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Abstract: Hydrogen is attracting attention as a good energy-storage medium for renewable energy.
Among hydrogen production technologies using renewable energy, water electrolysis is drawing
attention as a key technology for green hydrogen production using renewable energy. In particular,
polymeric electrolyte membrane water electrolysis systems have several advantages compared to
other types of water electrolysis technologies, such as small size and mass, high efficiency, low oper-
ating temperature, and low power consumption. However, until now, proton-exchange membrane
(PEM) water electrolysis systems have not been reliable. In this study, system failure diagnosis
techniques were presented among the various methods for improving reliability. We developed PEM
water electrolysis stack models and system models to predict the performance of the system and
analyze the dynamic properties using MATLAB/Simulink® 2018a, which have been validated under
various conditions. The developed dynamic characteristic simulation model applies hardware-in-the-
loop simulation (HILS) technology to configure experimental devices to interact in real-time. The
developed PEMWE HILS system accepts signals that control the system, operates the experimental
setup and simulation model in real-time, and diagnoses the system’s failure based on the results.

Keywords: PEMWE; system simulation; dynamic response; hardware-in-the-loop simulation; real
time; hydrogen; modeling

1. Introduction

In modern society, which is highly dependent on fossil fuels, renewable energy re-
sources that can replace fossil fuels are attractive solutions owing to the depletion of fossil
fuels and the enormous damage from environmental pollution [1]. Accordingly, energy
sources such as wind, geothermal, solar, hydrogen, and hydroelectric power are expected to
gradually dominate the future energy market [2]. Among these, a promising energy-storage
method is based on hydrogen [3]. However, more than 95% of hydrogen is produced from
fossil fuels, which release almost 10 kg of CO2 per kg of H2 [4,5]. However, water elec-
trolysis technology, a method of producing green hydrogen by renewable energy, is a
key technology for achieving eco-friendly production goals [6]. Water electrolysis can be
divided into three technical categories: alkaline electrolysis (AE), solid oxide electrolysis
(SOE), and proton-exchange membrane water electrolysis (PEMWE) [7]. Among other
types of electrolysis, PEMWE has several advantages, such as a compact design, higher
current density, higher efficiency, fast response, and low operating temperature [8]. In
particular, PEMWE is being actively studied at the system level owing to its high flexibility
in renewable energy [9]. However, the intermittent power generation of renewable energy
sources causes load fluctuations in water electrolysis systems. This load variation is closely
related to the change in the heat generation of the stack, and the operating condition of
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the BOP changes to maintain the proper operating conditions of the stack. Maintaining
the proper operating conditions of the stack in such an environment plays a crucial role
in maintaining performance, efficiency, and durability. For example, the electrochemical
reaction accelerates as the temperature increases, leading to a lower over potential because
the catalyst chemical reaction inside the cells is considerably enhanced [4]. However, when
the stack temperature exceeds the critical point, membrane thinning significantly increases
over time, resulting in a voltage drop [10,11]. However, a low temperature below the oper-
ating temperature negatively affects the system efficiency and power generation [12,13].
In addition, for commercialization, PEMWE has important problems to overcome, such
as stability, operating conditions, materials, economics, and other technical obstacles of
the membrane electrode assembly (MEA), and various studies are being conducted to
overcome them [14–19]. Arne et al. designed a Hydrogen Concentrator (HyCon) concept
field with high efficiency by combining multi-junction solar cells with proton excursion
membrane (PEM) water electrolysis to develop an efficient solar energy-based hydrogen
power generation system [20]. Khelfaoui et al. conducted characterization experiments
under various weather conditions to optimize a solar photovoltaic/PEM water–electrolyte
system [21]. However, test-bench-based research is expensive and time-consuming. A
model-based strategy that consumes less energy is required to overcome these challenges.
In particular, as mentioned above, as various renewable energy sources are used as the
power source of the PEM water electrolysis system, research on dynamic operations to
ensure the efficient and reliable operation of the water electrolysis system is also increas-
ing [22–25]. Seyedmehdi et al. developed a photovoltaic–PEM water electrolysis simulation
model to analyze the transient response based on regional weather data [26]. Görgün pro-
posed a water electrolysis system combined with renewable energy to simulate hydrogen
storage dynamics [27]. Abdin developed a PEM water electrolyzer cell simulation model to
improve performance by exploring a control strategy for the water electrolysis system [28].
Damien and Gianpaolo developed a dynamic simulation model based on experimental
data to analyze the dynamic behavior of the voltage of a PEM water electrolysis system [29].
Angel et al. compared and analyzed their system using a 400 W-class water electrolysis
stack to increase the accuracy and reliability of the developed PEM water electrolysis
dynamic simulation model. Model-based research methods have focused on analyzing and
evaluating the dynamic characteristics of water electrolysis systems. However, few studies
have reported failure diagnosis in water electrolysis systems [30,31].

Model-based research has also been used effectively for fault diagnosis [32–35]. A
model-based fault diagnosis system was proposed to ensure the reliability of a fuel cell
thermal management system [32,33]. Zhou developed an auxiliary transfer network model
using the data generated from a simulation and used it for fault diagnosis [34]. Sheng
developed a fuel cell actuator failure diagnosis method described as a delta operator and
tested it in a simulation environment [35]. Model-based fault diagnosis research is actively
being conducted in the field of fuel cell research. However, in the field of water electrolysis,
the maturity of the technology is not high, so it is limited.

The purpose of this study is to develop a model-based real-time fault diagnosis system.
The developed model is largely divided into stack and BOP models. A stack model that
determines the dynamic characteristics of the entire system is largely composed of an
electrochemical reaction model and a thermal dynamic model. Based on this, the input and
output of the experimental device and the simulation model were linked using hardware-
in-the-loop technology to develop a real-time state and fault diagnosis system.

2. System Configuration
Experimental Setup

In this study, the electrochemical performance of the water electrolysis stack was
measured and characterized to develop a model for simulating the dynamic characteristics
of a PEM water electrolysis system. For this reason, the test bench was set up using a
300 W class PEM water electrolysis stack of Horizon Fuel Cell Inc., Singapore, Figure 1.
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The stack was cylindrical, and the end plate was 13.8 cm in diameter and composed of
an aluminum alloy. One cell had an active area of 50.24 cm2, and each stack consisted of
four cells. Deionized (DI) water was supplied to the lower part of the stack at the anode,
whereas oxygen created by the electrochemical reaction and unreacted water were released
at the upper section of the stack. DI water was not provided to the cathode, but hydrogen
and water produced in the right center of the stack were discharged. More details are
provided in Table 1.
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Figure 1. 300 W class PEM water electrolysis stack used in the experimental apparatus.

Table 1. Specifications of the PEM electrolyzer.

Parameters Value Unit

Electrical power 320 W
Cell number 4 -

Cell active area 50.24 cm2

Stack current range 0–40 A
Operating temperature range 5–45 ◦C

Operating pressure range 0–10 barg
Water consumption 60 cc/hr

A schematic diagram of a 300 W-class PEM water electrolysis system is shown in
Figure 2. The balance of the plant for operating the PEMWE stack consisted of a DC power
supply, reservoir, water pump, water trap, heat exchangers, mass flow meters (MFCs), and
a cooling water circulation system. Deionized water was stored in the reservoir and refilled
from the outside. The pump circulates water, which is slowly heated to the stack’s working
temperature of 45 ◦C using a 3 kW-class electric heater placed in the reservoir. When the
stack temperature reaches the operational temperature, the current is provided via a DC
power supply. Deionized water is consumed in the PEMWE stack, and an electrochemical
reaction generates hydrogen at the cathode and oxygen at the anode. The water discharged
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from the anode output is sent to the heat exchanger and cooled before returning to the
reservoir. The oxygen produced in the stack is dumped in the water trap via the top pipe
of the reservoir. In addition, hydrogen is fed to the water trap and heat exchanger to
remove moisture and then released out of the system by a mass flow meter. The cooling
system circulates the cooling water supplied to the cold side of each heat exchanger to
maintain it at 16 ◦C. The ion conductivity meter mounted at the head of the stack serves as
a reference value for estimating the replacement time and monitoring the water quality of
the deionized water circulating inside the system.
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Figure 2. Schematic diagram and experimental device of 300 W PEMWE system.

3. Model Description
3.1. PEMWE Stack

The physical PEMWE stack model mainly consists of an electrochemical reaction and
auxiliary models, such as anode, cathode, membrane, and thermal management systems.
Redox reactions (reduction and oxidation) occur during MEA. On the anode side, feed
water is split into oxygen, protons, and electrons by oxidation as shown in Equation (1).
On the cathode side, hydrogen protons passing through the membrane gain electrons
by reduction, as shown in Equation (2). The overall redox reactions are presented in
Equation (3) [36].

H2O→ 1
2

O2 + 2H+ + 2e− (1)

2H+ + 2e− → H2 (2)

H2O→ 1
2

O2 + H2 (3)

3.1.1. Anode Model

The anode model calculated the mole flow rates of oxygen and water and their
partial pressure. Electrochemically, redox reactions are related to the movement of electrons
between species, and water cracking and oxygen evolution reactions occur at the anode [37].
The oxygen generated by Faraday’s law is discharged from the stack. In addition, water
moves over the PEM membrane to the cathode via electroosmotic drag and diffusion. The
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equations related to the mass and species conservation of the water and oxygen generated
at the anode are expressed as follows:

.
N

out
H2O =

.
N

in
H2O −

.
N

con
H2O −

.
N

di f f
H2O −

.
N

eod
H2O (4)

.
N

out
O2

=
.

N
in
O2

+
.

N
gen
O2

(5)

where
.

N
in
H2O and

.
N

out
H2O are the mole flow rates of the water inlet and outlet in the anode;

and
.

N
con
H2O,

.
N

di f f
H2O, and

.
N

eod
H2O are the water consumed by the electrochemical reaction

and the amount of water delivered to the cathode by diffusion and electroosmotic drag,

respectively.
.

N
in
O2

,
.

N
out
O2

, and
.

N
gen
O2

are the mole flow rates of the oxygen inlet and outlet
on the anode side and the molar flow of oxygen generated, respectively, expressed by
Faraday’s law as follows:

.
N

gen
O2

=
I

4F
× n (6)

.
N

con
H2O =

I
2F
× n (7)

The molar flow rate per unit area of the anode is the same as the molar flow rate of
water consumed by the electrochemical reaction and the molar flow rate of water moved
by diffusion and electroosmotic pressure divided by the activation area of the stack, as
follows:

nan
H2O =

.
N

con
H2O +

.
N

di f f
H2O +

.
N

eod
H2O

A
(8)

3.1.2. Cathode Model

In the cathode model, hydrogen evolves, water flows, and their partial pressures are
calculated [38]. According to Faraday’s law, hydrogen gas is generated on the electrode
surface of the cathode. The amount of water discharged from the cathode is the amount
of water moving from the anode to the cathode through the membrane by electroosmotic
drag and diffusion. The equations related to the conservation of mass and species of water
and hydrogen generated at the cathode are expressed as follows:

.
N

out
H2

=
.

N
in
H2

+
.

N
gen
H2

(9)

.
N

out
H2O =

.
N

di f f
H2O +

.
N

eod
H2O (10)

where
.

N
in
H2

,
.

N
out
H2

, and
.

N
gen
H2

are the mole flow rates of the hydrogen inlet and outlet and

the hydrogen production by the electrochemical reaction, respectively.
.

N
di f f
H2Oand

.
N

eod
H2O are

the mole flow rates of water by diffusion and electroosmotic drag, respectively. The mole
flow rate of hydrogen generated is expressed by Faraday’s law as follows:

.
N

gen
H2

=
I

2F
× n (11)

The molar flow rate of water per unit area passing through the cathode is the same
as the sum of the molar flow rate of water consumed by the electrochemical reaction and
the molar flow rate of water moved by diffusion and electroosmotic drag divided by the
activation area of the stack, as follows:

nca
H2O =

.
N

di f f
H2O +

.
N

eod
H2O

A
(12)
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3.1.3. Membrane Model

In the PEMWE stack, as an electrolyte of a water–electrolyte stack, a Nafion®-based
polymer electrolyte membrane is generally used, and the anode and cathode are physically
separated [39].

The ion conductivity of the polymer electrolyte membrane significantly influences
the water electrolysis performance, which causes an electrochemical reaction. The main
factor that determines ion conductivity is the amount of water contained in the membrane,
and the water content of the membrane is determined by the concentration of water in
the anode and the electroosmotic drag. In water electrolysis, the anode side has a high
concentration owing to the liquid water; therefore, diffusion occurs from the anode to the
cathode. During the electrochemical reaction, hydrogen ions are transferred from the anode
to the cathode with water molecules by a process called electroosmotic drag. The molar
flow rate of water transferred by electroosmotic drag is as follows:

.
N

eod
H2O =

nd I
F

(13)

Here,
.

N
eod
H2O is the mole flow rate of water transferred by electroosmotic drag, nd is the

electric-osmotic drag coefficient [molH2O/molH+], which is calculated as follows:

nd = 0.016 T[K]− 2.89556 (14)

The mole flow rate of water diffused by the difference in water concentration between
the anode and cathode is calculated as follows [28]:

.
N

di f f
H2O =

ADw

δmem

(
Cca

H2O,mem − Can
H2O,mem

)
(15)

where
.

N
di f f
H2O, Dw, δmem, Can

H2O,mem, and Cca
H2O,mem are the molar flow rate of water transferred

by diffusion, the diffusion coefficient, the membrane thickness, and the concentration in
both the anode and cathode, respectively. The diffusion coefficient, Dw, is calculated as
follows [38]:

Dw = Dλexp
[

2416
(

1
303
− 1

Tcell

)]
Dλ = 1.25× 10−10 λm ≥ 4.5 (16)

where λm is the water content of the membrane. Generally, in the PEMWE system, the
water content is selected from 21 to 22 because the anode contacts liquid water. The
water concentrations of both the anode and cathode were calculated using the following
equations [40]:

Can
H2O,mem = Can

H2O,ch −
δan

el nan
H2O

Dan
e f f

(17)

Cca
H2O,mem = Cca

H2O,ch +
δca

el nca
H2O

Dca
e f f

(18)

where Dan
e f f is the effective binary diffusion coefficient of the water and oxygen at the anode.

Dca
e f f is the effective binary diffusion coefficient of water and hydrogen at the cathode.

Can
H2O,ch and Cca

H2O,ch are the concentrations of water in both the anode and cathode and can
be expressed as follows:

Can
H2O,ch =

ρH2O(Tan)

MH2O
(19)

Cca
H2O,ch =

ρH2O(Tca)

MH2O
(20)
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3.1.4. Electrochemical Model

The operating cell voltage of a typical water electrolyzer is calculated as the sum of
the open-circuit voltage and the voltage losses, which is expressed as follows [41]:

Vcell = VOCV + Vact + Vohmic (21)

where VOCV , Vact, and Vohmic are the open-circuit voltage, activation loss, and ohmic loss.

Open-Circuit Voltage

The open-circuit voltage represents the voltage when the stack operates in a reversible
condition, and it can be expressed as follows [42]:

VOCV = E0 +
RT
2F

[
ln
( pH2

√pO2

αH2O

)]
(22)

E0 = 1.229− 0.9× 10−3(Tcell − 298) (23)

where E0 is the temperature-dependent reversible cell voltage at the standard temperature
and pressure; px is the partial pressure of each gas species; and αH2O is the water activity,
which expresses the quality of the saturated mixture.

Activation Overpotential

The activation overpotential is the loss that activates an electrochemical reaction and
represents the reaction rate on the electrode surface [43].

Vact= Vact,an+Vact,ca =
RT

αanF
arcshinh

(
i

2i0,an

)
+

RT
αcaF

arcshinh
(

i
2i0,ca

)
(24)

where αan and αca are the transfer coefficients of the anode and cathode, respectively, and
i0 is the exchange current density.

Ohmic Overpotential

Ohmic overpotential is the voltage loss caused by the resistance of the components
constituting the stack. Among the components, only two were considered resistant because
the resistances of the membrane, anode, and cathode current collector plates were dominant.

Vohm = (Rmem + Rel,an + Rel,ca)I (25)

where Rmem, Rel,an, and Rel,ca are the resistances of the membrane, anode and cathode,
respectively. The resistance of the membrane, Rmem, is expressed as follows:

Rmem =
δmem

σmen
(26)

where δmem is the thickness of the membrane and σmem is the electrical conductivity of the
membrane.

σmem = (0.005139λ− 0.00326)exp
[

1268
(

1
303
− 1

Tcell

)]
(27)

where λ is the water content between (21) and (22).

Rel,an + Rel,ca =
δan

σan
+

δca

σca
(28)

where δan, δca, σan, and σca are the anodic current collector thickness, cathodic current
collector thickness, and electronic conductivities of the anode and cathode, respectively,
and the values are 1.4 mm, 235 µm, 13,700 S/m, and 46 S/m.
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3.2. Thermal Management Model

The thermal management model of the stack is important for determining the dynamic
characteristics of the developed PEM water electrolysis system model. The boundary
conditions of the system were considered in consideration of the actual stack, and the
physical properties of the stack were considered as those of graphite, the most dominant
material among the materials constituting the stack. The stack temperature was calculated
by considering the sum of the amount of heat generated and lost from the stack, which is
expressed as follows:

d
dt

TStack =

.
Qgen −

.
Qconv −

.
Qcoolant

ρstackCp,stackVstack
(29)

where
.

Qgen,
.

Qconv, and
.

Qcoolant are the heat generation of the stack, convection heat loss,

and cooling loss by the feed water, respectively. For the stack heat generation,
.

Qgen, the cell
voltage, number of cells, and stack current are considered.

.
Qgen = nc(Vcell −Vtn)I (30)

where nc is the number of cells, Vcell is the operating stack voltage, and Vtn is the ther-
moneutral voltage. The heat released by natural convection

.
Qconv is expressed as follows:

.
Qconv = hA(Tcell − Tamb) (31)

where h, A, and Tamb are the heat-transfer coefficient, cell active area, and ambient tempera-
ture, respectively.

3.3. Balance of Plant Model
3.3.1. Water Pump Model

The pump model expresses the change in water flow rate according to the operating
voltage applied to the pump as an empirical relationship.

.
mpump = 115.23V − 1.21 (32)

where
.

mpump is the mass flow rate of the pump, and V is the operating voltage.

3.3.2. Reservoir Model

The reservoir model that regulates the temperature and flow rate of water supplied
to the stack is an important model for establishing the system temperature dynamics by
controlling the operating temperature of the stack. The boundary conditions of the reservoir
model were calculated based on the actual reservoir, and the total amount of water stored
in the reservoir, mRV,0, was assumed to be 4.7 kg. In addition, a heater was installed in the
reservoir to maintain the outlet temperature of the stack.

d
dt

TRV =

.
minCp,waterTin −

.
moutCp,waterTRV

mRV,0Cp,water
(33)

where TRV is the reservoir temperature and Cp,water is the specific heat of the water.

3.3.3. Simple Heat Exchanger Model

The heat exchanger was used to cool down the water discharged from the stack and
recovered to the reservoir to compensate for the change in the outlet temperature of the
reservoir according to the load of the stack. In this study, the heat exchanger model was
simplified to a level at which only the amount of heat exchange could be calculated.

.
Qmax =

.
mCp(Thot,in − Tcold,in) (34)
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Tcold,out = Tcold,in +

.
Qmax

.
mhot,inCp

(35)

Thot,out = Thot,in −
.

Qmax
.

mhot,inCp
(36)

Here, Cp is the specific heat of water because the operating fluid is water.

4. Model Validation
4.1. Model Verification with Experiment Data

The model developed in this study was validated by comparing the simulation results
with experimental data. The experimental data for the PEWE were obtained from our
PEWE system equipment, as shown in Figure 2. First, the polarization curve was compared
with an empirically observed polarization curve to confirm the steady state of the model.
Second, the developed simulation model was validated using experimental data while
subjecting dynamic reactions to load variations. The simulation was carried out using the
NFEC-2021-01-267120GPU Workstation (GPU Workstation/DGX Station, NVIDIA) of the
Future Automotive Intelligent Electronics Core Technology Center.

4.2. Verification of Stack Model under Steady State

Figure 3 shows the validation results of the PEMWE electrochemical model obtained
by comparing the I–V polarization curve with the experimental data. The experiment was
performed at 45 ◦C under atmospheric pressure. The working temperature of the stack was
substantially lower than the commonly accepted operating temperature of 80 ◦C. However,
because the maximum working temperature was 45 ◦C, the experiment was performed
within that range to verify the durability of the manufacturing process. When the current
density exceeded 0.1 A/cm2, the simulation curve agreed with the experimental curve
within 5% of the error (R2 = 0.9767). Because water electrolysis operates at 0.3 A/cm2 or
higher in actual operation, this verification result is feasible under steady-state conditions.
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4.3. Verification of Stack Model under Dynamic Condition

A PEM water electrolysis simulation was performed while applying a step load
change to the stack to validate the transient characteristics of the stack temperature. The
load change of the PEMWE stack influences the operation of the BOP for running the
water electrolysis stack and hence, the stack’s operating voltage. In particular, when the
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temperature of the stack changes because of load variations, the output of the heater
changes, which significantly affects the efficiency of the entire system. The step-load
variation in the water electrolysis stack is shown in Figure 4. The step load assumed that
the PEM stack was supplied with current up to the operating current. Each step load
was maintained for 30 min, and the current was initially maintained at 40 A, then rapidly
decreased to 20 A in the second step, increased to 30 A in the third step, then decreased to
10 A.
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Figure 5 shows the transient responses of the inlet (a) and outlet (b) temperatures of
the water supplied to the stack. For both temperature transient responses, the simulation
result values were less variable than the experimental data, and they stabilized quickly.
This was due to the difference between the actual experimental environment, the simula-
tion environment, and the controller. However, a comparison of the simulation and the
experimental results shows that the temperature tendency is sufficiently followed despite
the rapid change in the current, which shows that the simulation model is reliable.

Figure 6 shows a comparison of the experimental and simulation results on the tran-
sient response of the voltage to the current load change in Figure 5. For the current load
profile, the voltage transient response of the stack stabilized faster than the experimental
data. The performance of the stack depends on the operating temperature of the stack, and
as can be observed in Figure 6, the temperature stabilizes the simulation faster than the
experiment, resulting in the rapid stabilization of the voltage transient response.
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5. PEMWE HILS System
5.1. Need for HILS

The hardware-in-the-loop simulation (HILS) provides an environment where research
and testing can be conducted efficiently and reliably in the trade-off between cost, time,
and accuracy. The HILS, which connects the input and output of hardware and models
for verification and testing and simulates them, is a suitable method for studying water
electrolysis stacks that do not have durability at the system level. In this study, the HILS
was applied as a method to analyze and understand the PEMWE system and diagnose the
failure of the system by linking the high-resolution and feasibility simulation model with
the hardware.

5.2. Hardware-in-the-Loop Simulation Interface

The host PC (controller) and target PC (RT-PC) communication and signal flow were
designed for interface and I/O verification. The host PC development environment was
set to Matlab/Simulink®, where the water electrolysis system was developed, and the
real-time controller, the target PC, was set to PXI. For communication between the host
PC and target PC, NI Veristand was set up, which is a program that can link LabVIEW, a
development environment of NI, and Simulink, a development environment of Mathworks.
Veristand can use the Dynamic Link Library to retrieve input and output information for
models built in Simulink, and Ethernet communication can be used to form a network
between the input and output information loaded on Veristand to enable communication.
Table 2 lists the compatibility settings for the networking. Figure 7 shows a schematic of
the communication and equipment signal flow designed in this study.

Table 2. Compatibility settings for HILS.

Compatibility Settings for HILS

Veristand 2020 R2
Labview 2020
MATLAB/Simulink® 2018a
Windows 10 64-bit
Visual C++ 2008 Professional
Windows SDK 7.1 for Windows 7 and .NET Framework 4.0

Energies 2023, 16, x FOR PEER REVIEW 13 of 19 
 

 

 

Figure 7. Signal flow chart of the PEMWE HILS system. 

5.3. HILS-Based Fault Detection 

Figure 8 shows the failure-detection algorithm of the PEMWE system using HILS. 

The transient response results of the system generated by the validated dynamic charac-

teristic model follow the response well, even in an operating state where no failure has 

occurred in the experimental device. It is reasonable to expect the failures in the experi-

mental results to exhibit an obvious difference from the transient response of the dynamic 

characteristic model results [44]. The system control signal (u) is input to the experimental 

device and simulation model simultaneously, and the residual can be analyzed by com-

paring the experimental results (y) and simulation results (y′). Because simulations always 

work ideally, if the system is in a normal state, the residual approaches 0, and in case of a 

failure, the residual deviates from 0 using the residual of the output result value of the 

actual hardware and the PEM electrolytic HILS system. Thus, it is possible to detect the 

failure of an actual experimental device in real-time. 

 

Figure 8. Fault-detection algorithm. 

6. Results and Discussions 

6.1. PEMWE HILS System Validation 

The developed PEMWE HILS system was verified before applying the failure-detec-

tion algorithm. Figure 9 shows the current profile used to measure the transient response 

to the system load change. The current profile is divided into a step-load section to meas-

ure the transient response to a gradual load change of a water electrolytic system and a 

dynamic-load section to measure the transient response to a sudden load change in the 

system. The step-load section was measured by gradually increasing the supply current 

of the stack by 4 A, and the dynamic-load section was measured by varying the supply 

current of the stack from 40 A to 20 A. 

Figure 7. Signal flow chart of the PEMWE HILS system.



Energies 2023, 16, 3379 13 of 18

5.3. HILS-Based Fault Detection

Figure 8 shows the failure-detection algorithm of the PEMWE system using HILS. The
transient response results of the system generated by the validated dynamic characteristic
model follow the response well, even in an operating state where no failure has occurred in
the experimental device. It is reasonable to expect the failures in the experimental results
to exhibit an obvious difference from the transient response of the dynamic characteristic
model results [44]. The system control signal (u) is input to the experimental device and
simulation model simultaneously, and the residual can be analyzed by comparing the
experimental results (y) and simulation results (y′). Because simulations always work
ideally, if the system is in a normal state, the residual approaches 0, and in case of a failure,
the residual deviates from 0 using the residual of the output result value of the actual
hardware and the PEM electrolytic HILS system. Thus, it is possible to detect the failure of
an actual experimental device in real-time.
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6. Results and Discussion
6.1. PEMWE HILS System Validation

The developed PEMWE HILS system was verified before applying the failure-detection
algorithm. Figure 9 shows the current profile used to measure the transient response to the
system load change. The current profile is divided into a step-load section to measure the
transient response to a gradual load change of a water electrolytic system and a dynamic-
load section to measure the transient response to a sudden load change in the system. The
step-load section was measured by gradually increasing the supply current of the stack
by 4 A, and the dynamic-load section was measured by varying the supply current of the
stack from 40 A to 20 A.
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6.2. PEMWE HILS System Results

Figure 10 compares the transient response between the HILS system and experimental
setup. Figure 10a,b illustrates the transient response of the voltage and the transient
response of the temperature at the stack input/output, respectively, as the current change
is supplied to the stack. The result of the HILS stabilizes faster than the experimental setup
because the difference in the controller and the unmeasurable heat loss that occurs in the
experimental setup are not considered.
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Figure 10. Comparison of transient responses between the HILS system and experimental setup.

Figure 11 shows the transient response and error of the stack inlet temperature of the
HILS system and the experiment in the dynamic-load section. In the area highlighted in
red in Figure 11, the error of the residuals of the HILS system and the experimental setup
varies within 10% in the dynamic-load section, where the current supplied to the stack
increases rapidly from 20 A to 40 A.
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6.3. HILS-Based Fault-Detection System

The failure-detection algorithm in Section 5.3 was applied to the PEMWE HILS system
developed in Sections 6.1 and 6.2 to diagnose the state of the water electrolytic system and
detect the failure. Figure 12 shows the GUI of the fault-detection system developed based
on the PEMWE HILS system. To detect the failure of the detection system, the system
was observed after the heater was forcibly shut down after the experimental device was
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stabilized in a normal state. Ten minutes after the heater was stopped, the failure-detection
system began to detect the abnormal operation of the system. This is caused by heat loss
that cannot be measured in the controller and the device of the HILS system.
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7. Conclusions

Diagnosis of the initial fault is necessary to ensure the reliability of the PEM water
electrolysis system. A water electrolysis system is a complex system that includes a stack
and several subsystems, such as pumps, heaters, and cooling systems, that maintain the
operating conditions of the stack. In this study, a mathematical model was developed to
simulate the dynamic characteristics of a water electrolysis system, and an HILS system
was constructed to propose a model-based fault diagnosis.

1. Mathematical models of stacks and BOPs were developed for the fault diagnosis of
water electrolysis systems and verified based on experimental results. Compared
with the experimental results, the verified model was confirmed to operate correctly
within an error magnitude of 10%.

2. To diagnose the real-time failure of the water electrolysis system, an HILS system was
applied in which the experimental device and the simulation model were operated
in real-time. To detect errors in the system, we propose a method of detection by
comparing the voltage of the stack and the experimental results obtained through
thermocouples installed at the front and rear ends of the stack in real-time. Faults
were detected 10 min after the occurrence. This is considered to be caused by the
complexity of the model and the real-time delay.

3. In a further study, AI-based learning models will be developed, and research that can
be applied in real-time will be conducted. This will increase the reliability of the water
electrolysis system and help its commercialization.
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Nomenclature

Symbol
A Active area (cm2)
an Anode
C Concentration
C Specific heat
ca Cathode
D Diffusion coefficient
F Faraday constant
I Current
I Current density (A/cm2)
m Mass flow rate
MFC Mass flow meter
N Molar flow rate
n Number of cells, molar flow rate per unit area
P Pressure
PEM Proton exchange membrane
Q Heat transfer
R Resistance
RV Reservoir
T Temperature
V Stack voltage
WE Water electrolysis
Greek Symbols
λm Water content of the membrane
α Transfer coefficient
δ Thickness
ρ Density
σ Electrical conductivity
Subscripts
H2 Hydrogen
H2O Water
O2 Oxygen
0 Stand condition, exchanger current density (activation overpotential)
act Activation loss
ch Channel
el Electrode
mem Membrane
OCV Open-circuit voltage
ohmic Ohmic loss
x Gas species of partial pressure
w Oxygen
Superscripts
. Time rate
con Consumption
di f f Diffusion
eod Electroosmotic drag
gen Generation
in Inlet
out Outlet



Energies 2023, 16, 3379 17 of 18

References
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