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Abstract 

Photovoltaic (PV) systems are increasingly integrated into microgrids, offering clean and sustainable energy solutions. 

However, partial shading conditions significantly impact PV system performance, leading to multiple local maxima in 

the power-voltage (P-V) curve. This necessitates robust Maximum Power Point Tracking (MPPT) algorithms to extract 

maximum power efficiently. This paper proposes a novel MPPT technique for PV systems connected to a microgrid under 

partial shading conditions, employing the Gravitational Search Algorithm (GSA). GSA, inspired by Newtonian gravity, 

effectively explores the solution space and converges towards the global maximum power point. The proposed method is 

evaluated through simulations, demonstrating superior performance compared to conventional MPPT techniques in terms 

of tracking accuracy, convergence speed, and robustness against varying shading patterns. The graph of the tracked power 

for the proposed method in this paper, under variable temperature and partial shading conditions, shows that it has a faster 

response (100ms) compared to similar methods, such as the Fuzzy Logic Controller (FLC) and the Gravitational Search 

Algorithm (GSA), for tracking the global maximum power point in grid-connected PV systems under partial shading 

conditions. The results highlight the effectiveness of the GSA-based MPPT in maximizing energy extraction from PV 

systems under challenging operating conditions, thereby enhancing the overall efficiency and reliability of microgrids. 
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1. Introduction 

The extensive use of fossil fuels such as oil, coal, and gas 

has led to greenhouse effects and environmental pollution. 

Meanwhile, there is a significant discrepancy between 

fossil fuel resources and global energy demand. Energy 

shortages and environmental pollution have become 

major obstacles to human development [1]. Solar energy 

is one of the free, clean, and environmentally friendly 

energy sources that has been utilized by humans in various 

ways since ancient times. Although the cost of using solar 

energy is relatively high, modern energy policies do not 

solely focus on the expense of solar systems. Instead, the 

benefits of utilizing these systems, such as reducing 

environmental pollution, are also taken into account [2]. 

Photovoltaic (PV) energy has emerged in recent years as 

a reliable, clean, and unlimited energy source. However, 

the high initial installation cost and the low energy 

conversion efficiency are among the primary 

disadvantages of using photovoltaic systems. Extensive 

efforts have been made, and continue to be made, to 

mitigate the aforementioned drawbacks by improving the 

energy conversion efficiency through enhancing the 

quality of solar cells and maximizing the power output 

from solar cells. The characteristics of photovoltaic (PV) 

systems are inherently nonlinear and are influenced by 

environmental parameters, such as irradiation, ambient 

temperature, and the connected load. By appropriately 

selecting the operating point of the PV array, maximum 

power can be extracted under constant irradiation and 

temperature conditions. As environmental conditions 

(irradiation and temperature) change, the operating point 

of the array also shifts. Consequently, different Maximum 

Power Point Tracking (MPPT) algorithms are employed 

to ensure that the power output of the array remains at its 

maximum level, effectively tracking the maximum power 

point. Various methods exist for MPPT, including Hill-

Climbing, Perturb and Observe (P&O), Incremental 

Conductance, Fuzzy Logic Control, Parasitic Capacitance, 

Ripple-Based Control, and others. In these methods, the 

solar arrays are typically fixed. However, as the sun 

moves and the angle of sunlight on the array changes, the 

power output from the PV array decreases. Nonetheless, 
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extracting maximum power from the PV array under 

varying environmental conditions remains crucial. Using 

an MPPT system ensures that the system is continuously 

adjusted to provide maximum power, regardless of 

environmental or load conditions [3, 4]. In [34], a new 

neuro-fuzzy controller is presented for Maximum Power 

Point Tracking (MPPT) in grid-connected photovoltaic 

(PV) systems under partial shading conditions. This 

method tracks the maximum power point with high speed 

and accuracy, thereby improving tracking speed and 

output power compared to traditional methods. However, 

neuro-fuzzy controllers require specialized expertise to 

design membership functions and rule tables, and the 

combination of algorithms can lead to computational 

complexity. Ref [43] introduces an innovative hybrid 

MPPT approach called WSO-IC, which combines the 

War Strategy Optimization (WSO) algorithm with the 

Incremental Conductance (IC) method for PV systems 

under constant partial shading. The main achievement of 

this method is its superior MPPT performance with faster 

convergence, high efficiency (over 99%), and minimal 

oscillation around the maximum power point. However, 

the WSO-IC algorithm has a higher implementation cost 

compared to conventional MPPT methods. A 

comprehensive review of MPPT methods in solar PV 

systems is provided in [44], covering both conventional 

and AI-based algorithms with a focus on partial shading 

conditions. Its primary objective is to summarize 

sequential developments, review trends, and classify 

different control strategies along with their advantages 

and disadvantages. Conventional methods like P&O 

suffer from steady-state oscillations and low tracking 

speed under partial shading conditions, while AI-based 

methods can have computational complexity and a 

dependency on training data. In [45], the Dandelion 

Optimizer (DO) algorithm is proposed as a meta-heuristic 

optimization technique to achieve MPPT in PV arrays 

under partial shading. This algorithm demonstrates better 

performance in terms of power tracking efficiency, 

tracking time, and tracked maximum power compared to 

PSO and CS, achieving an average efficiency of 99.60% 

in HIL results. Ref [35] investigates an MPPT controller 

for microgrids using a combination of the Gravitational 

Search Algorithm (GSA) and the Adaptive Neuro-Fuzzy 

Inference System (ANFIS). By leveraging the adaptive 

capabilities of ANFIS and the optimization power of GSA, 

this method improves the stability, reliability, and PV 

power conversion efficiency, especially under varying 

atmospheric conditions. However, the ANFIS-GSA 

method requires a training phase to tune the neuro- and 

fuzzy-system parameters, which can involve a large 

volume of computational data. Ref [36] applies the 

Hypersphere Search (HSS) algorithm to track the Global 

Maximum Power Point (GMPP) in solar PV systems 

under partial shading conditions. This method is simple to 

implement, shows high exploration and exploitation 

power, has fast convergence and low steady-state 

oscillations, and never gets stuck in local maxima. Ref [37] 

provides a classification and comparison of various 

MPPT techniques for photovoltaic systems, including 

offline, online, and hybrid methods. Its main conclusion 

is that hybrid methods, despite their higher complexity, 

outperform conventional methods under similar operating 

conditions, thereby improving the system's efficiency and 

dynamic response. Offline methods, such as OCV and 

SCC, have low accuracy and require load disconnection, 

which leads to power loss, while online methods like P&O 

suffer from oscillations and complexity. An Adaptive 

Particle Swarm Optimization (APSO) algorithm is 

introduced in [38] for MPPT in PV systems under partial 

shading conditions. By adaptively adjusting its learning 

factors and inertia weight, APSO improves convergence 

speed and accuracy and reduces power oscillations during 

the tracking process. In [39], the Butterfly Optimization 

Algorithm (BOA) is implemented for MPPT in PV 

systems to mitigate the effects of Partial Shading 

Condition (PSC). This method shows high accuracy and 

better tracking speed to reach the GMPP compared to the 

PSO-GSA and GWO algorithms, making it a promising 

alternative for real-time applications. Ref [40] presents a 

new hybrid approach for MPPT based on a Fuzzy Logic 

Controller (FLC) and the GSA for tracking the global 

maximum power point in grid-connected PV systems 

under partial shading conditions. This method 

demonstrates fast and accurate performance in tracking 

the MPP under variable and partial shading conditions. In 

[41], a modified PSO-based MPPT algorithm with 

damped inertia weight and time-varying acceleration 

coefficients (PSODTVAC) is applied to PV systems 

under partial shading. Compared to GSA, standard PSO, 

and PSOTVAC, PSODTVAC offers better performance 

in tracking efficiency and convergence speed, especially 

under complex and dynamic conditions, which reduces 

the number of iterations and power losses. Ref [42] 

investigates the hybrid HPSO-GSA algorithm for MPPT 

in PV systems under partial shading conditions. By 

combining the strengths of PSO and GSA, this method 

offers faster convergence, higher power efficiency, and 

lower oscillations compared to the individual PSO and 

GSA algorithms at different irradiance levels. In [46], a 

new method is presented for determining and tracking the 

GMP of a solar array by measuring the irradiance and 

temperature on each solar panel. This smart algorithm is 

implemented using an STM32 microcontroller. A 

disadvantage of this method is the need for separate 

sensors to measure the irradiance and temperature for 

each panel, which can increase system complexity and 

cost. Ref [47] describes a new method for tracking the 

global maximum power point in solar arrays with multiple 

parallel strings under partial shading conditions. The 

method first estimates the maximum power point voltage 

for each parallel string in the array. Then, by applying 

these voltages to the power converter and comparing the 

output power, the point that produces the highest power is 

selected as the array's GMPP. One of the disadvantages of 

this method is that its accuracy depends on the initial 

estimation of the GMPP voltage for each string; an 

inaccurate estimation will increase the final error. In 

previous studies, the output current of the system is often 

controlled in current-mode operation. Based on a review 

of the literature, PV systems are primarily defined as 

current sources in the grid and are controlled solely for 

active power generation. This paper proposes a control 

method for photovoltaic systems and inverters aimed at 

voltage stabilization. For voltage control, the existing 

equipment in the PV system is utilized, and with 
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additional capacity considered for the inverter, both active 

and reactive power are generated. 

 

2. Maximum Power Point Tracking (MPPT) in 

Grid-Connected Solar Cells  

The model of a solar cell can be represented as the circuit 

diagram shown below. The current-voltage (I-V) 

characteristic of a solar cell is illustrated in the 

accompanying graph. To achieve maximum power output 

from the solar cell, its operating point must be set at the 

optimal point. The voltage and current at this optimal 

operating point are denoted as Vmax and Imax, respectively. 

 

 
Fig.1. The circuit diagram of a solar cell and the current-

voltage (I-V) curve of the solar cell. 

 

To achieve the desired voltage and current, solar cells are 

connected in series and parallel configurations. The figure 

below illustrates the current-voltage (I-V) curves for two 

solar cells in series and parallel arrangements. Connecting 

the cells in series increases the voltage, while parallel 

connection enhances the current capacity. 

 

 
Fig.2. The current-voltage (I-V) curve, series and 

parallel connection of two solar cells. 

 

With changes in light intensity and ambient temperature, 

the current-voltage (I-V) curve of each solar cell (Figure 

1) and, consequently, the curve for the entire modules and 

arrays are affected. As a result, the voltage and current 

characteristics of the optimal operating point also change. 

To ensure the arrays operate at their optimal point, 

Maximum Power Point Tracking (MPPT) methods are 

employed. Various techniques can be used to achieve the 

maximum power point. The adjustment of the operating 

voltage and current of the cells is carried out by a DC/DC 

converter. One simple method for tracking the maximum 

power point is described here.   

Changes in the operating voltage and current of the cells 

lead to variations in output power. If increasing or 

decreasing the voltage and current results in higher output 

power, the adjustment continues in the same direction 

until a decrease in power is observed. When further 

changes in voltage and current cause a reduction in output 

power, the system holds the operating point at that 

specific value, which corresponds to the optimal point. 

This method works effectively because there is only one 

maximum point in the power-voltage (P-V) curve of the 

array. The system that performs this optimization is 

referred to as an MPPT system (Figure 3) [14]. 

 

 
(a) 

 

 
(b) 

Fig.3. The Effect of Increasing Light Intensity on the 

Current-Voltage Curve and Power-Voltage Curve. 

 

Figure 3 examines the effect of changes in light intensity 

on the I-V (current-voltage) and P-V (power-voltage) 

curves. This figure consists of two main graphs: 

Graph (a) (I-V Curves): This graph shows the effect of 

increasing solar irradiance on the current-voltage curve. 

As the upward-pointing arrow indicates, the curve shifts 

upwards with an increase in irradiance. This means that 

for any given voltage, the array's output current increases. 

The marked points on each curve represent the maximum 

power point (MPP) for that specific irradiance level. As 

irradiance increases, these points move upwards and to 

the right, which indicates an increase in the maximum 

output power. 

Graph (b) (P-V Curve): This graph shows the P-V curve 

for a given irradiance level. The curve has a single peak, 

marked as Pmax, which is the maximum power point the 

system can extract from the array under those specific 

conditions. The voltage corresponding to this point is 

indicated by Vmax. The hatched area below this curve 

represents the total power that can be obtained from the 

system at different voltages. The objective of an MPPT 

system is to always keep the system's operating point at 

Vmax (and consequently Pmax) to extract the maximum 

possible power. 

 

2.1. Classification and Review of MPPT Methods 

In recent years, a large number of MPPT algorithms have 

been proposed, with differences in cost, complexity, 

required sensors, convergence speed, effectiveness range, 

and hardware implementation. Initially, various MPPT 

methods will be introduced, and their advantages and 

disadvantages will be reviewed. These results are based 



Tabriz Journal of Electrical Engineering (TJEE), vol. 56, no. 1, 2026                                                                                                            Serial no. 115 

80 
 

on articles published in reputable scientific journals and 

international conferences. 
2.1.1.  Hill Climbing and Perturb & Observe (P&O) Methods  

Hill Climbing and Perturb & Observe (P&O) are common 

MPPT methods that have received significant attention 

due to their simple structure. The Hill Climbing method 

works by introducing perturbations into the converter's 

operating cycle, which results in disturbances in the 

voltage and current. In the P&O method, perturbations in 

the operating voltage of the array lead to an increase or 

decrease in output power, and by maintaining or reversing 

the perturbation direction, the system gradually 

approaches the maximum power point (MPPT) [16, 17]. 

The P&O algorithm is widely used in PV systems due to 

its ease of implementation. In this method, by periodically 

changing the duty cycle, the operating point of the panel 

is altered, and the power generated by the panel under the 

new conditions is determined. Then, by comparing the 

new output power with the previous value, the system 

selects an appropriate duty cycle to achieve maximum 

power. The P&O method can be implemented in two 

forms: two-point and three-point implementations [18]. 
2.1.2.  Two-Point Comparison Method 

According to the flowchart in Figure 4, in this method, at 

each iteration of the main loop, the power (Pnew) is 

calculated and then compared with the power from the 

previous cycle (Pold). If Pnew>Pold, it indicates that the 

change made in the duty cycle during the previous step 

was beneficial. Therefore, in this step, the duty cycle 

should be adjusted in the same direction (either increased 

or decreased). However, if Pnew<Pold, the duty cycle 

should be adjusted in the opposite direction compared to 

the previous step.  

 

 
Fig.4. Two-Point Method Algorithm [8]. 

 
2.1.3.  Three-Point Comparison Method 

In this algorithm, three points on the voltage-power curve 

are compared. These three points are: A (the previous 

operating point), point B (the point obtained by increasing 

the duty cycle by one unit), and point C (the point 

obtained by decreasing the duty cycle by one unit). 

According to Figure 5, for the power values obtained at 

these three points, there are 9 different states. Based on 

the current state, the variable M is updated. If the power 

at point B is greater than or equal to the power at point A, 

one unit is added to M; otherwise, M is decreased by one 

unit. Additionally, if the power at point C is less than the 

power at point A, one unit is added to M; otherwise, M is 

decreased by one unit [8].  

If the value of M becomes two, point B is chosen as the 

operating point in the next cycle. However, if the value of 

M becomes negative two, point C is selected as the 

operating point in the next cycle. In other cases (M equal 

to zero, one, or negative one), the system has either 

reached the maximum power point, or there has been a 

sudden change in the irradiance on the solar cells, 

meaning there is no need to adjust the duty cycle. 

Therefore, the operating point remains at point A. Figure 

6 shows the flowchart of the above algorithm. 

 

 
Fig.5. Possible states for the power at the three points. 

 

 
Fig.6. Three-point method algorithm [9]. 

 

In the P&O method, if the perturbation size is large, the 

system oscillates around the MPP (Maximum Power 

Point), and if the perturbation size is small, the MPP 

tracking becomes slow. To address this issue, a two-step 

algorithm is used, where the first step performs rapid 

tracking, and the second step refines the tracking process. 

In the first phase, the algorithm quickly adjusts the duty 

cycle to reach the vicinity of the MPP. Once the system is 

close to the MPP, the second phase begins, which applies 

a finer adjustment to minimize oscillations and ensure 
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more accurate tracking of the MPP.This two-stage 

approach improves the efficiency of MPP tracking by 

balancing the speed of convergence and minimizing 

steady-state oscillations, thereby optimizing performance 

[4].The advantages of these two methods are low cost, 

ease of implementation, relatively simple control 

algorithms, and good MPP tracking. However, their 

disadvantage is that they fail to track the MPP effectively 

under rapid changes in temperature and irradiance, which 

leads to energy losses. To ensure MPP tracking under 

sudden changes in irradiance, the method uses the P&O 

algorithm with a three-point comparison. In this approach, 

the actual power point is compared with the previous two 

points before a new perturbation signal is generated. This 

helps to improve the tracking performance during rapid 

changes in irradiance [8]. In the studies [9, 10], by 

increasing and optimizing the sampling rate, and in [11] 

by estimating the array current from the voltage, the need 

for a current sensor was eliminated, leading to improved 

efficiency and reduced costs. 
2.1.4.  Incremental Conductance Method 

Another widely used method is the Incremental 

Conductance (INC) technique, which operates based on 

the fact that the slope of the power-voltage curve at the 

Maximum Power Point (MPP) is zero, as shown in Figure 

7 [19]. In this method, the sum of the instantaneous 

conductance 𝐼 𝑉⁄  and the incremental conductance ∆𝐼
∆𝑉⁄  

at the MPP is equal to zero. To the right of the MPP, the 

conductance is negative, and to the left of the MPP, the 

conductance is positive. Figure 8 shows the algorithm of 

the incremental conductance method. 

If the changes in current and voltage are zero, there is no 

need to increase or decrease the reference current. If there 

is no change in current when the voltage change is 

positive, the reference current should be increased. 

Similarly, if there is no change in current when the voltage 

change is negative, the reference current should be 

decreased. If 𝐼 ≠ 0  when ∆𝐼
∆𝑉⁄ = − 𝑉

𝐼⁄  , the operating 

point is at the Maximum Power Point (MPP) for the PV 

system. 

 

 
Fig.7. Incremental Conductance Method Algorithm [9]. 

 

If  ∆𝐼
∆𝑉⁄ ≠ − 𝑉

𝐼⁄  and ∆𝐼
∆𝑉⁄ > − 𝑉

𝐼⁄  , the reference 

current should be decreased. However, if  ∆𝐼
∆𝑉⁄ ≠ − 𝑉

𝐼⁄   

and ∆𝐼
∆𝑉⁄ < − 𝑉

𝐼⁄  , the reference current should be 

increased in the direction of tracking the MPP. In practice, 

due to noise and errors, compensating for the state where 
∆𝐼

∆𝑉⁄ = − 𝑉
𝐼⁄  can be difficult. Therefore, this condition 

can be approximately compensated by |∆𝐼
∆𝑉⁄ + 𝑉

𝐼⁄ | < 𝜀 , 

where ε is a small positive value.  

 

 
Fig.8. Power-Voltage Curve [9]. 

 

{

𝛥𝐼/𝛥𝑉 = −𝑖/𝑉,at MPP
𝛥𝐼/𝛥𝑉 > −𝑖/𝑉,left of MPP
𝛥𝐼/𝛥𝑉 < −𝑖/𝑉,right of MPP

 

 

In the study [20], a two-stage algorithm is used where, 

initially, the operating point is brought close to the MPP, 

and then the INC method is applied for precise MPP 

tracking. In the study [21], the I-V characteristic is divided 

into two regions using a linear function, and the operating 

point is brought to a region that includes all possible 

MPPs under varying environmental conditions. Finally, 

the INC method is applied for MPP tracking. In studies 

[22, 23], both instantaneous conductance and incremental 

conductance are used to generate an error signal e, which 

is then driven to zero using a PI controller  for MPP 

tracking. In the study [24], incremental resistance with a 

variable step size is employed, which enhances the speed 

and accuracy of the steady-state response. 
2.1.5.  Partial Open-Circuit Voltage (Voc) and Partial Short-Circuit 

Current (Isc) methods 

The Partial Open-Circuit Voltage (Voc) method [25] and 

Partial Short-Circuit Current (Isc) method [26, 27] are 

useful and simple methods. However, due to the need for 

measuring the open-circuit voltage or short-circuit current, 

these methods require temporarily disconnecting the 

panel from the system, resulting in a temporary loss of 

power. To address this issue, the pilot cell method is used. 

In these methods, there is a linear relationship between the 

Maximum Power Point Voltage (VMPP) and Maximum 

Power Point Current (IMPP) with the open-circuit voltage 

(VOC) and short-circuit current (ISC) of the PV array, 

which holds under varying irradiance and temperature 

conditions. The pilot cell method helps in estimating the 

MPP without needing to disconnect the panel, thus 

avoiding power loss during measurements [15]. 

𝑉𝑀𝑃𝑃 ≈ 𝑘1𝑉𝑂𝐶        0.71 < 𝑘1 < 0.78                                          (1) 

𝐼𝑀𝑃𝑃 ≈ 𝑘2𝐼𝑆𝐶          0.78 < 𝑘2 < 0.92                                           (2) 

 

In this method, K1 and K2 are constants that depend on 

the characteristics of the PV array. These constants are 

pre-calculated and determined through observation and 
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experience for the specific PV array under various 

irradiance and temperature conditions. 

Using the equation and measuring the open-circuit 

voltage (VOC) of the PV array under no load, the 

Maximum Power Point Voltage (VMPP) can be 

calculated by knowing K1. The output terminals of the PV 

array must be disconnected from the power converter, 

which results in a temporary loss of power. This is the 

main drawback of this method. To overcome this issue, 

pilot cells can be used for measuring VOC. These pilot 

cells should have similar characteristics to the main PV 

array under the same irradiance and temperature 

conditions. For a better approximation of the open-circuit 

voltage, the P-N junction of diodes produces a voltage that 

is approximately 75% of VOC, eliminating the need for 

direct VOC measurement. To adjust the input voltage of 

the inverter, a closed-loop MPPT voltage control after the 

DC/DC converter can be implemented. 

Figure 9 shows the implementation of the open-circuit 

voltage (VOC) method based on the MPPT technique. 

The VMPP can be obtained by measuring the open-circuit 

voltage from the pilot cells and using equation (1). The 

measured voltage can then be compared with this value. 

The duty cycle is determined by a PI controller and 

applied to the power switch through gate drivers. This 

ensures that the DC/DC converter forces the PV output 

voltage to reach VMPP. Due to the approximation in 

equation (2), the PV array technically never operates 

exactly at the MPP. Depending on the use of the PV 

system, this approximation may be acceptable. The 

implementation of this method is simple and inexpensive 

because it does not require a complex control system. 

However, it is not a true MPPT technique. Additionally, 

K1 is not valid in certain shading conditions, and it must 

be updated by sweeping the voltage of the PV array. 

Therefore, implementing this method under shaded 

conditions is more complex and results in greater power 

loss. 

 

 
Fig.9. Implementation of Partial Open-Circuit Voltage 

Based on MPPT [13]. 

 

Figure 10 shows an example of implementing the short-

circuit current based on the MPPT technique. IMPP can 

be obtained by measuring the short-circuit current from 

the pilot cells and using equation (3). The measured 

current can then be subtracted from this value to 

determine the error, which is fed into the PI controller. 

The duty cycle is calculated by the PI controller and 

applied to the power converter through gate drivers. Thus, 

the DC/DC converter forces the current drawn from the 

PV output to reach IMPP. Measuring ISC during 

operation is very difficult because the  PV array  must be  

short-circuited . To measure  ISC , the PV array can be 

short-circuited using a current sensor  and an additional 

switch in the power converter, which increases the 

number of components and the cost. Furthermore, this 

causes additional power losses due to the short circuit. 

Additional  pilot cells  can be used to measure the  short-

circuit current , which have the same characteristics as the 

main  PV array . In this method, the  MPP  never exactly 

matches, as suggested by equation 2-3, since it is an 

approximation of  IMPP. To ensure accurate tracking of  

MPP  in the presence of multiple peaks, the  PV array  can 

be periodically swept from open-circuit to short-circuit to 

update the value of  K2. In general,  DSP  is used to 

implement the  partial ISC method  based on  MPPT  for  

PV systems. 

 

 
Fig.10. Implementation of Partial Short-Circuit Current 

Based on MPPT [13]. 

 
2.1.6.  Fuzzy Logic Control Method 

With advancements in microcontroller and DSP 

technologies, attention to the applications of MPPT in 

fuzzy logic control has increased. [28, 29] The advantages 

of fuzzy controllers include their ability to handle 

imprecise and nonlinear inputs, the lack of necessity for 

an accurate mathematical model, fast convergence, and 

minimal oscillation at the MPP. The capabilities of fuzzy 

systems include online maximum power point tracking, 

robustness against variations in irradiation and 

temperature, and the absence of a need for external 

sensors to measure irradiation intensity and temperature 

[30]. Fuzzy logic control is based on three stages: 

1. Fuzzification 2. Rule Determination Based on a Lookup 

Table 3.Defuzzification 

The fuzzification stage converts the input variable into a 

linguistic variable based on a membership function, as 

shown in Figure 11. In this case, there are five fuzzy levels: 

NB (negative big), NS (negative small), ZE (zero), PS 

(positive small), and PB (positive big). 

 

 
Fig.11. Fuzzification is the process of converting the 

input variable into a linguistic variable [30]. 

 

To enhance accuracy, a greater number of fuzzy levels can 

be used. The error (E) and the change in error (Delta E) 

are the inputs to the fuzzy logic-based MPPT controller. 

(E) and (Delta E) can be calculated based on user 

preferences. Since (dP/dV) in MPPT approaches unity, an 

approximation of Equation (3) can be utilized [5]. 

𝐸(𝑛) =
𝑃(𝑛)−𝑃(𝑛−1)

𝑉(𝑛)−𝑉(𝑛−1)
                                                          (3) 
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𝛥𝐸(𝑛) = 𝐸(𝑛) − 𝐸(𝑛 − 1)                                           (4) 

 

Alternatively, the error signal can be calculated as follows 

[5]: 

𝑒 =
𝐼

𝑉
+

𝑑𝐼

𝑑𝑉
                                                                       (5) 

In general, the output of the fuzzy logic is the change in 

(Delta D) of the power converter. This change in (Delta 

D) can be searched in a rule table like Table 1. 

Immediately after (E) and (Delta E) are calculated, they 

are converted into linguistic variables. Various 

combinations of error (E) and its changes (Delta E) can be 

used as linguistic variables and assigned to (Delta D). For 

a boost converter, Table 1 can be used for this purpose. 

For example, if the operating point is far to the right of the 

MPP and (E) is NB and (Delta E) is ZE, then a large 

decrease in (Delta D) is required to reduce the voltage. 

(Delta D) must be set to NB to reach the MPP. 

 

Table 1. Fuzzy Rule Table [24]. 
ΔE NB NS ZE PS PB 

E      

NB ZE ZE NB NB NB 

NS ZE ZE NS NS NS 

ZE NS ZE ZE ZE PS 

PS PS PS PS ZE ZE 

PB PB PB PB ZE ZE 

 

The output of the fuzzy controller is the conversion of a 

linguistic variable into a numerical variable, and a 

membership function, as shown in Figure 12, is used for 

the fuzzy level in question. Through fuzzification, the 

controller generates an analog output signal, which can be 

converted into a digital signal to control the power 

converter of the MPPT system. Figure 12 shows a simple 

example of implementing fuzzy logic control based on 

MPPT. The measured voltage and power, E and ΔE, are 

calculated from Equations (3) and (4). These values are 

then evaluated and simulated using the fuzzy rules from 

Table 1. The output of the fuzzy rules, based on the table, 

necessitates a change in ΔD. In the defuzzification stage, 

the numerical value of ΔD is determined by converting 

the linguistic values. Finally, the required switching 

signal to transfer power to MPPT is applied through an 

analog-to-digital converter and a gate driver. 

 

 
Fig.12. Implementation of Fuzzy Logic Control Based 

on MPPT [6]. 

 

Under different weather conditions, the fuzzy logic 

controller shows good performance in MPPT applications. 

On the other hand, the effectiveness of the fuzzy logic 

controller depends on the accuracy of error calculation, its 

variation, and the rules developed in the base table by the 

user. For better efficiency, the functions and rules in the 

base table can be continuously updated or adjusted for 

optimal performance, similar to an adaptive fuzzy logic 

controller. In this way, rapid convergence to MPPT and 

minimal oscillations around the MPPT can be achieved. 

Additionally, tracking performance depends on the type 

of membership function [31]. 

The flowchart in Figure 12 illustrates the implementation 

of a FLC for MPPT. The details of each step in this 

flowchart are analyzed below. 

1-PV Array: This section is the primary source of energy 

generation. The voltage and power generated by the PV 

array are measured and used as the main inputs for the 

fuzzy control system. 

2-Voltage and Power Measurements: This stage 

continuously measures the instantaneous voltage and 

power of the PV array. These measurements form the 

primary basis for the subsequent calculations. 

3-E and ΔE Calculation: In this block, the two main inputs 

for the fuzzy controller are calculated: 

E (Error): This value represents the current position of the 

operating point relative to the Maximum Power Point 

(MPP). It is obtained from the formulas mentioned in the 

paper, such as dP/dV. 

ΔE (Change in Error): This value indicates the speed and 

direction of the operating point's movement. It is 

calculated by comparing the current error with the error 

from the previous step. 

4-Fuzzy Rule Base Table: This section is the heart of the 

fuzzy controller. Based on the linguistic values of the 

inputs E and ΔE, a linguistic output value for ΔD (change 

in duty cycle) is selected from the rule table (e.g., Table 

1). This table contains "If-Then" rules that embed expert 

experience and knowledge. For example: "If E is Negative 

Big (NB) and ΔE is Zero (ZE), then ΔD should be 

Negative Big (NB)." 

5-Defuzzification Stage:This stage converts the linguistic 

output value (such as NB, NS, etc.) obtained from the 

fuzzy rule base into a precise numerical value. Various 

methods can be used for defuzzification, such as the 

Center of Gravity (CoG) or the Mean of Maxima (MoM). 

The result of this stage is the numerical value of ΔD, 

which is then applied to the duty cycle. 

6-Analog to Digital (A/D) Converter: This converter 

transforms the analog voltage and current signals 

measured from the PV array into a digital signal. This 

digital signal is then processed by the processor or 

microcontroller on which the fuzzy controller is 

implemented. 

7-Gate Driver: This block receives the digital control 

signal from the fuzzy controller and converts it into a 

suitable signal for the power switches in the DC/DC 

converter. Its main function is to provide the necessary 

current and voltage to quickly and effectively activate and 

deactivate the switches. 

8-DC/DC Converter: This converter adjusts the PV array's 

output voltage based on the duty cycle received from the 

controller. Its purpose is to shift the system's operating 

point so that the array's voltage and current are positioned 

at the maximum power point. 
2.1.7.  Parasitic Capacitor Method 

The parasitic capacitor method is based on adding 

parasitic capacitance in the calculations of the INC 

algorithm, which uses the ripple caused by switching to 
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create disturbance in the array. [32] In this method, the 

ripple voltage and power of the array are calculated using 

boosting filters, and then the MPP tracking is performed 

by calculating the inductance of the array. Due to the 

small capacitive value in a PV array, this method is only 

used for large arrays with multiple arrays connected in 

parallel. 
2.1.8.  Ripple-Dependent Control Method 

The Ripple-Dependent Control (RCC) method uses the 

inherent ripple of the system for Maximum Power Point 

(MPP) tracking. Due to the switching action of the power 

converter, voltage and current ripples are present on the 

PV array, causing the output power of the PV array to 

have a ripple. RCC controllers are responsible for linking 

the time derivative of power with the time derivatives of 

current and voltage, thus zeroing out the power slope to 

reach the MPP [32]. 

If the voltage or current increases and the power also 

increases, then the operating point is below the MPP. 

Conversely, if the voltage or current increases and the 

power decreases, the operating point is above the MPP. 

Based on these observations, it can be stated that the time 

derivatives of power with respect to voltage pv or current 

pi are negative to the right of the MPP, positive to the left, 

and zero at the MPP. If ΔD of the boost converter 

increases, the inductor current also increases, although the 

PV array decreases. This inductor current is also the 

output current of the PV array. Therefore, the input 

control ΔD can be expressed as follows [7]: 

𝑑(𝑡) = −𝑘3 ∫ 𝑝̇𝑣̇𝑑𝑡                                                        (6) 

𝑑(𝑡) = 𝑘3 ∫ 𝑝̇𝑖̇𝑑𝑡                                                            (7) 

Where K3 is a positive constant. In the RCC method, if 

the duty cycle is controlled by Equations (6) or (7), it 

continuously tracks the MPP. Taking derivatives of 

current, voltage, and power in Equations (6) and (7) is 

usually computationally challenging. Therefore, 

measuring voltage and current using AC coupling from 

the PV array can be used. The calculation of the 

derivatives from the voltage and current using AC 

coupling becomes easier because they require phase 

information.  

Another method is to use a high-pass filter with a cutoff 

frequency higher than the ripple frequency to estimate the 

derivatives. The inductor voltage can be used to calculate 

the derivative in Equation (7) since it is proportional to 

the current derivative. The internal resistance of the 

inductor and core loss have a significant effect because 

the time constant of the inductor is greater than the 

switching delay of the power converter. Considering the 

phase shift of the parasitic capacitance of the PV array at 

high switching frequencies, Equation (6) might not lead 

to effective MPPT in the system. However, the 

relationship between power and voltage, as given in 

Equation (6), is hardly affected by the parasitic 

capacitance. 

Even under varying irradiance, RCC can accurately track 

the MPP with a fast response. The switching frequency of 

the power converter and the gain of the RCC circuit are 

the factors that limit the MPPT response time. The 

implementation of RCC is feasible since it does not 

require specific characteristics of the PV array.The 

advantages of this method for continuous MPP tracking 

with duty cycle control include: no need for prior 

knowledge of the PV array characteristics, and the 

convergence time being limited by the switching 

frequency of the converter and the gain of the RCC circuit. 
2.1.9.  Current Sweep Method 

In the current sweep method, by using a sweep waveform 

for the current of the PV array and updating the curve at a 

fixed time interval, VMPP can be calculated from the 

characteristic curve within that time interval [30]. This 

method is particularly useful when the power 

consumption of the power tracking unit in the PV system 

is low. 
2.1.10.  DC-Link Capacitor Control 

In some cases, PV systems need to be connected to the 

AC power grid. In such cases, a specific MPPT method 

called DC-Link Capacitor Control  can be used, the 

overall structure of which is shown [31,32]. 

This method helps to regulate the voltage across the DC-

link capacitor to ensure stable operation and to manage 

the power conversion effectively when interfacing with 

the AC grid. The DC-Link Capacitor acts as a key 

component in maintaining the system's voltage balance, 

which is crucial for the proper functioning of both the PV 

array and the grid connection. 

 

 
Fig.13. The overall structure of the DC-Link Capacitor 

Control method [27]. 

 

The duty cycle of an ideal boost converter in steady-state 

operation is obtained by Equation (8) [27] : 

𝑑 = 1 −
𝑉

𝑉𝑙𝑖𝑛𝑘
                                                                  (8) 

Where V is the input voltage across the power converter, 

and VLink is the voltage across the DC link. If VLink is 

kept constant, the photovoltaic output power can be 

controlled by adjusting the input current of an inverter. 

The VLink voltage can remain constant as long as the 

required power by the converter does not exceed it, and 

the maximum available power from the PV array is used 

when the current is increasing. Otherwise, VLink will 

decrease. The current control command (IPeak) from the 

inverter is at its maximum, and the PV array operates to 

the right of the MPP point. However, compared to 

methods where power is identified directly, this method 

has lower accuracy, since the DC voltage control loop 

response directly impacts its own response. If VLink is 

kept constant, an increase in the inverter current increases 

the output power from the boost converter, which in turn 

increases the input power from the PV array. The control 

procedure can easily be implemented with analog 

amplifier operators and decided by a logical unit. 

The advantages of this method are the lack of need for 

array power calculation, simplicity of the control design, 

and implementation with analog circuits. 
2.1.11.  Maximizing load voltage or current 
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In the method of maximizing load voltage or current, if 

the load is a voltage source, the load current is maximized, 

and if the load is a current source, the load voltage is 

maximized. If the load is nonlinear, maximum output 

power is achieved by maximizing the load current or 

voltage, provided the impedance is not negative [33]. In 

many PV systems, a battery is used as the primary load or 

as a backup. Since a battery can be assumed as a voltage 

source load type, the load current can be used as the 

control variable. The advantage of this method is the use 

of only one sensor.  

2.1.12.  The method of feedback control using 𝒅𝑷
𝒅𝑰⁄  or 𝒅𝑷

𝒅𝑽⁄  

In the control feedback method, the slope of the power 

curve, 𝑑𝑃
𝑑𝐼⁄  or 𝑑𝑃

𝑑𝑉⁄  , is first calculated. Then, by 

applying it with feedback to the converter, the slopes are 

nullified using multiple controls, and the MPP point is 

obtained [33]. 
2.1.13.  MPPT control based on linearized I-V characteristics  

The I-V characteristic is a function of voltage, insulation 

level, and temperature. From these properties, some 

important features for designing an MPPT controller can 

be explained as follows. 

The PV array consists of two operational parts. In an I-V 

characteristic curve, one of these parts is the constant 

voltage section, and the other is the constant current 

section. Therefore, the I-V characteristics can be 

approximated as a linear function of both sections, such 

that: 

𝐼𝑃 = −𝑚𝑉𝑃 + 𝑏                                                              (9) 

Where m is the output conductivity of a PV array. m is 

small in the constant current section, so the PV array 

presents a large negative output impedance. On the other 

hand, a small negative output impedance is presented in 

the constant voltage section. The same linearization can 

be performed for both sections by varying m and the 

coefficients b. Figure 14 shows a typical I-V curve with a 

linear approximation of the two sections.  

 

 
Fig.14. A typical I-V curve with linear approximation 

[12]. 

 

The MPP occurs at the knee of the characteristic curve, 

where (VP=VPM). The slope in the constant current 

section is positive (VP<VPM), whereas the slope in the 

constant voltage section is negative (VP>VPM). Using 

Equation (10), 𝑑𝑃𝑃𝑉
𝑑𝑉𝑃⁄   is given by: 

𝑑𝑃𝑃𝑉

𝑑𝑉𝑃
= 𝐼𝑃 − 𝑚𝑉𝑃                                                           (10) 

In order to move the operating point toward a point with 

zero slope, if the PV array is controlled by current, then 

IP should be decreased for a positive slope and increased 

for a negative slope. Therefore, the MPP can track the 

operating point toward a point with zero slope. A DC/DC 

boost converter can be used for current control [12]. 

𝐼𝑃 = 𝐼𝑐𝑎𝑝 + 𝐼𝐶 = 𝐶𝑖
𝑑𝑉𝑃

𝑑𝑡
+ 𝐼𝐶                                            (11) 

In steady-state, (IP) is equal to the converter current (IC). 

Therefore, the operating point can move towards the MPP 

by adjusting (IC).  An MPPT controller for tracking the 

MPP using current mode control is proposed, as shown in 

Figure 15. This MPPT controller and current mode 

controller are based on the above properties in Equation 

(11). 

 

 
Fig.15. The MPPT controller and current mode 

controller [29]. 

 

In this controller, the voltage and current of the PV array 

are first measured, and power and slope are computed. In 

steady-state, the PV current is equal to the converter 

current. Therefore, based on the sign of the slope 

(
𝑑𝑃𝑃𝑉

𝑑𝑉𝑃
⁄ ) , the reference current IMPP is increased or 

decreased to move the operating point towards zero. 
2.1.14.  Gravitational Search Algorithm (GSA) 

The Gravitational Search Algorithm (GSA) is a 

metaheuristic optimization algorithm inspired by 

Newton's law of universal gravitation. In this algorithm, 

search agents are treated as celestial bodies that interact 

with each other through gravitational force. The algorithm 

aims to find the optimal solution for optimization 

problems. In GSA, each agent (candidate solution) is 

considered a mass. The better a solution is, the greater its 

mass. According to the law of gravity, heavier masses 

exert a stronger force on lighter masses and attract them. 

This attraction causes the lighter agents to move toward 

the heavier ones. The best agent (the heaviest mass) in 

each iteration has the strongest gravitational pull, causing 

all other agents to move toward it. This process ultimately 

leads to the convergence of all agents (solutions) toward 

the best mass (the optimal solution) within the search 

space. In this method, the main parameters are defined as 

follows: 

Population Size (N): The number of search agents (masses) 

participating in the algorithm. A larger population size 

increases the probability of finding the optimal solution 

but also increases computation time. 

Number of Iterations (T): The number of times the 

algorithm repeats for optimization. Increasing the number 
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of iterations improves the solution's accuracy but also 

increases computation time. 

Mass (M): The mass of each agent is calculated using a 

fitness function. An agent with a better fitness value will 

have a greater mass. 

Gravitational Constant (G): This parameter decreases 

over time. Initially, its value is high to allow agents to 

move rapidly throughout the search space (exploration). 

Its value then decreases over time to increase the accuracy 

of convergence to the optimal solution (exploitation). 
Fitness Function Formulation 

In optimization problems, the fitness function is 

formulated as follows [39]: 

For minimization problems: 

𝑓𝑖𝑡𝑖(𝑡) = 𝑓(𝑥𝑖(𝑡))                                                         (12) 

For maximization problems: 

𝑓𝑖𝑡𝑖(𝑡) = 𝑓(𝑥𝑖(𝑡))                                                        (13) 

Then, the best and worst fitness values within the 

population are determined in each iteration: 

For minimization: 

𝐵𝑒𝑠𝑡(𝑡) = 𝑚𝑖𝑛𝑗𝜖{1,..𝑁}𝑓𝑖𝑡𝑗(𝑡)                                        (14) 

For maximization: 

𝑊𝑜𝑟𝑠𝑡(𝑡) = 𝑚𝑎𝑥𝑗𝜖{1,..𝑁}𝑓𝑖𝑡𝑗(𝑡)                                    (15) 

The mass of each agent is then normalized using these 

values. The following formulas are typically used for this 

normalization: 

𝑚𝑖(𝑡) =
𝑓𝑖𝑡𝑖(𝑡)−𝑊𝑜𝑟𝑠𝑡(𝑡)

𝐵𝑒𝑠𝑡(𝑡)−𝑊𝑜𝑟𝑠𝑡(𝑡)
                                                (16) 

The normalized mass Mi(t) is then calculated for each 

agent: 

𝑀𝑖(𝑡) =
𝑚𝑖(𝑡)

∑ 𝑚𝑗(𝑡)𝑁
𝑗=1

                                                          (17) 

3. Simulation of Maximum Power Point Tracking 

(MPPT) using the Gravitational Search 

Algorithm (GSA) 

 

In this section, to test and validate the proposed method,  

the simulation of the introduced algorithm for tracking the 

maximum power point (MPP) of a photovoltaic system 

connected to the grid will first be performed under 

uniform irradiation and temperature conditions. Then, the 

simulation of the proposed algorithm under partial 

shading conditions will be addressed. 

3.1. Evaluation of the proposed algorithm under 

uniform irradiation and temperature conditions. 

In this section, the performance of the proposed algorithm 

for tracking the maximum solar power point under 

uniform irradiation and temperature conditions is 

examined. The simulated circuit for this issue is shown in 

Figure (16). 

In Figure (16), the various components of the discussed 

circuit are shown, and the information related to the solar 

panel is provided in Table (2). As observed in Figure (16), 

in this circuit, the proposed GSA algorithm first 

determines the voltage corresponding to the maximum 

solar power point at each time step of the simulation after 

receiving the irradiation and temperature data. After that, 

the duty cycle of the circuit’s switching is adjusted by the 

fuzzy controller so that the output voltage of the solar 

panel matches the voltage suggested by the GSA 

algorithm. In this case, it can be expected that the 

maximum solar power point is accurately tracked. As 

shown in Figure (17), the maximum output power of the 

photovoltaic system is well-tracked in both the DC and 

AC sections as solar irradiation and ambient temperature 

change. Additionally, Figure (18) shows the graph of the 

output voltage and current variations of the photovoltaic 

system at the grid connection point. As observed in this 

figure, as the output power of the photovoltaic system 

changes, the voltage amplitude and the output current 

change, indicating the proper and optimal performance of 

the fuzzy controller in maintaining the DC link voltage 

and the inverter's AC control circuit at the grid connection 

point. 

 

Fig.16. Schematic of the MPPT circuit under uniform irradiation and temperature conditions. 
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Furthermore, Figure (19) presents the power variations of 

each part of the photovoltaic system under uniform 

changes in irradiation and temperature. As shown in this 

figure, due to the uniform irradiation and temperature 

input in each section, the output power of all three sections 

is always equal, and their sum matches the maximum 

tracked power. 

 

Table 2. Characteristics of Silicon Solar Cell Array at 

25°C. 

Temperature Coefficient of 

Current 
𝛼 = 0.002086[𝐴/𝐶∘] 

Temperature Coefficient of 

Voltage 
𝛽 = 0.0779[𝑉/𝐶∘] 

Reverse Saturation Current 𝐼𝑠 = 0.5 × 10−4[𝐴] 
Short-Circuit Current 𝐼𝑆𝐶 = 2.926[𝐴] 

Cell Resistance 𝑅𝑆 = 0.0277[𝛺] 
Cell Material Coefficient 𝜆 = 20.41[𝑉−1] 

 

 
Fig.17. MPPT Tracking and Corresponding Voltage 

Under Uniform Irradiance and Temperature Conditions. 

 

 
Fig.18. The diagram of variations in voltage, current, and 

active power output of the photovoltaic system in the AC 

section. 

 

 
Fig.19. The variation in output power of each section of 

the photovoltaic system under uniform irradiance and 

temperature conditions. 

 

 

Fig.20. The electrical circuit for testing and validating the proposed method. 
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3.2. Evaluation of the proposed algorithm under partial 

shading conditions  

Consider the circuit shown in Figure (20), which has been 

simulated in the MATLAB Simulink environment. 

As shown in Figure (20), the solar module in the electrical 

circuit consists of three different sections, each exposed 

to different irradiance and temperature conditions. The 

characteristics of these panels are presented in Table (2). 

In this section, the proposed algorithm's testing and 

validation for tracking the maximum solar power point 

(MPPT) in a solar module consisting of three sections 

under partial shading conditions will be discussed. To 

assess the performance speed and effectiveness of the 

proposed algorithm in tracking the MPPT point during 

partial shading conditions, as shown in Figure (21), partial 

shading conditions for the three sections of the solar panel 

are changed. As observed in Figure (21), with the rapid 

changes in partial shading conditions, the proposed 

algorithm quickly and accurately tracks the output voltage 

and power of the solar panel towards the point of 

maximum solar power. In this regard, the proposed GSA 

algorithm determines the operating voltage corresponding 

to the maximum power point at any moment, and the 

fuzzy neural controller adjusts the DC link voltage by 

switching the boost converter to the voltage that 

corresponds to the maximum power. 

 

 
Fig.21. Graph of rapid changes in solar radiation and 

ambient temperature for three different sections of the 

solar panel and changes in power in the DC and AC 

sections. 

 

Similar to before, in Figure (22), the graph of voltage and 

current variations of the photovoltaic system at the point 

of connection to the grid is shown. As observed in this 

figure, with the change in the output power of the 

photovoltaic system, the voltage range and output current 

change, indicating the proper and optimal performance of 

the fuzzy controller in maintaining the DC link voltage 

and the AC inverter control circuit at the point of 

connection to the grid. Additionally, in Figure (23), the 

graph of power changes in each section of the 

photovoltaic system with identical radiation and 

temperature variations for each section is shown. As seen 

in this figure, due to the differences in radiation and input 

temperature in each section, the output power of each of 

the three sections is always different, but the sum of them 

equals the maximum power tracked. 

 

 
Fig.22. The graph of voltage, current, and output power 

variations of the solar panel in the AC section and the 

connection point to the grid under conditions of rapid 

changes in solar irradiance and ambient temperature. 

 

 
Fig.23. The graph of voltage, current, and output power 

variations of the solar panel in the AC section and the 

connection point to the grid under conditions of rapid 

changes in solar irradiance and ambient temperature. 

 

 
Fig.24. The output power variations of each part of the 

photovoltaic system under partial shading conditions. 

 

4. Discussion  

This paper presents a MPPT method using the GSA for 

grid-connected microgrid photovoltaic (PV) systems 

under PSC. The method focuses on efficiently extracting 

maximum power even in the presence of multiple local 

peaks on the power-voltage (P-V) curve, which are caused 

by partial shading. Simulations show that GSA performs 

well in tracking the MPP under both uniform irradiation 

and partial shading conditions. As a standalone 

metaheuristic algorithm, GSA offers a simpler 

implementation compared to more complex hybrid 
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methods like Neuro-Fuzzy-GSA [34] or HPSO-GSA [42]. 

Ref 40 is used as the base reference for this paper because 

both articles use GSA in combination with a fuzzy 

controller to regulate the DC-DC converter and achieve 

nearly identical results under variable partial shading 

conditions. Furthermore, the PV array specifications used 

in the simulations (as shown in Table 2 in both papers) are 

exactly the same. Based on the simulation graphs 

presented in ref 40, the convergence time of the proposed 

algorithm can be analysed across different scenarios. The 

most important scenario for evaluating speed and 

accuracy is the analysis of the graph under variable 

temperature and partial shading conditions, as it simulates 

a more realistic situation. In this scenario, three sections 

of the PV array are subjected to irradiances of 1000, 850, 

and 750 W/m² and temperatures of 30, 28, and 25 °C, 

respectively.  

Figure 13 [40] shows that the method can track the 

maximum power (approximately 680 W) in about 0.2 

seconds with high accuracy. The graph of the tracked 

power for the proposed method under variable 

temperature and partial shading conditions (Figure 21) 

shows that this method has a faster response of 100 ms. 

For comparison, the PSO method in [38] has an MPPT 

tracking speed of 0.53 seconds, which is slower than the 

proposed method.  

Conventional methods such as P&O [37] and INC [44] 

suffer from steady-state oscillations, low convergence 

speed, and an inability to track the Global Maximum 

Power Point (GMPP) under partial shading conditions. If 

the perturbation size in the P&O method is large, the 

system will oscillate around the MPP. If the perturbation 

size is small, the MPPT tracking speed slows down. These 

methods fail to track the MPP under rapid changes in 

temperature and solar irradiance, leading to energy losses. 

They consistently get trapped in Local Maximum Power 

Points (LMPPs) and are unable to track the GMPP. The 

Gravitational Search Algorithm (GSA), as a metaheuristic 

algorithm, inherently overcomes these limitations by 

providing global search capability and better management 

of multiple peaks. 

Ref [43] shows that the P&O and IC methods reduce 

efficiency to 68.20% and 68.15% (Scenario 4), 

respectively, because they get trapped in LMPPs. Due to 

their offline nature, methods like OCV [37] and SCC [44] 

have low accuracy and efficiency. Ref [37] reports that 

OCV efficiency is approximately 86% and SCC is 

approximately 89%. The GSA method, which is aimed at 

tracking the GMPP under PSC, has higher efficiency 

compared to these methods.  

5. Conclusion  

In this study, the performance of the Gravitational Search 

Algorithm (GSA) for Maximum Power Point Tracking 

(MPPT) in a photovoltaic system connected to a 

microgrid under partial shading conditions was evaluated. 

The results demonstrated that GSA effectively improves 

the MPPT's efficiency, overcoming the challenges posed 

by partial shading. By accurately locating the global 

maximum power point (GMPP), the GSA-based MPPT 

method ensured enhanced power extraction and system 

stability. The graph of the tracked power for the proposed 

method in this paper, under variable temperature and 

partial shading conditions (Figure 21), showed that this 

method has a faster response (100ms) compared to the 

GSA method found in [40]. Conventional methods like 

P&O and INC suffered from steady-state oscillations, low 

convergence speed, and an inability to track the Global 

Maximum Power Point (GMPP) under partial shading 

conditions. These methods failed to track the MPP under 

rapid changes in temperature and solar irradiance, which 

led to energy losses. They also consistently got trapped in 

Local Maximum Power Points (LMPPs) and could not 

track the GMPP. GSA, as a metaheuristic algorithm, 

inherently overcomes these limitations by providing a 

global search capability and better management of 

multiple peaks. However, as a standalone method, GSA 

may be slower in terms of convergence speed and settling 

time compared to more advanced metaheuristic methods 

such as HPSO-GSA, PSODTVAC, or BOA. This 

highlights the necessity of combining GSA with other 

methods (e.g., Neuro-Fuzzy GSA in [34] and [40] or 

HPSO-GSA in [42]) to improve its performance. 

Future work may focus on further optimizing the GSA 

and combining it with other advanced control strategies to 

improve system performance in real-world applications. 
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