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ABSTRACT

As the world increasingly turns to renewable energy, green hydrogen produced
through water electrolysis has emerged as a clean and promising alternative to
fossil fuels. In this work, we explore a solar-powered hydrogen production
system that uses real data from an operational photovoltaic (PV) installation,
ensuring accurate and realistic modeling of environmental conditions.
A DC-DC buck converter is used to regulate the fluctuating PV output,
supplying the precise voltage needed by a PEM electrolyzer. Sliding mode
control (SMC) strategy is applied to maintain voltage stability, and its
performance is compared with a traditional proportional-integral (PI) controller.
Simulations in MATLAB/Simulink demonstrate that SMC offers better dynamic
performance, including minimal overshoot, faster response, and an impressive
hydrogen production rate of 0.98 L/min (98% efficiency). By providing
more consistent voltage to the electrolyzer, SMC significantly boosts overall
system performance. These findings underline the potential of advanced
control strategies, supported by real-world data, to make renewable hydrogen
production more reliable and efficient.
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1. INTRODUCTION
The accelerating depletion of fossil fuels, coupled with the urgent need to mitigate climate change,

has intensified the global transition toward cleaner and more sustainable energy systems. Among the emerging
solutions, green hydrogen that produced through electrolysis powered by renewable energy sources such
as solar or wind, has gained prominence for its potential to decarbonize several sectors including industry,
transportation, and power generation [1]. Morocco is well positioned to become a regional and global hub
for green hydrogen production thanks to its abundant sunshine, renewable energy resources, and strategic
proximity to major export markets. This potential is reinforced by the country’s ambitious strategy, which
includes large-scale investments in hydrogen and its derivatives, such as ammonia and methanol, thereby
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consolidating its role in the global energy transition. In the broader context of carbon neutrality goals, green
hydrogen emerges as an essential energy carrier, offering a path to decarbonization in hard-to-abate sectors
while supporting the global transition to sustainable energy systems [2].

The electrolysis process involves splitting water molecules into hydrogen and oxygen using electricity
from distributed energy sources (DES) like photovoltaic (PV) or wind system [3]. When powered by
renewables, this process emits no carbon dioxide, making green hydrogen a truly clean energy carrier
[4]. Current research focuses on improving electrolysis efficiency while optimizing the integration of DES
with electrolyzer systems to ensure economic viability and operational stability [5]. Among the different
types of electrolyzers, proton exchange membrane (PEM) electrolyzers stand out due to their fast response,
compactness, and compatibility with variable inputs. However, coupling PEM systems with intermittent energy
sources such as solar and wind remains technically challenging, primarily due to fluctuating voltage and current
levels [6], [7]. Photovoltaic-powered PEM systems represent a promising configuration, but the variable nature
of solar irradiance—affected by factors like cloud cover, time of day, and temperature—introduces issues
that impact hydrogen production rates and electrolyzer durability [8], [9]. To address this, advanced control
strategies are necessary to maintain voltage stability, reduce energy losses, and ensure continuous hydrogen
generation under changing environmental conditions [10]. Given the PEM electrolyzer’s requirement for low
voltage and high current, integrating a DC-DC buck converter becomes essential to adapt the PV output to the
required input levels [11], [12]. The performance of this power conditioning stage strongly depends on the
effectiveness of its control method. Traditionally, proportional integral (PI) controllers have been employed in
PV-electrolyzer systems due to their simplicity and satisfactory steady-state performance [13], [14]. However,
they often fall short under dynamic and nonlinear operating conditions, which are common in solar-powered
systems. to overcome this challenges, more advanced control strategies have been introduced such as fuzzy
logic control (FLC) [15], [16], model predictive control (MPC) [17], and neural networks (NN) [18] have
demonstrated better adaptability to system uncertainties and disturbances. Nevertheless, their implementation
can be complex and computationally demanding, limiting their widespread deployment.

Out of the various robust control strategies, sliding mode control (SMC) has emerged as a particularly
attractive option for PV–PEM hydrogen production systems due to its insensitivity to parameter variations,
fast dynamic response, and strong disturbance rejection capabilities [19]. In dynamic solar environments,
conventional controllers such as PI often suffer from slower transient response, sensitivity to parameter changes,
and performance degradation under rapid irradiance and temperature fluctuations. In contrast, SMC offers
superior robustness, faster convergence, and better tracking accuracy, making it highly effective for maintaining
voltage stability and optimizing hydrogen production efficiency. Its ability to handle system nonlinearities,
parameter variations, and external disturbances ensures stable operation and high efficiency, even under rapidly
changing solar input. By effectively managing these dynamic conditions, SMC enhances both system reliability
and hydrogen yield. Unlike previous studies that rely on idealized or simulated solar profiles, this work
distinguishes itself by employing real-world solar data collected from an operational PV installation at the
Higher School of Technology of Agadir. This enables a more accurate evaluation of control strategies under
realistic environmental variations. The performance of SMC is compared with that of a conventional PI
controller, with the goal of enhancing system stability, hydrogen production efficiency, and overall operational
robustness under fluctuating solar conditions.

2. DESCRIPTION AND DESIGN OF THE SYSTEM
The photovoltaic hydrogen production system studied in this work is shown in Figure 1, It comprises

a PV array, a DC-DC buck converter, and a PEM electrolyzer. The PV array converts solar irradiance into
DC electricity, while a control unit regulates the voltage to match system requirements. The buck converter
adjusts this voltage to the level needed by the electrolyzer, which then uses the regulated power to perform
water electrolysis for hydrogen production and storage.

2.1. Model of the PEM electrolyser
Modeling a proton exchange membrane (PEM) electrolyzer as an equivalent electrical circuit enables

safe testing of control strategies without physical equipment. The model includes the reversible voltage Erev
and three resistances: Rohm (internal losses), Ract (activation losses), and Rcon (concentration limitations). The
total voltage Velz is given by (1) [20]. To analyze voltage and power variations with current, a commercial
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400 W PEM electrolyzer was selected; its specifications are in Table 1. The system can be approximated
linearly by a voltage source in series with resistance, described by (2).

Velz = Erev + Ielz (Ract +Rohm +Rcon) (1)

Velz = 0.0625Ielz + 4.375 (2)

The linear model coefficients were obtained by interpolating experimental data over a current range
of 3–50 A [21], showing a nearly linear voltage–current relationship, as shown in Figure 2. This validates
the simplified equivalent circuit model with a reversible voltage source and a resistive component. Hydrogen
production (ṄH2

) is calculated using Faraday’s law [22].

ṄH2
=

nI

2F
(moles/s), ṄH2

= 0.00696nI (L/min) (3)

Where n is the number of cells, I the applied current, and F Faraday’s constant. Faraday efficiency (ηF )
expresses the fraction of charge converted into hydrogen, as in (4).

ηF =
Actual moles of H2

Theoretical moles of H2
× 100% (4)

Higher efficiency increases hydrogen yield and reduces energy consumption.

2.2. Solar PV array
The solar PV unit is used to produce power output. The solar panel in this article is a single unit with

a maximum power input capacity of 120.7 W. The solar module specifications are shown in Table 2 [23].

Table 1. PEM electrolyzer
specifications

Specification Values (unit)
Rated power (Pel) 400 W
Operating voltage (Velz) 2.2–8 V
Electrolyzer current (Ielz) 0–50 A
Output pressure 0.1–10.5 bar
H2 flow rate 1 L/min
(T = 20 °C, P = 1 bar)
Cell Numbers 3

Table 2. Solar panel parameters for Waaree
Energies WU-120

Parameters Value
Imp 7.1 A
Vmp 17 V
Pmax,e 120.7 W
Isc 8 A
Voc 21 V
PV solar irradiation (G) 1000 W/m²
PV operation temperature (T) 25 °C

DC

DC
Controller 

Hydrogen Storage 
Distilled water

H2O

½ O2

H2

AnodeCathode 

Membrane

H+

- +

Figure 1. Schematic of the proposed system to produce hydrogen using solar energy
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Figure 2. Static characteristics of the selected PEM electrolyzer cells: (a) electrolyzer power vs. current and
(b) voltage vs. current, with experimental data (o) and model fitting (solid line)

2.3. Modeling of buck converter
The buck converter is a type of DC-DC converter that is widely used in power electronics applications

due to its simplicity, efficiency, and ability to step down the input voltage. The converter consists of a switch
(S), an inductor (L), a diode (D), and a capacitor (C). Electrolyzers typically operate at a low DC voltage for
water electrolysis, so the use of a DC-DC converter, as shown in Figure 3 is essential. In addition to reducing
the voltage, these converters manage voltage adaptation to handle fluctuations in the voltage provided by the
solar panels. By selecting the appropriate components and adjusting the converter parameters according to
the specific application requirements, we minimize power losses, and extend the life of the components [24].
Table 3 shows the sizing of the various components of the buck converter.

CVin
VC Velz

L

iC

RD

S

DC

Figure 3. Electrical schematic of the DC-DC buck converter

Table 3. Buck converter parameters
Parameters Values
Inductor L 497 µH
Capacitor C 7.94 µF
Switching frequency f 40 kHz
Duty cycle α 22.8%
Input voltage Vin 30 V
Output voltage velz 7.5 V

The buck converter operates in two modes depending on the switch state. When ON, the inductor and
capacitor dynamics are governed by (5).

diL
dt

=
Vin − velz

L
,

dvelz

dt
=

iL
C

− velz

RC
(5)

When OFF as in (6).

diL
dt

= −velz

L
,

dvelz

dt
=

iL
C

− velz

RC
(6)

These can be written in the state-space form as (7).

ẋ = Ax+BVin, Y = Nx (7)
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Where:

x =

[
iL
velz

]
, N =

[
0 1

]
State-space averaging over one switching period, as (8).

A = αA1 + (1− α)A2, B = αB1 (8)

With:

A1 = A2 =

[
− 1

L 0
1
C − 1

RC

]
, B1 =

[
1
L
0

]
The averaged model becomes (9).

ẋ =

[
− (1−α)

L 0
(1−α)

C − 1
RC

]
x+

[
1
L
0

]
Vin (9)

3. CONTROL STRATEGIES
Sliding mode controller (SMC) is a powerful control technique that can provide fast and robust control

of systems. Its effectiveness has been demonstrated in various applications, including DC-DC converters, where
it can provide superior performance compared to other control techniques [25]. The control variable xBuck is
presented in (10), where the variables x1, x2, and x3 are respectively the voltage error, the derivative of the
error, and the integral of the error. The instantaneous capacitor, inductor, and load currents, respectively;
Vref, vi, and βvelz denote the reference, instantaneous input, and instantaneous output voltages, respectively; β
denotes the feedback network ratio; and u = 0 or 1 is the switching state of power switch SW. The equation of
state for the control system in the vector space is written in (10).

xBuck =


x1 = Vref − βvelz

x2 = ẋ1 = d
dt (Vref − βvelz)

x3 =
∫
x1 dt =

∫
(Vref − βvelz) dt

and ẋBuck =


ẋ1 = x2

ẋ2 = − 1
RCx2 +

βvin
LC u+ βvelz

LC

ẋ3 = x1

(10)

The state-space model describing the system can be derived as (11).

ẋBuck =

0 1 0
0 − 1

RC 0
1 0 0

x+

 0

−βvin
LC
0

ueq +

 0
βvelz
LC
0

 (11)

The SMC law uses a switching function to determine the control signal, as (12).

u =

{
1 when S > 0

0 when S < 0
where S defined as S = a1x1 + a2x2 + a3x3 = JTx (12)

Where S is the instantaneous state trajectory and JT = [a1, a2, a3] and a1, a2, a3 are the sliding coefficients.
The sliding mode control ensures that the system meets the sliding conditions: hitting, existence, and stability.

The ramp signal and control signal are compared to get the output switching signal, which has a
frequency identical to the ramp signal. By fixing the ramp signal frequency, the output switching signal
frequency remains constant. Therefore, using the PWM technique in controller design ensures a fixed frequency
for the proposed method. In the first step, the equivalent control signal ueq is derived using the invariance
condition. In the second step, ueq is translated to the duty ratio α of the PWM during the derivation process.
The equivalent control signal ueq is obtained from the equation Ṡ = JTAx+ JTBueq +D = 0, which yields
the equivalent control function, as (13). Solving for ueq:

ueq = − βL

βvin

(
a1
a2

− 1

RC

)
iC +

a3LC

a2βvin
(Vref − βvelz) +

velz
vin

(13)
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Translating the equivalent control as in (13) to the duty ratio α, where 0 < α = vc
v̂ramp

< 1, gives
the following relationships for the control signal vc and ramp signal v̂ramp as in (14). For the practical
implementation of the PWM-based sliding mode controller, the electrical schematic of the SMC controller
is shown in Figure 4.

vc = ueq = k1iC + k2(Vref − βvelz) + βvelz and v̂ramp = βvin (14)

Where:

k1 = −βL

(
a1
a2

− 1

RC

)
, k2 =

a3
a2

LC

K2 +-
Vref

βVelz

Sliding Mode Controller

Vc

K1
ic

+
++PWM

-

+

βVin

Vramp

CVin
VC Velz

L

iC

RD

S

DC

Figure 4. Electrical schema of SMC controller

4. RESULTS AND DISCUSSION
4.1. Steady-state performance

To verify the efficacy of sliding mode control in regulating voltage to the desired value for powering
the electrolyzer used in the study, we compare the results obtained using this method with those obtained using
a classical PI controller, which was also employed for the same purpose. We used the MATLAB/Simulink
platform for this comparison. The steady-state operational conditions of the system, including the solar PV
parameters, buck converter, and PEM electrolyzer, are shown under rated conditions. The solar iradiation is
fixed at 1000 W/m², and the temperature is held at 25 °C. The solar panel voltage, current, and power are
stable at 30 V, 30 A, and 897 W, respectively, under full irradiance. These values indicate that the PV system
is operating at its full rated capacity. The PEM electrolyzer, powered by the solar PV, also operates at full
rated power under these conditions. The steady-state electrolyzer voltage (7.5 V), current (47.15 A), and power
(354 W) are achieved by both PI and SMC control strategies, Figure 5 illustrates the performance of both
control methods. In Figure 5(a), we observe the electrolyzer voltage (Velz), and in Figure 5(b), the hydrogen
production rate (H2). Both controllers successfully ensure stable operation, with the voltage settling around
7.5 V and the hydrogen production rate stabilizing at approximately 0.985 L/min. These results confirm the
system’s effective and reliable performance under steady-state conditions.

However, as demonstrated in Figure 5, the SMC proves to be slightly more accurate and precise than
the PI controller in steady-state mode. The results show that the SMC performs significantly better than the PI
controller in terms of stability, accuracy, and response time. In summary, the SMC’s lower values across both
system response and error metrics make it the more effective controller, with greater stability, faster settling,
and a much lower error profile compared to the PI controller.
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Figure 5. Performance of the system under constant solar irradiation: (a) the electrolyzer voltage (Velz) and
(b) the hydrogen production rate (H2)

4.2. Dynamic performance
In order to evaluate the dynamic performance of our controller, we used experimental data collected

from a photovoltaic panel installed on the rooftop of our laboratory at the Higher School of Technology of
Agadir. The dataset includes solar irradiance, panel surface temperature, and output voltage. illustrated in
Figure 6, the data show noticeable fluctuations: irradiance ranges from 400 W/m2 to 1000 W/m2, while the
surface temperature of the PV panel varies between 42 °C and 62 °C, as shown in Figures 6(a) and 6(b). These
variations directly affect key PV system parameters, particularly the panel voltage (Vpv), depicted in Figure
6(c), and panel power (Ppv) in Figure 6(d) respectively. The irradiance profile initially shows a steady increase,
followed by a sharp decline near the midpoint, indicating a temporary drop in solar input. This change is clearly
reflected in the corresponding voltage and current responses of the system.

The results in Figures 7(a) and 7(b) reveal that the SMC consistently outperforms the PI controller
in terms of stability, accuracy, and dynamic response. The SMC demonstrates minimal overshoot at 0.0299%,
significantly lower than the PI’s 12.2873%, indicating a more controlled and steady response close to the target
value. While both controllers exhibit rapid response times, the SMC achieves a much faster settling time
of 0.0032 seconds compared to the PI’s 0.0267 seconds. Additionally, the SMC has a lower mean absolute
percentage error (MAPE) of 0.21%, is significantly lower for the SMC, indicating better accuracy in achieving
the desired output. Here, Vref represents the desired value (7.5 V) yactual,i is the actual response at each time
step i, and n is the number of time steps. contrasting sharply with the PI’s 6.96%, further emphasizing its
superior tracking accuracy, When examining error metrics, the SMC again distinguishes itself with superior
performance indices. The error signal is defined as e(t) = Vref − Velz(t) .
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Figure 6. Dynamic performance of the system: (a) solar irradiance (Ir), (b) temperature of the photovoltaic
panel (Tpv), (c) the panel voltage (Vpv), and (d) the panel power (Ppv)
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Where Vref (7.5 V) is the desired voltage and Velz(t) is the actual electrolyzer voltage at time t, the
integral of squared error (ISE) for the SMC is lower at 0.0386 compared to 0.0476 for the PI controller,
reflecting a more efficient reduction in overall error energy. Similarly, the integral of absolute error (IAE)
is significantly reduced to 0.0114 for the SMC, whereas the PI controller reaches 0.1362. The most notable
improvement appears in the integral of time-weighted absolute error (ITAE), where the SMC achieves a
remarkably low value of 0.0039, in contrast to 0.2378 for the PI controller. These results confirm that the
SMC not only minimizes the overall error but also reacts more promptly to disturbances, resulting in smoother
and more accurate system performance, Table 4 summarizes the dynamic performance and error metrics of
both controllers.
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Figure 7. Dynamic performance of the system with varying solar irradiation and temperature:
(a) the electrolyzer voltage (Velz) and (b) the hydrogen production rate (H2)

Table 4. Dynamic performance and error metrics of controllers
Controller MAPE (%) Settling time (s) Overshoot (%) ISE IAE ITAE

Equation – – –
∫

e2(t) dt

∫
|e(t)| dt

∫
t|e(t)| dt

PI 6.96 0.0267 12.2873 0.0476 0.1362 0.2378
SMC 0.21 0.0032 0.0299 0.0386 0.0114 0.0039

5. CONCLUSION
This study investigated the use of advanced control techniques, particularly sliding mode control

(SMC), to address the challenges of integrating fluctuating renewable energy sources with PEM electrolyzers
for green hydrogen production. The system includes a photovoltaic array connected to an electrolysis unit
via a DC-DC buck converter, which adjusts the solar panel voltage to the level needed by the electrolyzer.
MATLAB/Simulink simulations demonstrated that SMC outperforms the traditional PI controller by achieving
nearly zero overshoot, a very fast settling time of 0.003 seconds, and a low error rate (MAPE of 0.21%).
Additionally, SMC enabled a high hydrogen production rate of 0.98 liters per minute with 98% efficiency,
thanks to its ability to provide a stable and consistent voltage to the electrolyzer. These results underscore the
potential of advanced control strategies, supported by real-world data, to enhance the reliability and efficiency
of renewable hydrogen production, laying a solid foundation for future work aimed at further optimizing control
methods and improving system performance.
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