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Photovoltaic (PV) systems are highly sensitive to partial shading conditions, which 

significantly reduce power extraction efficiency and introduce multiple local maxima in the 
power–voltage characteristics. This paper proposes a high-gain switched-inductor Modified 

Luo converter integrated with a Black Widow Optimized Artificial Neural Network (BWO-

ANN) based Maximum Power Point Tracking (MPPT) technique for operation under near-

zero partial shading conditions. The modified Luo converter enhances voltage gain and 

reduces current ripple through a switched-inductor configuration, operating in continuous 

conduction mode (CCM). The voltage conversion ratio is analytically derived using volt-

second balance principles. The BWO algorithm optimally tunes ANN parameters to improve 

tracking speed and convergence accuracy under dynamic irradiance conditions. A high-

frequency inverter and isolation transformer provide galvanic isolation between the PV 

source and DC bus/battery. MATLAB/Simulink validation demonstrates a converter 

efficiency of 97.79% and MPPT tracking efficiency of 98.96%, outperforming conventional 
P&O, PSO, and Hill-Climbing techniques. The proposed topology exhibits improved 

voltage gain, reduced ripple, fast convergence, and stable operation under varying 

environmental conditions.  
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I. INTRODUCTION 

The increasing demand for sustainable energy and the rapid depletion of fossil fuels have intensified global research on renewable 

energy resources [1],[2]. Among various renewable sources, photovoltaic (PV) systems have gained significant attention due to their 

clean operation, simple installation, modular configuration, and minimal maintenance requirements [3],[4]. However, PV systems 
inherently suffer from intermittency caused by variations in solar irradiance and temperature, which significantly affect their electrical 

characteristics and power output [5],[6]. Therefore, efficient Maximum Power Point Tracking (MPPT) techniques are essential to ensure 

optimal power extraction under dynamic environmental conditions [7],[8]. Conventional MPPT techniques such as Sliding Mode Control 

(SMC), Perturb and Observe (P&O), and Incremental Conductance (INC) methods have been widely implemented due to their simplicity 

and ease of realization [9-12]. Although these methods perform satisfactorily under uniform irradiance, they exhibit steady-state 

oscillations and slow tracking speed during rapidly changing atmospheric conditions [13],[14].  

Furthermore, under partial shading conditions (PSC), multiple local maxima appear on the power–voltage (P–V) curve, making it 

difficult for classical methods to identify the global maximum power point (GMPP) [15],[16]. To overcome these challenges, meta-

heuristic and intelligent optimization techniques such as Artificial Bee Colony (ABC), Grey Wolf Optimization (GWO), Particle Swarm 

Optimization (PSO), and hybrid optimization-based MPPT strategies have been proposed [17-20]. These approaches improve tracking 

accuracy under PSC but often suffer from increased computational burden and convergence delay [21],[22]. Recently, Artificial Neural 
Networks (ANN) have been introduced in MPPT applications due to their nonlinear mapping capability and adaptability to dynamic solar 

conditions [23],[24]. However, ANN performance strongly depends on optimal parameter tuning, and improper training may result in 

premature convergence or local trapping [25],[26].  
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In addition to MPPT challenges, the power conversion stage plays a crucial role in determining the overall efficiency of PV 

systems. Conventional boost converters provide limited voltage gain at high duty cycles and suffer from increased switching losses and 

voltage stress [27]. Advanced DC–DC topologies such as Cuk, SEPIC, and Luo converters have been developed to enhance voltage gain 

and reduce ripple content. Among them, Luo converters offer improved ripple performance and reduced electromagnetic interference; 

however, their voltage gain and efficiency can be further enhanced through structural modification. Therefore, this work proposes a 

switched-inductor Modified Luo converter integrated with a Black Widow Optimized Artificial Neural Network (BWO-ANN) based 

MPPT technique to achieve high voltage gain, reduced ripple, and improved tracking performance under near-zero partial shading 

conditions. The proposed approach enhances both power extraction efficiency and conversion performance, making it suitable for DC 

bus and battery-based renewable energy applications 

II. MODELLING OF THE SYSTEM 

In order to achieve efficient solar power utilization for DC bus and battery applications, coordinated optimization of power 

conversion and maximum power point tracking (MPPT) under varying environmental conditions is essential. The proposed system 

integrates an optimized MPPT algorithm with a Modified Luo converter, as illustrated in Figure 1. Due to fluctuations in solar irradiance 

and temperature, the output power of the photovoltaic (PV) array varies dynamically. To regulate and elevate the PV output voltage to 

the required DC bus or battery level, the PV output is interfaced with a high-gain Modified Luo converter. 

 
Figure 1: Block diagram of proposed work. 

Source: Authors, (2026). 

The instantaneous PV voltage and current are continuously sensed and supplied to the Black Widow Optimization-based Artificial 

Neural Network (BWO-ANN) MPPT controller. The controller determines the optimal duty cycle corresponding to the global maximum 

power point (GMPP) under near-zero partial shading conditions. The computed duty ratio is applied to a pulse-width modulation (PWM) 

generator, which produces the gating signals required for switching operation of the Modified Luo converter. The boosted DC output of 

the converter is subsequently applied to a high-frequency full-bridge inverter, which converts the regulated DC voltage into a high-

frequency AC waveform.  

This high-frequency AC signal is fed into an isolation transformer to provide galvanic isolation between the PV source and the 

DC bus/battery side. The isolation stage enhances operational safety, improves reliability, and protects sensitive components from 
electrical faults. The transformer output is then rectified using an interleaved synchronous rectifier to obtain regulated DC power. A 

proportional–integral (PI) controller is employed to regulate the rectifier output voltage and ensure stable DC bus/battery operation. The 

PWM unit generates the necessary gating pulses for the inverter and rectifier switches to maintain controlled energy transfer. Finally, the 

regulated DC output is delivered to the DC bus or battery for energy storage or direct utilization. 

II.1 MODELLING OF PV SYSTEM 

Figure 2 illustrates the equivalent electrical model of a photovoltaic (PV) cell. The PV cell operates based on the p–n junction 

principle, converting incident solar irradiation directly into electrical energy. To obtain the desired voltage and current levels, multiple 

PV cells are connected in series and parallel configurations to form a PV module or array. 

 
Figure 2: Equivalent diagram of PV system. 

Source: Authors, (2026). 
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The single-diode equivalent circuit consists of a photo-generated current source 𝐼𝑝ℎ, a diode representing the p–n junction 

characteristics, a series resistance 𝑅𝑠, and a shunt resistance 𝑅𝑠ℎ. The series resistance accounts for internal ohmic losses, while the shunt 

resistance models leakage currents. 

The output current of the PV module is expressed as 

𝐼𝑃𝑉 = 𝐼𝑝ℎ − 𝐼𝑠𝑎𝑡 [exp (
𝑞(𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠)

𝜂𝑘𝐵𝑇
) − 1] −

𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝑅𝑠ℎ
                                          (1) 

where 𝑉𝑃𝑉and 𝐼𝑃𝑉denote the PV output voltage and current, respectively; 𝐼𝑠𝑎𝑡represents the diode reverse saturation current; 𝐼𝑝ℎis 

the photo-generated current proportional to irradiance; 𝑅𝑠and 𝑅𝑠ℎare the series and shunt resistances; 𝑞is the electron charge (1.602 ×
10−19 C); 𝑘𝐵is the Boltzmann constant (1.381 × 10−23 J/K); 𝑇denotes the cell operating temperature in Kelvin; and 𝜂is the diode ideality 

factor. 

Due to variations in solar irradiance and temperature, the PV output voltage and current fluctuate continuously, resulting in a 

nonlinear power–voltage (P–V) characteristic. Therefore, a high-gain DC–DC converter is required to regulate and boost the PV output 

voltage to the desired DC bus or battery level. In this work, a Modified Luo converter is employed to achieve enhanced voltage gain, 

reduced ripple, and improved conversion efficiency, as discussed in the following section. 

II.2 MODELLING OF MODIFIED LUO CONVERTER 

The Luo converter is a voltage-lift type DC–DC converter widely used for step-up applications due to its reduced output ripple 

and improved electromagnetic compatibility compared to conventional boost converters. However, the classical Luo topology provides 

limited voltage gain at moderate duty ratios. To enhance the voltage conversion capability and efficiency, a switched-inductor (SI) cell 

is incorporated into the conventional Luo structure, forming the proposed Modified Luo converter, as shown in Figure 3. 

 
Figure 3: Circuit diagram of proposed Modified Luo converter. 

Source: Authors, (2026). 

The addition of the switched-inductor network increases the effective input voltage during the energy transfer interval, thereby 

improving voltage gain while maintaining reduced current ripple. The converter operates in two switching modes within one switching 

period 𝑇. 

1) Mode 1: 𝑺ON, 𝑫𝟐OFF ( 𝒕𝒐𝒏 = 𝑫𝑻) 

When the main switch 𝑆is turned ON, diode 𝐷2is reverse biased, while diodes 𝐷1, 𝐷3, and 𝐷4are forward biased. During this interval: 

Inductors 𝐿𝑎and 𝐿𝑏are connected in parallel and charged by the input source. 

The output capacitor 𝐶𝑜supplies energy to the load. 

The inductor voltages during this interval are 

𝑉𝐿𝑎 = 𝑉𝐿𝑏 = 𝑉𝑖𝑛                                                                                 (2) 

Thus, both inductors store energy simultaneously. 

2) Mode 2: 𝑺OFF, 𝑫𝟐ON ( 𝒕𝒐𝒇𝒇 = (𝟏 − 𝑫)𝑻) 

When the switch 𝑆is turned OFF, diode 𝐷2becomes forward biased, and diodes 𝐷1, 𝐷3, and 𝐷4are reverse biased. The inductors 

are now connected in series and transfer stored energy to the output. 
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Figure 4: Modes of Operation of proposed Modified converter. 

Source: Authors, (2026). 

During this interval: 

𝑉𝐿𝑎 + 𝑉𝐿𝑏 = 𝑉𝑖𝑛 + 𝑉𝑖𝑛 − 𝑉𝑜                                                                 (3) 

Since the switched inductors are symmetrical, 

𝑉𝐿𝑎 = 𝑉𝐿𝑏 =
2𝑉𝑖𝑛−𝑉𝑜

2
                                                                      (4) 

3) Voltage Gain Derivation 

Applying the volt-second balance principle over one switching period: 

𝑉𝐿𝑎(𝐷𝑇) + 𝑉𝐿𝑎((1 − 𝐷)𝑇) = 0 

Substituting (2) and (4): 

𝑉𝑖𝑛𝐷𝑇 +
2𝑉𝑖𝑛 − 𝑉𝑜

2
(1 − 𝐷)𝑇 = 0 

Simplifying, 

𝑉𝑖𝑛𝐷 =
𝑉𝑜−2𝑉𝑖𝑛

2
(1 − 𝐷)                                                                        (5) 

Solving for voltage conversion ratio: 

𝑉𝑜

𝑉𝑖𝑛
=

2

1−𝐷
                                                                                 (6)] 

Thus, the proposed converter achieves a higher voltage gain compared to the conventional boost converter: 

Boost gain: 
1

1 − 𝐷
 

Proposed gain: 
2

1 − 𝐷
 

4) Effect of Diode Voltage Drop 

Considering diode forward voltage drop Δ𝑉𝐷 , the volt-second balance becomes 

(𝑉𝑖𝑛 − Δ𝑉𝐷)𝐷𝑇 +
2𝑉𝑖𝑛−𝑉𝑜−3Δ𝑉𝐷

2
(1 − 𝐷)𝑇 = 0                                              (7) 

The practical voltage gain is therefore 

𝑉𝑜

𝑉𝑖𝑛
=

2

1−𝐷
−

Δ𝑉𝐷

𝑉𝑖𝑛
(

3−𝐷

1−𝐷
)                                                                   (8) 

This expression indicates that diode drops slightly reduce the theoretical gain, particularly at high duty ratios. While the converter 

ensures efficient voltage boosting, accurate maximum power point tracking remains essential for extracting maximum energy from the 

PV array under dynamic environmental conditions. Therefore, a Black Widow Optimization-based Artificial Neural Network (BWO-

ANN) MPPT strategy is introduced in the following subsection. 
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II.3 MODELLING OF BLACK-WIDOW OPTIMIZED ANN BASED MPPT 

The Black Widow Optimization (BWO) algorithm is a nature-inspired metaheuristic approach modeled on the hunting and mating 

behaviors of black widow spiders. The algorithm mimics their reproductive characteristics, including crossover, cannibalism, and 

mutation, to achieve improved convergence speed and high optimization accuracy. 

 
Figure 5: behaviour of mutation of individual spider. 

Source: Authors, (2026). 

The major phases of the BWO algorithm are described as follows. 

Step 1: Population Initialization 

Initially, a random population of spiders is generated. Each spider represents a candidate solution vector expressed as 

𝐛 = [𝒃𝟏, 𝒃𝟐, … , 𝒃𝒅𝒊𝒎] 

where 𝒅𝒊𝒎denotes the problem dimension and each element corresponds to a decision variable. 

Step 2: Fitness Evaluation The fitness function evaluates the quality of each candidate solution. Individuals with superior fitness 

values are preserved, whereas weaker solutions are eliminated. Thus, the best solution is retained while the worst solution is discarded to 

ensure progressive improvement in solution quality. 

Step 3: Crossover, Cannibalism, and Mutation Crossover is performed between two parent spiders 𝒃𝟏and 𝒃𝟐to produce offspring 

according to the crossover rate. The mathematical model governing the crossover operation is expressed as 

𝒚𝟏 = 𝜶 ⋅ 𝒃𝟏 + (𝟏 − 𝜶) ⋅ 𝒃𝟐

𝒚𝟐 = 𝜶 ⋅ 𝒃𝟐 + (𝟏 − 𝜶) ⋅ 𝒃𝟏
                                                                               (9) 

where 𝜶 ∈ [𝟎, 𝟏]  is a randomly generated coefficient array, 𝒃𝟏and 𝒃𝟐denote parent solutions, and 𝒚𝟏and 𝒚𝟐represent the generated 

offspring. Cannibalism is subsequently applied, where strong individuals eliminate weaker spiders, thereby preserving high-quality 

solutions within the population. This mechanism enhances selection pressure and accelerates convergence. Mutation is introduced to 
improve population diversity and exploration capability. As illustrated in Fig. 5, mutation involves swapping two randomly selected 

elements within the solution vector: 

[𝒃𝟏, … , 𝒃𝒊, … , 𝒃𝒋, … , 𝒃𝒏] → [𝒃𝟏, … , 𝒃𝒋 , … , 𝒃𝒊, … , 𝒃𝒏] 

This process facilitates effective exploration of the search space and prevents stagnation.7 

Step 4: Population Update The population is updated iteratively by evaluating newly generated candidate solutions. The process 

continues until the maximum number of iterations is reached or the termination criterion is satisfied. Although BWO demonstrates strong 

optimization capability, it may experience premature convergence under certain conditions. To enhance global search performance, the 

β parameter is modified to evolve nonlinearly with iteration count, as defined by 

𝛽𝑖 = 8 × (
2

𝑖𝑡𝑒𝑟
)

2

, 𝛽 = [𝛽1, 𝛽2 , … , 𝛽𝑛]                                                                  (10) 

where 𝑖𝑡𝑒𝑟denotes the current iteration number. 

Accordingly, the crossover equation is updated as 

𝑦1 = 𝛼 ⋅ 𝑏1 + (1 − 𝛼) ⋅ 𝑏2

𝑦2 = 𝛽 ⋅ 𝑏2 + (1 − 𝛼) ⋅ 𝑏1
                                                                             (11) 

where 𝑏1and 𝑏2are parent solutions, and 𝑦1and 𝑦2are offspring. Experimental observations indicate that maintaining the β 

parameter at a constant value of 8 improves the global exploration ability of the algorithm. 

II.4 PROPOSED BWO–ANN BASED MPPT 

A novel BWO–ANN based Maximum Power Point Tracking (MPPT) technique is proposed to efficiently track the maximum 

power point (MPP) under varying environmental conditions.The process begins by initializing spider individuals, which represent the 

initial weight and bias parameters of the Artificial Neural Network (ANN) employed for MPPT. The ANN output is compared with the 

desired reference value, and the Root Mean Square Error (RMSE) is used as the performance metric. 
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During each iteration, the algorithm verifies whether the maximum number of iterations or the minimum error threshold has been 

achieved. If neither condition is satisfied, the BWO optimization procedures—crossover, cannibalism, and mutation—are applied to refine 

the ANN parameters. This iterative refinement enhances the learning capability and prediction accuracy of the ANN. Upon reaching the 

stopping criterion, the optimal ANN parameters are obtained. The optimized ANN model is then validated using a test dataset to compute 

the optimal MPPT value. The hybrid BWO–ANN framework thereby improves tracking accuracy, convergence speed, and robustness 

under dynamic solar conditions. 

 
Figure 6: Flowchart of Proposed BWO-ANN based MPPT. 

Source: Authors, (2026). 

Subsequently, the DC output from the converter is processed through a high-frequency inverter to generate a high-frequency AC 

signal. An isolation transformer provides galvanic isolation between the PV source and load side, ensuring safe and reliable operation. 

The AC signal is then rectified using an interleaved synchronous rectifier to obtain regulated DC output. Finally, the rectified DC power 

is supplied to the DC bus or battery for storage or direct utilization without distortion. 

III. RESULTS AND DISCUSSION 

This section presents the simulation results obtained using MATLAB/Simulink for the proposed Modified Luo converter integrated 
with the BWO–ANN based MPPT technique. A comparative analysis with recently developed approaches is also carried out to validate 

the effectiveness of the proposed system. The system parameters employed in the simulation are summarized in Table 1. 

Table 1: PV Panel. 

Parameter Specification 

Rated Power 5 kW 

Panels in Parallel 7 

Panels in Series 3 

Open Circuit Voltage 37.25 V 

Short Circuit Current 8.95 A 

Cells in Series per 

Panel 

36 

Source: Authors, (2026). 

Table 2: Converter. 

Parameter Specification 

Inductors (Lₐ, L_b, L_c) 4.7 mH 

Switching Frequency 10 kHz 

C₁ 22 μF 

C₀ 2200 μF 

Source: Authors, (2026). 
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Figure 7: Solar panel Waveforms. 

Source: Authors, (2026). 

Figure 7 illustrates the solar panel characteristics under standard test conditions. The module temperature is maintained at 35°C, 

while the solar irradiance remains constant at 1000 W/m². The PV output voltage is regulated at approximately 80 V, and the 

corresponding output current is observed to be 17 A. These results confirm stable PV operation under uniform environmental conditions. 

 
Figure 8: proposed Modified Luo converter waveforms. 

Source: Authors, (2026). 

The PV output is fed to the proposed Modified Luo converter to boost the voltage for DC bus/battery applications. As shown in 

Figure 8(a), the converter output voltage stabilizes at 380 V after minor transient oscillations. The output current, depicted in Figure 8(b), 

initially fluctuates but settles at 3.5 A after 0.05 s. The input power to the converter is maintained at 1360 W, whereas the output power 

stabilizes at 1330 W after 0.05 s, indicating efficient power transfer with minimal losses. 
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Figure 9: Converter Efficiency waveform. 

Source: Authors, (2026). 

The efficiency waveform shown in Figure 9 indicates that the proposed Modified Luo converter achieves a peak efficiency of 

97.79%. This high efficiency validates the suitability of the converter for high-gain DC bus/battery applications. 

 
Figure 10: High frequency inverter and transformer output voltage waveform. 

Source: Authors, (2026). 

The high-frequency inverter voltage waveform (Figure 10(a)) exhibits initial oscillations up to 0.008 s and then stabilizes at 470 

V. The transformer output voltage (Figure 10(b)) remains steady at 80 V with negligible distortion, confirming effective voltage 

transformation and isolation. 

 
Figure 11: Synchronous rectifier 1 output voltage and current waveforms. 

Source: Authors, (2026). 

Figure 11(a) shows that the synchronous rectifier output voltage stabilizes at 97 V after 0.05 s. Similarly, the output current (Fig. 

11(b)) reaches a steady value of 2.9 A without noticeable deviations. These results confirm reliable rectification and regulated DC output. 

 
Figure 12: Comparison of converter efficiency. 

Source: Authors, (2026). 
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The converter voltage conversion efficiency is compared with other recently developed converters for proving the importance 

of proposed High gain Modified Luo converter. From the Figure 12, it is analysed that compared to other converters as referred in [23-

25], the proposed converter attains higher efficiency of 97.79% that improves the performance. Likewise, the tracking Efficiency of 

MPPT with various approaches are shown in Table 3, which signified that utilized BWO-ANN based MPPT appraoch attains maximized 

tracking efficiency of 98.96% when compared to the other topologies. 

Table 3: Comparison of Tracking Efficiency. 

MPPT Approaches Tracking Efficiency (%) 

P&O [26] 85.8 

PSO [27] 96.96 

Improved Hill climbing 

[28] 

98.45 

Proposed BWO-ANN 98.96 

Source: Authors, (2026). 

IV. CONCLUSION 

This paper presents a novel BWO–ANN based MPPT integrated with a Modified Luo converter for enhanced photovoltaic energy 

extraction, particularly under low irradiance and near-zero partial shading conditions for DC bus/battery applications. The proposed 

BWO–ANN approach improves tracking accuracy, enhances convergence speed, and minimizes steady-state oscillations compared to 

conventional MPPT techniques. The Modified Luo converter delivers high voltage gain with reduced component losses and achieves a 

maximum efficiency of 97.79%. Furthermore, the incorporation of a high-frequency inverter and isolation transformer ensures safe and 

reliable operation by providing galvanic isolation between the PV source and DC bus/battery. Simulation results obtained from 

MATLAB/Simulink validate the effectiveness of the proposed system. Comparative analysis demonstrates superior converter efficiency 

(97.79%) and tracking efficiency (98.96%) compared to existing methods, thereby confirming the significance and improved performance 

of the developed system. 
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