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Now, the present electric vehicle industry is focusing on the fuel cell technology because its features are high flexibility, continuous
power supply, less atmospheric pollution, fast startup, and rapid response. However, the fuel cell gives nonlinear power versus
current characteristics. Due to this nonlinear behavior, the maximum power extraction from the fuel stack is quite difficult. So, in
this work, an adaptive genetic algorithm with an adaptive neuro-fuzzy inference system (ACS with ANFIS) MPPT controller is
introduced for finding the MPP of the fuel stack system thereby extracting the peak power from the fuel stack. The proposed
hybrid maximum power point tracking (MPPT) controller is compared with the other MPPT controllers which are enhanced
incremental conductance-fuzzy logic controller (EIC with FLC), improved hill climb with fuzzy logic controller (THC with FLC),
adaptive beta with FLC, enhanced differential evolutionary with FLC (EDE with FLC), and marine predators optimization with
FLC (MPO with FLC). Here, these hybrid controllers’ comprehensive investigations have been carried out in terms of tracking
speed of the MPP, oscillations across the MPP, settling time of the converter voltage, maximum power extraction from the fuel
stack, and working efficiency of the MPPT controller. The fuel stack generates a very low output voltage which is improved by
using the boost DC-DC converter, and the overall fuel stack-fed boost converter system is designed by utilizing the MATLAB/
Simulink tool. From the simulation results, the AGA with ANFIS MPPT controller gives high MPP tracking efficiency when
compared to the other hybrid controller.

1. Introduction

From the current research trend, most of the nonrenewable
sources’ utilization keeps on reducing because of their de-
merits are high installation cost, need for high catchment
area for the establishment, high greenhouse gas emissions,
high impact on human health, and low reliability. Due to
these drawbacks, most of the electric vehicle industries focus
on renewable energy systems which are tidal, wind, solar,

and hydropower systems [1]. In article [2], the authors
discussed the tidal power supply system. Here, at the high
tide period, the water flows from the sea into a water turbine
to generate electricity for the local consumers. In this system,
the height of the tide is high, and then, the power generation
from the tidal system is high. Otherwise, the power output
from the tidal network is low. The features of tidal power
supply systems are environmentally friendly, predictable
energy, high power density, and less operational and
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maintenance cost [3]. The disadvantages of tidal systems are
high construction cost, the formation of silt behind the
barrage, and the high effect on animals and plants that are
living near the tidal power systems. So, the tidal power
systems’ drawbacks are limited by using solar photovoltaic
(PV) power systems [4].

Most of the solar cells are manufactured by using the
monocrystalline silicon material because of their high op-
erating efficiency. The operation of solar cells is similar to the
P-N diode, and these cells are interconnected in series to
improve the overall supply voltage of the solar system [5].
Similarly, the solar cells are connected in parallel to increase
the current rating of the PV array. However, the drawbacks
of solar systems are high installation costs, highly expensive
storage, continuous dependence on sunlight energy, and less
operating efficiency [6]. Also, the solar systems give dis-
continuous power supply because the sunlight energy varies
from time to time. So, the wind energy power system is used
[7] to limit the drawbacks of solar PV. In a wind power
generation system, the wind energy is converted into ro-
tational energy. Finally, the rotational energy is transferred
into the electrical power supply by using the three-phase
generators. The advantages of wind energy systems are in-
exhaustible, not pollutant, reduced fossil fuel utilization, and
created wealth and local employment [8]. The disadvantages
of wind systems are high noise creation and affect the
wildlife. However, the limitations of all renewable energy
sources are overcome by using fuel cell technology [9]. At
present, fuel cell power generation is playing a major pre-
dominant role in electric vehicle systems because its merits
are less dependency on nature, continuous electricity supply,
very low environmental pollution, and more flexibility [10].

From the current literature review, the fuel stacks are
classified as molten carbonate fuel stack (MCEFS), solid oxide
fuel stack (SOFS), phosphoric acid fuel stack (PAFS), al-
kaline fuel stack (AFS), direct methanol fuel stack (DMFS),
and zinc-air fuel stack (ZAFS). In [11], the authors utilized
the MCES in the steel industry applications for capturing the
entire hydrogen. Here, the molten carbonate material is used
as an electrolyte in the MCEFS. The operating principle of
MCES is the indirect combination of oxygen, and hydrogen
has been carried out in the presence of water to generate the
electrical power supply. The features of MCFS are high
operating temperature capability which is nearly equal to
650°C, good dynamic response, high functioning efficiency,
and more fuel flexibility [12]. However, the MCES is not
suitable for portable applications. In addition, this fuel stack
lifetime is reduced when the operating temperature is in-
creased. The demand for fuel stack is shown in Figure 1. The
limitations of MCFS are overcome by using the SOFS [13].
All the SOFSs work at high operating temperatures with high
efficiency. Also, the SOFS does not require any external
reformers because the gas fuel is reformed within the fuel
cell. In this stack, the solid oxide material is used as an
electrolyte for transferring the hydrogen ions from the anode
to the cathode. The features of SOFS when compared to the
traditional power conversion systems are more reliability,
high temperature withstand ability, good reliability, and fuel
adaptability. Moreover, this fuel cell releases very low levels
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FIGURE 1: Present strategy of fuel cell demand in units.

of nitrous oxide and solid oxide gasses [14]. So, the overall
environmental pollution is reduced extensively. Also, the
solid oxide fuel stacks are used for auxiliary power supply
and distribution power generation systems. The disadvan-
tages of SOFS are longer startup time and high mechanical
and chemical compatibility problems. Also, this fuel stack is
suffering from different degradation-related issues.

So, in [15], the authors implemented the phosphoric acid
fuel stacks for hospital and commercial household heating
systems. Here, the liquid-type electrolyte is used, and the
catalyst is designed by utilizing platinum material. The
maximum working efficiency of the PAFS is between 38%
and 40%. The major advantages of PAFS are high reliability,
more flexibility, and cogenerated heat [16]. Also, this fuel
stack produces very low environmental pollutants. However,
the disadvantages of PAFS are less power density, high
sensitivity to the fuel quality, very low startup time, high
design complexity, and higher manufacturing cost. Most of
the DMFSs are used for domestic and electric vehicle
transportation applications. In this cell, the methanol ma-
terial is utilized as an electrolyte for transferring the elec-
trons from the anode layer to the cathode layer. The features
of this fuel cell are more efficiency, the ability to operate at
very low temperatures, high portability, and very less haz-
ardous gas emissions [17]. However, output water man-
agement is very difficult in this fuel stack. Also, the cost of
the catalyst in this fuel stack is very high. The zinc-air fuel
stack is used for hospitalized stationary applications, and its
electrochemical reaction happens between the zinc and
oxygen for generating the electricity in the automotive
systems [18]. The features of this fuel stack are lightweight
design, environmentally friendly, long lifetime period, low
self-discharge rate, high scalability, and more compact in
design [19]. The disadvantages of this fuel stack are high
complexity in recharging and high internal short circuits,
and the handling of electrolytes in the fuel stack at high
operating temperatures is very difficult.

So, the above fuel stack’s drawbacks are limited by using
the PEMFS. The features of the PEMEFS are high robustness,
more flexibility, good dynamic response, less steady-state
voltage oscillations, and high operating efficiency. The
proposed fuel stack-fed boost converter system is given in
Figure 2. However, the PEMES gives nonlinear power versus
voltage characteristics. So, the peak voltage extraction from
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FIGURE 2: Proposed adaptive genetic algorithm-optimized ANFIS-fed fuel stack system.

the PEMEFS is a difficult task. In [20], there are various types
of MPPT methodologies are utilized for finding the oper-
ating point of the fuel stack. The fundamental categories of
power point tracking controllers are soft computing, evo-
lutionary, nature-inspired, and artificial intelligence-based
MPPT controllers. In addition, there are three more types of
MPPT controllers available which are offline, online, and
hybrid MPPT controllers [21-23]. The most frequently used
online MPPT controllers are Perturb & Observe (P&O), Hill
Climb (HC), Incremental Conductance (IC), Kalman filter,
ripple correlation controller, and Incremental Resistance
MPPT controller. In this P&O controller, the functioning
point of the fuel stack is operated at the peak power point by
using the slope of the voltage versus current characteristics.
The present evaluated slope value consists of a positive
indication, and then, the slope of the V-I curve is increased
thereby enhancing the duty value of the boost converter.
Otherwise, the duty cycle of the boost converter is reduced to
move the functioning point of the fuel stack near the actual
MPP position. The merits of this conventional online
controller are easy design, less complexity in implementa-
tion, more flexibility, easy handling, and good static re-
sponse of the system. However, this controller gives high
oscillations across the functioning point of the fuel
stack [24].

So, the P&O controller drawbacks are compensated by
integrating the IC MPPT controller along with the PEMFS
system. In this controller, the MPP tracking of the PEMFS
has been carried out by varying the equivalent conductance
of the fuel cell. Here, the functioning point of the PEMFS is
at the right side of the V-I curve, and then, the equivalent
conductance value is increased. Otherwise, the conductance
of the system is reduced for optimizing the oscillations
across MPP [25-28]. All the renewable energy-fed power
electronics circuits generate ripples which are supplied to the
ripple correlation block to generate the suitable duty signal
to the DC-DC converter [29-32]. Due to this controller
operation, the fuel stack system power conduction losses are

reduced, and the entire system size is reduced. However, this
ripple correlation controller is less applicable to the dynamic
operating temperature conditions of the fuel stack. In [33],
the authors introduced the incremental resistance meth-
odology for finding the operating point of the fuel stack at
various water membrane conditions. Here, the current
density function is used for identifying the MPP position of
the fuel stack. The merits of this controller are simple in
design, easy handling, less complexity in understanding, and
less implementation cost. However, this conventional
controller is used where the accuracy of the MPPT controller
is not needed.

The slider concept is used in [34] for improving the
accuracy of MPP tracking at different water membrane
conditions. In this slider method, state space analysis is used
to find the boundary conditions of the MPPT controller. The
slider MPPT controller features are more flexibility, high
efficiency, and high robustness for various operating tem-
perature conditions of the SOFS. The disadvantages of this
controller are more settling time of the converter output
voltage and the need for more installation area [35]. So, an
artificial neural network (ANN) is used in the PV/PEMFS
system for optimizing the overall system size and generating
the proper duty signal to the bidirectional two-phase
DC-DC converter. The ANNs are implemented by utiliz-
ing the human brain behavior and its nervous system. Here,
the ANNs need less mathematical computations and are easy
to handle complex nonlinear problems. The demerits of
ANN are lack of transparency in decision-making, potential
overfitting without proper regularization, limited expressive
power, and generalization ability [36-39]. So, the drawbacks
of ANN are limited by using the fuzzy logic system in the
hybrid PV/wind/SOFS system. Fuzzy is a type of mathe-
matical system that analyses the analog parameters in terms
of logical variables. The fuzzy system consists of three blocks
which are fuzzification, defuzzification, and inference block.
The fuzzification block is used to convert the crisp values
into fuzzy sets. The defuzzification block is used to convert



fuzzy sets into crisp values. The features of fuzzy controllers
are less cost to implement and easy to understand because of
the absence of mathematical calculations [40].

The drawbacks of fuzzy systems are less accuracy in MPP
tracking and more oscillations across the MPP [41]. So, the
adaptive neuro-based fuzzy inference system (ANFIS) is
used in the article [42] to overcome the disadvantages of
fuzzy logic controllers. The ANFIS controller is designed
from the merits of ANN and fuzzy controllers. Here, this
controller takes the fuel stack operating temperature, con-
verter input voltage, water membrane content, converter
input current, and hydrogen decomposition to generate the
switching pulses to the DC-DC converter. The features of the
ANFIS controller are high MPP tracking accuracy, moderate
converter voltage ripples, and good dynamic response.
However, it needed more convergence time for tracking the
MPP of the fuel stack [43-46]. So, the particle swarm op-
timization (PSO)-based MPPT methodology is utilized in
the fuel stack single-stage inverter system for reducing the
convergence time of the MPP. Here, at the beginning stage of
the PSO operation, all the particles move with different
velocities and different directions in the entire search space.
After completion of a certain number of iterations, most of
the particles move towards the required object. Here, the
PSO controller may not give the exact position of the fuel
stack MPP when the total number of iterations is increased
extensively. So, in this article, an adaptive genetic algorithm
with an adaptive neuro-fuzzy inference system (ACS with
ANFIS) MPPT controller is introduced to generate a suitable
duty cycle for the DC-DC converter.

From the literature review, most of the fuel cells’ voltage
generation is very low which is not useful for electric vehicle
applications. So, a boost DC-DC converter is integrated with
the EV-fed PEM fuel stack system to enhance the voltage
supply rating of the fuel stack. In [47], the researchers
discussed the various categories of power converters which
are nonisolated and isolated DC-DC boost converters. The
isolated power converters are flyback and forward. In both of
these converters, there is an electrical barrier between the
supply and load of the converter. Due to this barrier, the
power semiconductors work efficiently without any damage.
However, these isolated converters need an additional
transformer and rectifier for stepping up the fuel stack
output voltage. As a result, the implementation cost is in-
creased, and the overall circuit complexity is increased [48].
So, the present power electronic converter designers are
focusing on nonisolated DC-DC converters for electric
vehicle applications. In this work, a conventional power
converter is used to enhance the voltage profile of the fuel
stack. The features of this selected boost converter are easy to
design, and fewer components are required for imple-
mentation, easy understanding, and less maintenance cost.
The remaining part of the article is organized as follows: the
mathematical design of the proton exchange membrane fuel
cell and its related functioning characteristics are illustrated
in Section 2. In Section 3, the design and performance in-
vestigation of various hybrid maximum power point
tracking controllers has been carried out. Sections 4 and 5
give the selected conventional DC-DC converter design and
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simulation results of the fuel stack-fed DC-DC converter
system under various operating temperature conditions of
the fuel stack. Finally, Section 6 illustrates the conclusion of
the article.

2. Design and Implementation of PEM Fuel Cell

From the literature study, most of the renewable energy
sources give nonlinear power with high-level distortions.
Also, the solar, wind, and tidal power generation systems
may not give efficient continuous power to the electric
vehicle systems. So, most of the present electric vehicle
manufacturing industries are focusing on fuel cell tech-
nology because its attractive features are more reliability,
high continuity in power supply, high robustness, and re-
leases less environmental pollutants [49]. From Section 1,
there are different types of fuel cell technologies are seen and
which have their advantages and disadvantages. Here, in this
work, the proton exchange membrane fuel cell is used for
efficient power supply to the electric vehicle system. The
merits of PEMFC are fast startup and the ability to operate at
very low temperatures. Also, the handling of PEMFC is very
easy because it does not have any rotating parts to generate
noise pollution. Moreover, the PEMFC requires less
maintenance cost. The disadvantages of PEMFC are highly
expensive and require more implementation costs. The
overall operation of the PEMFC is given in Figure 3(a), and
its related working circuit is given in Figure 3(b).

From Figure 3(a), the fuel cell input sources are hy-
drogen and oxygen, and those are fed to the anode and
a cathode to the PEMFC. The fuel stack-generated nonlinear
V-I curve is shown in Figure 4. The PEMFC design pa-
rameters are given in Table 1. Here, the H, is splitting into
ions to release the electrons that are collected at the external
load circuit. At the cathode, the water is obtained which is
recycled to generate the hydrogen. The chemical reactions of
PEMEFC are derived as follows:

H,=2H" +2¢" (1)
1

2H" +2¢ + 5 0, =H,0 (2)
1

H, + 5 0, =H,0 + energy (3)

From equations (1) and (2), the electricity generated
from the single cell (Eyc) is not useful. So, there are multiple
fuel cells (n) that are interfaced with each other in order to
enhance the supply voltage. The entire fuel stack voltage
(Eqora) generation is determined as follows:

Erorl = n# Egc, (4)
Vic=Eow ~Vo-Va—Ve (5)

Eoey = 1.29 - 0.8¢7 % (T — 298.12)

6
+4.3e7 log(PHZ\/POZ >TF, (6)
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FIGURE 3: (a) Working diagram of PEMFC and (b) equivalent circuit diagram of PEMFC.
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TaBLE 1: Designed parameters of the polymer membrane fuel stack for the electric vehicle system.

Parameters Values
Actual power supply rating of the polymer fuel stack 5.99kW
Nominal voltage at fuel stack operating point position (V;pp) 4522V
Nominal current at fuel stack operating point position (Iy;pp) 133.33A
Fuel stack working open-circuited voltage (V) 65.01V
Partially available oxygen pressure 1.0 bar
Partially available hydrogen pressure 1.5 bar
Available fuel cells in the entire stack (n) 65.0
Rate of air flowing at the nominal operating point of the fuel stack (I,,,) 506.4

The gasses constant parameter of the PEMFS (R)

Faraday constant of the polymer membrane fuel stack (F)
Available oxidant composition of the fuel stack

Total fuel composition of the fuel stack

Total hydrogen composition of the fuel stack

Overall usage of oxygen in the PEMFS

84.1021 (J-mol™'-K™)
91,551.832 (C-mol™")
21%

99.88%
99.77%
64.55%




1
( (RH, * PZZO/PA)eXp(1.6(Iceu/A)/TF)>’
(7)

1 t
Py = 5RH " Pijzo

1
RHPf' /Pc )exp (4.1(I,/A)/1.33 TF)>’
(8)

where Eq,» V, Vo, and V , are the thermodynamic, ohmic,
concentrative, and active region voltages. Similarly, T is the
fuel stack operating temperature. The partial hydrogen and
partial oxygen parameters of the fuel stack are defined as Py,
and Py . The parameters RH; and RH, are the relative
humidity vapor of the cathode and anode of the fuel stack.
Finally, the P,,, and P, are defined as the anode and
cathode inlet pressures. The fuel cell electrode area and its
generated current are represented as “A” and “I_,.” The
water vapor of the fuel stack is represented as P} . The fuel

1
Py, = ERHCPS;,EO ( (

stack polarization voltages are obtained by using the fol-
lowing equation:

Va=K + K, xTp+ (Ky + K,)  Tpp # log(Co, + L), (9)

R+Tg i
Ve=- 1 1-—, 10
¢ n*F Og( imax) (10)
Vo = L * (Res + Ry ), (11)

where K;, K,, K3, and K, are the utilized empirical co-
efficients and R is the total resistance of the fuel stack. Here,
“” is considered as the current density of the fuel stack. The
Faraday constant and equivalent resistance of the anode and
cathode are represented as “F,” R, and R ;. The electrode
area and relative permeability of the fuel stack are A and @;.
The parameter Cp, is the concentrated oxygen which is

derived as follows:
PoZ

Co. = , 12
%7 5.099¢° exp (~498/T}) (12)
oL
= feell 13
i== (13)

D, *
Re= )
. 2 2.5
181.6[1 +0.03i + 0.62(T/ (303)°)  i*°| (15)

Oy = :
7 (W - 0.634 - 3j) * exp(4.18 (T — 303)/Ty)

3. Design and Analysis of Hybrid
MPPT Controllers

In this work, an adaptive genetic algorithm with an adaptive
neuro-fuzzy inference system (ACS with ANFIS) MPPT
controller is introduced for finding the MPP of the fuel stack
system thereby extracting the peak power from the fuel cell.
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The proposed hybrid maximum power point tracking
(MPPT) controller is compared with the other MPPT
controllers which are enhanced incremental conductance-
tuzzy logic controller (EIC with FLC), improved hill climb
with fuzzy logic controller (THC with FLC), adaptive beta
with FLC, enhanced differential evolutionary with FLC
(EDE with FLC), and marine predators optimization-FLC
(MPO with FLC).

3.1. Hill Climb Optimized Fuzzy Logic MPPT Controller.
So, in [50-52], the authors utilized the hybridization of the
HC and fuzzy controller to enhance the working behavior of
the fuel stack. Here, the HC and fuzzy controllers’ drawbacks
are neglected. At the start, the hill climb methodology is used
for optimizing the tracking time of the MPP. After that, the
HC is used to select the proper membership functions of the
fuzzy controller. After selecting the suitable membership
functions, the fuzzy is applied to the fuel stack system to
remove the oscillations across the MPP. The features of this
hybrid controller are easy to implement, less cost for
manufacturing, moderate tracking speed, and good steady-
state response. The error (e) and change of error (Ae) pa-
rameters are determined by using the equations (17) and
(18). The changes in fuel stack power and variation of fuel
stack currents are fed to the fuzzy network for generating the
switching pulses to the DC-DC converter to improve the
voltage rating of the fuel stack supply. The functioning point
of the fuel stack does not reach the actual MPP position. So,
the variable power AP moves through the gain controller to
stabilize the functioning point of the fuel stack. Here, the
fuzzy inputs are converted into four fuzzy sets which are
identified as negative small (NS), negative big (NB), positive
small (PS), and positive big (PB).

_ APy
‘O Wre
(16)
_ Pre (v) = Ppe(v—1)
Vee ) = Ve (v=1)
Ae(v) :iil;z—e(v— 1), (17)
D(v)=AD(v)-D(v-1), (18)

where Ppe (v — 1), Ppe (v), Ve (v — 1), and Vi (v) are the
past and present fuel stack powers and voltages. The con-
verter present and previous converter duty cycles are D (v)
and D(v-1).

3.2. Improved Differential Evolutionary-Based Fuzzy Logic
MPPT Controller. The differential evolutionary algorithm
works based on the fitness function. The fitness value is used
to optimize the required objective function. Here, the
population size is selected based on the lower and upper
generation limits. In this algorithm, the mutation value is
adjusted to obtain the best optimal value from all particles,
and also, it gives a very good convergence speed. Also, this
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algorithm solves all the nonlinearity problems of the fuel
stack systems under different environmental conditions
[53]. However, this algorithm requires a greater number of
iterations for maintaining the constant fuel stack power. So,
the research scholars hybridized the differential algorithm
with the fuzzy logic controller to improve the overall system
working efficiency. Here, the differential evolutionary al-
gorithm is used for the final selection of the fuzzy mem-
bership functions. The membership functions are selected
based on the iterative optimization process. As a result, the
degree of freedom is applied to the fuzzy controller to track
the functioning point of the polymer membrane fuel stack
with high accuracy. The operational rules of the fuzzy system
are given in Table 2. Here, the fuel stack current and fuel
stack voltages are fed to the fuzzy block by utilizing the
voltage sensor and current sensor. Here, the reference fuel
stack voltages and fuel stack currents are compared with the
actual voltage and currents to generate the error signal which
is forwarded to the fuzzy block for generating the switching
signals to the DC-DC converter. The error, change of error,
and duty signal membership parameters are defined as L, to
L,, M, to M,, and N; to N,. Here, there are seven
membership functions involved in the fuel stack input and
output parameters which are zero state (S,), positive state
(S,), positive state (S,), positive state (S;), negative state (S,),
negative sate (S,), and negative sate (S;).

3.3. Adaptive Beta Optimized Fuzzy Logic MPPT Controller.
For designing the fuzzy membership functions, there are
many experts required [54]. Here, the adaptive beta concept
is applied to the fuzzy network for selecting proper mem-
bership functions to enhance the dynamic response of the
fuel stack system. Here, the fuel stack constraints are
maintained as constant, and the beta () variable is varied
until the fuel stack reaches the actual maximum power point
of the system. In this hybrid method, initially, 8 is used to
move the functioning point of the fuel stack near the actual
MPP position with different step size values. As a result, this
hybrid controller’s MPP tracking speed is increased ex-
tensively. The value of beta is decided by using equation (20).
Later, the fuzzy controller starts working with the help of the
beta method to reduce the distortions of the converter
output voltages with small step size values. Here, the max-
min and center of gravity methodologies are applied to the
fuzzy network for the fuzzification process.

B(a) = log(\I/F—C) - N V. (19)
FC

3.4. Enhanced Incremental Conductance-Fed Fuzzy Logic
MPPT Controller. From the literature review, the conven-
tional P&O methodologies are not utilizable because of the
high steady-state oscillations across the functioning point of
the fuel stack. Also, it gives high power conduction losses of

the fuel stack system at the time of P&O method pertur-
bation. So, the IC controller is utilized in the fuzzy logic
network for improving the efficiency of the fuel stack-fed
electric vehicle systems [55]. Similar to the previous tech-
niques, in this hybrid IC with a fuzzy MPPT controller, at the
start, the differential step constant is utilized in the IC
method for moving the functioning point of the fuel stack at
the actual MPP position with high speed. As a result, the
overall controller convergence time is reduced. Here, the
change of fuel stack power and voltages are indicated as dPg.
and dVpc. The fuel stack’s present slope (X ) and previous
slope step (X_.1q) Values are supplied to the fuzzy controller
in order to generate the new step value which is represented
as (X_qy)- Based on all these slope values, the IC controller
generates the duty pulses to the DC-DC converter for en-
hancing the voltage profile of the fuel stack system. Here, the
fuzzy block consists of three types of stages which are named
as low stage (LS), moderate stage (MS), and high stage (HS).

3.5. Marine Predators Optimized Fuzzy Logic-Based MPPT
Controller. The modified marine predator’s algorithm is
used in [56] for solving the nonlinear issue of the electric
vehicle system. This technique requires a greater number of
iterations to find the required objective of the system. As
a result, this controller generates voltage distortions in the
converter output power. In addition, this controller needed
more convergence time and was useful only for static
working water membrane conditions of the fuel stack.
Similarly, a fuzzy system alone is used in the renewable
energy system for tracking the functioning point of the
hybrid PV and fuel stack system. However, this fuzzy
controller needed good skilled persons to design the
membership functions. So, the current researchers de-
veloped the hybridized marine predator-based fuzzy system
for enhancing the efficiency of fuel cell-based automotive
systems. Here, the algorithm starts functioning with a ma-
rine predator controller for controlling the functioning point
of the fuel stack from the initial position of the V-I curve to
the actual MPP position. Once the PEMFS operating point
reaches the required position of the V-I curve, then the fuzzy
logic starts to reduce the oscillations across the fuel stack
MPP. In this fuzzy controller, there are two input variables
and one output variable which are fuel stack voltage, current,
and converter duty cycle. These variables involve seven
different fuzzy levels which are zero state (S,), positive state
(S,), positive state (S,), positive state (S;), negative state (S,),
negative state (S,), and negative state (S;). Based on these
seven fuzzy levels, there are 49 rules exist in the fuzzy
network as shown in Table 3. These 49 rules smooth the fuel
stack output voltage with less implementation cost. Finally,
in the fuzzy logic system, the defuzzification process is used
to adjust the duty cycle of the boost converter until reaching
the actual MPP. The MPS with FLC-based MPPT controller
absolute error and converter duty cycle updating have been
carried out by using the following equations:
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TaBLE 2: Rules of the fuzzy membership functions between the fuel stack parameters.
Input membership Change of error (Ae)
functions Neg_S; Neg_S, Neg_S, Zero_S, Pos_S, Pos_S, Pos_S,
Neg_S; Neg_S; Neg_S; Neg_S; Neg_S; Neg_ S, Neg_ S, Zero_S,,
Neg_S, Neg_S, Neg_S; Neg_S; Neg_S, Neg_S, Zero_S, Pos_S,
Neg S, Neg_S; Neg_S; Neg_S, Neg_ S, Zero_S, Pos_S; Pos_S,
Error (e) Zero_S, Neg S, Neg_S, Neg_S,; Zero_S, Pos_S, Pos_S, Pos_S;
Pos_§; Neg_S, Neg_S, Zero_S, Pos_S,; Pos_S, Pos_S; Pos_S;
Pos_S, Neg_S,; Zero_S, Pos_S,; Pos_S, Pos_S; Pos_S; Pos_S;
Pos_S; Zero_S, Pos_S,; Pos_S, Pos_S; Pos_S; Pos_S; Pos_S;
TaBLE 3: Rules of the fuzzy membership functions between the fuel stack parameters.
Input membership Change of error (Ae)
functions Neg_ S, Neg_S, Neg_S, Zero_S, Pos_S,; Pos_S, Pos_S;
Neg_S; Neg_S; Neg_S; Neg_S; Zero_S, Pos_S,; Pos_S, Zero_S,
Neg_S, Neg_S; Neg_S, Neg_S, Zero_S, Pos_S, Pos_S, Pos_S,
Neg_S$, Neg_S, Neg_S, Neg_S, Zero_S, Pos_S, Pos_S, Pos_S,
Error (e) Zero_S, Zero_S, Zero_S, Zero_S, Zero_S, Zero_S, Zero_S, Zero_S,
Pos_S,; Pos_S, Pos_S, Pos_S,; Zero_S, Neg_S, Neg_S, Neg_S,
Pos_S, Pos_S; Pos_S, Pos_S, Zero_S, Neg_ S, Neg_S, Neg_S;
Pos_S; Pos_S; Pos_S; Pos_S; Zero_S, Neg_S; Neg_S; Neg_S;
T gimu dPc generation of the switching signals to the DC-DC converter.
Absolute error = L_O absol av..)* dz, (20)  The backpropagation algorithm (BA) is used to obtain the
- Fe dataset of the ANFIS controller. Due to this BP data training
T, p p method, the ANFIS controller may track any local MPP of
Absolute error = j absol(v (FE)(Vi’VFq(V:i 1)> = dt, (21) the fuel stack system at different working temperature
=0 FC FC conditions of the fuel stack. In this method, the AGA
" concept is used to train the datasets of the fuel stack system
AD(v) = 2 Wy * P v (22)  for generating the duty pulses to the boost converter by using
P W, the ANFIS methodology. The flowchart of the AGA-based

where “W” denotes the membership number for the par-
ticular rule v. Finally, P,, indicates the middle value of the
particular membership function. The sampled duty signal is
generated from the FLC and is compared with the saw-tooth
signal with a particular frequency in order to generate the
switching signals to the boost converter.

3.6. Proposed Adaptive Genetic Algorithm-Based ANFIS
MPPT Controller. Maximum power point tracking is a very
important task in power converter-fed renewable energy
systems. Here, the fuel stack supplies fluctuated output
power based on the operating temperature conditions, and
its nonlinear behavior directly affects the performance of the
fuel stack-dependent electric vehicle system. Here, the
adaptive genetic algorithm-based ANFIS methodology is
used to improve the power supply rating of the electric
vehicle system. Here, the proposed controller works in three
stages which are a determination of the optimum voltage of
the fuel stack at different operating temperature conditions
of the fuel stack, second one is the training of the ANFIS
controller with the proper dataset, and the last one is the

ANFIS MPPT controller and its membership functions is
shown in Figures 5 and 6. The drawbacks of this proposed
algorithm are high complexity in design and more imple-
mentation cost which are compensated from the maximum
power extraction of the fuel stack.

From Figure 6, the ANFIS controller consists of two
supply variables which are u and v. Here, there are four
membership function variables which are C,, C,, D, and
D,. In this hybrid method, the Takagi-Sugeno-dependent
ANFIS methodology is used, and it consists of two rules
which are mentioned in equations (23) and (24). From
equation (23), the parameters c;, d;, and k; are subsequent
constants, and there are five layers in the ANFIS controller
which are shown in Figure 6. Here, each layer node number
is represented based on its related membership function, and
the outputs of the 1-layer nodes are determined by using
equations (25) and (26). From equation (25), the variables §;
and n,; are the utilized membership values for the corre-
sponding supply variables u and v. Similarly, the parameters
g and h are represented as membership values. Here, the
efficiency of the MPPT controller is determined by using the
fuel stack-generated power (Pp = Ve * Ipc) concerning the
load power (P, =V, * I,).
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parameters data sets for ANFIS
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1 functions)
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Evaluate the fitness value of the
each individual population of AGA
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yes [ Start reference value ]
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\ a

FIGURE 5: Proposed adaptive genetic algorithm-optimized ANFIS MPPT controller.

FIGURE 6: Adaptive genetic optimization-based ANFIS controller for PEMEFS.

ifuisCy,andvis D, then N = cju +d,v + ky,
ifuisC,,andvisD, then N = c,u + d,v +k,,
nl)i = §;C1 (u)+§;cz (u); i= ].,2"‘,

n;=Sp (V) +S5p, (v); i=1,2--,

1

‘ 1+|U—Wi/g,‘|2hi

My =w; = Ssep () xpg,; (v); i=12,

(23)
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T wi .
Ne: = W: = N 1= 1,2,
3,0 i w, +w, (29)
04; = W; 1 =w, (cu+dy+k); i=12 (30)
T Zu) * Z.
05 = lZwi z = #; =12 (31)

4. Design and Analysis of Boost
DC-DC Converter

All of the fuel stacks supply less amount of voltage which is
not a desirable power supply for any electric vehicle ap-
plication. So, the power DC-DC converter is used to improve
the power supply rating of the fuel stack systems. Here, the
nonisolated methodology is used in the power converter to
reduce the implementation cost of the system. The selected
conventional converter does not require any additional

Vec*Te#* D+ (Vpe = V) T % (1-D) =0,

~Iy*D* Ty +(1=D)* (Iyc — 1) *T) = 0,

where the parameters D, T, V¢, and I are represented as
converter duty cycle, switching time duration, fuel stack
voltage, and current. The operational waveforms of the
converter are given in Figure 8.

5. Analysis of Simulation Results

The proposed system is designed by utilizing the MATLAB/
Simulink software. Here, the polymer membrane fuel stack
is selected for the analysis of the proposed MPPT controller
along with the different other MPPT controllers. The ad-
vantages of this fuel stack are less corrosion issues and very
less electrolyte handling problems. Also, it is capable of
operating at very low temperatures and a very short starting
time. Due to these features, it is used in most of the backup
and portable charging systems. The design of the utilized fuel
stack is given in Table 1. The major issue of any fuel system is
more supply current which is optimized by using the various
power converters.

Here, the boost power conversion circuit is used to
reduce the fuel stack supply current. The utilized supply-side
capacitor (Cp¢) value is 120 yF which is useful for stabilizing

1

rectifier and transformer to enhance the system perfor-
mance. So, the overall fuel stack-based power supply system
switching and conduction losses are reduced. The features of
a boost converter are optimal in size, less complexity in
design, more lifetime, good flexibility, and high efficiency.
Also, this converter involves very less components. The
working structure of the utilized converter is given in
Figures 7(a)-7(c). The voltage gain of the converter is de-
rived as follows:

(32)
(33)
\%
0 = (I_FCD),&IO:IFC* (1-D), (34)
14 14
0 =Ry, & € = Ry, (35)
IO IFC

the fuel power source and limiting the sudden changes in the
source voltage. Similarly, the inductor (Li) value selected
for the design of the DC-DC power converter is 1.28 mH.
Here, the metal oxide field effect transistor (MOSFET)
switch is utilized because of the very low switch ON re-
sistance, and it works for high supply voltage applications.
The consumer-side capacitor (C ) selected value is 240 yF
which manages the load voltage fluctuations within the
minimum value. Finally, the utilized load resistor value is
88 (). Here, the entire system is investigated at various
functioning temperature conditions of the PEMEFS as
mentioned in Figure 9.

The proposed power converter followed fuel stack net-
work duty signal is produced by employing several MPPT
techniques which are EIC with FLC, IHC with FLC, AB with
FLC, EDE with FLC, MPO with FLC, and AGA with ANFIS
controller. The obtained fuel stack and converter output
parameters are given in Figure 10. From Figure 10(a), the
PEMES supplies the current and voltage by employing the
AB with FLC, EDE with FLC, MPO with FLC, and AGA with
ANFIS MPPT controllers at 303K is 105.05A, 37.27V,
105.32 A, 37.35V, 105.76 A, 37.42V, 106.22 A, and 37.88V,
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FiGure 8: Converter duty signal and inductor charging currents.

respectively. Similarly, at the same functioning temperature,
the converter current and voltages are 7.699 A, 498.87V,
7.750 A, 499.12V, 7.831A, 499.51V, 7.851 A, and 499.95V,
respectively. The fuel stack produced voltage and powers by
employing EIC with FLC and IHC with FLC are given in
Figures 10(b) and 10(c). From Figure 10(d), the utilized
power DC-DC converter increases the supply voltage of the
fuel stack from 37.88 V to 499.95 V by employing the AGA-
based ANFIS controller at 303 K temperature. Similarly, the
DC-DC converter decreases the supply current levels from
105.76 A to 7.831 A by selecting the MPO with the FLC
technique at 303 K temperature.

Finally, the collected load voltage and powers are given in
Figures 10(e) and 10(f). Similarly, if the working temperature
of the fuel stack is 323 K, then the power production from the
overall network is quite high when equated to the previously
selected temperature of the fuel stack. The recorded power,
voltage, and current values of the fuel stack at 323K by

employing the AGA with ANFIS, MPO with FLC, EDE with
FLC, AB with FLC, IHC with FLC, and EIC with FLC MPPT
controllers are 4643.70 W, 41.27V, 112.52A, 4498.81W,
40.05V, 112.33 A, 4399.30 W, 39.22V, 112.17 A, 4339.24 W,
3891V, 111.52 A, 4184.57W, 37.89V, 110.44 A, 4159.37 W,
37.84V, and 109.92 A respectively. Similarly, the AGA with
ANFIS controller generates very less distortions in the con-
verter output voltage along with the suitable duty cycle of
0.62. The proposed system’s working efficiency by employing
AGA with ANFIS and MPO with FLC controllers at 323 K is
98.25% and 98.22%. Finally, the settling time duration of the
AGA with ANFIS, MPO with FLC, EDE with FLC, AB with
FLC, IHC with FLC, and EIC with FLC MPPT controllers is
0.0212sec, 0.022sec, 0.024sec, 0.029sec, 0.031sec, and
0.032 sec. Similarly, other variations of fuel stack temperature
and the waveforms of the PEMEFS and converter are given in
Figures 11 and 12. Finally, the detailed investigation of the
proposed system is illustrated in Table 4.
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FIGURE 9: Functioning temperature of the polymer membrane fuel stack.
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FiGure 12: Fuel stack supplies: (a) current, (b) PEMFS voltage, (c) power of fuel stack, (d) converter current, (e) voltage of converter, and
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TABLE 4: Recorded parameters of the fuel stack at diverse functioning temperature conditions.

Category of Current of Voltage of Power of  DC-DC DC-DC DC-DC Efficiency E::tlﬁn()f Distortions
controller FS (A) FS (V) FS (W)  current (A) voltage (V) power (W) (%) (sec)g

The functioning temperature of the fuel stack (303 K)

EIC-FLC 104.20 36.14 3765.78 7.524 498.21 3585.775 95.22 0.042 High
IHC-FLC 104.89 36.92 3872.53 7.612 498.35 3711.43 95.84 0.038 High
AB-FLC 105.05 37.27 3915.21 7.699 498.87 3797.36 96.99 0.032 Medium
EDE-FLC 105.32 37.35 3933.70 7.750 499.12 3820.40 97.12 0.028 Medium
MPO-FLC 105.76 37.42 3957.53 7.831 499.51 3858.59 97.50 0.025 Low
AGA-ANFIS 106.22 37.88 4023.61 7.851 499.95 3931.46 97.71 0.021 Low
The functioning temperature of the fuel stack (323 K)

EIC-FLC 109.92 37.84 4159.37 8.12 499.16 4047.898 97.32 0.032 High
IHC-FLC 110.44 37.89 4184.57 8.92 500.51 4076.18 97.41 0.031 High
AB-FLC 111.52 38.91 4339.24 8.95 501.23 4229.89 97.48 0.029 Medium
EDE-FLC 112.17 39.22 4399.30 8.98 501.32 4320.55 98.21 0.024 Medium
MPO-FLC 112.33 40.05 4498.81 8.99 501.88 4418.73 98.22 0.022 Low
AGA-ANFIS 112.52 41.27 4643.70 9.012 501.92 4562.435 98.25 0.0212 Low
The functioning temperature of the fuel stack (343 K)

EIC-FLC 112.35 41.52 4664.77 8.96 501.90 4585.93 98.31 0.025 High
[HC-FLC 112.48 41.54 4672.41 8.99 501.98 4595.31 98.35 0.018 High
AB-FLC 113.08 41.50 4692.82 9.08 502.21 4616.32 98.37 0.0157 Medium
EDE-FLC 113.09 42.23 4775.79 9.09 502.24 4700.33 98.42 0.015 Medium
MPO-FLC 113.10 42.33 4787.52 9.18 502.25 4718.100 98.55 0.012 Low
AGA-ANFIS 113.11 42.34 4789.07 9.24 503.21 4720.58 98.57 0.010 Low

6. Conclusion

The AGA with ANFIS hybrid power point tracking controller
is analyzed successfully along with the other recently existing
hybrid MPPT controllers by employing the MATLAB/Simu-
link tool. Here, in the first objective, the PEMFS is utilized as
a source for the electric vehicle application to produce
a continuous power supply to the EV system with very few
voltage distortions. The features of this fuel stack are rapid
response and very little time for functioning. Also, it works for
low and high operating temperature values of the fuel stack. In
the second objective, the DC-DC power converter is employed
for reducing the fuel stack-generated current. As a result, the
entire proposed system works efficiently with very few con-
duction power losses. The advantages of this converter are
simple in design and need fewer components for imple-
mentation. Finally, the major focus of this work is the de-
velopment of an adaptive genetic algorithm-optimized ANFIS
controller for extracting the maximum power from the fuel
stack. Here, the AGA-based ANFIS controller generates the
switching pulses to the DC-DC converter. The features of this
proposed controller are good tracking speed, few oscillations
across the MPP, few iterations of the GA to select the ANFIS
membership functions, less converter output voltage fluctu-
ations, and good dynamic response.

Nomenclature

MPPT: Maximum power point tracking

VSHC with  Variable step hill climb optimized fuzzy logic
FLC: controller
RBFN: Radial basis functional network

DE with FLC: Improved differential evolutionary with FLC
AB with FLC: Adaptive beta with FLC

GA with FLC: Genetic algorithm-optimized FLC

MPS with Marine predators optimized FLC

FLC:

MOSFET: Metal oxide semiconductor field effect
transistor

PAFC: Phosphoric acid fuel cell

ACS with Cuckoo search optimized adaptive neuro-

ANFIS: fuzzy inference system

SOFC: Solid-oxide fuel cells

MCEC: Molten-carbonate fuel cells

PEMFC: Proton exchange membrane fuel cell.
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