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a b s t r a c t

Recently, much attention was paid to the application of renewable energy in environmental issues.
Meanwhile, the fuel cell industry, which is considered an environmentally friendly industry, is one of
the important components of this project. They are in fact devices for the direct conversion of chemical
energy into electrical energy by an electrochemical reaction without the need for any mechanical parts.
In this study, it is attempted to model one of their important types, called proton exchange membrane
fuel cells, so that it can be used in predicting the behavior of the fuel cell and examining various
parameters affecting the performance of the cell. The main idea is to optimal parameters estimation
for the proton exchange membrane fuel cells by minimizing the total Squared Error value between the
empirical output voltage and the approximated output voltage. For giving better results in terms of
accuracy and reliability, a new design of a metaheuristic called the balanced Water Strider Algorithm
is utilized. The results of the suggested method are finally validated by comparison with several latest
optimizers applied on a practical test case. After running all of the optimizers 30 times independently,
the proposed method with minimum absolute error equals 3.4831e−4 shows the best results toward
the others.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fuel cells are a new technology for generating energy that
roduces high-efficiency electricity from a direct combination of
uel and oxidant without causing environmental or noise pol-
ution. Currently, the most popular fuel cell is the hydrogen
ype, which is produced by the reaction between hydrogen and
xygen, water, heat, and electricity (Ghiasi et al., 2019). Fuel
ells consist of three main parts: the cathode, the anode, and
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352-4847/© 2021 The Authors. Published by Elsevier Ltd. This is an open access art
the electrolyte. Electrolytes play an important role in the fuel
cell and allow ions to pass through the cell with the necessary
selectivity. In recent years, the use of polymers as electrolytes
in the manufacture of hydrogen fuel cells has become common.
These kinds of fuel cells are called Proton exchange membrane
fuel cells (PEMFCs) (Mir et al., 2020). Also, the ability to generate
power between several watts to several megawatts has made it
possible to use them in different utilizations, from propulsion for
trains and ships to power production to sensors (Yu et al., 2020).
Despite several advantages, in their commercialization, the most
significant obstacles are less lifespan and high price.
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Proton exchange membrane fuel cells can be replaced by in-
ernal combustion engines for transport applications which is
ecause they have outstanding characteristics such as high effi-
iency, solid electrolyte, production of electrical energy without
aking pollution, diversity, no noise, and short start-up time.
esides transportation uses, the application of these batteries in
ortable devices like cell phones, laptops, etc. is also incrementing
apidly, and to become commercial, their price must be reduced
nd their performance-optimized. The chemical energy of a fuel
s converted into electrical energy by these cells, and heat and
ater are their only output.
Computational modeling of a fuel cell is an analytical typical

xample of the physical phenomena also the electrochemical
rocedures that govern the operation of a fuel cell. Computa-
ional models of polymer membrane fuel cells are applied for
wo objectives (Hamian et al., 2018). One way to learn more
s the complicated physical phenomena that control fuel cell
peration. For example, due to the nature of the fuel cell, it is
ifficult for some physical phenomena to be achieved in their
atural place and this information is defined by an analytical
echnique (Bagheri et al., 2018; Cai et al., 2019; Hosseini Firouz
nd Ghadimi, 2016). Computational techniques are as well as
pplied as a tool for fuel cell design (Ye et al., 2020). As an
xample, fuel cell modeling can be applied to guide a study of
attery design parameters to evaluate battery performance.
Models depending on our goals can be considered simple

nd focus on one or more physical phenomena, or they can be
omplex and comprehensive (Fan et al., 2020a). The advantage
f the simple model is that the information can be obtained in
he shortest possible time. Because a simple computational model
an be solved much faster than a comprehensive model (Yu
nd Ghadimi, 2019; Saeedi et al., 2019; Meng et al., 2020). But
nstead, comprehensive models give us more information. This
odel includes a multiplication of equations that describes the
rocesses within the system. Furthermore, formulas that define
he materials’ electrochemical and physical features used in the
ell are needed for modeling (Razmjooy et al., 2017).
After preparing the equations of the mathematical model, the

odel should be solved (Aghajani and Ghadimi, 2018). Since sev-
ral model parameters are variable and unknown, a method must
e considered to select the appropriate value for them (Liu et al.,
020). Several types of research were performed for proper choice
f the unfamiliar variables in PEMFCs. Especially, recently, the
pplication of using optimization-based methods for this purpose
s exponentially increasing. For instance, Yuan et al. (2020) intro-
uced an optimum technique to model PEMFCs (Tian et al., 2020).
he technique was relied on using the Developed Sunflower
ptimizer (DSFO) as a tool for minimizing the error between
he observed and the produced voltage outputs of the PEMFCs.
o verify the technique, it was applied to two practical models
nd a comparison of its results with some various methods was
arried out (Fei et al., 2019). Simulation achievements displayed
he higher effectiveness of the technique toward the compared
ethods.
Guo et al. (2020b) suggested a new optimized procedure for

ariable estimation of a 50 kW PEMFC using the economic-
unctional technique. The major concept was to lessen the overall
ost for the stack construction. The cost function used in this
tudy is the total of the fuel cell stack expense and its auxiliaries
y assuming air and hydrogen stoichiometric coefficient, the
urrent density, the system temperature, system pressure. To
olve the minimization problem, Grass Fibrous Root Optimizer
MGRO) has been used. Simulation achievements indicated that
sing the suggested technique has a good dominance over some
ther state-of-the-art methods.
6877
Xu et al. (2020) suggested another method for optimal vari-
bles recognition for high-temperature proton exchange mem-
rane fuel cells (HT-PEMFCs). Therefore, the exergy efficiency and
he irreversibility of the fuel cell have been evaluated under vari-
us conditions and the impact of pressure and temperature were
ssessed. The parameters of the HT-PEMFC were optimized by
odified Manta-Ray Foraging Optimization Algorithm. Achieve-
ents indicated that the suggested algorithm increases the effi-
iency of the modeling against some other analyzed methods.
Yang et al. (2020) introduced another related work for op-

imizing the model of PEMFC. The aim was to lessen the total
quared error (SSE) magnitude between the empirical produced
oltage and the approximated produced voltage. To give an op-
imal viewpoint, Improved Barnacles Mating Optimizer (IBMO)
as utilized. The method was then validated by comparing it
ith some renowned approaches. Simulation results indicated
hat using IBMO was given the minimum value of SSE compared
ith some other similar works which showed its better efficiency
oward the others.

Yin and Razmjooy (2020) proposed another optimized method
o optimal model recognition of the PEMFCs. The technique was
elied on the optimization of the model by giving a combination
etween of deep-belief network and an Improved Deer Hunting
ptimizer. Then the method has been employed for evolving
he effectiveness of the parameters in the PEMFC stack. Sev-
ral conditions were assessed for operation verification of the
echnique that is performed with a comparison of its achieve-
ents with some other methods. Final achievements showed the
reeminence of the suggested technique against the others.
As understood from the literature, the applications of the

etaheuristic optimizers for optimal selection of the PEMFC
odels are getting increasing in a high ratio. The main disad-
antage for most metaheuristics in this subject is their weakness
n avoiding the local minima and achieve global optimal. In this
aper, a new optimization methodology has been used with a
ifferent modeling equation for improving the performance of the
odel. The main contributions of the proposed method are given
elow:

– Design an optimal model for the PEMFCs
– Minimize the total Squared Error between the empirical and

the estimated output voltage.
– A new balanced Water Strider Algorithm (bWSA) is used for

minimization.
– The results are validated by comparison with several latest

optimizers and a practical test case.

. Modeling

A fuel cell is an energy conversion device in which the chem-
cal energy of the reactants is converted directly into electrical
nergy during an exothermic process. In general, the reactions
hat occur in the catalyst layer of the polymer membrane fuel
ell include the hydrogen oxidation reaction at the anode and the
ecline of oxygen at the cathode.

node side: H2 → 2H+
+ 2e− (1a)

athode side: 4H+
+ O2 + 4e−

→ 2H2O (1b)

nd, the main reaction for a PEMFC is as below:

verall reaction: H2 + O2 → 2H2O (1c)

he concept of this model is shown in Fig. 1.
Based on the fuel cell’s polarization curve, three sections are

mportant. The first part relates to the activation polarization that
oses powerful non-linearity. This is triggered by the frailty on
he active surface of the electrodes of the reactions taking place.
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Fig. 1. The model of a polymer membrane fuel cell.

In the next section, ohmic polarization is primarily caused
y ohmic losses consisting of membrane resistance and building
aterial electrical resistance and interaction resistance.
Finally, the third part includes the polarization of concentra-

ion. As a reactant is used by electrochemical reaction at the
lectrode, a loss of potential is exist because of the weakness of
he surrounding material to sustain the primary reactant concen-
ration; that is, a gradient of concentration was created (Jia et al.,
009). Based on the explanations, the final voltage of a single fuel
ell is as below:

T = EN − Vc − VΩ − Va (2)

where, VT describes the output voltage of the cell (V), EN defines
the open-circuit voltage (V), Vc defines the voltage reduction due
to the reactant’s gases concentration reduction or, due to the
transport of mass of hydrogen and oxygen, VΩ defines the ohmic
voltage drop due to the protons conduction resistances over the
solid electrolyte and the electrons by its path, Va describes the
voltage drop because of the activation of the cathode and anode.

In Eq. (4), EN signifies the Nernst potential which is obtained
by the following equation (Yu et al., 2019):

EN =
1
2F

×

[
∆G − ∆S ×

(
T − Tref

)
+ R × T ×

(
ln PH2 +

ln PO2

2

)]
(3)

where T describes the performance temperature of the fuel in
Kelvin, and PH2 , and PH2O represent the partial pressures (atm)
of Hydrogen and Oxygen, respectively, and are achieved by the
following equation:

PH2 =
Rha × PH2O

2
×

⎡⎣ Pa

Rha × PH2O × e
1.635IPEM /A
T1.334 IPEM

− 1

⎤⎦ (4)

O2 = Rhc × PH2O ×

⎡⎣ Pc

Rhc × PH2O × e
1.635IPEM /A
T1.334 IPEM

− 1

⎤⎦ (5)

ln
(
PH2O

)
= 2.95 × 10−2Tc − 9.18 × 10−5T 2

c

+ 1.4 × 10−7T 3
c − 2.18 (6)

here, Pa and Pc describe the anode and cathode inlet pressure,
and Rha and Rhc signify the vapor’s relative humidity at the anode
and cathode, respectively.

Then, the analytical technique of the activation voltage drops
(Va) is given below:

V = ζ + ζ × T + ζ × T × [ln CO ] + ζ × T × [ln I ] (7)
act 1 2 3 ( 2) 4 ( )

6878
Fig. 2. The PEMFC with circuit model base.

where, I defines the PEMFC contemporary current value, ζi de-
scribes the amount of the ith pseudo empirical variable. The CO2
entitles the concentration of Oxygen at cathode/gas interface that
is achieved by the following:

CO2 = pO2 ×

[
5.08 × 108

× e
(

−498
T

)]−1

(8)

Also, the ohmic voltage is achieved as follows:

VΩ = I × RΩ = I × (RM + Rc) (9)

where, Rc indicates the connection resistance, and Rm represents
a resistance value achieved by the following equation:

Rm =
rM l
S

(10)

here, l denotes the membrane thickness, S stands for the mem-
brane surface (cm2), rM defines the equivalent membrane
mpedance, and

M =

181.6 ×

[
0.062

( T
303

)2
×

( I
S

)2.5
+

( 3I
100S

)
+ 1

]
[
λ − 0.063 −

( 3I
S

)]
× e

T−303
T

(11)

here, λ describes an adjustable variable.
And the concentration voltage drop is given below:

c = B × exp
(
Q ×

i
A

)
(12)

where, i describes the cell operating current (A), B and Q describe
the diffusion’s parameters (V and S−1), S signifies the reactive
area of the cell (cm2).

Fig. 2 displays the circuit-based technique of the PEMFC with
the explained mathematical modeling base.

3. Problem formulation

As seen in the previous section, the fuel cells model includes
eight unknown parameters including ζ1, ζ2, ζ3, ζ4, Rc , λ, B, Q
which should be obtained optimally. To achieve an optimal pa-
rameters selection, mean square error (MSE) has been considered.
This function indicates the error between the actual observed
produced terminal voltage and the estimated voltage based on
the proposed technique. Indeed, the major concept here is to
outline a new improved metaheuristic-based methodology for
minimizing the MSE by proper choice of the unknown variables.
The function MSE is given in the following:

MSE =
1
M

M∑(
Vj − V ∗

j

)2 (13)

j=1
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here, M stands for the number of experimental data; and Vj and
∗

j are the experimental data, and the simulated estimated data.
he graphical abstract of the research is given in Fig. 3.

. Methodology

.1. Water Strider algorithm

Most of the optimization problems are so complicated, in-
luding interdependent variables, with nonlinear constraints, and
wide range of solutions (Ramezani et al., 2020; Tejani et al.,
017). For these difficult optimization problems for which there is
o specific method for solving, metaheuristic optimization algo-
ithms are a well-known and widely used method
Zhang et al., 2020a; Tejani et al., 2018a). The metaheuristics
nsure that we can achieve a set of valuable variables to reach
he goal of the objective function, considering the constraints
f the function (Razmjooy et al., 2020). Many metaheuristic
ptimization techniques with several applications have been in-
roduced in the last two decades, for example, mixed-integer
enetic algorithm (Hamian et al., 2018), World Cup Optimizer
Navid Razmjooy and Ghadimi, 2018), antlion optimizer
Ramezani et al., 2020). The metaheuristics have been considered
y researchers due to their simpleness, flexibility, no require-
ent for derivation and avoid from local optimality (Guo et al.,
020a). However, by No Free Lunch (NFL) Theory, it has been
easonably confirmed that no metaheuristic functions to find a
olution for all optimization problems (Fan et al., 2020b). Namely,
specific metaheuristic can show promising achievements to

olve a set of problems, but the selfsame algorithm can show
eak operation for several other problems (Zhang et al., 2020b).
ere, we propose a new enhanced technique that rely on Water
trider Algorithm (WSA) to solve the optimum choice of variables
n the PEMFC technique. This algorithm imitates the territorial
ehavior of water strider insects, mating style, intelligent ripple
oordination, feeding processes, and succession (Kaveh et al.,
020). The proposed algorithm provides an efficient performance
o produce a good precision along with fast convergence.

.2. Mathematical modeling

The Water Strider Algorithm includes five main phases: birth,
reating territory, feeding, mating, death, and succession (Yanda
t al., 2020).
(a) Birth
The water striders are born on the lake with eggs that are laid

y females. For the sake of convenience, based on the algorithm,
he initial population of the water striders is considered randomly
nd uniformly distributed. This case can be formulated as follows:

X0
i = Lb + rand × (Ub − Lb)

i = 1, 2, . . . , n. (14)

0
i describes the initial location of the water strider number i,
and describes a consistently random value between 0 and 1,
defines the number of water striders, Ub and Lb denotes the
igher and lower boundaries of the problem, respectively.
Then, the water striders have been tested by the objective

unction in the problem after producing the initial water striders
n the lake to determine the health of their location. In their role,
he importance of the target feature depends on the availability
f food.
(b) Establishing territory
The water striders live and exhibit territorial conduct in the

erritories. Partly a mature male (keystone) and some females
optimum foraging-habitat applicant) bugs are involved in each
6879
territory. The water striders are saved by their fitness in this
algorithm to decide the n number of territories by overall n
number of water striders. Then they are split into some groups,
and each territory is assembled in a sorted way by taking one
water striders from each group.

(c) Mating
Water striders occupy a large part of their lives to breeding

or seeking to do so. The keystone of each territory in this phase
generates definite courtship signals to a female via ripple signals.
Afterward, the female gives feedback with either attraction to
or keeping away from signals. So, the male starts mating if the
females accept it, otherwise, due to her strong shield, the male
cannot do the mating even if it violently mounts her. The mating
of the Water striders is mathematically modeled below:⎧⎨⎩X t+1

i = X t
i + R × rand, if mating happens

(with probability of p)
X t+1
i = X t

i + R × (1 + rand) , Otherwise
(15)

where, rand stands for a random vector between 0 and 1, X t
i

represents the location for the water strider number i in the cycle
number i.

Here, R signifies a vector that shows the distance between the
location of male (X t

i ) and the endpoint is at the location of a
female in that territory (X t

F ). The female here is obtained using a
fitness comparable choice procedure like roulette wheel selection.
Therefore, the term R is mathematically defined as follows:

R = X t
F − X t

i (16)

(d) Foraging
The process of mating is an energy-intensive task, irrespective

of its success. Therefore, water striders in the new location, feed
to get enough energy.

Here, the objective role assesses the current location. If the
previous condition is less than the objective value, this means
that the food for regeneration has been uncovered. However, if
the intrinsic importance is lower than the previous state, it should
pass through the optimum territory that includes the highest
fitness (X t

BL). This process is formulated in the following equation:

X t+1
i = X t

i + 2 × rand ×
(
X t
BL − X t

i

)
(17)

(e) Death and succession
To guarantee the limitation of the search space among the

water striders, after entering a strange water strider into the
new territory, males demonstrate violent territorial behavior for
Repelling the intruders. This repelling is too violent and maybe
causes some murdering between intruders and residents. In this
stage, if the previous position has a higher value than the objec-
tive value, the water strider will die and a new water strider will
be substituted, otherwise, the keystone would continue alive. i.e.,

X t+1
i = Lbtj + rand ×

(
Ubtj − Lbtj

)
(18)

where, Ubtj and Lbtj represent the maximum and minimum values
of the water strider’s location inside territory number j.

(f) Termination condition
Finally, the algorithm will be ended if the termination condi-

tion has been reached. Otherwise, if the condition is not satisfied,
the process of updating will be iterated based on new mating for
new life cycles. Based on the Water Strider Algorithm conception,
the maximum iteration has been selected as the termination
condition.
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.3. The balanced Water Strider Algorithm(bWSA)

Any sorts of drawbacks affect the efficiency of the traditional
ater Strider Algorithm, such as stability and premature conver-

ence. This motivates us to outline an improved design of this
lgorithm to refine the weaknesses as much as possible. In this
nalysis, the Lévy flight (LF) acts as a chaotic mechanism used to
oost the Slime Mold Algorithm’s exploration and convergence
bility. A random walking procedure for effective tuning of the
ocal search was developed based on the Lévy flight, i.e. (Choi and
ee, 1998):

e (w) ∼=
1

wξ+1 (19)

=
A

|B|
1/ξ (20)

2
=

{
Γ (1 + ξ )

ξΓ ((1 + ξ )/2)
sin(πξ/2)
2(1+ξ )/2

} 2
ξ

(21)

here, Γ (.) denotes the Gamma function, w defines the step size,
, B ∼ N(0, σ 2), ξ determines the Lévy index in the range (0, 2].
ased on (Li et al., 2018), in this study, the value of the ξ is set
/2.
By the Lévy flight, the new location of the foraging and Death

nd succession can be updated as follows:
t+1
i = X t

i + 2 × Le(δ) ×
(
X t
BL − X t

i

)
(22)

X t+1
i = Lbtj + rand ×

(
Ubtj − Lbtj

)
(23)

where, X t+1
i indicates the new location for the (i + 1)th candidate

and,

A = a × (2 × r − 1) (24)

B = C × f (t) − X(t) (25)

where, r signifies a random magnitude in the range [0, 1], a de-
termines a parameter between 0 and 2, and f (t) defines random
location vector.

Fig. 4 shows the flowchart diagram of the proposed bWSA.

4.4. Experimental validation of the algorithm

The proposed balancedWater Strider Algorithm (bWSA) which
is mentioned in the former section is programmed by the MAT-
LAB 2017b and all of the tests are applied to a CoreTM i7-4720HQ
1.60 GHz with 16 GB RAM Laptop machine. The bWSA has been
validated by implementing it into some standard benchmark
6880
functions, i.e. Six-hump-camel, Levi No. 03 function, Schwef-
fel function, and Leon function and a comparison of the re-
sults with several various metaheuristics including Locust Swarm
Optimization (LSO) (Cuevas et al., 2020), Multi-verse optimize
(MVO) (Mirjalili et al., 2016), Spotted hyena optimize (SHO) (Dhi-
man and Kumar, 2017), and the original Water Strider Algorithm
(WSA) (Kaveh et al., 2020) is carried out. The explanations of the
employed test problems are given below.

The first test function is Six-hump-camel. The profile of this
function is shown in (Fig. 3-f1). As can be observed, the function
contains six local minimum points, where two of them are global.
The limitation of the variables is: x1 = [−3, 3] and x2 =

[−2, 2]. The formulation of this function is given in the following
equation :

F1 (x) =

(
4 − 2.1x21 +

x41
3

)
x21 + x1x2 +

(
−4 + 4x22

)
x22 (26a)

The second test function is Levi No. 03 function. This function is
continuous and non-convex. The Levi No. 03 function has a 2-
dimensional search space that defines a multimodal problem (Te-
jani et al., 2016, 2019, 2018b). The limitation for all variables is
between −10 and 10. Subsequently, the fitness function of the
Levi No. 03 is shown below:

F2 (x) = sin2 (3πx1) + (x1 − 1)2
(
1 + sin2 (3πx2)

)
+ (x2 − 1)2

(
1 + sin2 (2πx2)

)
(26b)

The third function is Schweffel function. This function is so com-
plicated with numerous local minima. A two-dimensional form of
this function is shown in (Fig. 3-f3). The feasible interval for this
function is regularly considered on an n-dimension hypercube
between −500 and 500, i.e.

F3 (x) = 418.9829d −

d∑
i=1

xi sin
(√

|xi|
)

(26c)

The last function is Leon. The Leon function is a continuous
and non-convex function with a 2-dimensional search space. The
function is also differentiable and unimodal. The Leon function is
a non-separable function in the range [0, 10]. The formula for this
function is given below:

F4 (x) = 100
(
x2 − x31

)2
+ (1 − x1)2 (26d)

Fig. 5 displays a 2d profile of the tested functions.
As before mentioned, for validating the operation of the sug-

gested technique, it is compared with various algorithms to sim-
plify the analysis for the readers, the used parameter specific for

each algorithm are given in Table 1.
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Fig. 4. The flowchart diagram of the proposed bWSA.
able 1
he used variable specific for each algorithm.
Algorithm Parameter Value Algorithm Parameter Value

LSO (Cuevas et al., 2020)
F 0.6 ALO (Mani et al., 2018) w [2, 6]
L 1 No. search agents 50

g 20
MVO (Mirjalili et al., 2016)

Traveling distance rate [0.6, 1]

SHO (Dhiman and Kumar, 2017) M⃗ [0.5, 1] Wormhole existence
probability

[0.2, 1]
h⃗ [5, 0]
6881



R. Syah, L.A. Isola, J.W.G. Guerrero et al. Energy Reports 7 (2021) 6876–6886

f
p
F
2
m
d
t

m

Fig. 5. 2d profile of the tested functions.
Table 2
The comparison analysis of the algorithms applied to the test functions.
Algorithm f1 f2 f3 f4
LSO (Cuevas et al., 2020) Min 8.6429e−8 7.5021 4.2719 3.4855e−7

Max 16.4815e−3 21.5423 12.4561 25.6325e−4
Mean 24.6147e−5 11.8569 8.7459 11.4533e−5
std 11.3248e−6 18.8456 7.2578 8.3762e−7

SHO (Dhiman and Kumar, 2017) Min 16.4315e−13 2.5038 1.4533e−3 2.1663e−4
Max 34.1542e−9 3.4718 3.5849e−1 3.2934e−3
Mean 19.4428e−10 3.7934 2.3570e−2 18.7718e−3
std 21.6152e−11 3.4708 1.3481e−2 3.1562e−4

MVO (Mirjalili et al., 2016) Min 19.5126e−18 1.4712 2.6745e−5 1.4512e−3
Max 28.4612e−14 2.8793 0.2516 74.156e−2
Mean 31.6728e−16 1.9985 0.1549 12.8628e−2
std 16.4832e−17 1.5249 3.6039e−3 8.3721e−3

WSA (Kaveh et al., 2020) Min 25.2941e−22 0.3854 3.5478e−8 27.2743e−8
Max 8.8745e−19 1.9057 10.8996e−6 19.8946e−6
Mean 16.4692e−20 1.8314 2.3876–7 48.7845e−7
std 11.2461e−21 0.3969 3.9833e−8 30.6215e−8

bWSA Min 32.8164e−27 21.7053e−6 5.8877e−11 1.7831e−15
Max 2.5235e−23 1.4124e−2 3.3857e−10 7.1687e−8
Mean 46.9452e−24 35.8341e−3 1.4589–10 3.4286e−10
std 22.8348e−25 11.7234e−4 5.2378e−11 1.4562e12
In all of the simulations in the algorithms, the individual size
or the agents is set at 100. Also, the simulations have been
erformed 30 times independently to give a consistent result.
inally, the numbers of iteration for the algorithms are considered
00. The comparison analysis based on four indicators including
inimum (min), maximum (max), mean value (mean), and stan-
ard deviation (Std) value for all of the algorithms applied to the
est functions is stated in Table 2.

As seen in Table 2, the suggested bWSA technique with a
inimum value of min, max, and mean values rather than the
6882
others indicates higher precision of the method against the other
compared methods. Similarly, based on the achievements, the
standard deviation amount in the algorithm is the lowest amount
among the other latest techniques. This shows the higher reliabil-
ity of the suggested bWSA toward the other compared algorithms.
Moreover, the algorithms’ convergence analysis applied to the
test functions is also depicted in Fig. 6.

As seen in Fig. 6, the proposed bWSA in all analyzed cost
functions has the fastest convergence which is parallel with a
correct convergence, not a premature one. So, we can conclude
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Fig. 6. The algorithms’ convergence assessment applied to the test functions.

hat the suggested algorithm gives a good accuracy to use as a
EMFC model parameter estimation in this study.

. Simulation results

For analysis the proposed methodology, it has been performed
n the PEMFC test system from the Fuel Cell Application Centre
FAC) of the Temasek Polytechnic Engineering School (Jia et al.,
009).
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Table 3
The required specifications of the 20-cell stack test case.
Parameter Value

Electrolyte membrane Nafion 112
Pt loading 0.4 mg/cm2

Active area 150 cm2

TPEMFC 323 K
P 0.5 atm
Resolution of cooling system 0.1 ◦C

5.1. The 20-cel stack

In this case, we utilized a 20-cell stack outlined and cre-
ated by Singapore GasHub and FAC. The simulation achieve-
ment of the suggested bWSA are then compared with various
algorithms from the literature including Wildebeest Herd Opti-
mization (WHO) (Amali and Dinakaran, 2019), Search and rescue
optimization algorithm (SAR) (Shabani et al., 2020), World Cup
Optimizer (WCO) (Razmjooy et al., 2016), Elephant Herding Op-
timizer (EHO) (Wang et al., 2015), Firefly algorithm (FA) (Yang,
2008), and the original Water Strider Algorithm (WSA) (Kaveh
et al., 2020). Table 3 tabulates the required specifications of this
test case.

5.2. The results

To analyze the steady-state response of the PEMFC stack be-
fore entering it, both the air and the hydrogen have been hu-
midified. To give a self-humidification of the hydrogen at the
anode side, the hydrogen recycling pump has been employed.
Also, the humidification for the air is 100% that is done by EFH-
100WA solid-state humidifier from EnerFuel, Inc. (Ener Fuel Inc,
2020). Polarization measurements have been performed to obtain
stable efficiency before a steady state. Based on (Jia et al., 2009),
the voltage–current polarization and the voltage response for the
cell/stack have been measured by LeCroy Waverunner LT344 and
Scribner Associates 890CL. In order to govern the airflow and
Hydrogen flow thereby recording the answer of the produced
voltage and to reduce the latency of the gas pipe, the mass
flow controls with the electromagnetic amounts are installed; the
humidifiers have been employed to avoid dehydration of the fuel
cell membrane and boost the reaction rate; a hydrogen purge de-
vice by segregators is performed to the fuel utility increasing. The
cooling system is based on Julabo FP40 model that is controlled by
a PID controller for temperature regulation. The general diagram
of the case study is shown in Fig. 7.

To give a proper validation for the proposed method, as before
mentioned, its optimization results have been compared with
WHO (Amali and Dinakaran, 2019), SAR (Shabani et al., 2020),
WCO (Razmjooy et al., 2016), EHO (Wang et al., 2015), FA (Yang,
2008), and the original WSA (Kaveh et al., 2020). Simulations have
been performed by MATLAB 2017b Simulink and the programs
have been coded by MATLAB Script. The individual size for the
agents is set 100. Also, the simulations have been performed 30
times independently to give a consistent result, and the num-
ber of iteration for the algorithms are considered 200. Table 4
illustrates used parameters specific to each algorithm.

For giving a proper comparison between the proposed method
and the other methods, four measurement indicators includ-
ing optimum (Best), worst (Worst), the average amount (Mean)
and the standard deviation (Std) of the cost function that is
explained before have been performed. The results of the param-
eters achieved by the algorithms and the comparison achieve-
ments are stated in Tables 5 and 6, respectively.

As seen in Table 6, the suggested bWSA provides the lowest
amount for Best, Worst, and Mean values. This means that the
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Table 4
The used parameter specific for each algorithm.
Algorithm Parameter Value Algorithm Parameter Value

WHO (Amali and Dinakaran, 2019) α1 0.9 EHO (Wang et al., 2015) R 1000
β1 0.3 nClan 4
α2 0.2 α 0.25
β2 0.8 β 0.05

SAR (Shabani et al., 2020) SE 0.5 γ 0.02

MU 20 FA (Yang, 2008) α 0.2

WCO (Razmjooy et al., 2016) Play off 0.04 β 0.5
ac 0.3 γ 1
Table 5
The achievements of the parameters achieved by the algorithms.

WHO (Amali and
Dinakaran, 2019)

SAR (Shabani
et al., 2020)

WCO (Razmjooy
et al., 2016)

EHO (Wang
et al., 2015)

FA (Yang, 2008) WSA (Kaveh
et al., 2020)

bWSA

ξ1 −8.8189e−1 −8.5130e−1 −8.7546e−1 −8.7935e−1 −8.5184e−1 −8.5615e−1 −8.6535e−1
ξ2 3.4930e−3 3.8805e−3 3.3688e−3 4.0836e−3 4.1621e−3 3.9527e−3 3.3361
ξ3 7.3889e−5 1.0063e−4 7.3836e−5 1.1982e−4 1.1775e−4 1.0389e−4 7.3889e−5
ξ4 −1.4889e−4 −1.4001e−4 −1.4889e−4 −1.4889e−4 −1.4889e−4 −1.4917e−4 −1.4889e−4
Rc 6.3859e−3 5.9795e−3 5.3645e−3 6.3847e−3 6.3593e−3 5.9601e−3 6.3857e−3
λ 2.2889e+1 1.5829e+1 1.0000e+1 2.2889e+1 1.0000e+1 1.7271e+1 2.2889e+1
B 1.6389e−4 3.9148e−4 6.4848e−4 1.6089e−4 1.6389e−4 2.3350e−4 1.6389e−4
Q 3.5953e−3 3.1134e−3 2.9107e−3 3.5853e−3 3.5823e−3 3.3531e−3 3.5852e−3
Table 6
The comparison result of the studied algorithms.

WHO (Amali and
Dinakaran, 2019)

SAR (Shabani
et al., 2020)

WCO (Razmjooy
et al., 2016)

EHO (Wang
et al., 2015)

FA (Yang, 2008) WSA (Kaveh
et al., 2020)

bWSA

Best 3.4831e−4 3.8167e−4 3.9114e−4 3.4831e−4 3.5805e−4 3.6554e−4 3.4831e−4
Worst 7.2938e−2 1.3842e−3 2.8963e−3 3.6387e−4 3.8890e−4 4.1187e−4 3.5401e−4
Mean 3.5240e−3 6.4714e−4 0.9208e−3 3.5352e−4 3.6587e−4 3.7812e−4 3.4857e−4
Std 1.2117e−2 2.2057e−4 5.4238e−4 4.4108e−6 0.9426e−5 9.8135e−6 0.9130e−6
proposed method after 30 self-reliant runs has the minimum
amount for the SSE of the parameter fitting in the PEMFC and
has the best accuracy among them. Also, by a glance at Table 6, it
can be observed that the standard deviation value in the proposed
bWSA gives the smallest value that shows its proper reliability in
comparison to other algorithms. The dominance of the suggested
algorithm is also observable in Fig. 8.

As can be shown in Fig. 8, the proposed bWSA has the fastest
un time toward the other latest algorithms. Finally, the fitting
urve of five better algorithms has been shown in Fig. 9.
As seen in Fig. 9, after applying 30 runs and plotting a mean

alue of the algorithms, the proposed method with minimum
bsolute error equals 3.4831e−4 gave the best results in com-
arison to the other techniques. Therefore, simulations displayed
6884
a suitable agreement between the estimated and the real values
of the PEMFC model for almost all of the algorithms, especially
for the proposed bWSA.

6. Conclusions

Fuel cells are new kinds of energy generation technologies
that convert chemical energy directly to electricity. One of the
well-known kinds of these energy production systems is Proton-
exchange membrane fuel cells (PEMFCs) that have several advan-
tages over the others. A disadvantage of these energy conversion
systems is their construction cost. The major target of this paper
was to optimize the model parameters of a PEMFC to minimize
this cost as much as possible. The idea was to lessen the Sum
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Fig. 9. The fitting curve of five better algorithms.
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f Squared Error (SSE) amount between the empirical produced
oltage and the approximated produced voltage. To give better
esults in terms of accuracy and reliability, a new design of a new
etaheuristic called balanced Water Strider Algorithm (bWSA)
as employed. The results of the suggested method were first
alidated by comparing with several algorithms and then used
or verification by applying it to a practical test case (a 20-cell
tack). Also, a comparison of the results of simulation with several
arious latest techniques was carried out. The results were per-
ormed to a practical test case. After running all of the optimizers
0 times independently, the proposed method with minimum
bsolute error equals 3.4831e−4 provided the best results against
he compared methods.
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