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Abstract

The dynamics and transient response of fuel cell systems are critical aspects, especially in
commercial applications where an immediate response to fluctuating power demands is
required. This study presents experimental results obtained from evaluating the dynamic
behavior of a 1.2 kW Ballard Nexa fuel cell, subjected to various operational disturbances,
including startups, shutdowns, step load increases, irregular and constant loading, and
system purging operations. The variables analyzed include voltage, current, and tem-
perature, both in individual cells and in the entire system. The results indicate that the
temperature exhibits an attenuated response with an arc-like evolution, but with an upward
trend correlated with the increase in the demanded current. Meanwhile, when multiple
load steps are applied, the system exhibits rapid responses in both cell and stack voltages,
with transient overshoot and undershoot peaks whose magnitudes increase proportion-
ally with the applied current. Regarding the purge system, tests show that its activation
improves operational efficiency, resulting in approximately 0.3 V of voltage increase per
operation. Furthermore, it is observed that the purge frequency increases with higher
external load levels, suggesting a direct interaction between energy demand and active
waste gas management in the system.

Keywords: cell voltage; stack voltage; transient response; gas purge; overvoltage

1. Introduction
In December 2023, COP28 was held in Dubai, United Arab Emirates (UAE), repre-

senting a significant advance in global climate governance by conducting the first Global
Stocktake of the Paris Agreement. This agreement urges countries to move toward a fair
and equitable energy transition and to transition away from fossil fuels in energy systems
in a just, orderly and equitable manner, in line with the Global Stocktake outcomes [1].
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Within the framework of these global commitments, it is imperative to study and
incorporate alternative, sustainable energy sources to help meet climate objectives. In this
context, the so-called hydrogen economy [2] gains relevance. This energy is understood as
a system based on the use of hydrogen as a marketable energy carrier, with the potential to
represent a significant share of countries’ energy mixes and services, particularly for those
committed to decarbonization and climate resilience. One of the fundamental advantages
of hydrogen (H2) in this context is its ability to be generated from various primary energy
sources—including renewable ones—and stored for later use, enabling it to meet energy
demand when other sources, such as solar energy, are unavailable [3]. However, hydrogen
alone is not a direct source of electricity; converting its chemical energy into electrical
energy requires a fuel cell, an electrochemical device that enables this conversion through
an oxidation–reduction reaction. In these cells, hydrogen serves as the fuel and is introduced
at the anode (negative electrode). At the same time, an oxidizing agent, usually oxygen or
air, is continuously supplied to the cathode (positive electrode). Within this category, proton
exchange membrane fuel cells (PEMFCs) are of particular interest due to their operational
efficiency and low emissions. These cells use hydrogen and oxygen as inputs and produce
only water as a byproduct, making them a highly clean and sustainable alternative within
the energy transition [4]. Within the operation of proton exchange membrane fuel cells
(PEMFC), one of the fundamental aspects for their electrochemical and energetic analysis
is the relationship between the output voltage and the current density. This relationship
allows us to identify the mechanisms that originate internal energy losses in different
operating regimes. At low current densities, the cell voltage is mainly influenced by
electrochemical activation losses, which decrease exponentially due to kinetic barriers
associated with the electrode reactions [5]. As the current density increases to intermediate
levels, ohmic losses—due to the system’s internal resistance, both in the membrane and the
electrodes—become dominant, resulting in a linear voltage drop. Finally, at high current
densities, cell performance is limited by mass transport constraints, as more reactant is
required at the electrode surface. In this regime, the voltage is determined by the diffusivity
of the reactant gas (mainly oxygen) in the material’s pores, which can be compromised by
the accumulation of liquid water at the cathode. This phenomenon, known as flooding,
blocks the pores of the gas diffuser (GDL) and the electrode, hindering oxygen access to
the active reaction zone [6].

It should be noted that these systems can operate in steady-state mode, that is, under
conditions of constant current flow or demand over time. However, they can also operate
under dynamic regimes, in which the current flow between the cell terminals experiences
disturbances or abrupt transitions between different charge levels. In the latter case, a
transient response of the system occurs, characterized by complex charge redistribution
phenomena, adaptation of reactant concentrations, and variations in the thermal and
humidity profiles within the cell [7].

During both operating modes, multiple complex and interrelated phenomena oc-
cur in fuel cell operation, including mass/heat transport, electrochemical reactions, and
ionic/electronic conduction, which govern energy conversion and efficiency, and which
must be taken into account when applying them to electrical power generation [8].

Fuel cells are remarkably versatile, with applications in a wide range of sectors, includ-
ing residential use, portable electronic devices such as mobile telephony, and industrial and
transportation applications, where they are becoming established as a viable alternative to
conventional fossil fuels [9].

In applications where loading conditions vary over time, i.e., under dynamic regimes,
fuel cell behavior is influenced by a series of transient phenomena, including the
charge/discharge of the electrochemical double layer at the reaction interface, diffusion of
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gaseous reactant in GDL (Gas Diffusion Layer), MPL (Microporous Layer), CL (Catalytic
Layer), and membrane water dynamics, including diffusion, electroosmosis drag, and
liquid storage, phase change, and drainage [8]. These factors affect their durability and
efficiency, which is why they constitute significant barriers to the wider commercial use of
PEM fuel cells [10].

Therefore, a thorough understanding of the processes and operations of these systems
during dynamic response operations is required to prolong their lifespan and to optimize
materials, structures, and control methods to improve working conditions within fuel
cells [11].

Most studies on PEM fuel cells are oriented toward steady-state behavior, but increas-
ingly, studies are being conducted under dynamic loading conditions, including startup
and shutdown stages. Dynamic behavior is a crucial aspect of fuel cell operation, enabling
a close approximation of real-world operating conditions, such as in transportation and
portable applications, where understanding dynamic behavior is vital since electrical power
demand varies over time [12].

2. Previous Works
Dynamic operation is responsible for deterioration processes within PEMFCs. It is the

underlying cause of the typical hygrothermal events and voltage cycling that occur during
startup and shutdown, leading to severe damage to PEMFC catalysts [13].

2.1. Simulation

In this context, Rincón Murcia [14] presents the development of a real-time fuel cell
emulator that considers electrical behavior from static and dynamic models. This fuel cell
emulator aims to enable new research in this field without a physical system, allowing the
study of fuel cell behavior across a wide range of conditions in controlled environments.
Meanwhile, Loureiro Nascimento et al. [15] presented the modeling of a proton exchange
membrane fuel cell (PEMFC) based on equivalent electrical circuits to represent steady-state
and transient operation, accounting for major electrochemical losses. Simulations under
different load conditions and electrical configurations were validated using experimental
data from the literature, showing good model performance.

Qi et al. [16] developed a model for a polymer electrolyte fuel cell (PEFC) system
that can characterize transient behavior using the control volume method. Three different
cases are explicitly discussed based on different mass transfer assumptions in the cathodic
channel, i.e., considering the presence of (1) oxygen only, (2) oxygen and nitrogen, or
(3) oxygen in addition to nitrogen and water vapor in the cathode control volume. The
analysis illustrates that the developed model adequately predicts the dynamic behavior of
a PEFC system.

Nascimento et al. [15] presented an experimentally validated PEM fuel cell model in
PSCAD (Power Systems Computer Aided Design)/EMTDC (Electromagnetic Transients
in DC Systems), highlighting its behavior in dynamic operation. Tests were performed
under load variations over short and long intervals, showing that the model accurately
reproduces the transient responses of voltage, temperature, and internal resistances.

2.2. Evaluation of Degradation

Moving forward in deterioration prediction, Tang et al. [17] propose a fusion model
based on an LSTM neural network [18] and a driving-cycle degradation rate model to
more accurately predict degradation characteristics and estimate the health status of
fuel cell stacks. The results show that the proposed fusion model can not only predict
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the overall performance decline trend of PEM fuel cells, but also capture the fuel cell’s
dynamic characteristics.

Start-stop operations, as well as load transitions—when the system goes from low
to high consumption (boost) or from high to low (buck)—are especially critical for cell
performance, due to the occurrence of undesirable phenomena that result in exacerbated
cell degradation with a consequent progressive voltage drop and an increase in internal
resistance [19].

2.3. Strategies of Predictions

Wang et al. [20] developed a model of fuel cell degradation under dynamic operating
conditions. The proposed approach is validated using data from a long-term accelerated-
stress test of a vehicle-oriented PEMFC. The results show that the degradation mechanism
model can be used to identify degradation rates under dynamic operating conditions.

J. Almingol Estrada [21] focuses on the dynamic operation of PEM fuel cells, using
a nonlinear model representative of their transient behavior. This model is linearized
and discretized with a 10 ms sampling time, allowing the simulation and analysis of
system performance under variable load conditions. A generalized predictive controller
(GPC) is implemented that incorporates measurable disturbances—such as the demanded
current—and physical constraints—such as compressor voltage and excess oxygen. Based
on this dynamic, three control strategies are evaluated to maximize efficiency, prevent
starvation, and track a desired output voltage.

2.4. Evaluation of Dynamic Behavior

Yuan et al. [22] studied the transient characteristics of a proton exchange membrane
(PEM) fuel cell. They used fixed-frequency impedance as an indicator of dynamic response
performance, along with voltage. This model describes the trends in proton transfer loss
and charge transfer loss. Based on this, they investigated the effects of different step
currents, air stoichiometry, back pressure, humidity, and temperature on the dynamic
response of the PEM fuel cell. They thus observed a close relationship among voltage,
internal hydration state, and oxygen transfer.

Goshtasbi et al. [23] used experimental data on the transient response of a fuel cell to
validate a 2D transient model that accounts for the microstructural characteristics of various
cell layers. They investigated the impact of operating temperature and relative humidity on
the transient response of this fuel cell. The model enables analysis of transport phenomena
and could help evaluate temperature, potential, and species distributions within the cell,
thereby optimizing its design and material selection.

Y. Shi et al. [24] analyzed the transient behavior of a PEFC using dynamic tests with
different load profiles. They observed that higher current change rates intensified voltage
overshoots and undershoots, which disappeared without a hold time. Although the average
pressure drop did not vary significantly, the study confirmed that dynamic testing is key to
understanding water-handling and electrical responses under transient conditions.

P. Herreros Carmona [25] models a hydrogen fuel cell using experimental data and an
OSI algorithm in Matlab-Simulink (version R2023b). Dynamic testing allows the model to
be tuned in real time and evaluates its response to rapid changes, validating its usefulness
for energy management systems in electric vehicles.

2.5. Vehicle Application

As reviewed in the literature, dynamic testing of proton exchange membrane (PEM)
fuel cells is gaining momentum, driven by the development of fuel cells for automotive
applications [26–28].
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Cheng et al. [29] explore the impact of slew rate and PEMFC operating points on
hydrogen consumption at the real system level. In this paper, a dynamic model of the
PEMFC system is established and experimentally verified. The model can capture the
dynamic response of PEMFCs across a range of operating points and slew rates.

Liu, Zhang, and Xu [30] successfully designed and implemented a combined air-
pressure and mass-flow control strategy to an 80 kW automotive fuel cell system. The
proposed approach was shown to satisfy the system’s power demand requirements while
providing adequate dynamic response and maintaining stable steady-state operation across
a range of operating conditions. Under appropriate air-supply conditions, the fuel cell sys-
tem exhibited satisfactory dynamic behavior and steady-state performance. Additionally,
consistency analysis based on the coefficient of variation of cell voltage indicated improved
voltage uniformity and overall system consistency during dynamic load changes.

Tang et al. [31] investigate the dynamic performance of a hybrid system in a series of
laboratory and on-road tests combining a 2 kW air-blown proton exchange membrane fuel
cell (PEMFC) and a lead-acid battery pack for a light-duty cruise vehicle. Specifically, the
cell current and voltage are investigated during dynamic operation due to load variations.
The dynamic responses of other operating parameters, such as anode operating pressure
and inlet and outlet temperatures, are also investigated. The results show that such a
hybrid system is capable of dynamically meeting the vehicles’ energy demands.

Salazar Nájera et al. [32] demonstrate, through dynamic simulations, that EMPC
enables efficient energy management, adapts to demand variations, and reduces hydrogen
consumption by up to 14%. This approximation serves as a relevant precedent for studies
of dynamic analysis and performance testing in hybrid electric vehicles.

Ruiz Sicilia et al. [33] Using dynamic simulations performed on a hybrid traction
model, they demonstrate the effectiveness of predictive control (MPC) for energy man-
agement in industrial vehicles. Using a driving profile composed of acceleration, con-
stant speed, and braking phases, the system’s behavior is evaluated under different
power demands.

Sampietro et al. [34] proposed a propulsion system that integrates a hydrogen fuel
cell as the primary power source, along with batteries and supercapacitors for energy
storage. The study focuses on evaluating various predictive control strategies (economical
and robust) compared with dynamic programming to optimize energy use and extend
component life. A key aspect of the work is the implementation of dynamic tests using real
driving cycles, such as the Buenos Aires Driving Cycle (BADC) and the Manhattan Driving
Cycle. These profiles enable the simulation of real urban conditions and the evaluation of
the system’s behavior under speed variations, acceleration, and braking.

Toalombo-Vargas et al. [35] presented a study on the energy balance of a fuel cell-based
hybrid vehicle, which analyzes the interaction between the combustion engine, the electric
motor, and the energy storage systems (batteries). The work highlights the importance of
electronic management to optimize the use of each energy source according to the vehicle’s
operating conditions. Although the primary focus is conceptual and technical, the study
also includes an analysis of system behavior under different load and power-demand
conditions. This approach involves dynamic testing, which enables validation of system
efficiency and its ability to reduce fuel consumption and pollutant emissions.

Silva Garrido et al. [36] developed a study aimed at the design and validation of a
hybrid propulsion system based on hydrogen fuel cells (PEMFC) and batteries, intended
for CAEX mining trucks at the Los Pelambres Mine (Chile). In this work, they propose
a detailed set of dynamic tests under real-life mining operating conditions, including
startup tests, nominal and maximum power, dynamic response, efficiency, and sensitivity
to variables such as temperature, humidity, and pressure. These tests aim to validate system
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behavior under representative power demands, advancing the technological maturity level
(TRL) of the proposed solution.

Anderson et al. [37] presented the design, implementation, and experimental vali-
dation of a second-order sliding mode controller (Super-Twisting) applied to a hybrid
power generation system composed of a fuel cell and supercapacitors. The system was
evaluated on an experimental platform that emulates the power demand of an electric
vehicle operating under a standardized urban driving cycle (EPA IM240), which constitutes
a representative dynamic test.

Mayorga Aedo [38] develops and evaluates an electric vehicle propulsion system
based on a hybrid architecture composed of a fuel cell as the primary power source
and a supercapacitor bank as the secondary power source. The study includes complete
powertrain sizing, selection of electrical components, design of DC-DC 279 converters, and
implementation of an energy control strategy.

2.6. Humidification

Yang, Cha, and Kim [39] investigate the impact of reactant flow directions in the
anodic and cathodic channels on the dynamic responses of PEMFC fuel cells. They analyze
the dynamic responses of cell voltages and local transfer currents with abrupt increases
in current density. They find that, in general, for PEMFCs without humidification, the
counterflow cell is preferred due to its higher performance and stability.

Cecilia et al. [40] present the design and implementation of a high-gain observer with
a self-tuning dead zone to estimate liquid water saturation in PEM fuel cells. The study
addresses one of the main challenges in the efficient operation of these fuel cells: water
management, which cannot be directly measured online with conventional sensors. The
proposed observer is validated through simulations and dynamic experimental tests using
an H-100 model PEM fuel cell installed in a controlled environment.

J. Almingol Estrada [41] focuses on the design and implementation of electronic control
systems for open-cathode PEM fuel cells, highlighting the use of dynamic testing as a key
tool in performance optimization.

2.7. Test on Single Cell

Z. Penga et al. [42] use a segmented single-cell PEM to evaluate dynamic behavior
under current and potential ramps, as well as under the NEDC (New European Driving
Cycle) protocol. The tests include dry, partially humidified, and fully humidified reagents
in a counterflow configuration. The results of the analyses indicate that operation with
dry and partially humidified reactants is primarily affected by the pause duration, re-
sulting in distinct polarization curves and pronounced hysteresis during forward and
reverse polarization.

2.8. DC/DC

H. Duan et al. [43] analyzed the dynamic and transient behavior of low-consistency
fuel cells in series and parallel configurations, without the use of DC/DC converters.
Aspects such as adaptive power allocation and output stability are investigated. The results
reveal that, in series systems, the voltage and its variations (overshoots and undershoots)
increase with load, exacerbating poor performance.

Quispe Cuba [44] presents the design and validation of a boost DC-DC converter to
improve the performance of a hydrogen fuel cell. The study focuses on stabilizing the
fuel cell output voltage to enable more efficient energy delivery to the load. To this end,
simulations were performed under different load conditions to evaluate the converter’s
dynamic behavior under current and voltage variations. The results show that, even with
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abrupt load changes, the converter maintains an output voltage close to 48 V and an average
efficiency greater than 99.9%.

2.9. Electric Generator Application

J. J. Caparrós Mancera [45] presents a comprehensive experimental approach to op-
timizing renewable microgrids using hydrogen technologies and supercapacitor integra-
tion. In this work, multiple dynamic tests were performed on both a medium-sized PEM
electrolyzer and a high-voltage DC microgrid to evaluate the system’s behavior under
short- and long-duration transients. Their results validated the system’s efficiency, its
response to start-stop cycles, and the supercapacitors’ ability to mitigate voltage drops and
current surges.

2.10. Other Applications

Guillermo Hernández Lorente [46] develops a test bench for hybrid propulsion systems
in aircraft, integrating a PEMFC fuel cell with lithium-ion batteries. The author highlights
dynamic testing as a tool to evaluate the joint behavior of cells and batteries, optimize
hydrogen consumption, and improve energy management—fundamental aspects that
guarantee the viability and efficiency of these systems in aeronautical applications.

In aviation [47], as well as the requirement to reduce the size of battery packs in
cars. Dynamic testing enables detailed analysis of the behavior of key variables in system
operation, facilitating the development of more robust and efficient control strategies.
This is achieved by integrating strategically located sensors, actuators, and electronic
components to optimize overall system performance [48].

This study analyzes the voltage dynamics and transient response in a fuel cell com-
posed of 47 cells connected in series, considering this analysis a fundamental requirement
for optimizing energy efficiency and extending the lifespan of such devices [49]. Unlike
most previous studies, which focused on single-cell configurations, modeling approaches,
or system-level dynamic simulations, the present work offers a comprehensive experi-
mental analysis of a 47-cell series-connected PEM stack operating under realistic transient
conditions. The study simultaneously examines voltage dynamics at both the stack and
individual cell levels, identifying non-uniform behavior and localized phenomena that
are typically averaged out in stack-scale analyses. Furthermore, by coupling this elec-
trical characterization with the evaluation of the thermal response under varying loads
and incorporating the dynamic behavior of the blowdown process, the study provides
a comprehensive view of the electrical, thermal, and operational mechanisms governing
the transient performance of PEM stacks. This multidimensional approach constitutes a
novel contribution, bridging the gap between single-cell experimental studies and full-scale
system models and providing valuable insights to improve energy efficiency, thermal
management, and durability in real-world applications.

The sections of this work first present the methodology employed and the experimental
system. Second, the results for the transient responses of voltages and temperatures, and
the purge process of the system, are presented and analyzed under various external load
conditions and operating sequences of our experimental equipment.

3. Experimental Equipment
In this paper, experimental data were obtained from an acquisition system [50] con-

sisting mainly of three manufactured by National Instruments, Austin, Texas, United
States [1,2] DAQs (NI USB-6225, NI USB-6218, and NI USB-6008) to measure analog signals
of cell voltages, HTB-100 current sensors, and LM 35 temperature sensors. The fuel cell
used is a 1.2 kW air-cooled Nexa module that includes a stack of 47 cells connected in
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series, an electronic board, and auxiliary equipment. The cells used are proton exchange
membrane (PEM—Polymer Electrolyte Membrane) type, using a membrane polymer as
the electrolyte, specifically Nafion 115 commercialized by DuPont and is currently manu-
factured and marketed by Chemours with a thickness of 120 cm2. This stack can provide
up to 1200 W of power at a nominal output voltage of 26 VDC. Figure 1 shows the stack’s
composition scheme.

Figure 1. Main parts of the hydrogen fuel cell module.

To carry out the tests, it was necessary to have a laboratory composed of the following
equipment: hydrogen storage tank, Ballard Nexa PEM 1200 W fuel cell which, as mentioned,
is an integrated module of 47 fuel cells connected in series and auxiliary components
such as the air compressor, cooling fan, humidifier, purge valve, pressure regulator and
microprocessor control as described in [4]. In addition, two computers, two power supplies,
a precision multimeter, and a hydrogen cylinder were available (Figure 2).

Figure 2. Testing laboratory used for the experiment.

For the investigation of dynamic behavior, the Prodigit 3260 series module was used as
an external load, allowing for a series of experiments under different operating conditions.
The experimental process consisted of five stages: startup, shutdown, load ramp, regular
load variation at multiple levels, and irregular load variation. The main objective of this
study was to identify the dynamic performance at each stage and characterize the system’s
transient response to varying loads.
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4. Dynamic Behavior Experiments
To analyze the dynamic behavior of the fuel cell, various experimental tests were

designed and executed under diverse operating conditions. The experimental protocol
structure included five main stages: startup, shutdown, load ramp-up, load regulation at
different levels, and irregular load variation. The implementation of these phases enabled
evaluation of the system’s dynamic performance under each condition and characterization
of the most representative transient responses to external load applications, providing key
information for system modeling and control. The variables analyzed included stack and
individual cell voltages, cell temperatures, stack temperature, and purge signals.

In these experiments, both individual fuel cells and the complete stack are analyzed, as
each level of study provides complementary insights critical to understanding and optimiz-
ing system performance. The stack-level analysis focuses on the system’s overall behavior,
particularly the total voltage and the voltage of each cell in the stack. This is essential
for evaluating operational stability and identifying potential performance degradation. A
single cell operating at lower efficiency—due to membrane damage or uneven distribution
of reactants—can significantly impact the performance of the entire stack.

During the experiments, the hydrogen pressure (Hydrogen control solenoid valve)
was set to 2.5 bar, and the ambient temperature to 25 ◦C. The external charging current was
progressively applied in each test until the stack reached thermal equilibrium, defined as a
constant temperature. For the startup and shutdown tests, the battery operating status code
was used: 0 corresponds to the standby state, 1 to the startup sequence, and 2 to normal
operation (Running).

4.1. Transient Response Under Different Loading Conditions at Constant Scale

Constant-scale transient tests were designed to analyze the fuel cell stack’s response
dynamics to current pulses of fixed magnitude and controlled duration. To achieve this,
an external electronic load configuration was used, tuned to specific current ranges: 1.5 A,
3 A, 4.5 A, 6 A, 7.5 A, 9 A, and 10.5 A (Figure 3). Each load level was applied for 40 s, after
which the external load was disconnected to allow the stack to thermally stabilize before
proceeding to the following sequence. This experimental protocol allowed evaluating
the transient responses of voltage and temperature, the system’s bleed dynamics under
controlled conditions, and comparing the electrochemical system’s behavior at different
load levels in a stepped operating regime.

Figure 3. Flowchart of an experiment with constant scale loads.
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4.2. Transient Response Under Different Load Conditions at Variable Scale and Continuous
Load Variation

Steady-scale transient tests are designed to investigate the dynamics or behavior of
the stack under different fixed-interval current pulses. These intervals are obtained by
adjusting the external electronic load to intervals of 2.5 A, 3.9 A, 5.2 A, 6.3 A, 7.6 A, 8.6 A,
and 9.8 A (Figure 4). Each load intensity level was applied for 40 s, after which the external
load was disconnected to allow the stack to thermally stabilize before the next application.
To evaluate the system’s transient response during continuous operation, variable load
steps ranging from 0 to 20 A were applied, with no interruptions between load levels. This
continuous experimental strategy made it possible to analyze the dynamic behavior of
the stack under abrupt current transitions, emulating real-life operating conditions under
fluctuating electrical demands.

Figure 4. Flowchart of experiment with variable step loads.

4.3. Transient Response of Stack Voltage and Current During the Stack Startup and
Shutdown Sequence

Tests conducted under controlled conditions evaluate the system’s transient response
during startup and shutdown processes. The hydrogen supply pressure (cylinder controller)
was set at 2.5 bar, and the ambient temperature at the start of the test was 25 ◦C. During
the startup phase, a constant current of 5 A was applied until the stack reached thermal
equilibrium, defined as a stable temperature condition.

During the tests, the stack status code was used, defined as: 0 = Standby, 1 = Startup,
and 2 = Normal Operation (Running). This coding enabled the identification of transitions
between the system’s different operating modes. To analyze the shutdown sequence,
an external load of 20 A was applied for approximately 590 s, after which the load was
removed, allowing observation of the voltage and current response dynamics during the
shutdown and return-to-standby processes.

5. Results and Discussion
5.1. Transient Response of Stack Voltage and Current During the Stack Startup Sequence

Figure 5 illustrates the transient behavior of current and voltage during the fuel cell
system’s startup process, which lasts 79 s. This analysis provides a deeper understanding
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of the electrochemical activation dynamics and the internal processes involved in the
transition from a quiescent state to a steady-state operating regime.

Figure 5. Transient response of the stack current and voltage in the start-up sequence (status codes:
0 (idle); 1 (start-up); 2 (normal operation).

During the first 25 s, the system remains quiescent, with little electrochemical activity.
Starting at second 25, the startup process begins. The voltage begins to increase 3 s
into this sequence, suggesting stabilization of the cell’s internal conditions, including
the establishment of concentration gradients and the maintenance of adequate internal
temperatures. The voltage reaches the open-circuit voltage (OCV), approximately 43 V, at
second 13. This behavior indicates that the cell has reached baseline operating conditions
without any charging demand yet. Subsequently, at second 15, a current of 1.34 A is
recorded, which can be interpreted as an initial stage in which the energy generated by the
battery begins to be used by the auxiliary systems responsible for regulating the physical
and chemical conditions necessary for the system’s operation, such as temperature control,
gas supply, and membrane humidification. Finally, starting at second 65, an external load
is applied that induces a sharp increase in the current demand, which rapidly rises until
it stabilizes at approximately 12 A. This change is accompanied by a drop in the output
voltage to around 35 V, typical behavior in electrochemical systems due to the internal
resistance of the battery and the transient effects associated with reagent consumption.
The controlled voltage drop, together with stabilized current, indicates that the system
responds adequately to a sudden transition to real operating conditions, demonstrating
adequate capacity for dynamic load management.

These results identify the different functional states during startup: idle, unloaded
activation, preload, and loaded operation. This characterization is essential for designing
safe and efficient startup strategies, as well as for avoiding early degradation due to abrupt
load fluctuations or uncontrolled humidification conditions.

5.2. Transient Voltage Response of 47 Cells in the Startup Sequence

Figure 6 presents the transient behavior of current and voltage at the individual-cell
level during a 184 s startup cycle, revealing dynamics virtually identical to those observed
in the analysis of the entire stack. This parallelism in the activation profiles confirms that
the fundamental processes governing the fuel cell system’s initial response are consistent
at both the array and single-cell levels.

After an initial 96 s rest phase, the system enters its startup phase. Eleven seconds
into this new phase, the voltage across the cells begins to increase, reaching an open-
circuit voltage (OCV) of approximately 1.02 V at 13 s. This behavior, identical to that
observed in the stack, occurs upon establishing optimal internal electrochemical conditions
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in the absence of load and reflects the stabilization of potentials in each cell as a result of
progressive humidification, temperature control, and reactant distribution.

Figure 6. Transient response of current and voltage (Vc) in 47 cells, for the start-up sequence (status
codes: 0 (idle); 1 (start-up); 2 (normal operation)).

Subsequently, at second 18, a current of 3.8 A is detected, indicating a transition phase
toward active operating conditions. This stage was also observed in the stack, where
a preliminary current was anticipated during the application of a real load associated
with the auxiliary systems. Finally, at 148 s, an external load is applied, causing a rapid
transition to a steady-state operating regime. The current increases sharply, then stabilizes
at approximately 10 A, while the cell voltage drops to approximately 735 mV. This behavior
is entirely consistent with that observed at the stack level, where a controlled voltage drop
(below the OCV) reflects the balance between load demand, each cell’s internal resistance,
and the system efficiency under real load.

5.3. Transient Voltage and Current Response During the Battery Shutdown Sequence

Figure 7 illustrates the dynamic behavior of the fuel cell system during the shutdown
sequence. Initially, a constant external load of 20 A is maintained for approximately 590 s,
after which the load is abruptly removed. This change induces a progressive increase in
the output voltage, which stabilizes around 43 V, reflecting an open-circuit operating state
under relative quiescent conditions. Subsequently, when the system shutdown button is
manually activated at second 1177, a further increase in voltage is observed, reaching a
maximum value close to 47 V. This response can be attributed to the interruption of the
current demand and the recovery of the open-circuit potential, combined with possible
transient effects related to the thermal and electrochemical inertia of the system. The
shutdown sequence itself lasts approximately 50 s, after which the cell enters a complete
quiescent state, indicated by the system falling to a condition of no electrical activity
(sequence 0). This behavior highlights the need for controlled shutdown management,
not only to avoid unwanted transients but also to ensure safe discharge and protect the
integrity of the system’s electrochemical and auxiliary components.

5.4. Transient Voltage Response of 47 Cells in the Shutdown Sequence

Figure 8 shows the individual voltage behavior of the 47 cells comprising the fuel cell
stack during the shutdown sequence. Initially, a 10 A load is applied for approximately
40 s, representing an active operating condition under external demand. When the load
is removed, the voltage of all cells increases rapidly until it stabilizes near 1 V, reflecting
the return to an open-circuit condition. This behavior is characteristic of the transition
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from a power generation phase to a relative standby phase, where energy consumption by
auxiliary systems is reduced to practically zero.

Figure 7. Stack voltage and current behavior in the stack shutdown sequence (2-normal operation,
4-stop sequence, 0-sleep).

Figure 8. Voltage and current behavior of each of the 47 cells during the battery shutdown sequence.
(2-normal operation, 4-stop sequence, 0-idle).

The uniformity of the cell response suggests good stack performance homogeneity,
with no significant variation between individual cells. At 160 s, the system shutdown com-
mand is activated, which produces a further voltage increase in all cells, reaching a value
close to 1.09 V. This increase can be explained by the definitive disconnection of the charge
control systems and a temporary recomposition of the internal electrochemical conditions,
such as the redistribution of species or the progressive cooling of the cell. Finally, the
shutdown sequence lasts 40 s, after which state zero, associated with sleep mode, is reached.
This stage is critical to ensuring operational safety and avoiding electrochemical stress on
components, so careful shutdown management contributes significantly to prolonging the
system’s useful life and improving the stability of its transient responses.

5.5. Transient Response of the Stack Voltage to Variations in Charging Current

Figure 9 presents the dynamic response of the system voltage following the application
of two external load steps of 12.5 A and 22.5 A. At each transition, the voltage signal displays
a transient spike or dip, reflecting the system’s immediate response to abrupt changes in
current demand. These transients result from temporary limitations in the physicochemical
processes within fuel cells. Specifically, the rates of electrochemical reactions and the
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transport of species such as hydrogen, oxygen, and water become temporarily misaligned
with the new load conditions. This effect is particularly significant in flow channels and gas
diffusion layers, where reactant concentration and velocity profiles require a brief period to
adjust after a load change.

Figure 9. Transient response of the stack voltage and current when applying two load steps (12.5 and
22.5 A) The yellow circle highlights the transient voltage spike associated with the charging and
discharging of the double-layer capacitances at the electrode–electrolyte interface.

Furthermore, this transient behavior can be explained by the presence of double-layer
capacitances [51–53] at the electrode-electrolyte interface.

These capacitances arise from the accumulation of electrical charges on the contact
surfaces, generating electrical potentials that respond with temporal inertia to changes in
charge. The charging and discharging dynamics of these capacitive layers significantly
shape the observed voltage pulse.

Together, these results highlight the importance of considering both mass transport
phenomena and internal capacitive effects when modeling and controlling the transient
response of PEM fuel cells, especially under dynamic loading conditions.

Stack current most directly affects the mass-transport phenomena that determine
access to new operating regimes (as demonstrated by increasing the load steps) in a
hydrogen fuel cell, as it is directly related to the reactant consumption rate. As the current
increases, the rate of electrochemical reactions increases, resulting in greater consumption
of hydrogen at the anode and oxygen at the cathode.

5.6. Transient Response of Cell Voltage to Load Current Variations

Figure 10 shows the time evolution of the individual voltages in the 47 cells of the stack
after applying two external load steps, of 10 A and 20 A, respectively. It is observed that,
after each step, the voltages of all cells respond quickly and immediately to the increase in
current demand, then stabilize towards a new operating regime. This behavior indicates
good uniformity in the stack’s dynamic response, suggesting a homogeneous distribution
of reactants, temperature, and operating conditions across the cells.

The initial transient response is characterized by an instantaneous voltage drop, at-
tributable to the abrupt current demand and the inertia of the electrochemical and transport
processes. Subsequently, the system reaches a steady state, in which the voltages remain
constant, indicating that the internal mechanisms for supplying hydrogen, oxygen, and
humidification have adapted to the new loading conditions.

Furthermore, this rapid, synchronized response at the cell level is consistent with
observations at the entire stack level (see Figure 7), confirming that the collective behavior
of the assembly faithfully reflects the dynamics of its individual components. This type
of analysis is essential for validating dynamic fuel cell models and for developing control
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strategies that ensure system stability and efficiency in real-world applications with variable
load profiles.

 

Figure 10. Transient voltage response in each of the 47 cells of the Nexa Ballard 1.2 kW battery for 10
and 20 A steps.

Figure 11 clearly illustrates the proportional relationship between the magnitude
of the applied current and the voltage drop observed in an individual cell in the stack.
Upon applying an initial step of 12.5 A, the average cell voltage drops from 861 mV (no-
load operating condition) to 138 mV. Subsequently, at a current of 20 A, the voltage drop
increases to 260 mV, which is practically twice the initial reduction.

Figure 11. Transient voltage response in a cell when applying 5 and 10 A steps.

This behavior demonstrates a nearly linear voltage response to increasing current
under dynamic conditions, which is consistent with the electrochemical theory of fuel cell
operation. The internal resistance of the system, both ohmic and due to activation and
concentration polarization, plays a key role in this relationship. As the current increases,
overpotential losses increase, resulting in a proportional decrease in the observed voltage.
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5.7. Transient Response of Stack Temperature to Charging Current Variations

The application of 13 A and 23 A current steps increases the stack temperature, as
shown in Figures 12 and 13, for stack-specific temperature values and a test bench described
in [50]. This thermal increase is associated with the increased energy demand imposed by
the load. However, unlike the transient responses observed in electrical variables such as
voltage and current, the temperature evolution does not exhibit abrupt peaks or significant
transient fluctuations in response to such load changes. This behavior suggests greater
thermal inertia of the system and a more stable response to rapid variations in current
demand and load changes.

Figure 12. Monitoring stack and ambient temperatures when applying two load steps (13 and 23 A).

Figure 13. Stack temperature response to load steps (13 and 23 A).

5.8. Stack Temperature Response to Load Steps (5 and 10 A)

Figure 14 shows the temperature evolution in the cells in response to seven charging
current steps: 1.5, 3, 4.5, 6, 7.5, 9, and 10.5 amps. A proportional and attenuated thermal
response is observed, without extreme oscillations, in contrast to the voltage behavior,
which responds more abruptly to current increases. This moderate thermal response can be
attributed to the progressive increase in internal electrochemical reactions required to meet
the power demand, which in turn leads to a gradual rise in cell temperature. This thermal
increase enhances the ionic conductivity of the polymer membranes, thereby enabling
greater efficiency in current delivery. It is important to note that the total load managed by
the fuel cell corresponds to both the external load imposed by the Prodigit electronic load
and the demand from its auxiliary systems.

5.9. Transient Response of Stack and Cell Voltage to Step Load Increases

Figure 15 shows a rapid voltage response to variations in the current demand of
the system. This response is characterized by a proportional decrease in voltage as the
current requested from the cell increases, confirming an inverse relationship between both
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parameters under dynamic load conditions. Additionally, an initial overvoltage is observed,
followed by a voltage drop when abrupt current changes are applied. This phenomenon
is more pronounced at higher-intensity steps, suggesting that both the magnitude of
the overvoltage and the subsequent drop are directly related to the amplitude of the
current change. Likewise, a transient peak is identified at the beginning of the process,
coinciding with the activation of the purge system. This transient behavior suggests a
possible interaction between the electrical dynamics induced by the load variation and
the physical effects derived from the gas management system and purge operation, which
must be considered for a comprehensive interpretation of the fuel cell response.

Figure 14. Temperature response in stack cells to load steps. It is represented in the graph as (T1, T11,
T23, T2, T34 and T47) which corresponds to the number or position of the cell in the stack.

Figure 15. Transient voltage response in cells when applying 7 load steps. The red circle highlights
the transient overvoltage and subsequent voltage drop that occur immediately after a sudden increase
in current demand.

It is noteworthy that the 47 cells comprising the analyzed set exhibit coherent and
consistent behavior, demonstrating similar voltage dynamic responses to current variations
(Figure 16). These results reinforce the validity of the analysis and suggest that the cells
exhibit homogeneous electrochemical performance under stepped-load conditions.

5.10. Transient Response of Voltage and Current During Continuous Load Variation,
Without Stops

Comparing the results shown in the graphs in Figures 15 and 17, it is observed that
applying a constant load variation, without intermediate interruptions caused by the load
change system (Prodigit), produces a more attenuated voltage response. Under these
conditions, no abrupt voltage peaks are recorded, which is attributed to the progressive
increase in load, which allows the air compressor to adjust its speed gradually. This
behavior favors greater stability in the electrochemical reactions within the cells, avoiding
significant disturbances in the system.
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Figure 16. Transient voltage response in cells applying 7 load steps. It is represented in the graph as
(vc1 to vc47) which corresponds to the number or position of the cell in the stack.

Figure 17. Stack voltage and current behavior under load variation without stops.

5.11. Transient Response of Voltage, Current and Bleed Status During Step Load Variation

Figure 18 shows the evolution of voltage and current during the system purge op-
erations over a total period of 1660 s. The purge status codes are: (0) closed, (1) open,
(2) disabled. At approximately 130, the first purge activation (state 1), is observed, which
aims to fill the stack with hydrogen. During the loading steps, the purge valve remains
deactivated (state 2) and no openings are recorded. However, between minutes 1419 and
1597, the valve is activated (open state), executing successive purges to evacuate water
residues and gaseous byproducts generated by the electrochemical reactions inherent to
the operation.

Figure 18. Transient response of current, stack voltage and purge status in non-stop charging
operation.
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As shown in the graph, during consecutive purges (state 1), the cell’s output current
shows small variations but remains generally stable. This occurs because the electronic
control system automatically adjusts the energy flow to maintain a constant current to
the load, even when momentary changes occur within the cell during the purge. In
contrast, the voltage exhibits much more noticeable fluctuations. This is because the
voltage directly depends on what happens inside the cell: the chemical reactions between
hydrogen and oxygen, and the conductivity of the polymer membrane that transports
protons. When a purge is performed, accumulated gases (such as water vapor or nitrogen)
are removed, which changes the pressure and humidity inside the anode. These variations
affect the membrane’s conductivity and the movement of protons, causing transient changes
in voltage.

Figure 19 shows the effect of the purge operation on the stack voltage under a constant
load condition of 2 A. It is observed that after the purge, the voltage improves from 40.19 V
to 40.49 V (0.3 V). The greater voltage stability observed during purging is mainly due to
improved water management within the PEM fuel cell. During each purge, excess water
accumulated in the anode channels is removed, preventing flooding and allowing a more
uniform hydrogen flow toward the membrane. This improves reactant distribution and
reduces local variations in voltage. In addition, the purge frequency is related to the applied
current or load: at higher currents, more electrochemical reactions occur, producing more
water at the cathode. This increased water production requires more frequent purges to
maintain proper membrane hydration and stable system operation.

Figure 19. Effects of purge on stack voltage during constant load (2 A). The gray circle indicates
the voltage increase after the purge operation, from 40.19 V to 40.49 V, reflecting a temporary
improvement in fuel cell performance due to the removal of accumulated water and impurities.

6. Conclusions
A comprehensive study of the dynamic and thermal behavior of a 47-cell PEM fuel cell,

connected in series, identified key response patterns under different operating conditions.
A directly proportional relationship was observed between the applied current and the
increase in stack temperature, attributed to increased electrochemical reactions and higher
internal conductivity during energy demands. Start-up and shutdown transitions showed
characteristic response times of approximately 13 s and 35–40 s, respectively, accompanied
by transient voltage spikes associated with internal transport phenomena and gas dynamics
in the flow channels.

During load application, a rapid, proportional voltage response was observed at
both the cell and stack levels, with transients more pronounced at high currents. The
purge operation, both during start-up and continuous operation, demonstrated a voltage-
stabilizing effect by facilitating the removal of accumulated water and residual gases,
thereby improving electrochemical efficiency under constant-load conditions.
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Together, these findings provide valuable information for the design of thermal and
electrical control strategies and for the efficient monitoring of fuel cell performance in
real-world applications. In larger systems, or those with similar geometric and operational
configurations, comparable effects tend to appear both during the purge process and in
the transient response of the variables analyzed. This behavior is due to the transport and
electrochemical mechanisms that govern the process—such as mass and heat transfer, gas
flow distribution, and double-layer capacitances.
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