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Dynamic Voltage Behavior of a PEM Electrolyzer Under Continuous

on/off Loading Cycles Using an Equivalent Circuit Model

Ángel Hernández-Gómez, Member, IEEE, Diego Langarica-Cordoba, Senior Member, IEEE, Panfilo R.
Martinez-Rodriguez, Senior Member, IEEE, Damien Guilbert, Senior Member, IEEE, Victor Ramirez, Belem

Saldivar

Abstract—Mathematical modeling plays a crucial role in the
design and performance evaluation of proton exchange membrane
(PEM) electrolyzers. Among the various approaches reported in
the literature, equivalent circuit models (ECMs) stand out for
their simplicity and suitability for studying voltage behavior
and interaction with power electronic interfaces. However, the
dynamic voltage response of PEM electrolyzers under continuous
on/off loading cycles has not been extensively explored. This
paper presents a static–dynamic ECM model that accurately
describes the voltage response of a PEM electrolyzer subjected
to continuous on/off loading cycles in the supply current,
represented by square-wave variations. The model parameters are
derived from experimental data and validated through laboratory
measurements. Thanks to this model, it is possible to have a better
understanding of the PEM electrolyzer voltage behavior when
intermittent power sources, such as energy conversion systems,
are considered.

Index Terms—Equivalent circuits, Dynamical systems, Hydro-
gen Storage

I. INTRODUCTION

In recent years, several investments have been reported in
large-scale hydrogen production. This is due to its abundance
and benefits as a primary energy source. Consequently, the
global demand for hydrogen is expected to increase dramatically
in the near future [1]. It is estimated that by 2050, water
electrolysis will account for more than 60% of global hydrogen
production and, although electrolyzers currently only produce
0.3 gigawatts (GW) worldwide, their capacity will reach 850
GW and 3,600 GW for 2030 and 2050, respectively. In
addition, it is considered that 95% of the energy sources
for the operation of the electrolyzers will be of renewable
energy sources supplied by electronic converters [2]. The
primary function of the electrolyzers is to carry out water
electrolysis in an efficient way for green hydrogen production.
Compared with anion exchange membrane and solid oxide
electrolyzers, proton exchange membrane (PEM) and alkaline
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electrolyzers are the most technologically developed, already
reaching the commercial stage [3]. However, between these
two technologies, the PEM electrolyzer has shown higher
performance due to its applicability advantages, such as its
operational flexibility, compact design, higher energy density,
and high-purity hydrogen production [4].

Due to the phenomena that occur during the operation of
the electrolyzer when powered by renewable energy sources,
mathematical modeling plays a vital role in its research and
development [5]. Therefore, using this theoretical tool, it
is possible to examine control and failure analysis, energy
management, and optimization of the PEM electrolyzer [6],
[7]. Models of different complexity have been developed for
the research on PEM electrolyzers, which can be classified
as: analytical, empirical or semi-empirical, and mechanistic.
Usually, analytical models determine the effect of the main
variables on the performance of the electrolyzer [8]. Empir-
ical models are characterized by using experimental data to
determine the values of the parameters of the model equations.
However, it must be taken into consideration that these models
are limited to a specific electrolyzer [9]. Compared to the other
two types of models, the mechanistic models are more complex
as they use differential and algebraic equations to describe
the electrochemical phenomena that occur in the electrolyzer.
These models reliably predict the different variables of the
PEM electrolyzer. However, mechanistic models need more
extensive computations, and, therefore, simulations require a
significant amount of time and more sophisticated computer
equipment [10].

Among the mechanistic models are the dynamic models,
which are useful to describe the behavior of systems in real-
time when coupled with renewable energy sources. Although
dynamic models for PEM electrolyzers have already been
reported in the literature [11], [12], few dynamic models
have been developed to describe the voltage behavior of the
PEM electrolyzer. To cope with this issue, some authors have
modeled the PEM electrolyzer voltage dynamics using an
equivalent electric circuit model (ECM). In general for PEM
electrolyzers, a capacitor is used to model the electrical double-
layer phenomenon [13]. In [14], an ECM has been developed
for a single-cell PEM electrolyzer under steady-state conditions,
taking into account useful power conversion and electrolyzer
losses. In addition, the model parameters have been calculated
as functions of temperature and pressure. In [15], a detailed
method of electrochemical impedance spectroscopy has been
applied to identify ohmic, activation, and mass transfer losses.
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Thus, the authors have developed an ECM considering these
losses. In [16], the authors have modeled the electrochemical
behavior of the PEM electrolyzer using the Randles-Warburg
cell as the ECM impedance method. In addition, the current
interruption method has been applied to determine the model
parameters. This approach comprises two stages: the natural
voltage response method, which represents the ohmic losses,
and the current switching method, which accounts for the
activation and concentration losses. Furthermore, it has been
shown that the increase in temperature and electric current
significantly decreases the concentration loss. In [17], apart
from developing an ECM, it has been shown that ohmic
resistance is a critical parameter that can significantly affect
the overall performance of the PEM cell, and therefore, its
minimization is suggested. The authors in [18] have developed
an ECM to design and build a dynamic emulator for the PEM
electrolyzer voltage. In addition, the capacitance produced in
a PEM electrolyzer composed of three cells has been studied
when subjected to sudden changes in the input electrical current.
In [19], [20], by using an ECM and different electrical input
currents, the authors have developed an adaptive static-dynamic
electrical model for the voltage of the PEM electrolyzer and
the cells that comprise it. Furthermore, these works have shown
that the parameters must be adjusted depending on the input
current. In [21], the dynamic behavior of an ECM has been
taken into account to design the control system applied to a
stacked interleaved buck converter, which supplies the PEM
electrolyzer with low-ripple electrical currents and ensures
its reliable operation. The authors in [22] have designed a
control model to maintain the internal operating temperature
of the PEM electrolyzer to improve the electrolysis efficiency
and the hydrogen production rate. For designing the control
model, the authors have considered the dynamic influence of
variables such as the produced hydrogen and oxygen, and the
voltage-current behavior, the latter using an ECM.

Due to the importance of ECM for the dynamic study of
the PEM electrolyzer voltage, this work analyzes and applies
a static-dynamic ECM to the PEM electrolyzer voltage when
subjected to continuous disturbances. Unlike existing literature
that focuses on steady-state variations or isolated step-changes,
this study investigates the response under continuous and rapid
on/off loading cycles. To achieve this, the input current is
supplied as a square wave with different frequencies and
magnitudes, simulating the aggressive switching regimes typical
of power electronic interfaces and intermittent renewable energy
sources [23], which are usually used to supply energy to PEM
electrolyzers. The main contributions of this work are:
• Characterization of the interaction between the double-layer

capacitance and charge transfer resistance under continuous
switching, providing a more accurate prediction of voltage
peaks and operational stress.

• Validation of the proposed ECM using rigorous statistical
tests (relative, mean, mean squared, and root mean squared
errors) compared to experimental data from a QL-300 PEM
electrolyzer.

• An in-depth analysis of how continuous electrical distur-
bances affect voltage behavior, offering a foundational model
for designing robust control strategies in renewable energy

applications.
This work is structured in six sections. After discussing the

state-of-the-art in the Introduction, a brief explanation of the
operation of the PEM electrolyzer and a detailed description of
the experimental platform are presented in Section II. Section
III describes the development of the static-dynamic model
based on an ECM for PEM electrolyzer voltage. Subsequently,
the estimated parameters of the proposed model are provided
in Section IV. Section V presents numerical simulations of the
model with the estimated parameters and its validation through
tests; a discussion of this work is also presented in this section.
Finally, the conclusions of this research work are summarized
in Section VI.

II. EXPERIMENTAL TEST SET-UP

A. PEM electrolyzer basic operation

The PEM electrolyzer is an electrochemical device that
produces hydrogen and oxygen through the electrolysis process.
Generally, a PEM electrolyzer system is composed of two
chambers (anode and cathode), a PEM located in the center
of the electrolyzer, and an external circuit connected to a
DC power source. Each component of the PEM electrolyzer
system has a basic function: at the anode, oxygen, electrons,
and protons are generated; the membrane is responsible for
passing the protons produced to the cathode side; the external
circuit flows the electrons from the anode to the cathode; at the
cathode, electrons reduce protons, producing hydrogen [24],
[25]. In particular, the QL-300 PEM electrolyzer stack utilizes
a platinum catalyst and a solid polymer electrolyte membrane,
eliminating the need for hazardous liquid electrolytes [26]. The
reactions that take place in the anode, cathode, and in general
the entire QL-300 PEM electrolyzer system are presented in
(1) and its schematic is presented in Figure (1).

2H2O → 4H+ +O2 + 4e− (Anode reaction),

4H+ + 4e− → 2H2 (Cathode reaction),

2H2O → 2H2 +O2 (General reaction).

(1)

Despite having a higher specific energy consumption (kWh ·
Nm−3) compared to the alkaline electrolyzer, the PEM
electrolyzer is a promising technology due to its wide operating
range, fast response capacity, high current densities (2 A·cm−2),
and its good performance when coupling with renewable energy
sources [27]. This last advantage of the PEM electrolyzer has
caught the attention of researchers, as it can cope with the
fluctuations of these intermittent power sources by carrying
out partial load [28].

B. Dynamic issues

For the development of the experimental tests presented in
this work, the PEM electrolyzer QL-300 [29] is employed,
Table I shows its characteristics. It is worth noting that this
PEM electrolyzer system features its own AC-DC power supply.
However, for characterization purposes, it has been removed
and substituted by the DC power supply described below.
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Fig. 1. Basic operation of the QL-300 PEM electrolyzer [26].

TABLE I
SPECIFICATIONS OF THE PEM ELECTROLYZER QL–300 [29].

Parameter Value Unit

Hydrogen purity ≥99.999 %
Hydrogen output flow volume range 0–310.3 mL· min−1

Output pressure range 0.2–4 bar
Pressure stability <0.01 bar
Electrical power range 0–150 W
Dimensions (L×W×H) (4.2, 2.27, 3.52) cm
Maximum machine weight 15 kg
Operating voltage range 1.4–2.5 V
Current range 0–60 A
Cell number 1 –
Active area section 150 cm2

Solid Polymer Electrolyte (SPE) 183 µm

To analyze the behavior of the PEM electrolyzer voltage
when subjected to electric currents from intermittent energy
sources, the experimental test described below was proposed
by the authors to collect experimental data during on/off
cycles. Figure 2 shows the equipment and setup to carry out
the experimental measurements of voltage and current for a
collection time of 4000 seconds. For developing the experiment,
the following equipment is employed:
1) A computer with Matlab–Simulink.
2) A DS1104 controller board of dSPACE Company.
3) An oscilloscope MDO34–1000 of Tektronix Company.
4) A voltage sensor.
5) A PEM electrolyzer QL–300.
6) A signal converter of the dSPACE control board to the DC

power supply.
7) An electrical current sensor.
8) A DC power supply EL 9160–100 of Elektro Automatick

(EA) Company.
The experiments in this work were performed as follows: a

square waveform signal was programmed for the dSPACE
controller using Matlab-Simulink; the dSPACE controller
board sends this signal to the DC power source through a
signal converter; the DC power source feeds directly the
PEM electrolyzer with a pure DC; the oscilloscope allows

recording the database of the measurements of the voltage and
electric current sensors of the PEM electrolyzer. Subsequently,
the saved database is analyzed. To observe the behavior of
the electrolyzer over a sufficiently large time window, each
experimental test performed has a duration of 4000 s. For this
reason, the time scale of the oscilloscope has been tuned at
400 s/div. The square waveform signals have been chosen for
this investigation because they allow describing the dynamic
behavior of wind energy conversion systems where the change
in the operating conditions occurs quickly.

1

2

3

4

5

6

7

8

Fig. 2. Equipment and set-up to carry out the voltage and current measurements
of the PEM electrolyzer.

Figures 3 and 4 show the PEM electrolyzer voltage behaviors
with square waveform current input. The different square
waveform current inputs were generated through Matlab–
Simulink and dSPACE in a minimum step range of 0 to 10
A and a maximum step range of 7 to 20 A with switching
periods of 25, 50, and 100 seconds. The different voltage
responses varied between 1.6 and 2.2 V for the minimum
current input steps and varied between 1.9 and 2.4 V for the
maximum current input steps. The start-up voltage (red box)
exhibits a different and irregular behavior compared to the
regular voltage (outside the box). It is noticeable that the start-
up voltage occurs when the electrolyzer starts operating (i.e.,
it is at room temperature and has just started operating after
being shut down). The start-up voltage reported a duration
time between 720 and 1800 seconds, see Figure 3. This start-
up voltage is due to different factors such as cell pressure
and temperature, which are variable at the beginning of the
electrolyzer operation but then become constant.

In the following data collection, the electrolyzer was kept
in continuous operation. Thus, the voltage presented a regular
behavior, see Figure 4. This is because the different pressures
and the temperature inside the cell are kept constant, and,
therefore, the electric current supplied by the DC power source
is the only variable parameter. After obtaining the data, the
mathematical model is proposed, which is described in the
next section.

III. DEVELOPMENT OF THE MATHEMATICAL MODEL

PEM electrolyzer voltage Ve can be expressed in terms of
the reversible voltage Vrev and the three main over-voltage
(ohmic Vohm, activation Vact, and concentration Vcon) [30]:

Ve = Vrev + Vohm + Vact + Vcon. (2)
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Fig. 3. Behavior of the PEM electrolyzer voltage with input square waveform
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Fig. 4. Behavior of the PEM electrolyzer voltage with input square waveform
electrical current (without start-up voltage observation).

Taking into consideration equation (2) and the results
presented in [19], [20], a well-known ECM is presented in
this section. The circuit proposed in this ECM is composed of
three resistors, two capacitors, and a DC voltage source. The
electronic circuit diagram is shown in Figure 5. The equivalent
circuit model is developed as follows:
- The DC voltage source Vini models the PEM electrolyzer

reversible voltage:

Vrev = Vini. (3)

- A resistor is used to represent the resistance of the elec-
trolyzer membrane Rmem, thus the ohmic over-voltage can
be expressed as:

Vohm = Rmem · I, (4)

where I is the PEM electrolyzer current (A).
- Two resistor-capacitor branches are used to represent the

activation over-voltage. It is worth mentioning that the
electrolyzer voltage dynamic occurs at this over-voltage (for
both the cathode Vact,c and the anode Vact,a).

Vact = Vact,c + Vact,a, (5)

where the dynamic equations for Vact,c and Vact,a are:

dVact,c

dt
=

1

Cc
· I − 1

τc
· Vact,c, (6)

dVact,a

dt
=

1

Ca
· I − 1

τa
· Vact,a, (7)

where Cc and Ca are the capacitors for the cathode and the
anode in (F), respectively. The electrical time constants τc
and τa are variables that depend on the operating conditions
at the cathode and the anode in (s), respectively. The resistors
Rc and Ra are calculated using Vact and I , or using τc and
τa as follows:

τc = Cc ·Rc = Cc ·
(
Vact,c

I

)
, (8)

τa = Ca ·Ra = Ca ·
(
Vact,a

I

)
. (9)

- The concentration over-voltage is neglected, i.e., Vcon =
0. This is because the concentration over-voltage is lower
compared to the ohmic and activation over-voltages [31],
[32].

Anode CathodePEM

−+Vini

Ra

Ca

Rmem

Rc

Cc

I

+

−

VeVact,a Vohm Vact,c

Fig. 5. Equivalent electronic circuit diagram.

So, the static-dynamic ECM for the PEM electrolyzer voltage
can be expressed as:

Ve(t) = Vini +Rmem · I(t) + Vact(t). (10)

To completely characterize Ve(t), it is necessary to find the
solution of the differential equations (6) and (7). Solving these
differential equations employing Laplace’s transform, it is
obtained:

Vact,c(t) =

(
τc
Cc

)
L−1

{ L{I(t)}
s · τc + 1

}
+ Vact,c,0 · e(−

t
τc
)

(11)

Vact,a(t) =

(
τa
Ca

)
L−1

{ L{I(t)}
s · τa + 1

}
+ Vact,a,0 · e(−

t
τa
)

(12)

where Vact,c,0 and Vact,a,0 are the initial values of Vact,c and
Vact,a, respectively. Besides, as mentioned in Section II, the
electrical current function used in the experiment is the square
waveform function given by:

I(t+ T ) = I(t) =

 A1 if 0 ≤ t < T
2 ,

A2 if T
2 ≤ t < T,

(13)

where T is the period of the function in (s). Substituting
(13) into (11) and (12) and applying the second Theorem of
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translation, the solution for Vact,c is:

Vact,c =

(
(A1 −A2)τc

Cc

)
·

∞∑
k=0

(−1)k · UT ·k
2

·
(
1− e(

T ·k−2t
2τc

)
)
+G1, (14)

where

G1 =

(
A2τc
Cc

)(
1− e(−

t
τc
)
)
+ Vact,c,0 · e(−

t
τc
) (15)

and UT ·k
2

is the unitary function:

UT ·k
2

=

 0 if t < T ·k
2 ,

1 if t ≥ T ·k
2 .

(16)

Similarly, the solution for Vact,a is given by:

Vact,a =

(
(A1 −A2)τa

Ca

)
·

∞∑
k=0

(−1)k · UT ·k
2

·
(
1− e(

T ·k−2t
2τa

)
)
+G2, (17)

where

G2 =

(
A2τa
Ca

)(
1− e(−

t
τa
)
)
+ Vact,a,0 · e(−

t
τa
). (18)

Thus, using (14) and (17), and in view of (10), a complete
characterization of Ve(t) can be established for the input current
function I(t) given by (13).

IV. PARAMETER ESTIMATION

Once the complete characterization of Ve(t) is obtained, the
model parameters are calculated. To estimate the parameters,
the experimental data are first analyzed. Throughout the
experimental stage, seven databases are obtained with different
values for A1, A2, T , and Vact,0, see Table II.

TABLE II
SPECIFICATIONS OF THE SEVEN DATABASES OBTAINED DURING THE

EXPERIMENT STAGE.

Test A1 A2 T Vact,0

Test 1 20 A 10 A 50 s 0.7015 V
Test 2 20 A 1 A 50 s 0.2758 V
Test 3 5 A 15 A 50 s 0.4163 V
Test 4 6 A 16 A 100 s 0.4010 V
Test 5 18 A 8 A 100 s 0.2562 V
Test 6 9 A 19 A 200 s 0.9956 V
Test 7 2 A 7 A 200 s 0.3432 V

Figures 6 and 7 show two examples of the obtained databases.
An example of the PEM electrolyzer voltage behavior when
start-up voltage is presented in the experimental data (Test 6,
see Table II) is shown in Figure 6. In this case, the start-up
voltage time was 1800 s (30 minutes). An example of the
PEM electrolyzer voltage behavior without start-up voltage
(Test 7, see Table II) is shown in Figure 7. In this case, the
electrolyzer voltage is regular and more uniform than in the
previous example.
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Fig. 6. PEM electrolyzer voltage behavior with start-up voltage (Test 6
database).
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Fig. 7. PEM electrolyzer voltage behavior without start-up voltage (Test 7
database).

After data analysis, the model parameters are estimated. To
ensure the accuracy of the static-dynamic ECM, a system-
atic parameter estimation methodology based on nonlinear
curve fitting was employed. This methodology considers the
decomposition of the PEM electrolyzer voltage into its ohmic,
activation, and concentration components, integrated with a
first-order RC network. While the activation resistance is
considered a grouped parameter within the analyzed cycles, the
novelty of this mathematical approach lies in the simultaneous
fitting of the RC time constants, specifically under repetitive
square-wave transitions. This allows the model to capture
the cumulative effect of continuous disturbances on voltage
transients, a feature that steady-state models cannot achieve.
The parameters to be estimated are Vini, Rmem, Cc, Ca, τc,
and τa. The capacitances Cc and Ca are considered to be
equal, Cc = Ca, due to the advantage of building an electronic
circuit with the same capacitance. To estimate the parameters
Vini, Rmem, and Cc, a m-file is developed in Matlab. This
m-file allows estimating parameter values for each database
based on the values reported in the work [19]. The values
obtained for these parameters when using the m-file for the
seven different databases are shown in Table III. Hence, to
assign the estimated values, the average of the obtained values is
taken. As shown in Table III, Vini = 1.4323 V, Rmem = 0.0114
Ω, and Cc = 125.0088 F.
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TABLE III
PARAMETER VALUES Vini , Rmem , AND Cc FOR EACH TEST.

Test Vini (V) Rmem (Ω) Cc (F)

Test 1 1.1322 0.0137 154.1159
Test 2 1.4091 0.0166 117.1766
Test 3 1.5449 0.0164 159.2286
Test 4 1.4424 0.0057 113.1172
Test 5 1.4812 0.0099 112.5690
Test 6 1.4236 0.0021 117.2113
Test 7 1.5928 0.0155 101.6432

Average 1.4323 0.0114 125.0088

Using the estimated values of Vini, Rmem, and Cc, the
parameters τc and τa are calculated for each test, the results
are presented in Table IV and 8. As can be seen in Table IV
and 8, these two parameters depend on the input electrical
current. It is noticeable that, for a current greater than 10 A,
the parameters remain constant, and for a current between 0
and 10 A, the parameters vary significantly. This behavior in
the parameters agrees with the reported works [19], [20], where
the authors have developed a current-dependent function for
τc and τa. In this work, for the QL-300 PEM electrolyzer, two
current-dependent functions (one to estimate τc and one to
estimate τa, (19)) are determined using a linear combination of
Gaussian functions due to the few variations in input current
values, the soft nature of these functions, low computational
demand, and adaptability to accommodate new data. Figure 8
shows the behavior of the data obtained, the linear interpolation,
and the interpolation using (19) for the parameters τc and τa.

TABLE IV
PARAMETER VALUES τc AND τa FOR EACH INPUT ELECTRICAL CURRENT

AND TEST.

Test I (A) τc (s) τa (s)

Test 1 A1 = 20 3.7200 0.3070
A2 = 10 3.7200 0.3070

Test 2 A1 = 20 3.7200 0.3070
A2 = 1 3.3456 0.2974

Test 3 A1 = 5 3.8839 2.0441
A2 = 15 3.7200 0.3070

Test 4 A1 = 6 4.5973 0.4781
A2 = 16 3.7200 0.3070

Test 5 A1 = 18 3.7200 0.3070
A2 = 8 2.8454 0.5375

Test 6 A1 = 9 4.3031 0.1680
A2 = 19 3.7200 0.3070

Test 7 A1 = 2 1.4500 1.7360
A2 = 7 2.6681 0.1360

τc = f1(I) + f2(I), τa = g1(I) + g2(I), (19)

where

f1(I) = −0.5585 exp [−0.4I] + 3.7200, (20)
g1(I) = −0.0117 exp [−0.2I] + 0.3070, (21)

and

f2(I) =

3∑
i=1

ci exp

[
−(I − µc,i)

2

2σ2
c,i

]
, (22)

g2(I) =

4∑
i=1

di exp

[
−(I − µa,i)

2

2σ2
a,i

]
, (23)

with ci =1.9388, 4.4833, 2, respectively; µc,i =7.3076,
7.4562, 2, respectively; σc,i =1.0874, 0.4885, 0.3, respectively;
di =1.4369, 1.7414, 0.3512, 0.5830, respectively; µa,i =2,
5, 7.9384, 8, respectively; σa,i =0.198, 0.475, 0.7739, 0.198,
respectively.
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Fig. 8. Behavior of the data obtained, the linear interpolation, and the Gaussian
interpolation for the parameters τc and τa.

In the next section, the numerical simulation results using
the estimated parameter values are presented.

V. RESULTS AND DISCUSSION

A. Simulation and validation
In this section, numerical simulations of the proposed model

are presented and analyzed using the parameter values obtained
in Section IV and comparing them with the experimental data
obtained in Section II. Figure 9 presents the comparison of the
experimental voltage data and the model simulation for Tests
1–3 (period T = 50 s). As can be seen, in the database of Test
1, the phenomenon of start-up voltage during the operation
of the PEM electrolyzer can be identified, while in the other
two tests, the experimental voltage data maintained a regular
behavior without start-up voltage.
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Fig. 9. Comparison of the experimental voltage data and the simulation ECM
for Tests 1–3 (period T = 50 s).

Figure 10 shows the comparison of the experimental voltage
data and the model simulation for Tests 4 and 5 (period
T = 100 s). During Test 4, the start-up voltage can be
observed as a result of the inactivity of the PEM electrolyzer
before developing this test. The voltage data obtained in Test 5
presented a behavior without a start-up voltage in comparison
to Test 4.

Figure 11 illustrates the comparison of the experimental
voltage data and the model simulation for Tests 6 and 7 (period
T = 200 s). During Test 6, the phenomenon of start-up voltage
occurred similarly to Tests 1 and 4. It should be noted that in
Test 6, the start-up voltage time is longer compared to Tests
1 and 4. The voltage data for Test 7, in contrast to Test 6,
presented a voltage behavior without a start-up voltage.

After observing the comparisons of the experimental data
with the simulations, the relative error Er, mean error Em,
mean squared error EMS, and root mean squared error ERMS

are calculated to formally validate the model. These statistical
errors are calculated by using the following equations:

Er =

(
100

Nd

) Nd∑
k=1

∣∣∣∣Vexp,k − Vsim,k

Vexp,k

∣∣∣∣ , (24)

Em =

(
1

Nd

) Nd∑
k=1

|Vexp,k − Vsim,k| , (25)
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Fig. 10. Comparison of the experimental voltage data and the simulation
ECM for Tests 4 and 5 (period T = 100 s).

EMS =

(
1

Nd

) Nd∑
k=1

(Vexp,k − Vsim,k)
2
, (26)

ERMS =
√
EMS, (27)

where Nd is the number of measurements in the database
obtained in Section II: 9966 for Test 1; 9962 for Test 2; 9956
for Test 3; 9904 for Test 4; 9924 for Test 5; 9939 for Test 6;
9770 for Test 7. Vexp,k and Vsim,k are the k-th measurements
in (V) for the experiment and simulation, respectively.

The results obtained from the statistical tests are shown in
Table V. As can be seen, the model showed a higher accuracy
for the voltage data of Test 7, having a higher performance
in all the statistics tests. On the contrary, the model presented
a lower precision than the voltage data of Test 2, exhibiting
a lower performance in all the statistical tests. Taking into
account the general accuracy of the model, the average relative
error obtained is less than 5% (Er = 3.5229%), which validates
the ECM for square wave input current signals.

B. Discussion

The obtained values of the average statistical errors have
demonstrated the validity of the proposed ECM for the PEM
electrolyzer voltage when subjected to square wave input
current signals, see Table V. Besides, the square waveform
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Fig. 11. Comparison of the experimental voltage data and the simulation
model for Tests 6 and 7 (period T = 200 s).

TABLE V
RESULTS OF THE STATISTICAL TESTS.

Test Er (%) Em (V) EMS (V2) ERMS (V)

Test 1 3.4562 0.0695 0.0077 0.0875
Test 2 5.3882 0.1004 0.0136 0.1167
Test 3 3.4112 0.0667 0.0088 0.0937
Test 4 4.6657 0.0962 0.0173 0.1316
Test 5 2.2313 0.0441 0.0039 0.0624
Test 6 4.0170 0.0824 0.0116 0.1078
Test 7 1.4908 0.0269 0.0013 0.0360

Average 3.5229 0.0695 0.0092 0.0908

input electrical current applied in this investigation allows
studying the effect of continuous disturbances during the
operation of the PEM electrolyzer. However, even though
the model has proven its efficiency in simulating the PEM
electrolyzer voltage, the model can achieve higher performance
by taking into account the variables that cause the start-up
voltage phenomenon reported in the experimental part of this
work, see Table VII. Besides, the proposed ECM only considers
the input current and the values of the components of an
electronic circuit, which has a high level of accuracy when
the PEM electrolyzer voltage does not present the start-up
voltage, see Table VII. Furthermore, when the obtained errors
are analyzed (Figures 12–13), the impact that the start-up
voltage has on the accuracy of the model can be appreciated.
Figures 12–13 show the behavior of the error for tests with
period T = 50 s, T = 100 s, and T = 200 s, respectively. As

can be seen, the error behaviors of Test 1 (Figure 12), Test
4 (Figure 13), and Test 6 (Figure 14) are more complex to
interpret compared to the other tests due to the influence that
the start-up voltage had on these data and the relative error at
this stage can reach up to 7.9610% and on average 5.8935%
(Table VI). For this reason, the start-up voltage factor must be
considered to improve the ECM used in this work. Furthermore,
to model the start-up voltage phenomenon efficiently, different
factors present in the PEM electrolyzer must be taken into
consideration, such as temperature, and pressure at the anode
and cathode, which significantly influence the initial stage of
operation of the PEM electrolyzer. However, as can be seen
in Figures 12–14, these factors stop significantly influencing
the voltage behavior of the PEM electrolyzer after a period of
operation, reaching a regular voltage behavior, i.e., the voltage
response only depends directly on the input current and the
relative error, taking into account only this stage, can reach up
to 3.0378% (for all the test 5.3882%) and on average 2.9011%
(for all the test 3.0321%), Table VI. Therefore, the proposed
ECM is optimized for dynamic steady-state operation, which is
the most relevant state for studying power electronics interfaces
and microgrids operating for extended periods. One way to
analytically improve the ECM proposed in this work is by
considering, in initial operation, the electrolyzer voltage as
a function of current, temperature, and pressure, and after
a period of operation, treating the electrolyzer voltage as a
function of current only. Another way to improve the ECM
based on error curves is to develop an empirical model for the
error e(t) resulting from the comparison of the ECM proposed
and the experimental voltage data, e(t) ≈ Vexp − Vsim. Thus,
as future work, a new model for the PEM electrolyzer voltage
is expressed as V (t) = Ve + e(t), where Ve is the voltage
obtained by the ECM.

TABLE VI
RESULTS OF THE STATISTICAL TESTS FOR TEST WITH START-UP VOLTAGE

(START-UP PHASE).

Test Er (%) Em (V) EMS (V2) ERMS (V)

Test 1 4.7058 0.0996 0.0158 0.1256
Test 4 7.9610 0.1664 0.0372 0.1928
Test 6 5.0137 0.1050 0.0174 0.1318

Average 5.8935 0.1237 0.0235 0.1501

TABLE VII
RESULTS OF THE STATISTICAL TESTS FOR TEST WITH START-UP VOLTAGE

(REGULAR OPERATION).

Test Er (%) Em (V) EMS (V2) ERMS (V)

Test 1 3.0378 0.0594 0.0049 0.0703
Test 4 2.6576 0.0534 0.0052 0.0723
Test 6 3.0080 0.0595 0.0058 0.0760

Average 2.9011 0.0574 0.0053 0.0729

The ECM proposed in this work is a fundamental tool
for designing control strategies. In particular, as a future
line of research, it is possible to propose a control strategy
that smooths the input current by limiting its rate of change,
leveraging the model’s ability to predict voltage transients and
the state of the double-layer capacitance. This approach would
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Fig. 12. Behavior of the error obtained for Tests 1–3 (period T = 50 s).

mitigate the sharp voltage spikes observed during on/off cycles,
thereby reducing mechanical and thermal stress on the PEM
membrane and potentially extending the electrolyzer’s lifespan
when integrated with fluctuating power sources. Besides, the
ECM analyzed in this work is scalable, making it suitable
for commercial applications ranging from kW to MW. The
model parameters can be adjusted to represent a full cell stack
by applying scaling factors based on the number of cells in
series and their active area. For large-scale implementation,
the main technical challenge lies in thermal management
and the non-uniform current distribution across the stack
under fast transients. The ECM proposed can reduce costs by
enabling optimized design of power electronics and balance-of-
plant components, avoiding oversizing of filters and protection
equipment.

VI. CONCLUSION

In this work, the use of square-wave electrical currents
has enabled a comprehensive study of the PEM electrolyzer
voltage behavior under continuous and rapid perturbations. This
approach reveals the complex interaction between double-layer
capacitance and charge transfer resistance during repetitive
switching cycles. The results demonstrate that the proposed
ECM is capable of accurately capturing these transient ef-
fects, which are often overlooked in steady-state modeling.
Consequently, this analysis provides a solid foundation for
future work, where the efficiency and reliability of power
converters can be optimized by adapting control strategies to
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Fig. 13. Behavior of the error obtained for Tests 4 and 5 (period T = 100 s).

the specific dynamic limitations and capabilities of the observed
PEM electrolyzer. This is relevant for improving the lifetime
and performance of hydrogen production systems coupled
with intermittent renewable energy sources. Furthermore, for
applications where the start-up of the PEM electrolyzer is
critical (such as ultra-fast response systems in extreme climates),
the proposed ECM must be complemented with a thermal
network.
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