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Abstract——The membrane water content of the proton ex‐
change membrane fuel cell (PEMFC) is the most important fea‐
ture required for water management of the PEMFC system.
Any improper management of water in the fuel cell may lead to
system faults. Among various faults, flooding and drying faults
are the most frequent in the PEMFC systems. This paper pres‐
ents a new dynamic semi-empirical model which requires only
the load current and temperature of the PEMFC system as the
input while providing output voltage and membrane water con‐
tent as its major outputs. Unlike other PEMFC systems, the
proposed dynamic model calculates the internal partial pressure
of oxygen and hydrogen rather than using special internal sen‐
sors. Moreover, the membrane water content and internal resis‐
tances of PEMFC are modelled by incorporating the load cur‐
rent condition and temperature of the PEMFC system. The
model parameters have been extracted by using a quantum
lightening search algorithm as an optimization technique, and
the performance is validated with experimental data obtained
from the NEXA 1.2 kW PEMFC system. To further demonstrate
the capability of the model in fault detection, the variation in
membrane water content has been studied via the simulation. The
proposed model could be efficiently used in prognostic and diag‐
nosis systems of PEMFC fault.

Index Terms——Proton exchange membrane fuel cell (PEMFC)
fault, membrane water content, modelling, optimization, quan‐
tum lightening search algorithm.

I. INTRODUCTION

THE fuel cells are electrochemical energy conversion de‐
vices that convert chemical energy to electrical energy.

In recent years, fuel cell research has become a promising ar‐
ea as it is applied in automobiles, aircrafts, the power sector,
and other miscellaneous industries. Proton exchange mem‐

brane fuel cell (PEMFC) is the most commonly-used type of
fuel cell in almost all major applications because of its low
cost, durability, and compactness. It has high power density,
low operation temperature, and the best efficiency among all
other fuel cell variants. However, there are many issues relat‐
ed to the massive utilization of PEMFC systems because of
their high cost and short lifetime [1]-[3].

In the PEMFC system, the main fuel is hydrogen gas,
which reacts with oxygen in the presence of a catalyst to
produce water and electricity. The existence of water is nec‐
essary for the proper operation of a PEMFC system. This is
because an appropriate hydration of the membrane in the
PEMFC system is necessary for the effective transportation
of ions. Under dry ambient conditions, external humidifiers
may be required for hydration. On the other hand, in humid
locations, external fans may be used for removing excess wa‐
ter [2], [4] - [6]. Therefore, the behavior of water content in
the PEMFC system is very important to model and analyze
the overall performance.

Mathematical modelling has been used to simulate the pro‐
cess of the PEMFC system in order to take the best mea‐
sures to improve their performances. The mathematical mod‐
elling of PEMFCs is divided into two groups: mechanistic
modelling and semi-empirical modelling [7]-[10]. Mechanis‐
tic modelling involves the modelling of a PEMFC system
based on electrochemical/thermodynamic equations of the
PEMFC system, while semi-empirical modelling consists of
theoretical and empirical equations of the PEMFC system,
which are validated by a series of experiments performed on
a PEMFC system. Semi-empirical models are reported to
show better results and are less complicated than mechanis‐
tic models, especially when considering all auxiliary systems
of PEMFCs such as fans and humidifiers [7], [9], [11]-[15].

The semi-empirical models discussed in [10], [13], [14],
[16]-[19] consider the water balance in a PEMFC stack sys‐
tem with the pressure of water and vapor in the design. Wa‐
ter imbalance may cause drying or flooding faults. The tem‐
perature of a PEMFC system is the key to extracting the wa‐
ter content of the PEMFC system. Detailed studies of water
management and associated faults regarding water abun‐
dance and scarcity are presented in [2], [17].

Membrane drying may occur ① due to insufficient humid‐
ification, especially when provided with extremely dry reac‐
tant gases; ② at high PEMFC temperature when the water
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formation is not compensated; and ③ at high temperature
with a step increase of current leading to dehydration. The
rise in the temperature of PEMFCs may cause drying faults,
especially with a step increase in load. These faults may be
temporary if a proper self-humidification system is present.
However, in regular commercial PEMFC systems, drying
may be prolonged and cause permanent damage [2]. PEMFC
temperature can increase or decrease with a change in ambi‐
ent temperature because the PEMFC temperature is highly
dependent on ambient temperature, cooling system, and load‐
ing current [15], [20], [21].

The flooding fault is categorized into three groups: anode
flooding, cathode flooding, and flow channels flooding. The
main concerns are in anode and cathode flooding. The cath‐
ode is more prone to flood than the anode because water for‐
mation occurs at the cathode after the reaction of oxygen re‐
duction. Cathode flooding occurs at high loading and low
temperature, while anode flooding occurs at low loading and
low temperature [2]. A significant drop in PEMFC tempera‐
ture under any loading condition may lead to flooding faults
for low, medium, and high loading current.

The most recent semi-empirical model presented in [13] is
developed with the pressure of vapor and water as variables
for obtaining the output voltage. However, the deficiency of
the model in [13] is that the partial pressure of hydrogen in
the fuel cell is measured with the help of sensors. In this pa‐
per, the model from [13] is improved, and the variations of
the membrane water content are also studied as an indicator
of drying and flooding faults due to abrupt increases of the
load and increase/decrease in the temperature of PEMFC.

The parameters of the proposed model are optimized us‐
ing quantum lightening search algorithm (QLSA), as the
modifications in the model require parameter optimization
that not only fits the experimental voltage but also accounts
for the generality of the model. After the validation of the
model, the temperature of the PEMFC is varied in the simu‐
lation for the same specific loading conditions as performed
in the experiments. For the acceptability of the proposed
model, the variation in membrane water content should
match with the theatrical and experimental findings on PEM‐
FCs [2]. The main contribution of this paper is the develop‐
ment of an appropriate PEMFC model for quick drying and
flooding fault diagnosis.

The remainder of this paper is organized as follows. Sec‐
tion II presents the details of the semi-empirical model pre‐
sented in [13], and the necessary modifications proposed in
this paper are explained in Section III. Section IV provides
the details of the experiments performed on a PEMFC stack
system. Section V presents a brief discussion on the applica‐
tion of QLSA in parameter estimation of PEMFC model.
Section VI illustrates the results and presents discussions
demonstrating the capability of the model to diagnose drying
and flooding faults. Section VII concludes this paper.

II. IMPROVEMENT OF SELECTED SEMI-EMPIRICAL MODEL

The most recent semi-empirical model was developed in
2018 [13]. The model considers the pressure of vapor and
water to obtain the system output voltage. However, the defi‐

ciency in this model is that the partial pressure of hydrogen
in the fuel cell is measured by the sensors [13]. Moreover,
the electronic resistance in [13] is taken as constant, which
may not be the case in general as the internal resistance de‐
pends on the temperature [23]. The internal resistances, espe‐
cially the electronic and ionic resistances of PEMFC, are the
key factors that depend on the temperature of PEMFC, the
water content of PEMFC, and loading conditions in obtain‐
ing the output voltage.

The voltage of a PEMFC system is difficult to calculate
due to various non-linear voltage drops in the system. Acti‐
vation voltage drops and concentration voltage drops are
non-linear, while an ohmic voltage drop is linear, as shown
in Fig. 1 [13].

The total output voltage of a PEMFC system is given as:

Vout =Vnoload -Vact -Vohm -Vcon (1)

where Vno,load is the no-load or open circuit voltage; Vact is the
activation voltage drop; Vohm is the ohmic voltage drop; and
Vcon is the concentration voltage drop of the system. The
model in [13] uses the Nernst equation for calculating the ex‐
change membrane fuel (EMF) potential Ecell of a PEMFC
system:

Ecell =E0cell +
RT
2F

ln (PH2 P 0.5
O2

PH2O
) (2)

where PH2 is the partial pressures of hydrogen; PO2 is the
partial pressure of oxygen in ambient air; PH2O is the pres‐
sure of water; T is the temperature of the PEMFC stack
in Kelvin; R and F are gas constants with values 8.3143
J·mol-1K-1 and 96.487 C·mol-1, respectively; and E0,cell is
the reference potential, which is presented as:

E0cell = 1.229- 8.5´ 10-4 (T - 298) (3)

Usually, the pressure of water is ignored [14], since it is
close to the unity for the temperature of PEMFC less than
373 K [13]. T is taken from sensors in the PEMFC system,
while PH2 is also taken by internal sensors in [13].

Since a stack of PEMFC is the combination of n cells con‐
nected in series, the total EMF produced by stack Estack is
given as:

Estack = nEcell (4)

The no-load voltage Vno, load is less than EMF of the cells
because of internal currents flowing through the circuit and
a voltage drop produced, as shown in (5).

No-load voltage less than reversible voltage due to
fuel crossover and internal currents

Reversible voltage

Voltage initially rapidly falls mainly due to
activation voltage drop

Voltage linearly and slowly falls
mainly due to ohmic loss

Voltage rapidly falls at high
currents due to concentration loss

Current density

PEMFC
voltage

Fig. 1. PEMFC stack voltage against current density.
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Vno,load = n é
ë
ê

ù
û
úE0,cell +

RT
2F

ln ( )PH2 P 0.5
O2 - (Vint + VH2O ) (5)

where Vint is the voltage drop due to internal currents; VH2O

is the voltage drop due to the pressure of water PH2O ; and
Vint + VH2O is extracted using temperature T and PH2.

n(Vint +VH2O )=A1TPH2 +A2 (6)

where A1 and A2 are empirical expression constants, and are
given as 0.0219 and 18.8223, respectively. T and PH2 are tak‐
en from the internal sensors of the NEXA 1.2 kW PEMFC
system [13]. In most commercial PEMFC systems, these sen‐
sors are not available, and the applied pressure of hydrogen
fuel Pan is known. The activated voltage drop is among the
key voltage drops as:

Vact =
RT
2αF

ln ( I
io
) I > io (7)

where α is the charge transfer coefficient; I is the current;
and io is the exchange current density given as:

io =B1 Fexp ( -1.229B2 F

RT ) (8)

where B1 and B2 are the coefficients. The ohmic voltage
drop is given as:

Vohm = I (Rionic +Re) (9)

where Rionic is the ionic resistance; and Re is the electronic re‐
sistance. To calculate Rionic, the relative humidity φ and mem‐
brane water content λm must be obtained.

φ=
PH2O

Pvap
(10)

where Pvap is the vapor pressure of PEMFC system. Pvap de‐
pends on the internal temperature of the PEMFC and is giv‐
en by the following empirical formula:

lg ( )Pvap ( )T = 6.02724´ 10-3 + 4.38484´ 10-4 ( )T - 273.15 +

1.39844´ 10-5 ( )T - 273.15
2 + 2.71166 × 10-7 ( )T - 273.15

3 +

2.57731´ 10-9 ( )T - 273.15
4 + 2.82254 × ( )T - 273.15

5

(11)

PH2O is extracted by (6) using VH2O, and Vint is 0.09 [13].
The equations for calculating PH2O are as follows:

n(VH2O +Vint)=nAH2OT ln (PH2O )= A1TPH2 + A2 (12)

PH2O = exp ( VH2O

TAH2O
) (13)

where AH2O is the empirical expression constant for the pres‐
sure of water. After calculating the relative humidity from all
the expressions given in (10)-(13), the membrane water con‐
tent λm, which is the polynomial expression of relative hu‐
midity, is presented as:

λm = 0.043+ 17.81φ- 39.85φ2 + 36φ3 (14)

The main purpose for calculating membrane water content
λm is to calculate Rionic, which is dependent on the current,
temperature, and membrane water content of PEMFC:

Rionic =

C1

é

ë
êê

ù

û
úú1+ 0.03I + 0.062 ( )T

303

2

I 2.5

( )λm - 0.634- 3I exp ( )4.18 ( )T - 303
T

(15)

where C1 is a constant related to membrane thickness.
Re is taken as constant in [13] for simplicity. However, in

reality, it depends on electronic conductivity of the mem‐
brane and its thickness. The change in concentration voltage
drop depends on the loading current. The concentration volt‐
age Vcon is obtained from [13] as:

Vcon =
-NRT

2F
ln ( )1-

I
Ilim

(16)

where N is the population size; and Ilim is the maximum cur‐
rent limit from the PEMFC system.

III. PROPOSED MODIFICATIONS IN SEMI-EMPIRICAL MODEL

The main deficiencies in the model mentioned above are
the use of sensors in obtaining the partial pressure of hydro‐
gen and the assumption that the pressure of oxygen is atmo‐
spheric. This may not be the exact case for a PEMFC sys‐
tem. Most commercial PEMFC systems do not have the op‐
tion to obtain the partial pressure of hydrogen. Besides, the
partial pressure of oxygen inside a PEMFC system is not the
same as atmospheric pressure. The pressure of vapor inside
the PEMFC system varies with the temperature of the PEM‐
FC. This vapor pressure is responsible for the variation in
the partial pressure of oxygen and hydrogen. The expression
for calculating the partial pressure of oxygen and hydrogen
has been given in [10], [22]-[24]. In this paper, the expres‐
sion for the partial pressure of oxygen and hydrogen given
in [24] is considered as it is more accurate, reliable, and sim‐
ple compared to other expressions.

The expression for calculating the pressure of oxygen PO2

from the input pressure at the cathode Pca, which is the atmo‐
spheric pressure of air [24], is expressed as:

PO2 =
Pca - 0.5Pvap

4.76
(17)

The constant factor 0.5 is due to the relative humidity of
air in an air conditioned room, which is approximately 40%
to 50% [25], whereas 4.76 is a general constant.

The expression for calculating the pressure of hydrogen al‐
so depends on Pvap of the PEMFC system and the inlet pres‐
sure of hydrogen Pan, which is almost 6 atmospheres in the
case of the NEXA 1.2 kW system. The constant C2 is added
in the expression and accounts for the average relative hu‐
midity of the cathode and anode.

PH2 =Pan -C2 Pvap (18)

Considering these realistic approaches in calculating PO2

and PH2, the calculation of no-load voltage will be different
from that in [13]. Thus, A1 and A2 in (6) must be optimized.
Re is taken as constant in [13]. However, in reality, the elec‐
tronic resistance is dependent on PEMFC temperature [22].
A new modified expression for electronic resistance can be
expressed as:
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Re =
D1

T
+D2 (19)

The total ohmic resistance Rohmic will be given by:

Rohmic =

C1

é

ë
êê

ù

û
úú1+ 0.03I + 0.062 ( )T

303

2

I 2.5

( )λm - 0.634- 3I exp ( )4.18 ( )T - 303
T

+
D1

T
+D2

(20)

The constants D1 and D2 should be optimized. Note that
Re only depends on PEMFC temperature. The maximum and
minimum limits for various model parameters given in (6) -
(8), (12)-(13), (15), (18)-(19) are listed in Table I. The rang‐
es are selected based on previous research findings [10],
[13], [14], [24], [26].

The parameters listed in Table I can be extracted by QLSA
[27], which is an updated version of the lightening search algo‐
rithm (LSA) used in [13] for parameter optimization. QLSA is
expected to provide better parameter values in a fast manner
as its searching ability is claimed to be superior according to
[27]. Nevertheless, for parameter optimization, experiments
are required to obtain the output voltage values at specific cur‐
rent and temperature of the PEMFC in order to compare the
output voltage of the model with experimental results.

IV. EXPERIMENTS PERFORMED ON PEMFC

The main purpose of the experiments is to collect the vari‐
ations of output voltage due to the change in the load. Dur‐
ing the experiments, other data such as load current and tem‐
perate variations are observed and recorded. This informa‐
tion is necessary to optimize the parameters and evaluate the
accuracy of the proposed model. In the current work, the ex‐
periment has been performed on the NEXA 1.2 kW PEMFC
stack system for dynamic variations of load for 2486 s, as
shown in Appendix A Fig. A1. The obtained load current,
output voltage, and the temperature of PEMFC are shown in
Fig. 2. Besides this experiment, system temperature variation
due to linear load variation from 0 to 60 A is also conducted.

Figure 2 shows that the variations in load abruptly change
from low to high loads at intermittent times. This causes the
change of temperature of PEMFC, which is expected to af‐

fect the water management of the system. The experimental
results provide benchmark values for calculating the error be‐
tween model output voltage and experimental output voltage.
The root mean square error (RMSE) given in (21) is employed
as an objective function to be minimized in the optimization.

RMSE =
∑(Vmod -Vexp)2

T
(21)

where Vmod and Vexp are the modified and expected voltage
drop, respectively.

The procedure for calculating the voltage of the proposed
PEMFC semi-empirical model along with RMSE is shown
in Fig. 3.

V. PARAMETER EXTRACTION OF PEMFC MODEL USING

QLSA

LSA is an optimization technique inspired by the natural
phenomena of lightning flashes, which are caused by the
propagation of negatively charged particles in space. The
idea is first introduced in [27] and extended in [28]. The
lightening search process is not continuous. It has regular
discrete steps that use a concept called step leader propaga‐
tion. Projectiles model the progression of step leaders. The
three projectiles presented in [27] are: ① transition projec‐
tiles, which are the step leader of the main population; ②
space projectiles, which strive for the best position as leader;
and ③ lead projectiles, which hold the best position among
the whole population.
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Fig. 2. Experimental results of PEMFC. (a) Current. (b) Voltage. (c)
Temperature.

TABLE I
MODEL PARAMETERS AND THEIR SUGGESTED RANGES

Parameter

A1

A2

α

B1

B2

AH2O

C1

C2

D1

D2

Minimum limit

-100

-100

10-4

10-4

10-4

10-4

10-4

10-5

10-5

10-6

Maximum limit

100

100

5

30

30

10-2

5

5

500

500
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In the standard LSA, the search processes for these three
projectiles are based on exponential, uniform, and normal
probability density functions. However, in QLSA, a quantum
physics analogy is used along with special quantum physics
equations to improve the search ability.

QLSA searches the new position for its population in or‐
der to get the best step leader position. From the beginning,
QLSA develops a memory that stores the best positions for
step leaders, and these step leaders are called global step
leaders P t

ijsl, which are obtained with the help of objective
function evaluation. In this case, the RMSE given in (21) is
used. In QLSA, each step leader maintains the best position
with a stochastic attractor expressed in (22).

pt
ij =

at
ij P

t
ijbest + bt

ij P
t
ijsl

Hct
ij

(22)

where i varies from 1 to N; j varies from 1 to the problem
dimension D; t varies from 1 to the maximum number of it‐
erations Z; at

i,j, bt
i,j, and ct

i,j are the random numbers uniformly
distributed from 0 to 1; P t

i,j,best is the best step leader for ev‐
ery individual population; and H is the scale factor whose
typical value is 10.

QLSA is a quantum physics analogy of LSA, and each
step leader has quantum behavior with quantum wave equa‐
tion. For extracting the time and space dependency for the
probabilistic model of step leaders to guide their correct
movement, quantum physics equations are used with proba‐
bility density and distribution functions. These equations are
explicitly given in [27].

In general, QLSA starts with the initialization of popula‐
tion with N ´D step leaders P. Then, the standard deviation
Li,j, which is dependent on the mean best position of step
leaders, is extracted by:

Lij = 2β |Pijmbest -Pij | (23)

where β is the expansion/contraction coefficient, which con‐
trols the speed of the algorithm; Pijmbest is termed as the
mean best position for the step leaders, depending on the ob‐
jective function and the mean value of the Pi,j positions of
all step leaders. The formula to calculate Pijmbest is:

Pijmbest =
1
N∑i = 1

N

Pij (24)

β usually controls the speed of convergence of QLSA and
can be calculated as:

β = βo +
(Z - t)(β1 - βo)

t
(25)

where β1 and βo are the final and initial values of the coeffi‐
cient, which are generally set as 1.2 and 0.6, respectively. Fi‐
nally, the position of step leaders is updated by:

Pijnew =Pijold ± β |Pijmbest -Pijold | ln ( 1
uijnew

) (26)

where ui,j,new is a random number (uniformly-distributed) be‐
tween 0 and 1.

The basic implementation steps of the QLSA are shown in
Fig. 4.

VI. RESULTS AND DISCUSSIONS

A. Model Validation

Initially, the parameters of the proposed PEMFC model
are extracted using the procedure given in Section IV, where
n and Z are taken as 50 and 400, respectively, and D = 10.

Start

End

Perform experiment for dynamic changes of load current and
record output voltage, current and temperature of PEMFC

Calculate Vact, Vcon, Vno,�load from (2) to (8), (16) to (18)

Calculate VH2O, λm , Re, Rionic, Vohm from (9) to (15)

Calculate Vout from (1)

Calculate RMSE from (21)

Fig. 3. Model and calculation procedure of RMSE.

Return best step leader containing parameters of optimum model

Generate initial population containing parameters of random model 

Calculate the contraction/expansion coefficient using (25)

Y

N

Update best and worst step leaders, kinetic energy and direction

Is maximun number of
iterations achieved?

Update position of each step leader using (26)

Calculate objective function RMSE from procedure in Fig. 3
for each step leader

Start

Set QLSA parameter ranges, number of maximum iteration,
size of population, number of problem dimension

Calculate the objective function RMSE using the procedure
in Fig. 3 for whole initial population

Calculate the mean best position for step leaders using (24)

Calculate stochastic attractor using (22)

End

Fig. 4. Basic implementation procedure of QLSA for parameter optimiza‐
tion.
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Figure 5 shows the convergence characteristic of QLSA in
optimizing the PEMFC parameters. At the end of the conver‐
gence, the obtained RMSE value is found to be 0.66 with
the optimum parameters listed in Table II.

Finally, after extracting the parameters, the model validity
is checked by plotting the output voltage of the model with
experimental results, as shown in Fig. 6. The proposed model
performs well and matches the experimental voltage output.

B. Water Content Analysis for Fault Diagnosis

One of the main advantages of the proposed PEMFC mod‐
el is the utilization of membrane water content in accessing
the output voltage. In this paper, the membrane water con‐
tent is suggested as the measure of flooding and drying

faults in a PEMFC system. The flooding and drying faults in
sophisticated systems such as the NEXA 1.2 kW system (ed‐
ucational version) are avoided by incorporating special mech‐
anism to avoid the damage due to misuse of the equipment.
The PEMFC model has overheating, under- and over-current
and voltage protection, gas sensors and self-humidifying sys‐
tem. However, many other commercial PEMFC systems may
not have self-humidifying systems or protection sensors,
thus leading to flooding and drying faults.

C. Drying Faults

Since the experiments are performed in an air-conditioned
room and the system is equipped with accessories for gas hu‐
midification for system protection, it is impossible to create
intentional faults. As a result, faults are emulated using the
developed model. In addition, the step increases in current
from the experiment between 650 s to 950 s is used in the
simulations. To analyze the membrane water content, the sys‐
tem temperature has been elevated by 5 K from the normal
temperature observed in the experiment. Figure 7 shows the
effect of the sudden increase in PEMFC current from 5 A to
40 A and then to 50 A on PEMFC temperature and the mem‐
brane water content. Besides, with a 5 K escalation in the
temperature, the membrane water content drops significantly,
which indicates the effectiveness of the model for drying
fault diagnosis.
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Fig. 7. Drying condition in PEMFC. (a) Current and voltage for step cur‐
rent change in PEMFC as per experiment. (b) 5 K PEMFC temperature in‐
crement with step current change via simulation. (c) Membrane water con‐
tent change for 5 K increment in temperature via simulation.
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Fig. 5. QLSA convergence characteristics in obtaining model parameters.

TABLE II
OPTIMUM PARAMETER VALUES FOR PROPOSED MODEL

Parameter

α

B1

B2

C2

AH2O

C1

D1

D2

A1

A2

Final value

1.128955392

3.924610527

7.723841989

1.702027594

0.006332088

3.260638963

76.102972400

0.000635566

0.016836721

0.860455359
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Fig. 6. Comparison of model and experimental voltage.
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D. Flooding Faults

In this case, an experiment is performed for a smooth in‐
crease in load from 0 A to 60 A to represent high-, medium-,
and low-current values. As in [2], a decrease in temperature
implies an increase in the water content of the membrane. A
decrease in 5 K is simulated compared to the measured ex‐
perimental temperature and the water content is observed.
Figure 8 shows the water content variation with the change
in PEMFC temperature due to the load current variations.

The vivid elevation in the membrane water content is wit‐
nessed with the 5 K decrement in temperature. The mem‐
brane water content at high- and low-loading is almost the
same, which may not be the case in a real system. Slight
variations may occur in real systems for low- and high-load‐
ing. The increase in membrane water content for a decrease
in 5 K in PEMFC temperature is significant and indicates
that the flooding starts to occur with a decrease in tempera‐
ture.

VII. CONCLUSION

In this paper, we introduce a new semi-empirical model
for a PEMFC stack system with the capability of diagnosing
flooding and drying faults. The model requires only the load

current and temperature of the PEMFC system, which are
commonly available for almost all commercial fuel cells.
Thus, the model is considered to be a general model suitable
for all PEMFC systems. The membrane water content is ex‐
tracted as the key model variable factor that could benefit
the diagnosis of drying and flooding faults in PEMFC sys‐
tems. The developed model is dynamic and the equations
used are simple to compute. Future research direction should
identify the threshold values of membrane water content as
an alarm to activate the incorporated fault diagnostic system
of PEMFC to prevent drying and flooding related damages
to the system. The feature could be very helpful for PEMFC
systems without in-built self-humidification accessories.
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