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Abstract— This paper is dedicated to the control of hydrogen
production with an experimental proton exchange membrane
water electrolyzer in the context of renewable energy sources.
Two control laws, iP and PI controllers have been evaluated
under several scenarii including renewable energy sources
variations. A discussion of the performances of the controllers
allows to formulate several open issues for the control of
PEMWE in a renewable energy context.

I. INTRODUCTION

Achieving carbon neutrality by 2050 requires a significant
effort to reduce greenhouse gas emissions, which is a real
challenge. One key solution to this challenge is to use hydro-
gen as an energy carrier and make hydrogen production as
environmentally friendly as possible. Hydrogen production
using Water Electrolyzers (WE) powered by Renewable En-
ergy Sources (RES) such as wind turbines and photovoltaic
panels is consistent with this solution. The most appropriate
water electrolyser technology in the context of RES is the
Proton Exchange Membrane Water Electrolyzer (PEMWE),
thanks to its ability to operate in the presence of variations
in the energy source and their high current density about
2A/cm2, in contrast to the alkaline water electrolyzer.

A PEMWE works at low voltage in comparison to power
supplied, so mostly a DC/DC buck converter is used to
ensure that the PEMWE operates accordingly to the desired
current [1], [2]. In such case, the system to be controlled
becomes the whole PEMWE + DC/DC converter. Using the
well know Farday’s law the control of hydrogen production
is based on the PEMWE current.

In the literature, PEMWEs have been modeled as an
electrical circuit: as a simple resistor in [3], [4] and as an
RC circuit in [5], [6]. A more complex model based on
thermal, electrical and chemical relationships can be found
in [7], [8]. However, from an experimental point of view,
it is difficult to use these models due to the difficulty of
accurately determining their physical parameters.

The PID controller is the most employed control strategy
for current control of PEMWE due to its simplicity of the
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tuning parameters [4], [9], [10], [11]. It should be noticed
that these PID have been not designed on an experimental
test bench and have not been analysed in realistic RES
context, i.e. by taking into account the variations of the
supplied energy. A control law based on an identified model
is proposed in [12] and validated in simulation by taking into
account variations in the supplied RES.

In this article, hydrogen production is investigated on
a PEMWE test bench (see Fig. 1) in a RES framework.
Obtaining a PEMWE model that describes actual system
behavior is a difficult task, so the control of this PEMWE
is made without using any model. Two control strategies
corresponding to this approach without model, model-free
control [13], [14] and PID control, are retained in this paper.
The aim of this paper is to rely on control law performances
analysis to formulate open and realistic issues for the control
of PEMWEs within a renewable energy context.

This paper is structured as follows. The experimental test
bench is described in Section II. The designs of iP and PI
controllers are given in Section III. Section IV is dedicated
to the experimental results: the 1st considered scenario with
desired current changes is presented in Section IV-A, the
2nd treated scenario with both changes for desired current
and supplied voltage of RES is given in Section IV-B and
the 3rd scenario is dedicated to the robustness against strong
supplied voltage RES variations in Section IV-C. Section
V deals, on the one hand, with the analysis of closed-loop
performances and, on the other hand, with the open questions
generated from this analysis with regard to PEMWE control
in RES framework. The conclusion is given in Section VI.

II. EXPERIMENTAL TEST BENCH DESCRIPTION

The test bench used in this paper is composed of a
PEMWE coupled with a DC/DC converter as shown in Fig.
1.

Fig. 1: Experimental test bench



Table I gives the specifications of the PEMWE stack used
in this paper.

TABLE I: PEMWE stack technical specifications

Parameters Values Units
Rated power 400 W

Cell number Nc 3 ×
Max current 50 A
Active area 50 cm2

The DC/DC converter is a Stacked Interleaved Buck
Converter (SIBC) (see [15] for more explanations on SIBC
design) and its diagram is given in Fig. 2 where Lp = Ls =
426 × 10−6 H, Rℓp = Rℓs = 0.06Ω, Cp = 10−4 F and
Cs = 10−5 F.

The acquisition of the PEMWE stack current I and
voltage V are performed using dSPACE dS1104 board with
a sampling time Ts = 0.001 s. This dSPACE board allows
to send the control signal u to the Pulse Width Modulation
(PWM) generator Matlab/Simulink block to drive the power
switches of the SIBC.

An interface board converts 0-5 V PWM signals to 0-15 V
signals required by the SEMIKRON driver boards SKHI 22.
The frequency switching of the PWM is 20 kHz, i.e. Tpwm =
5× 10−5 s. The whole system is supplied by a device called
EA-PS 980-100 where the voltage VRES is generated by
dSPACE. The voltage VRES emulates the variations of the
power provided by RES like wind or PV.

The opposite control of the two circuits of the SIBC (the
primary one with index p and the secondary with index s)
is achieved by two pairs of insulated-gate bipolar transistors
(T1, T4) during the duty cycle (1 − D)Tpwm and (T2, T3)
during the duty cycle DTpwm where D is a percentage of
the period Tpwm = 5× 10−5 s of PWM.

III. DESIGN OF THE iP AND PI CONTROLLERS

The control objective is to ensure a desired hydrogen flow
rate. The hydrogen production ṁH2

by the PEMWE is linked
to the applied current to the PEMWE via the following
relation

ṁH2 =
NcI

2F
ηH2 (1)

where Nc is the number of cells in the stack, I is the current
applied to the PEMWE (see Fig. 2) and ηH2

is the Faraday’s
efficiency coefficient taken as 0.97 in our application. So
based on relation (1) and in a control point of view, the
desired hydrogen production can be expressed through a
desired current trajectory called I⋆.

Since the behavior of the entire system shown in Fig. 2 is
nonlinear due to the interaction between electrical, thermal
and chemical phenomena, it is very difficult to obtain a model
that accurately describes the system, which is beyond the
scope of this document. That is the reason why the two
control laws proposed below are not based on an analytical
model, but are directly tuned on the process.

The 1st controller design used in this paper is model-free
control or iP controller proposed in [13], [14]. This approach

is based on an ultra-local model defined by

y(µ)(t) = F(t) + ρu(t) (2)

where
• y and u are the output and the control variables,

respectively,
• the order of output derivation y is µ, where µ = 1 in

this paper,
• ρ is a user-tuned parameter,
• the function F contains the unknown part of the system

and is estimated according to the input and the output
of the system.

In the case of µ = 1, the estimate of F is given by [16]:

F̂(t) =
−3!

T 3

∫ t

t−T

(T − 2t)y(t) + ρt(T − t)u(t)dt (3)

where T > 0 is small and [t − T ; t] refers to the sliding
windows of the integration interval. The closed-loop control
in the case of the iP controller with µ = 1 is defined by:

u(t) =
1

ρ

(
−F̂(t) + ẏ⋆(t) + kpe(t)

)
(4)

where
• y⋆ is the desired trajectory determined using a second-

order dynamics filter as in [17],
• e = y⋆ − y is the tracking error,
• kp = 250 is the tuning gain of the proportional part of

the controller,
• ρ = 35000.
The 2nd controller design is a PI controller corresponding

to controller C1(s) in [18]. Note that C1(s) was designed in
[18] by using the same test bench as in this paper. Since the
derivative action does not appear in the control law given by
(4), the derivative action in C1(s) is not taken into account.
The PI control law is given by

u(t) = Kp

(
1 +

1

Tis

)
(y⋆ − y) (5)

where s ∈ C is the Laplace variable and
• Kp = 0.001,
• Ti = 0.00205.
In our application, y⋆ and y stand to I⋆ and I , respectively.

IV. EXPERIMENTAL RESULTS

In this section, the control laws given in (4) and (5) are
applied on the test bench illustrated in Fig. 1. Three scenarii
are considered:

• 1st scenario is dedicated to the responses to desired
current I⋆ changes where the supplied voltage of RES
VRES = 40V is constant (see Section IV-A),

• 2nd scenario considers the responses to desired current
I⋆ changes where the supplied voltage of RES, VRES ,
is not constant: the variations of VRES emulate the
variations provided by the wind turbine (see Section
IV-B),

• 3rd scenario studies the robustness of the two control
laws against strong variations of supplied voltage VRES

(see Section IV-C).
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Fig. 1: Stacked interleaved DC-DC buck converter with pulse
width modulation (PWM) and PEM water electrolyzer

Fig. 2: Stacked interleaved DC-DC buck converter with pulse width modulation and PEM water electrolyzer

A. Variations of the desired hydrogen production

In this section, variations in the desired hydrogen produc-
tion are applied and represented by changes in I⋆, as shown
in Fig. 3. For better see the behavior of the iP and PI control
laws, two zooms are made in Fig. 4 and Fig. 5.
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Fig. 3: Changes of operating current steps

Both iP and PI controllers ensure the tracking of the
desired current I⋆ in the event of upward or downward
changes without overshoot. In Fig. 4 and Fig. 5, the settling
time of the three signals, i.e. reference I⋆ and current I
generated by both the iP and PI controllers are less than 0.1 s.
However, it can be seen that the stabilization time obtained
with the iP closed loop is slightly faster than that obtained
with the PI closed loop. We therefore conclude that both
controllers work well for this scenario.
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Fig. 4: 1st zoom on Fig. 3
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Fig. 5: 2nd zoom on Fig. 3

B. Variations of both hydrogen production and supplied
VRES by wind turbine

The emulated supplied voltage VRES by wind turbine is
given in Fig. 6 with the variations of the desired hydrogen



production that are represented by changes in I⋆, as shown
in Fig. 7.
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Fig. 6: Variations of VRES(t) supplied by wind turbine

To highlight the obtained closed-loop behaviors with both
iP and PI control laws, three zooms are made in Fig. 7, Fig.
8 and Fig. 9.
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Fig. 7: PEMWE current I(t) responses due to variations of
both hydrogen production and VRES voltage supplied by
wind turbine

The whole duration of this experiment is about 11.5 min.
The large variations of VRES in Fig. 6 have almost no effects
on the current I responses generated by iP and PI controllers
as shown in Fig. 7. To illustrate this point, the large variations
in VRES around 280 s, 370 s and 520 s in Fig. 6 do not
significantly affect the steady-state behavior of the closed-
loop current responses I in the time intervals [240 s 340 s],
[340 s 440 s] and [440 s 540 s] in Fig. 7, respectively.

The variations in voltage VRES supplied by a wind turbine
feeding the SIBC and PEMWE can be considered as an
uncertaintiy in the system that the iP and PI controllers
should take into account. These variations in VRES reflect
the actual behavior of the voltage supplied by a renewable
energy source. Several changes on the desired current I⋆

when VRES is changing are made in order to evaluate the
closed-loop with iP and PI controllers.

Fig. 7, Fig. 8 and Fig. 9 show zoom in on two desired
current I⋆ changes for the overall scenario considered. The
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Fig. 8: 1st zoom on Fig. 7
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Fig. 9: 2nd zoom on Fig. 7

iP and PI controllers guarantee that the desired current I⋆ is
followed without any noticeable overshoot. The same settling
time as in Section IV-A is obtained for all three signals, and
it can be seen that the response of the current I with the iP
controller is marginally faster than with the PI controller.
However, both controllers ensure a good tracking of the
desired trajectory under VRES variations.

C. Robustness to strong variations of RES supplied energy

The results obtained in Section IV-B have shown that the
impact of VRES variations in Fig. 6 is minor on the regulated
current I with both controllers iP and PI. This confirms the
robustness of the two control laws against VRES variations.
In this section, strong variations in VRES are considered
to assess the ability of the iP and PI controllers in main-
taining the desired hydrogen production. These variations in
VRES are less representative of the RES than the variations
considered in Section IV-B. However, strong variations of
VRES can be regarded as realistic in an isolated micro-grid
situation where voltage variations are abrupt. The duration of
this scenario is about 7.7min with variation of VRES ∈ [24 V
37 V] as shown in Fig. 10.

The current I is regulated at 15A and the response of this
current under strong VRES variations with both iP and PI
controllers are shown in Fig. 11. At first look, Fig. 11 shows
that closed-loop behavior with the PI controller exhibits
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Fig. 10: Strong variations of supplied RES voltage VRES
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Fig. 11: PEMWE current I(t) responses due to variations of
supplied RES voltage VRES given in Fig. 10

higher fluctuations than with the iP controller. Zooms in Fig.
12 and Fig. 13 confirm this fact.
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Fig. 12: 1st zoom on Fig. 11

Unlike in the responses given in Section IV-B, zooms in
Fig. 12 and Fig. 13 show that the impact of the variations
of VRES on the regulated current I is plainly visible. The
rejection of these variations in transient behavior is better for
the iP controller than the PI controller (see the peaks in Fig.
12 and Fig. 13). For the two control laws, these variations
are asymptotically rejected. As in Sections IV-A and IV-B,
the settling time with iP controller is slightly faster than the

167.5 167.55 167.6 167.65 167.7 167.75 167.8 167.85 167.9 167.95 168

Time [s]

14

16

18

20

22

24

26

28

C
u

rr
e
n

t 
[A

]

Fig. 13: 2nd zoom on Fig. 11

one with PI controller.
The control input u for both iP and PI controllers is shown

in Fig. 14. If we compare Fig. 10 and Fig. 14, we can see
that the two control laws react quickly to the abrupt changes
of VRES without peaks in the transient behavior (see the
zoom in Fig. 14).
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Fig. 14: Control signal u(t) responses due to variations of
supplied RES voltage VRES given in Fig. 10

V. DISCUSSION

This discussion is based on the obtained results. The
objective is to propose some open questions related to the
control of PEMWE under RES variations.

(1) Summary of experimental results :
The 1st scenario considered in this paper shows that
the tracking of the desired current I⋆ is achieved in
0.1 s with iP and PI controllers.
In the 2nd scenario, realistic variations in the voltage
VRES supplied by a wind turbine have no significant
effect on the regulated current I , i.e. the controllers iP
and PI maintain the current at the desired value despite
these realistic variations.
In the 3rd scenario, strong variations of VRES are
considered, these variations are asymptotically rejected
by both iP and PI controllers.

(2) Settling time of controlled PEMWE versus realistic
variations of VRES:



Since variations in VRES supplied by the wind turbine
have no significant effect on the regulated current I ,
the following questions can be raised.

a) The voltage variations VRES supplied by the
RES has a slower dynamic than the dynamic
of the used PEMWE. Could we find ourselves
in a situation where the voltage dynamic VRES

is faster than that of the PEMWE in a real
application?

b) The PEMWE studied in this article consists of 3
cells. Do increasing the number of cells have an
impact on the dynamics of the PEMWE current
and on what scale?

c) With strong VRES variations, we have significant
peaks which can accelerate the degradation of the
PEMWE. What is the probability of encountering
such variations in VRES in a real application? The
controller design is based on trajectory tracking,
so is a design based on disturbance rejection more
appropriate for this application? With this alterna-
tive design, will peaks be much more attenuated?

(3) RES power:
In this paper, the context of RES is considered as
voltage variations. In the case where power supplied
by a RES system is considered, the following questions
are raised.

a) Variations in RES power do not allow the de-
sired current to be maintained where the power
supplied is not sufficient. In this situation, can
we say that we have a reference I⋆ generation
problem?

b) This case also generates many situations where
the control input u will be saturated, so what
method should be used for desaturation?

VI. CONCLUSION

The control of the hydrogen production is treated in this
paper by addressing the challenges of the RES framework.
The control of hydrogen production consists on the control
of PEMWE current. Two controllers iP and PI where their
design is made in model-free and are evaluated under vari-
ations of the voltage provided by RES.

Both iP and PI controllers ensure a quick tracking of
the desired hydrogen production and guarantee the maintain
of the desired current under VRES variations with a slight
advantage for the iP controller. These results have raised
several open questions for the control of PEMWEs in a
renewable energy context.
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