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Abstract: Recently, the concept of green building has become popular, and various renewable
energy systems have been integrated into green buildings. In particular, the application range
of fuel cells (FCs) has become widespread due to the various government plans regarding green
hydrogen energy systems. In particular, proton exchange membrane fuel cells (PEMFCs) have
proven superiority over other existing FCs. However, the uniqueness of the operating maximum
power point (MPP) of PEMFCs represents a critical issue for the PEMFC control systems. The
perturb and observe, incremental conductance/resistance, and fuzzy logic control (FLC) represent
the most used MPP tracking (MPPT) algorithms for PEMFC systems, among which the FLC-based
MPPT methods have shown improved performance compared to the other methods. Therefore,
this paper presents a modified FLC-based MPPT method for PEMFC systems in green building
applications. The proposed method employs the rate of change of the power with current (dP/dI)
instead of the previously used rate of change of power with voltage (dP/dV) in the literature. The
employment of dP/dI in the proposed method enables the fast-tracking of the operating MPP with
low transient oscillations and mitigated steady-state fluctuations. Additionally, the design process
of the proposed controller is optimized using the enhanced version of the success-history-based
adaptive differential evolution (SHADE) algorithm with linear population size reduction, known
as the LSHADE algorithm. The design optimization of the proposed method is advantageous for
increasing the adaptiveness, robustness, and tracking of the MPP in all the operating scenarios.
Moreover, the proposed MPPT controller can be generalized to other renewable energy and/or
FCs applications. The proposed method is implemented using C-code with the PEMFC model
and tested in various operating cases. The obtained results show the superiority and effectiveness
of the proposed controller compared to the classical proportional-integral (PI) based dP/dI-based
MPPT controller and the classical FLC-based MPPT controller. Moreover, the proposed controller
achieves reduced output waveforms ripple, fast and accurate MPPT operation, and simple and
low-cost implementation.

Keywords: fuzzy logic control; green buildings; LSHADE optimization algorithm; maximum power point
tracking (MPPT); optimized FLC; proton exchange membrane fuel cells (PEMFCs); renewable energy
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1. Introduction

The energy crisis and climate changes have pushed the urgent need for energy transi-
tion and installing alternative energy sources instead of conventional fossil fuel sources [1,2].
In this context, renewable energy sources (RESs) have been adopted globally in government
ambitious plans to replace the wide extent of the environmental pollutant fossil fuel-based
generation systems [3–5]. Moreover, for building scales, RESs have found extensive instal-
lation with increased motivations for citizens to contribute more energy transition plans [6].
This, in turn, has reshaped the power system structures and the energy supply for buildings,
and hence green building concepts have been widely used. In green buildings, energy
storage devices are essential for achieving continuous power supply, regardless of the
intermittent properties of RESs. This is due to the fact that output power from RESs varies
with the ambient conditions, such as solar irradiance, wind speed, temperature, etc. [7].

Several technologies of energy storage devices have been integrated with RESs in
green buildings [8]. With the possibility of generating green hydrogen through utilizing
RESs power, hydrogen fuel cells (FCs) are getting wider concerns, and applications [9,10].
FCs represent electrochemical devices that combine hydrogen and oxygen gases for elec-
tricity generation. Compared with other storage devices, FCs are advantageous at being
highly-reliable, highly-efficient, noise-free, and capable of pollution elimination from the
environment. The main technologies of fuel cells are alkaline FCs, molten carbonate FCs,
proton exchange-membrane FCs (PEMFCs), direct methanol FCs, phosphoric acid FCs, and
solid-oxide FCs [11–13].

The PEMFC systems represent lightweight FCs with low temperature, fast start-up,
and high-power density solutions. This, in turn, makes PEMFCs more popular, with
high performance for vehicular and residential applications [14,15]. However, output
characteristics of PEMFCs are nonlinear and they depend on several factors, such as
temperature, partial pressures of oxygen, hydrogen, and the membrane’s water content [16].
Their characteristics show that outputted power-current curves of PEMFCs possess a unique
point for operation at maximum output power from the PEMFC. This point is referred to as
the maximum power point (MPP) operation for each operating condition set. Continuous
tracking of MPP is essential to maximize useful power from PEMFCs and hence better
operating efficiency. The responsible controller for achieving this objective is the MPP
tracking (MPPT) algorithm [17,18]. The MPPT control can guarantee the extraction of
maximum power at each operating point, whereas the energy management controller
of the whole power system is responsible for the maximum energy optimization of its
connected elements.

In the literature, several control methods have been proposed for MPPT control of
PEMFCs. The well-known perturb and observe (P&O) MPPT controller has found wide
application with simple and low-cost implementation [19,20]. However, P&O-based MPPT
compromises the tracking speed with steady-state oscillations. Other MPPT schemes have
been introduced to get over the limitations of P&O MPPT scheme, such as incremental
conductance MPPT (INC) and incremental resistance MPPT (INR) methods in [21–23]. They
have achieved a faster tracking speed with reduced steady-state oscillations. A modified
version based on non-integer INC has been proposed in [24] with a wider operating range
and non-constant step size. An artificial neural network (ANN)-based INC MPPT scheme
has been proposed for improving the output power performance of PEMFCs [25]. The
JAYA-based optimized MPPT controller has been introduced for grid-tied hybrid microgrid
systems [26]. The extremum seeking with PID cascaded controller has been proposed for
MPPT in [27], whereas a particle swarm optimizer (PSO) has been employed for optimally-
determining PID parameters. Another salp swarm optimizer algorithm (SSA) has been
presented in [28] for PID parameters’ optimization. A grey-wolf optimization (GWO)
algorithm has been proposed in [29] for MPPT control of PEMFC with considered variable
conditions of operation. The reference tracking in this method is based on using the dP/dI
slope for achieving faster response. Additional optimized PID two-loop MPPT control
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methods have been proposed in [30] using a sine-cosine optimizer algorithm (SCA) and
in [31] using an ant-lion optimization (ALO) algorithm.

To achieve improved performance, fuzzy logic controllers (FLCs) have been introduced
for MPPT control using variable step size and higher freedom in their design [32–34]. FLC
MPPT methods employ a single loop without the need for PID controllers [35,36]. Moreover,
FLC has shown improved performance in several photovoltaic (PV) applications [37–39]. A
hybrid INC with an FLC has been proposed in [40] to combine both benefits. Comparisons
between the performance of Sugeno-based and Mamdani-based FLC MPPT schemes have
been presented in [41]. The asymmetrical design of input/output membership functions
(MFs) FLC using firefly optimizer has shown better performance at MPPT control [42].
The Mamdani-based FLC MPPT scheme has been proposed in [43] and compared with
PSO algorithm-based MPPT control. Moreover, several MPPT control schemes have been
proposed based on an ANN [25] and adaptive neuro-fuzzy inference systems (ANFIS) [44].
An ANFIS MPPT controller has been introduced in EVs applications [45]. Moreover, a
neural network MPPT control algorithm has been presented for PEMFC applications [46].
However, several challenges exist for existing MPPT control schemes in PEMFC applica-
tions, including the tracking speed, steady-state oscillations, implementation requirements,
number and cost of sensors, and extracted power maximization.

The contribution of this paper is different from the above-mentioned FLC-based MPPT
methods, such as in [36]. The proposed method in this paper employs the rate of change of
the power with current (dP/dI) as input for the FLC method, whereas the method in [36] is
based on using the rate of change of power with voltage (dP/dV), which is very sensitive
to PEMFC voltage variations. Therefore, faster and more precise tracking can be obtained
by using the dP/dI in the proposed method instead of using dP/dV in [36]. In addition,
the proposed dP/dI based design achieves MPPT operation with lower oscillations during
transients with high mitigation of steady-state fluctuations.

It is clear that FLC-based control methods add more freedom to the design of MPPT
in PEMFC applications. The freedom in their design comes from the flexibility to select
input/output MFs’ shapes, types, boundaries, and points locations. Therefore, this paper
proposes the FLC MPPT control method for PEMFC applications by employing the rate of
change of the power with current (dP/dI) instead of the previously used rate of change of
the power with voltage (dP/dV) in classical LFC methods. The main contributions of this
paper are as follows:

• A new FLC MPPT control method for PEMFCs is proposed in this paper for maximiz-
ing energy extraction in green buildings. The proposed FLC MPPT method employs
the rate-of-change of PEMFC power with current (dP/dI) instead of the widely-used
rate of change of the power with voltage (dP/dV) in the classical FLC MPPT method.
Employing dP/dI in the proposed method enables the fast-tracking of MPPT control
with reduced steady-state power oscillations.

• An improved design method for FLC MFs is presented in the proposed modified
FLC MPPT method. The proposed FLC design adds more flexibility in designing
input/output MFs through the proper selection of their shapes, type, boundaries, and
locations of points.

• A new application of an enhanced version of success-history-based adaptive differ-
ential evolution (SHADE) with linear population size reduction, known as LSHADE
algorithm, for simultaneous determination of FLC design parameters in the proposed
MPPT method. The proposed optimization process enables higher adaptiveness,
robustness, and MPPT control for the whole range.

The paper is organized as follows: Section 2 overviews PEMFC in green buildings
and power converter structure. Section 3 details PEMFC modeling and characteristics.
The classical FLC MPPT method is presented in Section 4. Section 5 presents the newly
proposed FLC method and LSHADE optimization method. The obtained results and
comparisons are presented in Section 6. Finally, the paper’s conclusions are provided in
Section 7.
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2. PEMFC in Green Building
2.1. Overview of General Structure

Recently, the concept of green building has become more popular with government
plans to accelerate the energy transition to RESs. Figure 1 shows a general structure of
green buildings with its main components. It includes green RESs to supply the connected
loads based on their generated power and demanded loads. It also includes energy
storage systems (ESSs). However, RESs suffer from their variable output power with
ambient conditions. Therefore, energy storage devices and energy reserve supplies have
become essential components for preserving continuous power supply for the demanded
loads. Among the utilized components, PEMFCs represent an important part of the global
concerns of green hydrogen production. The main benefits of PEMFC are their fast response,
fast start-up, lightweight, low operating temperature, and high power density. Therefore,
PEMFCs can be proper solutions for vehicular and residential applications.

Energy storage 

systems

Distribution grid 

with conventional 

sources 

Renewable energy 

sources

Loads 
PEMFCs

Figure 1. Overview of the green building structure with PEMFCs.

2.2. PEMFC Power Conversion System

The MPP continuous tracking is essential for maximizing energy extraction of PEMFC
at various expected operating points. There are two main factors behind the need for
continuous MPPT with their variations, including the membrane’s water content and
temperature. For actuating MPPT control, the use of a boost DC–DC power electronic
converter is preferred in literature for performing both MPPT control and boosting the low
PEMFC voltage. The circuit structure of the PEMFC power conversion system is shown
in Figure 2 for green building integration. The phase-locked loop (PLL) is employed for
the grid-side synchronization of the DC–AC inverter system. It uses the measured grid
voltage to generate the reference current waveform for the grid-side current controller.
Hence, the inverter synchronization with the grid can be guaranteed. The boost converter
possesses continuous (CCM) and discontinuous (DCM) conduction operating modes based
on the desired design. Due to the high output PEMFC power, the CCM is selected in this
paper for the boost converter design. The CCM is advantageous at preserving continuous
PEMFC output current and preserving high efficiency at high output current. Additionally,
the boosting factor of PEMFC voltage depends on the applied duty cycle D of the boost
converter [34]. The MPPT controller adjusts the value of D based on the operating point of
the PEMFC system. The boost output voltage Vout is related with the PEMFC input to the
boost VFC as follows:

Vout = VFC
1

1− D
(1)
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Figure 2. The PEMFC power conversion and MPPT system.

3. Mathematical Representations of PEMFC Model

The PEMFC is composed of an anode, a cathode, and proton exchange membranes
(PEMs). Usually, PEMs are made of the Nafion, which possesses the ability to effectively
transfer protons [9]. A PEMFC involves three parts: the anode, the cathode, and the proton
exchange membrane (PEM). The anode is located on one side of the PEM, whereas the
cathode is located on the other side. Figure 3 shows the main structure of PEMFCs. The
diffusion-based layer and the catalyst-based layer of the electrode achieve triple phase
boundaries of the electrochemical reactions, including reactions for oxidation of the hydro-
gen and the reduction of oxygen [9]. In particular, the overall representation of PEMFC
operation mechanisms can be expressed at the anode, and cathode sides, respectively
as [15]:

H2 −→ 2H+ + 2e−, at the anode side (2)

2H+ + 2e− +
1
2

O2 −→ H2O, at the cathode side (3)

H2 

Heat 

O2 

H2O 

Anode

Reaction 

eq. (2)

Cathode

Reaction 

eq. (3)

Proton 

Exchange 

Membranes

H
+
 

H
+
 

Load

2e
-
 2e

-
 

Figure 3. The main structure of PEMFCs.

The total chemical reactions are expressed as:

H2 +
1
2

O2 −→ H2O, at the cathode side (4)

The employed PEMFC mathematical representations are programmed using Matlab
Simulink 2021a considering the factors affecting PEMFC output, such as the Nernst voltage,
activation term, concentration term, and ohmic losses term as follows:
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3.1. Representation of Gas Transport Dynamics

The flow of gas through the PEMFC valve is dependent on partial pressures of hydro-
gen and oxygen as follows [22,27]:

qH2

PH2

=
kan√
MH2

= KH2 (5)

qO2

PO2

=
kan√
MO2

= KO2 (6)

where qH2 , and qO2 stand for hydrogen’s and oxygen’s molar flows, respectively, whereas,
KH2 , and KO2 are their molar constant, respectively (in (kmol(atm s)−1)). Additionally,
PH2 , and PO2 stand for hydrogen’s and oxygen’s partial pressures (in atm), kan is valve
constant at the anode, and MO2 and MH2 denote to oxygen’s and hydrogen’s molar mass,
respectively. The partial pressure’s derivative is calculated as [22]:

dPH2

dt
=

RT
Van

(qin
H2
− qout

H2
− qr

H2
) (7)

where, R stands for universal gas’s constant, T stands for the temperature in degrees Kelvin,
and Van stands for anode’s volume. Further, qin

H2
and qout

H2
are hydrogen’s flow rates at the

input, and output, respectively, and qr
H2

stands for reacted hydrogen’s flow rate, which is
calculated as:

qr
H2

=
NFC IFC

2F
= 2kr IFC (8)

where, NFC stands for number of the series connected PEMFCs, IFC is PEMFC output
current, F stands for Faraday constant, and kr stands for modelling constant. The instanta-
neous hydrogen and oxygen partial pressures are obtained through solving (5), and (6) for
hydrogen as:

PH2(t) =
1

kH2

(2kr IFCe(−t/τH2 ) + qin
H2
− 2kr IFC) (9)

In which, H2 is calculated as:

τH2 =
Van

kH2 RT
(10)

In the same way, oxygen’s partial pressure can be derived as:

PO2(t) =
1

kO2

(2kr IFCe(−t/τO2 ) + qin
O2
− kr IFC) (11)

In which, O2 is calculated as:

τO2 =
Van

kO2 RT
(12)

It is shown that the current IFC is related to hydrogen’s partial pressure as in (9),
whereas IFC is related to oxygen’s partial pressure as in (11).

3.2. Polarization Curve Representation

The characteristics of PEMFCs possess three principal terms, including power loss
term, activation term Vact, ohmic term Vohm, and concentration term Vcon. The PEMFC stack
terminal voltage VFC is as follows:

VFC = NFC ×Vcell = NFC × (ENernest −Vact −Vohm −Vcon) (13)
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where ENernest stands for PEMFC Nernest voltage, which is expressed as:

ENernest = 1.229− 8.5× 10−4(T − 298.15) + 4.385× 10−5T(ln PH2 + 0.5 ln PO2) (14)

Further, the activation loss term is expressed using the model from [27] as:

Vact = −[ ξ1 + ξ2T + ξ3T ln (CO2) + ξ4T ln (IFC)] (15)

where, ξ1, ξ2, ξ3, ξ4 stand for parametric coefficients, and CO2 stands for the concentration
level of the dissolved oxygen in gas/liquid interfaces. It is represented as:

CO2 =
PO2

(5.08× 106)× exp (−498/T)
(16)

Moreover, ohmic loss term Vohm is produced due to the membrane’s resistance Rm.
And it is calculated as:

Vohm = IFCRm (17)

In which the calculation of Rm is made as:

Rm =
rml
A

(18)

where, rm stands for membrane’s resistivity to proton’s conductivity, l stands for mem-
brane’s thickness, and A represents active area of PEMFC. The membrane’s resistivity rm is
highly dependent on the membrane’s temperature and humidity. It is calculated as [22]:

rm =
181.8[ 1 + 0.03( IFC

A ) + 0.0062( T
303 )(

IFC
A )2.5)]

[ λm − 0.634− 3( IFC
A ) exp (4.18 T−303

T )]
(19)

where, λm stands for membrane’s water content. Additionally, concentration loss term
Vcon is produced through the concentration gradient consumption of reactants. It can be
expressed as:

Vcon =
RT
nF

ln (1− IFC
Imax A

) (20)

where, n stands for participated electrons number during reactions, and Imax stands for
maximum current value. The total outputted power generation from PEMFC FC stack PFC
is as follows:

PFC = VFC IFC (21)

3.3. PEMFC Model Characteristics

The implemented model of PEMFC using the Matlab program is tested to study vari-
ous PEMFC characteristics with various expected operating points based on the model data
in [27]. Figure 4 shows the PFC-IFC and VFC-IFC curves at different expected temperatures,
and constant value of water content (λm = 12). In addition, Figure 5 shows PEMFC curves
variations with water content values at a constant temperature of T = 343 K. It is clear
that each operating point possesses a unique point that is capable of outputting maximum
power from the PEMFC. Thence, it is essential preserving PEMFC operation continuously
at this point to maximize its energy output. This, in turn, creates an essential need for
developing highly efficient MPPT control methods for PEMFCs, and that will be the main
focus of this paper.
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Figure 4. Modeled PEMFC curves at temperature variations with a constant value of water content
(λm = 12); (a) PFC-IFC; (b) VFC-IFC.
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Figure 5. Modeled PEMFC curves at water content variations with constant temperature value
T = 343 K; (a) PFC-IFC; (b) VFC-IFC.
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4. Conventional FLC MPPT

As surveyed in the introduction section, FLC-based MPPT controllers can enhance
PEMFC performance, and output power quality [34]. There are three principal stages
within FLC as follows:

1. Fuzzification stage: The crisp inputted variables are converted into linguistic labels
based on the predefined membership functions (MFs) of input variables. The ob-
tained linguistic labels are utilized in this first step to represent the fuzzy inputs for
generating verbal decisions.

2. Fuzzy inference engine: The fuzzy-based interface engine uses fuzzy inputs through
the if–then rule concept for generating fuzzy outputs.

3. Defuzzification: The conversion of obtained fuzzy outputs is made into crisp val-
ues [47]. In MPPT FLC applications, the two input variables are employed for gener-
ating one output variable to operate the boost power converter system at the desired
MPPT operating point.

The FLC stages for classical MPPT applications are shown in Figure 6. The input side
variables are defined as:

E(k) =
dPFC
dVFC

=
PFC(k)− PFC(k− 1)
VFC(k)−VFC(k− 1)

(22)

∆E(k) = E(k)− E(k− 1) (23)

where E(k) stands for the error signal represented by slope changes of PFC-VFC curves
at the current sampling instant (k), ∆E(k) stands for change in error between (k)th and
(k + 1)th samples, PFC(k) and VFC(k) stand for sampled PEMFC power and terminal
voltage, respectively, and PFC(k− 1) and V − FC(k− 1) are their (k− 1) sampled signals.
Thus, the outputted signal of FLC is the value of increment/decrements in the boost
converter’s duty cycle ∆D(k). The duty cycle of each sample step is generated using the
output of FLC ∆D(k) and the stored duty cycle from (k− 1) sampling instant. It can be
represented as:

D(k) = ∆D(k) + D(k− 1) (24)

Detailed design and implementation theory about FLC-based MPPT control can be
found in [35,41,48].

FLC in 1

FLC in 2

Fuzzification

Fuzzy Interface 

Engine

Defuzzification

)k(dI/dPE

)k(dI/dPEΔ

Δ D(k)

FLC out

If ……, Then ………

If ……, Then ……...

Fuzzy Rules

Figure 6. The principal stages in FLC MPPT structure.

5. Proposed dP/dI Based FLC MPPT Method
5.1. Operating Principle

As observed in Figures 4 and 5, each operating point of PEMFC possesses a unique
point with achieving maximum power extraction of PEMFC. With the variations in the
operating point, continuous tracking of the unique point of the current operating point
through adjusting the duty cycle of the boost power converter is actuating the MPPT
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control strategy. Moreover, the figures of PFC-IFC show their nonlinear behavior with
operating point variations. In classical FLC-based MPPT control, the slope of dP/dV is
employed for representing the error input variable of FLC. However, the variations of
dP/dV are sensitive to the small variations of the terminal voltage of PEMFC with different
operating conditions.

The proposed modified FLC MPPT method is based on the fact that MPPT can be
achieved when the slope of dP/dI equals zero instead of dP/dV in the classical FLC MPPT
method. This, in turn, improves the tracking performance of MPPT due to the use of dI
variations instead of dV variations. The dI variations are high and hence can provide
a better determination of MPPT with operating points variations compared to very low
variations of dV with operating points. Therefore, the oscillatory performance of classical
methods around maximum power point is eliminated using the proposed modified FLC
MPPT method for PEMFCs.

Thenceforth, feedback based on dP/dI is employed in the proposed MPPT method
to implement the inputs of the FLC method. At the MPPT operating point, dP/dI = 0,
it is thence considered a uniform setting point independent from operating conditions.
The proposed MPPT controller would generate duty cycle control of the boost DC–DC
converter based on tracking the dP/dI = 0 with variations in membrane water content
and temperature. Each deviation for a maximum power point is reflected on the value
of the dP/dI value, which represents the main input for the proposed FLC method. It is
responsible for generating proper control signals for the boost converter to guarantee stable
MPPT control. The proposed FLC MPPT method continues the variation of the duty cycle
until the best output power is reached, and hence the slope dP/dI = 0.

5.2. Controller Structure

As stated above, the dP/dI = 0 is used as criteria for MPPT in the proposed modified
FLC MPPT method for PEMFCs. The stages of the proposed FLC are the same as the
classical FLC structure shown in Figure 6. The two inputs for the proposed FLC can be
expressed as follows:

EdP/dI(k) =
dPFC
dIFC

=
PFC(k)− PFC(k− 1)
IFC(k)− IFC(k− 1)

(25)

∆EdP/dI(k) = EdP/dI(k)− EdP/dI(k− 1) (26)

Figure 7 shows the main components of the proposed FLC MPPT structure with input
and output variables. The shapes of input and output variables of FLC-based MPPT of
PEMFCs are shown in Figure 8 without an optimization process. Afterward, the design of
fuzzy rules is made, which are responsible for proper operation management and adequate
decisions by the proposed FLC MPPT method. Each input/output possesses seven different
MFs, wherein three levels of them are positive (PS−L3, PS−L2, and PS−L1), one level is
zero (ZR−L0), and three levels are negative (NG−L3, NG−L2, and NG−L1). The designed
rules of the proposed method are shown in Table 1.

Table 1. The designed rules of the proposed FLC MPPT method.

Input ∆E

MFs NG−L3 NG−L2 NG−L1 ZR−L0 Pos−L1 Pos−L2 PS−L3

NG−L3 NG−L3 NG−L3 NG−L3 NG−L3 NG−L2 NG−L1 ZR−L0

NG−L2 NG−L3 NG−L3 NG−L3 NG−L2 NG−L1 ZR−L0 PS−L1

NG−L1 NG−L3 NG−L3 NG−L2 NG−L1 ZR−L0 PS−L1 PS−L2

ZR−L0 NG−L3 NG−L2 NG−L1 ZR−L0 PS−L1 PS−L2 PS−L3

PS−L1 NG−L2 NG−L1 ZR−L0 PS−L1 PS−L2 PS−L3 PS−L3

PS−L2 NG−L1 ZR−L0 PS−L1 PS−L2 PS−L3 PS−L3 PS−L3

E

PS−L3 ZR−L0 PS−L1 PS−L2 PS−L3 PS−L3 PS−L3 PS−L3
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VFC (k) 

Z -1

Z -1

Z -1

IFC (k) 
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PFC (k-1) 

Δ IFC (k) 

IFC (k-1) 

IFC (k) 

EdP/dI (k) 

EdP/dI  (k-1) 

ΔdP/dIE (k) 
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Sawtooth 

Signal 

To Gate 

Driver

Δ D (k) 
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dP/dI Calculations

FLC and PWM

Figure 7. The implementation of the proposed FLC MPPT structure and its main components.

NG_L3

1X 2X 3X 4X 5X 6X

X

NG_L2 NG_L1 ZR_L0 PS_L1 PS_L2 PS_L3

XLB

dI/dPE

XUB

(a)

1Y 2Y 3Y 4Y 5Y 6Y

Y

dI/dPEΔ

NG_L3 NG_L2 NG_L1 ZR_L0 PS_L1 PS_L2 PS_L3

YLB YUB

(b)

1Z 2Z 3Z 4Z 5Z 6Z

Δ D

NG_L3 NG_L2 NG_L1 ZR_L0 PS_L1 PS_L2 PS_L3

ZLB ZUB

(c)

Figure 8. Input/output MFs with a seven level design; (a) Input E(k); (b) Input ∆E(k); (c) Output
∆D(k).



Energies 2023, 16, 1197 12 of 23

5.3. FLC MPPT Design Optimization

The tracking performance of FLC MPPT schemes for a PEMFC is highly dependent
on the designated and selected upper/lower boundaries of input/output MFs. Moreover,
proper tuning for input/output boundaries and inherent points of each variable is also
essential. Therefore, design optimization and parameter determination are proposed in
this paper using the LSHADE optimizer algorithm. The proposed FLC design optimization
approach provides optimized shape and scaling for each input/output MF in FLC.

The optimization procedure of FLC provides higher freedom in the MFdesign by
optimally determining the shape and scaling factor for each input/output MFs. The
freedom in design procedures in the proposed FLC method is shown in Figure 9a for
EdP/dI(k). Assuming a symmetrical design of FLC MFs, there will be a total of six tunable
locations in each MF (X1∼X6). The optimum values of MF points provide more flexibility
and power to optimize the designed fitness function with the employment of an LSHADE
optimizer. Two different values of MF points are illustrated in Figure 9b,c. The figures show
the different possible optimized designs of FLC MPPT methods. The points are optimally
determined using the LSHADE optimizer in the proposed method.

1X 2X 3X 4X 5X 6X

E

NG_L3 NG_L2 NG_L1 ZR_L0 PS_L1 PS_L2 PS_L3

(a)

1X 2X 3X 4X 5X 6X

E

NG_L3 NG_L2 NG_L1 ZR_L0 PS_L1 PS_L2 PS_L3

(b)

1X 2X 3X 4X 5X 6X

E

NG_L3 NG_L2 NG_L1
ZR_L0

PS_L1 PS_L2 PS_L3

(c)

Figure 9. Design optimization of MFs points; (a) Original MF of EdP/dI(k); (b) Optimized MF design
case 1; (c) Optimized MF design case 2.
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The main structure of the proposed LSHADE-based FLC design optimization approach
is shown in Figure 10. The fitness function of the proposed design optimization process
is determined by the proper reaching of MPPT with high speed for the tracking process.
Thence, the shape and scaling factors are optimally tuned for the input/output MFs to
achieve the above-mentioned objectives. In the proposed method, the fitness function is
calculated using the integral squared-error (ISE) criteria [49]. It is expressed as:

ISE =
∫ Tsim

t=o
(∆EdP/dI(k))2 (27)

where Tsim stands for simulation stop time for the evaluation process of the fitness function.
During the optimization process, the principal goal for the LSHADE optimizer is the
simultaneous determination of optimum points combinations for the input/output MFs
to minimize the fitness function (error signal using EdP/dI) during the simulation time.
For the proposed method, the widely used min-max FLC scheme is applied, whereas the
defuzzification stage is implemented by using the centroid of the area-based method.

ΔEdP/dI(k) 

EdP/dI(k) 

Δ D (k) Measurements 

and 

Calculations

PWM

Stage

Proposed LSHADE Based Optimization 

Algorithm

Objective 

Function
1X

2X 7X
1Y

2Y 7Y

1Z

2Z7Z

Boost

dc/dc

Converter

1X 2X 3X 4X 5X 6X

XXLB

1Y 2Y 3Y 4Y 5Y 6Y

Y

dI/dPE

dI/dPEΔ

1Z 2Z 3Z 4Z 5Z 6Z

Δ D

XUB

YLB YUB

ZLB ZUB

Figure 10. The main structure of the proposed LSHADE-based FLC design optimization approach.

5.4. LSHADE-Based Design Optimization

Differential evaluation-based optimizers (DE) have been presented by Storn et al. [50]
for the purpose of solving various optimization problems. They rely on main parame-
ters, including scaling factors and crossover rates. The DE-based optimization algorithms
are capable of adjusting their scaling factors and crossover rates based on the parame-
ters’ chronological data [51]. Awad et al. have suggested an LSHADE–EpSin optimizer
algorithm based on ensembling two sinusoidal-based adaptation techniques [52]. The
best solution is obtained by achieving a high speed of convergence. The LSHADE–EpSin
optimizer algorithm is outlined as [53]:

Initialization Stage:
Each element h is initiated for each variable k through the adjustment of its values

within the upper xU
k , and lower xL

k boundaries arbitrarily as:

x(0)kh = xL
h + randkh[0, 1]× (xU

h − xL
h ) (28)

where, k = {1, 2, 3, . . . , NP} , h = {1, 2, 3, . . . , Nd}, and Nd stands for number of variables.
Mutation Stage:
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For each of generations u, mutation generates donor vector v(u)k , based on the known
‘current-to-pbest/1’ mutation method expressed as:

vu
k = x(u) + SF(u)

k × (x(u)pbest − x(u)x ) + SF(u)
k × (x(u)

tk
1
− x(u)

tk
2
) (29)

where, x(u)pbest stands for best individual within current generations u, and SF(u)
k representing

scaling factor.
Parameters Adaptation Stage:
This stage includes two different processes based on dividing the iterations (umax)

into two parts. In the first part of (umax), modification of SF is made by applying two
ensembled sinusoidal methodologies, including adaptive and non-adaptive sinusoidal
schemes. One of the two sinusoidal methodologies is arbitrarily selected when adjusting
SF as:

SF(u)
k = 0.5× (sin(2π f reqk)× u + π)× ( u

umax ) + 1), ∀u ≤ umax

2
(30)

f reqk = randc(µ f reqrk, 0.1) (31)

where, f req has fixed value, whereas f reqk has adaptive value. Their modifications are
made through their corresponding previously-stored knowledge as:

SF(u)
k = randc(µSFrk, 0.1), ∀u > umax

2
(32)

CR(u)
k = randn(µCRrk, 0.1), ∀u > umax

2
(33)

where, µSFrk and µCRrk represent mean of successful values for SF and CR, respectively,
and they are stored from previous generations in M.

As in the original LSHADE algorithm, if the generated values of SF and CR were
successful at obtaining a vector that is better than x(u)k , the values could be stored within
SSF and SCR, respectively, whereas q stands for the index controlling the position for the
following best value. It is increased by one after better new values of SF, and CR are stored.
Additionally, update of µSFrk, and µCRrk is made through the weighted-Lehmer mean
(meanL) as:

µSF(u+1)
rq = meanL(SSF) (34)

µCR(u+1)
rq = meanL(SCR) (35)

Crossover Stage:
In this stage, the construction of vector Y(u)

k is made by combining x(u)kh with v(u)kh
elements according to crossover probability of the assignments. The probability of crossover
assignments is controlled through CR(u)

k , which is previously calculated. Elements in Y(u)
k

can be combined as:

Y(u)
k =


v(u)kh , h = hrand

v(u)kh , randkh[0, 1] ≤ CR(u)
k

x(u)kh , Otherwise

(36)

where, hrand is randomly-selected from D.
Population Reductions Stage:
A linear strategy is selected for population size, and it is implemented within the

LSHADE algorithm for properly selecting the best population size as:

NP(u+1) = round{(NPmin−NPinitial
NFmax

)× NF + NPinitial} (37)

where NPinitial stands for initial population size, NF, and NFmax represent the current
number of fitness function evaluations and maximum value, respectively. In the LSHADE
algorithm, NPmin is set at four due to the requirements of implemented mutation strategy.
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At the uth generation, if individuals NP(u+1) < NP(u), NP(u+1) − NP(u) with worst fitness
function values were eliminated from populations. The set parameters of implemented
LSHADE algorithm were made according to the original LSHADE algorithm’s parameters
from [53]. The diagram of the whole design optimization process is shown in Figure 11,
and the associated pseudo-code of the LSHADE optimizer is shown in Figure 12.

Figure 11. The stages of proposed LSHADE-based FLC design optimization.

Figure 12. The stages in the pseudo-code of the LSHADE optimizer algorithm.
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6. Results, Discussions, and Performance Comparisons

The Matlab program is used for simulating and implementing the proposed FLC
MPPT control and optimization process. The FLC is programmed using C-code to facilitate
the optimization process. Table 2 shows the main parameters and specifications of the
utilized PEMFC model in the selected system case study based on the model data in [27]. In
the tested PEMFC system, PEMFC represents the input-side source, boost power converter
operating at 20 kHz of PWM switching frequency. The boost DC–DC inductor is 0.5 mH,
and output-side capacitor is 500 µF in the designed system. The tested scenarios are
as follows:

• Scenario 1: Step decrease in membrane water content λm and constant temperature T.
• Scenario 2: Step increase in λm and constant T.
• Scenario 3: Step decrease in T and constant λm.
• Scenario 4: Step increase in T and constant λm.
• Scenario 5: Inrush conditions.

Table 2. The specifications and parameters of PEMFC in the studied system.

Parameter Value

T 343 (K)
l 0.0178 (cm)
A 232 (cm2)
n 2

NFC 35
Imax 2.00 (A cm−2)
kr 9.07× 10−8 (J (mol K)−1)
F 96,484,600 (C (kmol−1)
R 8.31447 (J (mol K)−1)

qin
H2

10× 10−5 (kmol (S)−1)
qin

O2
5× 10−5 (kmol ( S)−1)

kO2 2.11× 10−5 (kmol (atom S)−1)
kH2 4.22× 10−5 (kmol (atom S)−1)
ξ1 0.944
ξ2 0.00354
ξ3 7.8× 10−8

ξ4 −1.96× 10−4

6.1. Scenario 1: Step Decrease in λm and Constant T

In this scenario, the proposed MPPT is compared with classical FLC and dP/dI based
PID MPPT method at a step change in membrane water content λm. A step change decrease
is made in λm from 13 to 10 as shown in Figure 13a, whereas the temperature T is kept
constant at 343 K. The obtained results are shown in Figure 13. Figure 13b illustrates
PEMFC output power comparisons in this scenario. Although the three studied MPPT
algorithms can reach MPP at a steady state, they differ in their transient response. It can
be seen that the proposed method achieves faster MPPT with reduced undershoot value,
whereas the classical FLC MPPT achieves lower performance than the proposed method,
which verifies the benefits of using the dP/dI in the proposed method instead of dP/dV
in the classical FLC method. The dP/dI with PID control achieves the worst response in
terms of tracking time and peak undershoot value. The incorporation of an optimized FLC
with dP/dI for MPPT merges the benefits of both parts. This is reflected in the comparison
results of the three studied methods. Figure 13c,d show the PEMFC output voltage and
current response in this scenario, respectively. It is worth noting that the classical FLC
achieves high oscillations in voltage and current, which is reflected in a reduced lifetime
of PEMFC with continuous operation. On the other side, the proposed method achieves
smooth voltage and current responses, which can lead to the lifetime extension of PEMFCs.
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(a) (b)

(c) (d)

Figure 13. Results and comparisons at scenario 1: (a) λm; (b) PFC; (c) VFC; (d) IFC.

6.2. Scenario 2: Step Increase in λm and Constant T

In this scenario, the three MPPT controllers are compared with a step change increase
in λm from 10 to 13 as shown in Figure 14a, whereas T is kept constant at 343 K. The
comparison results are demonstrated in Figure 14. The output power comparisons are
shown in Figure 14b. At the same time, the output current and voltage comparisons are
outlined in Figure 14c,d, respectively. It is clear that the output power of the proposed
method is smooth without fluctuations. This, in turn, leads to a longer operating lifetime of
PEMFCs using the newly proposed MPPT method. In addition, the output voltage and
current of the proposed method behave in a smooth way without overshooting and without
oscillations in transients and steady state. Thence, more stable operation of the power
converter systems can be achieved using the proposed method compared with the other
studied methods. In contrast, the classical dP/dV based FLC MPPT has high oscillations
and overshoot value in this case. This, in turn, confirms the superior performance of the
proposed FLC method over classical FLC and PID-based MPPT.

6.3. Scenario 3: Step Decrease in T and Constant λm

Moreover, the three methods are compared at a step decrease in the temperature T
from 343 to 333 K as shown in Figure 15a, and λm is kept constant at 13 in this scenario.
The obtained results are shown in Figure 15. The output power comparison is presented
in Figure 15b for this scenario. It can be seen that the fastest response is obtained using
the proposed method. The classical FLC has a notable settling time and oscillations in
the outputted power from PEMFC. Moreover, the dP/dI PID MPPT control has a steep
undershoot value and settling time in this scenario. The FLC improves the performance
of the dP/dI method by employing freedom in its design and design optimization using
the LSHADE method. In addition, it is clear that the employment of dP/dI achieves better
performance than the use of dP/dV for MPPT applications of PEMFCs. From another side,
the voltage and current responses are shown in Figure 15c,d, respectively. The proposed
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method achieves a very smooth response of PEMFC output voltage and current waveforms
without oscillations or peak overshoots.

(a) (b)

(c) (d)

Figure 14. Results and comparisons at scenario 2: (a) λm; (b) PFC; (c) VFC; (d) IFC.

(a) (b)

(c) (d)

Figure 15. Results and comparisons at scenario 3: (a) T; (b) PFC; (c) VFC; (d) IFC.
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6.4. Scenario 4: Step Increase in T and Constant λm

In this scenario, a step increase is applied to the temperature T from 323 to 343 K as
shown in Figure 16a, while keeping λm constant at 13. Figure 16 shows the obtained results
in this scenario for the proposed method with classical FLC and dP/dI PID MPPT method.
The proposed method and dP/dI PID method achieve improved performance for output
power, voltage, and current outputs from PEMFCs in this scenario. At the same time, the
classical FLC MPPT method achieves the worst response in this scenario compared with
the proposed and dP/dI PID methods. It can be clearly seen that the proposed method is
better than the other studied methods from the literature. The related benefits include the
better stable operation of the PEMFC power conversion system, the prolonged operating
lifetime of PEMFCs, and better extraction of PEMFC power at the whole operating range.

(a) (b)

(c) (d)

Figure 16. Results and comparisons at scenario 4: (a) T; (b) PFC; (c) VFC; (d) IFC.

6.5. Scenario 5: Inrush Conditions

In this scenario, the studied algorithms are compared for inrush conditions based
on the employed PEMFC model. The membrane water content λm is fixed at 12, and the
temperature T is kept constant at 343 K. The obtained results for this scenario are shown in
Figure 17. It can be observed that the proposed method has better inrush characteristics
compared to the other two algorithms. The output power, voltage, and current reach their
steady state without delay or high transients in the proposed method.

6.6. Discussion and Performance Comparison

Table 3 displays a brief performance comparison of the proposed method with featured
MPPT methods from the literature. It is worth mentioning that the P&O-based MPPT
scheme uses a fixed value for step size in the MPPT process, whereas other methods use a
variable step size, which can lead to better performance with variable step size operation.
This can be reflected in the flexibility and freedom in design comparisons between MPPT
methods. The dP/dI PID method has better flexibility than P&O and INC-based MPPT
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methods due to the possibility of tuning PID parameters. On another side, FLC methods
have better flexibility in designing their MFs. The various optimization algorithms can
be adopted for optimum benefit from the flexibilities and freedom in dP/dI PID, classical
FLC method, and proposed FLC methods. This, in turn, can lead to more optimized MPPT
control in these methods. Furthermore, the proposed method achieves reduced oscillations,
low peak overshoot/undershoot values, and shorter tracking time compared with the other
considered methods.

(a) (b)

(c)

Figure 17. Results and comparisons at inrush conditions: (a) PFC; (b) VFC; (c) IFC.

Table 3. Performance comparison of featured controllers.

Control Methods for MPPT in Literature
Criteria

P&O INC dP/dI PID FLC Proposed

Ref. Ref. [19] Refs. [21,23] Ref. [29] Refs. [35,43] Proposed
Step type Fixed Variable Variable Variable Variable
Flexibility Very Small Very Small Medium High Very High

Optimization No No GWO PSO LSHADE
Oscillations High High Medium Medium Very small

Time of MPPT High Very High High Medium Small

7. Conclusions

A modified FLC-based MPPT control scheme is proposed in this paper for PEMFCs in
green building applications. The proposed method uses the dP/dI for implementing the
proposed FLC MPPT instead of dP/dV used in classical FLC MPPT schemes. Moreover,
an optimized design for the proposed FLC MPPT controller is presented in this paper
using the LSHADE optimizer. The proposed FLC MPPT scheme has been simulated and
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compared with the featured MPPT schemes from the literature. The proposed method and
obtained results verify the following benefits:

• The proposed FLC MPPT method achieves faster tracking of the MPP operating point
with reduced oscillations due to employing dP/dI in the FLC design. The proposed
MPPT scheme achieves lower fluctuations and oscillations in the outputted waveforms
from PEMFCs.

• The obtained results show the accurate and fast tracking for the MPP of PEMFCs
using the proposed method in various expected operating scenarios.

• Moreover, low peak overshoot/undershoot values are obtained through applying
the proposed optimized MPPT control scheme at the various studied step change
increase/decrease of temperature and/or the membrane water content.

• Additionally, more flexibility and freedom are obtained from using the FLC with more
possibility for optimally designing its membership functions.

Future research includes additional experimental verification of the proposed method.
It can also consider the unstable state and low power operating range of PEMFCs in
the MPPT design (very low values of membrane water content and temperature). In
addition, the detailed physical characteristics of PEMFCs, inrush, and startup conditions
can be covered.
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