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ABSTRACT: Photovoltaic (PV) modules are devices that transform photon energy into electrical energy. 

The output power of the PV modules is influenced by the intensity of solar radiation and the ambient 

temperature. Non-uniform shading can cause variations in the extent of sunlight absorbed by PV modules, 

resulting in a decrease in power output. Maximum power point tracking (MPPT) techniques are employed 

to optimize the power output of PV modules by operating them at their maximum power point (MPP). 

The main objective of the study is to investigate the performance analysis of Perturb and Observe (P&O) 

and Particle Swarm Optimization (PSO) MPPT strategies in uniform and partially shaded conditions with 

equally and unequally different irradiance differences. Simulation studies were conducted on the PV 

circuit model using Matlab/Simulink, and the results were evaluated. MPPT algorithms are compared 

based on their tracking efficiency and convergence speed when solar radiation conditions vary. The 

findings of the simulation indicate that the P&O is unable to determine global MPP and gets trapped in 

one of the local MPPs. However, the PSO is very effective in tracking MPP under different partial 

shading patterns with more than 96% tracking efficiency. In the first partial shading configuration where 

the sunlight intensity of the PV modules is uniformly distributed, the PSO technique has reduced steady-

state oscillations around the MPP. However, the P&O technique demonstrates superior response time and 

convergence speed in comparison to the PSO technique. 
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1. INTRODUCTION 

The global demand for energy generation is experiencing a significant increase due to population and 

economic growth, with fossil fuels emerging as the dominating source. The environmental impact of 

greenhouse gas emissions from burning fossil fuels and the fact that these fuels will be depleted in the 

near future due to the limited reserves increase the need for clean and infinite energy sources [1]. Countries 

are turning to the use of renewable energy resources that produce very low or near zero greenhouse gas 

emissions to respond to increasing energy demands and prevent global warming. Therefore, the 

significance of environmentally friendly and cost-effective renewable energy sources is growing rapidly 

[2-4]. 

Due to its low cost, ease of use, and ecologically beneficial characteristics, the use of solar power in 

electricity production has grown rapidly in recent years. Solar energy can be directly transformed into 

direct current (DC) electricity using photovoltaic (PV) technology [5]. PV modules are composed of PV 

cells that are interconnected in series and parallel, and a PV array consists of PV modules. PV cells are the 

smallest part of a solar power system and are made up of semiconductor material. In a PV cell, sunlight is 

converted into electrical energy by absorbing the energy in the photon particles, which is commonly 

referred to as the photovoltaic effect. When a PV cell is subjected to solar radiation, it causes electron 

movement, resulting in the generation of a voltage potential across the front and back surfaces of the 

cell. Thus, a solar cell can produce an electric current [6, 7]. 

The solar radiation value reaching the Earth's atmosphere is accepted as approximately 1000W/m2 due 

to the losses and reflections of the photon particles. PV modules used today provide energy conversion 
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with an efficiency between 15% and 20% depending on the cell structure despite all current technological 

developments. Therefore, it is significant to use PV modules with the highest possible efficiency. PV 

module output power varies depending on the solar radiation intensity and ambient temperature during 

the day [8]. The current of a PV module exhibits a proportionate change in response to an increase in solar 

radiation intensity. Consequently, the module's output power experiences a rise. As the ambient 

temperature rises, there is a corresponding increase in the current value of the PV module, while the 

voltage value decreases. Since the change in PV voltage value is greater than the current change, the 

overall power output of the PV module decreases. The technique known as maximum power point 

tracking (MPPT) refers to the process of maintaining the output power of a PV module at its highest 

achievable level [9]. The achievement of the highest power output in PV systems occurs at a specific 

operating point referred to as the Maximum Power Point (MPP). Independent of environmental 

conditions, with MPPT techniques the PV module is continuously operated at the maximum available 

power point. The position of this point varies continually in response to changes in environmental 

conditions. 

1.1. Literature Review 

Several MPPT methods are discussed in literature studies, however, they all have their drawbacks 

when it comes to PV applications in terms of efficiency, cost, and usability [10, 11]. MPPT techniques use 

two different methods, direct and indirect search, to obtain the MPP. The direct methods depend on 

variations in current and voltage values, while the indirect methods search the MPP with solar radiation, 

temperature, and certain mathematical expressions. In the last few years, metaheuristic optimization 

MPPT algorithms have been proposed which can dynamically track the real MPP [12]. Due to the bypass 

diodes, in addition to the global MPP, the power-voltage curve of a PV module exhibits many local MPPs 

as a result of the non-uniform shading effect. In the presence of a non-uniform shading effect, in addition 

to a global MPP, there are multiple local MPPs in the power-voltage curve of the PV module due to the 

bypass diodes. The commonly used MPPT techniques are not sufficient to track the MPP in normal 

conditions as well as in conditions of partial shading. However, metaheuristic optimization algorithms 

can effectively track the MPP in both cases, so that they can avoid getting trapped in local MPPs [13]. The 

PV array must always operate at the global MPP to maximize energy generation. A study presents a 

hybrid MPPT technique using Particle Swarm Optimization (PSO) and Perturb and Observe (P&O) 

methods for PV systems. Simulations show the proposed technique can track global MPP under uniform 

and partial shading conditions, with a 50% shorter tracking time and 0.3% more electricity extraction [14]. 

Another study introduces a logarithmic PSO method for MPPT, reducing power oscillations and 

accelerating convergence without search space reduction. In the steady-state process, the swarm is 

reduced to a single particle, which slightly changes to detect local variations [15]. A study compares P&O 

and PSO algorithms for MPPT in PV power systems. The results show that P&O is faster but generates 

significant energy losses due to constant oscillations. PSO is slower but less energy-intensive, and only 

PSO ensures convergence to the MPP under partial shading conditions [16]. Three MPPT algorithms, P&O, 

Incremental Conductance (INC), and PSO are compared to show the effectiveness in PV systems. While 

the P&O and INC are simple to implement, the PSO is more effective in optimizing the output power [17]. 

This study investigates the performance analysis of P&O and PSO MPPT techniques in uniform and 

partially shaded conditions with equally and unequally different irradiance differences based on the 

tracking efficiency and convergence speed on the designed PV circuit model developed in 

Matlab/Simulink. The rest of the paper is structured as follows: Section 2 explains a single-diode PV cell 

model with mathematical expressions, the details of the P&O and PSO algorithms, and the boost-type DC-

DC converter respectively. Section 3 describes the parameters of the developed PV system and discusses 

the simulation results. Section 4 outlines conclusions and suggestions for further study. 
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2. MATERIAL AND METHODS 

2.1. A Single-diode PV Cell Model 

The solar cell, consisting of P-type and N-type semiconductor materials, is the smallest unit in PV 

systems that directly transforms the absorbed solar radiation into electricity. Photons of varying energy 

levels make up solar radiation, and part of these photons are absorbed in the p-n junction. Solar energy is 

transformed into DC electricity by combining photons with energies higher than the band gap of 

semiconductor material to the electrons in the atoms. PV modules are formed at the desired power values 

by combining solar cells appropriately. The PV cell's single-diode model, which is used more frequently 

than the two-diode model because of its ease of usage and reasonable accuracy, is shown in Figure-1. On 

the equivalent circuit model of the PV cell, Iph is the current generated by the PV cell, Id is the diode current, 

Ip is the current of the parallel resistance, Ipv is the output current of the PV cell, D is the diode, RP is the 

resistance parallel to the current source, RS is the series connected resistance, and RL is the output load 

resistance [18]. 

 

 
Figure 1. The single-diode model of the PV cell 

 

Solar radiation (G) and cell temperature (T) are directly related to the production of electricity from 

sunlight. Equation 1 and Equation 2 indicate the generated current Iph and the output current Ipv 

respectively. In the below equations; Isc is the short circuit current at 25 °C and 1000W/m², Ki is the 

temperature coefficient of the short circuit current, and ∆T is the difference between reference temperature 

and PV cell temperature. 

 

𝐼𝑝ℎ = [𝐼𝑠𝑐 + 𝐾𝑖 ∗ ∆𝑇]
𝐺

𝐺𝑟
  (1) 

 
𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑝  (2) 

2.2. Perturb and Observe (P&O) MPPT Technique 

MPPT algorithms are employed to regulate the operating point of the PV array at its MPP. The 

complexity, tracking speed, accuracy, oscillations, and hardware implementation of these techniques 

differ among themselves. Many different algorithms have been proposed in recent years as potential 

approaches to MPP tracking. One of the most frequently employed MPPT strategies among the traditional 

MPPT techniques is the P&O technique. The fundamental concept underlying this methodology is to track 

the changes in module output power. The operating point is determined by checking the module's power-

voltage curve and slope (dP/dV) variation as shown in Figure-2. A positive derivative of power to voltage 

indicates that the operating point is to the left of the MPP. Conversely, a negative slope shows that the 

operating point is to the right of the power-voltage curve. By adjusting the duty ratio, the P&O continually 

changes the voltage level of the PV array to approach the MPP [19]. 
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Figure 2. Behavior of the P&O MPPT with P-V curve 

 

 
Figure 3. Flowchart of the P&O MPPT algorithm 

 

In Figure-3, the flowchart of the P&O MPPT is demonstrated. The P&O technique's primary 

limitations are its inefficiency in quickly changing air conditions and its significant steady-state 

oscillations around the MPP due to the continual repetition of the perturbation process in both directions. 

For PV module operation, the P&O typically uses a constant step size interval. However, using a constant 
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step size speeds up tracking but causes high steady-state oscillations at the MPP. This can be solved by 

damping the oscillations, which slows tracking. Variable step sizes can be used in the algorithm to 

improve tracking performance and reduce high steady-state oscillations. The P&O based on the variable 

step-size algorithm can improve the tracking performance. Because of its simple structure and potential 

for improvement, P&O MPPT is widely used [19]. 

2.3. Particle Swarm Optimization (PSO) MPPT Technique 

In recent years, metaheuristic optimization algorithm based MPPT approaches have become 

increasingly popular due to their many advantages over conventional MPPT algorithms. Especially, under 

partial shade conditions, the MPP is not tracked by conventional approaches due to the existence of several 

power peaks in the P-V characteristics curve. The PSO algorithm was introduced by Eberhart and 

Kennedy in 1995 as a population-based metaheuristic intelligent optimization approach which is 

characterized by its simplicity and effectiveness [20]. The basic idea of the algorithm was based on how 

groups of birds move together to solve problems in the search process and optimization. The flowchart of 

the PSO MPPT is depicted in Figure-4. 

 

 
Figure 4. Flowchart of the PSO MPPT algorithm 
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Each particle in the PSO algorithm's population represents a distinct approach to the optimization 

issue. During the search process of the algorithm, the particles in the swarm continuously update their 

velocity and position to iteratively determine the optimal solution. Each particle communicates with its 

neighbors, evaluates points in a D-dimensional search space, and moves according to its best individual 

position (Pbest) and the global best position (Gbest). Thus, Pbest and Gbest have a role in determining where 

each particle is located. This leads to the swarm converging rapidly on the best possible solution. The 

position and velocity for each article are updated using the following equations: 

 

𝑥𝑖
𝑘+1 = 𝑥𝑖

𝑘 + 𝛷𝑖
𝑘+1  (3) 

 

𝛷𝑖
𝑘+1 = 𝑤𝛷𝑖

𝑘 + 𝑐1𝑟1{𝑃𝑏𝑒𝑠𝑡 − 𝑥𝑖
𝑘} − 𝑐2𝑟2{𝐺𝑏𝑒𝑠𝑡 − 𝑥𝑖

𝑘}  (4) 

 

Where xi and Φi are the position and velocity of each particle (i) respectively, k is the iteration counter, 

w is the inertia weight, c1 and c2 are acceleration factors, r1 and r2 are random values that are evenly 

spread between 0 and 1. The fitness value of each particle is determined using the output voltage and 

output current of the PV array, which is denoted as the power of the PV array. The highest produced 

power is considered the best in the population. The PSO search process terminates after the maximum 

number of iterations has been achieved. In particular, when facing non-uniform solar irradiation, the use 

of the PSO MPPT improves the performance of the PV array and offers the greatest available amounts of 

power [21]. 

2.3. Boost-type DC-DC Converter 

To maximize the output power of the PV module in a wide range of conditions, MPPT algorithms 

regulate the duty ratio of the PWM signal that is sent to the switch of the power conversion stage. As a 

high-frequency power conversion circuit between the PV array and the load, a boost-type converter is 

employed to increase the input voltage to higher values [22, 23]. 
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(a) 

 
(b) 

Figure 5. A boost-type DC-DC converter a) On state b) Off state 

 

As illustrated in Figure-5, a boost-type converter consists of circuit components including a diode, an 

inductor, a capacitor, and a semiconductor switch.  To step up DC voltage from its input, a boost-type 

converter has the capability of being operational in either a continuous or discontinuous conduction mode 

during the switching process. Because of the switching device's lower peak current and conduction losses, 

continuous conduction mode operation is more widely used. This can be achieved by selecting the 

appropriate inductor and capacitor values. During switching states, the output load receives a higher 

voltage because of the energy stored in the inductor's magnetic field. By adjusting the duty ratio of the 

PWM signal, the output voltage of the boost-type converter can be determined [22]. As given in Equation 

(5), the output voltage of the boost converter is proportional to its duty ratio. Equation (6) and Equation 

(7) are used to determine minimum inductor (Lmin) and capacitor (Cmin) values for the desired ripple 

current and output voltage ripple [24, 25]. In the below equations, Vdc is input voltage, Vo is output voltage, 

ΔD is duty ratio, ΔVo is output voltage ripple, io is output current, ΔiL is inductor ripple current, and f is 

the switching frequency. 

 
𝑉𝑜

𝑉𝑑𝑐
=

1

1−∆𝐷
  (5) 

  

𝐿𝑚𝑖𝑛 =
𝑉𝑑𝑐(𝑉𝑜−𝑉𝑑𝑐)

∆𝑖𝐿𝑓𝑉𝑜
  (6) 

  

𝐶𝑚𝑖𝑛 =
𝑖𝑜∆𝐷

𝑓∆𝑉𝑜
  (7) 

3. RESULTS AND DISCUSSION 

PSO and P&O MPPT techniques are compared based on tracking efficiency and convergence speed. 

Simulations are conducted on the developed Matlab/Simulink model, which is shown in Figure-6. The PV 

circuit model consists of a partially shaded PV array comprised of four series-connected PV modules of 
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250 W, a boost-type DC-DC converter with MPPT controller, and a DC load. Figure-7 depicts the PV array 

current-voltage curve for different solar radiations. Table 1 and Table 2 list the irradiance-temperature 

data, and the parameters of the selected PV module respectively. In Table 3, the specifications of the 

designed boost-type converter are listed for the required inductor ripple current and output voltage ripple 
at the switching frequency of 5 kHz.  

At standard test conditions (1000 W/m2 of sunlight; 25 °C cell temperature), for the boost-type 

converter the input voltage is 122.8 V, the output voltage is 225 V, the input current is 8.75 A, the output 

current is 4.25 A, and the output power is 955 W. The initial duty ratio of the boost-type converter for P&O 

and PSO MPPT is set to 0.1 and 0.5 respectively. Using Equation (5), Equation (6), and Equation (7), the 

maximum available duty ratio is 0.45, and minimum inductor (Lmin) and capacitor (Cmin) values are 1 mH 

and 470 uF respectively. The effectiveness of the PSO algorithm is dependent on the settings of its various 

parameters. In the swarm, the number of particles is 4, the number of iterations k=300, the inertia weight 

w=0.4, the acceleration factors c1=1.2, and c2=2.  

In terms of performance analysis, P&O and PSO MPPT approaches are compared with uniform and 

two different partial shading configurations. In Figure-8, the PV array configurations under partial 

shading are depicted. Figure-9 shows the P-V curve under uniform and partial shading conditions. Both 

MPPT techniques are tested first at standard test conditions and then at two different partial shading 

conditions. While the solar radiation levels of the first pattern are 400 W/m2, 600 W/m2, 800 W/m2, and 

1000 W/m2, the second pattern consists of 1000 W/m2, 900 W/m2, 700 W/m2, and 400 W/m2 at constant 

temperature (25 °C). When comparing the two different patterns for the partial shading conditions, it can 

be noticed that the irradiance difference of the PV modules in the first pattern is equally different from 

each other (200 W/m2) while it is variable in the second pattern. 

 

 
Figure 6. Matlab/Simulink model of the presented system 
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Table 1. The irradiance-temperature data 

Irradiance (W/m2) Temperature (°C) 

First pattern 

400 W/m2 25 °C 

600 W/m2 25 °C 

800 W/m2 25 °C 

1000 W/m2 25 °C 

Second pattern 

1000 W/m2 25 °C 

900 W/m2 25 °C 

700 W/m2 25 °C 

400 W/m2 25 °C 

 

 
Figure 7. PV array current-voltage curve for different solar radiations 
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Figure 8. Patterns for partial shading conditions 

 

 
Figure 9. P-V Curve under uniform and partial shading conditions 
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Table 2. PV module parameters 

Parameters Values 

Series-connected modules per string 4 

Parallel strings 1 

Cells per module (Ncell) 60 

Maximum power (W) 250 

Voltage at maximum power point Vmp (V) 30.7 

Current at maximum power point Imp (A) 8.15 

Open circuit voltage Voc (V) 37.3 

Short-circuit current Isc (A) 8.66 

Temperature coefficient of Voc (%/deg.C) -0.36901 

Temperature coefficient of Isc (%/deg.C) 0.086998 

 

Table 3. Boost-type converter specifications 

Parameters Values 

Load resistance (Ω) 50 

Inductance (mH) 1 

Capacitance (µF) 470 

Switching frequency (kHz) 5 

Inductor current ripple ΔiL %10 

Capacitor voltage ripple ΔVo %2 

 

 
Figure 10. Duty cycle change for the P&O and PSO 
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Figure 11. PV array voltage for the P&O and PSO 

 

 
Figure 12. Boost-type DC-DC converter output current and voltage for the P&O 

 

 
Figure 13. Boost-type DC-DC converter output current and voltage for the PSO 
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Figure 14. PV array power for the P&O and PSO at standard test conditions 

 

 
Figure 15. PV array power for the P&O and PSO at the first partial shading condition 

 

 
Figure 16. PV array power for the P&O and PSO at the second partial shading condition 
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PSO and P&O MPPT techniques are tested for 3 seconds on the Matlab/Simulink-based PV circuit 

model. Duty cycle change, PV array voltage, boost-type DC-DC converter output current and voltage, and 

PV array power for the P&O and PSO in uniform and partially shaded conditions with equally and 

unequally different irradiance differences are given in between Figures-10-16 respectively. As shown in 

Figure-14, both MPPT techniques are capable of tracking MPP under standard test conditions. However, 

while the PO technique stays at 980 W, the PSO technique reaches a power of 986 W during the 

search process. On the other hand, PSO is relatively slow in reaching the MPP compared to the P&O. The 

PSO algorithm caught the MPP in 1.65 seconds, while the P&O algorithm reached this in 0.2 seconds. 

Although the PSO is a widely used optimization algorithm for tracking the global MPP, it has power ripple 

and slow convergence speed due to its unique characteristics such as large search space and huge 

computing efforts during the search process. 

Partial shading conditions cause non-uniform shading and different irradiance levels in PV arrays. 

The decrease in solar radiation on the surface of the PV module leads to a corresponding reduction in the 

total power output of the PV array. When the simulation results of the first partial shading configuration 

are examined as shown in Figure-15, P&O is trapped in one of the local MPPs but PSO has demonstrated 

considerable performance in finding the global MPP. The P&O algorithm stays at 380 W, while the PSO 

algorithm has a power output of 478 W.  

In the second partial shading configuration as shown in Figure-16, P&O again failed to track global 

MPP and gets trapped in one of the local MPPs. PSO, on the other hand, is quite successful in finding the 

global MPP. Both MPPT techniques reach 485 W and 545 W MPP values respectively. Similar to the results 

of the standard test condition, P&O reveals a superior response time with 0.2 seconds and fast convergence 

in the presence of partial shading too. The PSO technique reaches the global MPP in 1.8 seconds and 1.5 

seconds for two different partial shading conditions respectively. Compared to the previous studies, the 

main difference of this study is that, it observes partially shaded conditions with equal and unequal 

irradiance differences. When comparing the two different patterns for the partial shading conditions, it 

can be seen that the PSO technique has lower steady-state oscillations at the MPP in the first configuration 

where the sunlight intensity of the PV modules is equally different from each other. Based on the 

simulation results, the mean values of PV array power, tracking efficiency, and convergence speed for 

P&O and PSO are listed in Table 4. 

 

Table 4. PV array power, tracking efficiency, convergence speed, and response time for P&O and PSO 

Condition MPPT 
PV Array 

Power (W) 

Tracking 

Efficiency (%) 

Convergence  

Speed 

Response 

Time (s) 

Standard Test 

Condition 

P&O 980 98 Fast 0.2 

PSO 986 98.6 Moderate 1.65 

     

First Partial Shading 

Condition 

P&O 380 76.5 Fast 0.2 

PSO 478 96.5 Moderate 1.8 

     

Second Partial Shading 

Condition 

P&O 485 85.8 Fast 0.2 

PSO 545 96.4 Moderate 1.5 

     

4. CONCLUSIONS 

The tracking efficiency and convergence speed of the P&O and PSO MPPT algorithms are compared 

on the designed PV circuit model built in Matlab/Simulink. Under uniform and two different partial 

shading configurations, the simulations are conducted. P&O and PSO techniques are successful in finding 

the MPP under uniform solar radiation. Under partial shading configurations, however, P&O gets trapped 

in the local MPP, where PSO has approached the global MPP. Regarding convergence speed, the P&O 
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technique is quite fast in uniform and partially shading conditions while the PSO technique takes more 

time to converge to global MPP. Furthermore, it can be seen that the PSO technique has reduced steady-

state oscillations around the MPP in the first partial shading configuration where the irradiance difference 

of the PV modules is uniformly distributed. Future studies can be conducted to overcome the main 

limitations of the PSO technique such as longer response time to reach the maximum power and higher 

transient and steady-state oscillations around the MPP. 
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