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A novel advanced hybrid fuzzy 
MPPT controllers for renewable 
energy systems
Shaik Rafi Kiran 1* & Faisal Alsaif 2

At present, the availability of nonrenewable sources and their usage for electric vehicle technology 
is reducing gradually because of their disadvantages are more environmental pollution, direct effect 
on human health, less reliability, and taking more time to start functioning. So, in this article, the 
proton exchange membrane fuel cell (PEMFC) is considered for the automotive application because 
of its advantages quick startup, more power density, more safety to handle, high efficiency, and 
capability of operating at very low operational temperature conditions. However, the drawback of 
PEMFC is very difficult to identify the accurate MPP position of the fuel system. Here, the improved 
variable step genetic algorithm is added with the adaptive neuro-fuzzy inference system for tracking 
the operational point of the proposed system with high efficiency. These hybrid MPPT controller 
features are easy to understand, more accurate, have a better dynamic response, and have low 
design complexity. The evaluated proposed MPPT controller operational efficiency, and settling time 
of the converter voltage at different fuel stack temperature conditions are 98.7402%, and 0.01607 s 
respectively. Finally, the boost converter is used in this work to enhance the voltage supply capability 
of the entire system. The proposed system is investigated by applying the MATLAB tool.

Keywords  Accuracy of MPP, Boost converter, The efficiency of AGA-based ANFIS, Fast system response, 
High converter voltage transformation ratio

From the present power production scenario, the utilization of conventional power systems is reduced because 
its drawbacks are less robust, more system operational cost, require more time to install, high catchment area 
needed, create more environmental disturbances, and produce greenhouse gas emissions. These demerits of 
nonrenewable power production systems are limited by focusing on the present renewable power networks1. 
The available renewable systems in nature are wind networks, tidal power supply systems, solar Photovoltaic 
(PV) energy supply networks, and fuel cells. In2, the researchers studied wind energy technologies and their 
associated installation possibility areas. Here, the wind power systems transfer the wind kinetic energy into 
mechanical power by using the rotating wind blades, and finally, the extracted mechanical energy is converted 
into useful energy which is consumed by the industries. The challenges involved in the wind energy networks 
are not useful for all locations, creating more noise, less predictability, and more impact on wildlife. Especially, 
in India, it creates more visual pollution3. In some places, sunlight-dependent PV panels are located to produce 
uniform energy for the people of rural areas. Each sunlight PV cell delivers a maximum possibility of 0.96 V and 
its power flow nature is exactly similar to the P-N diode. However, the one-cell power production is not enough 
to meet the automotive industry load4.

In5, the research scholars explained about the sunlight power production enhancement. Here, the multiple 
types of solar networks are interlinked with each other to enhance the overall system energy generation thereby 
the ability to supply the solar peak power to the consumers. The merits of sunlight modules are reducing the 
utility of conventional power systems, helping consumers to optimize their electricity bills, low-level dependence 
on the central power grid, more savings, low maintenance cost, and ease of installation. However, the drawbacks 
of sunlight networks are more upfront cost, complete dependence on solar light, more space constraints, and 
high atmospheric impact of PV module manufacturing. Also, the solar networks produce nonuniform energy 
which is not directly accepted by the electric vehicles. The tidal energy supply system is selected in6 to limit the 
drawbacks of solar energy. In this tidal system, the ocean tides directly hit the bidirectional rotor for operating 
the generator thereby transmitting the electricity to the urban people. However, the demerits of tidal networks are 
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high operational costs, more difficulty in the development of the barrage near the ocean place, and disturbance to 
the ocean’s living fishes. The hydropower networks are much more useful when associated with the tidal systems 
because of their uniform energy production nature, and it is very clean sources. However, this system has the 
drawbacks of limited system location, excessive initial cost, more carbon emissions with methane, and flood risk7.

The disadvantages of hybrid renewable systems are limited by selecting the fuel cell renewable power. From 
the literature study, fuel cell technology is a very new and present trend for automotive networks because its 
advantages are continuous energy production, less air pollution, more reliable energy sources, good scalability, 
and high energy conversion efficiency8. Now, in the market, there are various categories of fuel power generation 
technologies exist which are differentiated as MCFS, Solid Oxide dependent Fuel Stack (SOFS), AFS, DMFS, 
phosphoric-based fuel stack, and Proton Exchange Membrane Fuel Stack (PEMFS). In9, the researchers referred 
to the direct methanol-based fuel system for the video surveillance system because it does not require a fuel 
reformer. Due to the absence of a fuel reformer in the system, the entire network size, and implementation cost 
are optimized. Also, the applications of direct methanol cells are remote monitoring systems, better charging, 
mobile communication systems, remote traffic control, and supporting the power supply in hospitalized condi-
tions. Also, this system works as an autonomous power source for testing industrial instruments. The demerits 
of this fuel network are needing more purified methanol chemicals, comprehensively very low operational effi-
ciency, storage of chemicals at below room temperature is quite difficult, more possibility of membrane damage, 
methanol cross which directly affects the membrane efficiency, and more platinum catalyst material is required10.

The Phosphoric Acid-based Fuel Stack (PAFS) technology is utilized in aerospace networks to compensate for 
the demerits of direct methanol cells11. Also, it is applicable for producing low-pressurized steam, space heating, 
and domestic water heating applications. The PAFS has many advantages which are less electrolyte volatility, 
long life stability, very easy development, and low space for fixing. Also, it uses the H3PO4 effectively without 
any atmospheric disturbances. The maximum possible operational temperature of PAFS is 220 °C which is very 
low. Due to this low operating temperature, the PAFS ionic conductivity is low12. Here, the electrodes are manu-
factured by selecting the Pt, CO, and iron materials, and the entire catalyst is covered by carbon paper. Finally, 
the 1 kW PAFS development cost is between 40 k$ to 50 k$. So, the present electricity-based running vehicles 
are not utilizing this type of fuel cell. The alkaline-based fuel power production network is considered in the 
article13 for onboard energy consumption. Also, this fuel stack is used as the backup power source for industrial 
and commercial applications. In addition to that this stack is acceptable for the remote located buildings.

From the literature review, the significant features of the AFS are capable of working at low operational tem-
perature, giving high operational efficiency at high input supply temperature conditions, and the possibility of 
utilizing the nonnoble catalyst14. The major drawbacks of alkaline cells are heavy, have larger sizes when associ-
ated with the phosphoric acid cell, and create more issues with carbon monoxide. Also, its raw material cost is 
excessive15. The present fuel stack usage strategy is mentioned in Fig. 1. So, in this work, the polymer membrane 
fuel stack technology is considered for giving continuous electricity to hydrogen-based vehicles. The attractive 
advantages of PEMFS are the ability to function at all temperature conditions, safe handling, easy understanding, 
quick power production, and more efficiency. The main challenge of this fuel stack is the continuous fluctuation 
of the functioning point of the system which is stabilized by applying the various categories of power point identi-
fiers for achieving the maximum possible peak voltage of the system. In16–18, the scholars applied the fractional 
voltage concept for moving the operational point of the solid oxide system from any local position to a global 
place thereby optimizing the power distribution loss. This fractional voltage open-loop controller development 
and understanding are easier because it does not need a high number of sensors, and requires low fixing cost. 
However, this method is a completely assumption-oriented controller and provides low fuel stack energy.

The fractional current adjustment block is interlinked with the fuel stack and sunlight system for obtaining the 
peak voltage from the sunlight network in the morning time, and evening time, the fuel stack module is applied 

Fig. 1.   Present utilized fuel stack strategy for automotive application.
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to the electric vehicle battery charging systems for uniform charging19. In this current controller, only one sen-
sor is selected for controlling the fuel module temperature, and sunlight irradiations. The features of this block 
are fast system response, optimal size, low cost for development, and high robustness. It provides fluctuated fuel 
stack system voltage, gives a low level of accuracy for identifying the MPP, and has less capability for handling 
the quick variations of the fuel system hydrogen pressure. The limitations of these fractional network voltage 
plus fractional source currents are overcome by selecting a Modified Perturb and Observe (MP&O) network 20. 
In this MP&O network, the fuel stack operational water membrane value, and pressurized hydrogen are adjusted 
until the system provides the maximum possible peak voltage. Also, the quadratic converter system switching 
signals value is modified to achieve high source voltage conversion efficiency. The demerits of this type of MP&O 
system are less relevant to the fast deviation of the fuel stack water membrane value, more fuel system current 
disturbances, and more heating issues21–23.

The variable fuel stack network resistance-based MPPT methodology is considered in the article24 for match-
ing the wind network source voltage with fuel stack-dependent electric vehicle voltage. In this equivalent system 
resistance variation controller, the current density of the fuel stack, and hydrogen pressure variables are col-
lected as the source signals to this MPPT block for evaluating the suitable duty value for the interleaved two-
phase DC–DC power conversion circuit. The merits of this incremented fuel stack resistance MPPT controller 
are providing low oscillated converter voltage, better accuracy when associated with the P&O network, more 
flexibility, plus good steady-state behavior25. However, it may not give a proper converter load power, and high 
difficult to handle the controller operation. The slider technology is proposed in the article26 for capturing the 
whole sunlight intensity, and fuel stack hydrogen pressure to run the smart grid network with a uniform power 
factor thereby enhancing the consumer power utilization factor. Here, the sliding concept is helpful for through-
the-day power extortion from the hybrid fuel stack, and sunlight power production network. However, these 
conventional methodologies take more convergence time, require more space for fixing, and are unable to work 
at fast changes in fuel stack operational temperature, and water membrane value conditions27. In this work, the 
advanced hybrid IVSGA-ANFIS controller is proposed for a polymer membrane fuel system to optimize the 
fuel stack production current thereby reducing the overall system heating and power conduction losses. The 
features of this hybridization method are quick power point identification, ease of handling with more system 
efficiency, good fuel stack supply power, and low-level load voltage distortions. The integration of the IVSGA-
ANFIS controller with a boost DC–DC power conversion circuit is given in Fig. 2.

Finally, the fuel system voltage supply capability is low for hydrogen power automotive systems. So, the 
DC–DC converter circuits are applied to the all-electric vehicle networks to boost the consumer load efficiency. 
From the literature study, the converters are in two categories which are isolated supply-based DC–DC circuits, 
plus transformerless power DC–DC circuits. The flyback isolated technology is selected in28–30 for the battery 
and fuel stack-based four-wheeler hydrogen vehicle network for quick charging of the battery and this converter 
has the capability of wide load voltage conversion ratio and is capable of giving multiple types of load voltages. 
However, this flyback technology generates more distortion and noise load power. Also, its functioning efficiency 
and power density are less. So, the feedforward technology-based converter topology is developed in the article31 
for supplying energy to the electric vehicle charging substation. The merits of this topology are quick system 
response to external disturbances, more voltage transmission efficiency, and helps the automotive system to run 
in bad weather conditions. However, the isolated technology troubles the hydrogen vehicle by increasing its size 
and weight. Also, it consists of a separate rectifier for increasing the voltage gain of the system. Due to these 
additional components, the entire network cost is increased excessively. In this work, a single-switch conventional 
power conversion circuit is utilized for enhancing the fuel system voltage.
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Fig. 2.   Adaptive GA-fed PEMFS system for hydrogen-powered electric vehicles.
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Analysis and implementation of PEM fuel cell
From the literature study, the conventional power production networks needed more space for installation 
and were unable to carry along with the electric vehicle systems. So, the present electric vehicle manufacturing 
company is focusing on renewable sources for the effective utilization of battery-dependent EV networks32. The 
sunlight networks and wind energy systems are not used for the electrical vehicle industry because of less con-
tinuity in the energy supply and their operational behavior is entirely dependent on the nature conditions. Also, 
this category of renewable energy networks is useful for only battery-related four-wheeler vehicles. So, heavy-duty 
electric vehicles refer to the fuel cell-based renewable power source for operating the vehicle without any exter-
nal disturbances. In33, the researchers studied the solid oxide-oriented fuel stack technology for backup power 
application. Also, this cell is utilized in auxiliary power supply and distribution energy networks. The utilized 
source chemicals for this solid oxide cell are CO, O2, H2, and pure atmospheric air. The maximum operational 
temperature, efficiency, and power wattage of this fuel system are 700–900 °C, 58%, and 3 MW. The advantages 
of this cell are fuel flexibility, the electrolyte being completely solid, suitable for hybridization of wind and solar 
systems, better water membrane efficiency, and the ability to work with various electrolyte chemicals. However, 
the demerits of the solid oxide system are high corrosion issues, and easy breakdown of its external elements34.

In this work, the PEM fuel cell device is considered for giving energy to the standalone system. The working 
structure of the polymer electrolyte fuel system and its electrical operational circuit are given in Fig. 3a,b. The 
major features of this utilized fuel stack are the ability to operate at low supply temperature, the best suitable 
for supplying the energy to the battery, less corrosion issues because of the polymer electrolyte, less electrolyte 
management issues, and quick system dynamic response even at very low-level system temperature. The main 
challenge involved in this cell is costly electrolytes which is compensated by improving the operational efficiency 
of the system. Here, from Fig. 3a, the pure oxygen and H2 chemicals are sent to the inputs of the fuel stack at the 
cathode and anode for producing the electricity. In this stack, the electrodes are covered by using the porous 
material, and the polymer electrolyte is merged in between the platinum alloy materials for running the overall 
system at various operational temperature conditions. From Fig. 3b, the chemical reactions of the selected fuel 
stack system are given in Eq. (1), and Eq. (3). The fuel network generated I-V and I-P curves are given in Fig. 4a, 
and Fig. 4b.

Based on Eq. (1), the fuel cell network produced voltage (VFC) is below the nominal value which may not be 
sufficient for the automotive networks. So, the multiple cells (n) are integrated to form a single module to improve 
the voltage production capability of the entire system. From the equivalent circuit, the total generated fuel system 
voltage (Ventire) is derived in Eq. (4). From Eq. (4), the entire fuel system voltage is completely dependent on the 
active region generated voltage (VAok), open circuited-based fuel system voltage (VOpv), plus concentrated fuel 
stack voltage (VCoc). Also, the PEM fuel stack operational efficiency is affected by the ohmic region power losses 
of the network. From Eq. (6), the parameters TFtc, PO2 , and PH2 are named as fuel system operational temperature, 
oxygen pressure at the cathode, and anode side hydrogen pressure. The cell anode electrode humidity pressure 
and cathode electrode humidity pressures are defined as RHAce , and RHCce respectively. Finally, the cell-produced 
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current and its available water vapor are defined as Icc, and PsatH2O
 . Similarly, the empirical variables of the PEM 

fuel cell and its associated resistance and Faraday constants are represented as M1, M2, M3, M4, R, and F. The fuel 
stack permeability at different operational water membrane conditions is mentioned in Eq. (15). The utilized 
values for the design of the selected fuel stack are mentioned in Table 1.

(4)Ventire = n (overall cells) ∗ VFC

(5)VFC(one cell) = VOpv − VOss − VAok − VCoc

(6)VOpv = 1.31087− 0.7985e−3(TFtc − 299.56)+ TFtc ∗ 4.2781e
−5 ln(PH2
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Fig. 4.   (a) Fuel stack generated V–I curve. (b) Fuel stack generated P–I curve.

Table 1.   Selected values for the design of a polymer membrane-based fuel system.

Parameters Values

Maximum achievable power production from the entire fuel system 5.9985 × 103 W

Maximum achievable voltage production from the entire fuel system 45.00 V

Maximum achievable current production from the entire fuel system 133.301 A

Available selected fuel system produced voltage it is open circuited 64.9981 V

Utilized partially produced O2 pressure under various temperatures 1.0 bar

The fuel system humidity parameter at different electrodes (R) 85.26489 J mol−1 K−1

Utilized Faraday parameter value for the PEM fuel cell (F) 9,266,432.96732 C mol−1

Utilized partially produced H2 pressure under various temperatures 1.5 bar

Available fuel cells in the entire stack (n) 66.0

Airflow of the fuel network at nominal functioning temperature (Ipm) 516.421

Overall H2 decomposition rate in the selected fuel system 99.543%

Entire O2 decomposition rate in the selected fuel system 65.4432%

Overall selected system oxidant composition rate 22.89%
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Comprehensive analysis of MPPT controllers
From the previously existing articles, it is observed that the fuel stack is one of the renewable power produc-
tion systems and its behavior is completely nonlinear. As a result, the entire fuel system’s operational position 
changes from one local region to another local region, and the extraction of peak voltage from the source is highly 
difficult35. So, the scholars referred to the power point identifier for the renewable energy network for achiev-
ing more source power. In the introduction section, it has been observed that the unique artificial intelligence 
controllers may not be suitable for the rapid change of the system operational temperature and also, it depends 
on the fuel stack modeling36. In this article, the improved adaptive GA is developed along with the ANFIS 
block for obtaining more power from the source network with high functioning efficiency. Here, the proposed 
power point identifier is compared with Improved Hill Climb-Adaptive Fuzzy Logic Controller (IHC-AFLC)37, 
Modified Differential Evolutionary included FLC (MDV-FLC)38, Modified Variable Beta parameter based FLC 
(MVB-FLC)39, Differentiated Step Incremental Conductance with FLC (DSIC-FLC), Adaptive Marine Predators 
Optimized FLC (AMPO-FLC)40 in terms of development complexity of controller, fuel system MPP tracking 
speed, accuracy of the utilized controller, and dependence on fuel stack modeling.

Improved hill climb‑adaptive fuzzy logic controller
The most frequently applied power point tracking method in the remote traffic controlling system is hill climb 
because its design is very easy, low level of complexity in development, low power rating sensors are required to 
sense the fuel stack parameters, and it low space is utilized in the traffic controlling device for fixing41. However, 
this single controller may not apply to the electric vehicle application. So, the hill climb block is added with the 
fuzzy network to reduce the tracing time of the fuel stack operational point. In this hill climb-fuzzy methodol-
ogy, at the starting point of the V-I curve of the fuel network, the fuzzy technology is considered for moving 
the functioning point of the proposed fuel stack network from the general local MPP region to the actual peak 
power point position. Later the fuzzy controlled fuel stack error signal is feedback to the hill climb block for 
stabilizing the functioning point of the overall system42. The fuzzy error parameter (e), and adjustment in its 
error (δe) value are mentioned in Eq. (16).

(8)PO2 = PsatH2O
∗ RHCce ∗

1

2













1

PsatH2O
∗RHCce

PCce
exp

�

4.876
�

Icc
area

�

1.3674*TFtc

�













(9)VAok = M1 +M2*TFtc + (M3 +M4)*TFtc*ln(CO2 + Icc)

(10)VCoc = −
TFtc R

n*F
log(1−

G

Gmax
)

(11)VOss = Icc∗
(

Ref(anode)+ Rpf(cathode)
)

(12)CO2 =
PO2

5.1321e6∗ exp(−497.89/TFtc)

(13)G
(

current density
)

=
Icc

area

(14)Ref(effective resistance of anode) =
Q ∗ψef

area

(15)ψef =
182.046

[

1+ 0.02786i+ 0.63312( TFtc
302.99)2

∗ i2.76
]

(

W− 0.634− 3j
)

∗ exp
(

4.18(TFtc−302.99)
TFtc

)

(16)e
(

j
)

=
δPFSn

δVFCn
=

PFSn
(

j
)

− PFSn
(

j− 1
)

VFSn

(

j
)

− VFSn

(

j− 1
)

(17)δe
(

j
)

=
�PFSj

�VFSj
− e

(

j− 1
)

(18)D
(

j
)

= δD
(

j
)

− D
(

j− 1
)



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:21104  | https://doi.org/10.1038/s41598-024-72060-4

www.nature.com/scientificreports/

where the parameters PFSn
(

j
)

, VFSn

(

j
)

, PFSn
(

j− 1
)

 , and VFSn

(

j− 1
)

 are represented as the overall fuel system 
generated powers, and voltages at an instant and past. Similarly, the constant, and variable duty signals generated 
from the IHC-AFLC are D(j), and D(j − 1) respectively.

Modified differential evolutionary included FLC MPPT controller
The artificial neural network controllers have the demerits of more fuel stack functioning data sets being required, 
huge computational complexity, less accuracy in the identification of the fuel system operational point, large data 
samples needed for achieving the required target, and less robustness. So, the research scholars proposed the dif-
ferential evolutionary concept for the electric vehicle system to improve the functioning speed of the system43–45. 
The merits of this differential evolutionary block in the fuel system are low MPP identifying time and fewer 
operators to achieve the best optimal solution. Also, its design is very easy and helps to do the global search for 
identifying the exact MPP place. Here, there are two-dimensional vectors are used in each iteration of the dif-
ferential evolutionary controller for searching the overall system target value. The required papulation (Pn) size in 
this algorithm is much less. After receiving the 1st target results of the fuel stack, there are three more additional 
vectors and mutation factor (g) are selected for adjusting the weights of the population as mentioned in Eq. (19).

where the variable Vdor is identified as the donor vector, and the terms Ps1, Ps2, and Ps3 are available papulations. 
From Eq. (20), the donor vector (Vdor) vector value is added with the mutation value for generating the trailing 
vector (tvec). Based on this tvec variable, the fuel stack works at the global peak power position of the network. 
However, this differential algorithm creates the oscillations in the system voltage which are optimized by utiliz-
ing the fuzzy concept.

Modified variable beta parameter‑based FLC MPPT controller
From the literature review, the fuzzy sets are derived from the modified classical sets and its degree of mem-
bership value is constant which is either zero or one46. The fuzzy systems are utilized in the defense, aerospace 
systems, electronic devices, transportation systems, and marine networks. However, the main issue of the fuzzy 
network is it does not have a particular strategy to sort out the particular complex problem. Also, it gives less 
accurate results for the imprecise supply data. So, in47, the variable step-oriented Beat (β) methodology is applied 
for the hybrid fuel stack, battery, and wind energy systems for producing the switching waveforms for the 
three-phase quadratic DC–DC conversion circuit. This beta technology helps the hybrid energy system produce 
more supply voltage of the system under quick variations of the sunlight intensity conditions. Also, this beta 
block helps the fuzzy network identify the accurate membership values for the hybrid MPPT controller48. After 
completion of beta technology, the fuzzy tries to maintain a uniform power supply to the automotive system. 
The gravitational methods and min–max technologies are selected for the efficient fuzzification process in the 
proposed controller. The identification of the global maximum peak voltage of the system by using this beta 
hybrid controller is illustrated in Eq. (21).

where the variables N define the step variation of the algorithm and VFsn, IFsn is the fuel network voltage supply 
and current supply.

Differentiated step incremental conductance (IC) with FLC MPPT controller
The fractional current, and power feedback MPPT controllers give high power distortion in the battery and 
fuel stack system. As a result, the fuel stack system gets heated up and its associated fuel system membrane gets 
damaged49. So, the incremental conductance technology is considered in50 for controlling the battery charging 
systems. In this controller, the selected fuel stack source signals are voltage and load current as mentioned in 
Fig. 5. From Fig. 5, the incremental conductance methodology is selected to identify the exact slope value of the 
fuel stack V-I curve. Here, the generally available slope value of the fuel stack system is compared with the last 
stored V-I curve slope value. From the fuel stack slope comprehensive analysis, the local operational point of the 
system moves to the actual functioning point of the system. However, this conventional method makes distur-
bances in the converter load power and gives excessive oscillations in the MPP position under rapid variation of 
the fuel stack water membrane conditions. So, this differential step IC is combined with the fuzzy network for 
optimizing the slope error of the V-I curve. From Fig. 5, the terminologies ΨPFc, and ΨVFc are the adjustable fuel 
system power and its associated supply voltages. Similarly, the variables RP, RP-new, and RP-old are the fuel network 
I-V curve present slope, newly obtained slope, and old slope value.

Marine predators algorithm‑based fuzzy MPPT controller
The adjusted marine predator’s technology is developed from the widespread foraging behavior and it needs a 
high number of iteration counts for selecting the suitable fuel network MPP position. As a result, the marine 
predator block produces high-level interleaved converter voltage distortions51. Also, it needs more convergence 
time and provides more operational efficiency under different fuel stack constant temperature conditions. The 

(19)Vdor = Ps1 + g (mutation)∗(Ps2 − Ps3)

(20)
{
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(21)βeta(β) = log(
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disadvantages of this marine predator controller are low accuracy, high development cost, low robustness, and 
less useful for the quick variation of atmospheric conditions. So, this optimization block is added to the modified 
fuzzy system to improve the fuel stack system efficiency52. The fuzzy system has two parameters which are fuel 
stack source voltage, and fuel network current. In this system, there are 7-membership values are used which 
are Zero level state (Z-state), 1st negative state (NS-1), 2nd negative state (NS-2), 3rd negative state (NS-3), 1st 
positive state (PS-1), 2nd positive state (PS-2), and 3rd positive state (PS-3). Here, the seven fuzzy levels gener-
ate the 49 rules as mentioned in Table 2. The identified fuzzy membership shapes for this hybrid power point 
identifier are given in Fig. 6 and its absolute error value depends on the variation of the fuel system power and 
source current.

where s represents the fuzzy rule for the particular membership (W) and the sawtooth waveform is compared 
with the fuzzy output signal for operating the boost converter circuit fed electric vehicle system.

Proposed IVS genetic algorithm‑ANFIS MPPT controller
Identification of the peak power point of the fuel stack-powered hydrogen vehicle is a very difficult task because 
of its continuous changes in the hydrogen pressure, rate change of oxidization reaction, and fast change of water 
membrane values53. So, the modified genetic optimization methodology dependent ANFIS controller is devel-
oped in this article for improving the power conversion efficiency of the hydrogen-based vehicle. This proposed 
hybrid GA with ANFIS methodology consists of three stages which are the selection of the suitable temperature 

(22)Absolute error of fuzzy =
ss
∫
s=0
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(

ψPFuel stack

ψVFuel stack

)

∗ψs

(23)Absolute error of fuzzy =
ss
∫
s=0
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(

PFC(s)−PFC(s−1)

VFC(s)− VFC(s− 1)

)

∗ψs
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∑49
s=1 Ws*Ps
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Fig. 5.   VSIC is applied to the fuzzy for membership function selection.

Table 2.   The formation of fuzzy rules for the marine predator-fuzzy controller.

Membership functions

Variation of error (ψe)

NS-3 NS-2 NS-1 Z-state PS-1 PS-2 PS-3

Error (e)

NS-3 NS-3 NS-3 NS-3 Z-state PS-1 PS-2 Z-state

NS-2 NS-3 NS-2 Neg_S2 Z-state PS-1 PS-2 PS-1

NS-1 NS-2 NS-2 NS-1 Z-state PS-1 PS-1 PS-2

Z-state Z-state Z-state Z-state Z-state Z-state Z-state Z-state

PS-1 PS-2 PS-2 PS-1 Z-state NS-1 NS-1 NS-2

PS-2 PS-3 PS-2 PS-2 Z-state NS-2 NS-2 NS-3

PS-3 PS-3 PS-3 PS-3 Z-state NS-3 NS-3 NS-3
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value for the fuel system, and in the 2nd state, the selection of the different data sets for training the ANFIS block. 
Finally, in the 3rd state, the identification of suitable switching signals to the power converter circuit. Here, the 
ANFIS block data sets are selected by utilizing the Backpropagation concept and this backpropagation helps the 
hybrid network for extracting the maximum possible output power from the fuel system under various hydro-
gen pressure conditions. The working flow of the genetic operation and its operator selection are mentioned in 
Fig. 7. Also, the production of the duty signal for the converter network by using ANFIS is illustrated in Fig. 8.

From Fig. 8, the fuel stack source voltage and its associated load currents are fed to the ANFIS first layer. 
From the first layer, the ANFIS block involves the four membership variables which are S1, S2, K1. and K2. Here, 
the Takagi–Sugeno concept is included in this network for obtaining the rules of the proposed system which 
are given in Eq. (25), and Eq. (26). From Eq. (26), the variables t, y, and q are subsequent parameters. Finally, 
the variables N, j, n1,j , and § are the output of the network, total nodes in the ANFIS structure, and membership 
values for the source signals Q and R.

(25)if Q is S1, and R is K1 thenN = t1Q+ y1R+ q1

(26)if Q is S2, and R is K2 thenN = t2Q+ y2R+ q2

(27)n1,j = §S1(Q)+ §S2(Q); j = 1, 2..

(28)n1,j = §K1(R)+ §K2(R); j = 1, 2..
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∣

∣

∣
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∣
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Fig. 6.   Modified marine predator controller-based fuzzy power point identifier.
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Performance analysis of power boost DC–DC converter
From the literature study, the isolated technology-based power transformation circuits involve additional power 
switches and transformers. As a result, the overall fuel stack power production system cost and its associated 
size are increased54. In this work, a transformerless power DC–DC conversion circuit is integrated with the 
hydrogen-powered electric vehicle network to improve the power transformation efficiency of the fuel system. 

(31)n3,j = wT
j =

wj

w1 + w2
; j = 1, 2

(32)o4,j = wj ∗ nj = wT
j

(

tjQ+ yjR+ qj

)

; j = 1, 2

(33)o5,j =
∑

j

wT
j zj =

∑

j wj*zj

wj
; j = 1, 2

Fig. 7.   Proposed adaptive genetic algorithm optimized ANFIS MPPT controller.
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Due to this single-switch boost conversion circuit, the fuel network power conduction and membrane heating 
losses are optimized55. Also, it does not need any extra four switches rectifier DC–DC circuits. The features of 
this selected power converter circuit are low-level understanding complexity, high simplicity in design, more 
flexibility for all atmospheric conditions, more robustness, and best suitable for medium to high voltage applica-
tions. The switching states of the selected transformerless power transformation circuits are given in Fig. 9a–c56. 
From Fig. 9b, the switch starts running from the ideal state to forward bias mode then the maximum source 
voltage is transferred to load which is mentioned in Eq. (34).

where the variables Ti, Vj, VFC, IFC, and Ij are named as converter circuit operating time, fuel stack source, and 
resistive load voltages and currents. Finally, the terminologies Rj, and RFC are the load equivalent resistance and 
fuel system resistance.

Comprehensive analysis of simulation results
The proposed conventional power transmission-based hydrogen power network is designed by selecting MAT-
LAB/Simulink tool. Here, the polymer membrane-based fuel module is utilized because its advantages are more 
energy density, fast system dynamic behavior, better steady-state reliability, simplicity in maitainence, long life 
operation, and low electrolyte handling problems. Also, it does not have any corrosion-related issues. Due to these 
merits, the PEM fuel stack is used for remotely located household applications, battery charging applications, and 
most useful for distribution power generation systems. The mathematical modeling of the polymer membrane 
fuel system and its development parameters selection are mentioned in Section "Analysis and implementation 
of PEM fuel cell". However, the major problem of the fuel network is more current production to the load. Due 
to this excess current flow in the distribution network, the overall hydrogen-powered vehicle system efficiency is 
reduced. So, the single switch voltage transmission DC–DC circuit is connected to the load of the fuel stack for 
enhancing the fuel stack utilization factor. The design structure of the proposed converter is mentioned in Fig. 9.

Study of the IVSGA‑ANFIS fed PEM fuel cell at static 344Kelvin temperature
From Fig. 9, the selected proposed converter source capacitive (Cin) value is 180µF which helps the system to 
reduce the source power fluctuations and improve the voltage stability of the consumer load. Similarly, the uti-
lized source inductor (Lk) value is 2.24mH and it suppresses the fuel stack current distortions thereby supplying 
the uniform current to the electric vehicle. In this utilized circuit, the Metal Oxide Semiconductor Field Effect 
Transistor (MOSFET) is included to withstand the high voltages of the fuel system. Due to this MOSFET, the 
converter can function at high operational temperature and frequency conditions. The operational frequency 
of this fuel system power production network is 22kHZ. In addition to this feature, the selected switch provides 
low-level source resistance and extended level voltage transformation ratio of the system. The load capacitive 
(Cj), and resistive element (Rj) values are 240µF, and 67Ω respectively.

The initial testing temperature of this fuel system is 344 K as mentioned in Fig. 10. At this static testing source 
temperature condition, the evaluated fuel network, and DC–DC circuit fed DSIC-FLC, IHC-AFLC, MVB-FLC, 
MDV-FLC, AMPO-FLC, and IVSGA-ANFIS MPPT controllers produced currents, voltages, available powers and 

(34)VFC*Ti*D+ Ti

(

VFC − Vj

)

∗
(

1− Duty
)

= 0

(35)−Ij*D*Ti +
(

1− Duty
)(

IFC − Ij
)

*Ti = 0

(36)Vj = VFC/(1− D). & Ij = IFC∗(1− D)

(37)Vj/Ij = Rj, & VFC/IFC = RFC

(c)

Q

D
+

-
VCinVFC Rj

+

+

+

+

-

- -

-
Cj

ICj

ID
VLkILk

IQ

IjCin

ICin

(b)

Lk

Vj

VCj

VQ

VD

Q

D
+

-
VCinVFC Rj

+

+

+

+

-

- -

-
Cj

ICj

ID
VLkILk

IQ

IjCin

ICin

(a)

Lk

Vj

VCj

VQ

VD

Q

D
+

-
VCinVFC Rj

+

+

+

+

-

- -

-
Cj

ICj

ID
VLkILk

IQ

IjCin

ICin

Lk

Vj

VCj

VQ

VD
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their associated efficiencies are 109.68 A, 42.238 V, 4632.77 W, 9.0654 A, 499.09 V, 4523.67 W, 97.6459%, 110.10 A, 
42.489 V, 4678.11 W, 9.1782 A, 499.45 V, 4584.08 W, 97.9967%, 110.22 A, 42.428 V, 4676.45 W, 9.1946 A, 499.86 V, 
4596.02 W, 98.2896%, 110.78 A, 42.114 V, 4665.40 W, 9.2015 A, 499.97 V, 4600.56 W, 98.6190%, 111.90 A, 
42.353 V, 4739.40 W, 9.316 A, 501.84 V, 4675.42 W, 98.6549%, 112.89 A, 42.074 V, 4749.83 W, 9.324 A, 502.99 V, 
4689.99 W, and 98.7402% respectively. From Fig. 11a, the maximum possible fuel supply voltage by integrating 
the MDV-FLC power point tracking controller is more when associated with the DSIC-FLC and IHC-AFLC 
controllers. Also, its development complexity is moderate and gives low-level fuel system current distortions 
as mentioned in Fig. 11b. From Fig. 11c, the proposed power point identifying controller-fed PEM fuel system 
power is high when equated with the conventional methodologies. Similarly, the fuel network-produced voltage is 
improved by applying the single-switch voltage transmission converter which is illustrated in Fig. 11d. Here, the 
converter boosts up the source voltage from twelve to thirteen times the supply voltage. Also, the converter steps 
down the entire fuel system source current to optimize the system heating losses. From Fig. 11e, the generated 
converter current and its related settling time by selecting the IVSGA-ANFIS MPPT controller are 9.324 A, and 
0.01607 s respectively. Finally, From Fig. 11f, the converter production power at this static operational tempera-
ture is uniform from 0 s to 0.3 s, and it varies whenever the fuel stack supply temperature varies. Also, the fuel 
stack performance changes concerning its hydrogen decomposition and chemical reaction rate.

Study of the IVSGA‑ANFIS fed PEM fuel cell at dynamic 344 K, 324 K, and 304 K
In this case, the continuous variation of the fuel network temperature is utilized for investigating the proposed 
power point identifier which is equal to 344 K, 324 K, and 304 K respectively. In this case, the fuel cell-based 
converter system produced voltage more when equated to the static condition because of its sudden increment 
of the operational temperature of the source. Here, the converter functioning duty values at this dynamic opera-
tional temperature condition by applying the MVB-FLC, MDV-FLC, and AMPO-FLC controllers are 0.54, 0.58, 
and 0.61 respectively.

At 304 K, from Fig. 12b, 12(a), 12(c), 12(e), 12(d), and 12(f), the measured fuel stack and DC–DC cir-
cuit produced currents, generated voltages and powers by interfacing the DSIC-FLC, IHC-AFLC, MVB-FLC, 
MDV-FLC, AMPO-FLC, and IVSGA-ANFIS methodologies and its obtained associated efficiencies are 103.20 A, 
37.381 V, 3857.72 W, 7.6677 A, 482.43 V, 3699.17 W, 95.8972%, 103.21 A, 37.399 V, 3860.90 W, 7.6845 A, 486.65 V, 
3739.67 W, 96.8629%, 104.00 A, 37.701 V, 3921.08 W, 7.7825 A, 488.16 V, 3799.14 W, 96.897%, 104.14 A, 
38.255 V, 3983.91 W, 7.899 A, 489.89 V, 3869.66 W, 97.1326%, 104.99 A, 38.254 V, 4016.32 W, 7.9250 A, 492.19 V, 
3900.65 W, 97.1203%, 107.31 A, 37.826 V, 4059.11 W, 7.9651 A, 494.89 V, 3941.89 W, and 97.112% respectively. 
The converter voltage settling time and its power-generated distortions are mentioned in Table 3.

Conclusion
In this work, the first objective is the identification of a suitable fuel cell for the electric vehicle application. Here, 
the polymer membrane fuel system is considered because of its advantages are more energy density, less corro-
sion effect on polymer membrane, easy handling, and better dynamic behavior at rapid change of operational 
temperature conditions. Also, it gives a very fast system response. However, the main challenge of this fuel stack 
is the handling of nonlinear power generation and it is not acceptable for the electric vehicle application. So, 
the IVSGA-ANFIS controller is proposed in this article for tracking the functioning point of the fuel cell system 
thereby extracting the maximum possible output voltage from the proposed system. From the simulation results, 
this proposed hybrid MPPT controller gives more accurate fuel stack voltage, less convergence time, less steady-
state oscillations of the MPP, more peak power extraction efficiency, and easy understanding. Finally, in the 
third objective, the single-switch DC–DC converter circuit is integrated with the proposed system to optimize 
the fuel system generation current. The advantages of this converter are easy design and low development cost.

Fig. 10.   Various operational temperatures of the PEM fuel stack system.
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Fig. 11.   (a) PEMFC voltage supply, (b) PEMFC current supply, (c) PEMFC power supply, (d) DC–DC circuit 
Voltage, (e) DC–DC circuit current and (f) DC–DC circuit power at 344 K.
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Fig. 12.   (a) PEMFC voltage supply, (b) PEMFC current supply, (c) PEMFC power supply, (d) DC–DC circuit 
voltage, (e) DC–DC circuit current and (f) DC–DC circuit power at 344 K, 324 K, and 304 K.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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