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ABSTRACT Fuel cell (FC) represents one of the promising efficient solutions for future energy supply.
Improving performance and integration methods of FCs via maximum power point tracking (MPPT) and
high boosting factor inverters are key requirements for research in renewable energy fields. Recently,
hybrid FC-battery structures have shown wide applications in several areas. Accordingly, marine predators
algorithm (MPA) is proposed in this article for optimizing the design of reduced sensor fuzzy-logic based
MPPT scheme. The proposed scheme inherits the following benefits: reduced sensors and hence reduced
costs, more flexibility and smooth performance due to fuzzy-logic based MPPT, and optimized design
method of fuzzy-logic based MPPT through MPA method. Moreover, a high boosting ratio inverter is
introduced in this article based on using the switched capacitor multilevel inverter (SCMLI). The proposed
system achieves self capacitor voltage control without complex control or extra sensors. The proposed hybrid
FC-battery system has been validated at various operating points. In addition, comprehensive comparisons
with existing schemes in the literature are provided in the paper. The superiority of the proposed scheme
has been verified with robust, fast and accurate tracking, reduced cost, flexible, simple, and smooth output
waveforms. The proposed method achieves the lowest output power fluctuations with fast tracking speed
compared to the studied classical methods.

INDEX TERMS Battery, fuel cells (FCs), fuzzy logic control, marine predators algorithm, maximum power
point tracking, stand alone applications.

I. INTRODUCTION

Energy represents the keystone driving factor for recent
exhaustive economical worldwide developments through the
reuse of available energy sources [1], [2]. Negative impacts
resulting from fossil fuel-based electricity generation have
induced research concerns for clean renewable genera-
tion sources [3]. The recent advancements and technology
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development of fuel cells (FCs) have lead to progressive
increase in their employment [4]. FCs represent power gen-
eration components, which convert chemical potential to
useful electrical energy. The different classifications of FCs
are made based on the employed electrode type [S]. One
promising kind of FCs is the proton exchange membrane
FC (PEMFC) technology, which possesses improved effi-
ciency [6]. Thence, PEMFCs have been preferred as energy
supply alternatives. The main features of PEMFCs are their
fast operation, the low operating temperatures, no resulting
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contamination, and the higher power efficiencies [7]. How-
ever, nonlinearity exists in the output characteristics of
PEMFCs and unique operating point exists for the maximum
power point (MPP) operation [8].

Recently, MPP tracking (MPPT) schemes have been
widely employed for solving the MPP uniqueness in several
applications [8]. A single MPP exists for each combination of
membrane water content and temperature in PEMFC appli-
cations [7]. Accordingly, MPPT controller has become an
integral component of PEMFCs to continuously operate at
their optimum output power. Several MPPT schemes have
been presented for MPPT control for PEMFCs. The con-
ventional perturb and observe (P&O) MPPT technique has
been widely applied for PEMFC applications [9]. Addition-
ally, the incremental resistance (IR) and incremental conduc-
tance (IC) have been widely selected for MPPT tracking with
PEMEFCs [10]-[12]. In [13], the PEMFC performance has
been improved through the application of variable stepping
size IR and IC schemes. Recently, meta-heuristic optimiza-
tion and learning based schemes are presented for MPPT
control in PEMFCs. In [14], the salp swarm optimizer (SSA)
has been proposed for optimum determination for propor-
tional integral derivative (PID) controller. Another tuning
process for PID MPPT controller using the grey wolf opti-
mization (GWO) scheme has been presented in [15]. Two dif-
ferent MPPT controllers have been introduced in [16] based
on P&O and sine cosine optimization algorithm (SCA). Addi-
tionally, the ant-lion optimization algorithm (ALO) has been
applied with PID control for off-grid FC applications [17].
In [18], the water cycle optimization algorithm has been
proposed to determine the MPPT corresponding PEMFC
voltage, which is tracked using cascaded PID controller. The
dynamic cuckoo search optimization algorithm (DCSA) has
been introduced for directly adjusting the duty cycle duration
of boost DC/DC converter [19]. However, increased number
of sensors is needed in the above-mentioned methods. The
PEMFC current, and voltage measurements are required in
these methods. Furthermore, some methods require addi-
tional temperature sensor for MPPT control.

Additionally, the neural network (NN) based on the radial
basis function network (RBFN) has been proposed in [20].
In [21], artificial NN based on IC has been presented for
enhancing the performance of PEMFCs. The ANFIS based
MPPT technique has been introduced in [22]. The parti-
cle swarm optimizer based MPPT followed by PID con-
troller has been introduced in [23]. Moreover, extremum
seeking methods were employed in literature for determining
the MPP position [24]. Another cascaded stage is added
using PID controller for the tracking process. Fuzzy-logic
control (FLC) based MPPT solutions have been applied
in literature [25], [26]. The performance of MPPT control
can be improved using proper design of FLC [27]. Hybrid
IC-FLC method has been presented in [28]. FLC with opti-
mized design was introduced in [29] for optimizing sys-
tem response. The elitist invasive-weed optimizer (EIWO)
has been utilized for optimum design of FLC in PEMFC
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applications [30]. The hybrid modified shuffled-frog leaping
optimization algorithm (MSFLA) with FLC has been pre-
sented in [31]. Another hybrid BAT algorithm with FLC has
been introduced in [32] for grid tied systems. The differential
evaluation optimizer algorithms (DEOA) based FLC design
was presented in [7] for PEMFC systems. The firefly opti-
mized with asymmetrical FLC has been proposed in [33].
It can be seen from the previous literature review that existing
schemes suffer from one or more of the following issues:
increased number of required sensors, increased complexity,
slow response, complicated implementation requirements,
steady state fluctuations, and/or improper and inaccurate
MPPT control.

From another side, PEMFCs face the issues of low output
terminal voltage [34]. This in turn adds more requirements
for the high boosting converters to integrate them with the
AC loading. Several topologies have been introduced in lit-
erature for solving this issue. The boost DC/DC converter
has been widely used for PEMFCs. Additionally, interleaved
and multi-phase boost converters have been introduced for
PEMFC applications [9], [35]. However, boost converters
suffer from the low boosting factor of voltage. Another
high step-up boost converter has been applied in [36] with
PEMFC. The flyback converter has been proposed in [37]
for FC applications. From another side, the boost DC/DC
converter is used for the MPPT control between the PEMFC
and battery side and it is followed by high gain DC/AC
inverter stage. Among the various existing inverter topolo-
gies, the switched capacitor topologies have shown superior
performance [38]-[40]. They eliminate the need for bulky
inductor and magnetic components, and they achieve very
high boosting factors, and simple control [41], [42]. Thence,
a switched capacitor topology is presented in this article for
hybrid PEMFC-battery standalone systems with high boost-
ing gain.

Motivated by the above-mentioned issues and challenges
in PEMFC stack systems, this article presents an optimized
reduced sensor FLC (ORS-FLC) method for PEMFC applica-
tions. The optimized design of ORS-FLC method is achieved
by the marine predators algorithm (MPA). The main contri-
butions in this papers are:

o An optimized reduced-sensor FLC (ORS-FLC) MPPT
scheme is proposed to achieve enhanced MPPT control
for PEMFC stacks. The proposed ORS-FLC method
employs only the output current sensors. The proposed
method helps in reducing the cost of MPPT control.
In addition, the optimized designs of FLC enables full
utilization of fuzzy logic features.

o New applications for recent marine predators algo-
rithm (MPA) is introduced in this article. The bene-
fits of MPA is integrated with FLC features to provide
enhanced MPPT control for PEMFC stack.

o A high boosting inverter is proposed in this article
for elevating the low outputted voltage from PEMFC
stack. The proposed inverter stage is based on switched
capacitor cells with self balanced capacitor voltages.
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FIGURE 1. The structure and components of hybrid PEMFC-battery
standalone system.

The proposed structure is advantageous for stepping up
the low terminal voltage of PEMFCs to the load voltage
levels.

o A reduced cost hybrid PEMFC-battery standalone sys-
tem with low number of sensors, simple control, opti-
mum design, and high boosting factor is proposed in this
article.

The paper is organized as follows: Section II presents the
hybrid PEMFC-battery stand alone system and its issues.
Section III introduces the mathematical model and MPPT
characteristics of PEMFCs. Section IV details the proposed
ORS-FLC method for PEMFCs MPPT control. The optimiza-
tion problem and methodology are provided in Section 5. The
proposed high boosting inverter is explained in Section VI.
Results and comparisons of proposed ORS-FLC method are
provided in Section VII. Finally, the paper conclusion is
shown in Section VIII.

Il. PEMFC-BATTERY STANDALONE SYSTEM

Fig. 1 shows the structure for the standalone PEMFC-battery
system. The output of PEMFC is fed to the battery side
through DC/DC power conversion circuit. Then, the battery
side is responsible for supplying electrical power to the AC
load side. There are different functionalities that are required
from the various components. The DC/DC power conversion
circuit is responsible for boosting the output of PEMFC to
suitable level for the battery. The outputted terminal volt-
age from the PEMFC is low and hence step-up circuit is
required. Moreover, it is required to operate the PEMFC
at high efficiency. In addition, the battery has to raise its
terminal voltage to suitable level for the AC load or grid side
integration.

The boost converter is selected for the DC/DC power con-
version side. It is also responsible for the MPPT control for
the PEMFC at various operating conditions. The duty cycle of
boost converter is controlled so as to preserve the MPPT oper-
ation. There are a unique operating point for MPPT at each
operating combination. A continuous tracking is essential for
maximizing the system efficiency. In PEMFC applications,
the temperature and membrane water content are the most
influencing parameters for the MPP. The power circuit for
the PEMFC side boost converter is shown in Fig. 2. The
main functions of this converter are the continuous tracking
for system MPPT, and the boosting of low voltage level at
PEMFC terminals to suitable higher voltage for the battery
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FIGURE 2. The circuit of PEMFC-side boost converter.

terminal. The MPPT algorithm is responsible for the determi-
nation of duty cycle operation for the boost converter based
on the measured signals. In this article, a reduced sensor
MPPT algorithm is proposed compared to the higher number
of sensors in existing methods. The input voltage of boost
converter at PEMFC side VEgc is related to the output voltage
at battery side Vp, and the duty cycle D as follows:
Voat _ 1

= — 1
VEc 1—-D M

From another side, batteries have lower voltages than the
load side. A very high boosting factor DC/AC power con-
version stage is needed. In the proposed system, the boost
converter is selected for the PEMFC side, which results in
very low voltages of the employed battery side. Thence,
a very high boost inverter stage is used in battery-load side.
There are several requirements at the DC/AC inverter stage,
including the high boosting factor, sinusoidal output current
injection, active and reactive power control/supply, and low
total harmonic distortion (THD) in outputted voltage/current
waveforms. Usually pulse width modulation (PWM) is
needed for operating the inverter stage. In the following
sections, the principle and PWM generation of the proposed
high boosting factor inverter stage are given in details.

llIl. PEMFC MODELLING

A. MATHEMATICAL MODEL

The performance of PEMFC is dependant on different factors,
including the membrane water content in addition to oper-
ating temperature. The various elements of PEMFC can be
represented as following:

1) TERMINAL VOLTAGE MODELLING

PEMFCs inherit different components that affects their out-
put. The output terminal voltage Vic of PEMFC stack can be
expressed as follows:

VEc = Nrc X Veell = Nrc X (ENernest
—Vact — Vohm — Vcon) (2)

where, Ngc denotes to numbers of cells in PEMFC stack, Ve
output terminal voltage of PEMFC stack, Enemest denotes
to the component of Nernest voltage, Vi, is the activation
component, V¢oq is the concentration loss component, and
Vonm represents the ohmic component. The total outputted
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power from PEMFC stack Pgc is modelled as following:
Prc = Vrclrc 3)

2) Enernest MODELLING
The component of Enenest can be expressed as follows:

ENemest = 1.229 — 8.5 x 1074(T — 298.15)
+4.385 x 107°T(In Py, + 0.5InPo,), (4)

3) Vaet MODELLING
The component of V, is expressed as following [23]:

Vact = =181 + &T + 6T In(Co,) +E4T In(Igc)]  (5)

where, &1, &, &3, & represent parametric coefficients for
PEMFCs, which are extracted through fitting of experimental
results and using recent optimization methods [14], [23]. The
concentration of the dissolved oxygen Co, for the gas-liquid
interface, which is modelled as follows:

Po,

Co, =
92 = (5.08 x 10) x exp (—498,/T)

6)

4) Vopm MODELLING
The Vonm component is dissipated through the membrane
ohmic resistance. It is expressed as follows:

Tml

Vohm = IFCT (7)

where, r, denotes to the membrane resistivity to the con-
ductivity of proton, / denotes to membrane thickness, and
A is the active area of PEMFC. The resistivity ry, depends
mainly on the humidity and the temperature of membrane.
It is expressed as follows [10]:

181.8[ 1 + 0.03(£S) + 0.0062(553)( 1) )]
© [Am—0.634 — 3(%EC) exp (4.18 7203

®)

I'm
where, A, is the membrane water content.

5) Vcon MODELLING
The component of Vi, results from consumption of the
concentration gradients for the reactants. It is expressed as
follows:

Irc
ImaxA
where, n is the number for participated electrons in the reac-
tion process, and Inyax is the peak limiting current.

RT
Veon = — In(1 — ) ©))
nF

B. MPPT UNIQUENESS

The previous models are combined to provide modelling
for PEMFC stack. The Matlab program has been used for
the model based on the selected PEMFC specifications
from [7]. Table 1 summarizes the specifications of the mod-
elled PEMFC stack in the proposed scheme. The modelled
PEMEFC stack is validated for different membrane water con-
tent Ay, and temperature 7. The obtained Prc-Irc at various
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TABLE 1. The parameters of the selected PEMFC stack [7].

Parameters  Values

T 303-363 (K)

Am 10-16

A 232 (cm?)

Nrc 35

l 0.0178 (cm)

n 2

Tmax 2.00(A cm™?2)

F 96484600 (C  (kmol~1)

g, 5x 1075 (kmol (S)~1)

R 831447 (J (mol K)~1)

ko, 2.11 x 1075 (kmol (atom S)~1)
kr 9.07 x 10~8 (J (mol K)~1)
qi;2 10 x 1075 (kmol (S)~1)

kn, 4.22 x 1075 (kmol (atom S)~1)
& 0.944

& 0.00354

&3 7.8 x 1078

&4 —1.96 x 10~4

operating A, and constant 7 of 303 K are shown in Fig. 3a.
Whereas, the obtained Prc-Ipc at various operating 7 and
constant A, of 10 are shown in Fig. 3b. It can be seen from
Fig. 3 the uniqueness of MPPT of PEMFC stack. The stack
has to be continuously operated at the point, which corre-
sponds to MPPT location. The nonlinearity of PEMFC output
characteristics exhibits a unique MPPT for each combination
of Ay and T. Therefore, MPPT controller has become essen-
tial part for more efficient operation of PEMFC stacks.

IV. THE PROPOSED ORS-FLC MPPT SCHEME

A. TRADITIONAL FLC-BASED MPPT

The traditional used criteria for locating the position of MPP
is through employing the slope (dPrc/dVrc). In these meth-
ods, two inputs are usually employed as inputs for the FLC
method, namely the error E and change in error AE. They
can be represented as follows:

dPrc _ Prc(k) — Prc(k — 1)

= 10
dVec  Vec(k) — Vec(k — 1) (10
AE(k) = E(k) — E(k — 1) (11)

E(k) =

where, E(k), E(k — 1), and AE(k) are the estimated error at
(k) sample, the error at (k — 1) sample, and the change in error
at (k) sample, respectively. However, this method requires
sensing both of the terminal voltage and output current from
PEMFC.

B. PROPOSED ORS-FLC MPPT METHOD

In the proposed method, it is aimed to develop a new
optimized FLC scheme with reduced number of sensors,
particularly through using the current measurement only and
eliminating the voltage measurement from the PEMFC termi-
nals. The output power from the PEMFC can be represented
as follows:

Prc = Vrclrc (12)
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FIGURE 3. The characterstics Ppc-Izc of PEMFC stack.

By using the relation between Vgc and Vpy from (1),
then (12) can be expressed as following:

Prc = Voa(1 — D)Irc (13)

It can be seen from (13) that the PEMFC power is related
to the battery voltage, the boost duty cycle, and the PEMFC
current. The battery voltage can be assumed constant due to
the low variations of the battery voltage. Whereas, the boost
duty cycle is already available inside the controller. Then,
the PEMFC output power can be estimated by only sensing
the PEMFC current.

In the proposed ORS-FLC MPPT method, there are two
inputs are utilized for the FLC algorithm. The first input E|
can be expressed as following:

Ey(k) = Pi(k) — Pi(k — 1)
= [Irc(k) x (1 =D(k)] — Pk —1) (14)

And, the second input E; can be represented as following:
Es(k) = D(k) — D(k — 1) (15)

Fig. 4a shows the block diagram representation for the
estimations of the two inputs E] and E;. It can be seen that
the proposed ORS-FLC method employs a single sensor for
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FIGURE 4. The estimations block and the optimized MF shape for the
proposed ORS-FLC scheme.

MPPT tracking. Thence, reduced cost of the PEMFC system
can be achieved using the proposed method. Afterwards,
the estimated signals £ and E; are fed into the FLC method
so as to generate the controlling duty cycle for the boost
converter at the MPP corresponding position.

The FLC-based MPPT control is usually composed
of three major phases, including the fuzzification phase,
fuzzy-rules evaluation phase, and the defuzzification phase.
Throughout the fuzzification phase, the two inputs are eval-
uated based on the utilized membership functions (MFs).
The physical signals are transformed into suitable inputs
for FLC systems. These evaluations are performed using
the selected triangular MFs for both the two inputs in the
proposed method. In the fuzzy-rules evaluation phase, the fed
estimations from fuzzification stage are evaluated according
to the fuzzy rules set. Table 2 shows the fuzzy rules in the
proposed ORS-FLC method. Each of the two inputs and the
output are represented by total of 7 different levels as fol-
lows: three for positive level side, P_L3, P_L2, P_L1, zero
level Z_L0, and three negative levels N_L3, N_L2, N_L1.
Thence, total of 49 rules exist in the proposed ORS-FLC
MPPT method. The employed number of levels in each MF
helps in smoothing the output waveforms of the PEMFC
during transient and steady state conditions. The high number
of levels does not impose restrictions on the implementa-
tion of the proposed method due to the suitability of FLC
for low cost implementation. Lastly, defuzzification phase
functions to determine the suitable output duty cycle for
boost converter using the evaluated fuzzy rules. The change
of boost duty cycle is generated in this phase until the
MPP is reached. The defuzzification phase is expressed as
follows:

Y2 WiG

AD(k) = Z?zl W

(16)
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TABLE 2. The fuzzy rules in the proposed ORS-FLC MPPT methodology.

Input Ea
MFs N_L3 N_L2 N_L1 Z_LO0O P_L1 P_L2 P_L3
N_L3 | N_.L3 N_L3 N_L3 Z_LO P_L1 P_L2 P_L3
N_L2 | N_L3 N_L2 N_L2 Z_L0 P_LI1 P_L2 P_L3
N_L1 | N_L2 N_L2 N_L1 Z_LO P_L1 P_L1 P_L2
FE1 Z_LO | Z_LO Z_LO Z_LO Z_LO Z_LO Z_LO Z_LO
P_L1 P_L2 P_L2 P_L1 Z_LO N_L1 N_L1 N_L2
P_L2 P_L3 P_L2 P_L2 Z_LO N_L2 N_L2 N_L3
P_L3 P_L3 P_L3 P_L3 Z_LO N_L3 N_L3 N_L3
where, W; denotes to minimum MF number for the i rule, follows:
and Cj represents center value for FLC MF output. After the S — R Eli R Z) i 1.2 17
generation of FLC outputted AD, the current sampling instant i =Ry x (Elitei =Ry x Z),i=1,2,....n (I7)
duty cycle is generated, and the compared to saw-tooth signal Zi=Zi+PRxS (18)

with fixed switching frequency to generate the control gating
pulses for the boost converter.

C. OPTIMIZING THE FLC SYSTEM

The behavior of FLC systems is basically determined by the
designed MFs of inputs and outputs. In the proposed design
methodology, an optimized design and determination meth-
ods are proposed for the MFs of both inputs and outputs in
the FLC MPPT controller. The main objectives for the design
methodology are the accurate and fast tracking for MPP
location. Fig. 4b shows the principle for the MF optimized
design for inputs E; and E> and output AD. The proposed
ORS-FLC method is designed through optimal determination
for the various points in the MFs. This can be achieved
through proper tuning for the inner and outer points of the
MFs. In the classical designs, only the outer points are deter-
mined while keeping fixed distances among internal point
within the interval. Instead, the proposed ORS-FLC method
employs the MPA optimizer to determine optimum location
of each point in the MF shape. In the following section,
the objective function and optimization process are given in
details.

V. OPTIMIZATION METHODOLOGY

A. MPA OPTIMIZER

The principle for MPA inspiration can be represented by
widespread searching for food strategy that is the movements
of Levy in addition to Brownie in the surrounding predators
along with an optimal encounter for modified policy within
the biological interaction between predators and preys. More
details regarding the core idea in addition to mathematical
representations can be found in [43]. The MPA optimizer
takes the advantage of good memory in reminding of their
associates as well as the location of successful foraging.
The procedures of MPA include three phases based on the
speed ratio among preys in addition to predators. They can
be explained as follows:

Phase 1 (High-Speed Ratio): In this phase, it is assumed
that the prey is faster than predator. Such a stage is carried
out during the first third of iterations. The prey follows the
next relation to modify its location. It can be expressed as

27992

where, R € [ 0, 1] is a vector of random numbers, P = 0.5
and Rp is Brownian motion vector.

Phase 2 (Unity Speed Ratio): Both speed values of prey
and predator velocity are assumed to be identical dur-
ing this stage. This stage is carried out in the middle of
the process. The predator moves according to Brownian
approach, whereas the prey moves according to Lévy flight
approach. The population is divided into two subsections; the
first section employs (19) and (20), whereas the other section
uses (21) and (22) to modify the locations as follows:

S; = Ry X (Elite; — R, x Z),i=1,2,...,n/2 (19)

Zi =7+ P.R xS (20)
where Ry, is a variable generated randomly by Lévy distribu-
tion.

Si = Rg x (Rg x Elite; — Zi),i=1,2,...,n/2 (21)

Z; = Elite; + P.CF x S; (22)

where,

t t
CF =(1 — — ) max

(23)

tmax
where ¢ and f;yax are the current and max number of iterations.
Phase 3 (Low-Speed Ratio): On the contrary with the first
stage, the speed of predator is greater than prey in the third
stage. This stage is carried out in the last third of iterations.
The location is modified based on the next relation:

S; = RL X (R X Elite; — Z;),i=1,2,...,n 24)
Z; = Elite; + P.CF x S;, CF = (1 — )2ﬁ (25)

max

B. OBJECTIVE FUNCTION

The various phases of the FLC have been programmed in
Matlab/m-file so as to provide flexible platform for the opti-
mizer to determine the optimum design points. Fig. 5 shows
the structure of the proposed optimization procedures. The
inputs for the FLC E; and E> are firstly estimated based
on (14), and (15), respectively. The proposed MPA opti-
mizer targets to determine the optimum values for the vari-
ous points of the ORS-FLC method for both the inputs and
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FIGURE 5. The block diagram representation for the MPA-based
optimization of the proposed ORS-FLC method.

output MFs. When the selected objective function becomes
optimum, the iterations are completed and the designed val-
ues of the points are outputted. The proposed method adds
more flexibility through optimizing the inner and outer points
of MFs. The objective function in the proposed ORS-FLC
method is designed based on integral absolute-error (IAE)
criteria for the slope (dPpc/dVEc) as preferred criteria for
MPPT position. The objective function can be modelled as
following:

Ty
sim dP

IAE = / abs(—€

' dVEkc

=0

).dt

Tsim — —
_ / abs(PFC(k) Prc(k D).dt 26)
t=o Vic(k) — Vec(k — 1)
where, T is the time of simulation process for the evalu-
ations of the IAE objective function. The optimizer locates
the various combination of design points of inputs and output
MFs simultaneously.

VI. THE PROPOSED DC/AC INVERTER STAGE

Since the battery voltage is very low, the conventional voltage
source converters (VSC) or current source inverters (CSI)
cannot be used to convert the low battery voltage to the
required AC load voltage (110 V). Therefore, a high
boosting DC-AC inverter stage is required. Several topolo-
gies are addressed in the literature that have high boosting
ratio [38], [39], wherein multilevel inverters (MLIs) have
gained high interests due to their high efficiency, high power
density, modularity and decreased voltage stresses across the
semiconductor switches. A switched capacitor MLI (SCMLI)
is selected for our case study [40]. Fig. 6 shows the 9-levels
SCMLI topology based on the switched capacitors structure.
This converter is developed using a single DC source (battery)
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and a repeated cell contains a capacitor combined with
5-power switches. This topology is capable of achieving
4 timed boosting factor for the battery voltage. The inverter
output can be expressed as follows:

VaC.load = 4Vbat X mi x sin(wt) 27

where, mi represents the modulation index of the modu-
lating signal, and Vacoad denotes to the peak output AC
voltage. Therefore, by combining the boost converter boost-
ing with the inverter boosting, (27) can be expressed as
follows:
4Vrc
1-D

It is worth mentioning that all the semiconductor switches
in this topology have the same voltage stresses and it equals
to the battery voltage. Furthermore, all the capacitors are
inherently self-balanced since all the capacitors are connected
in parallel every line cycle to be charged equally from the
battery. The operation of such inverter is quite simple as
in the beginning of each line cycle, all the capacitors are
charged to have the same battery voltage as all the semi-
conductor switches Sa, S, S, So9, S14, S11, S13, Si6, S18s
S19 are switched ON while the output voltage equals to
zero state. However, for generating the output voltage with
the required magnitude and frequency, a carrier based pulse
width modulation (PWM) is used, wherein a 50 Hz modulated
sinusoidal voltage signal is compared with 8-level shifted
carrier signals with switching frequency equals to 30 kHz.
The switching table for producing the required output voltage
levels is shown in Table 3.

Vac,load = X mi X sin(wt) (28)

VII. RESULTS AND PERFORMANCE VERIFICATION

The aforementioned parameters for the modelled PMFC
stack in Table. 1 have been built in Matlab with the proposed
ORS-FLC MPPT method. Moreover, the widely used P&O
and classical FLC methods have been implemented for com-
parison purposes with the new proposed method. The param-
eters for boost power conversion stage includes inductance
Ly, of 500 nH, output capacitance C, of 500 uF, saw-tooth
signal frequency of 10 kHz, and the battery has 50 V nominal
voltage. The proposed ORS-FLC MPPT method has been
validated at the initial transients, step changes in Ay, with
constant values of T, and step changes in T with constant
values of Ap,.

Fig. 7 shows the performance comparisons between the
proposed ORS-FLC MPPT method with classical FLC and
P&O method at initial starting case with A, equals to 13 and
T equals to 343 k. The behavior of extracted power output
under the three methods is shown in Fig. 7a. It can be seen
that the proposed ORS-FLC method has smooth and fast
tracking for the power output. The proposed method exhibits
fast settling time for MPPT. Moreover, higher tracking accu-
racy can be obtained in addition to low fluctuated power
during initial transients by using the proposed ORS-FLC
method. The proposed method achieves the minimum output
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FIGURE 6. The power circuit of the step-up inverter.
TABLE 3. Switching states of the high boosting inverter topology (1 for ON and 0 for OFF).
Output Switch Signals
P S1 Sy S3 Sy S5 S¢ St Ss Sg  Sio S11 S22 Sz Siua S5 S Sir Sis Sio
4 Vye 1 0 0 1 1 0 0 1 0 1 0 0 1 0 1 0 0 1 0
3 Ve 1 0 0 1 1 0 0 1 0 1 0 0 1 0 0 1 0 1 0
2 Ve 1 0 0 1 1 0 0 1 0 0 1 0 1 0 0 1 0 1 0
Vie 1 0 0 1 0 1 0 1 0 0 1 0 1 0 0 1 0 1 0
0 0 1 0 1 0 1 0 1 1 0 1 0 1 1 0 1 0 1 1
Ve 0 1 1 0 0 1 0 1 0 0 1 0 1 0 0 1 0 1 0
2V4e 0 1 1 0 0 1 1 0 0 0 1 0 1 0 0 1 0 1 0
-3Vae 0 1 1 0 0 1 1 0 0 0 1 1 0 0 0 1 0 1 0
-4V 0 1 1 0 0 1 1 0 0 0 1 1 0 0 0 1 1 0 0

power fluctuations compared with the classical FLC and P&O
methods. Additionally, the performance of voltage output
under the three methods is shown in Fig. 7b. The proposed
method achieves fast tracking of MPPT without high over-
shoot/undershoot spikes in the output voltage. In addition,
reduced fluctuations are obtained using the proposed method
compared to classical FLC and P&O methods. Whereas,
the performance of current output from PEMFC under the
three methods is shown in Fig. 7c. It can be seen that classical
FLC and P&O methods have high overshoot spikes in the
output current at the starting. The high spikes deteriorate the
lifetime of PEMFC and other electrical components. Instead,
the proposed ORS-FLC MPPT method does not have over-
shoot spikes, and hence reduced stresses are obtained over
the PEMFC and other components.

Fig. 8 shows the performance of the three methods with
step changes in A, by reduction from 13 to 10 with constant T
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of 343 K at time 0.15s. The performance of power extraction
is compared in Fig. 8a. The lowest oscillations are achieved
by the proposed ORS-FLC MPPT method, whereas the clas-
sical FLC and P&O methods have high oscillations at steady
state. In addition, smooth tracking of MPP is achieved with
the proposed ORS-FLC method. The comparison of output
voltages is shown in Fig. 8b. The P&O method possesses
the highest spike in the terminal voltage of PEMFC. The
high spikes add more stresses on the PEMFC and hence
reduced lifetime. The classical FLC has improved response
from P&O method. The proposed method mitigates the spikes
of PEMFC voltage waveform. Fig. 8c compares the output
current of the three considered methods. The undershoot
spikes become clear in the response of P&O method followed
by classical FLC method. It can be seen from the response of
the proposed method that it has reduced current spike with
mitigated steady state fluctuations.
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FIGURE 7. Performance comparison of the proposed ORS-FLC scheme at
transient start.

Fig. 9 shows the performance of the three methods at step
changes in A;, at increase from 10 to 13 with constant T
of 343 K at time 0.25s. It can be seen from the outputted
maximum power in Fig. 9a that the proposed method has
improved transient and steady state oscillations. The pro-
posed ORS-FLC method extracts efficiently the MPP at var-
ious operating conditions. Moreover, the proposed method
can effectively eliminate the steady state oscillations in the
extracted MPP from PEMEFCs. In contrast, the classical FLC
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FIGURE 8. Performance comparison of the proposed ORS-FLC scheme at
step decrease in A,.

and P&O methods possess increased oscillations during tran-
sient and steady state waveforms. The P&O method has
the highest output power fluctuation, whereas the proposed
method has the minimum power fluctuations. The terminal
voltages of the three cases are compared in Fig. 9b. The oscil-
lated response of P&O in addition to classical FLC methods
have become clear compared to the mitigated oscillations of
the proposed ORS-FLC MPPT method. Moreover, the P&O
method has the highest current overshoot value as shown
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FIGURE 9. Performance comparison of the proposed ORS-FLC scheme at
step increase in Ap.

in Fig. 9c. The same increased overshoot happens with apply-
ing classical FLC method. The proposed method is successful
at eliminating the overshoot spikes in the outputted current of
PEMEFC at A, step changes.

In this case, the three methods are compared at step change
reduction in 7" from 343 K to 333 K at time 0.95s and constant
Am of 13 as shown in Fig. 10. The comparison of extracted
power waveforms is shows in Fig. 10a. It has become obvious
that the proposed ORS-FLC method tracks the MPP at both
operating points with fast transient and reduced power ripples
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FIGURE 10. Performance comparison of the proposed ORS-FLC scheme at
step decrease in T.

at steady state. The worst response is obtained by the P&O
method due to the high power oscillations in steady state. The
terminal voltage and current waveforms are shown in Fig. 10b
and Fig. 10c, respectively. The highest oscillations exist in
the P&O method followed by the classical FLC method. The
two methods have high ripples in steady state waveforms of
outputted voltage and current. Apart from that, the proposed
ORS-FLC method possesses mitigated oscillation in both the
terminal voltage and current from PEMFC stack.
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FIGURE 11. Performance comparison of the proposed ORS-FLC scheme at
step increase in T.

Fig. 11 shows the comparison between the three methods
at step change increase in 7 from 323 K to 343 K at time 1.25s
and constant A, of 13. The performance of output power
extraction is compared in Fig. 11a between the three studied
methods. Although the three methods can track the MPP
according to the changes in 7', they are different regarding
the power ripples and oscillations. The proposed method
has the best performance among the three methods. More-
over, the output voltage and current are compared between
the three methods in Fig. 11b and Fig.11c, respectively. It can
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FIGURE 12. Performance of the proposed high boosting inverter stage at
step change in modulation index mi.

be seen that the proposed method has better terminal volt-
age waveform than the other studied methods. In addition,
the P&O and classical FLC methods have high overshoot
values in the output current, which have been effectively
eliminated by the proposed ORS-FLC MPPT method.

In this part, the performance of the high boosting factor
DC/AC inverter is investigated in Fig. 12. The inverter is
tested with step changes in the modulation index mi equals
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TABLE 4. Comparison of various criteria among existing MPPT schemes.

Criteria MPPT Methodology
P&O IC/IR Classical FLC Optimized FLC ~ Proposed ORS-FLC
Reference Ref. [9] Ref. [8] and Ref. [13]  Ref. [25] and Ref. [26] Ref. [7] Proposed
Step Size Fixed Step Variable Step Variable Step Variable Step Variable Step
Flexibility Very Low Very Low Medium Very High Very High
Design Type Not Optimum Not Optimum Not Optimum Optimum Optimum
Output Waveform Fluctuations High High Medium Small Very Small
Time of Tracking High Very High Medium Small Very Small
No. of sensors 2 2 2 2 1

to 0.9 at starting, mi equals to 0.45 at time 1.495s, and
mi equals to 0.7 at time 1.555s. The output voltage wave-
form of the inverter is shown in Fig. 12a. It can be seen
that, the number of output levels is dependent on the mod-
ulation index. In addition, the battery voltage of 50 V has
been boosted to 4 times using the proposed topology with
having nine levels output voltage. The output voltage can
have nine-levels, five-level, and seven-levels at mi values
of 0.9, 0.45, and 0.7, respectively. The performance of the
output current at the three cases is shown in Fig. 12b. It is
obvious that the output current is sinusoidal with small ripples
at the three cases. Additionally, the capacitor voltages are
shown in Fig. 12c. One main advantage of the proposed
DC/AC inverter stage is the self-balance capability of the
topology without sensing the capacitor voltages. It can be
seen that the capacitor voltages remain balanced regardless
of the modulation index value. The balance is achieved
through the PWM method through charging the capaci-
tors by parallel connection of the three capacitors with the
battery.

Table 4 shows comparison of various criteria among the
proposed ORS-FLC MPPT method and other methodologies.
From the step size point-of-view, they can be classified into:
(1) Fixed step type as in the P&O scheme, and (ii) Variable
step type as in the IC, IR, classical FLC, optimized FLC,
and proposed ORS-FLC methods. Regarding the flexibility,
it is evaluated based on the freedom to design the scheme.
In P&O method, the only existing flexibility is the selection of
suitable step size, which is often compromising the transients
with steady state responses. Thence, the flexibility of P&O is
very low, which is the same for IC/IR methods. From another
side, classical FLC possesses higher flexibility than P&O,
and IC/IR methods due to the existing freedom in designing
the boundaries of FLC. The optimized FLC version and also
the proposed ORS-FLC method increase the flexibility of
FLC due to the ability to optimize various parts of FLC.
This can be achieved through optimum design of FLC in the
proposed ORS-FLC and optimized FLC methods compared
with other existing methods. The fluctuations in the output
waveforms and speed of tracking have become obvious in
the aforementioned obtained simulation results. Furthermore,
the proposed ORS-FLC method utilizes reduced number
of sensors using only the current measurements compared
to the traditionally used two sensors in the other existing
methods.
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VIIl. CONCLUSION

An optimized reduced sensor FLC (ORS-FLC) method is
proposed in this article for MPPT control in PEMFC appli-
cations. The proposed method solves the problem of tracking
optimum operating point of PEMFCs with reduced number
of sensors and hence reduced cost of the PEMFC system.
Furthermore, a new practical application for the recently
developed marine predators algorithm (MPA) for optimizing
the design flexibility of the proposed ORS-FLC method.
The combination of MPA with proposed ORS-FLC method
enables the improved design and selection of various param-
eters of both input and output membership functions of
FLC. The obtained results confirm the effective tracking of
MPPT at different operating points. In addition, the pro-
posed ORS-FLC method possesses high tracking speed with
reduced oscillations in the output waveforms. Moreover, per-
formance criteria comparisons have been introduced in the
paper, which show the superior performance of proposed
ORS-FLC method compared to classical methods in addition
to other FLC MPPT designs.
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