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Abstract— Power vs. Voltage (P-V) characteristics of a 
photovoltaic module (PV) show multiple peaks under partial 
shading conditions (PSCs). Most conventional maximum power 
point tracking (MPPT) techniques can accurately locate the 
single point under uniform conditions but fail under PSCs. 
Intelligent algorithms can locate the global point (GMPP) 
among the local ones (LP) but incur more computational cost.  
Combining both types as hybrid GMPPT provides more 
effective performance under different environmental 
conditions. This paper aims to analyze and compare the 
performance of two hybrid GMPP techniques under both 
uniform conditions and partial shading. In the proposed 
approach, the genetic algorithm (GA) and particle swarm 
optimization (PSO) are integrated with the perturb and 
observe algorithm (P&O). The simulation results in 
Matlab/Simulink confirm that both hybrid algorithms can 
track the GMPP. Furthermore, they show the ability to 
differentiate between different environment changes 
occurrences. 
 
Keywords— Photovoltaic module, global maximum power point, 
hybrid algorithm, partial shading. 

I. INTRODUCTION  

Solar energy is the cleanest and most inexhaustible 
renewable energy resource. This made the use of the 
photovoltaic systems grow significantly over the past years. 
Solar photovoltaic systems are among the most promising 
technologies for energy production. However, the drawback 
of PV systems is the dependency on weather conditions. The 
varying temperatures and solar irradiation cause a changing 
performance for the PV module; the P-V characteristics 
curve shows inconsistent maximum power point (MPP) [1]. 
Thus, tracking techniques (MPPTs) should be applied to 
track the maximum power point and make the PV module 
operates at its maximum power.  MPPT methods are 
classified according to their tracking techniques and they are 
reviewed in [2].  Among all the MPPT techniques; the 
commonly utilized are the perturb and observe (P&O) [3-5] 
and the incremental conductance (InC) [6], [7] due to their 
simple implementations. Modified versions of these 
techniques were proposed to enhance the tracking 

performance under rapid irradiance variation [8] and load 
variation [9]. 

The PV module performance is also affected by partial 
shading. The partial shading condition occurs when some 
portions of the PV module receive diverse levels of solar 
irradiance. This phenomenon is commonly caused by the 
shadows of trees, accumulated dust, and moving clouds. 
Under partial shading conditions, the P-V curve shows 
several maxima in where only one is the global point. The 
MPPT algorithms should appropriately track the global 
MPP and avoid dropping in local points [10]. The 
conventional MPPT algorithms are less efficient and 
inadequate to track the GMPP since they mostly drop in 
local peaks. Several intelligent optimization algorithms for 
tracking the real GMPP were introduced in the literature, e.g 
the particle swarm optimization (PSO) [11-13] and genetic 
algorithm (GA) [14-15]. The accuracy and fast-tracking are 
the most desired traits in MPPT algorithms under PSCs. 
Some MPPT techniques may fail to track the GMPP, while 
others prove the ability to determine the global point but 
with less accuracy or slower convergence [16]. Hence, 
hybrid MPPTs are introduced which are a combination of 
two techniques [17], [18]. The hybridization aims to 
combine the features of individual MPPT techniques and 
overcome their drawbacks when used alone. 

This work objective is to analyze and compare the 
performance of two hybrid GMPPT algorithms, the P&O 
based Genetic and P&O based PSO, under two 
environmental conditions; uniform irradiance and partial 
shading. The proposed algorithms are simulated within the 
PV system model which is implemented using 
Matlab/Simulink. The tracking performances of the 
algorithms are compared considering three different solar 
irradiance profiles exhibiting partial shading conditions. The 
reminder sections of this paper are organized as follows: 
Section II describes the P-V characteristics of the PV 
module under partial shading. In section III, the well-known 
MPPT techniques P&O, Genetic, and PSO are discussed. 
Then, the proposed hybrid algorithms are discussed in 
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section IV. The simulation results are provided in section V 
and the conclusion is in section VI. 

II. PV MODULE CHARACTERISTICS UNDER PARTIAL 

SHADING CONDITIONS 

 
Photovoltaic modules usually contain many bypass 

diodes that connect the same number of photovoltaic cells. 
Fig.1 shows a PV module with several cells bypassed by 
diodes; n denotes the number of these diodes. Each bypass 
diode protects the same number m of solar cells [19]. 

During a uniform solar irradiance condition, the power 
vs. voltage (P-V) curve of a PV module shows one single 
peak (Fig.1). This peak is considered the global peak and it 
represents the maximum power point in the P-V curve.    

When partial shading occurs, the cells of the PV module 
receive distinct solar irradiance levels (Fig.3), and multiple 
peaks display on the P-V characteristics curve (Fig.2). The 
multi-peak curve is generated due to the bypass diodes 
existence in the module. As can be noticed in Fig.2, only 
the highest peak GP is the global maximum power point 
and the other peaks are local points. The number of the 
different solar irradiance levels stroking the PV module 
determines how many peaks will be generated in the curve. 

 
Fig. 1.  PV module diagram containing bypass diodes and a shaded cell 

 

Fig. 2. P-V characteristics under different irradiance conditions 

 
Fig. 3. Diagram of a PV module containing four cell groups with different 
shading levels 
               

III.     MPPT ALGORITHMS 

A. P&O ALGORITHM 

The perturb and observe (P&O) is a widely used 
algorithm in MPP tracking due to its simple structure and 
implementation. This method uses the trial and error process 
for finding the MPP where the duty cycle d(k) sent to the 
converter is disturbed to get a change in the power P(k). The 
values of the voltage V(k) and the current I(k) are measured 
at each cycle to calculate the corresponding power P(k) to 
be compared with the previous value P(k-1). In case the 
power has increased, the duty cycle is changed with a small 
perturbation value Δd (step size) in the same direction as the 
previous cycle. Otherwise, the duty cycle is varied in the 
opposite direction. The process of perturbing the duty cycle 
and observing the power level is repeated until the level of 
the power P(k) starts oscillating around the peak power. 
Hence, the maximum power point MPP is obtained. The 
steps of the P&O method are presented in Fig.4.  

Start

Measure V(k) and I(k)

Calculate P(k)

dref = dref  - Δd

End

P(k)> P(k-1)

dref = dref  - Δd dref = dref +Δddref = dref +Δd

k=k+1

V(k) > V(k-1) V(k) > V(k-1)

YN

NN YY

 
 

Fig. 4.  The steps of the Perturb and Observe (P&O) method 

 

B. GENETIC ALGORITHM 

The genetic algorithm (GA) is a heuristic optimization 
method that mimics the natural evolution of genetics. The 
genetic algorithm was developed by David Goldberg, while 
the first idea for this search technique was proposed by John 
Holland in the early 1970s [20]. 

The genetic algorithm starts by initializing candidate 
solutions called the initial generation (population). Each 
candidate solution is a set of numerical values represented 
by a chromosome. At each generation, three fundamental 
operations will be applied; selection, crossover, and 
mutation. The fitness function is applied for each solution,  
and then a selection process is performed to include 
solutions to the next generation according to their fitness 
values [21]. The closer the solution gets to the optimal one, 
the highest chance it has to be selected. The selected 
solutions randomly split into separate offsprings. Then, the 
crossover operator combines two offsprings to produce a 
new solution. The mutation process aims to keep diversity 
and variability between generations. The new solutions are 
incorporated in the next generation and the overall evolution 
continues until the end condition is satisfied [22]. 

GA is a widely used algorithm for MPP tracking. A set 
of duty cycles can be selected as the initial population 
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(chromosomes). Through the process of evolution, they 
converge to the best duty cycle harvesting the maximum 
power and reach the MPP. 

The entire process of the GA is given in the flowchart of 
Fig.5.  

Start

Generate initial populaion

Calculate Fitness function for each 
chromosome

Perform Selection

Perform Crossover

Perform Mutation

Check Convergence

End

 
Fig. 5.  Genetic algorithm process 
 

C. PSO ALGORITHM 

Particle swarm optimization (PSO) is a search 
optimization technique proposed in 1995 by Kennedy and 
Eberhart. It is an evolutionary method inspired by swarm 
intelligence in searching for food. A PSO algorithm 
initializes a set of particles (initial population) randomly 
distributed in the search space. Each particle in the 
population represents a candidate solution defined by its 
position and velocity. In each iteration, particles update 
themselves following their best position experience Pbest and 
the best position experience of the whole particles swarm 
Gbest. The particles use Pbest and Gbest to continuously adjust 
their direction and velocity, which leads to fast converging 
toward the optimal position. In applying PSO for MPP 
tracking, the duty cycles are taken as particles which update 
their position based on the following equation [1], [23]: 
 
                              di

k+1 = di
k + vi

k+1                                   (1) 
 

Where di is the ith particle position, k represents the 
current iteration. The variable vi is the particle velocity (the 
step size) and it is calculated as follow: 

 
         vi

k+1 = ω vi
k + ar1(Pbest - di

k) + br2(Gbest - di
k)              (2)                                                                  

 
Where the factor ω represents the inertia weight, a and b 

are the acceleration factors, r1 and r2 are values randomly 
chosen from the range [0, 1]. 
 

IV. PROPOSED ALGORITHM 

   Two algorithms are proposed in our work to be compared, 
P&O based PSO and P&O based Genetic. Both algorithms 
have the same overall structure as illustrated in the 
flowchart in Fig.6.  
    In the proposed approach, the hybrid algorithm works in 
two modes. Under uniform environmental cases, the P&O 
starts tracking the single MPP. When partial shading 

occurrence is detected, the heuristic algorithm subroutine is 
called to track the global MPP. 
   The hybrid algorithm should be able to distinguish 
between uniform conditions and PS conditions. Hence the 
following inequalities should be checked [24]:   

                          3 1

3

0.1d d

d

I I

I

−
≥                                            (3) 

                          2 1

2

0.2d d

d

V V

V

−
≥                                            (4) 

 
Where the values ( 1dI , 2dI , 3dI ) and ( 1dV , 2dV , 3dV ) are the 

PV currents and voltages measured when sending the duty 
cycles ( 1d , 2d , 3d ) respectively to the converter connected 

to the PV module. The values 0.1 and 0.2 are selected based 
upon observation on the values of the current Impp and 
voltage Vmpp at the maximum power point. It is found that 
in a single current-voltage (I–V) curve, Impp is about 90% 
of Isc and Vmpp is about 80% of Voc [24]. 
 
The main steps of the proposed algorithm are described in 
the following: 
 

• In the main code, three duty cycles 1d , 2d , and 3d  are 
sent to the boost converter. The corresponding 
voltages and currents V(k) and I(k) (k=1.2.3) are 
measured to check for partial shading occurrence 
using (3) and (4). The duty cycle that harvested the 
maximum power is saved as dmax. 

• In the case of normal conditions, the perturb and 
observe (P&O) subroutine is called to search for the 
single peak MPP. The P&O performs the 
perturbations starting from dmax. 

• In case partial shading is detected, a heuristic 
technique subroutine is called (GA or PSO). The 
intelligent algorithm takes a set of initial solutions ( di 

= [d1 , d2,  d3,…,d9] ) and start the process of 
optimization. When the best solution is reached, it 
proceeds to the P&O subroutine to extract the exact 
GMPP.  

Send 3 duty cycles
to the boost converter

Detect Partial Shading
occurrence

PSC
occurs

NO YES

Call main 
algorithm to detect

change type

Apply P&O algorithm
and find dLMPP

Power 
level

changes

NO

YES

Search for GMPP

Call heuristic
algorithm
subroutine

Get dGMPP
and call P&O

NO

YES

Max iterations
reached

Or
Duty cycle 

changes is too
small

begin

 
Fig. 6.  Proposed algorithm 
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V. SIMULATION RESULTS 

The SIMULINK environment in MATLAB software is 
used to perform simulations and verify the performance of 
the suggested algorithms. The PV system model used 
contains a PV module, a boost converter, and a resistive 
load. The module contains four groups of series-connected 
cells and its VOC and ISC are 45V and 5.75A, respectively. 
The converter is implemented with a 10 kHz switching 
frequency, and the sampling time is set to 0.01s. 

The PV module model has been simulated with different 
solar irradiance profiles to examine the local MPPs and the 
GMPP. The P−V curves are shown in Fig.7.  
 

 
Fig. 7.    P−V curves for different tested irradiance profiles 
 

The solar irradiance profiles selected are used to create 
three different patterns exhibiting uniform conditions and 

partial shading conditions. These patterns are used to 
analyze the tracking performance of the algorithms. The 
output PV power, output PV voltage, and the converter duty 
cycle for both algorithms are shown in Fig.8 to Fig.10. 
 

In the first case, all module cells are receiving uniform 
irradiance level 1kW/m2. Under this case, there is just one 
peak GP of 208W as can be noticed in Fig.7. At t=0.2s the 
irradiance level suddenly changes and all parts now are 
receiving 0.5kW/m2. As shown in Fig.8, both algorithms 
detected the uniform change and applied the P&O 
subroutine to locate the single maximum point GP1 of 
99.82W (Fig.7). 
 

For the second case; the whole module is receiving a 
solar irradiance of 1kW/m2. At t=0.2s, the irradiance 
stroking one of the four parts of the module suddenly 
decreases and the new irradiance profile is 0.5kW/m2, 
1kW/m2, 1kW/m2, 1kW/m2. As can be seen in Fig.7, two 
peaks exist; LP2 as local MPP and GP2 as the GMPP with 
151W. Based on Fig.9, both algorithms detected the partial 
shading PS occurrence. Starting from t=0.24s, the heuristic 
algorithm subroutine started the tracking process ignoring 
the local peak. The GMPP is tracked by the P&O based 
Genetic after 0.44s while the P&O based PSO completed the 
tracking after 0.45s. 
 

The solar irradiances are 0.7 kW/m2, 0.5kW/m2, 
0.5kW/m2, 0.2kW/m2 in the third case. Fig.7 shows that 
three peaks exist; LP3 and LP4 as local MPPs and GP3 is 
the GMPP with 79W. The response of the two proposed 
algorithms is illustrated in Fig.10. As can be noted, both 
algorithms detected the partial shading occurrence and 
started tracking the GMPP at t=0.3s. Ignoring the local 
peaks, the P&O based Genetic spent 0.99s to reach the 
GMPP and The P&O based PSO took 0.93s.  
 

 
Fig.8. Global maximum power tracking under the first irradiance pattern [ (1kW/m2, 1kW/m2, 1kW/m2, 1kW/m2) (0.5kW/m2, 0.5kW/m2, 0.5kW/m2, 
0.5kW/m2)]; (a) P&O based Genetic (b) P&O based PSO. 
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Fig.9. Global maximum power tracking under the second irradiance pattern [ (1kW/m2, 1kW/m2, 1kW/m2, 1kW/m2) (0.5kW/m2,1kW/m2, 1kW/m2, 
1kW/m2)]; (a) P&O based Genetic (b) P&O based PSO. 

 

Fig.10. Global maximum power tracking under the third irradiance pattern [0.7kW/m2, 0.5kW/m2, 0.5kW/m2, 0.2kW/m2]; (a) P&O based Genetic (b) P&O 
based PSO.
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VI.        CONCLUSION 
 

In this paper, two hybrid GMPPT algorithms are 
proposed for comparison; P&O based Genetic and P&O 
based PSO. The algorithms are implemented with the PV 
system model in Matlab/Simulink. Three solar irradiance 
profiles are used for the simulation. The simulation results 
show that both algorithms can detect the environmental 
changes and locate the GMPP when partial shading occurs. 
Furthermore, both algorithms show identical good 
performance in terms of speed. In the case of PSCs, the 
P&O based PSO shows a faster response and reduced 
transient compared with the P&O based GA; particularly in 
case the power-voltage curve contains more than two peaks. 
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