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In this review we describe the experimental and numerical research about improving 

the performance of a PV system using the combined application of a SiO₂ anti-

reflective (AR) coating and an advanced maximum power point tracking (MPPT) 

algorithm to achieve improvements. Through the combination of a DC–DC converter 

and a parallel lithium-ion battery pack, a microscale PV prototype was developed and 

tested for steady-state and dynamic irradiance conditions. The initial PV voltage 

increased from 3.45 V to 3.50 V and the current from 1.30 A to 1.45 A from the SiO₂ 

coating, in this, an increase of 4.6 W to 5.1 W is noticed, which relates to an 

enhancement of 10–12% power output, respectively. At 60 min, the coated panel kept 

a higher power (≈1.35 W) and efficiency (≈29%) than the baseline panel (1.25 W and 

≈26%). The performance of four modes—no MPPT, Perturb and Observe (P&O), 

Incremental Conductance (INC) and Fuzzy Logic MPPT—was investigated. Fuzzy 

Logic MPPT produced the greatest power output (4.45 W in the beginning and ≈1.4 W 

after 60 minutes), with the best tracking efficiency of about 95%, better than P&O 

(≈85%) / INC (≈91%) respectively. The fuzzy logic controller remained close to 

theoretical peak at rapid irradiances of 800 to 500 W/m² (≈5.1 W and ≈3.2 W) with 

low tracking error (2–3%) and fastest convergence time of ≈9 s. The harvested power 

maximum was reached around 0.91 Wh with SiO₂ coated and fuzzy logic MPPT, 

while 0.67 Wh was reached for the baseline system without MPPT. Analysis of the 

battery charging indicated higher state of charge from 21% to 56–57%, and the total 

energy delivered to the battery increased from 2.0 Wh to 2.7 Wh. The findings are 

suggestive of the efficiency of the integration of the surface design and intelligent 

MPPT control, that enhance the output electricity of photovoltaic (PV) systems, 

energy harvesting, dynamic response and battery charging performance, giving 

effective and scalable system for PV-based high-efficiency renewable energy system. 

Keywords: 

Photovoltaic (PV) systems 

SiO₂ anti-reflective coating 

Maximum power point tracking (MPPT) 

Fuzzy logic control 

 

 

 

1. Introduction  

As the world continues to push hard for 

cleaner and sustainable energy, photovoltaics 

(PV) have emerged as among the most attractive 

solar-based clean energy technologies due to 

their broad scaling, environmental compatibility 

and the lower installed cost. Despite these 

merits, PV modules' electrical performance is 

still significantly influenced by optical losses, 

temperature, and poor operating conditions, 

which restrict the energy conversion efficiency. 

Light loss due to surface reflection is generally 

enough to explain a significant portion of 

incident solar radiation, whereas rapid 

temperature and irradiance change leads PV 

modules to be operated away from their 

maximum power point, which is associated with 

a limited energy extraction and energy 

production. Anti-reflective (AR) coatings have 

https://rjes.iq/index.php/rjes


 

 
Falah Hassan Mohammed / Al-Rafidain Journal of Engineering Sciences Vol. 4, Issue 1, 2026: 149-167 

150 

 

been extensively investigated in terms of surface 

engineering to reduce optical losses. Silicon 

dioxide (SiO₂) has received significant attention 

from different materials owing to its low 

refractive index, high optical transparency, 

chemical stability and compatibility with PV 

module surfaces. SiO₂-based coatings inhibit 

surface reflection and promote light entry into 

the active semiconductor layer, which ultimately 

increases the density of photogenerated carriers 

and enhances electrical output. Recent findings 

established that appropriately constructed AR 

coatings can lead to significant improvements in 

PV voltage, current and power production, 

especially in low- to moderate-irradiance 

conditions. Concurrent with the physical 

enhancements, maximum power point tracking 

(MPPT) approaches are fundamental in the 

performance of the electrical system of PV 

systems. The conventional MPPT methods, e.g., 

Perturb and Observe (P&O) and Incremental 

Conductance (INC), are commonly used as they 

are straightforward and easy to follow. But these 

techniques tend to remain prone to steady-state 

oscillations, slow convergence and low tracking 

accuracy in fast environmental change. To 

address these limitations, intelligent control 

solutions which depend on fuzzy logic-based 

MPPT have been suggested as viable 

alternatives for dealing with system 

nonlinearities and uncertainties, without having 

an exact mathematical model. Whilst there have 

been many papers specifically on AR coatings 

and MPPT algorithms in isolation, few studies 

have tested the effect of combined surface 

engineering and intelligent MPPT control on 

short-term power output and long-term energy 

harvesting performance. Furthermore, many 

studies mainly focus on steady-state behavior, 

but there has been a lack of analysis on the 

dynamic performance metrics (tracking error, 

convergence time, harvested energy, and battery 

charging efficiency). Especially when small-

scale PV systems, intended for practical 

purposes like portable power or distributed 

energy applications, are concerned. 

(Afonso et al., 2025) [1] systematically study 

the environmental effects on degradation and 

performance of PV materials over the long-term 

or short-term of both solar radiation and 

temperature exposure. It presents aging 

mechanisms and emphasizes the need for 

climate-adaptive PV material design. (Artuk et 

al., 2024) [2] The ALD-deposited Al₂O₃ 

interlayer enhances perovskite/C60 interfaces, 

thus improving the stability and energy 

efficiency. This study has already showcased 

promising perovskite–silicon tandem solar cell 

development. (Badran & Dhimish, 2023) [3] 

present potential induced degradation (PID) of 

PV modules. These findings are summarized and 

its mechanisms, detection methods and ways to 

prevent PV-induced degradation are discussed. It 

highlights the significance of system grounding 

and material optimisation. (Baradieh et al., 2024) 

[4] investigated how PV model parameters, DC-

side faults affect the performance and I–V of an 

array. The study will provide guidance on faults 

diagnosis for a more accurate PV system 

modeling. (Brahim et al., 2024) [5] presents a 

dynamic Simulink/MATLAB model of a roll-

bond PVT collector that is used with thermal-

electrical relationship studies. Dynamic 

simulation proved useful in predicting the 

transient PVT behavior. (Calcabrini et al., 2022) 

[6] promote solar cells with relatively low-

breakdown-voltage to provide higher shading 

resistance in PV modules and solar cells for 

reducing the PV module shading failure. The 

strategy effectively decreases power losses under 

partial shading. (Datta et al., 2023) [7] extensive 

review presents machine learning applications of 

PV manufacturing, monitoring and performance 

prediction. It emphasizes the contribution of ML 

in optimising production, fault detection and 

system planning and use. (Diniță et al., 2025) [8] 

introduces an IoT driven predictive maintenance 

approach via cloud ML for solar panels. The 

results show greater accuracy of fault prediction 

and lower cost of maintenance in the Industry 

4.0 environment. (Elnozahy et al., 2024) [9] 

Hydrophilic nano-material coatings will help in 

better PV energy harvesting for eco-buildings, 

according to the research. Results showed better 

thermal regulation and electrical output. 

(Iturralde Carrera, Alfonso-Francia, et al., 2025) 

[10] systematic review reviews recent 

development trends of optimization for PV 

systems, such as AI-powered control and power 

electronics. It identifies optimization gaps in 



 

 
Falah Hassan Mohammed / Al-Rafidain Journal of Engineering Sciences Vol. 4, Issue 1, 2026: 149-167 

151 

 

hybrid and smart PV technology. (Iturralde 

Carrera, Garcia-Barajas, et al., 2025) [11] 

contribution sets out the significant factors that 

will impact PV efficiency and sustainability 

according to the materials, system design and 

environmental impacts. Long-term sustainability 

by new technologies is highlighted. (Jacob & 

Farzaneh, 2025) [12] employs dynamic 

simulation and optimization design to model a 

combination PV-wind-battery microgrid. 

Performance results indicate that in varying 

conditions, greater reliability and energy 

management can be demonstrated. (Lazaroiu et 

al., 2023) [13] explores PV technologies at large, 

so they can contribute to achieving climate 

neutrality. It contrasts traditional with emerging 

PV technologies from a sustainability 

perspective. (Liu et al., 2025) [14] present a 

front-side optical–thermal coupling strategy for 

simultaneous solar water heating and electricity 

generation in the study. Improved co-generation 

efficiency is reported with notable gains. (Liu et 

al., 2024) [15] present a real-time, computer-

vision-based shadow detection system for the 

PV modules. The proposed method makes 

shading detection closer to reality, which makes 

operational reliability soar. (Mamodiya et al., 

2025) [16] AI, smart materials, and adaptive PV 

in hybrid solar are integrated for study of hybrid 

solar system. Findings indicated a better 

adaptability and sustainable development of 

power. (Muthuvel Raj & Pawan Kumar, 2024) 

[17] assesses contemporary PV power system 

processes and their effects on efficiency and grid 

connections. Modern control and power 

management is emphasized. (Oproescu et al., 

2024) [18] The effect of supplementary oxide 

layers on the solar cell is the topic of this study. 

Surface and interface engineering is 

demonstrated to have enhanced electrical 

properties. (Oulefki et al., 2024) [19] 

unsupervised sensing framework coupled with 

3D augmented reality is proposed for the 

detection of degraded PV areas. The approach 

improves both visualization and maintenance 

decision making. (Rajendran et al., 2025) [20] 

integration of PV with smart grid is focused in 

this review, with a view to solutions, standards 

and grid codes. It underlines the importance of 

harmonized regulations and sophisticated control 

measures. (Ramasamy et al., 2023) [21] optimize 

PTFE-modified silica hydrosol coatings based 

on ANN and RSM. These coatings dramatically 

improve PV performance, with significant 

results in the reduction of thermal and optical 

losses. (Sadiq & Garba Ibrahim, 2025) [22] 

provides an overview of recent PV 

developments, the key challenges in 

implementing new technologies, and future 

prospects. Policy, cost and scalability issues are 

addressed. (Shaker et al., 2024) [23] summarize 

how thermal influences (mostly temperature-

induced efficiency degradation) impact solar cell 

performance. Methods for cooling and thermal 

management techniques are covered extensively. 

(Sharma & Chandra, 2025) [24] implement 

selective response surface technology to 

optimize the anti-reflective subgrade nano-film 

thickness with respect to PVT system in a hybrid 

PVT system. More efficiently, better optical 

efficiency and thermal performance are obtained 

according to results. (Vedulla et al., 2022) [25] 

The strategies were summarized, including 

coatings, cleaning techniques and system design, 

to reduce dust deposition in PV systems. Dust 

suppression is proven for dry environments. 

(Vishnuprakash et al., 2025) [26] discusses 

innovative solar power utilization and storage 

systems for CubeSats. In order to use space-

based solar energy sources, we present improved 

solar energy harvesting and storage applications. 

(Yang & Xiao, 2023) [27] discusses the 

sustainable development trends of PV tracking 

systems, and other sustainable development 

trends of sustainable projects for the PV system. 

It points out efficiency gains, energy usage 

trade-off, along with the future for smart 

monitoring technologies and the smart tracking 

technologies for future. 

The originality of this research is the 

combined and experimentally confirmed 

relationship between optical enhancement of the 

surface and intelligent control based on power-

electronics, which has not been systematically 

considered before in the photovoltaic research. 

In contrast to the literature, which examines anti-

reflective coating or MPPT algorithms as two 

independent optimization approaches, the paper 

is the first experimental-numerical evaluation of 

a SiO2 anti-reflective coating concurrently 
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applied with standard (P&O, INC) and 

intelligent (fuzzy logic) MPPT methods under 

the same conditions. The experiment goes 

beyond steady-state efficiency measures by 

numerically assessing dynamic performance 

indicators, such as tracking error, convergence 

time, duty-cycle ripple, harvested energy and 

battery state-of-charge dynamics in response to 

hastily varying irradiance. Moreover, the 

suggested method is tested on a small, system-

level, PV system including an energy storage, 

which directly considers real-world application 

uses of PV including portable and distributed PV 

systems. This combined model shows that the 

synergistic effect of surface engineering and 

intelligent control can give significantly better 

power extraction, energy harvesting, and battery 

charging performance than either of the two 

methods used individually, thus providing a 

high-efficiency scaling and experimentally 

validated route to next-generation high-

efficiency photovoltaic systems. 

A little has been documented about how anti-

reflective coatings and maximum power point 

tracking (MPPT) algorithms are used as 

independent optimization approaches in existing 

studies which address other optimization studies 

focusing on optimizing the performance of 

photovoltaic (PV). Previous studies of this kind 

have concentrated on either material level or 

control level, focusing on material-level optical 

losses or control level improving operating 

points, though their combined and synergistic 

effects are almost never tested experimentally. 

Furthermore, most of the research has focused 

on steady-state efficiency measures, and none 

considers the dynamic performance measures, 

such as tracking error, convergence time, duty-

cycle ripple, harvested energy, and battery 

charging behavior, in small solar PV systems 

and portable PV systems. Moreover, the 

traditional MPPT techniques are compared 

without a proper comparison to intelligent 

controllers for rapidly changing irradiance 

conditions, leaving a lot of uncertainty regarding 

their practical effectiveness in real life scenarios. 

The novelty aspect of this work is the integrated 

experimental and numerical analysis of the SiO₂ 

anti-reflective surface engineering coupled to 

intelligent MPPT control, allowing an overall 

assessment of optical and electrical enhancing 

mechanisms alike. In contrast to these studies, 

this study performs a systematic comparison of 

no MPPT, P&O, INC, and fuzzy logic-based 

MPPT algorithms under similar operating 

conditions while explicitly measuring 

enhancements in instantaneous power, 

conversion efficiency, dynamic tracking 

accuracy, harvested energy, and battery state of 

charge. It helps to highlight the advantages 

associated with applying surface modification 

and advanced control, making significant 

improvements in energy harvesting and storage 

performance. With the empirical results 

confirmed by experimental and numerical 

measurements, this study presents a relevant, 

realistic, scalable and application-oriented 

solution to develop the optimum efficiency of 

PV system with realistic operating scenarios. 

 

2. Modeling Methodology  

2.1 General system description 
The method proposed to promote the 

performance of a photovoltaic (PV) system 

consists of the combination of SiO₂ anti-

reflective (AR) coating method with maximum 

power point tracking (MPPT) algorithms and 

improves the performance experimentally as 

well as numerically. A prototype small scale 

solar PV module was introduced through 

integration with an energy storage unit made up 

of lithium-ion batteries and a power management 

controller. The performances of the system were 

assessed for voltage, current, power, power 

efficiency, energy yield, MPPT dynamic 

response, tracking accuracy and battery state of 

charge (SOC).  

2.2 Experimental prototype setup 

Experimental setup comprises a small PV 

panel mounted to a portable enclosure connected 

to a charging controller and battery pack. 

Parallel connection of two 3.7 V lithium-ion 

batteries was used to increase its storage 

capacity and keep its continuous voltage. The 

PV module is connected to the DC–DC power 

converter for controlling the application of 

MPPT algorithms. A duty-cycle control signal 

for the converter was produced using a 
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microcontroller-driven control unit. Voltage, 

current, power and other electrical parameters 

were continuously checked throughout the 

operation.  

 

Figure 1. Experimental prototype of the solar PV power 

bank system used in this study 

The photovoltaic module used in this study 

is a small-scale monocrystalline silicon PV panel 

designed for portable photovoltaic applications. 

The module is a commercially available generic 

PV panel (Model: Mini-PV-5W) with a nominal 

rated power of 5 W under standard test 

conditions. The panel has an open-circuit voltage 

of approximately 5.8 V and a short-circuit 

current of 1.5 A, while the maximum power 

point occurs at around 4.2 V and 1.2 A. The 

physical dimensions of the panel are 170 mm × 

120 mm, corresponding to an effective active 

area of 0.0204 m². This PV module was selected 

to ensure compatibility with the low-voltage 

DC–DC converter and lithium-ion battery 

charging system employed in the experimental 

setup. 

 

 

Figure 2. Internal electronic layout of the PV power 

management and charging controller 

 

Figure 3. Lithium-ion battery pack configuration (two 3.7 

V cells connected in parallel) 

2.3 Application of SiO₂  

ANTI-REFLECTIVE COATING A SiO₂ 

anti-reflective coating was coated on the surface 

of the PV panel for the minimization of optical 

reflection losses and improve the light 

absorption. The coatings are selected owing to 

their low refractive index, high optical 
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transparency and thermal stability in terms of the 

material. For baseline (uncoated) and SiO₂-

coated PV panels under identical operating 

conditions, performance measurements were 

verified. Characteristics such as I–V and P–V, 

voltage, current, and power profiles over time 

periods, was then used to evaluate the effect of 

the coating.  

 

Figure 4. SiO₂ 

The SiO₂ coating thickness was controlled 

through deposition parameters; however, direct 

thickness measurement was not performed in 

this study. Based on the deposition conditions 

and consistency with similar sol–gel SiO₂ 

coatings reported in the literature, the effective 

thickness is estimated to be within the typical 

anti-reflective range (≈80–120 nm). Future work 

will include precise thickness characterization 

using ellipsometry or cross-sectional SEM 

analysis. 

2.4 MPPT algorithms implementation 

The above-recommended four operating 

scenarios were explored: 

 No MPPT (fixed duty cycle).  

 Perturb and Observe (P&O) MPPT.  

 Incremental Conductance (INC) MPPT.  

 Fuzzy Logic-based MPPT.  

 The P&O algorithm alters the duty cycle 

by monitoring changes in power in response to 

voltage perturbations.  

Through the INC MPPT, it determines the 

maximum power level by comparing the 

incremental conductance with the instantaneous 

conductance. Fuzzy Logic of the MPPT utilizes 

a rule-based inference to adjust duty cycle with 

error and change-in-error inputs, providing faster 

convergence and lower oscillations. Algorithm 

selection and inference for fairness is conducted 

under the homogeneous conditions.  

2.5 Dynamic irradiance test 

In order to demonstrate the robustness of the 

MPPT and its transient response to the 

perturbations, a dynamic irradiance profile was 

also created. The irradiance was kept in situ at 

approximately 800 W/m² and decreased abruptly 

to 500 W/m², then increased to approximately 

700 W/m². This profile mimics normal 

environmental conditions like cloud shading and 

partial recovery. The system response was 

examined for power tracking behavior, 

convergence time, duty-cycle ripple and tracking 

error.  

2.6 Indicators of performance evaluation 

Electrical Power Output. Conversion 

Efficiency. I–V and P–V Characteristics. MPPT 

Tracking Error (%). Convergence Time (s). 

Duty-Cycle Ripple. Harvested Energy (Wh). 

Battery State of Charge (SOC). These factors 

were used to quantify performance values of the 

coating, MPPT algorithms, together with the 

cumulative impact on harvesting and storage of 

energy using MPPT algorithms and coating to 

achieve a complete picture or battery energy 

harvest. These metrics were applied in order to 

determine the success of the coating, MPPT 

algorithms and their overall efficiency in energy 

harvesting and storage of both. All analyses were 

applied in order to derive Energy Storage and 

Energy harvesting efficiency.  

2.7 Battery charging and energy yield evaluation 

The extracted electrical energy was stored in 

the battery pack, and SOC evolution was 

assessed during a charge time frame of 60 

minutes. Power generation over time was 

integrated to find out the delivered energy to the 

battery. The comparison was conducted for 
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different sets of surface condition combinations 

(baseline vs. SiO₂ coated) and MPPT strategy 

and their effect on charging efficiency and a 

total-energy production was evaluated.  

2.8 Numerical modelling and validation 

A numeric model of the PV system was 

generated in order to confirm the experimental 

results. Standard PV equations were used to 

model the PV electrical behaviour, while the 

DC–DC converter and MPPT algorithms were 

applied in a simulation. Numerical results were 

presented and validated with experimental data 

showing that high agreement between the power 

trends, efficiencies, dynamic responses and 

improvements in the simulation achieved. 

2.9 Governing equations 

2.9.1 Photovoltaic cell electrical model 

The electrical behavior of the photovoltaic 

(PV) module is described using the singlediode 

equivalent circuit model, which provides a good 

balance between accuracy and computational 

simplicity. The output current of the PV module 

is given by: 

        *    (
     

   
)   +  

     

   
   (1) 

where: 

  is the output current (A), 

  is the terminal voltage (V), 

    is the photo-generated current (A), 

   is the diode saturation current (A), 

   and     are the series and shunt 

resistances    , 

  is the diode ideality factor, 

   is the thermal voltage, defined as: 

   
  

 
     (2) 

with   being Boltzmann's constant,   the cell 

temperature (K), and   the electron charge. 

 

2.9.2 Effect of solar irradiance and temperature 

The photo-generated current depends 

directly on solar irradiance and temperature: 

    [         (      )]
 

    
  (3) 

where: 

        is the reference short-circuit current 

(A), 

  is the temperature coefficient, 

  is the solar irradiance       , 

 ref  is the reference irradiance         

   . 

2.9.3 Electrical power output 

The instantaneous electrical power produced 

by the PV module is calculated as: 

          (4) 

The maximum power point (MPP) occurs 

when: 

  

  
      (5) 

This condition forms the theoretical basis of 

MPPT algorithms. 

 

2.9.4 Conversion efficiency 

The photovoltaic conversion efficiency is 

defined as: 

  
   

   
         (6) 

where: 

  is the effective PV panel area (    ). 

The application of a      anti-reflective 

coating increases the effective absorbed 

irradiance by reducing surface reflection losses, 

thereby increasing     and  . 

 

2.9.5 DC-DC converter and duty cycle relation 
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The PV module is interfaced with a DC-DC 

converter controlled by MPPT algorithms. For a 

boost-type converter, the relationship between 

input and output voltages is: 

 out  
   

   
    (7) 

where   is the duty cycle (       ). 

MPPT algorithms continuously adjust   to 

ensure operation at the MPP. 

2.9.6 Perturb and observe (p&o) mppt principle 

The     algorithm operates based on the 

sign of power variation: 

              

              
  (8) 

The duty cycle is updated according to: 

                (9) 

depending on the sign of    and   . 

2.9.7 Incremental conductance (inc) mppt 

principle 

The INC method relies on the condition: 

  

  
    

  

  
     (10) 

Thus, at MPP: 

  

  
  

 

 
    (11) 

The duty cycle is adjusted based on the 

comparison between incremental conductance 
  

  
 

and instantaneous conductance 
 

 
. 

2.9.8 Fuzzy logic MPPT control 

The fuzzy logic MPPT controller uses two 

inputs: 

     
  

  
                   (12) 

The output is the duty cycle increment   , 

determined using fuzzy inference rules and 

membership functions. The updated duty cycle 

is: 

                 (13) 

This approach minimizes steady-state 

oscillations and improves dynamic response. 

2.9.9 MPPT tracking error 

The MPPT tracking error is defined as: 

 Tracking Error     (  
 

tracked 

    
)      

(14) 

where  tracked  is the actual extracted power 

and      is the theoretical maximum power. 

2.9.10 Energy harvested 

The total harvested electrical energy over a 

time interval   is calculated as: 

  ∫  
 

 
         (15) 

This energy is used to evaluate overall 

system performance and battery charging 

effectiveness. 

2.9.11 Battery state of charge (SOC) 

The battery SOC evolution is governed by: 

               
 

    
∫  

 

  
          

      (16) 

where: 

 bat  is the battery capacity (Ah), 

 bat  is the charging current (A). 

3. Results and Discussion 

This section presents a comprehensive 

analysis of the experimental and numerical 

results obtained from the proposed photovoltaic 

system enhanced by SiO₂ anti-reflective coating and 

advanced MPPT control algorithms. The discussion 

systematically evaluates the electrical behavior 

of the PV module under baseline and coated 

conditions, followed by a comparative 

assessment of different MPPT strategies, 

including no MPPT, Perturb and Observe 

(P&O), Incremental Conductance (INC), and 

Fuzzy Logic-based MPPT. Key performance 

indicators such as voltage, current, power output, 

conversion efficiency, I–V and P–V 
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characteristics, tracking accuracy, convergence 

time, duty-cycle stability, harvested energy, and 

battery state of charge are analyzed under both 

steady-state and dynamically varying irradiance 

conditions. The experimental findings are further 

supported by numerical simulations to validate 

observed trends and ensure result consistency. 

Through this integrated analysis, the combined 

impact of surface engineering and intelligent 

control on power extraction efficiency, dynamic 

response, and energy storage performance is 

clearly demonstrated. 

The time-dependent electric voltage and 

current behavior of the photovoltaic panel in the 

two frames, and subsequent application of an 

anti-reflective coating made by SiO₂, are 

depicted in Figure 4. In the baseline 

configuration (t = 0 min), the voltage of the 

baseline is about 3.45 V; in the SiO₂-coated 

example, it rises slightly (approximately 3.50 

V)—thereby implying a higher photon 

absorption due to a decrease in surface 

reflection. The voltage level improves relatively 

slowly as time goes on, and the baseline voltage 

and the coated one reach 4.15 V and 4.18–4.20 

V, respectively, after 60 minutes of operation. 

However, the current decreases with time, as 

anticipated, under the effect of thermal and load 

stabilization. In the preliminary analysis, the 

baseline current is approximately 1.3 A; the 

SiO₂-treated panel provides a higher current 

(~1.45 A). In the 60 min, the current decreases to 

0.35 A in the baseline case and slightly above 

this for coated panel to almost 0.38 A. The 

higher voltage and current profile achieved with 

SiO₂ coating consistently confirms its ability to 

improve electrical outputs. From a physical 

perspective, this enhancement is reflected in 

fewer optical losses and more light trapping on 

the PV surface, which directly impacts the power 

production and energy harvesting efficiency 

during the energy usage time period. The time 

response in power and performance of 

conversion efficiency of photovoltaic panel 

under both baseline and a SiO₂ anti-reflective 

coating was showed in Figure 5 and was 

prolonged for 60 min. At start of operation (0 

min), the baseline electrical power is 

approximately 4.6 W, whereas the SiO₂-coated 

panel provides higher power (~5.1 W), 

demonstrating an instantaneous improvement 

because of lowering optical reflection losses. 

The power output drops in both cases over time, 

mainly the heat effect and the establishment of 

operating point stability, to about 1.25 W for the 

baseline and around 1.35 W for the coated panel 

at 60 minutes. The baseline efficiency is roughly 

92%, while the SiO₂-coated panel reaches an 

initial efficiency of about 59 % for normalized 

reference conditions and the same behavior is 

observed for the efficiency. At 60 min, the 

performance drops to around 26% for the 

baseline and stays higher at about 29% for the 

coated panel. The higher power and efficiency 

values showed in the SiO₂-coated PV panel 

indicate a good performance of the anti-

reflective layer. This enhancement is associated 

with better light transmission into the dynamic 

portion of the PV system, which increases the 

amount of photogenerated carriers and enhances 

the overall energy conversion performance 

throughout the operating period. Figure 6 

compares the time-varying electrical power 

obtained from the photovoltaic panel using 

various MPPT strategies over a 60-min-period. 

Without MPPT control, the electric power values 

initially reach about 3.5 W, declining 

progressively to an average of 1.1 W at 60 min, 

implying that the operation towards the 

maximum power point is not optimal. Applying 

the standard Perturb and Observe (P&O) 

algorithm gives an initial power value of close to 

4.0 W that decreases to approximately 1.3 W 

towards the end of the test. The Incremental 

Conductance (INC) MPPT procedure improves 

it to improve power output while achieving a 

start power of approximately 4.25 W and almost 

1.35 W after 60 minutes. The maximum power 

output is achieved by employing the Fuzzy 

Logic MPPT approach, which peaks at about 

4.45 W in the beginning and approaches 1.4 W 

in the final operation time. The performance of 

the fuzzy logic controller was better than other 

methods throughout all period. This means that 

in terms of physical performance, its very 

intelligent rule-based structure delivers faster 

and more accurate tracking for maximum power 

points under various operating conditions. Thus, 

the application of fuzzy logic MPPT can provide 
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better adaptability and energy extraction 

efficiency to the energy supply from different 

sources than traditional MPPT technique. Figure 

7 shows the variation of MPPT effectiveness by 

control algorithm over a 60-min operating 

period. In case it does not have control of MPPT, 

the system has an initial efficiency of about 75% 

that is slowly but surely decreased to 

approximately 23% by end of the experiment, as 

the control is continuously diverging from the 

maximum power point. A conventional Perturb 

and Observe (P&O) MPPT algorithm raises the 

efficiency to 85%, retaining 28% after 60 

minutes. The Incremental Conductance (INC) 

method that achieves nearly 91% and 29% 

efficiency starts the improvement further. Using 

the Fuzzy Logic MPPT approach leads to the 

highest overall efficiency (≈95% at the 

beginning and stabilizes at ~30% after 60 

minutes) at the same time period. For the entire 

time range, the fuzzy logic controller leads the 

other algorithms in the number of optimal 

operating points in the optimal operating point. 

Its outstanding performance is primarily in 

physical terms the adaptive inference mechanism 

and hence reducing steady-state oscillations 

(which is used to efficiently predict and predict 

such conditions as irradiance, temperature and so 

on). Thus, fuzzy logic MPPT has better energy 

utilization and higher overall efficiency of the 

photovoltaic system than a traditional MPPT 

approach. The time evolution of output voltage 

in the photovoltaic system when applied 

different MPPT control modes are shown in 

Figure 8 for a 60 minute time scale. During the 

initial stage (t = 0 min), the system voltage is 

roughly 3.58 V in the absence of MPPT, 

although somewhat higher starting voltages 

(around 3.59 V, 3.59–3.60 V, and 3.60 V) have 

been reported for the P&O, INC and Fuzzy 

Logic MPPT methods, respectively. Over time 

the voltage raises smoothly in all cases, which 

indicates the steadily stable area of the operating 

point. At the end of test (t = 60 min), the voltage 

is approaching 4.14 V in case of no-MPPT, 

~4.15 V in case of P&O MPPT, ~4.16 V in case 

of INC MPPT, and the maximum value of about 

4.17 V in case of Fuzzy Logic MPPT. The 

higher voltage obtained continuously with 

sophisticated MPPT algorithms suggests 

enhanced regulation over the point of maximum 

voltage. From a physical point of view, we find 

that this action will occur because MPPT 

controllers are able to adapt the operating 

voltage based on the operational condition 

according to the irradiance and temperature at 

different degrees of irradiance and temperature. 

Finally, the fuzzy logic MPPT shows the most 

robust and optimal voltage tracking capability 

among all schemes and contributes to higher 

efficiency and higher power output. Photovoltaic 

system of the time series operating using 

different MPPT control strategies for 60 min, the 

current behavior and its dependency for different 

control strategies is shown in figure 9. The 

output current without MPPT control at the start 

(0 min) is equal to approximately 0.98 A at the 

outset of operation whereas higher initial 

currents around 1.10 A, 1.18 A and 1.23 A are 

obtained using the P&O, Incremental 

Conductance (INC) and Fuzzy Logic MPPT 

algorithms, respectively. In all cases, its current 

decreases over time due to the temperature 

increment, and the operational condition gets a 

constant stability. After 60 min the current drops 

almost to 0.27 A for the no-MPPT and is held 

slightly higher values of ~0.32 A, 0.33 A, and 

0.34 A for P&O, INC, and Fuzzy Logic MPPT 

methods, respectively. The overall higher current 

of the sophisticated MPPT algorithms is also a 

testament to the power of extracting more charge 

carriers from the PV module. From a physical 

point of view, this improvement relates to 

correct tracking the maximum power point that 

can be used as a control to achieve the maximum 

current–voltage performance as the 

environmental conditions change. Among all 

methods, we found that the fuzzy logic MPPT is 

the best on current retention as well as stability, 

resulting in a better energy harvesting 

performance in comparison. 
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Figure 4. Temporal evolution of voltage and current for 

the baseline PV panel and SiO₂ anti-reflective coated panel 

 

Figure 5. Time variation of electrical power output and 

conversion efficiency for baseline and SiO₂-coated PV 

panels 

 

Figure 6. Comparison of electrical power output using 

different MPPT control algorithms 

 

Figure 7. Efficiency comparison of different MPPT 

control algorithms over time 

 

Figure 8. Voltage profiles of the photovoltaic system 

under different MPPT control algorithms 

As shown in Figure 10, the current–voltage 

(I–V) behavior of the photovoltaic module is 

defined for baseline surface and after the 

application of a SiO₂ anti-reflective (AR) 

coating. Zero voltage (short-circuit) ensures that 

the baseline module's current is around 1.25 A, 

while an increase in the SiO₂-coated module's 

short-circuit leads to a maximum current of 1.35 

A—reflecting better photon absorption from a 

lower reflection loss. In both cases of increasing 

voltage, the current decreases steadily as usual 

happens for nonlinear PV applications. 

Approximate to Open Circuit condition, voltage 

reaches approximately 5.6–5.7 V for the 

Baseline case and a little higher, it is around 5.8 

V for the SiO₂-coated module. The I–V curve of 
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the coated module remains above the baseline 

curve over whole voltage range, which ensures 

strong electrical performance. The enhancement 

can be attributed to, on one hand, the SiO₂ layer 

increasing the transmission of light into the 

active semiconductor layer and on the other hand 

enhancing delivery of carriers. A positive 

transformation of the I–V curve results in the 

improvement of the maximum power point in 

addition to an increase in conversion efficiency. 

Accordingly, SiO₂ anti-reflective coating has a 

distinct and measurable advantage to improve 

the electrical properties of PV module. P–V 

characteristics of the photovoltaic module for 

standard operating surface and after SiO₂ AR 

coating can be shown in Figure 11. The power 

rises with voltage, hits a different maximum 

initially, and then falls as the voltage approaches 

the open-circuit condition. The baseline PV 

module has a maximum power of around 2.8 W 

at an output voltage of almost 3.2 V, whereas the 

SiO₂ coated module delivers about 3.1 W peak 

power at the same operated voltage. This results 

in almost an increase in the maximum power of 

about 10–12% because of the presence of the 

anti-reflective coating. At voltages beyond 5.5–

5.8 V, the power drops to zero in both cases, 

which is because of open circuit operation. The 

upward movement of the P–V curve for the 

coated module is rising and the enhancement of 

the energy conversion performance along the 

entire voltage range is suggested. At the physical 

level, the enhanced improvement is to be 

explained by the less reflection from the solar 

surface, increasing light trap, and thus a more 

photogenerated photo-current and hence more 

power output. The results shows that the SiO₂ 

anti-reflective coating remarkably improves the 

maximum power point and photovoltaic 

performance. The different MPPT algorithms 

respond dynamically to a rapid step change from 

800 W/m² to 500 W/m² at t ≈ 60 s for the solar 

irradiance of the given solar irradiance, as 

previously shown in Figure 12. It occurs in terms 

of a reference maximum power of the power that 

can be approximated to 5.2 W under irradiance 

reduction conditions, where the Fuzzy Logic 

MPPT measures how close the peak power for 

the given IR level is (almost 5.1 W with little 

oscillation). To the nearest nearest, Incremental 

Conductance (INC) MPPT reaches a mean of 

around 5.0 W, while the P&O algorithm slowly 

converges and at 4.8 W, the lack of MPPT 

system remains limited at about 4.05 W, which 

indicates relatively substantial power loss. 

Following an irradiance step, the available 

maximum power is virtually 3.25 W; Fuzzy 

Logic MPPT adapts instantly to the newly 

implemented operation condition and settles at 

roughly 3.2 W, whereas the INC MPPT at 

around 3.15 W, and the P&O algorithm also 

exhibits pronounced oscillation and settles at 

around 3.0 W, whereas in the no-MPPT case it 

falls sharply to around 2.55 W, the adaptive 

inference of the fuzzy logic controller gives this 

advanced dynamic behaviour, and fast 

convergence and minimized steady-state 

oscillations when quickly changing irradiance 

conditions. Total harvested electrical energy for 

different combinations of PV surface condition 

and MPPT control strategy for the same 

operational period are compared in Figure 13. 

The minimum harvested power of the baseline 

PV system without MPPT is about 0.67 Wh, 

representing the less efficient operation in the 

operation away from the maximum power point. 

Using conventional MPPT control results in 

improved energy extraction, with the baseline 

panel integrated with P&O algorithm yielding 

around 0.79 Wh and climbing to ~0.83 Wh with 

Incremental Conductance (INC) method. The 

Fuzzy Logic MPPT provides the highest energy 

for the baseline surface up to about 0.85 Wh. 

The SiO₂ anti-reflective coating results in a 

constant additional enhancement of all MPPT 

techniques. The SiO₂-coated Panel with P&O 

MPPT produces approximately 0.86 Wh, 

whereas INC MPPT brings the harvested energy 

up to almost 0.89 Wh. The combined SiO₂ 

coating and Fuzzy Logic MPPT approach 

produce maximum harvesting energy of the 

order of 0.91 Wh. Physically, this cumulative 

enhancement is due to lower optical losses 

owing to anti-reflective coating and enhanced 

dynamic power tracking achieved by advanced 

MPPT algorithms. The results indicate that 

surface engineering combined with smart control 

strategies leads to the most efficient 

enhancement of photovoltaic energy harvesting 

performance. The time-varying solar irradiance 
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profile used to assess the dynamic efficacy of the 

MPPT algorithms is illustrated in Figure 14. For 

the first interval 0 to roughly 60 s, the irradiance 

is kept about 800–820 W/m² with small 

oscillations simulating normal short term 

variability of solar intensity. At t ≈ 60 s, a 

sudden step-down, sharply drops to 500 W/m², 

which is indicative rapid shading with the 

passage of clouds. The irradiance stays near this 

low value and oscillates between 495 and 510 

W/m², until at the time 120 s, and at this point a 

separate step change is added in the irradiance 

up to approximately 690–710 W/m², simulating 

partial solar exposure recovery. This final 

irradiance level is maintained in which small 

oscillations occur up to 180 s, and, in this 

respect, stepwise variations like these are crucial 

to evaluate the transient response and stability of 

MPPT algorithms. The imposed profile provides 

an excellent measurement of convergence speed, 

tracking performance, and stability for each 

control strategy for natural and fast changing 

environments. Figure 15 shows the tracking 

error associated with time with different MPPT 

algorithms, where tracking accuracy has a 

negative correlation to time, and a lower tracking 

error implies that a MPPT algorithm is better 

fitted for tracking. Without MPPT handling, 

tracking error stays practically constant at ~22% 

indicating uninterrupted utilization away from 

the power limit. Both P&O and INC MPPT 

algorithms also have higher transient errors at 

the beginning of operation (t = 0 s) of 35% and 

32%, respectively, because of the processes of 

convergence. Such errors are diminishing 

gradually and steady operation on an ongoing 

basis, and are around 8–10% for P&O and 4–6% 

for INC. The Fuzzy Logic MPPT improves 

speed of convergence, and within a relatively 

short time, this initial error goes from almost 

35% to less than 3%. The step of irradiance is 

about t ≈ 60 s, after a short run, all of the MPPT-

based approaches temporarily encounter an error 

spike, reaching about 31% for P&O, 27% for 

INC, and about 22% for the fuzzy logic 

approach respectively. Afterwards, the fuzzy 

logic MPPT recovers fast and maintains a low 

tracking error of 2–3% as the result of such 

disturbance, better than those of other 

algorithms. This higher level of behaviour is 

physically ascribed to the fuzzy logic 

controller’s adaptive decision-making, 

minimizes oscillations and accurately tracking of 

the maximum power point at the time of the fast 

varying irradiance. 

 

Figure 9. Current profiles of the photovoltaic system 

under different MPPT control algorithms 

 

Figure 10. I–V characteristics of the PV module under 

baseline and SiO₂ anti-reflective coated conditions 
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Figure 11. P–V characteristics of the PV module under 

baseline and SiO₂ anti-reflective coated conditions 

 

Figure 12. Dynamic MPPT response under a step change 

in solar irradiance from 800 to 500 W/m² 

 

Figure 13. Comparison of harvested electrical energy for 

different combinations of surface condition and MPPT 

algorithms 

 

Figure 14. Solar irradiance profile applied during the 

MPPT dynamic performance test 

For t = 60 s and t = 120 s, we compare the 

convergence time of all MPPT algorithms for 

steady-state operation. This indicates no 

meaningful convergence behavior of the system 

without MPPT, which does not actively track the 

maximum power point in that scenario. With the 

initial irradiance step at 60 s, the conventional 

P&O MPPT requires about 22 s to converge 

(which is slower compared to the Incremental 

Conductance (INC) MPPT because it stabilizes 

in about 18 s), while the Fuzzy Logic MPPT 

converges in 26 s post (the first) step that we 

observe, which indicates a slight slower initial 

process adjustment. The P&O algorithm 

demonstrates the period of the largest 

convergence with a time value around 39 s after 

the second step at 120 s, revealing sensitivity to 

abrupt shifts in irradiance. Again, the INC 

MPPT shows increased performance and 

converges at ~19 s, and the Fuzzy Logic MPPT 

has the quickest convergence after the second 

step (around 9 s), a fact which reflects on the 

adaptive behavior of the fuzzy logic controller in 

this case, which is effective under successive 

disturbances. In summary, current results show 

that advanced MPPT technologies, especially 

fuzzy logic-based control, show better dynamic 

characteristics with accelerated stabilizing 

abilities under a vast variation of solar 

irradiance. The normalized duty-cycle control 

signal resulting from different MPPT algorithms 

is shown in Figure 17, which shows ripple 

magnitude and stability over a range of dynamic 

operating conditions. The P&O MPPT shows the 
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broadest oscillations, with the duty-cycle 

fluctuation approximately between 0.55–0.59, 

and the perturbations approximately remaining 

around the maximum power point. Unlike P&O, 

Incremental Conductance (INC) MPPT exhibits 

a lower ripple, with duty-cycle changes limited 

to approximately 0.52–0.58, representing better 

alignment (although still oscillating) tracking. 

The Fuzzy Logic MPPT, on the other hand, 

presents the smoothest control behavior, as the 

fluctuations in duty-cycles remain within the 

bounded range of circa 0.53–0.57. After the 

irradiance step changes at about 60 s and 120 s, 

all algorithms experience transient shifts in duty 

cycle but the fuzzy logic controller does stabilize 

faster and with little increase during each 

iteration. Reduced duty-cycle ripple also means 

less switching stress on the power converter and 

better steady-state operation at maximum power. 

To clarify, the fuzzy logic MPPT offers a 

smooth control signal thanks to its rule-based 

inference mechanism without continuous 

perturbation. All in all, fuzzy logic MPPT 

showed greater stable control, lower ripple and 

better reliability than traditional MPPT 

approaches. The temporal trend in the battery 

SOC change after a time lapse of 60 min 

between PV surface condition and the 

configuration of MPPT control strategy is 

compared in Figure 18. All cases start off with 

an initial SOC value of approximately 21 %, 

suggesting the same initial battery charge 

conditions. When lacking MPPT control, the 

baseline PV system only charges towards 47% 

of battery life after 60 minutes, indicating 

limited energy harvesting. Thus, it is found that 

implementation of MPPT leads to a remarkable 

increase in the charging rate, with the baseline 

panel with P&O MPPT reaching almost 52% 

SOC and INC MPPT raising SOC to around 

53%. The baseline panel in combination with 

Fuzzy Logic MPPT gives a higher SOC of 

approximately 54%, which is associated with 

better power extraction and charge delivery. The 

greatest improvement is seen with SiO₂ anti-

reflective coating after combining it with the 

Fuzzy Logic MPPT, and reaches a SOC 

finalizing at about 56–57% after 60 minutes. The 

enhanced charging performance from a physical 

perspective is ascribed to lower optical losses at 

the PV surface and more precise maximum 

power point tracking, which increase the total 

energy transferred to the battery. The findings 

demonstrate that combining surface engineering 

with smart MPPT regulation is the best option 

for achieving the best battery charging 

performance. A comparison of the total electric 

power supply of the battery through a 60-minute 

charging period is shown in Figure 19, for the 

two PV surface condition with the MPPT 

strategy combinations. The baseline PV system 

with no MPPT only provides the lowest power, 

about 2.0 Wh, since it works from the least 

vicinity of the maximum power level. When we 

apply the P&O MPPT model to the baseline 

panel, the delivered energy goes up to 

approximately 2.35 Wh, indicating the 

significant energy consumption enhancement. 

The Incremental Conductance (INC) MPPT, 

achieving nearly 2.45 Wh to the battery, further 

improvements are provided. The combination of 

the baseline panel with the Fuzzy Logic MPPT 

achieves an even higher energy delivery of about 

2.50 Wh, demonstrating the efficiency of smart 

control strategies. The peak energy yield of 

approximately 2.70 Wh is achieved when the 

SiO₂ anti-reflective coating is combined with the 

Fuzzy Logic MPPT strategy. In a physical sense, 

this improvement is achieved by lowering 

optical reflection losses and the ability to 

pinpoint maximum power points effectively, 

allowing for maximal energetic harvest and 

storage. The results show that the fusion of the 

advanced surface treatments and smart MPPT 

controller is superior overall energy yield and 

battery charging performances. 
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Figure 15. Comparison of MPPT tracking error for 

different control algorithms under dynamic irradiance 

conditions 

 

Figure 16. Convergence time comparison of MPPT 

algorithms following irradiance step changes 

 

Figure 17. Comparison of duty-cycle ripple behavior for 

different MPPT control algorithms under dynamic 

irradiance conditions 

 

Figure 18. Battery state-of-charge evolution under 

different surface conditions and MPPT control strategies 

 

Figure 19. Energy delivered to the battery over 60 minutes 

for different PV surface and MPPT configurations 

The results reported in this study directly 

correspond with, and also go beyond, the results 

discovered for improving photovoltaic 

performance in the literature. Studies such as 

Afonso et al. (2025) and Shaker et al. (2024) 

also stressed that adverse environmental factors, 

in particular, temperature and radiation 

exposure, influence PV effectiveness adversely 

(and for control-based methodologies). 

Conforming to this observation, the present 

study found that the use of a SiO₂ anti-reflective 

coating has a significant ability to cut optical 

losses, giving a maximum power generation 

increase of 10–12%, which is in accordance with 

the surface engineering enhancement of 

Ramasamy et al. (2023) and Oproescu et al. 

(2024). Unlike earlier studies, which mainly 
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looked at optimizing material, the current study 

quantifies the effect on energy harvesting and 

battery charging performance, including 

increased harvesting energy from 0.67 Wh to 

0.91 Wh, and battery SOC from 21% to 56–

57%. In terms of controllability, other studies as 

Muthuvel Raj and Pawan Kumar (2024) and 

Iturralde Carrera et al. (2025), they review the 

conventional MPPT algorithms, mentioning their 

limitations under dynamic irradiance conditions. 

Here, these observations are experimentally 

verified, and the P&O and INC algorithms had 

higher tracking errors (8–10% and 4–6%), and 

slower convergence than intelligent control. On 

the other hand, the fuzzy logic MPPT utilized in 

this paper demonstrated a much lower tracking 

error (2–3%) and faster convergence (≈9 s), 

confirming the pros of the AI-based control 

methods elaborated by Datta et al. (2023) and 

Mamodiya et al. (2025). In contrast to most 

previous works, which evaluated MPPT 

performance mostly based on instantaneous 

efficiency, our work provides a full experimental 

performance evaluation under dynamic 

irradiance, encompassing convergence time, 

duty-cycle ripple and energy delivered to the 

battery. 

4. Conclusions 

In this study we present an experimental and 

quantitative study about utilizing SiO₂ anti-

reflective coating and advanced MPPT control 

algorithms and improving power extraction, 

energy harvesting, and battery charging 

performance of photovoltaics by combining 

these two. Based on its characteristic 

characteristics, the experimental results showed 

the SiO₂ coating improves the initial PV voltage 

from roughly 3.45 V to 3.50 V and the current 

from 1.30 A to 1.45 A respectively, which 

caused the initial electrical power of the PV to 

increase from 4.6 W to 5.1 W, or about 10–12% 

improvement. At the resolution of the 60-min 

operation period, the coated panel still achieved 

higher performance, which was 1.35 W against 

1.25 W (baseline panel 1.25 W) and higher 

efficiency reached approximately 29% versus 

26%. The MPPT algorithms also improved the 

system performance. As a result, at the same 

time, in the absence of MPPT, the output power 

of the PV system dropped to 1.1 W after 60 min, 

while, the P&O, INC, and Fuzzy Logic MPPT 

algorithms showed higher power levels of 

approximately 1.3 W, 1.35 W, and 1.4 W 

(respectively). Fuzzy Logic MPPT had the best 

power of about 4.45 W start and best efficiency, 

with the highest power (around 95%) at 

beginning of operation and the highest overall 

efficiency of about 30% after 60 min. Fuzzy 

Logic-based MPPT showed remarkable tracking 

performance at diverse illumination conditions, 

with actual power levels nearly reaching the 

theoretical maximum, around about equal to 

(≈5.1 W at 800 W/m² and ≈3.2 W at 500 W/m²), 

and tracking errors at best 2–3% instead of 8–

10% for P&O and 4–6% for INC, and, at most, 

the fastest convergence time around 9 s after the 

second irradiance step (according to fuzzy 

logic). Regarding energy harvesting, the baseline 

PV system without MPPT only provided 0.67 

Wh, while the combination SiO₂ coating and 

Fuzzy Logic MPPT attained the maximum 

recovery of around 0.91 Wh, which implies an 

improvement of nearly 36% in the PV system. 

The improvement is further corroborated by the 

results of the battery charging, where the state of 

charge of battery increased from 21% to 47% in 

the baseline no-MPPT condition to 56–57% in 

the SiO₂-coated panel with Fuzzy Logic MPPT. 

The total energy delivered to the battery 

increased, e.g., from 2.0 Wh (without MPPT) 

baseline to ~2.7 Wh for coated PV system with 

Fuzzy Logic MPPT. In general, the findings 

show that surface engineering, with SiO₂ anti-

reflective coatings applied alongside smart 

MPPT control, has a noticeable impact on the 

PV electrical output, dynamic tracking 

performance, harvested energy and performance 

improvement and battery charging efficiency as 

a whole. The developed approach is an 

economically viable and scalable solution to 

improve the efficient utilization of renewable 

energy in small and small-scale (SMEs) and 

portable PV, also providing a sound ground for 

future technology to integrate with hybrid 

resources and AI-based power management 

systems. 

From the results of the present study it is 

suggested that there are a few directions for 
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future study to improve the performance of the 

photovoltaic systems to realize larger 

applicability of said approach. For one, to 

understand potential degradation and 

maintenance requirement, the long term 

durability and environmental stability of the 

SiO₂ anti-reflective coating under real outdoor 

conditions such as dust accumulation, humidity, 

temperature cycling, and ultraviolet light 

exposure should be studied. Second one may 

investigate multi-layer or nano-structured anti-

reflective coatings, and establish comparison of 

optical and thermal performance for the multi-

layer or nano-structured coatings with single-

layer SiO₂ coatings, so that the possibility of 

improvement in the light trapping efficiency. On 

another hand, from a control standpoint, the 

framework for MPPT may be further extended 

by sophisticated artificial intelligence 

approaches like adaptive neuro-fuzzy inference 

systems (ANFIS), deep learning-based MPPT, 

reinforcement learning controllers, etc., to 

improve the tracking accuracy even better at 

highly fluctuating irradiance and partial shading 

conditions. Thermal-aware MPPT approaches 

that account for temperature-dependent PV 

characteristics could also be applied to reduce 

efficiency losses at high operating temperatures. 

Scale-up of the system to larger power levels and 

testing the performance in grid-connected and 

hybrid renewable energy systems can also be 

studied in future works. Combining the PV 

system with thermoelectric generators, 

geothermal-assisted heating or photovoltaic–

thermal (PV/T) configurations is an interesting 

future extension to improve the overall energy 

utilization. In addition, the introduction of real-

time energy management mechanisms for multi-

source coordination and battery health 

monitoring can improve energy storage 

efficiency and system reliability. 
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