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ABSTRACT 

Solar energy harnessed through photovoltaic (PV) technology plays a pivotal 

role in generating electrical energy. Maximizing the power output of solar 

modules requires optimal solar radiation. However challenges arise due to 

obstacles such as stationary objects, building, tree leaves and winds, which can 

result in the presence of multiple points of maximum power on the PV curve. 

This problem necessitates the use of maximum power point tracking (MPPT) 

tracking algorithms, especially in unstable climatic conditions and partial 

shading scenario. To this effect, five MPPT Algorithms were employed namely 

perturb and observe (P&O), particle swarm optimization (PSO), flower 

pollination algorithm (FPA), grey wolf optimization (GWO) and Improved grey 

wolf optimization (IGWO), taking into consideration, tracking time, efficiency 

and global maximum power point. The best performance that was observed 

was Improved Grey Wolf Optimization (IGWO) algorithm, which tracked the 

Global Maximum Power Point (GMPP) at 975.50 W from an input power of 

977.06 W within a very short tracking time of 0.0052 seconds and an efficiency 

of 99.84%. This shows that IGWO algorithm has improved efficiency by 5.79%, 

6.06%, 4.98%, and 3.91% compared to P&O, PSO, FPA, and the baseline 

(GWO). Similarly, their corresponding tracking times are 0.2918 seconds, 

0.7928 seconds, 0.9108 seconds, and 0.7998 seconds more than the IGWO. 

 

1. INTRODUCION 

 There is an urgent need for electrical energy due 

to the rising energy demand across sectors and 

businesses. Nonetheless the use of fossil fuels 

like coal and oil contributes to environmental 

deterioration and global warming. 

Consequently, there is an increasing need for 

renewable energy sources [1]. 

 

Technical and Vocational Educational Training 

(TVET) being one of the training sectors in 

Nigeria clamouring for the use of clean energy, 

which solar energy is inclusive.  From many 

renewable natural resources available, solar 

energy is a leading contributor to usage in 

different sector on which people depends [2].  

 

Photovoltaic (PV) cells represent the cutting 

edge of energy technology. But one of the 

inherent difficulties in using solar energy is the 

possibility of blocking sunlight, which can make 

it more difficult to effectively use the solar 

energy that is being received. This impediment 

can appear as shadows thrown on the PV cell 

surface by clouds, trees, buildings, or tree leaves. 

This results into partial shading covering some 

parts or all parts solar panel, which hinder the 

output power as well as maximum efficiency PV 
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system.  To this effect maximum power point 

need to be tracked using algorithms. 

 

The maximum power point tracking (MPPT) in 

a PV power generating system is a distinct point 

in the power voltage characteristics curve at a 

certain solar or irradiance and ambient 

temperature conditions that varies with 

environmental conditions [2]  

 

The peak power comprises both the local and 

global maximum power points, (LMPP) and 

(GMPP). Maintaining and restricting the GMPP 

is necessary to provide the best possible energy 

conversion from the PV module, particularly 

when there are many LMPPs present. The use of 

technology known as MPPT becomes required 

to overcome this challenge. 

 

The real time, the MPPT system continuously 

and dynamically calculates the PV module’s 

GMPPT while adjusting for varying weather and 

other environmental parameters. 

 

By cleverly modifying the PV module’s 

operating point, the MPPT system maximizes its 

output power and make sure it always work at or 

close to the GMPP. In order to maximize solar 

energy harvest and improve system 

efficiency as a whole, this optimization is 

essential. Through the use of MPPT 

technology, solar PV system can efficiently 

counteract the fluctuating nature of solar 

radiation and shadows, improving their 

efficiency and increasing their dependency as 

sources of sustainable and clean energy [3] 

 

 
Fig. 1. Standalone pv system [4] 

 

2.0 Literature Review 

The literature present the impact of different 

algorithms on partial shading conditions taking 

into consideration maximum power output, 

efficiency, tracking time, accuracy etc.  

 

According to [2], global maximum power point 

(GMPP) was tracked using modified invasive 

weed optimization integrated with perturb and 

observe (MIWO-P&O) algorithm. They claim 

that the result obtained allows for faster 

convergence and better search for the GMPP. 

 

[5] carried out comparison among the following 

algorithm:, constant current step-Grey wolf 

Optimization (CCS-GWO), Grey wolf 

Optimization (GWO) and Genetic Algorithm 

(GA). It was observed from the simulation result 

that CCS-GWO perform better in term of 

tracking efficiency and accuracy. 

Flying squirrel search optimization (FSSO) with 

Harris hawk optimizer (HHO) was integrated to 

locate the global maximum under partial shading 

condition (PSC). There exist better performance 

in term of tracking efficiency and tracking time 

when compared with other techniques like P&O 

and MIWO [6]. 

 

Using white shark optimization (WSO), [7] took 

into consideration 4 distinct patterns; short wide 

(SW), long wide (LW), short narrow (SN) and 

long narrow (LN). WSO performs better in 

global maximum power output throughout the 

four patterns examined when compared to HHO 

and FPA, with improvements of 26.22% 
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18.51%, 10.95% and 10% for SW, LW, SN and 

LN.   

 

Under various partial shading circumstances, the 

MPP from the PV system was tracked using an 

altered version of the modified multi-stepped 

constant current –grey wolf optimization 

(MMSCC-GWO) algorithms. When the result 

were contrasted with Salp Swarm Optimization 

or SSA, it was discovered that the MMSCC-

GWO performed well in terms of efficiency, 

tracking time and accuracy [8] 

 

Other algorithms used for MPPT are improved 

whale optimization integrated with P&O [9]-

[10], modified grey wolf optimization (MGWO) 

[11]-[12]. The former give better output in term 

of tracing efficiency while the later gives better 

output in term accuracy, tracking speed and 

output power.   

 

2.1  PV Cell Model 

A PV cell can be simplified and represented by 

a single diode equivalent circuit with load 

current (𝐼𝑃𝑉), voltage (𝑉𝑃𝑉) and other parameters 

as shown in Fig 2.  This equivalent diode model 

is useful for analyzing and simulating the 

performance of PV cells and solar panels [11]. 

 
Fig. 2. Single diode equivalent circuit of a PV system 

Mathematically,  

𝐼𝑃𝑉 =  𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑝           (1) 

From Eq. 1, the diode current 𝐼𝐷 and current 

through the shunt resistance 𝐼𝑝 are given by Eqs. 

2 and 3 respectively. 

 

𝐼𝐷 = 𝐼𝑜 [exp (
𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝐴𝑉𝑡
) − 1]                (2) 

𝐼𝑝 =
𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝑅𝑝
                       (3) 

Substituting Eqs. 2 and 3 into 1 gives the I-V 

characteristics of a PV module as presented in 

Eq. 4. 

𝐼𝑃𝑉 =  𝐼𝑝ℎ − 𝐼𝑜 [exp (
𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝐴𝑉𝑡
) − 1] −

𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝑅𝑝
    

(4)   

Where 𝐼𝑃𝑉 and 𝑉𝑃𝑉 are the current and voltage 

generated by the cell when exposed to light,  𝐼𝑜 

is the current that flows through the diode when 

it’s in reverse bias, while 𝑅𝑠 and 𝑅𝑝 are series 

and shunt resistances respectively. 𝑉𝑡is the 

junction or diode thermal voltage which is 

defined as given in Eq. 5 and the factor 𝐴 is the 

diode-modified quality factor which is usually 

assumed to be unity. 

𝑉𝑡 =
𝑁𝑠𝑛𝑘𝑇

𝑞
                                  (5) 

 

3.0 Methodology 

The method employed in this research work was 

introduction of partial shading by covering some 

part of cells, while leaving some part uncovered. 

This was achieved using MATLAB/Simulink 

software as can be seen in fig 3. 

 
Fig 3: PV array configuration under partial shading 



Zaria Journal of Electrical Engineering Technology, Department of Electrical Engineering, Ahmadu Bello University, 
Zaria – Nigeria. Vol. 13 No. 1 & 2, September 2024.  

 

12 
 

Fig 3 shows 3x3 configurations of partial 

shading conditions on a solar PV array. This 

configuration is connected in series-parallel with 

varying irradiance values to each PV module. In 

case1, under a non-uniform pattern, the non-

uniform irradiance received by the three PV 

panels is set at 1000 W/m², 700 W/m², and 500 

W/m². 600 W/m², 420 W/m²and 300 W/m² for 

case 2 and 400 W/m², 280 W/m² and 200 W/m² 

for case3 respectively. To model partial shading, 

the pattern, used involves a reduction of 0%, 

30%, and 50% from the reference irradiance for 

case 1-3 

 

Table 1: Parameters of Canadian Solar CS6X–325P PV array at STC 

Parameter PV module PV array 

Nominal maximum power (𝑃𝑚𝑝) 325 W 2,925 W 

Maximum voltage (𝑉𝑚𝑝) 37 V 111 V 

Maximum current (𝐼𝑚𝑝) 8.78 A 26.34 A 

Open circuit voltage (𝑉𝑜𝑐) 45.5 V 
136.5 V 

Short circuit current (𝐼𝑠𝑐) 9.34 A 28.02 A 

 

3.1 DC-DC Boost Converter Modelling 

Among the various DC-DC converters utilized 

in Photovoltaic (PV) systems, three prominent 

types are the buck, boost, and buck-boost 

converters. Notably, the boost converter stands 

out due to its superior stability and efficiency 

compared to its counterparts. Consequently, this 

study has opted to employ the boost converter, 

leveraging its advantageous characteristics to 

enhance the overall performance of the PV 

system. The voltage across a PV array changes 

from zero open circuit voltage depending on the 

irradiance level and temperature of the PV 

modules. Hence, the input and output voltages of 

the modules are not constant. To trap maximum 

power, the value of the duty cycle keeps 

changing. Consider a PV array shown in Figure 

3 with nine PV modules, where three are 

connected in series and parallel.  

 

Under partial shading, the change in irradiance 

affects the values of the current more than the 

voltage of the PV array. PV array voltage only 

changes by about 10% under partial shading.  

 

 

 

4.0  Result of simulation 

The simulation of result for case 1-3 for pv and 

i-v characteristics are presented here. Also the 

tracking processes of the algorithms used as well 

as time required to reach their maximum value 

were presented as well. 

 

In scenarios where non-uniform irradiance 

affects the photovoltaic (PV) array, as observed 

in cases 1-3, the power-voltage (P-V) curve 

exhibits multiple local maximum power points 

(LMPPs) in addition to the global maximum 

power point (GMPP). This phenomenon is 

illustrated in Fig 4 Specifically, in case 1, two 

LMPPs are identified and one GMPP at 34.60 V 

and 76.05 V, and 118.44V corresponding to the 

lower (VLMPP1), upper voltage (VLMPP2) and 

global voltage ranges, respectively. The GMPP 

which corresponds to a maximum power output 

of 537.701W. Case 2 and 3 exhibit maximum 

power outputs of 320.86W and 211.42W when 

the voltage approaches approximately 117 V.  

 

Similarly, case two and three has 34.40V and 

34.91 as their lower (VLMPP1), and 74.62V and 

74.44V as upper voltage (VLMPP2). 
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Although the voltage values at the GMPP are 

similar, significant variations in power output 

are observed. 

 

 

Fig.4. P-V characteristics curve for cases 1-3 under 

partial shading pattern 

 
Fig. 5. I-V characteristics curve for cases 1-3 under 

partial shading pattern 

 

In scenarios where non-uniform irradiance 

affects the photovoltaic (PV) array, as observed 

in cases 1-3, the comparative performance of 

various MPPT techniques under partial 

irradiance conditions is presented. The Perturb 

and Observe (P&O) algorithm, shown in fig 5 

with an input power of 1449 W, tracked the 

Maximum Power Point (MPP) at 1376 W, 

resulting in an efficiency of 94.05%. The 

convergence of this algorithm was observed 

after 0.297 seconds 

 
Fig. 6: GMPP tracking process of P&O under  non 

uniform irradiance 

Fig. 8: GMPP tracking process of FPA under  non 

uniform irradiance 

From fig. 7 - fig. 10, shows the behavior of each 

algorithm used for comparison. The Particle 

Swarm Optimization (PSO) algorithm tracked 

the MPP at 719.85 W in 0.798 seconds from an 

input power of 767.60 W, resulting in an 

efficiency of 93.78%. Unlike P&O and PSO, the 

Flower Pollination Algorithm (FPA) 

demonstrated a slightly improved efficiency of 

94.86% from an input power of 1100.54 W, 

tracked at an MPP of 1044 W. However, it 

exhibited a higher tracking time of 0.916 

seconds, 0.619 seconds and 0.118 seconds more 

than both P&O and PSO. 

 

Based on Grey Wolf Optimization (GWO), the 

baseline algorithm tracked the MPP at 846.33 W 

after 0.805 seconds from an input power of 

882.21 W, resulting in an efficiency of 95.93%. 

The performance of the baseline algorithm was 

better than those of the P&O, PSO, and FPA in 

terms of efficiency and convergence speed. 

 

However, the best performance was observed 

that Improved Grey Wolf Optimization (IGWO) 

algorithm, which tracked the Global Maximum 
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Power Point (GMPP) at 975.50 W from an input 

power of 977.06 W within a very short tracking 

time of 0.0052 seconds and an efficiency of 

99.84%. In this scenario, IGWO algorithm has 

improved efficiency by 5.79%, 6.06%, 4.98%, 

and 3.91% compared to P&O, PSO, FPA, and 

the baseline (GWO). Similarly, their 

corresponding tracking times are 0.2918 

seconds, 0.7928 seconds, 0.9108 seconds, and 

0.7998 seconds more than the IGWO. 

  
Fig. 7: GMPP tracking process of PSO under non 

uniform irradiance 

 
Fig. 8: GMPP tracking process of FPA under non 

uniform irradiance 

 
Fig. 9: GMPP tracking process of GWO under non 

uniform irradiance 

 
Fig. 10 GMPPT under GMPP tracking process of 

P&O under non uniform irradiance 

This research as contributed to the field of 

knowledge in the following area 

1. Fast tracking time 

2. Less power loss 

 

5.0 Conclusion 

This study provides an in-depth analysis of the 

Improved Grey Wolf Optimization (IGWO) 

algorithm for locating the Global Maximum 

Power Point (GMPP) in Photovoltaic (PV) 

arrays. The IGWO algorithm outperforms four 
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other methods: P&O, PSO, FPA, and GWO. It 

successfully identified the GMPP at 975.50 W 

from an input power of 977.06 W with an 

impressive tracking time of just 0.0052 seconds 

and an efficiency of 99.84%. Compared to P&O, 

PSO, FPA, and GWO, the IGWO algorithm 

shows improvements in efficiency of 5.79%, 

6.06%, 4.98%, and 3.91%, respectively. 

Additionally, the tracking times for these other 

methods are significantly longer, at 0.2918 

seconds, 0.7928 seconds, 0.9108 seconds, and 

0.7998 seconds, respectively, when compared to 

the IGWO. 
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