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Avrticle history: Efficient solar panel power generation is crucial for sustainable energy systems,
Received September 27, 2024 particularly as PV systems are often installed near urban areas where shadows
Accepted June 22, 2025 from buildings and trees can cause fluctuations in power output. Hence, it is
Available online June 24, 2025 essential to employ Maximum Power Point Tracking (MPPT) to consistently
Published June 26, 2025 ascertain the MPP of the PV module in real-time, irrespective of the weather
Keywords: conditions. The present paper aims to propose a hybrid Maximum Power Point
Photovoltaic generation Tracking (MPPT) technique that uses the Flower Pollination Algorithm (FPA)
systems, and Perturb and Observe (P&QO) methods, applied to photovoltaic systems
MPPT, under partial shading conditions PSCs. The photovoltaic system was
FPA-P&O, implemented using a Hardware-in-loop (HIL) setup. The proposed MPPT
PSCs, technique is compared with the classical P&O and standard FPA. In addition,
Hardware-in-loop. the proposed algorithm gives 99 % tracking efficiency under various shading

patterns. The efficacy of the proposed algorithm is overall superior compared
to other methods in terms of statistical analysis and tracking time and almost
zero oscillation near GMMP. These results underscore the significant potential
of the P&O-FPA algorithm to enhance photovoltaic performance, particularly
in situations where partial shading conditions.

1. INTRODUCTION

The increasing energy demands across industries and sectors have created a pressing need for electrical
energy (Krishna & Kumar, 2015). However, the reliance on fossil fuels like oil and coal is contributing
to global warming and environmental degradation (Bollipo et al. 2020). As a result, there is a growing
demand for sustainable and renewable energy sources. Photovoltaic (PV) energy, derived from solar
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power, offers a promising solution. It is a clean and abundant renewable energy resource suitable for
residential, industrial, and commercial applications (YYang and Wen 2018).

Photovoltaic (PV) cells are at the forefront of renewable energy technology, possessing a unique ability
to directly convert light energy from the sun into electrical energy (Bhukya and Kota 2018). However,
an inherent challenge in solar energy utilization lies in the potential obstruction of sunlight, which can
impede the efficient harnessing of the received solar energy. This obstruction can manifest as shadows,
clouds, buildings, or tree leaves that cast shadows on the PV cell surface. When sunlight is partially
blocked, multiple peak power points may occur within the nonlinear current-voltage (I-V) and power-
voltage (P-V) characteristics of the PV cell (Mai et al. 2024). These peak power points include the global
maximum power point (GMPP) and local maximum power points (LMPP). Attaining and maintaining
the GMPP, especially in the presence of numerous LMPPs, is essential to ensure optimal energy
conversion from the PV module. To address this challenge, the implementation of a technology
Maximum Power Point Tracking (MPPT) becomes necessary.

The literature presents a wide array of Maximum Power Point Tracking (MPPT) methods, as in Baba et
al. (2020) which provide detailed coverage of all types. These types were classified based on criteria
like tracking speed efficiency, Cost, and Complexity. Perturb and Observe (P&O) and Incremental
Conductance (INC) of the easiest and most widely used techniques. However, (Chellal et al. 2021) these
methods fail to effectively track the MPP under varying irradiation conditions. Conversely, Al methods
for MPPT show impressive tracking capabilities and fast speeds. Nevertheless, it is crucial to mention
that these strategies frequently require intricate control circuitry and thorough data processing for system
training beforehand.

In recent years, there has been a notable surge in the utilization of metaheuristic optimization techniques
(Nassef et al. 2023). These approaches offer a promising avenue to address the limitations inherent in
conventional methods and artificial intelligence (Al) based Maximum Power Point Tracking (MPPT)
techniques. Metaheuristic algorithms distinguish themselves through their ability to optimize globally,
ensuring the accurate identification of the Global Maximum Power Point (GMPP) within the operational
range of a photovoltaic (PV) system. Among the plethora of metaheuristic optimization methods,
Particle Swarm Optimization (PSO), Artificial Bee Colony (ABC), Cuckoo Search (CS), Flower
Pollination Algorithm (FPA), Grey Wolf Optimization (GWO), Genetic Algorithm (GA), Bat Algorithm
(BA), and Horse Herd Optimization (HAO), among others, stand out. These algorithms exhibit robust
stability and adapt to fluctuating environmental conditions and system parameters. However, despite
these advantages, they may be very slow to explore the global point.

Recent innovative research has emerged, showcasing hybrid techniques that amalgamate the speed of
traditional approaches with the precision and efficacy of metaheuristic methods. In this regard, a hybrid
technique that integrates Perturb and Observes (P&O) with the Flower Pollination Algorithm (FPA) has
been introduced with details of how a direct control FPA-P&O is used to track the GMMP for a
photovoltaic(PV)system, where FPA operates during the initial stages for tracking of the GMPP and
P&O algorithm during the final stages to achieve faster convergence towards the GMMP. The FPA-
P&O algorithm was implemented and tested alongside classical P&O and standard FPA algorithms
using real-time Hardware-In-the-Loop (HIL) with two dSPACE 1104 Controller Boxes, known for their
high accuracy and real-time performance. This HIL approach is validated by previous research (Fares
et al., 2023). The results show that FPA-P&O has a greater advantage in tracking accuracy compared
with other methods and achieves convergence quicker than GMMP. This essay is structured as follows:
The modelling of the photovoltaic system, which involves both the PV panel and the DC-DC converter,
is presented in Section 2. The proposed approach is then described in Section 3. Sections 4 and 5 provide
and explain, respectively, the HIL results. A conclusion brings this paper to its conclusion.

170



Journal of Renewable Energies 28 (2025) 169 — 185

2. DESCRIPTION AND MATHEMATIC MODEL OF PV SOLAR SYSTEM

2.1 PV System Modelling

A photovoltaic cell functions as a perfect current source, producing a current correlated to the amount
of light it receives, alongside a diode representing the cell's p-n junction area. Figure 1 displays a
representation of a junction connected to a load and illuminated by photovoltaic energy. It can be
simplified as a current generator in parallel with a single diode and in series with a resistance RS, with
the assumption that the parallel resistance can be ignored (Fares et al. 2023). The relationship between
the current and voltage in PV model can be written as (Samano-Ortega et al. 2020):

Ipv = Ipp — Iy (1)

- (Vop + Rs*Iop)

Vo )

G
Ly = G_r(ISc + Ki(T — Tr)) = Isc — Iop * [exp

Where: T is the temperature in Kelvin (K), T, is the reference temperature of the cell in Kelvin (K)
(=25°C + 273), G is the solar radiation in watt/square meter (W/mz2), G, is the reference insolation of
the cell (=1000 W/m2) and Vy, is the thermal voltage of the module.
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Fig 1. Equivalent circuit of solar PV module.

In this paper, the solar panel Monocrystalline (Sharp) NTR5E3E/NT175E1 is considered. The
specifications of this solar panel at steady state conditions (STC) of 25°C and 1000 W/m? are the
parameters used in the simulations listed in (Fares et al. 2025, Table 1).

2.2 Partial Shading of PV System

Large-scale deployment of solar panels for electricity generation inherently increases the likelihood of
encountering partial shading conditions. Such shading can arise from various environmental and
structural factors, including intermittent cloud cover, surrounding buildings, vegetation, and airborne
particulates such as dust or sand during storms (Fekkak et al. 2019). Partial shading significantly affects
the performance of photovoltaic (PV) systems by creating non-uniform irradiance levels across different
sections of the solar array. This mismatch leads to multiple peaks in the power-voltage (P-V) and
current-voltage (I-V) curves, manifesting as both global maximum power points (GMPP) and local
maximum power points (LMPP). As a result, the overall energy output of the system may suffer
substantial reductions, with power losses ranging from 10% up to 70% depending on the severity and
pattern of the shading (Chauhan et al. 2019).
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To systematically investigate the impact of shading and evaluate the tracking efficiency of different
MPPT strategies, the study employed two distinct PV array configurations. The first configuration
consisted of four PV modules connected in series (4S), while the second utilized a combination of two
PV modules connected in series, with two such series strings connected in parallel (2S2P). These
configurations were specifically designed to emulate common partial shading scenarios and to facilitate
comparative analysis. The physical arrangement and the resulting shading patterns for each setup are
depicted in Figures 2 and 3, respectively, providing a controlled basis for analyzing system behavior
under different irradiance distributions.
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Fig 2. 4S set-up in various shading scenarios. (a) Shade Pattern 1. (b) Shade pattern 2. (c) P -V curve
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Fig 3. 4S set-up in various shading scenarios. (a) Shade Pattern 1, (b) Shade pattern 2, (c) P -V curve
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2.3 DC/DC Converter

The use of a power converter interface between the solar panel and the load is essential to ensure
maximum power transfer and efficiency (Zhao et al. 2019). A boost converter was used to address the
issue of the PV module output power not being maximized when directly connected to the load (Fekkak
et al. 2019). Figure 4 shows a block diagram with a PV system, MPPT controller, and boost converter.
The boost converter is composed of several components, including an input capacitor C1, inductor L,
resistor, diode, MOSFET (S), and output capacitor C2. The control algorithm measures the input voltage
and current and adjusts the duty cycle D accordingly to track the maximum power point. This involves
continuously varying the duty cycle to find the point where the input power is maximized. Subsequently,
the PWM controller will direct the generation of suitable switching signals for switch S in the boost
converter. When switch S is activated, diode D is reverse-biased, and input voltage Vpv is connected to
inductor L. Turning off the switch S in the boost converter results in a reversal of polarity across the
inductor, leading to a higher voltage across diode D compared to input voltage Vpv. In the context, the
relationship between the input voltage (Vpv) and the output voltage (Vo) is given as:

V
Vo= _p]‘; 3)

The characteristics of the DC-DC boost converter are detailed in (Bettahar et al. 2023).
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Fig 4. The electrical circuit of a Boost converter combined with a PV system structure with MPPT control

3. PROPOSED FPA and P&O MPPT ALGORITHM

The Flower Pollination Algorithm (FPA) is an optimization algorithm that mimics the process of
pollination in flowers (Mohanty et al. 2017). It uses global and local pollination operations to generate
new candidate solutions. Global pollination involves transferring the best solution to other flowers in
the population, while local pollination modifies a solution by adding or subtracting a random value. The
equations for global and local pollination are given by Eq. (4) and Eq. (7) (Senapati et al. 2023). The
algorithm aims to optimize a given objective function by iteratively updating the solutions based on
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global and local pollination operations. The process continues until convergence towards the optimal
solution is achieved.

e Local Pollination

Local pollination involves adjusting a solution by adding or subtracting a random value. The equation
for local pollination is:

Xigs1 = X + €% — Xp 1) (4)

Where x;; and xs are randomly chosen pollen from different flowers of the same type and € is a
random value ranging between 0 and 1.

e Global Pollination

Global pollination entails transferring the Global best solution (gbest) to other flowers within the
population. The equation for global pollination is:

Xig+1 = X + YLD (gbest — x;) (5)

where: x; . represents the solution of the i th flower in the k th iteration. yL(4) denotes the Levy flight
displacement, as defined in Eq. (6).

e Levy Flight Displacement
The Levy flight displacement is expressed as:
1-T(2) - sin ()

2
- S+

L(A) ~ (6)

Where A is typically set to 1.5, I'(A) denotes the standard gamma function and S is defined by
S=w/(v[*(174) )
Where p and v obey normal distribution, i N(0,52) and v ~ N(0,1).

1
2 _ r(a+1)  sin(in/2)]a 7
o= [/11“((1+,1)/2) 2(A-1)/2 ] 0

The P&O MPPT method adjusts the operating point, observes power changes before and after, and
adapts the duty cycle according to a defined rule [19] to track the MPP.

Dnew =Dold +¢ (ifP>P0]d)

. ©)
Dnew =Dold _¢ (1fP>P0]d)

The hybrid MPPT algorithm starts with FPA to find the Global Peak (GMMP) and then switches to
P&O. P&O MPPT begins at the best flower location from FPA when the flowers converge.
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On the other hand, boosting the quantity of flowers improves MPP precision while also increasing
computational requirements. Hence, maintaining a moderate amount of flowers, in this study used four,
is believed to achieve a balance between MPP precision and computational speed. The following steps
are adopted to implement the hybrid MPPT algorithm:

1. Initialization: Initialize the duty cycle randomly and store it in a matrix D=[D1, D2, D3, D4]. D is
limited between 0 and 1.

2. Maximizing PV Output Power: Activate the converter to maximize the PV array output power
(va = valpv)-

3. Duty Cycle Adjustment: Adjust the duty cycle based on the FPA equation Eq. (5).

DI*Y = DI + yL(A) (e — DF) ©)

4. Convergence: Repeat the duty cycle adjustment process until all solutions converge towards the
MPP.

5. Tracking GMPP: After locating the MPP, initiate the P&O loop for tracking the maximum power
GMPP. Choose a small step size (¢) to reduce oscillations in PV output power and improve tracking
efficiency.

4. RESULTS AND VALIDATION USING HIL SETUP

To assess the practicality and effectiveness of the proposed FPA-P&O MPPT algorithm, we employed
a Hardware-in-the-Loop (HIL) approach that integrates dSPACE ds-1104 (1) and dSPACE ds-1104 (2),
as depicted in Figure 5. In the dSPACE ds-1104 (2) environment, simulated the PV array, DC/DC boost
converter and Rload, while the implementation of the MPPT algorithms took place in the dSPACE ds-
1104 (1) environment. The HIL results were obtained based on the settings listed in Tables 1,2 and
parameters of FPA algorithm D1=0.1, D2=0.3, D3=0.6, D4=0.9 with step size of P&O ¢=0.005 in all
Cases. To efficiently manage the real-time dynamics of the power system, we configured the solver in
MATLAB with a fixed time step of 1e-4 s, ensuring high time resolution. especially when dealing with
rapidly changing irradiance levels caused by moving shadows.

It also addresses the limitation of the dSPACE ds-1104, where the time step is restricted to equal or less
than 1e-4 s and we increased the signal duty cycle by a factor of 15.

The control system utilizes two ADC channels to capture both Ipv and VVpv obtained from the power
system. Furthermore, a solitary duty cycle is transmitted through a single DAC (Digital-to-Analog
Converter) channel. On the other hand, the power system's DAC channels transmit a lone value of Ipv
and Vpv. Simultaneously, a duty cycle is captured from the control system using an ADC channel.

The maximum power output for Perturb and Observe (P&O), Flower Pollination Algorithm (FPA) and
the hybrid FPA-P&O under four shading patterns was assessed. In pattern 1, as shown in Fig. 2(a), four
PV modules were exposed to irradiances of 900, 800, 800, and 1000 W/m?2. This case produced one
global peak (GMPP = 588.8 W) and two local peaks (LMPP1 = 180.7 W and LMPP2 = 310 W), as
depicted in the P-V curve in Fig. 2(c). The hybrid method achieved a GMPP of 588.7 W after a
convergence time of 0.25 s, while FPA took 0.76 s to reach a GMPP of 572.02 W. On the other hand,
P&O was misled by the second local peak (LMPP2 = 310 W) and exhibited large oscillations around
this point, as shown in Figure 6(a).
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Pattern 4 is shown in Fig. 3(b). PV modules were exposed to 1000, 800, 500, and 500 W/m2 irradiance,
resulting in one LMPP at 286.5 W and one GMPP at 467.1 W, as shown in Fig. 3(c). The P&O method
achieved 460.2 W with significant steady-state oscillations, FPA attained 465 W in 0.89 seconds, and
the hybrid algorithm briefly reached 467.08 W in 0.27 seconds, as shown in Fig. 7(b).

1
[ =]

Control system

—Vpved

Fig 5. Hardware in the loop setup.
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Pattern 2 represents severe shading due to the significant differences in received solar irradiation, as
shown in Fig. 2(a). Four PV modules were exposed to irradiances of 700, 600, 800, and 700 W/m2,
resulting in a GMPP of 339.9 W. The P-V curve, accompanied by three local peaks (LMPP1 =186 W,
LMPP2 = 260.34 W, and LMPP3 = 325.2 W), is shown in Fig. 2(b) and Fig. 2(c). In 0.28 seconds, the
hybrid method achieved a GMPP of 339.8 W, with no steady-state oscillations. The FPA method
obtained a GMPP of 330 W after 0.78 seconds. In contrast, the P&O method reached MPP2 at 260.34
W, exhibiting minor steady-state oscillations, as depicted in Figure 6(b).

The HIL experiment dynamic responses of the PV array power in Figures 6¢ and 6d correspond to
Pattern 1 and Pattern 2, respectively, which is in good agreement with the simulation findings displayed
in Figure 6a and 6b. This result validates the proper functioning of the hybrid-based MPPT algorithms.

Figures 7(a) and 7(b) present the PV power achieved with MPPT using Patterns 3 and 4, respectively.

Pattern 3 is shown in Fig. 3(a). PV modules were exposed to 1000, 900, 400, and 900 W/m2 irradiance,
demonstrating a P-V curve in Fig. 3(c) with a GMPP at 582.2 W and an LMPP at 307 W. The hybrid
approach swiftly attained a GMPP of 582.1 W within 0.29 s, effectively avoiding steady-state
oscillations. Conversely, the FPA method required 0.89 seconds to reach and stabilize at 570.5 W, while
the P&O method reached 581 W but experienced significant steady-state oscillations, as shown in Figure
7(a).

The dynamic responses of the PV array power in Figures 7(c) and 7(d) from the HIL experiment
correspond to Pattern 3 and Pattern 4, respectively. These results align closely with the simulation
findings shown in Figures 7(a) and 7(b), validating the effective performance of the hybrid-based MPPT
algorithms.

5. COMPARING THE PERFORMANCES OF P&O, FPA AND HYBRID

The results of this work confirm that the hybrid method is fast and efficient compared to individual
methods for the MPPT optimization problem. This section offers a mathematical demonstration that the
hybrid approach ensures discovering the top global optimal solution for the optimization-based MPPT,
resulting in the global maximum power point GMPP. Statistical analysis was utilized to assess the
effectiveness of the suggested MPPT techniques by examining their sensitivity and robustness to
different instances of partial shading. The relative error (RE), mean absolute error (MAE), and root
mean square error (RMSE) are defined by:

., (Ppvi — Ppv
RE error = i=1( Ilzpv P )*100% (10)

i=1 (Ppvi — Ppv)

RME error = (11)

n

i=1 (Ppvi — Ppv)?
n

(12)

RMSE error =\/

where P,,,; is power at the maximum point, B, is the maximum power tracked and n represents the
number of samples. These values are determined using 400000 samples.
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Fig. 8 shows that the hybrid algorithm achieved the lowest RMSE, RME and RE when compared to the
FPA and P&O algorithms. This shows that the hybrid algorithm more accurately follows the GMMP
with minimal oscillations. Moreover, this also features the fastest convergence and the stability of
GMPPs.

The results the effectiveness of the P&O-FPA algorithm as shown in Figure 9, which combines the
strengths of both P&O and FPA. This hybrid approach, takes advantage of speed the P&O algorithm's
speed in tracking changes in the power output and from FPA's capability to accurately identify the
Global Maximum Power Point (GMPP).

As a result, the P&O-FPA algorithm has proven to be a successful and promising solution, delivering
excellent performance in optimizing photovoltaic systems under varying shading patterns and
conditions. This combination of speed and precision makes it a valuable choice for maximizing power
output in practical applications.

A performance comparison of the proposed control method and other methods used for the same
characteristic is summarized in Table 1. This comparison is based on the maximum power output
(Pmax), the accuracy (%) of each control system, convergence time, and optimal duty cycle. The
proposed hybrid MPPT demonstrates superior performance across all metrics.

Fig. 10 shows boxplots comparing the accuracy and convergence time of different MPPT algorithms.
The proposed hybrid FPA-P&O method achieves the highest accuracy and fastest convergence with
minimal variation, confirming its superior performance under partial shading conditions.
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0.1 -
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Fig 8. Comparison of RMSE, MAE and RE.
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Table 1. Comparison between the Proposed technique and other methods.

Pmax (W) Accuracy (%)
Shading Pattern | Target | PSO | owo | Hoa | TP 1 pso | wo | Hoa | HYPMd
Proposed Proposed
Pattern 1 588.8 | 569.6 | 572.02 588.5 588.7 | 96.73 | 97.15 | 99.94 99.99
Pattern 2 339.9 | 320.3 330 339.1 339.8 94.2 | 97.08 | 99.76 99.99
Pattern 3 582.2 | 5615 | 571.3 581.4 582.1 | 96.27 | 98.12 | 99.86 99.99
Pattern 4 467.1 461.2 464 467.05 | 467.08 [98.73 | 99.33 | 99.98 99.99
Convergence (second) Optimal duty cycle
. Hybrid Hybrid
Shading Pattern | PSO GWO | HOA PSO GWO HOA
Proposed Proposed
Pattern 1 0.76 0.32 |031 0.25 0.615 0.601 0.609 0.607
Pattern 2 0.78 0.33 | 0.32 0.28 0.490 0.452 0.468 0.462
Pattern 3 0.89 0.36 | 0.35 0.29 0.695 0.680 0.685 0.683
Pattern 4 0.85 0.31 0.29 0.27 0.527 0.548 0.530 0.528
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Pattern 4

The cost of hardware used for implementing MPPT algorithms plays a critical role in determining the

feasibility and scalability of photovoltaic (PV) systems, particularly for deployment in cost-sensitive

environments. Many advanced MPPT strategies rely on high-end platforms such as OPAL-RT, Typhoon
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DS1104 boards, with an estimated project-level allocation cost of $1,500-$2,000. Despite this
significantly lower investment, the proposed hybrid FPA-P&O algorithm achieves competitive
performance, validated through hardware-in-the-loop (HIL) experiments under dynamic partial shading
conditions. This demonstrates a superior cost-to-performance ratio compared to several recent works,
as shown in Table 2.

T 102F
0.8 s | -
T | ‘ | —_—
| . | | 1000 — — = ]
706 | } l - -
o @
€04} s %
= § T [
—T— i 1
1 = L
ozl < 96
|
. ‘ ‘ | 94t . == . I
PSO GWO HOA Hybrid PSO GWO HOA Hybrid

Fig 10. Boxplot for qualitative performance comparison between MPPT algorithms.

Table 2. Comparative Analysis of MPPT Implementations

Study / MPPT Method Platform / Environment Approx. Performance Validation
Approach Cost
(USD)
Al- Cuckoo Search  OPAL-RT OP4510 + $30,000 HIL; GMPP tracked in 0.99-1.32s;
Shammaa et  Optimization dSPACE 1104 CSO outperforms PSO in PSC
al. (2022) (CSO) conditions.
Rehmanet  Driving Typhoon 402 $25,000- Real-time HIL. validated against
al. (2023) Training-Based $30,000 PSO, JAYA, and AJAYA under
Optimization PSCs; fast and stable tracking.
(DTBO)
Al-Hussein  Synergetic FPGA-based digital $5,000- Fixed-point FPGA MPPT
etal. (2025) Control Theory  controller $10,000 controller; robust under irradiance/
(SCT) temp changes; smooth and precise
MPPT response.
Abo-Khalil ~ Simulated MicrolabBox + DC- $20,000 Real converter setup; SA improves
etal. (2023) Annealing- DC/AC converters + L convergence of classical P&O
(SA-P&O) filter under shading; validated under
dynamic and static conditions.
Gonzélez- Support Vector PLECS RT Box 1 + Tl $12,000- HIL validated MPPT controller
Castafio et Machine (SVM) LAUNCHXLF28069M $15,000 with reduced steady-state
al. (2021) oscillations; tested under varying
irradiance and temperature.
Fu et al. Improved Slime  HIL + Rapid Control $10,000 Tested against PSO, SSA, TSO,
(2022) Mold Algorithm  Prototyping (Yuankuan BWO; fastest convergence, fewest
platform) power fluctuations; verified on
FPGA-CPU RCP platform.
Bo Yanget Atom Search Two dSPACE DS1104 +  $20,000 Validated on TEG system; GMPP
al. (2019) Optimization dSPACE DS1006 tracking accuracy >98%, <2.3%
(FASO) difference between simulation and

HIL results.
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Table 2. Comparative Analysis of MPPT Implementations (Continued)

Study / MPPT Method Platform/ Approx. Performance Validation
Approach Environment Cost
(USD)
Saibal Lyapunov-based OPAL-RT OP4510 $30,000 HIL-tested under abrupt/shaded
Mannaetal. Adaptive Control simulator conditions; GMPP tracked in <10
(2023) (LRMRAC) ms; outperforms ANFIS, INC,
VSPO, and P&O.
Jia Shun Deterministic Peak ~ T1 C2000 MCU + >$2,000 Simple PH mechanism handles >5
Koh et al. Hopping (PH) ITECH IT6012C- close peaks; tracking accuracy
(2024) 800-40 PV simulator >08.7%; implemented in real-time
with fast convergence.
This Work Hybrid FPA-P&O Two dSPACE $1,500- HIL implementation under PSC;
DS1104 boards $2,000 99% tracking efficiency; nearly

zero GMPP oscillation; superior
performance vs. classical P&O and
FPA.

6. CONCLUSION

In conclusion, this paper has investigated the performance of a hybrid Flower Pollination Algorithm—
Perturb and Observe (FPA-P&O) Maximum Power Point Tracking (MPPT) technique through
Hardware-in-the-Loop (HIL) testing, aiming to optimize photovoltaic (PV) systems under partial
shading conditions. The results demonstrated the superior effectiveness of the hybrid P&O-FPA method
over its standalone counterparts. Notably, the hybrid approach achieved higher power extraction and
exhibited significantly reduced steady-state oscillations, ensuring more reliable performance across all
shading scenarios. In contrast, individual algorithms such as FPA and P&O struggled with energy and
time inefficiencies, often failing to identify the global maximum power point (GMPP) consistently.
These limitations underscore the advantages of the hybrid technique in enhancing MPPT robustness and
efficiency under real-world shading complexities.
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