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Comparison of Maximum Power Point Tracking Methods Using Metaheuristic 

Optimization Algorithms for Photovoltaic Systems 

Necati BİLGİN*1, İrfan YAZİCİ1 

Abstract 

The maximum power value that can be obtained from photovoltaic systems can change 

continuously due to environmental conditions such as temperature, sunlight and partial shading. 

Direct current-direct current (DC-DC) converters and maximum power point tracking (MPPT) 

algorithms are required, especially in cases of partial shading, in order for the photovoltaic 

systems to operate at the maximum power point, that is, to draw the maximum possible power 

value from the system. In this study, simulation studies has been carried out for two different 

partially shaded scenarios using the boost-type DC-DC converter and MPPT algorithm in the 

PV array consisting of 3 panels connected in series. In the simulation studies, the output powers 

obtained by the application of particle swarm optimization, cuckoo optimization, bat 

optimization and firefly optimization techniques as MPPT algorithm has been compared. In the 

scenarios examined, the firefly optimization algorithm reached the maximum power point 

faster, and it has been observed that the firefly optimization method obtained the highest 

average power at the end of the simulation periods. 

Keywords: Photovoltaic system, partially shaded condition, MPPT, optimization 

algorithms, DC-DC converter

1. INTRODUCTION

Today, due to the decrease in limited natural 

energy resources such as natural gas and oil and 

the huge damage to the environment, the tendency 

towards renewable energy sources such as sun, 

wind and geothermal has increased. Photovoltaic 

(PV) systems based on semiconductor elements 

have been developed in order to use the energy 

coming from the sun in electrical systems. As PV 

systems are considered as reliable and promising 

renewable energy sources, they are expected to 

play a key role among power generation systems 
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in the future [1]. However, maximum power point 

tracking methods have to be used to keep the 

power that can be obtained from the PV system at 

the maximum level. 

Various optimization algorithms such as Particle 

Swarm Optimization (PSO), Bat Optimization 

(BO), Firefly Optimization (FO), etc. have been 

proposed as MPPT techniques in the studies, 

depending on the application [2-6]. Dolara et al. 

compared the energies obtained from the PV 

module for 2 different solar irradiation conditions 

using classical MPPT techniques such as open 

voltage, short circuit, incremental conductance, 
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perturb and observe [7]. Miyatake M. et al. 

compared the results obtained from particle 

swarm optimization with Fibonacci search 

method, hill climb method and constant voltage 

methods [8]. Eltamaly A.M. et al. proposed a new 

method for maximum power point tracking 

(MPPT) based on the bat optimization [9]. Ding 

J. et al. proposed a new MPPT method created by 

combining particle swarm optimization and 

cuckoo search optimization [10]. Dhivya P. et al. 

compared the MPPT results obtained by perturb 

and observe method, particle swarm optimization 

and firefly optimization [11].  

In this study, a simulation study has been carried 

out with a PV system consisting of a PV array, 

boost converter and MPPT controller. In order to 

see the performance of different optimization 

methods on MPPT, 4 different metaheuristic 

optimization techniques has been used and the PV 

system output powers obtained as a result of the 

simulation has been compared.  

2. PHOTOVOLTAIC SYSTEM 

PV systems convert the energy in sunlight directly 

into electrical energy. This transformation was 

first discovered by French scientist Alexandre 

Edmond Becquerel in 1839 [12]. Later, it was 

used in space research with the discovery of 

semiconductor materials such as silicon with PV 

property. Although it was not preferred in the past 

due to its application cost, its use has gained great 

momentum in the last 20 years. 

The main applications of PV systems are stand-

alone (water pumping, home and street lighting, 

electric vehicles, military and space applications) 

or grid-dependent configurations (hybrid systems, 

power plants) whose use has increased recently 

[13]. 

Basic elements of PV systems are cells formed 

with semiconductor diodes. Cells can be made of 

various semiconductor materials. When the cell 

absorbs photons from sunlight, electrons are freed 

from silicon atoms and are attracted by a grid of 

metal conductors, resulting in a direct current 

flow and electricity is produced [14]. 

One-diode or two-diode equivalent circuits are 

used to model the cell. In this study, the single 

diode circuit model given in Figure 1 is used. 
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Figure 1 One-diode equivalent circuit 

For one-diode model, the output current is 

obtained with Kirchoff's current law given in 

equation (1) [15]. 

s ph d shI I I I= − −
 

(1) 

Here, 
phI  is the photocurrent generated, dI  is the 

saturation current, shI  represents the current 

flowing through the parallel resistor. 

Mathematical expression of the cell given in 

equation (2) is obtained when the saturation 

current and the current flowing through the 

parallel resistance are reformed in the equation 

[15]. 

0

( )
exp 1s s s s

s ph

k sh

q V R I V R I
I I I

nkT R

  + + 
= − − −  

   

 (2) 

Here, 0I  is the diode saturation current, sI  and V  

are the current and voltage of the PV cell, 

respectively, and shR  and sR  are the parallel and 

series resistors, respectively. k  represents 

Boltzmann constant with value 
231.38 10 /x J K−

, 

q  charge amount of an electron with value 
191.602 10x C−

, and kT  is cell temperature. 

The cellular groups formed in the protective 

laminated surface are called modules in order to 

reduce the effects of cells from various 

environmental conditions and to obtain higher 

powers compared to cells. Cells are connected in 

parallel to increase the current and in series to 

increase the voltage, depending on the area of use. 
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The groups of modules obtained by connecting 

modules in series or in parallel in order to obtain 

higher powers compared to modules are called 

arrays. When constituting arrays, modules are 

connected in parallel to increase the current and in 

series to increase the voltage. 

In PV systems, the output power varies depending 

on solar irradiation and temperature. As the solar 

irradiation increases, the current increases and so 

the output power also increases. On the other 

hand, as the temperature increases, the voltage 

decreases and so the output power decreases. 

Changes in current, voltage and output power 

according to solar irradiation and temperature are 

given in Figure 2 and Figure 3. 

 

Figure 2 Effects of solar irradiation on I-V and P-V 

curves 

 

Figure 3 Effects of temperature on I-V and P-V 

curves 

In a system built with PV arrays, some modules 

may generate less power than others due to partial 

shading caused by environmental causes such as 

buildings, trees, and clouds [16]. In such cases, 

the efficiency of the system decreases and less 

output power is obtained. In Figure 4, the power-

voltage (P-V) curves of the changes in the output 

power of an array whose modules are subject to 

partial shading are given. As can be seen from the 

curves, when the modules on the system are 

exposed to equal sunlight, only one maximum 

power point (MPP) is formed in the P-V curve and 

this point is the global MPP. However, when the 

modules are exposed to different sunlight, more 

than one MPP is formed, the largest of these 

points is the global MPP and the others are the 

local MPP. 
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Figure 4 Effects of partially shaded condition on P-V 

curve 

In this study, boost type DC-DC converter is used 

to adjust the power value drawn from the PV 

system. In Figure 5, MPPT block diagram 

consisting of PV system, MPPT controller and 

boost converter is given. 

In the boost converter, when the S switch is ON, 

the D diode is reverse polarized, the VPV input 

voltage is applied to the L inductor. The current 

increases from zero current in the inductor when 

operating in discontinuous mode or from a certain 
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starting current when operating in continuous 

mode to its peak value. 
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Figure 5 MPPT block diagram 

When the S switch is turned OFF, the voltage on 

the inductor is reversed, causing the diode voltage 

to be above the input voltage. The diode VPV 

transfers the energy of the inductor L to these 

elements, as well as the energy transferred to the 

capacitor C and the load R by the input voltage. 

In this way, VR voltage is greater than VPV 

voltage. In this study, equations (3), (4) and (5) 

has been used while calculating the boost 

converter parameters [17].    

0
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inV
V

D
=

−  

(3) 

( )
2

min

1

2 s

R D D
L

f

−
=

 

(4) 

0
min

0 s

DV
C

V f R
=


 

(5) 

Here, 0V  is the output voltage of the converter, inV  

is the PV array voltage, and D  is the duty ratio of 

the PWM sign that determines the ON-OFF 

position of the switching element in the circuit. R  

is the load resistance, sf  is the sampling 

frequency, and 0V  represents the ripple in the 

output voltage. 

3. OPTIMIZATION ALGORITHMS 

3.1. Particle Swarm Optimization (PSO) 

PSO, developed by James Kennedy and Russell 

C. Eberhart in 1995, is an optimization algorithm 

based on socio-psychological theory [18]. The 

algorithm deals with the search for optimum 

values of individuals called particles in a 

population. 

In each iteration performed in the PSO algorithm, 

the positions and velocities of each particle and 

the global optimum position are updated. The 

following equations (6) and (7) are used to update 

the position and velocity of the particles in the 

population [19]. 

1 1

2 2

( 1) ( ) ( ( ))

( ( ))

ii i best i

best i

v k v k c r P x k

c r G x k

+ =  +   −

+   −
 

(6) 

( 1) ( ) ( 1)i i ix k x k v k+ = + +
 

(7) 

Here, ( )iv k  is velocity for the i ’th particle at the 

k ’th iteration,   is the weight function constant, 

1c  and 2c  positive constants in the range of [0, 2], 

1r  and 2r  uniformly distributed random numbers 

in the range of [0, 1]. ( )ix k  is position for the i

’th particle at the k ’th iteration, 
ibestP  is the best 

position for the i ’th particle and bestG  represents 

the best position so far. The flowchart used for 

MPPT based on PSO  is given in Figure 6 [20]. 

3.2. Cuckoo Search Optimization (CSO) 

CSO was developed by Xin-She Yang and Suash 

Deb in 2009 by transforming the parasitic life 

situation resulting from some cuckoo birds laying 

their eggs in their nests to other birds' nests into 

an optimization technique [21]. Some cuckoo 

species can mimic the shape and color of the 

nesting bird, which increases the likelihood of 

breeding. It is also known that cuckoo birds lay 

their eggs at a certain time, so that their eggs hatch 

some time before that of the nest-owning bird. 

After early hatching, cuckoo birds destroy the 

eggs of some nesting birds to increase their 

chicks' chances of getting more food. It is also 
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possible that nesting birds will notice the cuckoo's 

eggs and destroy them. Sometimes nesting birds 

leave their nest altogether and go elsewhere to 

build a new nest [22]. New nests in CSO are 

obtained by using the L´evy flight with the 

following equation (8) [23]. 

Start

Initialize parameters

i=1

Acquire Vpv and Ipv for 
particle «i»

Calculate power for 
particle «i»

P[i] > Pbest[i]

P[i] > Gbest

Update 
Pbest[i]

N

Y

Update 
Gbest

Y

Are all  particles evaluated?

N

i=i+1N

Update position and 
velocity of particles

Y

Convergence
criteria met?

j=j+1N

Y

Power changed %10?

Y

N

 

Figure 6 Flowchart of PSO algorithm 

( 1) ( ) ' ( )ij ijx k x k Le vy + = + 
 

(8) 

Here, ( )ijx k  is the nest, ( )0 best ia x x = −  and 0  

is the initial step interval,   and   represents the 

entry-wise multiplication operation and  the flight 

parameter of L´evy, respectively. The Lévy flight 

is a random walk in which the step lengths have a 

Lévy distribution, which is a probability 

distribution. The flow diagram used for MPPT 

based on CSO is given in Figure 7 [24]. 

Start

Initialize parameters

i=1

Acquire Vpv and Ipv for 
cuckoo «i»

Calculate power for 
cuckoo «i»

Are all  powers calculated? i=i+1N

Y

Convergence
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j=j+1N

Y

rand>Pa
Abandone worse 

nests and built new 
nests

Y

Obtain the next generation using 
Lev y flight 

N

Power changed %10?

Y

N

 

Figure 7 Flowchart of CSO algorithm 
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3.3. Bat Optimization (BAO) 

BAO is one of the algorithms developed by taking 

inspiration from nature. The algorithm developed 

by Xin-She Yang in 2010 is based on sound 

echolocation of bats. Bats express their distance 

to prey or food by changing the frequencies of the 

sounds they make. In this way, it enables the 

population to obtain more solutions that are 

diverse. 

For the bat algorithm, the following equations (9), 

(10) and (11) are basically used [25]. 

min max min( )if f f f= + −
 

(9) 

1 1( )k k k

i i i best iv v x x f− −= + −
 

(10) 

1k k k

i i ix x v−= +  (11) 

Here,  0,1   is a random number, bestx  is the 

best position in bats, if  is the frequency for i ’th 

bat, minf  and maxf  are the minimum and 

maximum frequency, respectively. Each bat 

initially has a randomly assigned frequency 

between minf  and maxf . k

ix  and k

iv  represent the 

position and velocity of the i ’th bat at the k ’th 

iteration, respectively. The flowchart of the BAO 

algorithm is given in Figure 8 [18]. 

3.4. Firefly Optimization (FFO) 

FFO is a meta-heuristic optimization technique 

based on swarm intelligence and inspired by the 

light emitted by fireflies, developed by Xin-She 

Yang in 2008 [26]. The two main functions of the 

light emitted by fireflies are to attract mating 

partners and potential prey. 

The positions of fireflies in FFO are updated by 

equation (12) [27]. 

1 1
( ) ( ) ( )

2

k k k k

i i i jx x r x x rand + = +  − + −
 

(12) 

Here, k

ix  and 
k

jx  are the position of i  and j  

fireflies at the k ’th iteration, respectively, ( )r  

is the attraction function. Flowchart of FFO 

algorithm is given in Figure 9 [28]. 

Start

Initialize parameters

i=1

Acquire Vpv and Ipv for 
bat «i»

Calculate power for bat 
«i»

Are all  powers calculated? i=i+1N

Update position, emission rate 
and loudness comparing fitness 

function

Y

Convergence
criteria met?

j=j+1N

Y

i=1

Rand < r
Update position 
of bat «i» using 

random walk
Y

Update next position using 
frequency, current position and 

velocity

N

Are all  positions calculated? i=i+1N

Y

Power changed %10?

N

Y

 

Figure 8 Flowchart of BAO algorithm 

4. SIMULATION RESULTS 

In order to compare the MPPT performance of the 

optimization algorithms given above, the system 

consisting of 3-PV modules connected in series 

has been examined for two scenarios involving 

partial shading. The simulation study has been 
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carried out with Matlab R2020b software. For the 

scenarios, the simulation time of 1.5 s is divided 

into 3 equal parts and a different partial shading 

conditions are discussed at every 0.5 s. Partially 

shaded conditions and scenarios created are given 

in Table 1 and Table 2.  

Start

Initialize parameters

i=1

Acquire Vpv and Ipv for 
firefly «i»

Calculate power for 
firefly «i»

Are all  powers calculated? i=i+1N

Convergence
criteria met?

j=j+1N

Y

Find the best power

Y

Update positions of 
firefl ies

Power changed %10?

N

Y

 

Figure 9 Flowchart of FFO algorithm 

The system has constraint for maximum power at 

operating conditions due to nonlinear and inverse 

proportional relation between voltage and current 

as seen in Figure 2 and Figure 3. While the current 

varies 0 to short circuit current (Isc), the voltage 

varies 0 to open circuit voltage (Voc). When 

controlled current or voltage, the system can be 

operated at maximum power. In this study, 

voltage control mode has been selected and DC-

DC boost converter has been used in order to 

control voltage. Voltage has been controlled by 

changing of the duty ratio of converter under 

limits of 0 to 1. 

Table 1 Partially shaded conditions (PSC) 
PSC Module 

1 

Module 

2 

Module 

3 

Maximum 

Power(Pmax) 

PSC-1 1000 1000 1000 747 

PSC-2 760 888 401 391.4 

PSC-3 994 977 598 496 

PSC-4 943 426 984 472.1 

PSC-5 553 278 436 229.4 

PSC-6 329 864 540 286.4 

 

Table 2 Simulated scenerios 
Scenario 0 to 0.5 s 0.5 to 1.0 s 1.0 to 1.5 s 

Scenario-1 PSC-1 PSC-5 PSC-3 

Scenario-2 PSC-2 PSC-6 PSC-4 

4.1. Power obtained from Scenario-1 

In Scenario-1, all of the algorithms have reached 

MPP as seen in Figure 10. However, the times of 

algorithms to reach the global MPP has different, 

and the algorithm with the best value in terms of 

time has been FFO. In order to see the changes in 

the output power in more detail, the power 

between 0.5 and 0.8 s is shown in Figure 11 in a 

zoomed way. The MPP values reached by the 

algorithms are given in Table 3. According to 

Figure 10, Figure 11  and Table 3, even if FFO 

has the highest Pavg, PSO, CSO and BAO 

algorithms have the lowest power deviation at the 

MPP. As a result, if simulation period was  be 

longer, PSO, CSO and BAO would obtain higher 

power depending on the PSC. 
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Figure 10 PV system output power for Scenario-1 

 

Figure 11 PV system output power between 0.5 and 

0.8 s for Scenario-1 

Table 3 

Power values obtained with Scenario-1 
Algorithm Pmax1 

(PSC-1) 
Pmax2 

(PSC-5) 
Pmax3 

(PSC-3) 
Pavg 

Theoric 747.00 229.4 496.00 - 

PSO 746.78 228.58 495.93 500.99 

CSO 744.16 229.43 496.05 482.09 

BAO 746.07 229.05 496.08 491.47 

FFO 746.77 229.03 495.93 531.46 

4.2. Power obtained from Scenario-2 

In Scenario-2, all of the algorithms have reached 

MPP as seen in Figure 12. However, since the 

individuals used in CSO cannot converge to each 

other, they create oscillations in the output power. 

In addition, the times of algorithms to reach the 

global MPP has differed, and the algorithm with 

the best value in terms of time has been ABO. The 

MPP values reached by the algorithms are given 

in Table 4. As shown in Figure 12 and Table 4, 

even if FFO has the highest Pavg, difference 

between theoric power and power obtained by 

algorithm has been lowest for PSO at each MPP. 

As a result, if the simulation period was longer, 

best algorithm would be PSO for scenario-2. 

 

Figure 12 PV system output power for Scenario-2 

Table 4 Power values obtained with Scenario-2 
Algoritm Pmax1 

(PSC-2) 
Pmax2 

(PSC-6) 
Pmax3 

(PSC-4) 
Pavg 

Theoric 391.4 286.4 472.1 - 

PSO 391.22 286.40 471.63 362.19 

CSO 391.18 286.26 467.57 364.35 

BAO 391.18 275.05 468.28 365.21 

FFO 387.64 286.23 468.96 377.63 

5. CONCLUSION 

In this study, 4 different optimization techniques 

as MPPT method in PV systems have been 

examined comparatively in case of partial shading 

conditions. Among the optimization algorithms 

examined in the simulation studies, it has been 

shown that the FFO method provides better 

results in terms of the reaching time to the 

maximum power and value of the maximum 

power. 
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