxygen Source Subsystem provides a clean, adequately pres-
sured, and humidified oxidant feed to the cathode, allowing for stable
electrochemical processes, efficient energy conversion, and longer
membrane life in PEM fuel cell operation.
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The compressor and coolant pump are designed as load-dependent
components. Compressor electrical power is computed using the isen-
tropic compression work required to elevate the oxidant from ambient
to cathode inlet conditions, scaled by an isentropic efficiency to account
for mechanical and electrical losses. Compressor mass flow is propor-
tional to stack current via the selected stoichiometric ratio; hence,

Fuel Properties

A

compressor power grows with load. The coolant pump's electrical
power is calculated as the hydraulic power required to circulate coolant
at the specified mass flow and overcome the coolant loop pressure head,
divided by pump efficiency. Controller operations (cascade temperature
— mass-flow command — pump actuator) affect pump speed/valve
opening, resulting in immediate pump power. The 3.8 kW amount
presented in Section 3.3 and Fig. 4 represents the total average aux-
iliary consumption for the simulated operating profile; instantaneous
auxiliary power fluctuates depending on load and component effi-
ciency.
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2.12. Recirculation subsystem

The Recirculation Subsystem improves hydrogen utilization, water
balance, and overall system performance by recycling unreacted fuel
and ensuring ideal gas flow conditions within the PEM fuel cell's anode
circuit.

2.13. Electrical load

The Electrical Load is the final component that uses the power produced
by the PEM fuel cell. It is crucial for determining the operating point, effi-
ciency, and dynamic response of the complete fuel cell system. It could be
resistive, dynamic, or coupled to a power conditioning circuit.

Inputs

2.14. Sensors and measurement unit

The sensors and measurement unit serve as the information back-
bone of the PEM fuel cell system, ensuring safe, efficient, and de-
pendable operation via accurate monitoring, feedback control, and di-
agnostic capabilities. It monitors important parameters such as voltage,
current, power, pressure, and temperature (i, V, P, T) for system control
and diagnostics.

All subsystems are connected by signal lines that represent elec-
trical, thermal, and fluid interactions. The model may work in both
steady-state and dynamic load scenarios. Simulink's solver settings are
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optimized for stiff systems (e.g., odel5s) to ensure stability and con-
vergence. The simulation results include stack voltage, power density,
hydrogen consumption, thermal efficiency, and coolant requirements,
all of which provide information on the PEM fuel cell system's perfor-
mance and operational boundaries.

3. Results
3.1. Dynamic electrical and thermal response (scopes output)

Fig. 2 depicts the simulated dynamic performance of a PEM fuel cell
stack, including current, voltage, power, and temperature profiles. The
current response varies dramatically between 0 and 200 A, indicating
varied load circumstances and exhibiting the stack's quick dynamic
response capacity. The associated voltage trace shows the characteristic
polarization trend, with voltage falling as current increases due to ac-
tivation and ohmic losses, then quickly rebounding during low-load
times. As a result, the electrical power output peaks around 100 kW at
intermediate current levels, which corresponds to the stack's maximum
power point. The heat generated follows a similar trend, but is much
lower than the electrical output, demonstrating the model's effective
conversion efficiency and stable energy balance. The stack temperature
steadily rises from ambient to around 80 °C before stabilizing, showing
good thermal management and consistent heat removal throughout
continuous operation. Overall, the I-V-P-T characteristics show that the
simulated PEM fuel cell model accurately reproduces the coupled
electrochemical and thermal dynamics under transient operating con-
ditions, making it suitable for performance evaluation and system-level
integration studies in next-generation energy systems.

3.2. Steady-state polarization curves (Simscape logging)

Fig. 3 shows the I-V and current-power (I-P) curves for the PEM fuel
cell block system.

The graph (in blue) depicts the I-V curve of the PEM fuel cell block
system in the stack. As the current increases, the voltage drops, first due
to electrode activation losses, then progressively due to ohmic re-
sistances. Gas transport losses cause a rapid reduction in voltage near
the maximum current.

The picture (in red) also illustrates the power output of the PEM fuel
cell system. When the ramp scenario is selected, the power increases
until it reaches its maximum output, at which point it drops due to
substantial losses near the maximum current.

SCOPE MEASUREMENTS % O I» o
Current (A)
. WWMW
0
Voltage (V)
500 3
400
—— Electrical Heat
- : ) Power (kW)
OFA/\AAHMWMN\AMI\ /\/\f\/«l\z
Stack Temperature (degC)
50 V/_\,w
0 560 1000 15:')0 2000 2500

Sample

Fig. 2. Current (), voltage (V), and power (P) characteristics from Scopes.
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Fig. 4. (a) Power produced and consumed (kW) and (b) Power dissipated.

3.3. Power distribution and energy balance

Fig. 4 demonstrates how electrical power is distributed in the PEM
fuel cell system, including input to the PEM fuel cell stack and con-
sumption by auxiliary components such as the cathode air compressor
and coolant pump. These ancillary systems are essential for maintaining
steady and effective operation. As a result, the net power input to the
fuel cell stack is somewhat lower than the overall electrical power
output.

The model assumes that the compressor has ideal isentropic beha-
vior; however, allowing for real-world compressor efficiency might
result in a slight increase in overall power consumption. Furthermore,
the image illustrates the thermal energy generated during operation,
which must be dissipated by the cooling system to keep the stack within
its temperature limits. The device can produce a maximum electrical
power output of 95kW. The stated ~3.8kW auxiliary load is the
average electrical consumption of compressor(s) and coolant pump for
the simulated load profile. Instantaneous auxiliary power is load-de-
pendent and computed using the isentropic compressor and pump hy-
draulic relations specified in the Methods.

3.4. Efficiency and reactant utilization

Fig. 5(a) depicts the fuel cell's thermal efficiency and reactant uti-
lization fraction. The thermal efficiency of a fuel cell reflects how much
energy from hydrogen fuel is converted into useful electrical work. A
PEM fuel cell can theoretically achieve an efficiency of 83%. However,
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Fig. 5. (a)Variation of thermal efficiency(%) and (b) reactant utilization(%) vs.
time.

internal losses reduce efficiency to about 60%. Near maximum current,
efficiency has reduced to roughly 45%.

Reactant usage is the fraction of reactants (H, and O-) that enter the
fuel cell stack and are utilized by the fuel cell, as shown in Fig. 5(b).
Higher utilization makes better use of the gases flowing through the
fuel cell, but it reduces reactant concentration, lowering voltage output.
Unconsumed O, is discharged into the environment, whereas un-
consumed H, is recirculated back to the anode to reduce waste. Im-
purities are removed from Hj at regular intervals.

3.5. Thermal regulation and coolant flow

To evaluate the model's dynamic reactivity, a step-load test was
performed with the stack current increasing from 0 A to 200 A. Fig. 6
shows the transient behavior of voltage, temperature, and coolant mass-
flow rate. The voltage dips by around 3% for a brief period before re-
covering within 1-2 s, demonstrating the stack's quick electrochemical
response. The temperature gradually rises toward the 80 °C setpoint,
with less than 5% overshoot, suggesting that the cascade control loop is
effectively regulating thermal energy. The coolant mass-flow rate
fluctuates proportionally to the heating rate, ensuring stable operation
during the transient. These findings demonstrate that the developed
PEM fuel cell model accurately reproduces system dynamics and per-
forms consistently under rapid load variations.

Fig. 6(a) depicts the temperature distribution in several regions of
the PEM fuel cell system. The system's cooling loop maintains the stack
temperature at a maximum of 80 °C to optimize performance and pre-
vent membrane breakdown. As part of the thermal dynamics, the re-
circulating hydrogen stream absorbs heat as it returns to the anode,
while air compression on the cathode side contributes to the tempera-
ture rise.

Maintaining correct heat management is critical because high tem-
peratures reduce membrane hydration and ionic conductivity, whereas
low temperatures increase resistance. The proposed model controls
temperature by altering the coolant pump's mass flow rate in real time.
Fig. 6(b) displays the development of coolant temperature as it absorbs
heat from the stack and releases it via the radiator. This process is as-
sociated with a progressive decline in hydrogen tank pressure as the
gadget converts electrical input into stored hydrogen. The simulation
confirms the usefulness of active cooling in regulating operational
temperature and enhancing hydrogen production efficiency.

3.6. Fuel storage and gas management

Fig. 7 shows the time evolution of hydrogen storage and energy flow
parameters when the PEM fuel cell system operates dynamically.
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Fig. 6. (a)Variation of temperature (°C) and (b) Coolant pump mass flow rate
(kg/s) with time.
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Fig. 7. Dynamic behavior of the PEM fuel cell system: (a) Fuel tank pressure,
(b) Hydrogen mass in tank, and (c) Energy consumption and production vs.
time. PEM = proton exchange membrane.

Fig. 7(a) shows that the fuel tank pressure gradually decreases from
approximately 69 MPa to 64 MPa over a 2500-s simulation time. This
slow decline is caused by the constant withdrawal of hydrogen to power
the fuel cell stack. The relatively smooth pressure reduction indicates
that the pressure-reducing valve is effectively controlling mass flow and
consuming hydrogen at a consistent pace. The lack of significant fluc-
tuations shows that the fuel delivery subsystem is in a stable state, with
no transients or oscillations in the supply line.

Fig. 7(b) demonstrates that the hydrogen mass within the tank in-
creases monotonically with time. This trend represents the total hy-
drogen input during the refueling or recirculation process, depending
on the system's operational mode. The association between tank mass
and pressure profile demonstrates that storage dynamics are driven by
thermodynamic relationships between pressure, temperature, and
mass. The trend's minor curvature could be attributed to nonlinearities
in compressibility or temperature fluctuations during gas expansion and
compression.

Fig. 7(c) compares hydrogen consumption to energy generated by a
PEM fuel cell. The system efficiently transfers hydrogen's chemical
energy into electrical energy, as evidenced by the increasing value over
time. The proximity of the 2 curves throughout the experiment suggests
that the fuel cell has a rather high conversion efficiency. However, a
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Fig. 8. (a) Anode mole fractions and (b) Hydrogen lost through purge valve
(kg).

consistent discrepancy between the 2 curves suggests that conversion
losses are unavoidable due to electrochemical inefficiencies, ohmic
resistances, and auxiliary power usage. The total energy produced is
roughly 40 MJ, as opposed to the 50 MJ of hydrogen energy required,
implying an average system efficiency of around 80%, which is con-
sistent with typical PEM fuel cell performance under dynamic settings.
Overall, Fig. 7 highlights the coupled dynamics of hydrogen storage
and energy output, demonstrating that the system operates stably with
predictable energy conversion behavior. The observed trends show that
the simulation model is accurate in capturing transient effects in hy-
drogen usage, pressure dynamics, and power production efficiency.

3.7. Anode gas composition and purge losses

Fig. 8 depicts the fluctuation in molar percentages of nitrogen and
hydrogen within the anode compartment of the PEM fuel cell system, as
seen in Fig. 8(a) and (b), respectively. Increased nitrogen concentra-
tions relate to a decrease in hydrogen availability, which has a negative
influence on electrochemical performance due to reactant stream di-
lution.

To manage gas composition in the anode, the system contains a
purge valve with a high hydrogen content. The valve opens when the
nitrogen molar percentage exceeds 50% and remains open until the
concentration drops below 10%. Although this technique effectively
removes excess nitrogen, it also causes unintentional hydrogen loss
during purging. As a result, purge valve operation needs a well-de-
signed control strategy that reduces hydrogen waste while maintaining
system performance and gas purity. The purge thresholds (50% and
10%) were chosen based on empirical experience and proven through
dynamic simulations as effective limits for preserving gas purity while
minimizing hydrogen losses [21-23].

4. Discussion

The results obtained from the Simulink-based PEM fuel cell model
provide valuable insight into the performance characteristics, opera-
tional limitations, and optimization opportunities of system-level hy-
drogen production under dynamic conditions. This is consistent with
previous research emphasizing system-level modeling and management
of PEM fuel cells under varying loads [24-26].

Fig. 1 illustrates the modular architecture of the system, integrating
an MEA with thermal and fluidic networks. This configuration suc-
cessfully captures the interaction between electrical input, water flow,
and heat management, 3 critical domains in the PEM fuel cell. The
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importance of these interactions has been highlighted in recent simu-
lation and control-oriented studies[25,27,28].

Fig. 2 shows that the dynamic voltage and temperature responses
confirm the realism of the PEM fuel cell model. The rapid voltage drops
and recovery during load changes properly reflect activation and ohmic
effects, while the steady temperature rise and stabilization near 80 °C
demonstrate proper thermal management. The coupled electrical and
thermal behavior shows genuine electrochemical-thermal coupling,
demonstrating that the model accurately reflects the stack's transient
dynamics under changing operating circumstances.

Fig. 3 shows the characteristic I-V and I-P behavior. The nonlinear
shape of the I-V curve is consistent with known electrochemical losses:
activation overpotentials dominate at low currents, ohmic resistance
prevails in the mid-range, and mass transport limitations appear at high
current densities. The I-P curve demonstrates a peak in output power,
beyond which performance degrades due to increased system losses,
validating the importance of operating within optimal current density
ranges. These findings support the voltage behavior trends presented in
[29,30], in which advanced modeling verifies comparable curve pat-
terns and current-density effects on voltage drop and power output.

Fig. 4(a) shows the energy split between the fuel cell stack and the
balance-of-plant (BoP) components. Auxiliary loads like compressors
and coolant pumps consume around 3.8 kW of the 95 kW total power
output, which aligns with energy consumption patterns in hybrid PEM
systems [31]. Fig. 4(b) shows thermal losses of up to 28 kW, high-
lighting the importance of thermal control, which aligns with CFD-
based research on PEM heat rejection techniques [21]. The system’s
total output is capped at 95 kW, with approximately 3.8 kW attributed
to auxiliary consumption. Fig. 4(b) reveals substantial thermal losses
(up to 28 kW), emphasizing the importance of efficient heat removal
mechanisms, highlighting the importance of thermal control findings
congruent with CFD-based studies on PEM heat rejection techniques
[21].

Fig. 5(a) confirms that the cooling loop effectively maintains the
stack temperature below the design threshold of 80 °C. Temperature
regulation is essential not only to preserve MEA integrity but also to
avoid dehydration or excessive membrane swelling. Preserving MEA
hydration and mechanical stability in this range is critical, as evidenced
by studies on membrane dehydration effects and mitigation strategies
[32,33]. Fig. 5(b) shows how the coolant absorbs and transports waste
heat through the radiator, while simultaneously tracking hydrogen
consumption and its impact on tank pressure. This indicates how the
coolant system promotes waste heat recovery while indirectly mea-
suring reactant usage, which is consistent with advanced thermal net-
work models [34]. The water management system successfully kept the
membrane hydrated under a variety of loading conditions. The equili-
brium between electro-osmotic drag and back diffusion enabled con-
sistent water activity across the membrane, as shown by stable voltage
and temperature responses. The humidifier's feedback control pre-
vented performance degradation caused by dehydration or flooding,
demonstrating the long-lasting effectiveness of the dynamic model's
integrated water management method. Appendix C details the water
transport methods, including electro-osmotic drag, reverse diffusion,
and humidification control.

Fig. 6 (a-c) collectively depicts hydrogen storage behavior. The results
suggest that system-level integration with energy storage infrastructure can
be informed by real-time monitoring of tank pressure, hydrogen mass, and
thermal energy content. Notably, the hydrogen mass flow aligns well with
modeled Faraday efficiencies. These findings are consistent with control
strategies for fuel cells and storage hybrids in renewable systems [26,35].

Fig. 7(a) reveals the accumulation of nitrogen in the anode loop
and its impact on hydrogen molar concentration. As expected, an
increase in nitrogen dilutes the reactant stream, reducing electro-
chemical performance. This behavior is well documented in gas
management studies for PEM systems [21]. Fig. 7(b) shows hydrogen
losses associated with purge valve operation. Although necessary to

10
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prevent nitrogen saturation, purge events result in H, wastage, ne-
cessitating a control strategy that balances gas purity with fuel
conservation. According to a recent study, adjusting purge frequency
through adaptive management can reduce hydrogen waste while
preserving system efficiency [22,23].

Fig. 8 displays the change in gas composition inside the anode
compartment. As illustrated in Fig. 8(a), increasing nitrogen mole
percentages causes a drop in hydrogen concentration, resulting in re-
actant dilution and reduced electrochemical efficiency, a well-docu-
mented issue in gas crossover studies [21]. Fig. 8(b) displays a purge
valve mechanism that activates when nitrogen levels exceed 50% and
shuts down when nitrogen levels fall below 10%. While effective in
maintaining gas purity, this method results in sporadic hydrogen losses.
A recent study emphasizes the need for adaptive purging strategies to
reduce fuel waste while preserving stack performance [22,23].

5. Model verification and validation

To ensure the accuracy and dependability of the Simulink-based
dynamic PEM fuel cell model, a verification and validation process was
carried out using both public experimental data and benchmark models
from the literature. The goal was to make sure that the simulated sys-
tem’s behavior closely matched actual physical performance under si-
milar operating conditions.

5.1. Steady-state verification

The simulation's polarization and power-current characteristics
were compared to experimental data from [36] for a 1 kW PEM fuel cell
stack operating at 60 °C, 1 atm, and stoichiometric ratios of 2 (H,) and 3
(air). Fig. 3 indicates that the simulated cell voltage exhibits good
agreement with the experimental polarization curve, with a maximum
variance of less than = 3% across the whole current density range
(0-1 Acm™). This agreement demonstrates that the electrochemical,
activation, and ohmic loss parameters were properly calibrated.

5.2. Dynamic performance validation

To evaluate transient behavior, the dynamic responses of stack voltage
and temperature to a step load change were compared with the experi-
mentally validated NREL dynamic PEM fuel cell model [37]. Both models
had similar trends and settling times, with transient peak voltage and
temperature responses ranging by less than 5%. These data demonstrate
that the thermal and gas flow submodels used accurately capture the re-
lationship between electrochemical and thermal dynamics as loads change.

5.3. Error analysis

The root mean squared error (RMSE) and percentage deviation (8)
measurements, defined as:

— N
1
RMSE = \/— (Vim,i = Vexp,i)?
N ; 3
1Viim—Vexp |
§= """ % 100%
@
The computed RMSE between simulated and experimental voltages
was 0.012V, and the mean deviation was less than 3%, indicating a
high level of model fidelity.

exp

5.4. Discussion

The comparison of simulated and reference data shows high con-
sistency for both steady-state and transient analysis. The polarization
and dynamic response results closely reflect experimental trends,
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supporting the electrochemical, thermal, and flow-field submodels. This
alignment implies that the thermodynamic, electrochemical, and mass
transport formulas used accurately represent the true behavior of the
PEM fuel cell system under different operating situations.

Furthermore, the results in Fig. 7 demonstrate the model's predictive
capability by depicting the couple dynamics of hydrogen storage and
energy conversion. The consistent and monotonic connections observed
between tank pressure, hydrogen mass, and energy production de-
monstrate that the system performs reliably and with predictable en-
ergy transformation characteristics. These trends demonstrate the
model's capacity to capture transient impacts in hydrogen usage,
pressure dynamics, and power production efficiency.

Overall, the strong agreement with actual and benchmark data de-
monstrates the resilience of the MATLAB/Simulink-based PEM fuel cell
model. As a result, the model can be securely used in sophisticated
integration studies involving hybrid energy storage systems, real-time
control design, and performance optimization in dynamic operating
scenarios.

6. Conclusions

This study developed a detailed Simulink-based dynamic model of a
PEM fuel cell system, incorporating essential subsystems such as MEA,
heat control, fluid dynamics, and gas management. The model accu-
rately recreated fundamental behaviors such as I-V and I-P character-
istics while also quantifying the effects of auxiliary loads and thermal
losses during full system operation. Simulation findings show that the
system can maintain optimal operating temperatures below 80 °C while
balancing energy efficiency, hydrogen consumption, and gas purity.
The examination of hydrogen and nitrogen molar compositions high-
lighted the necessity for effective purge management to reduce reactant
loss. The model's dynamic reaction to load variations demonstrated the
integrated control system's performance by displaying consistent vol-
tage and current tracking with little overshoot. These findings validate
the model's applicability for real-time system design, energy manage-
ment, and renewable energy integration, providing a solid foundation
for improving next-generation PEM fuel cell systems. Future work will
center on experimentally validating the established model, particularly
under dynamic and hybridized situations. Additional efforts will focus
on integrating with hybrid energy storage systems (battery and hy-
drogen), optimizing purging and cooling control mechanisms, and im-
plementing real-time energy management to improve system efficiency
and durability.
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