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Real-Time Emulation of a Hydrogen-Production
Process for Assessment of an Active
Wind-Energy Conversion System
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Abstract—This paper presents the real-time emulation of a
hydrogen-production process for assessment of an active wind-
energy conversion system. The hardware-in-the-loop emulator of
the electrolyzer consists of a power-electronic stage and a control
stage. In the control board, the algorithmic equations of the elec-
trolyzer modeling and its control should be implemented, as well
as the emulator’s power converter control. The causal ordering
graph is used to model the electrolyzer and its auxiliary equip-
ment. This model is capable of characterizing the relations among
the different physical quantities and can be used to design the
control system, ensuring an efficient and reliable operation of the
electrolyzer. The proposed control method can manage the power
and hydrogen flows. The simulation results have highlighted the
variation domains and the relations among different physical
quantities. The experimental results of the real-time emulation is
based on a PHOEBUS advanced alkaline electrolyzer and shows
the same electrical characteristics in real time with hardware.

Index Terms—Electrolyzer, hybrid power systems (HPSs),
hydrogen production, real-time simulation.

I. INTRODUCTION

HE ADVANCING wind-power technologies have in-

creased the use of wind-energy conversion systems
(WECS:s) for distributed generation to satisfy the grid energy
demand [1]-[6]. However, the WECS, depending entirely on
the wind generators, is a passive generator, which cannot of-
fer any service to the grid, since the wind is an intermittent
energy source. As solutions, hybrid power systems (HPSs)
are proposed to overcome the problems with two innovative
improvements.

1) Storage subsystems are associated with the wind
generator to compensate or absorb the difference
between the generated wind power and the required grid
power [7]-[12].
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2) Energy management strategies are needed to drive the
power flows among the wind generator, the storage sub-
systems, and the grid. It has to implement various addi-
tional control functions to provide auxiliary services for
the grid [10]-[12].

Thus, the wind-based HPS can offer some services to the grid
and becomes an active WECS.

In our wind-based HPS (Fig. 1), supercapacitors are used for
fast-dynamic energy storage, and the hydrogen technologies are
used for long-term energy storage [13], [14]. These different
energy conversion sources are connected to a common dc bus,
and some energy management strategies are implemented in the
control system, for satisfying the grid requirements while max-
imizing the benefit of renewable-energy sources and optimizing
the operation of each storage unit. For example, the power
management strategies for a normal operation are as follows.

1) The WECS works with a maximum power point tracking
strategy. Therefore, the power generated from the wind
generator Py, is very fluctuant and not satisfactory to the
required grid power Py

2) To overcome this problem, the difference between the
measured wind power and the grid power reference
is used as a power reference for the storage units
(Psto_ref = ng_rnes - ch_ref)~

3) Since the fuel cell and the electrolyzer have relative slow
dynamics, the slope of their power reference should be
limited (PH2_rcf ~ Psto_rcf)-

4) When Pga_,ef 1S positive, the electrolyzer is activated
to absorb the excess power (Pe_rer = Pu2_rer) and to
produce the hydrogen, which is stored in the hydrogen
tank for future use. When Pt 1S negative, the fuel cell
is activated to compensate the needed power (Pr_ref =
| Paz2_ref|) by using the stored hydrogen. Thus, the fuel
cell and the electrolyzer will never work at the same time.

5) During their transients, the supercapacitors are acti-
vated to compensate or absorb the difference between
the power reference of the storage units and the mea-
sured power from the fuel cell/electrolyzer (Psc rer =
Psto_ref - Pfc_mes + Pel_mes)-

Therefore, we can see that the long-term energy storage is
performed in the form of hydrogen storage, through fuel cell
and electrolyzer.

In order to achieve the required performances of the

system and its control, a test bench has been built.
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Fig. 1. Studied HPS based on wind-energy and hydrogen technologies.
Hardware-In-the-Loop (HIL) emulations of a part of a power
system enable a fast experimental validation test before im-
plementation with the real process. Some parts of the process
are simulated in real time in a controller board and, then,
are interfaced in hardware with the real devices. Such HIL
simulation has been intensively used and enables to check avail-
ability and reliability of the storage units (component sizing,
power-electronics interface, and operation control). We used
this method to realize an electrolyzer emulator in order to test
the assessment of the active WECS described earlier. Such an
emulator can also be used to test and compare the electrical
behaviors of different electrolyzer technologies. It consists of
two parts: the power electronic stage, which is used to offer and
emulate the electrolyzer’s power; and the control stage, which
is used for power-electronic device’s control and electrolyzer’s
behavior emulation.

Therefore, the control stage is an important part, which
determines the whole emulator’s behavior.

Much research has been performed to model fuel cells, but
the modeling of the electrolyzer has not yet been studied as
widely as the fuel cell in the literature. In [15], the authors have
developed a model for the unipolar Stuart cell electrolyzer, by
assuming a fixed temperature and a 100% current efficiency,
which has also been used in [16] and [17]. The higher heating
value of the Hy has also been used to give the theoretical model
of the electrolysis process [18], [19]. Much more electrolyzer
current—voltage characteristics are obtained empirically by ex-
perimental measurements and show much dependence on pres-
sure and temperature. Some of these empirical models use
the “log” term [20], [21] to describe the nonlinear relations
between the voltage and current, while others use the “In”
term [22]-[25]. Some models have also been modified for the
ease of control and simulation purposes [26], [27]. Electrolyzer
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models are generally formulated with the Faraday’s Law, and
the hydrogen-production rate depends proportionally on the
current. However, detailed relations and causality among the
physical quantities in the hydrogen-production system should
be shown more clearly. The organization of the modeling equa-
tions should be suitable for an accurate dynamic simulation,
for the control design, and for the power-management design
together with the hydrogen-production subsystem, including
power-conditioning system and hydrogen-gas-handling system.

In this paper, we focus on the hydrogen-production sys-
tem to explain how the electrolyzer absorbs the electrical
energy and converts it into hydrogen. A detailed control-
oriented model is given by using a causal-ordering graph
(COQG) for the electrolyzer, as well as for the other parts for
the hydrogen-production process. The model characterizes the
relations among the different physical quantities and can be
used to determine the control system ensuring efficient and
reliable operation of the electrolyzer. This paper is organized
as follows. The mathematical modeling of each part of the
hydrogen-production process is presented in Section II, with
dc—dc converter, electrolyzer, compressor, and hydrogen tank.
In Section III, the control schemes are presented to manage
the power flow and the hydrogen flow. The simulation results
are presented in Section IV, and the relations among the
different physical quantities are highlighted. A HIL emulator
based on a real electrolyzer is presented in Section V to
validate the modeling method, and the conclusions are given in
Section VI.

II. MODELING OF THE HYDROGEN-PRODUCTION PROCESS

In this section, the COG is used to model the electrolyzer
and its auxiliary equipment. To simplify the modeling, the gas
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Fig. 2. COG of static and dynamic relations with their control schemes.
(a) Static relation. (b) Dynamic relation.

is assumed to be dried and purified; all kinds of hydrogen
leakage are assumed to be very small and can be neglected
in the production, handling, and storage processes. The power-
conditioning unit is performed by a power electronic converter.
The gas-handling system can be modeled by a compressor,
it supplies the necessary power to press the dry and purified
hydrogen into the tank.

A. Presentation of the COG

The COG is a graphical representation of mathematical equa-
tions, which can be used to model a system and to design its
control structure [28], [29]. Balloons with inside the equation
number represent modeling relations. A static instantaneous
relation has no time dependence. It will be depicted as a balloon
with a bidirectional arrow, as shown in Fig. 2(a). Physically,
it can be said that the corresponding element has an external
causality orientation. If the variable z is externally set, it is then
the input, and we get

Rq :y(t) = Ra (x(1)) .

To make the output y equal to a reference y,ef, an elemen-
tary control equation R,., obtained by inverting the modeling
equation I}, to calculate the desired input variable z,c; from
the reference et

Rac P Treg (t) - Rac (yref (t)) .

A time-dependent relation will be characterized by a unidirec-
tional arrow in the balloon. Classically, dynamical systems are
mathematically modeled by differential equations

dy(t

% = ax(t) +b.

This first-order differential equation is typically a time-

dependent relation, whose output is formed by integration. It
is represented by (R;) in Fig. 2(b)

Ry - y(t) = Ry (x(t), 1) .

Moreover, the mathematical property of differential equations
specifies that this equation type has an input—output orientation.
Meanwhile, for equation R, the variable z(¢) must be the input
and y(t) must be the output. Physically, it can be said that the
element has an internal causality orientation. The pure inverse
equation introduces large instabilities due to the differential
term. Instead of inverting R;, we can use a closed-loop control

imfelfref

Fig. 3. COG of the buck converter and the power flow control.

with a corrector C);,, to compensate the error signal between the
measured output 3 and the reference ot

Ruc : @reg(t) = Con (srer(8) = 5 (1)) -

B. Modeling of the Buck Converter

Since the voltage applied to the electrolyzer is smaller than
the dc-bus voltage, a buck dc—dc converter is required between
the dc bus and the electrolyzer to regulate the power transmitted
to the electrolyzer. The average model of the buck converter
is accurate enough to describe the process and can be used to
simplify the system-modeling structure

Rl Um_el = dubus (1)
R2 : Z.m_el = diLel (2)

where uy,,s and ., are, respectively, the dc-bus voltage and
the modulated current of the buck converter, ¢y, ¢ is the modu-
lated voltage, and 71, is the inductor current. In steady state, the
generated electrolyzer current i is equal to the inductor current
iLel- The duty cycle d is the control input. The corresponding
COG of the converter is shown in Fig. 3.

C. Modeling of the Electrolyzer

The electrolyzer consumes the electrical power to produce
hydrogen. Its modeling can be divided into four different parts:
the electrical part, the electrochemical part, the thermal part,
and the hydraulic part. The operation of the whole electrolyzer
is based on the interaction among these four parts.

1) Electrical Part: Most reported models of electrolyzers’
electrical behavior are obtained empirically by measurements
[20]-[27]. Here, a well-adequate empirical model [20] is used
to describe the characteristic of a given electrolyzer as shown
in Fig. 4

_ T 2
Ucell = Ug + 527 Lio) + (51 + 8210 + 83T73)

Rs : x log (—tle/TZ‘HS/Ti fel + 1)

Uel = NelUcell

3)

In (3), Ng is the number of electrolyzer cells, wq is the voltage
across one electrolyzer cell, i is the generated current of the
electrolyzer, ug is the reversible cell voltage varying slowly
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Fig. 4. Typical [-U characteristics of an electrolyzer cell (R3) [20].

TABLE 1
PARAMETERS OF THE ELECTROLYZER MODEL [20]
r 73e-5  Q m? ) -1.le7  Q m%°C
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Fig.5. Reciprocal relationship (R ! ) curve from ug to i) obtained by linear
interpolation for a given Ty = 25 °C.

with the temperature and pressure, r; are the parameters for
ohmic resistance of electrolyte, s; and ¢; are the parameters for
overvoltage on electrodes, A is the area of the electrode, and T,
is the temperature of the electrolyte. All parameter values have
been identified by measurements (Table I). This electrical char-
acteristic depends mainly on voltage, current, and temperature.
The nonlinear current versus voltage relationship shows that the
electrolyzer can be considered as a variable nonlinear resistor.
At a given temperature, the relationship between ue and i is
bijective (Fig. 4). The reciprocal relationship of the empirical
model described in 25 can be found by linear interpolation with
a wished accuracy, as shown in Fig. 5. It is named %5 ! and can
be implemented in a lookup table. Thus, the current value 4¢
corresponding to each given voltage u,) can be easily obtained.

2) Electrical Part: The electrochemical reactions in water
electrolysis can be summarized in Table II. According to the

Faraday’s law, the hydrogen-production rate mgl_pro depends
on the electrolyzer current
. NV,
Ry m/el_pro = Q] (Telv Zel)ieZEI “4)

nkF

where N is the number of electrolyzer cells, F' is the Faraday
constant, and n is the number of moles of transferred electrons

per mole of water. The current efficiency a, varies also with
the electrolyzer current density. The relation can be described
by an empirical expression

N w e (a2+a3T a4+a5T> )
el = X ; -

PZMEP T A T (/A

where the parameters «;(i = 1,2,...,5) are calculated from

measurements and are given in Table 1.

3) Thermal Part: The electrolyte temperature affects both
the I-U curve and the Faraday efficiency. It can be determined
by using simple (calculated from a quasi-static thermal model)
or complex (calculated from a lumped thermal capacitance
model) thermal models depending on the required accuracy.
Since the time constant in the thermal domain is much larger
than in the other physic domains, we suppose a constant temper-
ature 1), which can be set externally, to substitute the thermal
model.

4) Hydraulic Part: If we ignore the hydrogen leakage rate
from the electrolyzer, the hydrogen evolution rate m/, in the
cathode depends on both the production rate m/ and the

f el_pro
outlet rate my; ..

Rs : miel(T) = m/el_pro (T) - m/el_out (T) (6)

The stored hydrogen quantity can be described as follows:

to+At
R6 . mel(to + At) = mgl (T)dT —+ Mmel (to) (7)

to

The hydrogen pressure in the electrolyzer can be found with
the ideal gas law

RTel

— e 8
Velml )

R P Pel =
where p. and T, are, respectively, the hydrogen pressure and
temperature in the electrolyzer, R is the universal gas constant,
and V is the volume of the cathode. In steady-state operation,
the hydrogen outlet rate should be regulated to be equal to
the hydrogen-production rate, and the stored hydrogen quantity
in the cathode should be maintained constant as well as the
pressure. The COG of the electrolyzer shows the organization
of all modeling equations (Fig. 6).

D. Modeling of the Compressor

The compressor is based on a polytropic compression
process. The relationship between the hydrogen molar flow
rate (considered equal to the outlet rate from the electrolyzer

m’el_out) and the compressor power Fiomyp, 1S
(&7 1m
Ry : m;l_out = P Pcomp )]
kRT, 5
. %
Rg: w= el DPsto -1 (10)
k-1 Del

where w is the polytropic work, ccomp is the compressor
efficiency, k is the polytropic coefficient, T is the inlet gas
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TABLE I
ELECTROCHEMICAL REACTIONS IN WATER ELECTROLYZERS
Electrolyte Anode Cathode
' 1
’?E‘g;‘;)" 20H (a) =5 0,() 0426 2500)+26 —Hy(gr+20H (@)
o )
/(*SCI‘)dE‘)C HOU) > O+ 2H ) 2 2H*(ag)+2e” —Hy(g)

N I R9 m ’elﬁour
>
P comp, p sto

System Modeling

Control Scheme

B
M el out ref

’
M el out ref

Fig. 7. COG of the compressor and the hydrogen flow control.

temperature, pe) is the inlet gas pressure, corresponding to the
hydrogen pressure in the electrolyzer, and pgt, is the outlet gas
pressure, corresponding to the hydrogen pressure in the tank.
The corresponding COG can be derived (Fig. 7).

E. Modeling of the Hydrogen Tank

The stored hydrogen rate m.

to depends on three terms: the
input flow rate m,,; _ . outlet from the electrolyzer, the outlet
flow rate mj, to the fuel cell, and the leakage rate m{;, ., to
the environment
/
— Mgto_leak (T) (1 1)

m/sto(T) = mfsl_out (T) - mlfc (T)

Since the electrolyzer and the fuel cell never work at the same
time for efficiency reasons, the outlet flow rate is zero in the
hydrogen-production process. If we neglect the leakage, the
number of moles which are stored in the tank mg, can be
expressed as

to+At

RlO . msto(to —+ At) = m/Cl(T)dT —+ msto(to). (12)

Del ref

,
Mool our
)

&
<

Fig. 8. COG of the hydrogen storage in production process.

The pressure in the hydrogen tank can be derived from the Van
der Waals equation of state for real gases. However, for the ease
of the modeling, we use the ideal gas law

RTsto

Ry —_—
M ‘/sto

Msto (13)

DPsto =

where Tg, is the gas temperature and Vy, is the storage-tank
volume. Thus, the COG of the hydrogen tank is shown in Fig. 8.

F. Modeling of the Hydrogen-Production Process

We consider that the dc bus is equivalent to an ideal voltage
source supplying a constant voltage up,s. Thus, the variation
of the electrical power consumed by the electrolyzer P, due to
the intermittent wind energy can be expressed by the variation
of the current %,, ;. Each COG model deduced earlier can be
considered as a block with several inputs and outputs. If they are
connected together by the corresponding inputs and outputs, a
macroscopic representation of the hydrogen-production process
can be obtained, as shown in Fig. 9. The blocks with a dotted
line represent the parts where some time-dependent relation
can be found and correspond to some process with energy
accumulations. The temperatures, such as T and Ti,, are
assumed to be controlled by a thermostatic system. From the
macrorepresentation, it is obviously shown that the duty ratio d
and the compressor power P, are the control inputs, which
can be used to regulate the transmitted power and the gas flow
during the hydrogen-production process.
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Fig. 9. Macroscopic representation of the system model with the control scheme of the hydrogen-production process.

III. CONTROL OF THE HYDROGEN-PRODUCTION PROCESS
A. General Principles

The design of the control system is based on the inversion
of the COG model. The purposes of the control are to absorb
the excess electrical power (which is produced by the wind
generator) into hydrogen and to send the produced hydrogen
gas toward the tank, by keeping the Hy pressure constant in
the electrolyzer for security and efficiency reasons. The whole
control scheme consists of the following functions (Fig. 9):

1) a current controller, which guarantees the desired power
flow by controlling the modulated current iy, ; through
the desired duty ratio d,.¢ of the buck converter;

2) an electrolyzer pressure controller, which maintains a
constant Hy pressure pe in the electrolyzer by deter-
mining a desired Hy outlet rate m; . ,of» Which is
equal to the Hy production rate m/; . depending on the
electrolyzer current i;

3) a hydrogen flow controller, which drives the Hs at the
desired flow rate m’el_out_ref by supplying the necessary
compression power Peomp_ref-

B. Current Controller

Since the dc bus is considered as an ideal dc source with
a constant voltage uypyg, the variation of the electrical power
Pius_el transmitted to the electrolyzer can be expressed by the
variation of the current ¢, e
APlous_el (t) = ubusAirrl_el(t)~ (14)
Therefore, the power regulation can be performed by a current
regulation. Since the relation (Ry) between the modulated
current iy, 1 of the converter and the inductor current iy, the
current control algorithm can be given by inverting (R3)

7:m_el_ref

Ry : dref = 15)

{ Lel

where ZLel is the sensed value of the current. The COG of the
current control is shown in Fig. 3.

C. Pressure Controller

For a desired working condition, the Hy pressure p,; should
be set at a preferred level. Thus, the hydrogen outlet flow rate

ml; .. from the electrolyzer should be equal to the hydrogen-
production rate My oo in the electrolyzer, in order to set a
constant number of moles m,), as well as the pressure pg
according to equation I?7. However, the molar flow rate cannot
be easily measured. Since the constant pressure is the equivalent
consequence of the Hy flow rate control, we can try to make the
reference outlet rate m;; . . to converge to the production
rate m.; . in order to maintain the wished constant pressure
Del_ref-

By inverting equation Ry, the desired hydrogen number of
moles mg)_rer and the estimation of the number of moles 1
can be deduced directly from the reference pressure pe|_ror and

the measured pressure D,

Val
R c - el_ref = 5577 Pel_re 16
7 Mel_ref RTelp 1_ref (16)
- Va ~
e ol = —— Dol 17
Ry Mel RTe1pel an

Then, the reference hydrogen variation rate m, . in the
electrolyzer can be obtained through a closed-loop control with
a corrector C,,,

Re. : m/el_ref = C(m('mel_ref - me1)~ (18)

The reference of the hydrogen outlet flow rate m.; . ,ef

from the electrolyzer can be obtained by inverting (Rs)

-1, ! o~ /
R5 : mel_out_ref - mel_pro - mel_ref‘ (19)

The estimated hydrogen-production rate 7/, pro 18 deduced

directly from the sensed electrolyzer current gcl(R4)

Nag o o)

= del(Telz 2el) nF

. ~ /
R4€ . mel_pro

where the estimated current efficiency &, can also be obtained

from the sensed electrolyzer current ?el

as + agT’

(13+(1 T
3
(ZEI/A)

iea/A

(el = a1 €Xp 2n

The COG of the pressure control is shown in Fig. 6.
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D. Hydrogen Flow Controller

The role of the compressor is to drive the hydrogen to
the tank at the reference outlet flow rate m.; _ . ,.s- The
desired compressor power Peomp ret Can be calculated by
inverting (Ry)

wo
mel_out_ref

Ry, : (22)

P comp_ref —
comp

where the value of the polytropic work w is estimated with the
measured pressures Dy, and pg,

%
T . n
w:kR el pjm 1
k-1 DPel

The COG of the hydrogen flow control is shown in Fig. 7.

RSe : (23)

E. Entire Control Scheme

When we gather all COGs together, the macroscopic rep-
resentation of the whole system model with its entire control
scheme can be obtained, as shown in Fig. 9.

IV. SIMULATION OF THE
HYDROGEN-PRODUCTION PROCESS

The model of this system is simulated with the presented con-
trol scheme in MATLAB/Simulink, with up,s = 48 V, Te =
25 °C, Vo =1L, Vi, =5 L, and the initial pressures p,] =
3 bar and pg, = 20 bar. The compressor efficiency is assumed
to be equal to 63%. It is widely accepted that one of the main
weak points of the electrolyzer is its time constant, which de-
pends on the auxiliary systems. As it is well known, by omitting
all the kinds of losses, the supplied power corresponds directly
to the hydrogen-production rate. If the power variation is faster
than the gas-delivery-control capacity, the hydrogen pressure
in the electrolyzer can no longer be controlled, and some
security problems will occur. Therefore, in practice, power
slopes are always given for transients. Since the slope is limited
much slower than the gas-handling dynamic, the static models
of the electrolyzer and compressor are enough to show the
behavior of the hydrogen-production process in this quasi-static
working condition. In [30], an alkaline electrolyzer of 20 kW
can increase its power from 16% to 100% of its normal power
within 40 s, nearly 500 W/s. Moreover, in this paper, we
give a power slope of 125 W/s, converted in current reference
im_cl_rcf [Flg lO(a)]

The time evolutions of the physical quantities and the relation
among these quantities have been clearly shown in Fig. 10.
The duty ratio d depends directly on the current reference
im_cl_ref through the control law [Fig. 10(b)]. The electrolyzer
voltage u.; depends on such a varying duty ratio [Fig. 10(c)],
since the dc-bus voltage wuy,.s is nearly constant. The elec-
trolyzer current ¢, depends on the electrolyzer voltage ug)
according to electrolyzer model equations [Fig. 10(d)]. Since
the hydrogen-production rate is proportional to the electrolyzer
current through the Faraday law, the hydrogen outlet rate
mgluut [Fig. 10(e)] is regulated and is equal to the hydrogen-

im_el ref (A)

lel (A)
20

10

0

(h) time (s)
Fig. 10. Simulation results of the response to the power slope.

production rate (in steady state) by the compressor power
Peomp [Fig. 10(h)] in order to maintain the pressure pe| constant
[Fig. 10(f)]. As a result, the hydrogen pressure pgto [Fig. 10(g)]
in the tank depends on the hydrogen outlet rate from the

/
electrolyzer my, -
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Fig. 11. Electrolyzer emulator’s schematic diagraph. (a) HIL emulator of the
electrolyzer. (b) Structure of the electrolyzer emulator. (c) Functional blocks
implemented in the DSP card. (d) Contents of the auxiliary model and control
block (part of Fig. 9).

V. HIL EMULATOR

A HIL emulator of the electrolyzer has been designed with
experimental data from a PHOEBUS advanced alkaline elec-
trolyzer [31]. The cells are circular and bipolar; they have a
zero-spacing geometry; and they consist of NiO diaphragms
and activated electrodes which make them highly efficient. It
can offer in real time the same terminal electrical characteristics
as a real electrolyzer and, so, is used to test the active WECS
[Fig. 11(a)]. Such an electrolyzer emulator can enable the test

Uy, (V)
32
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30 —
29 o ommm
28 ‘4' —A—Measure value[]

e Model curve [
ZGF
25 I Y T A A v

0 1 2 3 4 5 6 T 8 [,

&
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Fig. 12. Comparison of the emulator’s sensed data with the electrolyzer’s
static characteristic.
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Fig. 13. Electrolyzer emulator’s response to power slope.

and comparison of the different electrolyzer devices with their
corresponding mathematical models given by the manufacturer.
Moreover, for studying the power-management strategies of the
HPS, it can be enough to use such an emulator instead of a real
expensive electrolyzer.

The used electrolyzer emulator can be divided into two
stages: the power-electronic stage and the control stage
[Fig. 11(b)]. The power-electronic stage consists of a boost
dc/dc converter with an ideal regenerative source. It is designed
to set the same current . as for a real electrolyzer. The control
stage consists of the chopper’s driving card, the measurement
instruments, the digital signal processing (DSP) card, and the
interfacing card.

The software of the emulator is implemented in the DSP
card [Fig. 11(c)]. A feedback closed loop is used to control
the equivalent electrolyzer current i.;. The current reference
Tel_ref 18 calculated from the electrolyzer model and pressure
controller parts (Fig. 9), with a given pressure reference and
the sensed voltage value u,). The static electrical characteristic
Ryz!' with 21 cells of 0.25 m? has been implemented with the
same parameters as used in the simulation earlier. We can see
that the obtained emulator’s static characteristic corresponds
well to the model curve (Fig. 12).

When we give the same power slope variation to the emulator
as in the simulation (from ¢t = 0 s to ¢ = 17 s), the emulator can
run in the quasi-static condition with the given temperature and
pressure. The electrolyzer emulator’s terminal response corre-
sponds to the simulation results presented previously (Fig. 13).
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Different auxiliary system models and their control algo-
rithms can also be implemented in the DSP card, according to
different purposes and methods. For example, we can imple-
ment the auxiliary system’s model described earlier [Fig. 11(d)]
to establish the relation between the electrolyzer and the hydro-
gen storage. The variation of the different physical quantities
can also be simulated in the DSP card and verified via the
computer desk in real time (Fig. 13), such as the hydrogen outlet
flow rate my, ,, by using the computed equation Rz and the
hydrogen pressure pgt, in the storage by using the computed
equations R and Ry, etc.

VI. CONCLUSION

First, a control-oriented modeling of an electrolyzer, as well
as the auxiliary system for the hydrogen-production process has
been presented by using a COG. The model is able to charac-
terize the relations among the different physical quantities and
can be used to determine the control system, ensuring efficient
and reliable operation of the electrolyzer. The proposed control
method can regulate the power flow and the hydrogen flow.
With a slow power slope, the system can be considered quasi-
static and the temperature can be considered constant, with
external thermostatic system. We need to measure only a few
quantity values to correct the two control inputs: the duty ratio
d and the compressor power Fomp. The simulation results have
highlighted the variation domains and dynamics of physical
quantities.

Second, a HIL emulation of this hydrogen-production
process has been presented. This real-time emulator is based
on a PHOEBUS advanced alkaline electrolyzer. It consists
of a power-electronic stage and a control stage. The power-
electronic stage can offer the same electrical characteristics
as the real electrolyzer, with the help of the power-converter-
control algorithms and the modeling equations of the elec-
trolyzer system implemented in the control board. Such an
electrolyzer emulator can help to test assessment of an active
WECS in the future.
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