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As of now, all over the world is focusing on the Electric Vehicle (EV) technology because its features 
are low environmental pollution, less maitainence cost required, high robustness, and good dynamic 
response. Also, the EVs work continuously until the input fuel is provided to the fuel stack. Here, a 
Proton Exchange Membrane Fuel Cell (PEMFC) is used as an input source to the electric vehicle system 
because of its merits fast startup, and quick response. However, the PEMFC gives nonlinear voltage 
versus current characteristics. As a result, the extraction of maximum power from the fuel stack is very 
difficult. The main aim of this work is to study different Maximum Power Point Tracking Techniques 
(MPPT) for the DC-DC converter-fed PEMFC system. The studied MPPT controllers are Adjusted Step 
Value of Perturb & Observe (ASV with P&O), Adaptive Step Size with Incremental Conductance (ASS 
with IC), Radial Basis Functional Network (RBFN), Incremental Step-Fuzzy Logic Controller (IS with 
FLC), Continuous Step Variation based Particle Swarm Optimization (CSV with PSO), and Adaptive 
Step Value-Cuckoo Search Algorithm (ASV with CSA). The selected MPPT controllers’ comprehensive 
study has been in terms of maximum power extraction, tracking speed of the MPP, settling time of the 
fuel stack output voltage, oscillations across the MPP, and design complexity. From the comprehensive 
performance results of the hybrid MPPT controllers, the ASV with CSA technique gives superior 
performance when equated to the other MPPT controllers.

Keywords  Accuracy of MPP, Converter duty cycle, DC-DC converter, Efficiency of the MPPT controller, 
Fast MPP tracking speed, Plus oscillations across the functioning point of the fuel stack

As of now, the nonrenewable energy sources utilization kept on reducing because of their drawbacks are more 
implementation costs, excessive environmental pollution, and heavy damage to human health, wildlife, and 
habitat loss1. Also, nonrenewable energy sources require a high catchment area for the installation and release the 
greenhouse gasses2. So, most of the automotive industries are working on the development of various renewable 
energy systems. The most popularly used renewable energy systems are wind, solar, tidal, hydropower, and 
geothermal energy3. In wind power generation systems, the kinetic energy of the wind blades is converted into 
an electrical power supply by using the Permanent Magnet Synchronous Generator (PMSG). After collecting 
the electricity from the PMSG, the power converters are utilized for the conversion of direct power supply into 
alternative power supply. In addition, the transformer is included with power converters for enhancing the 
voltage profile of the grid. The features of wind power systems are very low operating cost, clean energy, effective 
utilization of land space, and creating more jobs for human beings4. The drawbacks of wind systems are noise 
pollution, intermittent, high environmental impact, and suitable only at remote locations. The demerits of wind 
power production systems are limited by utilizing the solar energy source5.

The solar cells convert the sunlight photo energy into useful electrical power. Every cell gives only 0.78–0.95 V 
which is not useful for local load applications6. So, the solar cells are integrated in parallel and series sequence to 
improve the supply power rating of the solar system. The working nature of solar cells is quite equal to the P-N 
diode operation. The features of solar systems are diverse applications, reduced electricity bills, less maitainence 
cost, plus ease of maintenance7. The drawbacks of this power generation system are weather dependent, needs 
a high catchment area for installation, and its working performance depends on environmental pollution. So, 
the above drawbacks of solar, and wind energy systems are limited by using fuel cell technology8. A fuel stack is 
a device that transfers chemical energy into an electrical power supply by the use of electrochemical reactions. 

Vignan’s Foundation for Science Technology and Research, Vadlamudi, India. email: kbk_eee@vignan.ac.in

OPEN

Scientific Reports |        (2024) 14:21627 1| https://doi.org/10.1038/s41598-024-72861-7

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf


In the fuel cell, the oxygen and hydrogen atoms are reacted with each other and generate power along with the 
water and heat as the byproducts9. The fuel cells give very little pollution and also give more than two times the 
efficiency of the other renewable energy systems. Based on the operating temperature, the fuel cells are classified 
as low operating temperature (25–100 °C) fuel cells, medium operating temperature fuel cells (100–500 °C), plus 
high operating temperature fuel cells (500–1000 °C).

For all the types of fuel stacks, the utilized input fuels are hydrogen, low hydrocarbons, alcohols, hydrazine, 
metal hydrides, and high hydrocarbons. The supplied input fuel is oxidized at the anode chamber, and the oxidant 
is reduced at the cathode side. Inside the fuel stack, one species of ions is shifted from anode to cathode via 
electrolyte to combine these with their counterparts10. The available electrons flow through the external circuit 
to generate the electrical current. In11, based on the type of electrolyte, the researchers explained the different 
categories of fuel stacks which are Solid Oxide Fuel Stack (SOFS), Molten Carbonate Fuel Stack (MCFS), Alkaline 
Fuel Stack (AFS), and Phosphoric Acid Fuel Stack (PAFS). Certain solid material has the property to conduct 
electricity at very high temperatures and it works as an electrolyte for the solid oxide-based fuel stack. In12, the 
authors selected the SOFS for supplying the power to the auxiliary power storage application. High operating 
temperature-based solid oxide cells give pollution-free, and clean energy to supply the electrical energy to the 
local consumers with high operating efficiency13. The merits of this solid oxide cell over traditional power supply 
systems are high reliability, modularity, high input fuel adaptability, and good functioning efficiency. Also, this 
fuel cell releases very less amount of nitrous oxide and solid dioxide.

Here, due to the high temperature withstand stability of the solid oxide fuel cell, the natural gas is formed 
inside the fuel stack. As a result, the expensive external reformer is not required in the SOFS. The high-operating 
pressurized SOFS is used as a combustor in the gas power generation system. The SOFS-based gas turbine 
electricity supply network’s maximum functioning efficiency is 70%. In14, the researchers developed the advanced 
solid oxide cell which is a combination of sealing fewer properties of a tubular cell with integral ribs, and a flatted 
air electrode. This tubular cell-based SOFS consists of a concise current path. So, the resistance of the solid 
oxide cell is very low, and more output power over the other fuel cells. The main feature of SOFS is noise-less 
operation. The drawback of SOFS is high startup time because of its high operating temperature15. As a result, 
many chemical and mechanical compatibility issues occur in the solid oxide cell. The applications of solid oxide 
fuel cells are emergency backup power supply, transportation systems, submarine systems, and rockets. Also, 
most of the utility vehicles are implemented by utilizing the solid oxide membrane-based fuel stack16.

From the literature study, the reduction of carbon footprint utilization has been done by using molten 
carbonate fuel cells17. Due to this MCFS, the amount of carbon dioxide released from nonrenewable energy 
sources is reduced. The features of MCFS are highly efficient, and cleaner over to the traditional power supply 
networks. Also, most of the MCFS are used in stationary applications because of their compact, less noise 
pollution. In18, the authors studied the photovoltaic systems along with the MCFS for generating power for 
all local consumers. Here, the power is equally shared along with the inverters and step-up transformers. This 
hybrid power network is useful for supplying continuous power to all hospitals as well as shopping malls. In this 
hybrid power system, the per-unit cost of the solar system is two times of the MCFS power supply. Also, the 
molten carbonate cell gives slightly higher profits when equated to the solar modules. However, the reduction of 
operational, and maitainence costs is a challenging task in the MCFS. Also, the natural gas price in the MCFS is 
very high. To overcome the disadvantages of molten carbonate cells, in19, the researchers used the PAFS along 
with the solar, plus wind power system for supplying the power to the microgrid network. Phosphoric acid 
cells a one of the most popular fuel stacks that are used for food drier systems to protect the food from various 
chemicals20. In this PAFS, the electrolyte is developed with highly concentrative phosphoric acid along with the 
silicon carbide. The functioning temperature of this cell is between 150 and 210 °C. The electrodes of the PAFS 
are developed by utilizing the carbon cloth coating. Finally, the dispersed catalyst is used in the PAFS.

The phosphoric acid fuel cells are used in 100–400 kW stationary applications, backup power supply for 
industrial as well as commercial applications, residential buildings, and remote accessible areas21. The demerits 
of PAFS are less power density and a very aggressive electrolyte. Also, the PAFS works with very high startup 
time. As a result, this fuel stack is not useful for emergency power applications. The disadvantages of PAFS are 
limited by utilizing the AFS. The alkaline cells are anionic exchange membrane fuel cells that are used to replace 
the liquid electrolyte alkaline cells. Also, different manufacturers developed advanced alkaline catalyst material 
that has high thermal stability and gives very good performance22. The peak current density and power density 
of alkaline fuel stacks are 100–300 mA/cm2, and 50–300 mW/cm2 respectively. The lifetime of this fuel cell is 
greater than 5000 h, and its degradation rate is 3–20 µV/h23.

Here, the anode of the alkaline fuel stack is designed by using platinum, and nickel. Similarly, the cathode 
is implemented by utilizing the Manganese dioxide. At the anode, the platinum catalyst breaks the alkaline 
liquid into alkaline ions for supplying the electricity to the external load circuit, and the nickel cathode collects 
the anode ions which are converted into waste chemicals. The features of alkaline fuel stacks are less operating 
temperature capability, easy handling, and very good operating efficiency24. Also, this AFS is used in the Apollo 
space mission application. The disadvantages of AFS are high manufacturing cost, and lack of infrastructure to 
support the hydrogen distribution. However, the above fuel cell drawbacks are overcome by using the PEMFS. 
The attractive features of PEMFS are fast startup and quick response25.

The polymer membrane fuel stacks give nonlinear voltage versus current characteristics26. Also, the 
functioning point of the fuel stack changes from one point to another point on the V-I characteristics of the 
fuel stack at different water membranes, and operating temperature conditions. So, the peak power extraction 
from the fuel stack is highly difficult. At this time, the MPPT controller plays an important role in stabilizing 
the maximum power point of the fuel stack at various water membrane conditions27. As a result, the overall fuel 
stack system supplies constant power to the electric vehicle load. From the previously published articles, the 
MPPT technologies are differentiated as traditional, artificial intelligence, metaheuristics, and soft computing 
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methods. The most popular traditional MPPT technologies are Perturb & Observe (P&O)28, fractional current, 
Incremental Conductance (IC)29, fractional voltage, Incremental Resistance (IRR), and Ripple Correlation 
Method (RCM). In30, the researchers utilized the P&O concept for a standalone DC–DC converter-fed fuel 
array system to vary the duty cycle of the interleaved converter thereby enhancing the load voltage profile of the 
electric vehicle system. Here, the P&O is investigated along with the Proportional and Integral (PI) controller in 
terms of steady-state oscillations of the fuel cell output voltage, converter voltage gain, and oscillations of MPP 
under different water membrane conditions of the fuel stack. From the simulation results, the authors concluded 
that the P&O methodology gives better performance when equated to the PI controller.

Similarly, in31, the researchers introduced the drift-free P&O controller for improving the voltage extraction 
capability of the fuel stack at dynamic water membrane conditions. The P&O controller tracks the MPP by 
equating the instantaneous slope value of the V–I curve with the previously stored slope value. The comparative 
slope value consists of a positive indication then the perturbation moves in the front direction. Otherwise, 
the perturbation of the P&O controller moves in the backward direction. This process continues until the 
functioning point of the fuel stack comes to the one stable position on the V–I curve of the fuel stack. However, 
this MPPT method does not give an accurate MPP position and also gives an oscillated MPP position because 
of the improper decision made by the P&O controller at dynamic operating water membrane conditions of the 
fuel stack32. So, the drift-free P&O methodology is used in the 100 W standalone fuel stack system to eliminate 
the disadvantages of a basic P&O controller. The drawbacks of drift-free P&O methodology are less convergence 
speed and more time for reducing the oscillations of MPP. So, the fractional current power point tracking 
controller is used in the PV/PEMFS hybrid power generation system for identifying the functioning point of 
the overall power supply network33. The merits of this controller are fast-tracking speed, very low cost, easy 
handling, and very good static response. But it gives a less accurate MPP position. So, the entire system gets 
affected by the heat and conduction losses.

The fractional voltage-based PI controller is utilized in the hybrid grid-connected fuel stack system to 
maintain the voltage stability of the grid at diverse water membrane conditions of the fuel stack system34. In this 
method, a separate switch is required for evaluating the open circuit voltage of the fuel stack. Here, the open 
circuit fuel stack voltage is measured by the shutdown of the entire system. As a result, the hybrid system gives 
a very bad dynamic response. So, the IRR MPPT concept is used in the article35 for reducing the oscillations 
of MPP. In this method, the current density function is utilized for moving the functioning point of the fuel 
stack near the actual MPP position36. At the starting point of the fuel stack V–I curve, the variation of the 
current density value is positive then the functioning point of the fuel stack goes in the forward direction. If 
the operating point of the fuel stack reaches the global MPP position then the current density function value 
is zero. The merits of an IRR controller are fast static and dynamic response when equated to the traditional 
MPPT techniques37. The fuel stack-fed multiphase DC-DC converter circuit generates fluctuated output current 
ripples and voltage ripples which are sent to the RCM block for identifying the suitable operating duty cycle of 
the DC-DC converter. Due to this controller operation, the entire system’s heat conduction losses are reduced. 
As a result, the operating and maitainence costs of the fuel stack are reduced extensively38. The drawbacks of 
this controller are less applicable for quick changes in the operating temperature conditions of the fuel stack and 
needs high space for installation.

The fractional order variable step value-based IC power point identifier is applied to the PEMFS power 
supply system for effective tracking of the fuel stack MPP. Here, the main aim of the variable step fractional 
order IC controller is improving the steady state as well as dynamic response of the PEMFS at quick changes in 
water membrane conditions39. The merits of this controller are good tracking speed, a smaller number of sensing 
devices required for sensing the fuel stack parameters, and extracting the maximum power of the fuel stack 
thereby enhancing the overall system efficiency. As a result, the PEM fuel stack system input fuel utilization is 
reduced. So, this controller reduces the maintenance and installation cost of the entire power supply network40. 
The Hill Climb Controller (HCC) working is quite similar to the large perturbation size-based P&O method. 
Here, in this HCC, there are different perturbation step size values are selected which are the high perturbation 
step, and the low perturbation step. The high perturbation step concept is utilized at the beginning stage of the 
HCC operation to enhance the convergence speed of the controller41. After that, the perturbation step value is 
reduced to eliminate the distortions of converter output voltage. The disadvantages of these traditional controllers 
are less MPP tacking speed, and may not be applicable for quick changes of water membrane conditions of the 
fuel stack.

In42, the authors focused on the conventional neural network controller for estimating the fuel stack output 
power thereby generating the suitable duty cycle to the three-phased z-source power converter. Here, the input 
signals fed to the artificial intelligence controller are oxygen consumption, hydrogen decomposition, utilized 
temperature, and the Faraday constant of the fuel stack. The features of neural network-based MPPT controllers 
are fast response, required less formal statistical training, and the capability to handle highly complex nonlinear 
issues. However, the neural network drawbacks require high training time, plus highly knowledgeable candidates 
are required to operate the controller43. In this work, there are various types of hybrid MPPT controllers are 
studied for generating the optimum duty cycle to the conventional boost converter and which are compared in 
terms of fuel stack output voltage, converter output voltage, fuel stack output current, converter output current, 
the efficiency of MPPT controller, settling time of the load voltage, number iterations required to track the 
MPP, and design complexity of the controller44. Here, these hybrid controllers overcome the disadvantages of 
traditional, and soft computing controllers. The detailed differentiation of all types of MPPT methodologies is 
illustrated in Fig. 1 The utilized fuel module technology is mentioned in Fig. 2.

The fuel stack gives very high-level output currents. Due to this, the system power conduction losses are 
increased extensively45. So, there are various categories of power DC–DC converters are used to improve the 
voltage profile rating of the induction motor-fed fuel stack system46. The major classification of power converters 
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are non-isolated, and isolated power converters. All the isolated converters needed separate transformers, and 
rectifiers. In addition, these converters needed more space for installation. Also, the manufacturing cost of the 
isolated converters is very high. From the literature survey, the generally isolated converters consist of an output 
load that is separated from the input signal and are classified as bridge-type forward converters and flyback 
converters47. In a forward converter, the load voltage gain mainly depends on the input transformer. The features 
of a forward converter are galvanic isolation, multiple outputs, and the ability to provide low as well as high 
output voltage supplies simultaneously. However, the major disadvantage is the high cost of implementation. In 
the article48, the authors referred to the flyback technology for DC–DC power conversion. The flyback converter 
is capable of accommodating the non-isolated and isolated formations. However, the drawbacks of the isolated 
converter are less operating efficiency, very high leakage current, and high sensitivity to operating temperature. 
So, in this work, a conventional non-isolated DC–DC converter is utilized for optimizing the overall cost of the 
PEMFS-fed non-isolated converter system. The features of this converter are less space required for installation, 
more efficiency, and high flexibility.

Mathematical implementation of PEM fuel stack
Present non-renewable sources reduction, and environmental considerations, the fuel cell stacks are acting as 
renewable energy systems for supplying electricity to electric vehicle systems. Most of the fuel stacks’ input 
source is H2 which is produced from the various biological sources49. The major H2 production methodologies 
are steam reforming of CH4 and Coke. In steam reforming of methane, the CH4 chemical is reacted with the 
water at 800 °C50. As a result, the hydrogen, plus carbon monoxide chemical compounds are generated. The 
combined chemical composition of hydrogen and carbon monoxide is sent to the cooling compression chamber 
to separate the pure hydrogen content. Similarly, in the steam reforming of coke, the coke is combined with the 
water in the presence of nickel catalyst at 1000 °C to produce the carbon monoxide, and hydrogen51. The general 
features of hydrogen are tested less, odorless, colorless, and lightweight gas.

In this work, the PEMFC is used as a source for the electric vehicle load. The input source of PEMFC is 
hydrogen which is sent to the anode of the fuel stack. The proton-conducting polymer is worked as an electrolyte 

Fig. 1.  Types of power point identifying controllers for PEMFC.
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in the PEMFS. The chemical reactions of the polymer membrane fuel stack are explained in Fig. 3(a), and its 
resultant circuit is given in Fig.  3(b). The PEMFS is designed by using the polymer membrane electrolyte. 
The utilized electrolyte consists of different layers which are diffusion layer, catalyst layer, anode, plus cathode 
chambers. In this fuel stack, the paper-type carbon is covered by both anode and cathode electrodes to protect 
the PEMFS from the higher operating temperature conditions. The major observation of this fuel stack is 
polymer membrane is not conducting electrically. Also, the PEMFS works at 100 °C temperature for the effective 
utilization of the hydrogen.

From Fig. 3(a), the direct combination of O2, and H2 generates the heat energy. Here, the hydrogen moves 
near the anode chamber and it separates into hydrogen ions and electrons. The resultant hydrogen ions move 
from the anode chamber to the cathode chamber. The available electrons in the PEMFS are collected by using an 
external circuit. The proposed PEM fuel stack chemical reactions are derived as,

	 H2 → 2H+ + 2e−� (1)

	
2H+ + 2e− +

1

2
O2 → H2O� (2)

	
H2 +

1

2
O2 → H2O + E� (3)

From the equivalent circuit of the fuel stack, the single cell output voltage is represented as VFC which mainly 
depends on the three types of fuel stack resistors which are concentrative (RCo), active polarization resistors 
(RAc) plus ohmic resistors (ROh). The voltage drops across the three resistors, and the open circuit voltage 
of the fuel stack is represented as active voltage (VAc), ohmic voltage (VOh), concentrated voltage (VCo), and 
thermodynamic voltage (Votv). Finally, there is a total N number of fuel cells interconnected to generate the high 
output voltage which is represented as Vtotal.

	 Vtotal = N*VFC� (4)

	 VFC = V0tv − VOh − VCo − VAc� (5)

	 VOtv = 1.29− 0.8e−3 (TFop − 298.12) + 4.3e−5In(PH2

√
PO2)TFop� (6)

	

PH2 =
1

2
HVA*Psat

H2O


 1

HVA*Psat
H2O

PA
exp


1.65(Icell/A)

TFop




� (7)

Fig. 2.  Detailed utilization of polymer cell under quick variation of temperatures.
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PO2 =
1

2
HVC*Psat

H2O


 1

HVC∗Psat
H2O

PC
exp


4.12*(Icell/A)
1.22*TFop




� (8)

	 VAc = g1 + g2TFop + (g3 + g4)TFoplog(CO2 + IFC)� (9)

	
VCo = −R*TFop

NF
In(1− X

Xmax
)� (10)

	 VOh = Icell*(Ref + Rpf)� (11)

	
CO2 =

PO2

5.08e6 ∗ exp(−498/TFop)
� (12)

	
X =

Icell
A

� (13)

	
Ref =

γ efQ
A

� (14)

	
γ ef =

181.6
[
1 + 0.01X + 0.52*(TFop/303)

2*X2.5
]

(W − 0.634− 3X)exp(4.02(TFop−304)

TFop
)

� (15)

Where TFop, PH2, and PO2 are indicated as operating fuel stack temperature, hydrogen partial pressure, plus 
oxygen partial pressure. The terms HVA, HVc, PA, PC, plus PH2O are represented as anode humidity vapor, relative 
humidity vapor at the cathode, anode partial pressure, cathode partial pressure, plus water pressure of the fuel 
stack. Here, the empirical coefficients are indicated as g1, g2, g3 plus g4. Finally, the parameters IFC, F, X, and A are 
each cell current, faraday constant, overall stack current, and fuel stack chamber area. In the diffusion layer, the 
oxygen concentration is determined by using Eq. (12). From Eq. (15), the effective resistance of the single cell, 
and the overall resistance of the fuel stack are represented as ref, plus Ref. The PEMFS design parameters are given 
in Table 1, and also the proposed fuel stack power versus current nonlinear characteristics are shown in Fig. 4.

Design, and investigation of controllers
Due to the nonlinear characteristics of the fuel stack, the maximum power extraction from the source is 
very difficult. So, the MPPT technology plays an important role in tracking the fuel stack MPP position at 
different water membranes, and operating temperature conditions52. Also, from section  “Introduction”, it is 

Fig. 3.  Utilized polymer membrane electrolyte fuel stack, (a). Chemical reactions, plus (b). Equalized circuit of 
the fuel stack.
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identified that the general power point tracing methodologies are not suitable for rapid changes in operating 
temperature conditions of the fuel stack. The conventional MPPT controllers’ disadvantages are high output 
voltage fluctuations, more time for extracting the maximum output voltage, high convergence time, plus needed 
a greater number of sensing devices. The limitations of conventional controllers are overcome by using the 
advanced MPPT controllers which are ASV with P&O53, ASS with IC54, RBFN55, IS with FLC56, CSV with 
PSO57, and ASV with CSA.

Adjusted step value-based P&O MPPT technique
As we know the general P&O method is useful only for constant operating temperature conditions of the fuel 
stack, and it is applied where the accuracy of MPPT is not necessary. This controller’s disadvantages are high 
oscillations across MPP, high power conduction losses, less life span of the system, plus less efficiency. Also, this 
controller depends on the initial working conditions of the PEMFS58. In article59, the authors focused on the 
ASV-P&O method which is implemented by using the different steps which are system modeling, power loop 
control, step constant variation, performance evaluation, and stability. In the system modeling step, the PEMFC 
characteristics are studied. In the second step, the power loop control continuously adjusts the overall system 
impedance to track the fuel stack MPP. Here, the PEMFS voltage is perturbated to enhance the power rating of 
the fuel stack. The advantages of the adjusted step value-based P&O MPPT technique are moderate oscillations 
across MPP, fast system response, plus high efficiency when equated to the conventional P&O controller60. Based 
on Eq. (16), when the functioning point of the fuel stack is lying on the last corner of the P–I curve then the duty 
value of the DC-DC converter is improved to move the operating point of the fuel stack near to the actual MPP 
position. Otherwise, the duty cycle of the converter is reduced which is given in Eq. (17).

Fig. 4.  (a) Fuel stack generated V–I curve. (b). Fuel stack generated P–I curve.

 

Parameters Values

Rated power of the PEMFS 1.26 k Watts

Maximum output voltage of the PEMFS 24.23 Volts

Maximum output current of the PEMFS 52 A

Nominal air flow rate (lpm) 2400

Maximum airflow rate 4615

Number of fuel cells used (N) 42

Nominal supply pressure of H2 1.5 bar

Nominal supply pressure of O2 1 bar

Constant of gas (R) 82.899 [J.mol-1.K-1]

Constant of faraday (F) 97,000.912 [C.mol-1]

Oxidant composition 21%

Fuel composition 99.95%

Hydrogen utilization 99.56%

Utilization of oxygen 59.3%

Nerst voltage of each cell (VFC) 1.115 V

Table 1.  Detailed design parameters of the proton exchange membrane fuel stack.
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δ (t) = δ (t − 1) + α

(
p (t)− p(t − 1)

v (t)− v(t − 1)

)
� (16)

	
δ (t) = δ (t − 1)− α

(
p (t)− p(t − 1)

v (t)− v(t − 1)

)
� (17)

Where the parameters δ (t) , and δ (t − 1) are the instant duty cycle, plus the previous duty cycle. Here ‘α’ is 
an adjustable constant parameter that is used to adjust the duty value. Similarly, the parameters v(t), p(t), v(t–1) 
& p(t–1) are the present and previous voltages and powers of the fuel stack.

Adaptive step size with incremental conductance
One of the most commonly used conventional MPPT controllers is IC which is applied in traffic signal control 
systems. The IC concept implementation has been done by utilizing the nonlinear V-I characteristics of the fuel 
stack. Here, the system conductance is varied continuously until the functioning point of the fuel stack reaches 
the actual MPP position61. In article62, the adjusted step value-based IC controller is used in the electric vehicle-
fed fuel stack system for running slip ring induction machines under continuous changes of water membrane 
content of the fuel stack. Here, the water electrolysis concept is used for supplying H2 to the fuel cell banks, 
and the fuel stack electrodes are designed using copper materials. In this ASS-IC controller, the equivalent 
impedance of the fuel stack is used for identifying the optimum duty value of the interleaved DC–DC converter. 
T﻿he adjustment of the converter duty cycle by using this MPPT controller is given in Eq. (18), and Eq. (19)63.

	
Ψ (t) = Ψ (t − 1) + k*

(
P (t)− P(t − 1)

V (t)− V(t − 1)

)
� (18)

	
Ψ (t) = Ψ (t − 1)− k*

(
P (t)− P(t − 1)

V (t)− V(t − 1)

)
� (19)

Where the terms Ψ (t) & Ψ(t − 1) is the present duty value, and past duty cycle parameters and their related 
power changes are represented as p(t), and p(t-1). Finally, the evaluated fuel stack past and instant voltages are 
v(t−1), and v(t).

Radial basis functional network-based MPPT controller
Mostly, the ANN is used in nonlinear decision-making problems applications64. These networks are implemented 
from the inspiration of biological neurons, and the ANN is designed from the combination of activation 
functions, mathematical operations, and optimization methodologies. In the article65, the RBFN model neural 
controller is interfaced in the automotive fuel stack system to improve the dynamic behavior of EVs66. The RBF 
networks have the capability of approximation of complex functions, good modeling of nonlinear relationships, 
plus capturing the complex patterns from the available data to determine the accurate MPP position of the 
fuel stack. The RBF-related power point identifying the network working nature is illustrated in Fig. 5. Based 
on Fig. 5, the radial function is used as an activation function for obtaining the desirable duty to the DC–DC 
converter circuit. The RBF demonstrates the smooth transition from the center point to the surroundings of the 
neurons to adapt to the source space very efficiently. Based on available data sets, the RBF interpolates the input-
output relations, and it generalizes the input-output relations for non-available data. The major advantage of RBF 
is its high computational efficiency.

	 net(1)T = S1
T (x) ; x = 1,2, 3,4, ..., n� (20)

	
H(1)

L (x) = f(1)T

(
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∑
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	 net(3)U =
∑

U
WYH2

Y (x) ; x = 1,2, 3,4, 5, ....., n� (26)

	 O(3)
U (x) = f(3)U (( net3U (x)) = net3U(x)� (27)

Where the terms T, U, and Y are the first layer, output layer, plus middle layers. The variables S1
T (x) , net(1)T (x) 

represents the net value of the source layer, and its corresponding output signal. The total selected data samples 
are identified as ‘x’. The H(1)

L (x), H(2)
Y (x) gives the center layer the first, and second node overall input signal. 

The hidden layer output net value is determined as net(2)Y (x). The variables ‘S’, µ , ?, W, and O are indicated 
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as input vectors, the mean value of the signal, controller coefficient, neuron weight, and required RBF output 
signal.

Incremental step-fuzzy logic controller
The radial functions have certain drawbacks which are high training complexity. Especially, the training of 
large data sets and multidimensional input parameters is very difficult. The overfitting problem occurs in RBF 
networks due to the number of radial basis functions. Selection of suitable radial basis functions is a challenging 
task for the greater number of radial functions. In the article67, the fuzzy controller is integrated into the Z-circuit 
converter-fed fuel stack system to enable the peak power supply of PEMFC at diverse water membranes, and 
operating temperature conditions68. The fuzzy is formed from the mathematical framework which especially 
deals the impression and uncertainty. Also, the fuzzy handles the linguistic variables and terms to allow the 
experts to represent their expertise naturally. The fuzzy systems are easily adapted for various multidimensional 
problems. The features of fuzzy are high flexibility, best suitable for dynamic environmental conditions, and high 
robustness for handling noisy, and incomplete data69. Also, this system works inherently for uncertainty issues, 
and it consists of more transparency, plus provides high interpretability.

In a fuzzy MPPT block, there are different blocks integrated which are fuzzification of input parameters, 
execution of various rules of the controller, plus defuzzification of output variables to crisp value for finding the 
error parameter of the system70. The fuzzy controller for the MPPT application is given in Fig. 6, and its rules 
and membership functions are stated in Fig. 6. The error variables of fuzzy are given in Eq. (28). From Fig. 6, 
the fuzzy adapts the continuous variation of EV fed fuel stack temperature, and it traces the functioning point 
of PEMFC on P-I curve with high convergence speed. Here, the fuzzy membership functions are chosen based 
on the application of optimization techniques. The fuzzy does not involve any mathematical formulas71. So, the 
entire controller implementing cost, and size are reduced. The efficiency of fuzzy MPPT is high when equalized 
with the neural network because of the multiple-step value selection on the V–I curve. The fuzzy enhances the 
duty of the converter because the working point of PEMFC is the right-side corner of the actual MPP or else, the 
duty is varied in a descending fashion to reduce the fluctuations of load power.

	
e (n) =

P (n)− P (n − 1)

V (n)− V (n − 1)
; ∆ e (n) = e (n)− e (n − 1)� (28)

Continuous step variation-based PSO MPPT controller
Sometimes, fuzzy systems are more complex because they need more rules and membership functions. So, 
the entire controller design, plus maintenance cost is increased72. In a hybrid fuel stack/PV power supply, the 
PSO controller is applied for the continuous improvement of the efficiency of the converter. PSO is one of the 

Fig. 5.  RBFN work process for PEMFC-based power supply system.
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metaheuristic swarm controllers that can be used for solving any nonlinear issue of the fuel stack73. Also, all 
the fuel stacks are highly complex, plus nonlinear systems. The fuel cells involve many conflicting requirements 
which are minimum fuel usage, maximizing the available power, plus optimizing the environmental emissions. 
The PSO handles the multiple objectives of PEMFS at continuous changes in the working temperature of the 
fuel stack. In the initial stage of PSO, all the swarm agents’ weights are given by applying the random probability 
technique. Here, all the agents work cooperatively, and a single agent is represented as one particle74.

At the first iteration of PSO, all the agents move away from the required object in various directions with 
different velocities. After completing certain iterations, the agents try to come near the required target position. 
In the search process, all the agents exchange their information to extract the peak voltage of the fuel stack75. The 
agent’s successive velocity (V), and its associated position (y) are varied based on Eq. (29), plus (30). The MPPT 
tracking process using PSO is given in Fig. 7.

	 Vs+1 = W*Vs
k + L1g1 (Pb_k − Ys

k) + L2g2 (Gb_k − Ys
k)� (29)

	 Ys+1 = Ys
k + Vs+1

k � (30)

Where, the variables Vs+1, and Ys+1 are adjusted velocities, plus the position of agents. The terms ‘s’, ‘k’, Pb_k, 
and Gb_k have selected iterations, particle number, each iteration’s best global position, and the global position 
of MPP after completing all the iterations76. The constraints L1, and L2 are acceleration factors. Similarly, the 
variables g1, and g2 are particle random values.

Adaptive step value-cuckoo search algorithm
One of the known metaheuristics’ optimization methods is cuckoo search controllers which are implemented 
from the breeding nature of cuckoos77. This algorithm solves all types of optimization issues, especially in global 
optimization where the search space is very high. In this technique, there are three conditions involved which 
are in the initial iteration each cuckoo should give one egg after that in the second condition, all available eggs 
have more quality then the controller moves to the next condition or else it goes into the previous condition78. 
The algorithm starts initializing the all-cuckoos weights randomly in the overall search space. Each egg gives 
a solution for the particular optimization issue. Here, each cuckoo egg is identified by applying the fitness 
function. The main objective of the fitness function is identifying good quality cuckoo eggs. Another major 
parameter of CS MPPT is levy flight which is incorporated for initializing the random walk of cuckoos79. Also, 
the levy is useful for the deciding step value of the cuckoos in the multidimensional search region. After applying 
levy flights, there are a few cuckoos laying their eggs in the host nest80.

The CS controller selects the best solution from the available solution. A good solution for cuckoos is to have 
the chance to go to the next iteration81. To eliminate the overcrowding of nests, the diversity of the population 
is continued, and some of the worst solutions are removed from the search space for achieving potentially good 
solutions. The application of adaptive CS MPPT for the fuel stack system is illustrated in Fig. 8. From Fig. 8, the 
voltage supplying of the fuel stack, and power of the converter circuit are determined at the initial stage of the 
adaptive CS MPPT controller. Later, the cuckoos start searching for the required object of the system with the 
speed (V)82. The continuous updating of solutions has been done by applying multiple iterations, and various 
levy flights. The levy limits of the CS technique are derived in Eq. (31). The parameters § , s, q, X, plus Y are 
represented as operating constant, number iterations, cuckoo length, and distribution curves. Also, parameters 
a, and b are the levy flight sizes83.

	 Levy (§ ) = Length−§ ; 1.5 < § < 3.5� (31)

Fig. 6.  Improved fuzzy MPPT for fuel stack application.
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Fig. 7.  Continuous step value adjustment of PSO controller for PEMFC system.
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Design of conventional boost DC–DC converter
All the fuel stacks supply very low voltages. So, the output of PEMFC is enhanced by interfacing the DC–DC 
converter. From the previously existing articles, the isolated converter circuits needed high design costs84. Also, 
these converters need more additional components which are transformers, and rectifier circuits. Due to the 
additional requirement of the converter, the entire fuel cell power system size is increased. This is undesirable 
for electric vehicle-fed fuel stacks. So, the conventional non-isolated converter circuit is integrated with the 
fuel cell to enhance the working efficiency of PEMFC85. The general boost converter circuit is frequently used 
in many applications because of its advantages are easy to design, more flexibility, fewer components required 
for implementation, optimal size, plus easy understanding and operation. The working stages of this converter 
circuit are given in Fig. 9(a), (b), and (c)86. The step-up of fuel cell voltage is obtained by the application of the 
MPPT controller which is mentioned in Eq. (35). From Fig. 9, the consumer load current is given in Eq. (36). 

Fig. 8.  Improved adaptive CS controller for rapid change of fuel stack temperature.
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Based on Eqs.  (35), and (36), the current plus voltage conversion ratios are determined which are given in 
Eq. (37).

	 DTp*VFC + (1− D)Tp* (VFC − V0) = 0� (35)

	 −I0D*TP + ((IFC − I0) * (1− D)Tp = 0� (36)

	
V0 =

VFC
/
(1− D) &, I0 = IFC (1− D) � (37)

Where Tp, and D are the switching period and converter duty value. Similarly, the terms I0, plus V0 are the load 
currents and voltages.

Analysis of summation results
The resistive load boost converter circuit is integrated with the PEMFC to improve the power supply capacity 
of the load with less power conduction losses. The entire system investigation has been done by the use of the 
MATLAB Simulink tool. Here, the polymer-type fuel stack is selected for the power supply of peak load demand. 
This fuel stack takes hydrogen, and water for the production of electrons. The selected rated power of the stack is 
1.26*103 W, and its supply voltage is 24.23 V. The current flow through the circuit is 52 A which can be optimized 
by using the DC–DC converter. The fuel stack output capacitor value Cv is 38 µF that is maintained constant 
supply voltage under rapid changes in fuel stack temperatures. Also, this capacitor optimizes the ripples of fuel 
stack power thereby enhancing the performance of the entire power supply system. The load capacitor Cw value 
is 23 µF, and it is helpful for the consumer to maintain the uninterruptable load voltage.

Analysis of MPPT controllers at static 270 K temperature
Here, under the forward stage of a switch, the diode goes into the blocking stage, and the entire supply energy 
is stored in the inductor LV. In the second stage, the switch (S) goes off-stage then the diode conducts with 
supply voltage. Here, the MOSFET is selected for analysis of the DC–DC converter circuit. The features of this 
device are high input resistance, the switch works very fast manner, less power absorption, plus less output 
resistance. Also, this device works in both depletion and enrichment mode operations. The ASV with P&O 
and ASS with IC controllers fed fuel stack system give the maximum power, plus currents are 362.84 W, 24.5 A, 
451.98 W, plus 27 A respectively. The obtained current, plus the voltage of the PEMFC system are explained in 
Fig. 10(a), and (b). The evaluated fuel stack power by interfacing the RBFN, IS with FLC, plus CSV with PSO is 
494.13 W, 531.88 W, plus 555.80 W as given in Fig. 10(c). From Fig. 10(c), the resistive load connected to ASV 
with the CSA controller extracts more power from the PEMFC which is equal to 567.82 W. The supply voltage of 
PEMFC is increased by the application of CSV with PSO, and ASV with CSA controller. The DC-DC converter 
circuit is fed to the load and its related voltage, plus powers by the application of ASV with P&O, ASS with IC, 
RBFN, IS with FLC, CSV with PSO, plus ASV with CSA techniques are 108.5 V, 294.25 W, 118.07 V, 349.48 W, 
123.05 V, 375.42 W, 127.21 V, 400.717 W, 128.004 V, 409.86 W, 128.93 V, plus 416.18 W. The application of MPPT 
controllers for the converter current and voltage improvement is given in Fig. 10(d), and (e). From Fig. 10(f), 
the generated converter power by utilizing ASV with CS is very high when equated to the ASV with P&O, 
RBFN, and IS with FLC techniques. The converter voltage and PEMFC system MPP oscillations are more for 
the application of ASV with a P&O controller. The evaluated parameters of various MPPT controllers for the 
DC–DC converter circuit fed fuel stack system are given in Table 2.

Fig. 9.  DC–DC Converter circuit, (a). block diagram, (b). switch working, plus (c). switch blocking stage.

 

Scientific Reports |        (2024) 14:21627 13| https://doi.org/10.1038/s41598-024-72861-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Analysis of MPPT controllers at dynamic temperatures (270 K, 300 K, and 330 K)
The PEMFC system is studied at fast changes in temperature values by the integration of different MPPT blocks. 
The fuel stack MPP tracking speed by the use of ASV with P&O, ASS with IC, RBFN, IS with FLC, CSV with 
PSO, plus ASV with CSA controllers at 270 K are 0.081 s, 0.102 s, 0.11 s, 0.127 s, 0.1281 s, plus 0.1288 s. The 
conventional ASS with IC, plus ASV with P&O controllers’ implementation, and design complexity is quite 
less than the other power point identifying controllers. At 300 K, the fuel stack, and DC-DC converter circuit 
available currents, and voltages by applying the CSV with PSO, and ASV with CSA are 37.29 A, 22.8 V, 4.02 A, 
152.79 V, 38.09 A, 22.98 V, 4.089 A, plus 153.98 V respectively. At dynamic temperature states of the fuel stack, 
the supply current, plus voltage waveforms of the PEMFC system are illustrated in Fig. 11(a), and (b). There are 
multiple types of power point determine controllers utilized for the improvement of the output power of PEMFC 
under dynamic functioning temperatures as given in Fig. 11(c).

Based on Fig. 11(c), the settling time of fuel power is high for the application of ASV with the P&O technique. 
Also, this ASV with P&O methodology is not useful for supplying the constant current to the load as mentioned 
in Fig. 11(d). The converter generated voltage and its related powers are mentioned in Fig. 11(e), and (f). From 
the converter circuit, current waveforms at 330 K by utilizing the ASV with CSA, and CSV with PSO consist 
of fewer distortions. Also, their tracking speeds under static as well as fast variations of fuel stack functioning 
temperatures are high which are evaluated as 0.1273 s, and 0.1277 s respectively. Here, the swarm optimization 
methodologies’ design complexity is moderate. However, these techniques are needed for optimizing the 
oscillations of fuel stack voltages thereby minimizing the working power and heating losses are decreased 

Fig. 10.  PEMFC, (a). Current, (b). Voltage, (c). Power, (d). DC–DC current, (e). DC–DC voltage, and (f). DC–
DC power under the static functioning temperature of the fuel stack.
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extensively. The conventional may not give a good dynamic response because of their accuracy in MPP finding 
and required high maitainence cost.

Conclusion
The proposed PEMFS-fed ASV with a CSA-based MPPT controller is designed by using the MATLAB/
Simulink tool. Here, in the first objective, the PEMFS is selected for the comprehensive analysis of different 
nature-inspired optimization controllers. The features of PEMFS are high-temperature withstand ability, high 
operating efficiency, less weight, high scalability, plus more life span. However, the drawback of PEMFS is the 
high output current. In the second objective, the DC–DC converter circuit is used to optimize the fuel stack 
output current and increase the fuel stack output voltage. However, the converter needed a suitable duty signal 
which is generated by using the MPPT controller. Finally, in the third objective, there are different types of 
MPPT controllers are analyzed in terms of maximum power extraction, settling time of the converter output 
voltage, oscillations across MPP, convergence speed of the MPPT controller, and implementation complexity. 
From the comprehensive summary, the ASV with CSA-based MPPT controller is giving high tracking speed of 
MPP, and high efficiency when compared to the other MPPT controllers.

Future scope of the work
The present studied MPPT controllers have the limitations of moderate MPP tracking accuracy, and less 
convergence speed when the total number of iterations are required very high at continuous changes of operating 
temperature conditions of the polymer exchange membrane fuel stack. In the future, the nature-inspired PSO, 
and ASV with CSA-based MPPT controllers’ hybridization has been done along with the conventional controller 
to increase the MPP tracking accuracy and find the optimum duty cycle of the DC–DC converter.

MPPT type

Cell 
current 
(A)

Cell 
voltage 
(V)

Cell 
power 
(W)

Converter 
current 
(A)

Converter 
voltage 
(V)

Converter 
power 
(W)

Efficiency of 
MPPT (%)

Tracking 
speed 
(s)

Oscillations of 
MPP

Complexity 
in design

The converter-fed fuel stack running temperature is 270 K

ASV with P&O 24.5 14.81 362.84 2.712 108.50 294.25 97.66 0.081 More Less

ASS with IC 27.0 16.74 451.98 2.960 118.07 349.48 97.69 0.102 More Less

RBFN 28.22 17.51 494.13 3.051 123.05 375.42 97.78 0.110 Medium Medium

IS with FLC 29.5 18.03 531.88 3.150 127.212 400.717 97.83 0.127 Medium Medium

CSV with PSO 29.58 18.79 555.80 3.202 128.004 409.86 97.88 0.1281 Less Medium

ASV with CSA 29.65 19.151 567.82 3.228 128.93 416.18 97.91 0.1288 Less Medium

The converter-fed fuel stack running temperature is 300 K

ASV with P&O 34.01 20.22 687.68 3.71 145.66 540.39 97.74 0.08 More Less

ASS with IC 34.19 21.19 724.48 3.78 147.80 558.68 97.79 0.092 More Less

RBFN 35.35 22.20 784.77 3.842 148.17 569.26 97.81 0.1262 Medium Medium

IS with FLC 36.89 22.69 837.03 3.97 151.55 601.65 97.98 0.1275 Medium Medium

CSV with PSO 37.29 22.8 856.92 4.02 152.79 614.21 98.00 0.1277 Less Medium

ASV with CSA 38.09 22.98 875.30 4.089 153.98 629.62 98.74 0.12865 Less Medium

The converter-fed fuel stack running temperature is 330 K

ASV with P&O 43.13 25.80 1112.7 4.55 189.99 864.45 97.82 0.079 More Less

ASS with IC 43.89 25.81 1132.8 4.713 190.78 899.14 97.88 0.091 More Less

RBFN 44.11 26.89 1186.1 4.79 190.91 914.45 97.92 0.1258 Medium Medium

IS with FLC 45.29 27.10 1222.8 4.80 191.33 918.38 98.02 0.1271 Medium Medium

CSV with PSO 45.30 27.25 1234.4 4.872 192.88 939.71 98.22 0.1273 Less Medium

ASV with CSA 45.33 27.29 V 1237.1 4.932 194.19 957.74 99.90 0.1277 Less Medium

Table 2.  Simulative results analysis of different power point identifying methods under quick variation of fuel 
stack temperatures.
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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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