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ABSTRACT Recently, fuel cells (FCs) have found vast employment in several applications. However,
unique maximum power point tracking (MPPT) exists for each set of operating condition for the efficient
operation of FCs. Therefore, this paper presents a differential evolution optimization algorithm (DEOA)-
based optimized fuzzy-logic (OFLC) MPPT method for enhancing the maximum power extraction of FCs.
The various settings for the membership functions (MFs) of the input and output variables are optimized
in the proposed method. Thence, more degree-of-freedom can be employed for accurate and fast tracking
of the optimal power point of the proton exchange membrane FCs (PEMFCs). Whereas, existing MPPT
methods in the literature for FC applications suffer from decreased degree-of-freedom for optimizing their
performance, and lack of adaptivity, which obstructs their suitability for the wide operating range of FCs.
The superiority and performance effectiveness of the proposed OFLC MPPT method have been validated and
compared with the most prevalent techniques in the literature. Moreover, the robustness and sensitivity of the
proposed OFLC MPPT method have been tested at various step changes in the water content of membrane
and various temperature changes. Moreover, the proposed design of the suggested OFLC MPPT is general
and it can be implemented on low-cost microcontrollers. The results verify the superior performance of the
proposed OFLC MPPT method from the accurate and fast MPPT extraction, smooth output power with low
ripple, and simplicity of the design point of views.

INDEX TERMS Differential evolution optimization algorithm (DEOA), fuel cell (FC), fuzzy logic control

(FLC), maximum power point tracking.

I. INTRODUCTION

Global warming and limited existence of fossil fuels have
directed governments to put their ambitious plans of green
energy technologies. Renewable energy environmentally-
friendly sources have proven efficient, clean, and low cost
candidates to the traditional fossil fuels [1]—-[5]. Several stud-
ies have been performed for evaluating the joint technical-
economical long term impacts of RESs installations [6],
[7]. In addition, the continual cost decrease of the RES
technologies and parts have lead to intensive widespread
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world-widely. However, the stochastic behavior of RESs
and/or their connected electrical loads has given rise to energy
supply reliability issues. Therefore, installations of energy
storage systems (ESSs) with the RESs increase their power
supply reliability and improve their techno-economical issues
for long-term operation [8], [9]. The selection, sizing, and
control of various existing ESS are crucial factors for wide
installation of RESs [10].

Among the various existing ESS, battery ESSs have been
widely employed with RESs in wide range of electrical
power installations. However, the short operating lifetime
and increased replacement costs represent the main criti-
cal issues for battery ESSs [11], [12]. Another alternative
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is through converting the excess electrical power from the
RES into hydrogen via employing electrolyzers. Afterwards,
the generated hydrogen is stored and utilized as source for
powering fuel cells (FCs) ESSs [13], [14]. The FC technology
is an electrochemical device, which combines the hydrogen
and oxygen for generating electricity. The main advantages
of FCs to be comparable alternatives to existing ESSs are
possessing high reliability and efficiency, being noise-free
ESSs, and eliminating pollution from environment. There are
several types and technologies of FCs, such as the alkaline
FC, molten carbonate FC, proton exchange membrane FC
(PEMFCs), direct methanol FC, phosphoric acid FC, and
solid oxide FC. Among them, PEMFCs are light-weight,
fast starting-up, low operation temperature, and high power
density FC solutions. Thence, PEMFCs represent the most
popular utilized type of FCs, in addition to being high perfor-
mance candidates for vehicular and residential RES applica-
tions [15], [16].

The characteristics of FCs output exhibits nonlinear behav-
ior and they are influenced by several factors, including
the operating temperature, and the water contents of mem-
brane [17]. However, the output current-power curves of the
PEMEFCs have unique maximum power point (MPP) for every
particular operating condition. Thence, finding the optimum
operating point of FC voltage and/or current is important for
maximizing the energy utilization and efficiency of PEM-
FCs. Particularly, the MPP can be achieved through con-
tinual MPP tracking (MPPT) of the PEMFC [18]. In [19],
the performance of using MPPT for FC applications have
been compared to without MPPT operation. There are several
methods have been proposed in the literature for MPPT of
FCs. The MPPT controllers set the operating duty cycle of
the FC interfacing dc/dc converter at the MPP operation.
The main performance criteria to compare the various MPPT
methods are the speed of tracking, the ripple and fluctuation
of FC power, the computational burdens, the implementation
complexity, and the required number of sensors.

The perturb and observe (P&O) MPPT method has been
widely applied in the literature for controlling PEMFCs.
A P&O MPPT method with the static, and dynamic modeling
of PEMFCs has been presented in [20]. The incremental con-
ductance (INC) and the incremental resistance (INR) MPPT
methods have proven better transient and steady state perfor-
mance compared to the P&O method [21]. In [22], the P&O
and INC MPPT methods have been applied with boost dc/dc
converter for FC-supplied electric vehicles (EVs). Another
application of the P&O method with high stepping-up ratio
dc/dc converter has been introduced in [23]. The variable
step size INR and variable step size INC methods have been
proposed for improving the performance of PEMFCs [24].
Another fractional order (FO) INC method has been pre-
sented in [25] with wide range variable step size controlling
of the MPPT. Moreover, artificial neural network (ANN)
based variable step size INC MPPT method has been pre-
sented for enhancing the outputted power of FCs in [26].
The JAYA optimization has been proposed for controlling
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MPPT for hybrid photovoltaic (PV)/FC/ultra-capacitor grid
tied systems in [27].

Additionally, two cascaded loops control methods with
intermediate dc/dc power converter have been presented for
FC MPPT in the literature [28]. The outer control loop
determines the real-time MPP operating point through using
extremum seeking algorithms. This stage defines the MPPT
reference voltage for the inner loop, which controls the
power conversion stage to the desired reference set-point.
The widely-employed proportional-integral-derivative (PID)
controllers are used in the inner loop, wherein their tuning
process is critical issue for maximizing the efficiency of
PEMFCs. The salp swarm algorithm (SSA) has been pro-
posed in [29] for optimizing the PID controller parameters.
The grey wolf optimizer (GWO) has been presented in [30]
for extracting the MPP of PEMFC at variable operating con-
ditions. In addition, the particle swarm optimization (PSO)
method has been also provided for designing the PID con-
troller in [28]. Whereas, the sine cosine algorithm (SCA)
method has been applied with PID controllers in [31]. The
antlion optimizer (ALO) method was presented in the litera-
ture for designing the MPPT PID controller in [32]. The vari-
ous performance criteria between these optimization methods
has been performed in [21].

From another side, fuzzy logic control (FLC) methods
provide single loop MPPT controllers with high operating
performance [33]. The design of FLC MPPT for FC applica-
tions has been presented in [34]. An INC-based FLC MPPT
method has been introduced in [35]. This approach simulates
the incorporated MPPT control for PV/FC hybrid systems
through controlling the buck dc/dc converter. The perfor-
mance comparison of the Mamdani and Sugeno types of the
FLC MPPT has been provided in [36]. The design of the
asymmetrical membership function (MF) of the FLC-based
MPPT method has been introduced using the firefly approach
in [37]. The Mamdani type FLC MPPT method has been
presented in [38], and its performance was compared to the
PSO-based MPPT method. Additional optimization methods
have been proposed in the literature for enhancing the MPPT
performance in several applications [39]-[41]. Several hybrid
optimization algorithms-FLC methods have been proposed
in the literature for PV applications [42]-[44]. Moreover,
several ANN based MPPT method have been presented in
the literature [26]. The adaptive neuro-fuzzy inference sys-
tem (ANFIS) based MPPT has been presented for PEMFCs
in [45]-[48]. Another ANFIS based MPPT method has been
presented for EVs applications [49]. In addition, the neural
network based MPPT algorithms have been proposed for
controlling PEMFCs [50].

However, the performance parameters of the existing
controllers have several challenges regarding the tracking
time, the steady state performance, implementation complex-
ity, the real-time applicability, and the sensors cost. Mean-
while, achieving optimized performance is highly dependant
on the degree of freedom of the employed MPPT tech-
nique. Apart from that, the FLC methods provide multiple

VOLUME 8, 2020



M. Aly, H. Rezk: Differential Evolution-Based Optimized Fuzzy Logic MPPT Method

IEEE Access

degree-of-freedom in their design in selecting their MFs,
the boundaries of both input and output MFs, and the shapes
and locations of points in their MFs. The presented FLC-
based MPPT solutions in the literature employ fixed design
points by trial and error. Therefore, this paper is presenting
an optimized FLC (OFLC) MPPT method for PEMFCs. The
main contribution in this paper can be summarized as follows:

e A new optimized FLC (OFLC) MPPT method is pro-
posed for controlling PEMFCs. The proposed design
enables the utilization of the high degree-of-freedom in
the FLC methods.

o The high performance Differential Evolution Optimiza-
tion Algorithm (DEOA) is applied in this paper for opti-
mizing the design process of OFLC MPPT controllers.

o The OFLC MPPT has been designed and validated
through comprehensive comparisons with the featured
MPPT techniques in the literature for PEMFCs.

« Animproved optimum power extraction with fast track-
ing performance for PEMFCs is introduced through the
proposed OFLC MPPT design.

The remaining of the paper is organized as following:
Section II presents the modeling and behavior of PEM-
FCs. The FLC MPPT control of PEMFCs in introduced in
Section III. Section IV details the new proposed OFLC and
the PSO optimization method. Section V provides the main
results and comparison of the performance of the proposed
OFLC MPPT method with the existing methods in the liter-
ature. The discussion and superior features of the proposed
OFLC MPPT are presented in Section VI. Finally, The paper
is concluded in Section VII.

Il. MODELING AND CHARACTERISTICS OF PEMFC

This section provides the dynamic modeling of PEMFC and
their main characterstics are introduced. The mathematical
model and the various factors that affect their performance are
presented, including Nernst voltage component, in addition to
the activation, concentration, and the ohmic losses.

A. DYNAMIC MODEL OF GAS TRANSPORT
The gas flow through the valve of FC is related to the partial

pressures of both the hydrogen, and the oxygen as follows for
the hydrogen [28]:

qH, kan
b =K (1)
PHZ vV M H, 2
And, for the oxygen is expressed as follows [21]:
k
902 — o — Ko, @

Po, /Mo,

where, go, and gn, denote to the molar flow for the oxygen,
and hydrogen, respectively, and Ko, and Ky, are their cor-
responding molar constants (kmol (atm $)~1). Whereas, Po,
and Py, represent the partial pressure for the oxygen and the
hydrogen (atm), respectively. In addition, k,, represents the
anode valve constant, and Mo, and My, are the oxygen and
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hydrogen molar masses. The derivative of partial pressure is
calculated using perfect gas formulation as follows [21]:

dPy, RT

i V—an(qii‘z — g1, — qh,) (3)
dPo, RT .
Tz = VTn(qu ~ 40, — 4o, (4)

where, R denotes to the universal gas constant, 7' represents
the temperature (in Kelvin), and Vj,, represents the anode

volume. Whereas, qil‘{‘2 and q%“; denote to the input and output

flow rates for the hydrogen, respectively. Also, qglz and q%“;
denote to the input and output flow rates for the oxygen,
respectively. In addition, qf_lz, and qu are the flow rate for
the reacted hydrogen and oxygen, respectively, and they can
be calculated using the following:
¢ _ + _ Nrclrc
Tn, =40, = Hp

= 2k Irc (5)

where, Nrc represents the number of series connected FCs,
Irc represents the output current of the FC, F' denotes to
Faraday’s constant, and k; represents constant of the model-
ing. The instantaneous partial pressures for the hydrogen and
oxygen can be obtained by solving (1) and (2) as following
for the hydrogen:

1 _ .
Py, )= E(ZkrIFCe( 1/Hy) + qi_rllz — 2kiIrC) (6)
2

where,
Van

= ki, RT

Q)

TH,

Similarly, the partial pressure for the oxygen is derived as
following:

1 _ .
Po,(t) = g(zkrIFCé 70 4 g8, = 2kdge) (8
2

where
Van

~ ko,RT

&)

70,

The relationship among the FC current Irc and the partial
pressure of the hydrogen is described using (6). Whereas
(8) describes the relationship among FC current /rc and the
partial pressure of the oxygen.

B. MODEL OF POLARIZATION CURVE

In PEMEFCs, there are three main components of power
losses, including the activation Vi, the ohmic V,p,,, and the
concentration Vo, losses. The terminal voltage of the FC
stack VEc can be estimated as following:

VEc =Ngc X Veell = NiC X (ENernest — Vact — Vohm — Veon)
(10)

where ENernest 1S the Nernest voltage of the FC and it can be
modelled as follows:

ENemest = 1.229 — 8.5 x 1074(T — 298.15)
+4.385 x 10T (InPy, + 0.5In Po,)  (11)
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The activation loss of the FC can be expressed based on the
model in [28] as follows:

Vact = =181 + &T + 6T In(Co,) + 4T In(Irc)] (12)

where, &1, &, &3, &4 are the parametric coefficients. They can
be obtained through curve fitting using modern optimization
techniques as in [29]. In addition, the selected case study is
based on the data provided in [28]. Whereas Co, represents
the concentration of dissolved oxygen at gas/liquid interface,
and it can expressed as following:

(5.08 x 10%) x exp (—498/T)

From another side, the ohmic loss Vhr, is generated due to
the membrane resistance Ry,. It can be estimated as following:

Co, (13)

Vohm = IFCRm (14)

where, Ry, is estimated as following:

rml
Rn = % (15)

where, r, represents the resistivity of the membrane to the
proton conductivity, / represents the thickness of the mem-
brane, and A denotes to the FC active area. The membrane
resistivity rpy, is strongly dependant on humidity and temper-
ature of the membrane and it can be estimated as follow-
ing [21]:

181.8[ 1 4 0.03(ZES) + 0.0062( L= ) (e )2-5))

_ A 3037\ °A

Fm = 1 T-303
[Am — 0.634 — 3(E) exp (4.18 1303

where, A, represents the water content of the membrane. The
concentration loss Vo is generated via the consumption of
concentration gradient of the reactants, and it is estimated as
following:

(16)

Veon = E In(1 - frc
nF InaxA
where, n represents the number of the participated electrons
during the reaction, and Iyax denotes to the maximum limit-
ing current. It represents the maximum rate for the reactant
to be supplied to the electrode, and it is usually defined by
the manufacturer datasheet [51]. Finally, the total generated
power from the FC stack Prc can be represented as follows:

Pgc = Vrclgc (18)

) 17)

C. CHARACTERISTICS OF PEMFC

The aforementioned mathematical modeling of PEMFCs is
programmed using Matlab environment. The various charac-
terstics have been tested at the various operating conditions.
Firstly, the PEMFC outputted power-current and outputted
voltage current curves are plotted at various operating temper-
atures and constant water content (A, = 12) in Fig. 1. More-
over, Fig. 2 shows performance characterstics of PEMFC
output at different water contents and constant temperature
T = 343 K. The characteristic curves confirm the neces-
sity of MPPT for PEMFCs operation due to their nonlinear
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FIGURE 1. The performance characterstics of PEMFC output at different
temperatures and constant water content (A, = 12).

behavior and they exhibits unique MPP operation. Thence,
the tracking method is crucial at determining the efficiency
and outputted power of the PEMFC.

D. FUEL CELL ELECTRICAL SYSTEM

It has become clear that PEMFCs have unique operating
MPPT, which has to be continually tracked so as to maxi-
mize the FC efficiency. The main influencing factors for the
operating MPP are the temperature and the water content
of the membrane. The MPP is determined mainly through
the slope of the Prc-Ipc curve and the slope of the Vpc-
Irc. A dc/dc power conversion stage is usually employed
to perform the MPPT control action and set the operating
point of the FC at the determined MPPT by the algorithm.
Fig. 3 shows the electrical system of the PEMFC with using
boost dc/dc converter. The boost dc/dc converter is operated
at the continuous conduction mode (CCM) for efficient power
conversion and continuous input current from the PEMFC
source. The output voltage of the boost dc/dc converter is
a step-up from the low input voltage of the PEMFC and
the step-up ratio is determined by the duty cycle D of the
converter [33]. The output voltage V,y; and input voltage Vi,
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FIGURE 2. The performance characterstics of PEMFC output at different
water contents and constant temperature T = 343 K.

are related as following:

Vout 1
= — 19
Vi 1—-D (19)

Ill. FLC BASED MPPT OF PEMFC

The FLC has found wide application in MPPT for PV sys-
tems, wherein enhanced performance is achieved over clas-
sical methods [33]. Fig. 4 shows the main stages of FLC
systems, which include the fuzzification stage, the fuzzy
inference engine, and the defuzzification stage. In the stage of
fuzzification, crisp inputs variables are converted to linguistic
labels according to the predefined input MFs. The converted
linguistics labels in the first stage are employed as fuzzy input
to generate verbal decisions. The fuzzy inputs are utilized by
the fuzzy inference engine based on the “‘if-then rules” con-
cept to generate the fuzzy output. In the third stage, the gen-
erated fuzzy outputs are converted to crisp values [52]. For
MPPT applications of FLC systems, two inputs are utilized
to generate one output to operate the system at the MPP. The
input variables can be defined as follows:

dPrc _ Prc(k) — Prc(k — 1)

E(k) = = (20)
dVec  VEc(k) — Vrc(k — 1)
AE(k) = E(k) — E(k — 1) Q1)
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where E(k) represents the error signal of the change in the
slope of the Prc-Vic curve at the current time instant (k),
AE(k) denotes to the change in the error signal between the
(k)™ and the (k + 1)™ time instants, Prc(k) and Vec(k) rep-
resent the sampled FC power and voltage signals at the time
instant (k), respectively, and the Prc(k—1) and V —FC(k — 1)
represent their sampled signals at the time instant (k — 1).
Whereas, the output variable is the increment/decrements
duty cycle AD(k), which is employed with the duty cycle
from the previous time step to generate the current operating
duty cycle. Fig. 5 shows the main structure for the input
and output signals and the main components of the FLC
MPPT methods. The output duty cycle for the MPPT, which
is applied to the boost dc/dc converter can be expressed as
following:

D(k) = AD(k) + D(k — 1) (22)

The waveforms of the input variables and the output vari-
able for FLC MPPT systems are shown in Fig. 6. In each
variable, there are seven MFs to represent the input and output
variables, including three positive levels (Pos_L3, Pos_L2,
and Pos_L1), one zero level (Zer_L0, and three negative
levels (Neg_L3, Neg_L2, and Neg_L1).

IV. THE PROPOSED OFLC MPPT METHOD

A. CHALLENGES, OBJECTIVES, AND CONTRIBUTIONS

It can be seen from Section II that PEMFCs exhibit nonlinear
characteristics, and their performance is dependent on the
operating conditions of membrane water content and temper-
ature. Fig. 1 and Fig. 2 show that a unique MPP exists for each
particular operating combination of temperature and mem-
brane water content. Therefore, the main objective of this
paper is to improve the power extraction of PEMFCs through
proposing a new DEOA-based OFLC MPPT method. The
main general objectives regarding the performance improve-
ment of PEMFCs are summarized as follows:

o The outputted power from the PEMFC is maximized
through the application of the proposed OFLC MPPT
method. This in turn enhances the energy efficiency of
using PEMFCs in renewable energy applications.

o The tracking performance with the continuously chang-
ing operating point is improved through utilizing the
proposed fast OFLC MPPT method. This in turn
improves the dynamic performance of the PEMFC sys-
tem in large-scale utility grid integration.

Additionally, the main superiorities of the proposed DEOA-
based OFLC MPPT method over the challenges of the exist-
ing MPPT methods can be summarized as follows:

o Compared to the widely employed fixed step size MPPT
methods, such as P&O and hill climbing MPPT meth-
ods, the proposed OFLC MPPT method employs a vari-
able step size MPPT tracking, which provides faster
tracking during transients and lower ripples at steady
state conditions.
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FIGURE 3. The electrical system of grid-tied PEMFC with boost dc/dc converter.
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FIGURE 5. The structure and main components in the FLC MPPT control method.

o Compared to existing variable step size MPPT methods « Compared to neural network, learning-based algorithms,
such as INC and INR methods, a more adaptive method and optimization searching methods, the proposed
with faster tracking of MPP is proposed in this paper due method represents a more simple and efficient solution
to benefiting the inherent adaptivity of FLC systems. without complex procedures, and large training data.
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FIGURE 6. The various MFs of the input and output variables of the FLC
MPPT control system.

« Moreover, the performance parameters of the existing
controllers have several challenges regarding the track-
ing time, the steady state performance, implementation
complexity, the real-time applicability, and the sensors
cost.

From another side, the main contributions and improvements
over the existing FLC MPPT methods can be summarized as
follows:

o The proposed method employs the efficient DEOA
method for optimizing the design of FLC based MPPT
methods.

o The proposed design method benefits the employment of
the inherent high degree-of-freedom in the FLC systems
through optimizing the various parameters of the input
and output variables and MFs.

o The optimization process in the proposed method
includes multiple degree-of-freedom at optimizing the
scaling factors of the input and output variables in addi-
tion to the various internal points of the MFs, which
determine the shape of MFs. The existing FLC-based
MPPT solutions in the literature employ fixed design
points, which are usually determined by trial and error
adjustment.

The structure and operating principle of the proposed
DEOA-based OFLC MPPT method are shown in Fig. 7.

VOLUME 8, 2020

B. THE MFs OF INPUT AND OUTPUT VARIABLES

The proposed optimized FLC method enables benefiting the
high degree-of-freedom in the FLC method through optimiz-
ing their MFs and their scaling factors. Fig. 8a shows the
degree-of-freedom in one of the input variables as a case
study of the error E(k) variable. The various points of the
MFs (X ~ X7) are optimized in the proposed OFLC MPPT
method using the DEOA method. This in turn provides high
degree-of-freedom in designing the FLC so as to achieve
optimized objective function. Fig. 8b shows a case study of
asymmetrical MFs with optimized points. Whereas, Fig. 8c
shows another example of optimizing the MF with scaling the
lower and upper limits in addition to the shape of the MFs.

C. THE FUZZY RULES

In this step, the fuzzy rules are designed to manage the
operation and decisions of the MPPT controller output. In the
proposed OFLC MPPT method, there are 7 MFs in each of
the two inputs and the output variables. The 7 MFs of each
input and output variable has three positive levels (Pos_L3,
Pos_L2, and Pos_L1), one zero level (Zer_L0), and three
negative levels (Neg_L3, Neg_L2, and Neg_L1). Therefore,
there will be 49 rules. Table 1 shows the various rules of the
designed OFLC MPPT method.

D. THE OBJECTIVE FUNCTION

The main objective of the tuning of the various elements of
the FLC in the proposed OFLC MPPT method is to reach
the MPP with fast tracking speed. Therefore, the MFs of the
input variables in addition to the output duty cycle have to be
optimally determined. The cost function is estimated based
on the integral square error (ISE) criteria are used for the cost
function [53], which can be expressed as following:

Tsim
ISE = / (AE(k))? (23)
t

=0
where T, denotes to the simulation time for evaluating
the objective function. The main goal of the optimizer is to
determine combinations of optimized variables that achieve
the minimized cost function (the error signal) over the simu-
lation time. The well-known min-max based FLC method is
applied. In addition, the defuzzification is made through the
centroid of area method.

E. DIFFERENTIAL EVOLUTION OPTIMIZATION
ALGORITHM (DEOA)

The DEOA is one of the popular algorithms, which is used
to solve different optimization problems. DEOA begins the
optimization procedures by an arbitrary population. Then,
it adjusts the population through the process of optimiza-
tion; mutation, crossover, and selection. The mathematical
representation and physical definition can be found in [54].
In the mutation and crossover phases, a trial vector for every
target vector is generated. Next, a selection phase is done
between trial and target vectors. The optimization process
of DEOA can be summarized by the following; the gains
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FIGURE 7. The proposed DEOA-based OFLC MPPT method.
TABLE 1. The rules of the proposed OFLC MPPT method between MFs of the input and output variables.
Input AE
MFs Neg_L3 Neg_L2 Neg_Ll Zer_LO Pos_L1 Pos_L2 Pos_L3
Neg_L3 | Neg—L3 Neg_L3 Neg_L3 Neg_L3 Neg_L2 Neg_Ll Zer_L0O
Neg_L2 | Neg_L3 Neg_L3 Neg_L3 Neg_L2 Neg_Ll Zer_LO Pos_L1
Neg_L1 | Neg—L3 Neg_L3 Neg_L2 Neg_Ll Zer_LO Pos_L1  Pos_L2
E  Zer_LO | Neg_L3 Neg_L2 Neg_Ll Zer_LO0 Pos_L1 Pos_L2 Pos_L3
Pos_L1 | Neg_L2 Neg_L1 Zer_LO Pos_Ll1 Pos_L2 Pos_L3 Pos_L3
Pos_L2 | Neg_L1 Zer_LO Pos_L1 Pos_L2 Pos_L3 Pos_L3 Pos_L3
Pos_L3 Zer_LO0 Pos_Ll1 Pos_L2 Pos_L3 Pos_L3 Pos_L3 Pos_L3

of fuzzy membership functions are used as a target vector
and the error signal as a cost function. The target vectors are
arbitrarily located in the range of upper and lower bounds.
Next, the created population of gains of fuzzy membership
functions are applied to fuel cell system. After that, the error
signal is estimated. After the initialization phase is finished,
the minimum error value is nominated as best value and
the corresponding membership gains are stored as the best
one. Then, two different population are randomly nominated.
A mutation factor F is used to weight the difference between
the selected target vectors. Then, the weighted difference is
added to the best membership gains to create donor vector.
The mutation phase, which creates the donor vector, can be
formulated as following [54];

XV = Xpest + F X (Xpr; — Xpy) (24)

Where indexes r; and r denote two different integers and
F denotes a scale factor. Then, the following relation can
be used to check if the created element is situated in the
determined range.

Xmax » If xv; greater than xmax (25)

Xy =

Xmin » If xv; lower than xpin
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Then, the crossover phase is done to create the trail vector
using the nest relation;

If rand < C;

otherwise

Xvi »

(26)

xvi =

Xi s
where, C; is the crossover control parameter. The last phase
in the DEOA is the selection phase. The target and trial
vectors are compared in this phase. Every trial vector is
assessed using fuel cell system and corresponding error signal
is estimated. Based on the comparison, the membership gains
that corresponds to minimum error signal is used as the next
target vector;

If f (i) < f(x0)

otherwise

Xt

27)

Xip1 =
Xi s
The optimization procedure remains running till an end
condition is happened.

V. RESULTS

Table 2 shows the main specifications for the PEMFC for
the selected case study based on the specifications provided
in [28]. The tested system has the PEMFC as input source,
boost converter operated at 20 kHz switching frequency with
boost inductor of 0.5 mH and output capacitor of 500 uF.
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FIGURE 8. The degree-of-freedom of MFs for the proposed OFLC MPPT
method.

TABLE 2. The PEMFC parameters for the selected case study.

Parameter Value

T 343 (K)

A 232 (cm?)

l 0.0178 (cm)
Ngc 35
Tmax 2.00(A cm~2)

n 2

F 96484600 (C  (kmol 1)

R 8.31447 (J (mol K)~1)

kr 9.07 x 10=8 (J (mol K)~1)
ko, 2.11 x 1075 (kmol (atom S)~1)
ki, 4.22 x 10~° (kmol (atom S)~1)
q;§2 10 x 1075 (kmol (S)™1)
qgl2 5x 107% (kmol (S)~1)

&1 0.944

& 0.00354

&3 7.8 x 1078

&4 —1.96 x 104

The PEMFC system has been tested at three different case
studies (Case 1 at the normal starting operation, Case 2 at
changing membrane water content and fixed temperature, and
Case 3 at changing temperature and constant membrane water
content).

A. CASE 1: NORMAL STARTING OPERATION

The proposed OFLC MPPT method is tested at the normal
starting operation and it is compared to the classical P&O,
the INC, and the traditional FLC MPPT method. Fig. 9 shows
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FIGURE 9. The normal starting response of the fuel cell output power for
case 1.
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FIGURE 10. The normal starting response of the fuel cell output voltage
for case 1.
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FIGURE 11. The normal starting response of the fuel cell output current
for case 1.

the response of the outputted power from the PEMFC at
the four considered MPPT methods. It can be seen that the
proposed OFLC MPPT method is successful at achieving
the fastest tracking of the operating MPPT of the PEMFC.
The P&O and INC represent the slowest MPPT algorithms.
The INC MPPT method possesses the largest transient time.
However, the classical FLC MPPT method has better nor-
mal starting performance than the P&O and INC meth-
ods. Whereas, optimizing the FLC MPPT in the proposed
OFLC method improves its tracking performance over the
traditional MPPT methods.
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FIGURE 12. Comparison of the output duty cycle D at normal starting
response for case 1.

Fig. 10 shows the output voltage response of the PEMFC
for the considered four MPPT methods. The proposed OFLC
MPPT method possesses the lowest voltage fluctuations.
Whereas, the INC and the P&O have the worst voltage
response. Similarly, the PEMFC output current performance
is compared in Fig. 11 for the considered MPPT methods.
The INC method has higher output current overshoot, which
may lead to shortening the operating lifetime of the PEMFC.
Whereas, the proposed OFLC and classical FLC MPPT
methods achieve better output current performance, which
enhances the operating lifetime of the PEMFC. Thence,
the proposed OFLC MPPT method provides enhanced start-
ing waveforms of output voltage and current of the PEMFCs.

The outputted duty cycles of the four MPPT methods are
compared in Fig. 12. The P&O has fixed step size, which
leads to slower response of the MPPT. Whereas, the proposed
OFLC MPPT is advantageous due to employing the adaptive-
ness of the FLC method to achieve better dynamic response.
The error signals of the considered MPPT methods are shown
in Fig. 13. It can be seen that the proposed OFLC MPPT
method minimizes the objective function of the error signal
compared to the other existing MPPT methods. The mini-
mized objective function enhances the operating efficiency
and maximizes the output power of the PEMFC.

B. CASE 2: CHANGING MEMBRANE WATER CONTENT

In this case study, the four considered MPPT methods are
tested at changing membrane water content, while keeping
the operating temperature constant at 343 K. The membrane
water content has been stepped several times to validate the
response of the various MPPT methods as shown in Fig. 14.
Fig. 15 shows the output power of the PEMFCs. Although,
the four techniques can achieve MPPT, they have different
overshoots/undershoots in addition to tracking time. It can
be seen that the proposed OFLC MPPT method has the
best performance compared to the other MPPT method for
all scenarios. The proposed OFLC MPPT method achieves
fast tracking with minimized power overshoots/undershoots.
Whereas, the INC and P&O methods show slower tracking
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FIGURE 14. The considered changes in the membrane flow rate for case 2.
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FIGURE 15. Performance comparison of the output power of the fuel cell
for various MPPT methods at case 2.

of the MPPT. Moreover, the power ripple at steady state is
minimum for the proposed OFLC method.

The performance of the outputted voltage of the PEMFC
is compared in Fig. 16. It can be seen that the P&O MPPT
method has the highest steady state fluctuations of the out-
putted PEMFC voltage waveform. Whereas, the proposed
OFLC MPPT has small fluctuations in the outputted volt-
age waveform. Moreover, the overshoots/undershoots and the
settling time is minimum for the proposed OFLC MPPT
compared to the response of the other MPPT methods. The
proposed OFLC MPPT method performs fast tracking of the
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FIGURE 17. Performance comparison of the output current of the fuel cell
for various MPPT methods at case 2.

MPP voltage of the PEMFC compared to the together three
MPPT methods.

From another side, the output current of the PEMFC
is compared for the considered MPPT methods and the
results are shown in Fig. 17. It is clear that the proposed
OFLC MPPT method has minimized PEMFC output cur-
rent ripple compared to the high current ripple of the P&O
MPPT method. From the overshoot/undershoot criteria, the
proposed OFLC MPPT method provides reduced values com-
pared to the other methods. It can also be seen that tradi-
tional MPPT methods compromise the tracking speed and the
overshoot/undershoot values. However, the proposed OFLC
MPPT is adaptive without compromising the settling time
and/or overshoot/undershoot behavior.

C. CASE 3: CHANGING TEMPERATURE

Fig. 18 shows the tested scenarios of changing the temper-
ature at membrane water content of 12. In this scenario,
the several step-up and step-down changes of the tempera-
ture are performed to validate the performance of the pro-
posed OFLC MPPT method. The outputted power wave-
forms for the considered MPPT methods are compared at
both the steady state and transient response in Fig. 19. The
P&O method has the highest steady state ripples of the out-
putted power waveform. In addition, the INC MPPT method
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FIGURE 19. Performance comparison of the output power of the fuel cell
for various MPPT methods at case 3.

possesses the highest transient overshoot/undershoot perfor-
mance in addition to the longest settling time. Whereas,
the MPPT response of PEMFC output waveforms are opti-
mized using the proposed OFLC MPPT method. This in
turn leads to improved efficiency of the PEMFC operation
in addition to maximizing the outputted power from the cell.
Moreover, the proposed OFLC MPPT method perform proper
tracking with minimized ripples of the outputted power from
the PEMFC.

In addition, Fig. 20 compared the PEMFC output volt-
age waveforms of the considered MPPT methods. All the
methods are compared for the the steady state voltage ripples
and transient response performance. The zoomed-in results
shows the reduced PEMFC output voltage ripples compared
to the widely employed P&O MPPT method, which pos-
sesses the highest steady state ripples of the outputted voltage
waveform. In addition, the INC MPPT method possesses
the highest transient overshoot/undershoot performance in
addition to the longest settling time. The classical FLC
MPPT method has multiple overshoot/undershoot response.
Whereas, the new proposed OFLC MPPT method achieves
enhanced tracking of the MPP voltage reference.

The outputted current waveforms are compared at both
the steady state and transient response in Fig. 21. From the
steady state response, the proposed OFLC MPPT method
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TABLE 3. Performance comparison between MPPT methods.

Criteria MPPT Methods
P&O FLC Proposed OFLC
Reference Ref. [20] Ref. [24] and Ref. [22]  Ref. [34] and Ref. [38] Proposed
Step Size Fixed Variable Variable Variable
Degree-of-freedom Very Small Very Small Medium Very High
Performance Non-Optimized Non-Optimized Non-Optimized Optimized
FC Output Fluctuations High Medium Small
Tracking Time High Very High Medium Small
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FIGURE 20. Performance comparison of the output voltage of the fuel
cell for various MPPT methods at case 3.
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FIGURE 21. Performance comparison of the output current of the fuel cell
for various MPPT methods at case 3.

is advantageous at achieving small output current ripples,
whereas the classical P&O method has the highest steady
state ripple in the PEMFC output current waveform. In addi-
tion, highest transient overshoot/undershoot performance is
clear in the INC MPPT method response. From another side,
the settling time of the new proposed method is small com-
pared to the other three MPPT methods. This in turn validates
the superior performance of the new proposed MPPT method
for all the tested scenarios.

VI. DISCUSSION AND PERFORMANCE COMPARISON

Based on the aforementioned comparative results, Table 3
summarizes the performance comparison between the pro-
posed OFLC method and the featured methods in the liter-
ature. The P&O MPPT method employs a fixed step size
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for the MPPT tracking. Therefore, only the step size can be
optimized and it has very small degree-of-freedom. In addi-
tion, the results show that the P&O method has high fluc-
tuation in the outputted power, voltage, and current of the
FC. In addition, it possesses a high tracking time for the
MPP. Whereas, the INC, FLC, and OFLC methods employ
variable step size for tracking the MPP of the PEMFC. How-
ever, the proposed OFLC method has very high degree-of-
freedom for optimizing the various parameters of the classical
FLC MPPT method. Moreover, the proposed OFLC method
achieves the fastest tracking response with the lowest tracking
time.

VII. CONCLUSION

In this paper, a new optimized FLC (OFLC) based MPPT con-
troller is presented for PEMFCs. The PEMFCs suffer from
their nonlinear behavior and thence they have unique MPP.
The high performance DEOA is employed in the proposed
method for determining the various optimum variables of
the proposed OFLC MPPT method. The proposed method
has superior high degree of freedom degree-of-freedom com-
pared to the other existing MPPT methods. The degree-of-
freedom in the proposed OFLC MPPT method is achieved
through optimizing the various settings for the membership
functions (MFs) of the input and output variables. The pro-
posed OFLC MPPT method has been validated and compared
to the existing MPPT method in the literature. The results
show that the proposed method can achieve accurate and
fast tracking of optimal power point of the PEMFCs.The
proposed method has achieved lower ripples and fluctuations
in the output waveforms of the PEMFC. Moreover, fast with
lower overshoot/undershoot response are obtained by apply-
ing the proposed OFLC MPPT method at step changes in the
temperature and/or membrane water content.
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