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ABSTRACT 

Optimal energy harvesting is dependent on the efficient extraction of energy from photovoltaic (PV) 

arrays. Maximum Power Point Tracking (MPPT) algorithms are crucial in achieving the maximum power 

harvest from the PV systems. Therefore, in response to a fluctuating power generation rate due to shading 

of the PV, the MPPT algorithms must dynamically adapt to the PV array's Maximum Power Point (MPP). 

In this article, three metaheuristic optimization MPPT techniques, utilized in DC converters connected to 

the array of 4 PV panels, are compared. The Particle Swarm Optimization (PSO), Genetic Algorithm 

(GA), and Ant Colony Optimization (ACO), which are used to optimize MPPT in the converter, are 
compared. This research evaluates the efficiency of each optimization method in converging to MPP under 

2 s after partial shading of the PV with respect to velocity and accuracy. All algorithms exhibit fast MPPT 

optimization. However, among the evaluated algorithms, the PSO was distinguished for its higher stability 
and efficiency. 

Keywords-MPPT optimization; photovoltaics; metaheuristics; convergence evaluation; partial shading 

I. INTRODUCTION  

Photovoltaic (PV) systems have emerged as a promising 
renewable energy source (RES), providing electric energy in a 
sustainable manner. Nevertheless, the dynamic and nonlinear 
properties of PV systems present serious obstacles to effective 
energy harvesting, hence efficient Maximum Power Point 
Tracking (MPPT) methods are essential [1-4]. Nowadays, 
optimization algorithms have become increasingly well-known 
due to their capacity to search complex solution spaces. The 
integration of more PV and RESs into the electric grid has 
gained considerable importance in mitigating environmental 
issues and meeting energy demands [5, 6]. PV arrays are 
composed of individual panels connected in a way that reduces 
the negative effects of shading, dust, and local heat on panel 
performance. Thus, MPPT algorithms are crucial to continually 
attaining MPP, as they dynamically adapt the operational point 
of the PV array to follow the dynamic changes in MPP caused 
by environmental effects [7-9].  

Metaheuristic optimization algorithms have attracted 
attention for resolving complex search space problems [10]. 
These optimization methodologies draw inspiration from 
natural and social behaviors and present a strategy to deliver 
resilient and effective solutions across a wide range of 
application domains. Metaheuristic optimization algorithms, 
such as Particle Swarm Optimization (PSO) [11], Genetic 
Algorithm (GA) [12], and Ant Colony Optimization (ACO) 
[13] have been investigated as potential substitutes for 
conventional approaches in MPPT for PV arrays under partial 
shading. Optimization techniques have been the subject of 
many studies in an attempt to improve energy harvesting 
efficiency. Authors in [14] studied the efficiency of the PSO-
based MPPT algorithms in a grid-connected PV system. The 
results indicated that the PSO-based algorithms outperformed 
the conventional Perturb and Observe (P&O) algorithms in 
terms of tracking accuracy. In addition, a hybrid GA-PSO 
algorithm for MPPT, which demonstrated enhanced 
convergence speed and stability when operating in dynamic 
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generation, was introduced in [15]. Conventional approaches, 
including P&O and Incremental (INC) algorithms, are simple 
in structure and computational implementation [16]. However, 
they have several disadvantages, entailing a slow convergence 
rate, fluctuations near the MPP, and susceptibility to failure due 
to sudden changes in irradiance from shading or temperature 
[17]. In order to address these limitations, researchers have 
followed optimization methods to provide resilient solutions 
for complex optimization problems [18]. Thus, there has been 
considerable interest in algorithms, such as PSO, GA, and 
ACO, to enhance the performance of MPPT systems. PSO-
based MPPT algorithms are useful in improving the monitoring 
accuracy and stability of grid-connected PV systems and their 
efficiency has been demonstrated in several studies [19-24]. 
Similarly, the authors in [25-28] have utilized GA to optimize 
MPPT during dynamic operating conditions. GA demonstrates 
enhanced convergence speed and robustness compared to 
conventional techniques. Furthermore, ACO optimization 
based MPPT has been investigated for standalone PV systems 
in [29] and [30], with encouraging results of adaptability to 
generation variation. 

In this work, three optimization MPPT methods are studied 
through the implementation of PSO, GA, and ACO algorithms. 
Although several investigations have provided optimization 
methods for MPPT, a comparative analysis of their 
performance under partial shading lacks. Thus, the objective of 
this paper is to fill this research gap through a detailed 
comparison of the MPPT’s performance with respect to the 
convergence speed and accuracy of three MPPT optimization 
methods during partial shading of the PV array. This research 
contributes to the field of MPPT algorithms and can help in the 
integration of more PV energy into the energy grid. 

II. METHODOLOGY 

A. Metaheuristic Optimization Algorithms 

PSO is a type of population-based optimization algorithm 
inspired by the social behavior of bird flocks and fish in their 
swarm motion. In PSO, a swarm of particles iteratively adjusts 
their positions as they scan the search space to locate the 
optimal solution. Every particle symbolizes a resolution and 
modifies its location. The best-known location worldwide is 
determined by the swarm as a whole [31]. Two factors govern 
particle motion: social influence and inertia. Inertia controls the 
momentum of the particle, enabling it to sustain its trajectory, 
whereas social influence guides the particle towards the most 
widely recognized position on a global space. Therefore, in a 
case of partial shading of the PV array, the PSO iteratively 
modifies the MPPT behavior via the generation of switching 
pulses that control the converter switch to find the MPP. 

The GA is an algorithm deployed for evolutionary 
optimization and is inspired by genetics and the process of 
natural selection. Over generations, a population of candidate 
solutions represented as chromosomes evolves towards more 
optimal solutions through selection and mutation processes. 
One chromosome is responsible for obtaining the solution of 
optimization parameters. The fitness assessment of MPPT 
optimization objectives is the highest PPT of the PV array. GA 
optimization iteratively finds the solution when the objective 

function is satisfied [32]. ACO is an algorithm for probabilistic 
optimization, inspired by the metallurgical process of 
annealing, which attempts to identify the global optimum. 
ACO emulates the cooling process of molten metal to take 
random solutions and increase the fitness of the solutions as the 
search continues. ACO perturbs the solution at each iteration 
by executing a stochastic movement within the search space. 
The revised solution depends on the temperature parameter and 
the extent of degradation. ACO reduces the temperature 
according to a predetermined schedule until a minimum 
temperature is reached. Finally, it assesses the solution based 
on the objective function value. For an MPPT problem, ACO 
investigates the solution space of the DC converter to identify 
the best gate switching to meet the specified constraints while 
finding the MPP of the PV array [33]. In Table I, the 
complexity, convergence time, and performance tradeoffs for 
each algorithm are illustrated. 

TABLE I.  COMPARISON OF THE STUDIED ALGORITHMS 

Algorithm Complexity 
Convergence 

time 
Trade-offs 

PSO Moderate Fast 
Faster convergence in high-

dimensional spaces 

GA 
Moderate to 

High 
Moderate  

Global exploration but longer 

convergence time, needs more 

computational resources 

ACO 
Moderate to 

High 
Variable 

Robust to local optima, but 

potentially longer convergence 

time. Suitable for complex 

problem spaces. 

 

B. Model Simulation 

The PV array used in this investigation consists of four 
solar panels connected in series, as noticed in Figure 1. Each 
panel exhibits different current-voltage (I-V) and power-
voltage (P-V) properties. The characteristic I-V and P-V curves 
of the panel (Tata TP250MBZ) employed in this simulation are 
depicted in Figure 2.  

 

  
Fig. 1.  The PV array with partial shading and 25 ℃ temperature 
operation.  
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These curves demonstrate the nonlinear correlation between 
the output power and voltage as the irradiance level and 
temperature vary. The array was subjected to partial shading of 
50%, 20%, and 0%. The specifications of the PV panels are 
detailed in Table II. The panels engaged in this experimental 
simulation are based on the Tata TP250MBZ PV, which is 
widely used in PV systems [34]. 

TABLE II.  THE SPECIFICATION OF TATA TP250MBZ 
MODULE 

Specification Value 

Maximum power (W) 250 

Cells per module 60 

Open circuit voltage VOC (V) 36.8 

Short-circuit current ISC (A) 8.8 

Voltage at maximum power point VMP (V) 30 

Current at maximum power point IMP (A) 8.3 

 

 
Fig. 2.  The characteristic I-V and P-V curves produced from a Tata 

TP250MBZ panel (1 series module; 1 parallel strings).  

The Matlab/Simulink environment was utilized to simulate 
the PV array model. The PV array was integrated with an 
optimized DC converter to maximize energy harvesting 
capability under partial shading. The simulation setup is 
portrayed in Figure 3. The former includes a DC converter 
switching control with the aim of controlling its output voltage 
and current according to the best MPP and thus facilitating DC 
energy flow from the PV array to the batteries or inverter [35]. 
PSO, GA, and ACO optimization algorithms have been 
employed to optimize the DC converter for attaining MPPT 
under a shaded PV array. The evaluated factors to produce fast 
and accurate MPPT, include response time, stability, and 
efficiency [36]. The integration of the shaded PV array with the 
optimized DC converter was conducted to evaluate the 
efficiency of the optimization algorithms to find MPP during 
the variable energy generation from the system caused by 
partial shading. 

 
Fig. 3.  The schematic of a DC converter with MPPT optimization. 

III. RESULTS AND DISCUSSION 

The switching pulses produced by the DC converter 
optimized for MPPT applying the PSO algorithm are illustrated 
in Figure 4. The switching pulses of the DC converter are the 
initial drive for the effective regulation of the converter. The 
converter current waveform associated with PSO optimization 
is displayed in Figure 5. The load voltage profile acquired 
using PSO-based MPPT is illustrated in Figure 6.  

 

 
Fig. 4.  Switching pulses of the optimized MPPT using the PSO algorithm. 

 
Fig. 5.  MPPT current for DC converter optimized MPPT using PSO. 

 
Fig. 6.  MPPT voltage for DC converter optimized MPPT using PSO. 
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By maintaining a stable voltage and closely monitoring the 
intended operating point, reliable power supply to the load is 
ensured. The current demonstrates negligible variations and 
closely corresponds to the intended reference value, suggesting 
that power regulation is functioning efficiently. The power 
output of the PV array as obtained through the PSO-based 
MPPT is depicted in Figure 7. The system shows rapid 
convergence toward MPP after t = 1.2 s and maintains a 
consistent power output.  

 

 
Fig. 7.  The convergence towards MPP for DC converter based on 

optimized MPPT using PSO. 

The switching pulses produced by the DC converter that 
was optimized with the GA algorithm for MPPT are presented 
in Figure 8. The output current waveform of the GA 
optimization based MPPT is demonstrated in Figure 9. The 
current discloses small fluctuations compared to the reference 
value.  

 

 
Fig. 8.  Switching pulses of the optimized MPPT using GA algorithm. 

 

Fig. 9.  MPPT current for DC converter optimized MPPT using GA. 

 
Fig. 10.  MPPT voltage for DC converter optimized MPPT using GA. 

 
Fig. 11.  The convergence towards MPP for DC converter based on 

optimized MPPT using GA. 

Figure 10 illustrates the profile of the output voltage of the 
converter acquired through the GA-based MPPT. Similarly to 
the PSO optimization, the voltage closely follows the intended 
operating point to ensure stable power delivery. The power 
output of the PV array optimized using the GA-based MPPT is 
depicted in Figure 11. Similarly to PSO, the DC converter 
quickly converges to MPP after t = 1.7 s and maintains a stable 
power output. The switching pulses produced by the DC 
converter optimized with ACO for MPPT are shown in Figure 
12. The transition rates of the pulses are marginally lower in 
comparison to the PSO and GA optimizations. The load current 
waveform associated with the ACO optimization is displayed 
in Figure 13. Although the current closely approximates the 
reference value, it may demonstrate marginally greater 
variability than PSO and GA. Figure 14 portrays the load 
voltage profile acquired through the ACO-based MPPT. Even 
though the voltage remains constant at the intended operating 
point, it demonstrates marginally greater fluctuations compared 
to PSO and GA. In Figure 15, the power output of the PV array 
is determined by the ACO-based MPPT. The DC converter 
converges to MPP at 1.1 s and although it finds the MPP early, 
it exhibits less accuracy and efficiency than PSO and GA 
optimizations. ACO is surpassed in terms of MPPT speed and 
accuracy by PSO and GA. Both PSO and GA demonstrate 
quick convergence to MPP and maintain a stable MPPT with 
negligible fluctuations around the maximum power of the 
panel. Although ACO exhibits good MPPT performance, its 
convergence speed is marginally slower than that of PSO and 
GA. Therefore, the PSO and GA outperform ACO when 
applied to PV systems that showcase dynamic characteristics 
and require rapid and accurate MPPT due to partial shading of 
the panels or other natural reasons. 
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Fig. 12.  Switching pulses of optimized MPPT using ACO. 

 
Fig. 13.  MPPT current for DC converter optimized MPPT using ACO. 

 
Fig. 14.  MPPT voltage for DC converter optimized MPPT using ACO. 

 
Fig. 15.  The convergence towards MPP for DC converter based on 

optimized MPPT using ACO. 

TABLE III.  MPPT PERFORMANCE OF EACH ALGORITHM 

Algorithm Convergence time (s) Stability Efficiency 

PSO 1.2 High High 

GA 1.7 Moderate  Moderate  

ACO 1.1 Poor Poor 
 

PSO exhibited the best performance among the algorithms 
tested. GA presented similar performance, but with lower 
convergence speed and more MPP fluctuation. Table III reveals 
the performance comparison of the studied algorithms. Overall, 
the ACO, PSO, and GA algorithms for MPPT demonstrate 
excellent performance. Nevertheless, the comparison between 
these algorithms indicates that PSO outperforms others in 
terms of stability and efficiency.  

IV. CONCLUSIONS 

In this study, Particle Swarm Optimization (PSO), Genetic 
Algorithm (GA), and Ant Colony Optimization (ACO) 
algorithms for Maximum Power Point Tracking (MPPT) in 
Photovoltaic (PV) systems under partial shading fluctuation 
have been investigated. The efficient tracking of MPP in PV 
arrays is a complex problem due to the nonlinear and dynamic 
characteristics of the panels. Thus, MPPT speed and accuracy 
of each optimization algorithm are evaluated to assess the 
robustness and efficiency of the algorithm. The convergence 
speed to MPP and the maintenance of a constant power output 
with minimal fluctuations were studied. Although ACO 
demonstrated high speed convergence, it is not stable, and its 
efficiency is poor. PSO and GA have been identified as better 
options for MPPT under shading effects because of their faster 
and accurate response. The PSO algorithm was identified as the 
best algorithm for MPPT in terms of stability and efficiency for 
PV arrays under dynamic shading. Sustainable energy 
generation from PV can be fully exploited by advancing MPPT 
algorithms to increase the efficient integration of PVs and other 
renewable energy sources (RESs) into the energy networks. 
Further improvements in the effectiveness and resilience of 
MPPT algorithms can be achieved by utilizing machine 
learning methods, such as neural networks, reinforcement 
learning, and evolutionary algorithms to create hybrid 
optimization strategies and so improve the performance of PV 
systems under various conditions. 
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