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1. INTRODUCTION

The The accelerating growth in global energy consumption, particularly electricity derived from fossil
fuels, has intensified the transition toward clean and sustainable energy technologies. Proton Exchange
Membrane Fuel Cells (PEMFCs) have emerged as a promising solution due to their high conversion efficiency,
low operating temperature, compact structure, and rapid start-up capability. By converting hydrogen and
oxygen into electricity through an electrochemical process that produces only water as a byproduct, PEMFCs
offer an environmentally sustainable alternative for transportation, distributed generation, backup power
systems, and hybrid renewable energy applications [ 1][2][3]. Despite these advantages, PEMFCs exhibit highly
nonlinear voltage—current characteristics and strong sensitivity to operating conditions. Variations in load
demand, hydrogen pressure, stack temperature, and membrane water content alter the polarization curve and
continuously shift the maximum power point (MPP) [4]. Consequently, maintaining operation at the MPP
under dynamic conditions remains a critical challenge, as deviations result in reduced efficiency and
suboptimal power utilization.

To address this issue, various Maximum Power Point Tracking (MPPT) techniques have been
developed to regulate the DC-DC converter interface and ensure continuous operation at the MPP [5][6]. The
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converter duty cycle is dynamically adjusted by MPPT algorithms to track highest attainable power under
changing conditions, similar to strategies employed in photovoltaic systems [7].

Ordinary methods includes Incremental Conductance (IC) and Perturb and Observe (P&O) are
frequently chosen due to their simplicity in application. While IC generally provides faster convergence and
improved stability under parameter variations compared to P&O [8][9][10], both methods may suffer from
steady-state oscillations and degraded tracking performance under rapid dynamic changes.

To better accommodate nonlinear and time-varying system behavior, intelligent and metaheuristic
approaches such as Particle Swarm Optimization (PSO), Fuzzy Logic Control (FLC), and hybrid Artificial Bee
Colony (ABC)-based schemes have been introduced [11][12][13]. These methods improve convergence
characteristics and robustness; however, many existing studies consider limited operating variations and
frequently employ conventional boost converter topologies, which may increase current ripple and restrict
dynamic performance.

Motivated by these limitations, this paper proposes a MPPT based on the Flower Pollination
Algorithm (FPA) combined with an interleaved buck—boost converter (IBBC) for enhanced PEMFC power
management. The FPA provides a balanced global-local search mechanism, enabling adaptive and accurate
MPP tracking under simultaneous variations in stack temperature and membrane hydration. The algorithm
determines the optimal duty cycle to regulate the IBBC, which offers bidirectional voltage control capability
and reduced output current ripple through phase interleaving. This topology enhances transient response,
distributes stress switching, and improves overall conversion efficiency.

Simulation results demonstrate that the proposed FPA-IBBC configuration achieves faster
convergence, lower steady-state oscillations, and improved robustness compared with conventional and
metaheuristic MPPT methods under dynamic operating conditions. These findings highlight the effectiveness
of combining advanced optimization strategies with improved converter architectures for high-performance
PEMFC power regulation.

The remainder of this paper is structured as follows. Section II presents the PEMFC modeling and
polarization characteristics. Section III describes the interleaved buck—boost converter topology. Section IV
details the proposed FPA-based MPPT strategy. Section V provides simulation outcomes and comparable
performance analysis. Finally, Section VI conclusion of paper.

2. MODELING OF THE PROPOSED PEMFC SYSTEM

This section presents the PEMFC system integrated with FPA-based MPPT scheme. The overall
system configuration, shown in Fig. 1, consists of a PEMFC stack, an interleaved buck—boost converter
(IBBC), an FPA-based controller, a pulse-width modulation (PWM) module, and a resistive load.

The FPA controller determines the optimal duty cycle for the IBBC by evaluating the instantaneous
output of PEMFC Power, computed from the measured signals of voltage and current. Since the maximum
power point (MPP) varies with changes in membrane hydration and operating temperature, the controller

adaptively updates the duty cycle to ensure continuous operation at the MPP.
v
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Figure 1. Block diagram of FPA based MPPT

2. 1.PEM-Fuel Cell Model

The accurate mathematical modeling is essential to capture both the steady-state and dynamic
behavior of the PEMFC system. Such modeling enables systematic performance analysis under varying
operating conditions through appropriate parameter adjustments. In this study, the Horizon H-1000 PEMFC is
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adopted as the reference model, and its manufacturer-specified parameters are utilized to ensure realistic and
representative system performance [14]. The key specifications of the PEMFC employed in this work are
summarized in Table 1.

Table 1. Constanta of H-1000 PEMFC Type

No. Constanta Value

1 Cell Amount 72

2 Nom. Power 1000 W

3 Nom. Volt 432V

4 A 14 molH20/molSO*

5 Jmax 1 A.cm?

6 A 56.6 cm?

7 PH2 1.45 atm

8 PO2 1 atm

9 B1, B2, B3, p4 -0.9514, 3.12x107,
7.4x10°3, -1.87x 10*

10 Tstd 303°K

The polarization curve of power—current demonstrate that increases in content of membrane water
and PEMFC temperature lead to higher power output of the stack, thereby requiring an effective MPPT strategy
to keep maximum operation. As seen in Fig. 2 and 3, variations in temperature and membrane hydration shift
the power curve, altering the location of the maximum power point under different loading conditions.
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Figure 2. Current vs Power PEMFC in (a) different temperature, (b) different temperature membrane water
content (A)
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The maximum theoretical cell voltage corresponds to the open-circuit condition, where no external
current is drawn from the stack. Under this condition, the reversible cell voltage is determined by the Nernst
equation, as expressed in Eq. 1 [14][15][16].

RT
Enernst = Eo — Eln(PHZ * P&S) (1

Enerst represents the EMF (electromotive force) of PEMFC based specified temperature and pressure
conditions, generally mentioned as the voltage of ideal cell. The potential of standard electrode, EO, is about
1.23 V for formation of liquid water and 1.79 V for the formation of water vapor under standard conditions
[17].

2. 2. Interleaved Buck-Boost Converter

Figure 3 presents the configuration of the proposed interleaved buck—boost converter (IBBC), which
comprises n parallel-connected buck—boost converter cells [18][19]. Each phase operates with a uniform
switching frequency and is phase-shifted relative to the others to achieve interleaving. For example, in a two-
phase configuration, the gating signals are shifted by 180°, whereas in a four-phase system, a 90° phase
displacement is applied. This phase interleaving extends proportionally with the number of phases.

The interleaving mechanism significantly attenuates output current ripple by distributing the
switching intervals across phases. The overall output current is obtained as the sum of the individual phase
currents, resulting in a smoother combined waveform. Moreover, sharing the load current among multiple
phases reduces the current stress on each semiconductor device, thereby enhancing converter reliability and
thermal performance [20][21]. The modular structure also improves fault tolerance and scalability, as
additional phases can be incorporated or maintained independently without interrupting overall system
operation.
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Figure 3. 4-phase interleaved buck boost converter

The proposed converter is made up of four interleaved buck—boost cells, each operating with a uniform
switching frequency and a phase displacement of 90°. This configuration generates four phase-shifted gating
signals to control the corresponding MOSFET switches. Specifically, the switching sequence is arranged such
that the first MOSFET is activated at 0°, followed by the second at 90°, the third at 180°, and the fourth at
270°. Figure 4 depicts the four-phase interleaved topology along with the associated gating waveforms,
illustrating the phase-shifted switching pattern applied to each converter cell.
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Figure 4. Inductor current profile and switching behavior when a duty cycle

2. 3. MPPT Based Flower Pollination Algorithm (FPA)

The FPA is a nature-inspired metaheuristic optimization technique derived from the biological process
of flower pollination [22][23][24]. In natural ecosystems, pollination refers to the transfer of pollen between
flowers to enable reproduction. This process can be classified into two primary mechanisms: self-pollination
(abiotic), which occurs within the same plant or species, and cross-pollination (biotic), which involves pollen
transfer between different plants facilitated by external agents such as insects, birds, or other pollinators.

Empirical observations indicate that cross-pollination dominates in nature, accounting for
approximately 91% of pollination activities, whereas auto-pollination represents a smaller proportion. In the
FPA framework, these two mechanisms are mathematically modeled as global and local search processes,
respectively. The transition between global (cross-pollination) and local (self-pollination) search is governed
by a switch probability parameter (p € [0,1]). The algorithm implementation follows several fundamental rules,
as summarized below [25][26][27]

Rule 1:

Biotic or cross-pollination is modeled as the global search mechanism in the Flower Pollination
Algorithm. This process is governed by Lévy flight, which characterizes long-distance probabilistic
movements and enhances global exploration capability. In this context, Levy flight serves as the search operator
that drives candidate solutions toward the best global solution. The mathematical formulation of the global
pollination process is expressed in Eq. 2 as follows:

Xt = xk + L(gbest — xF) )

Where (i) denotes the iteration index, (k) refers to the pollen particle index, (gbest) indicates the best
global solution among all pollen particles (x[), and (L) is the Levy factor governing the pollen transport during
cross-pollination. The movement of pollen through the Levy factor is defined by a Levy distribution, which
can be mathematically formulated in Eq. 3 as follows:
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Where (I'(A)) represents the standard Gamma function, applicable for step sizes (S>>S0>0). Based on
empirical tuning through preliminary simulations, the Levy distribution parameter (X) is commonly set to 1.5
to promote faster convergence and maintain a balanced exploration—exploitation trade-off.

Rule 2:

Abiotic or self-pollination is modeled as the local search mechanism in the Flower Pollination
Algorithm. This process represents solution updates within a limited neighborhood of similar candidate
solutions. The mathematical formulation of the local pollination step is expressed in Eq. 4 as follows:

k k k
=+ e (o — x) “
where (x,";l) and (xjk) are pollen particles from the same plant species, and (¢) is a local search factor

X

uniformly distributed in the range [0,1]. Local pollination occurs among closely located flowers of the same
species, while cross-pollination occurs among distant flowers of different species. The transition among local
and global search processes is governed by the switch possibility parameter p € [0,1]. In most applications, the
value of possibility switch (p) is typically set to 0.8 to ensure effective optimization. The complete procedural
steps for implementing the Flower Pollination Algorithm (FPA) in Maximum Power Point Tracking (MPPT)
applications are illustrated in the flowchart shown in Figure 5.
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Figure 5. MPPT operation of the FPA Method

3.  RESULTS AND DISCUSSION
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The proposed system was evaluated through numerical simulations conducted in MATLAB R2023b.
Four MPPT strategies were implemented and comparatively analyzed within the PEMFC framework: FPA,
Cuckoo Search Algorithm (CSA), Fuzzy Inference System (FIS), and Particle Swarm Optimization (PSO).

To evaluate the accuracy and performance of the FPA method in comparison with other algorithms,
five distinct simulation scenarios were analyzed:

Scenario 1 : Variation in cell temperature
Scenario 2 : Variation in membrane water content
Scenario 3 : Simultaneous variation in both membrane water content and cell temperature.

3.1. Modeling in Dynamic Cell Temperature

Proposed MPPT technique have been tested based on varying operational condition, particularly with
changes in the cell temperature. During the simulation, the temperature increased from 303°K to 328°K, while
the membrane water content was maintained constant at 14. The PEM fuel cell’s maximum power output varied
with temperature, achieving 1003 W at 303°K, 1083 W at 313°K, and 1190 W at 328°K, respectively.

The simulation scenarios for the MPPT methods are illustrated in Figures 6. Initially, the PEMFC
works at cell temperature of 303°K. After ten seconds, the cell temperature increases to 313°K, and finally,
further rises to 328°K after an additional 10 sec.
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Figure 6. Pmax of PEMFC in various temperatures
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Figure 7. The MPPT result in Temperature Change

The application of a FPA method, as shown in Figure 7, yielded the output of PEMFC is 1000.3 W
at 9 s, while the PEMFC’s maximum power output was 1003 W. This corresponds to an error of 0.27%
compared to the PEMFC’s peak power. In the 2nd step, the produced PEMFC power was 1002.5 W at 9 s,
achieving an error of 0.05%. Finally, in the third case, during the last interval, the generated power was 1002.2
W at 9 s, resulting in an error of 0.08%. The comprehensive simulation results obtained from the FPA method
and other comparative MPPT algorithms are summarized in Table 2.

Table 2. Power error when temperature change
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MPPT TECHNIQUES FPA CSA Fuzzy PSO

Error at (%)

T=303°K 0.27 1.38 1.66 0.71
T=313°K 0.05 0.73 0.73 0.23
T=328°K 0.08 0.24 0.21 0.08
Settling Time (s)

T=303°K 9s 95s 8s 82s
T=313°K 9s 95s 85s 8s

T=328°K 9s 9.5s 85s 8s

Fluctuation (%) 0.01 0.01 0.28 0.02
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Figure 8. The Error graph of FPA when temperature change

The outcomes presented in Fig. 8 and Table 2 indicate that the presented FPA technique demonstrates
inferior error and a faster response in achieving optimum power under varying temperature conditions.
Whereas, the PSO technique also show error that fluctuates, but lower compared to the FPA method. Fuzzy
and CSA have higher error than FPA and PSO methods. FPA Method also has lower power fluctuations
compared with fuzzy and PSO method.

3.2. Modeling with Dynamic Membrane Water Saturation

To further evaluate the effectiveness of the presented approach, the FPA-based MPPT was tested
under varying membrane water content conditions. Three hydration levels were considered, namely A = 13, A
= 14, and A = 15, while the cell temperature was maintained constant at 303 K.

As illustrated in Fig. 9, the maximum output power increases with membrane hydration, yielding 947
Wat A =13, 1003 W at A = 14, and 1058 W at A = 15. These results confirm the sensitivity of the PEMFC
power characteristics to membrane water content and highlight the necessity of adaptive MPPT control.

Initially, the PEMFC works when A = 14. At t = 15 s, hydration level increases to A = 15, and
subsequently decreases to A = 13 at t = 30 s. The corresponding dynamic responses of system using FPA and
comparative MPPT techniques were presented in Fig. 9.
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Figure 9. Pmax of PEMFC in various membrane water content
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Figure 10. Pmax of PEMFC in various membrane water content

The result of simulation with FPA method produced the output power of 1000.2 W at 9 s, while the
PEMFC’s peak power output was 1003 W, resulting in an error of 0.27%. When 2nd step, the power produced
was 1058 W at 1 s, and finally, the generated power was 938.6 W at 2 s. The total simulation findings employing
the FPA and other approaches are displayed in Table 3.

Table 3. Power error when the membrane water content change
MPPT TECHNIQUES FPA CSA Fuzzy PSO

Error at (%)

r=14 0.27 1.38 0.77 0.69
rA=15 0.26 0.79 0.80 0.32
A=13 0.89 2.32 0.75 1.53
Settling Time (s)

r=14 9 10 10 9
rA=15 1 3.5 3 2
A=13 2 3.5 4 3
Fluctuation (%) 0.02 0.02 0.1 0.02

Overshoot (%) 2.47 1.48 2.73 3.28
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Figure 11. Error graph of FPA when various membrane water content change

As seen on table 3 and fig. 11, it can be observed that based on dynamic membrane water content
values, the optimum power produced utilizing FPA technique was higher and faster. However, the power
fluctuations produced by the FPA method remain greater than those of the other techniques.

3.3. Modeling with Dynamic Temperature and Membrane Water Content

Presented FPA method was tested further under dynamic variations of both membrane water content
and cell temperature. Initially, the system operates at 303°K with a membrane water content of 14. At 10 sec,
these parameters change to 15 and 313°K, and, finally, the membrane water content and temperature shift to
13 and 328°C, individually. Each condition produces the optimum power output of 1003 W, 1140.8 W, and
1129 W, as depicted in Fig. 12.
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Figure 12. Pmax of PEMFC in various membrane water content and temperature
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Figure 13. The MPPT result in membrane water content and tém-[)erature Change

The total simulation findings employing FPA and other approaches were displayed in Figure 13. The
FPA method generated power outputs of 998.5 W, 1139.8 W, and 1127 W for scenarios 1 through 3,
respectively. A comprehensive simulation differentiation outcomes among FPA technique and alternative
techniques is summarized in the corresponding table 4

Table 4. Power error at dynamic Temperature and membrane water content change

MPPT TECHNIQUES FPA CSA Fuzzy PSO
Error at (%)
A=14 & 30°C 0.45 1.38 1.66 0.7
A=15 & 40°C 0.11 0.38 0.36 0.11
A=13 & 55°C 0.18 0.71 0.53 0.3
Settling Time (s)
A=14 & 30°C 12 12 9.5 10
A=15 & 40°C 11 12 9 9
A=13 & 55°C 6 13.5 9 6
Fluctuation (%) 0.1 0.01 0.2 0.02
Overshoot (%) 6 5.53 11.9 5.86
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Figure 14. Error graph of FPA when various membrane water content and temperature change
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It can be observed, as shown in figure 14 and table 4, that the FPA method generates higher power
output, but still slower to achieves settling time under variations in temperature and membrane water content.
However, in this scenario, the FPA method exhibits greater power fluctuations and overshoot than both the
CSA and PSO methods.

4. CONCLUSION

This study proposes a FPA-based MPPT scheme to enhance the power extraction capability of Proton
Exchange Membrane Fuel Cells (PEMFCs) based on dynamic conditions, including changes in membrane
water content and stack temperature. The proposed approach determines the optimal duty cycle of an
interleaved buck—boost converter (IBBC) to maintain operation at the maximum power point. Four working
conditions were tried through simulation to evaluate the tracking accuracy and dynamic achievement of the
technique. The results indicate that the FPA-based MPPT fulfilled zero steady-state error under dynamic
membrane hydration and attains the quickest settling time of 1 s among the compared methods. Comparative
analysis further demonstrates improved accuracy and dynamic response relative to existing MPPT techniques
like as PSO, Fuzzy or CSA with lowest error 0.05%. Overall, the integration of FPA with the IBBC topology
effectively enhances power extraction efficiency, tracking precision, and transient performance in PEMFC
systems.
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