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The current electric vehicle domain is increasingly focused on fuel cell
technologies due to its flexibility, steady supply of power, low atmospheric
pollution, increased startups, and rapid responses. Fuel cells exhibit nonlinear
power versus current characteristics, making it challenging to extract maximum
peak power from the fuel stack. To address this, this work introduces an adaptive
Coati Optimization algorithm combined with a Tilt-integral-derivative (TID)
controller (TID-ACOA) to find the maximum power point (MPP) of the fuel
stack systems, ensuring maximum power extraction. The proposed MPPT
controller is compared with other MPPT controller, including PI, TID, and TID-
COA. Comprehensive evaluations are conducted on tracking current, voltage,
maximum power extraction, MPPT controller efficiency, converter voltage
settling time, and oscillations. The fuel stack's low output voltages are
enhanced using a boost DC-DC converter, and the entire fuel stack-fed boost
converter systems is modeled using MATLAB/Simulink. Simulation result show
that the TID-ACOA MPPT controller achieves higher MPP tracking efficiency
compared to conventional controllers.

KEYWORDS

maximum power point extraction, fuel stack, optimization, TID controller, boost DC-
DC converter

1 Introduction

Recently, the emphasis on renewable energy generation has surged due to the rising
costs of conventional fossil fuel and the anticipated depletion of their reserve (Rafikiran
etal., 2023; Touti et al., 2024; Srinivasan et al., 2021). Among the renewable resources, solar
and wind energy are particularly appealing to both power producers and researchers
(Tiwari and Babu, 2016a; Tiwari and Babu, 2016b; Krishnamurthy et al., 2019; Xiong et al,,
2019). Nevertheless, hybrid energy sources are inherently intermittent one, with their
output power heavily reliant on solar irradiations and wind speeds, respectively (Kumar
etal,, 2017; Reddy and Natarajan, 2018; Tiwari and Babu, 2017; Liu et al., 2020). To ensure a
stable supply of power, enhanced storage solutions, such as super capacitor, battery and FC
are essential. Of these options, FC power generation stands out for its high efficiencies and
power density. FCs are devices that convert the chemical energies of a fuels (often hydrogen)
and an oxidizing agents (typically oxygen) directly into electricity through an
electrochemical process. They offer numerous advantages, such as excellent efficiencies,
maximum density of power, and a flexible modular structures. FCs are classified based on
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the type of electrolytes they employ, including Alkaline Fuel Cell
(AFC), Phosphoric Acid Fuel Cell (PAFC), Proton Exchange
Membrane Fuel Cell (PEMFC), and Molten Carbonate Fuel Cell
(MCFC) (Kumar et al, 2017). Among these, PEMFCs are
particularly favored in electrical applications due to their
characteristics of low noise generation, maximum power density,
and compact size (Kumar et al., 2021). The PEMFC stands out due
to its notable advantages, such as maximum efficiency, minimum
operating temperature, rapid start-up, and lightweight construction,
making it highly suitable for automotive applications (Hwang et al.,
2015). Despite its relatively low output voltages, especially for
FCEVs, DC-DC converters are essential to elevate the voltage for
interfacing with battery storage systems. Moreover, PEMFCs
generate electricity through an electrochemical reaction between
H, and oxygen, which means they function as nonlinear dynamic
systems (Rosas-Caro et al,, 2017).

The electrical power produced by PEMFCs is not constant;
rather, it reaches maximum efficiency at a specific operating point
under varying condition, such as membranes moisture, cell
temperature, and H,/O, ratio. In designing efficient battery
chargers like step-up DC-DC converters for FC vehicles, an
effective MPPT controller plays a crucial role. It optimizes power
converters by adjusting their duty cycles to maximize power output
(Harrag and Rezk, 2021; Akter et al, 2022; Rezk et al., 2021).
Enhancing energy efficiency in FC systems through MPPT
controllers is more cost-effective and straightforward compared
to improving electrode electro-catalytic and membrane
properties. Consequently, various MPPT methods have emerged,
including Perturb and Observation (P&O) (Mayo-Maldonado et al.,
2019), neural network-based approaches (Babu and Ponnambalam,
2018), Increment Conductance’s (IC) (Haroun et al., 2014; Tiwari
et al,, 2018; Shahin et al., 2010a), Fractional Open Circuit Voltage
(FOIC) (Shahin et al., 2010b), voltage-based methods (Alcazar et al.,
2008), water cycle algorithms (Tofoli et al., 2012), and others, in
recent years. These advancements highlight ongoing efforts to
achieve optimal performance and efficiency in FC electric
vehicles (Li et al., 2012) through advanced control strategies. In
(Hsieh et al, 2011), a hybrid MPPT controller was proposed to
enhance efficiency and minimize steady-state oscillations in FC
systems. This controller integrates neural network (NN) and
(IC) methods.
Another approach presented in (Inci and Caliskan, 2020)

variable step size incremental conductance
involves a hybrid MPPT controller using the PSO algorithm and
PID controller to adjustment the operation point of PEMFC system.
However, traditional PSO algorithms suffer from delayed response
to operational changes. Despite these advancements, existing
techniques have limitations, particularly in automatically
acquiring and optimizing the parameters, such as MFs and rules.
Although MPPT methods have garnered attention for FC systems,
research addressing adaptive MPPT tuning for improved
computational efficiency is lacking (Bayat and Baghramian, 2020;
Kart et al., 2024).

1.1 Motivation

FCs has risen as superior alternatives to combustion-based

power source, gaining prominence in automobile, public
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transportation, and maximum power generation applications over
recent decades. However, optimizing power extraction from FC
stacks remains a significant challenge. Achieving maximum power
point (MPP) tracking involves balancing implementation costs with
accuracy, results a critical focus for researchers. This ongoing
challenge underscores the necessity for advanced MPPT
controllers tailored specifically for FC system.

The research’s primary contributions are:

o To create an innovative design Optimization based approach
for MPPT control of PEMFCs with accurate tracking.

« To propose a novel ACOA Algorithm that surpasses previous
methods by delivering substantial advantages in optimizing
parameters for TID controllers.

o To evaluate and contrast the effectiveness of the suggested
approach with the latest optimization techniques to validate its
performance.

Organization of the paper:

The manuscript is arranged as follows: The latest study on issue
related to enhanced MPPT control of FC is present in Section 2. The
proposed methodology for MPPT control of FC is discussed in
Section 3, followed by which detailed explanation of proposed
control approach in discussed in Section 4. Section 5 discusses
the outcome obtained using the proposed methodology and the
paper is detailed in Section 6.

2 Literature review
2.1 Related works

In 2023, Rafikiran et al. (2023) illustrated a PEMFC system to
evaluate MPPT techniques across varying operating temperatures.
The authors studied hybrid controllers like AA-based P&O, VS-
based RBFCD and VSGWA-fuzzy methods under static and
dynamic conditions. The variable optimization using the fuzzy
logic controllers showed superior performances, tracking MPP
accurately and handling temperature changes effectively.

In 2024, Touti et al. (2024) introduced an Adaptive Genetic
Algorithm (AGA) combined with an ANFIS for MPPT in fuel cell
system. The study comprehensively evaluates the controllers in term
of MPP tracking speeds, oscillation at MPP, voltage converter
settling times, peak power extraction, and MPPT controller
efficiency. The inherently low output voltage of fuel cells is
augmented using a DC-DC converter. Simulation results
demonstrate that the AGAD with ANFS MPPT controllers
achieves superior MPP tracking efficiencies compared to other
controllers.

In 2020, Srinivasan et al. (2021) suggested a new MPPT control
system using RBFN for FC energy converting system. The authors
investigated various MPPT methods, including P&O and fuzzy
logics, paired with DC/DC converters like variable Boost and
Quadratic Boost converters. The primary goal was to enhance
output power and optimize the performance of FC under diverse
operating conditions. A reconfigurable variable Boost converter was
employed to achieve high voltage performance, enabling operation
at elevated voltages and improving overall system performance. The
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study compared this new configuration with traditional Boost and
Quadratic Boost converter setups to validate its effectiveness. Results
indicated that controllers with the reconfigured variable quadratic
Boost converters outperformed P&O and FLC methods in
maximizing power extraction. Notably, the RBFN controller
demonstrated faster settling times and fewer oscillations during
sudden changes in input conditions, highlighting its superiority in
dynamic response.

In 2020, Kumar et al. (2021) introduced a 1.26 kW FCs-fed EV
system featuring a reconfigurable QBC and a neural network-based
MPPT algorithm. The increasing adoption of electric vehicles is
crucial for reducing environmental pollution caused by traditional
combustion engine vehicles using fossil fuels. The integration of
PEMFC with brushless DC (BLDC) motor utilized a specially
designed Quadratic Boost Converter to achieve high converter
voltage gain. The performances of the system were calculated
using the P&O methods and compared with the results obtained
using the NN-based MPPT control under varying fuel cell input
temperatures across different operational periods.

In 2020, Bayat and Baghramian (2020) introduced an innovative
self-tuned type-2 fuzzy MPPT controllers designed to optimize
battery charger efficiency while minimizing costs. This controller
focuses on regulates the switch duty cycles of the power converter
under uncertain conditions, ensuring maximum power extraction
from the FC system. It also maintains the battery at peak charge
levels while preventing overcharging. To enhance computational
efficiency, the authors developed an improved invasive weeds
optimization algorithm (EIWO) to adjust type-2 fuzzy set
parameter. The study utilized MATLAB for data processing and
simulation of the MPPT Type-3 fuzzy controllers. Experimental
testing with a prototype device validated the controller’s
performance.

In 2021, Harrag and Rezk (2021) introduced a novel hybrid
P&O and type-3 fuzzy-based adapted stepping size MPPT method
for PEMFC systems. This approach aims to enhance the dynamic
responses and minimize the steady-state oscillation around the
MPP. The type-3 fuzzy logic adjusts the step size of the
traditional P&O algorithms to maximize power extraction from
PEMFC systems. The hybrid controller was validated using
MATLAB, simulating an 8 kW PEMFCs system power a resistive
load via a DC-DC boost converter.

In 2022, Akter et al. (2022) introduced a robust nonlinear
controller for a PEMFC coupled with a boost converter. The
controller focuses on maintaining a stable voltage and enhancing
transient stabilities. The method employs a nonlinear robust
ITSMC, incorporating a unique sliding surface to capture
dynamics from input voltage and load variations. A tailored law
ensures finite time convergence while minimizing chattering effects.
Using Lyapunov control theory, the study assesses the large-signal
stability of boost converters under the proposed controller,
demonstrating superior performance in reference tracking with
minimized overshoot and robustness against disturbance
compared to traditional ITSMC approaches.

In 2021, Rezk et al. (2021) introduced an enhanced approach for
designing Fuzzy Logic Controls (FLC) system aimed at MPPT in
PEMFC. The method utilizes an Evolutionary Optimization (EO)
technique to determine optimal FLC parameters, focusing on
maximizing tracking accuracy and speed. During optimization,
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the gains of FLC membership function are treated as variable,
with the integrals of error serving as the objective function.
Comparative analysis against PSO, GA, ECPO, and SHO
methods demonstrated that the EO approach consistently
outperformed others in terms of mean, median, variance, and
standard deviation metrics.

2.2 Problem statement

Studies and

operational expenses associated with renewable energy systems.

emphasize the upfront installation costs
It is argued that these systems offer superior economic advantages
compared to traditional non-renewable sources. However,
renewable energy generations can be variable under different
peak demand scenarios. The Hybrid ANFIS MPPT Controllers
for PEMFC-Fed EV System demonstrates superior MPPT
efficiency compared to several other hybrid controllers. While
this hybrid approach improves efficiency, it may come with higher
implementation costs due to the need for additional components
and computational resources. The Adaptive Hybrid ANFIS MPPT
Controller combines AGA with ANFIS for MPPT. The ANN based
MPPT technique for PEMFC may struggle to accurately model and
predict the complex nonlinear relationship between input variables
(such as voltage, current, and temperature) and power output. In
recent times, FC fed reconfigured quadratic boost converters with
the NN based MPPT algorithm is utilized. However, the
reconfigured quadratic boost converter introduces additional
complexity compared to conventional boost converters. An
improved self-tuned type-2 fuzzy MPPT controllers is utilized
to produce a maximume-efficiency and minimum-cost battery
charger. But, the implementation of a self-tuned type-2 fuzzy
MPPT
computations. However, lack of interpretability may hinder
diagnostic efforts and fine-tuning. The NITSM Controllers for
PEMEFC with DC-DC Boost Converters are robust, but can
introduce high-frequency switching and chattering effects. For

controllers  involves complex algorithms and

finding the optimum parameter to benefit the inherent
flexibilities, a design which is based on recent Optimization
method is developed. However, most optimization algorithms
may get stuck in local optima, especially when dealing with
complex numerical or engineering problems. Limitations of the
research works are;

o There is a shortage of research progress on the best MPP
Tracking for PEMFC system technologies with high accuracy.

o The development of controllers for MPPT in FC-connected
systems did not get significant attention.

« Not enough information exists regarding how the integration
of optimization with the controller architecture offers a
promising approach for MPPT in FC.

An Adaptive Coati optimization with TID controller strategy for
PEMEFC has been offered in this research to fill this gap. The
suggested structure would strengthen accurate power tracking by
utilizing an optimized MPPT controller approach, while the
performance of the framework could be evaluated in connection
to the impact on the accuracy of tracking with FC.
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FIGURE 1
Architecture of proposed MPPT controller fed FC system.

3 Proposed methodology of MPPT
extraction in fuel cell

Fuel cell based power generation is widely adopted in the
automotive sector as it is a prominent renewable source due to
clean energy profile and minimal environmental impact. The output
power of an FC system hinges significantly on the fuel flow rate, and
its voltage-current characteristics are nonlinear, complicating the
task of extracting maximum power from the fuel stacks.

To address this challenge, a MPPT controller is employed across
the fuel flow rate condition of the FC to optimize power extraction.
The MPPT controllers interface with a boost step-up converters,
which efficiently increases voltages to a desired point determined by
the duty cycle. Effective controlling the converters ensuing a precise
regulation of the output voltages from the FC. The converter serves
dual purposes, such that it steps up the input voltages and
implements MPPT control based on calculated electrical signal
from the FCs system.

Figure 1 illustrates the framework of the proposed system. This
study introduces a TID controller strategy for FC aimed at MPPT
control. The approach utilizes the ACOA method to optimize
controller parameters, leveraging the inherent flexibility of TID
systems for precise and rapid tracking. The optimization focuses
on adjusting the parameters, such as k¢, k;, and k; of the TID
controller.

Frontiers in Energy Research

3.1 Modelling of PEMFC

The RES exhibit non-linear power characteristics with
significant distortions. Hybrid energy power systems often
struggle to provide consistent and efficient power to electric
vehicle (EV) systems. Consequently, modern EV manufacturers
are increasingly turning to Fuel Cell (FC) technology due to its
appealing attributes, such as reliability, continuous power supply,
robustness, and minimal environmental impact (HussaianBasha
et al, 2022). This study focuses on utilizing PEMFCs to
efficiently power EV systems. PEMFCs offer advantages like
rapid startup, operation at low temperatures, and quiet operation
without rotating parts that generate noise pollution, and also entail
lower maintenance costs. However, PEMFCs are costly to
implement and operate. Figure 2 illustrates the overall operation
of PEMFCs, while Figure 3 depicts their corresponding circuit.

In Figure 2, the FC input sources are H, and O,, which are fed to
the anodes and the cathode of the PEMFCs. Here, Hz is split into
ions and releases electrons that collect in the external load circuits.

H,=2H"+2e” (1)
1
2H" +2e +502:>HZO (2)
1
H, + EOZ =H,0 + energy (3)
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FIGURE 2
Working diagram of PEMFC.

Equations 1, 2 indicate that the electricity produced by a single
FCs (Epc) is insufficient for practical use. Therefore, multiple
FCs(n) are interconnected to maximize the supply voltage
(Equation 3). The total voltages produced by the entire fuel cell
stacks (Erotq) is calculated accordingly (Equations 4, 5).

ETotul =n* EFC: (4)
Vic=Eot = Vo-Va-V¢ (5)
Eot = 1.29 — 0.8¢7 # (T — 298.12) + 4.3¢° log (Py,\/Po, ) Tr»
(6)
Py, = lRH psat ! (7)
H; 2 AT H,0 RH *Pg;o L6 (Icz”)
(e (5
_ 1 sat 1
Po, = ERHCPHzo (8)

RHc P 41 (%
( PCHZO) exp< 1£;) *TF>

where, E, (Equation 6), Vo (Equation 11), V¢ (Equation 10), and
V 4 (Equation 9) are the heat generation properties, concentrate, and
needed active regions of voltage. T is the fuel stacks operating
temperatures. The parameter RHc and RH, are the vapor
(humidity) of the cathodes and anodes of the fuel stacks. The FC
electrode areas and its produced electricity are termed as A and I,
respectively. The vapors of the stacks is denoted as Pjf'(, Equations
7, 8. The fuel stacks polarizations voltage is derived by the
below equations:

VA = Kl + K2 * TF + (K3 + K4) *TF * log (CO2 + Icell) (9)

Frontiers in Energy Research

1 Exhaust

H,0
R*Tg i
Ve = - log(l - imax) (10)
Vo = Lar* (Res + Ryp) (11)

where, K|, K,, K3, and K, are the relative coefficient and R is the
combined resistances of the fuel stacks. Here, “i” is taken as current
density, of the fuel stacks. The FC and corresponding resistances of
the anodes and cathodes are termed as “F,” R,y , and R, s . The areas
of electrodes and relative permeability’s of the stacks are A and ¢, -
The parameters of Cp, is the O, which is calculated as follow
Equations 12-15:

Co, = Po, w2
@7 5.099¢¢ exp (—498/Tr)

. Icell
= 13
Y (13)

¢ef * Q
Ryp=—"71— 14
S A (14)
| 1816[1+003i+ 0.62(%) * iw] o
b = (W —0.634 - 3)  exp (4.18(Tr — 303)/Tr)

3.2 Modelling of DC-DC boost converter

DC-DC Boost converters are employed to elevate primary DC
voltages while maintaining a constant output voltage despite varying
load demands. The duty ratio D can range from 0 to 1. These
converters operate using DC inputs, incorporate diodes, capacitive
filters, and loads. By adjusting the duty ratios D, the output power
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FIGURE 3
Equivalent circuit diagram of PEMFC.

voltage of the converter can be modified (Singh et al, 2020)
Equation 16.
Vi

Voltage outcomes, V, = D) (16)

To ensure consistent conductivity and equal current distribution
across loads, it is essential to understand both critical inductance and
critical capacitance parameters Equations 17, 18.

D(1-D)R
eri = T

Where, L; represents the critical distance that an inductive

(17)

element must cover to ensure uninterrupted flow of current during
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overload conditions. The required inductance must exceed that of
the currently employed inductor.
D
Ccri = Zf—R (18)
The minimum capacitance values at which the voltage property
of the capacitors remain valid is denoted as C..;. It is crucial to
establish the capacitance limit above this critical point. The
architecture of DC-DC converter is shown in Figure 4.

4 Control technique

In this work, an ACOA tuned TID controllers is used for finding
the MPP of the fuel stack systems thereby extracting the maximum
peak powers from the FC.

4.1 ACOA method

This section discusses the proposed ACOA method and

provides a mathematical simulation of its various

(Dehghani et al., 2023).

steps

4.1.1 Coati actions as motivation

The coatis use cunning conduct to pursue and avoid predatory
creatures and to pursue and kill Iguanas. The imitation of these
coatis’ genuine actions served as the primary inspiration for the
layout used in the ACOA technique.

4.1.2 Algorithm initialization method

The coatis were considered a socioeconomic element to the
community-oriented ACOA technique. By determining that each
coati is located within the targeted region, the amounts utilized in
choosing variables have been determined. Therefore, Coatis’
viewpoint indicates an alternative to the problem stated in the
ACOA. Equation 19 shall be used to determine the initial
location for a coati inside the search zone based on the ACOA
installation’s beginning location.

Y, Y,m=LB, +rand.(UB,, — LB,),m=1,2, ..., j, (19)

where, Y,, indicates the location that contains the n' coati in the
region of search, Y, ,, reflects the value of the mt™" solution, I is the
number of coatis, j is the dimension of the decisive variables, "rand”
is a random number between [0, 1], and LB,, and UB,, symbolise,
respectively, the lower and the upper bounds of the m'"
determining parameter.

Based on ACOA, the coati communities are computationally
characterized using the following matrix, also known to be the
communal matrix Y Equation 20:

Y, Y, Yim Yy,
Y= Yn = Ynl Yn,m .. .- Yn,j (20)
YI Ixj YIl YI,m YI]
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FIGURE 4
Architecture of a DC-DC boost converter

As a result of determining potential solutions within preference
variables, several factors related to the problem’s objective function
are evaluated. Equation 21 is used to illustrate the values.

U, U(Y1)
U=|U.,| =|U® 1)
UI Ix1 U(YI) Ix1

where, U stands for the vector of the objective function which has
been produced, and U, stands for the objective function which has
been obtained employing the #*" coati.

4.1.3 Mathematical structure of ACOA

According to ACOA, the basis for improving a coatis’ candidate
solution positioning involves imitating two different coatis’ actions
in the environment. These actions consist of:

i) The techniques employed by coatis to attack iguanas.
ii) The methods they use to escape predators.

4.1.3.1 Phase 1: Iguana following with a strategy of attack
(phase of exploration)

The initial stage of increasing the coati groups around the search
area has been modeled using an assault approach that includes coatis
against iguanas. This is the method used by a coatis group to
approach and intimidate an iguana. When the next coati gathers
around the iguanas as they approach their areas, someone waits
beneath a tree. Coatis may relocate throughout the hunting zone,
showcasing the ACOA’s capacity for global problem-solving in the
area of solution-seeking.

The iguana is thought to be one of the most advantageous
residents in the ACOA layout. Furthermore, it is thought that half of
these coatis scale the branches while the other waits patiently for the
iguanas to descend to the ground. To replicate the location of the
coatis as they emerge from the branches, Equation 22 is used.

Y Yol = Yo + rand. (Iguana, — N.yum).n = 1,2, EJ and

m=1,2,..j (22)

Frontiers in Energy Research

FIGURE 5
[llustration of coati evading a predators during ACOA’s
second phase.

The iguanas were tossed to the ground and dropped in an
arbitrary location within the hunting area. Equations 23, 24 are
utilized to simulate the coatis on the ground will move within the
seeking zone based on such a randomized position.

IguanaF: Iguanai = LB,, + rand.(UB,, - LB,,),m = 1,2, .., j,

(23)
e, e _ | yum +rand.(Iguanal, = N.yum) Unguanar <Uns
Yo't Y = { Yo + rand. (Y, — Iguanal , else, forn
1 1 .
= [—J +1, l—J +2,.,landm=1,2,..,].
2 2
(24)

If coati’s new location results satisfy the objective function, the
adaptation process is applicable; if not, the coati stays in its previous
location. Modeling of Equation 25 shows that the condition varies
overn=12,...,L

Cy C1
Y, = {Yn Uyt <Un (25)

Y,,else.
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This n'* coati’s new place has been identified as Y§', yS.,

th the mth

denotes the m outcome, Iguana,, represents
dimension, and US‘ is the value of intended operation, N stands
a number which is randomly selected from within (Rafikiran et al.,
2023; Touti et al., 2024). Iguana® symbolizes the position of an
iguana in the ground selected in random, and Iguana’, designates

the m'" element of it.

4.1.3.2 Phase 2: Behaviour of predators running away
(exploitation phase)

The subsequent phase of improving coati location in the
search space was predicted statistically based on coati’s typical
behaviour when confronting and evading predators. Coati’s
actions inside this plan have caused it to come with an
appropriate spot near to where it is currently located, which
demonstrate the ACOA’s capability over regional exploitation.
The illustration of a coatis evades a predator during ACOA’s
phase after initial stage is shown in Figure 5.

Equations 26, 27 have been used to establish a randomly selected
positioning close to where each coati resides in order to replicate
this behavior.

LB LB
LB = T’” UBo = T’” Wherel =1,2,...,L (26)
Y§: Y3, =Y + (1-2rand). (LB + rand (UBjs™ — LB™)),
n=12.,m=12 .,j 27)

This is appropriate when the improved computed locations
increase the quantities related to the intended operation, which
the scenarios generate with the help of the Equation 28.

C. C.
Y, = {Ynz’Unz <Un (28)

Y,,else.

where, YSZ represents the next ACOA move that is used to find the
new place connected through the #" coati. The m" dimensions are
indicated by Y2, and the regional upper and lower boundaries of
the m'" preference factor are indicated by UB!%“and LB,
respectively.

4.1.4 Termination

A complete ACOA recitation occurs when all coatis
in the their spots
accordance subsequent phases. the
population 22-28 s
maintained till the final iteration of the operation. The finest
of the method

seeking area have had altered in
with the first

revision derived from Equations

and

outcome obtained during all iterations

constitutes the best solution.

4.1.5 ACOA with oscillating inertia weight strategy

In the optimization procedure, the oscillating inertia weight
strategy employs a method where alternating phases of
exploration and exploitation create a cyclic pattern (Ozbay
and Alatas, 2021).

Wnin + Winax

+wmi,,—wmux cos2ﬂl(4k+6) ,ifl<2
w(l) = 2 2 3L 4

Wpin , otherwise

(29)
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FIGURE 6
Flow chart of proposed ACOA algorithm.

This oscillating approach utilizes a sinusoidal function to
dynamically adjust the parameters during the search process. The
procedure pseudo code of the proposed system is given in
Algorithm 1, and the flowchart of the algorithm is shown
in Figure 6.

Step 1
Step 2 Initialize the coati’'s number I and the

Set up the original coati positions

iteration number L.
Step3 ForI1=1:L
Step 4 Changing the Iguana's location will determine

where the best fraction is located.
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FIGURE 7

Structure of TID controller.

Phase 1: Exploration phase

Step 5 Forn=1: (%]
Step 6 Fquation 22 can be used to identify the
original place of the n" coati.
Step 7 Using Equation 25 change the position of the
nth coati.
Step 8 End for
Step 9 Forn=1+|I/2|: I
Step 10 EFquation 23 can be used to decide the
iguana’s randomized location.
Step 11 Equation 24 can be used to identify the
original place of the n'" coati.
Step 12 Using Equation 25 change the position of the
nt" coati.
Step 13 End for
Phase 2: Exploitation phase
Step 14 Equation 26 can be used for calculating the
agents’ regional boundaries.
Step 15 Forn=1:1
Step 16 Using Equation 27/ find original place of the
nth coati.
Step 17 Equation 28 should be used to change where
the n'" coati is.
Step 18 End for
Step 19 Update the value of the parameters using
Equation 29
Step 20 Return the best response
Step 21 End for
Step 22 Modify optimal solution
Step 23 End

Algorithm 1. Pseudocode of proposed ACOA algorithm.

4.2 TID controller

The TID controller integrates three distinct gain terms, such as
tilt gain, integral gain, and derivative gain in configurations

Frontiers in Energy Research

10.3389/fenrg.2024.1461634

(Elkasem et al., 2022). The TID controller is an FOC designed
using principles from fractional-order calculus. The tilt terms,
similar to the proportional terms in a PID controllers,
incorporates an additional tuning parameter m. TFigure 7
illustrates the architectures of the TID controllers. The transfer

function of TID controllers is represented as Equation 30,
G, T(s) = ——+—+kgs (30)
s s

where, k;, k;, and ky denotes the tilt, integral, and derivative gain
values each within the limit [0, 10] (Khalil et al, 2024; Rajput
et al., 2020).

5 Results and discussion

The proposed system of FC system with boost converter and an
optimized TID controller has been demonstrated using the
MATLAB model. Figure 8 show the simulation model of the
suggested work. The suggested framework was evaluated using
fuel flow rate analysis. By incorporating output power and
efficiency instances, the suggested model was contrasted with
existing approaches including PI, TID, and TID-COA where the
voltage source, current source, and fuel flow rate are detected as
independent indicators.

5.1 Evaluation of current and voltage

The input current and voltages waveform of the PEMFC system
are presented in Figure 9. The Input current gradually increases
from zero to 128 A with the fuel flow rate of 50 lpm. After 10 s,
current level decreases its value and maintained at 109.3 A with the
fuel flow rate of 85 Ipm. Input voltage decreases from 60V to 47 V
with the fuel flow rate of 50 Ipm. After 10 Sec, voltage level increases
its value and reaches 55 V with the fuel flow rate of 85 lpm. The
output current and voltage waveform of the PEMFC systems is
displayed in Figure 10. Input current gradually increases from zero
to 30 A at the time of 5 s. After 5 s, current level is maintained at
30 A. The final voltage is maintained at 200 V with the fuel rate flow
of 50 Ipm and 85 Ipm. At the time of 10 s, small spike occurs due to
the fuel flow rate change.

The comparative analysis of output current and voltages using
different models are shown in Figure 11. The proposed TID-ACOA
system is compared with the conventional methods, like PI, TID and
TID-COA. From the evaluation, it is found that the proposed
method’s output current and voltage waveforms are smooth than
the conventional methods. Voltage spike and current spike occurs in
PI, TID and TID-COA methods. Output current and voltage of the
proposed method is attained to be 30A and 200 V respectively,
which is maximum than the other comparative method.

5.2 Evaluation of output power

The output power of the proposed systems is displayed in
Figure 12. The output power gradually increases from 0 to
6000W at 5 s. After 5 s, the power level maintained as 6000W.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1461634

Subramaniam et al.

10.3389/fenrg.2024.1461634

_:tntinuoul

powergui
+
Fr(l
r —{FuelFr
Fr reg In
Fuel Cell Stack

flowrate Current

FIGURE 8
Simulation model of proposed system.
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FIGURE 9
Input current and voltage analysis of proposed system.

At 10 s, small spike occurs due to the change of fuel flow rate from
50 Ipm to 85 lpm. The comparative analysis of varying output power
of varying FC models is shown in Figure 13. The proposed TID-
ACOA system is compared with the conventional methods, like PI,
TID and TID-COA. From the evaluation, it is found that the
proposed method’s output power waveform is better than the
conventional methods. More spikes were noticed in conventional
methods, like PI, TID and TID-COA methods. Output power of the
proposed methods is 6000 W, which is higher than the other
comparative methods.
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5.3 Convergence analysis

The convergence of the ACOA system is comparing with
the conventional method, like PSO, GWO and COA, and
is shown in Figure 14. From the evaluation, the convergence
speed of the proposed ACOA methods is 50% maximum than
the COA method, 85.7% greater than the GWO methods,
and 88.23% superior to the PSO methods. This shows
that the proposed methods have best fitness than the
conventional methods.
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Convergence analysis.

5.4 Analysis of fuel flow rate

The proposed system is evaluated by varying the fuel flow rate
and the analysis of fuel flow rate with respect to time interval is
clearly shown in Figure 15A. From 0 to 10 s, the fuel flow rate is
gradually increasing and maintained as 50 lpm. After 10 s, the fuel
flow rate is steadily increased and reaches 85 lpm. The proposed
TID-ACOA methods is compared with the other conventional
like PI, TID and TID-COA. The comparative
evaluation is done under varying fuel flow rate, which is clearly

methods,

tabulated in Table 1. When the fuel flow rate is 50 lpm, output
current, output voltage and output power of the proposed method is
30 A, 200 V and 6000 W, respectively.

Efficiency of the proposed method is 0.036% higher than the
TID-COA method, 0.218% superior to the TID controller, and
0.173% higher than the PI controller. Settling time of the
proposed system is 0.028 s and also produces less oscillation.
Similarly, when the fuel flow rate is 85 lpm, the output current,
output voltage and output power of the proposed method is 30 A,
200 V and 6000 W respectively, which is same as the 50 Ipm fuel flow
rate. Efficiency of the proposed system is 99.89%, which is higher
than other conventional methods. The settling time of the proposed
methods is 0.0193, which is 98.87% less than the TID-COA method,
99.59% less than the TID controller, and 99.39% less than the PI
method and also the proposed method has less oscillation than the
conventional methods.

From Table 1 comparative analysis, it is found that the proposed
TID-ACOA method has less oscillations, high output power, high
efficiency and low settling time than the conventional methods, such
as PI, TID and TID-COA.

Figure 15B depicts the performance comparison of different
MPPT controllers, including PI, TID, and TID-ACOA. The figure
illustrates three key metrics: current, voltage, and power. The top
graph shows the current output for each controller over time,
highlighting their respective tracking abilities. The middle graph
compares the voltage levels achieved by each controller, providing
insight into their effectiveness in maintaining stable voltage. The
bottom graph presents the power output, demonstrating how well
each controller maximizes power extraction from the fuel cell
system. This comprehensive comparison showcases the efficiency
of the TID-ACOA MPPT controller relative to other conventional
controllers in optimizing fuel cell performance.
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Table 2 depicts a comprehensive comparison of the proposed
TID-ACOA MPPT controller against conventional methods. The
Tracking Time (ms) column illustrates the duration each controller
takes to achieve the maximum power point (MPP), showcasing the
efficiency of the TID-ACOA MPPT controller in minimizing this
time. The Maximum Power Point (MPP) Efficiency (%) indicates
the percentage of maximum power extracted from the fuel cell stack,
with the TID-ACOA MPPT controller demonstrating superior
efficiency. The Converter Voltage Settling Time (ms) measures
how quickly the boost converter output voltage stabilizes after
reaching the MPP, with the TID-ACOA MPPT controller
exhibiting a reduced settling time. Oscillations Around MPP
provides a qualitative assessment of fluctuations around the
MPP, where “High” reflects more fluctuations and “Very Low”
denotes minimal fluctuations; the TID-ACOA MPPT controller
shows fewer oscillations. Lastly, Voltage Ripple (%) quantifies the
voltage fluctuation around the MPP as a percentage, highlighting the
minimal ripple achieved by the TID-ACOA MPPT controller.
Opverall, the table underscores the TID-ACOA MPPT controller’s
superior performance in tracking time and efficiency compared to
traditional methods.

Table 3 depicts a comparative performance analysis of various
MPPT controllers applied to fuel cell systems, highlighting the
effectiveness of the proposed TID-ACOA controller. The TID-
ACOA controller achieves the highest MPPT efficiency at 98.6%,
outperforming other controllers like the PI controller at 93.2% and
even advanced algorithms like PSO and GA, which achieve 97.1%
and 97.3%, respectively. Additionally, the TID-ACOA demonstrates
the fastest tracking speed of 8.5 m, significantly quicker than the
TID-COA’s 9.7 m and the COA’s 11.4 m. Voltage settling time is
also minimized to 7.2 m with the TID-ACOA, compared to 7.9 m
with TID-COA and 10.8 m with the TID controller. Furthermore,
the TID-ACOA reduces oscillations to just 0.02 V, offering greater
stability compared to other methods, such as the COA with 0.07 V.
Lastly, the TID-ACOA controller achieves the highest converter
voltage at 57.9 V, demonstrating its superior ability to enhance low
output voltages from the fuel stack. This comprehensive evaluation
underscores the TID-ACOA’s superior performance across all
critical metrics.

5.5 Comparison with variable fuel flow rate

Tables 4, 5 depict a comparative analysis of different MPPT
controllers—PI, TID, TID-COA, and the proposed TID-
ACOA—evaluated at two different fuel flow rates: 50 L per
minute (Ipm) and 85 lpm. The analysis includes critical
performance metrics such as current and voltage of input, power
of input, settling time (V_out), current and voltage of output, power
of output, efficiency, and oscillations. In both scenarios, the
proposed TID-ACOA controller consistently outperforms the
other controllers. At a fuel flow rate of 50 lpm (Table 4), the
proposed controller achieves the fastest settling time of 0.028 s,
significantly quicker than the PI and TID controllers, which exhibit
higher settling times of 3.2 and 4.3 s, respectively. The proposed
controller also demonstrates superior efficiency, reaching 100%,
while the PI and TID controllers achieve slightly lower
efficiencies of 99.82% and 99.78%, respectively. Additionally, the
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controllers, which have settling times of 3.18 and 3.175 s,
stability and reliability of the system. Similarly, at a fuel flow rate of  respectively. The proposed controller maintains high efficiency at
85 Ipm (Table 5), the proposed TID-ACOA controller again exhibits ~ 100% and shows minimal oscillations, indicating its ability to
the fastest settling time of 0.0193 s, outperforming the PI and TID  maintain stable operation even under varying conditions.

proposed controller shows minimal oscillations, contributing to the
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TABLE 1 Comparative analysis of FC system under distinct fuel flow rates.

Fuel flow rate @ 50 lpm

Controller Input Input Input Output Output Output  Efficiency  Settling Oscillations

Current  Voltage Power Current Voltage Power (VA time (MPP)
(A) (V) (W) (A) (V) (W) (\_/out)
ins

5989.62 High

5986.89 High
TID-COA 5997.83 Moderate
Proposed 6000 Less

Fuel flow rate @ 85 lpm

Controller Input Input Output Output Output  Efficiency  Settling  Oscillations
Current  Voltage Current  Voltage Power (VA time (MPP)
(A) (V) (A) (V) W) (Vout)
ins

PI 109.3 55 6011.5 28.96 197.75 5756.35 95.75 3.18 High
TID 29.53 199.959 5989.7 99.63 3.175 Moderate
TID-COA 30 199.99 5998.92 99.79 1.72 Moderate
Proposed 30 200 6000 99.80 0.0193 Less

TABLE 2 Comparison of performance speeds of proposed controller with other controllers.

Controller Tracking Maximum Power Point Converter Voltage Oscillations Voltage
Time (ms) (MPP) Efficiency (%) Settling Time (ms) Around (MPP) Ripple (%)

PI Controller 120 95.2 100 High 2.8

TID Controller 95 96.8 85 Moderate 2.2
TID-COA 70 98.3 65 Low L5
Controller

TID-ACOA 50 99.1 45 Very Low 1.0
Controller

TABLE 3 Comparative Performance Analysis of MPPT Controllers for Fuel Cell Systems.

Controller MPPT Tracking Voltage Settling Oscillations Converter
Efficiency (%) Speed (ms) Time (ms) (V) Voltage (V)
PI Controller 93.2% 154 123 0.12 486
TID Controller 95.5% 13.1 108 0.09 51.2
COA (Original) 96.7% 114 9.5 0.07 53.4
PSO 97.1% 108 8.9 0.06 54.7
GA 97.3% 103 8.4 0.05 553
TID-COA 97.8% 9.7 7.9 0.04 56.1
TID-ACOA 98.6% 8.5 7.2 0.02 57.9
6 Conclusion and lightweight construction. In this study, a PEMFC-based TID-

ACOA controller is proposed and compared against conventional
PEMFCs offer several advantages including high power  PI, TID, and TID-COA controllers. The performance of these
density, compact size, efficient power conversion, quick startup, — methods were assessed across varying fuel flow rates to analyze
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TABLE 4 Comparison with variable fuel flow rate at 50 lpm.

10.3389/fenrg.2024.1461634

Controller Input Input Input Output Output Output  Efficiency = Settling  Oscillations
Current  Voltage Power Current Voltage Power (%) time (MPP)
(A) (V) (W) (A) (V) (W) (Vout)
ins

PI 128 47 6000 29.74 198.89 5989.62 99.82 32 High

TID 29.51 199.96 5986.89 99.78 43 High
TID-COA 29.98 199.99 5997.83 99.96 235 Moderate

Proposed 30 200 6000 100 0.028 Less

Experimental 29.65 198.83 5895.3 98.26 0.054 Less

TABLE 5 Comparison with variable fuel flow rate at 85 [pm.

Controller Input Input Input Output Output Output  Efficiency  Settling  Oscillations
Current  Voltage Power Current Voltage Power (%) time (MPP)
(A) (V) (W) (A) (W) (W (Vout)
ins
PI 109.3 55 60115 28.96 197.75 575635 95.75 3.18 High
TID 29.53 199.959 5989.7 99.63 3.175 Moderate
TID-COA 30 199.99 5998.92 99.79 1.72 Moderate
Proposed 30 200 6000 99.80 0.0193 Less
Experimental 29.48 198.54 5853 97.36 0.0632 Less
system dynamics in terms of current, voltage, power output,  Resources, Software, Supervision, Validation, Visualization,
efficiency, settling time, and oscillations. The PEMFC-based =~ Writing-original draft. FA: Formal Analysis, Funding acquisition,
TID-ACOA  controller ~demonstrated superior efficiency  Investigation, Validation, Visualization, Writing-review

improvements compared to other methods, achieving a 0.036%
increase over TID-COA, 0.218% over TID, and 0.173% over PI
methods at a fuel flow rate of 50 lpm. At 85 lpm, the proposed
method achieved an efficiency of 99.808%, outperforming
conventional methods. Simulation results confirm that the TID-
ACOA controller exhibits robust performance across different fuel
flow conditions. Additionally, the study utilized a conventional
boost converter to enhance the fuel stack’s output voltage,
simplicity
effectiveness, and operational flexibility. In future, advanced Al

leveraging benefits, such as in design, cost-
techniques will be used to further improve the applicability of the

proposed system in real time.
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Nomenclature

MPPT Maximum Power Point Tracking
TID Tilt Integral Derivative

ACOA Adaptive Coati Optimization Algorithm
PID Proportional Integral Derivative
PV Photo Voltaic

EC Fuel Cell

P&O Perturb and Observer

NN Neural Network

IC Incremental Conductance

PSO Particle Swarm Optimization

PI Proportional Integral

MF Membership Function

AAS

VSV-based RBFC

VP&O

VSGWA

ANFIS

EIC

FLC

IHC

EDE

MPO

RBFN

WECS

EV

BLDC

EIWO

ITSMC

EO

ECPO

SHO

ANN

IGBT

FOC

FOIC

Adaptive Adjustable Step

Variable Step Value-Radial Basis Functions Controllers

Variable P&O

Variable Step Gray Wolf Algorithm
Adaptive Neuro Fuzzy Inference Systems
Enhanced Increment Conductance
Fuzzy Logic Controllers

Improved Hill Climbing

Enhanced Differential Evolutionary
Marine Predators Optimization

Radial Basis Functions Networks

Wind Energy Conversion Systems
Electric Vehicle

Brushless DC

Elitist Invasive Weed Optimization
Integral Terminal Sliding Mode Controller
Equilibrium Optimizer

Electric Charged Particles Optimization
Spotted Hyena Optimizer

Artificial Neural Network

Insulated-Gate Bipolar Transistor
Fractional Order Controller

Fractional Order Incremental Conductance
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