
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2021.3077531, IEEE

Access

                                                    Author Name: Preparation of Papers for IEEE Access (February 2017) 

 

 

1 
 

Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000. 

Digital Object Identifier 10.1109/ACCESS.2017.Doi Number 

 

Increasing Electric Vehicle Autonomy Using a 
Photovoltaic System Controlled by Particle 
Swarm Optimization 
 

HABIB KRAIEM1, AYMEN FLAH1, NAOUI MOHAMED1, MAJED ALOWAIDI2, MOHIT BAJAJ3, 

MEMBER, IEEE, SHAILENDRA MISHRA4, NAVEEN KUMAR SHARMA5, SENIOR MEMBER, IEEE 

AND SUNIL KUMAR SHARMA2, * 
 

1 PEESE, National school of engineering of Gabès, University of Gabès, 6029, TUNISIA 
2 Department of Information Technology, College of Computer and Information Sciences, Majmaah University, Al Majmaah 11952, SAUDI ARABIA 
3 National Institute of Technology, Delhi, 110040, INDIA 
4 Department of Computer Engineering, College of Computer and Information Sciences, Majmaah University, Al Majmaah 11952, SAUDI ARABIA 
5 Department of Electrical Engineering, I. K. Gujral Punjab Technical University, Jalandhar, 144603, INDIA 
 

Corresponding author: Sunil Kumar Sharma (e-mail: s.sharma@mu.edu.sa). 

Majed Alowaidi would like to thank the Deanship of Scientific Research at Majmaah University for supporting this work under Project No. R-2021-109.  

 

ABSTRACT: A photovoltaic-powered electric vehicle is a complex system that necessitates the use of a 

high-performance control algorithm. This paper aims to boost the performance of a photovoltaic system by 

employing a suitable algorithm to control the power interface. The main goal is to find an effective and 

optimal control law that will enable the photovoltaic generator (GPV) to generate the maximum amount of 

power possible. The main facts dealt with in this article are the mathematical simulation of the photovoltaic 

system, its function, and its characteristics, considering the synthesis of the step-up converter and the analysis 

of the maximum power point tracking algorithm. This study examines and compares two control techniques 

for extracting full power from the solar energy system. These two techniques are the classical "perturbation 

and observation" (P&O) method and the intelligent solution "particle swarm optimization (PSO) method." 

The PSO solution is tested for two versions: the online PSO version and the table PSO version. The 

Simulink/MATLAB tool is used for simulation and comparative experiments based on the performance 

metrics provided. The study revealed that smart technology delivers improved efficiency than the classic 

edition. 
 

INDEX TERMS: Battery State of Charge, Electric Vehicle, Maximum Power Point Tracking, Perturb & Observe, 

Particle Swarm Optimization, Photovoltaic System. 

 
 

LIST OF SYMBOLS 

Kt Temperature coefficient 

G Irradiation factor 

Gref Reference irradiation 

Tc actual cell temperature 

Tref nominal operating temperature 

          𝐼𝐼𝑑𝑑 Diode current 

IRP Shunt current 

         𝑅𝑅𝑠𝑠𝑠𝑠 Serial resistance 𝐼𝐼𝑐𝑐𝑠𝑠𝑐𝑐  Cell current 𝐼𝐼𝑝𝑝 Load current 𝑁𝑁𝑝𝑝 Parallel cell number 𝑁𝑁𝑠𝑠 Serial cell number 

Iph photocurrent 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 Output voltage from chopper 𝑣𝑣 Capacity voltage 𝑉𝑉𝑏𝑏/𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐  Voltage by the cell in the battery 𝑁𝑁𝑝𝑝𝑐𝑐  Battery cells parallel number 𝑁𝑁𝑠𝑠𝑠𝑠   Battery cells serial number 

SOC State of charge 𝑆𝑆𝑜𝑜𝑐𝑐𝑜𝑜 Maximum of SOC 𝑉𝑉𝑏𝑏 Battery voltage 𝐼𝐼𝑏𝑏  Battery current 

Rlt Electrochemical resistance 

Clt Electrochemical capacitance 𝑉𝑉𝑜𝑜𝑐𝑐  Open circuit voltage 

D Dutty cycle 

 
I. INTRODUCTION 

Nowadays, solar energy technology has evolved exponentially 

due to the steady streaming of sunlight across the world. This 

alternative energy source decreases air emissions and reduces 

the pollution created by conventional energy industries. The 

generation of electricity from this source is very feasible for a 

variety of different applications. The rapid production of solar 

energy instruments and the current, complete kit has steadily 

appeared in the field of EVs. The creation of a solar electric 

vehicle and numerous implementations have been revealed and 

presented in the literature. [1], [2]. 

mailto:s.sharma@mu.edu.sa


This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2021.3077531, IEEE

Access

                                                    Author Name: Preparation of Papers for IEEE Access (February 2017) 

 

 

2 
 

Researchers in [3] have provided the possibility of covering the 

surface of EVs with photovoltaic cells to store a large amount 

of energy in the battery system. 

Similarly, in [4] and researchers used the dual induction 

machine to supply the vehicle with the necessary torque, and 

then used the photovoltaic system with the battery system to 

deliver the engine with the required electrical energy [5], [6]. 

There is an essential space on the vehicle where the 

photovoltaic cells can be placed. This is can improve the 

overall vehicle autonomy if correctly managing these 

photovoltaic sources. Table (1) exposes the possible free area  

that can be used for inserting photovoltaic cells for three kinds 

of vehicles. Also, an approximation of the obtained power is 

made at the end of this study to show the vehicle size's 

efficiency on the obtained power. 
 

TABLE (1): Three kinds of vehicle and their possible free spaces for 

inserting photovoltaic cells * 

Vehicle 

Model 

Audi 

R8 

Range 

Rover 

Commercial 

Truck 

Right side (m^2) 0.83 0.05 23.86 

Left side (m^2) 0.83 0.05 23.86 

Topside (m^2) 2.27 1.06 15.88 

Rear side (m^2) 0.6 0.03 4.2 

Total (m^2) 4.53 1.19 67.8 

Polycrystalline Solar cell M3 153.4 mm*153.4 mm 

Number of cells 151 40 2260 

Given power 664.4 (W) 176 (W) 9944 (W) 

*These statistics are taken from SolidWorks software, and vehicle 

models were taken from the database GrabCAD.com. 
 

Referring to table (1), it is clear that a large space is exposed to 

solar if the vehicle is outside. This free space can be a benefit 

if used as a support for placing a photovoltaic cell. These 

statistics don't take into consideration the glasses-free space. 

For example, the Audi R8 car can have a maximum of 664.4 W 

from solar. This is if using the M3 PV cells, where each particle 

can give 4.4 W. 

For the same example, the R8 maximum power can be valued 

as 650 hp, equivalent to 430 KW; this is for the highest possible 

speed, which can touch 350 km/h. For the lowest speeds, at 50 

km/h, the car will consume 60 kW as maximal power, and the 

PV system here can help by 1 % in the best of cases.  

For commercial trucks, this system can be more beneficial as 

there is a large free space that can be used for generating solar 

energy. The needed horsepower for a commercial truck is 

between 400 and 550, equivalent to 298 to 410 kW as the 

maximum possible given power. Here, the PV system can help 

by 2% for the maximum truck conditions long road if all cells 

are used. However, this is the case on-road or into the city. The 

method estimation of the energy gain is difficult as this depends 

on the vehicle position face the solar rays and depends on the 

existing obstacles on the road. This makes extracting the 

maximum of energy in all these conditions very difficult as the 

car can move from a situation to another rapidly. 

Basing on this special phenomenon, this work was proposed. It 

can be classified as a problem of extracting the maximum of 

energy from solar radiation and storing it into a battery system 

for future use. If inserted into an electric vehicle, this solution 

will facilitate its autonomy and help resolve the problem of 

vehicle recharge time. 

A. PROBLEMS AND SOLUTIONS 

The key issue with a solar-powered system is climate change, 

which applies to changes in irradiation. This affects the energy 

viability of the PV system. To solve the problem, researchers 

have introduced a variety of software applications that can 

obtain the optimum energy for various weather conditions. 

The MPPT "Maximum Power Point Tracking" control comes 

as a necessary control loop to extract the maximum of power 

from the photovoltaic system [7], [8]. This technology was 

developed in 1968 and had an essential role in the operation of 

the panel. In the literature, several methods have been 

developed on the MPPT algorithm to improve the global 

performance of this energy source. The conventional method 

was based on the principle of the incremental conductance 

method (IC) [9]. The principle is based on the PV generator 

conductance derivative to know the relative position of the 

MPP, which allows applying a control action adequate to 

pursuing MPP. 

Other researches were concentrated on the Perturb and Observe 

method (P&O). It is widely used due to its simplicity and ease 

to use. The main advantage of this algorithm is the simple 

control structure and the reduced number of measured 

parameters, but it presents a big problem regarding the 

chattering's on the given power form [10], [11]. 

Based on [7], the authors proved that those algorithms are 

incapable of tracking the MPP of solar radiation are changing 

rapidly. Also, under partial shade conditions, these algorithms 

cannot operate the system at the MPP. 

In the same field, other techniques have been exposed based on 

intelligent optimization, such as the fuzzy logic method and the 

neural network method are used in applications to improve the 

energy efficiency of this system. The two methods give a good 

result, but the big problem is the required database for adjusting 

these algorithms [12]. 

Particle Swarm Optimization (PSO) is an algorithm inspired by 

the social behaviour of animals that evolve in groups (e.g., 

birds). Indeed, we can observe relatively complex movement 

dynamics in these animals. Each individual has a limited 

"intelligence" and has only local knowledge of its position in 

the swarm [13]. The PSO algorithm is widely used to improve 

overall performance. The PSO algorithm is widely used to 

improve overall performance, and it has proven its 

effectiveness in solving the problem mentioned above. 

B. PROBLEM FORMULATION 

If concentrating on the urban electric vehicle, it is clear that the 

car can't always be exposed to direct solar rays. Its position 

faces buildings, trees, or clouds affect the value of luminosity 

applied on the vehicle surface. Actually, in the traditional 

photovoltaic systems, as in the case of isolated PV stations for 

feeding isolate loads, the radiation variation doesn't cause a real 

problem as this is on all day, and the variation is very slow. But 

for the case of a vehicle that has a PV cell on the vehicle body, 

this is very different. This because of the vehicle speed and the 

rapid movement from a situation to another [14].  Figure (1) 

describes this problem and shows that the vehicle is making a 

transition between the shadow areas and the light areas. The 
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rapid transition from these situations causes a problem for 

extracting the maximum power from the photovoltaic cells at 

the right moment. 

To maximize the energy performance and make this energy 

source more efficient for a vehicle in an urban zone, this paper 

searches for an optimal control method that can be applied to 

improve the total energy efficiency and then increase vehicle 

autonomy. Therefore, this work-study a useful solution basing 

on intelligent algorithms and have the principle of bird 

movement for touching the desired goal. This technique is 

called the Particle Swarm Optimization (PSO) algorithm. It can 

be classified as an optimization problem resolving tool. It 

shows its efficiency in various problems as it is in  [15] which 

search optimize the PI controllers for having better 

performances.  

In the main part of the photovoltaic control tool, the classical 

P&O approach has been used, and the major focus of the 

current solution is based on it. Therefore, in order to validate 

the efficacy of the suggested solution, a distinction is made at 

the conclusion of this paper between the energetic efficiency of 

the two methods to make recommendations for the right 

method in this situation. 

So, based on this objective, this paper is organized into six 

sections. After a general introduction, which describes the 

paper context and explains the problem that needs resolving, 

the PV panel and their detailed mathematical model is exposed. 

As the boost DC/DC converter is used, the next section 

described it by giving its corresponding model. Then, the 

MPPT controller and the P&O-MPPT and PSO-MPPT 

algorithms are explained and theatrically compared. 

Before the conclusion, the paper exposes the simulation results 

for each case and gives a detailed discussion. 

 

FIGURE 1. Sunshine and vehicle position 

II. PHOTOVOLTAIC GENERATOR 

This study concentrates on the photovoltaic system. This part 

describes the mathematical equations of this generator.          

This is by supposing that the photovoltaic cell has a behaviour 

equivalent to a current source proportional to the current 

generated by the illumination of the cell. The model is 

complemented by a "Rse" serial resistor represents the contact 

and connection resistor, and an "Rp" shunt resistor represents 

the leakage current at the junction. Figure (2) shows the 

equivalent diagram of a photovoltaic panel based on "Ns" and 

"Np" cells, serial and parallel, respectively. 

"Icel" designs the output current from the cell. It can be 

calculated based on equation (1). "ID" is the current inside the 

diode, and "IRp" is the current inside the parallel resistance. "Iph"  

 

 

is called photocurrent generated by the influence of solar 

irradiation and cell's temperature, and it can be estimated as it 

is in equation (2) [7], [16], [17]. 
 𝐼𝐼𝑐𝑐𝑠𝑠𝑐𝑐 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑑𝑑 − 𝐼𝐼𝑅𝑅𝑝𝑝                                                                     (1) 𝐼𝐼𝑝𝑝ℎ =

𝐺𝐺𝐺𝐺𝑟𝑟𝑠𝑠𝑟𝑟 �𝐼𝐼𝑝𝑝ℎ,𝑟𝑟𝑠𝑠𝑟𝑟 + 𝐾𝐾𝑜𝑜�𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑟𝑟𝑠𝑠𝑟𝑟��                                       (2) 

 

In this equation, "Kt" is the Temperature coefficient of the short 

circuit "G" is the irradiance factor, and "Gref" is the reference 

irradiance at standard operating conditions. "Tc" is the actual 

cell temperature, and "Tref" is the nominal operating 

temperature equal to 25°C. 
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As the semiconductor diode is a nonlinear device, its 

proportional equation can be depicted from the current 

expression in equation (3). 
 𝐼𝐼𝑑𝑑 = 𝐼𝐼𝑠𝑠𝑒𝑒�𝑞𝑞 𝑉𝑉𝐷𝐷

(𝑛𝑛.𝑘𝑘.𝑇𝑇𝑐𝑐)
−1�

                                                                       (3) 
 

Where "Is" is the reverse saturation current, which is variable 

with temperature as it is described in [18]. "k" is the Boltzmann 

constant, and "n" is the ideality factor of the diode. "TC" is the 

cell temperature. "VD" represents the diode voltage. 

Since the voltage of the parallel load is always the same, it is 

possible to indicate that 𝑉𝑉𝐷𝐷 = 𝑉𝑉𝑅𝑅𝑅𝑅  and the Shunt current noted 

"IRP" could be represented by equation (4). 
 𝐼𝐼𝑅𝑅𝑅𝑅 = 𝑉𝑉𝑐𝑐 + 𝑅𝑅𝑠𝑠𝑠𝑠. 𝐼𝐼𝑐𝑐𝑠𝑠𝑐𝑐                                                                         (4) 
 

Based on the previous equations, the new expression of the load 

current can be expressed in equation (5). 
 𝐼𝐼𝑝𝑝 = 𝑁𝑁𝑝𝑝𝐼𝐼𝑝𝑝ℎ −𝑁𝑁𝑝𝑝𝐼𝐼𝑠𝑠 �𝑒𝑒 𝑞𝑞𝑛𝑛.𝑘𝑘.𝑇𝑇𝑐𝑐�𝑉𝑉𝑝𝑝𝑁𝑁𝑠𝑠+𝑅𝑅𝑠𝑠𝑠𝑠𝐼𝐼𝑝𝑝𝑁𝑁𝑝𝑝 � − 1� − 𝑁𝑁𝑝𝑝𝑅𝑅𝑝𝑝 �𝑉𝑉𝑝𝑝𝑁𝑁𝑠𝑠 +

𝑅𝑅𝑠𝑠𝑠𝑠𝐼𝐼𝑝𝑝𝑁𝑁𝑝𝑝 �    (5) 

 

Basing on these equations, the characteristics of a photovoltaic 

panel, which has 37.8 V as a voltage and a short circuit current 

equivalent to 8.25 A, can be shown in figure (3). This is for 

serial resistance equivalent to 0.001 Ω and a parallel resistance 
equivalent to 1 KΩ. So this will give an electrical power equal 

to 250 W for the nominal condition related to 25 °C as 

temperature and 1000 W/m2 as a luminosity factor. 

 
III. DC/DC CONVERTER 

Here, the role of the DC/DC converter is to adapt the 

photovoltaic source power and the load for assuring a 

maximum power transfer under any operating conditions. 

This electronic system is a static converter used to generate a 

variable DC voltage from a fixed voltage source. It consists of 

capacitors, inductors, and switches. All these devices do not 

consume any power in the ideal case, and they can be neglected 

in real applications. This specification gives this converter 

good efficiency. In the major of cases, the principle used switch 

inside this converter is based on a MOSFET transistor. As it 

gives a large scale of power variation but has minimal 

dissipated power. If the switch is blocked, its current is zero, so 

it does not dissipate any power; if it is saturated, the voltage 

drop across its terminals will be almost zero, and therefore the 

power loss will be very small. 

This switcher is controlled by a PWM (Pulse Width 

Modulation) signal, which has a fixed frequency and a variable 

duty cycle noted "D." 

Various versions exist having the same specification of this 

converter, as the "buck converter," "boost converter," and 

"buck-boost converter." Figure (4) gives a general view of 

these DC/DC converters with their standard forms. 

 

 

 

 

FIGURE 2.  Equivalent model of a photovoltaic cell into a panel 
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FIGURE 3.  I-V and P-V characteristic curves at a fixed irradiation and temperature (G=1000W/m*m, 25°C) 

 

 

FIGURE 4.  DC/DC converters designs 

Concentrating on the step-up converter, which is used for 

increasing the voltage from the photovoltaic generator. We, not 

the output voltage by 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 and the inputted voltage, from the 

PV generator, by 𝑉𝑉𝑠𝑠𝑛𝑛 [19], [20].  

From the other side, as there are two situations for the used 

transistor, the dynamic model of the Boost converter has two 

different models, and the power flow will be controlled by 

adjusting the ON/ OFF position of the transistor. 

Basing on Kirchhoff's laws, it is possible to indicate that when 

K=1, the switch is ON. The equations can be written as it is in 

equation (6). 
 

𝑖𝑖𝑖𝑖 (𝑂𝑂𝑁𝑁 𝑜𝑜𝑜𝑜 𝑢𝑢 = 1) 𝑡𝑡ℎ𝑒𝑒𝑒𝑒 � 𝐿𝐿 𝑑𝑑𝑖𝑖𝑑𝑑𝑡𝑡 = 𝐸𝐸𝐶𝐶 𝑑𝑑𝑣𝑣𝑑𝑑𝑡𝑡 = − 𝑣𝑣𝑅𝑅�                                 (6) 

 

When K=0, the switch is OFF, the equations can be written as 

it is in equation (7). 
 

𝑖𝑖𝑖𝑖 (OFF or u = 0)𝑡𝑡ℎ𝑒𝑒𝑒𝑒 �𝐿𝐿 𝑑𝑑𝑖𝑖𝑑𝑑𝑡𝑡 = −𝑣𝑣 + 𝐸𝐸𝐶𝐶 𝑑𝑑𝑣𝑣𝑑𝑑𝑡𝑡 = 𝑖𝑖 − 𝑣𝑣𝑅𝑅 �                           (7) 

 

A bilinear equation then is described for this converter. 

Equation (8), describes this relationship. " 𝑢𝑢 " is a "1" for the 

ON and "0" for the OFF switcher situation [21]. 
 

�𝑑𝑑𝑖𝑖𝑑𝑑𝑡𝑡𝑑𝑑𝑣𝑣𝑑𝑑𝑡𝑡� = �−(1 − 𝑢𝑢)𝐿𝐿 0−1𝐶𝐶𝑅𝑅 (1 − 𝑢𝑢)𝐶𝐶 � �𝑣𝑣𝑖𝑖 � + �𝐸𝐸𝐿𝐿
0

�                                 (8) 
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�𝐸𝐸·𝑖𝑖·𝑣𝑣· � =

⎣⎢⎢
⎢⎢⎡

1𝐶𝐶𝑠𝑠𝑛𝑛 �𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖�
1𝐿𝐿 (𝐸𝐸 − 𝑣𝑣)

1𝐶𝐶 (𝑖𝑖 − 𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜)⎦⎥⎥
⎥⎥⎤ + ⎣⎢⎢

⎢⎡ 0
1𝐿𝐿 𝑣𝑣− 1𝐶𝐶 𝑖𝑖⎦⎥⎥

⎥⎤
.𝑢𝑢                                              (9) 

 

From the other side, some versions add an initial capacity in 

parallel to the photovoltaic generator to reduce the voltage 

variation for this generator. So, take into consideration this 

capacity (noted 𝐶𝐶𝑠𝑠𝑛𝑛), the dynamic model of the boost converter 

can be expressed as it is in equation (9). "𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖" represents the 

current inside the initial capacity "𝐶𝐶𝑠𝑠𝑛𝑛" "𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜" represents the 

outputted current. 

Another equation is important too, in it describes the 

relationship between the input and the outputted voltage, 

basing the duty cycle factor, noted D. Equation (10), shows it. 𝑣𝑣 =
1

1 − 𝐷𝐷 .𝐸𝐸                                                                              (10)  

 

IV. BATTERY MODEL 

As the photovoltaic generator is used for charging a battery 

pack, it necessary to know the Mathematical battery model and 

make it understandable. 

In equation (11), we show the battery output voltage, referred 

to as "Vb" by one cell. Ultimately, the voltage expression 

depends on the "Voc" which is the open-circuit voltage. "Rb" is 

a cell's ohmic resistance. "Rst" and "Cst" are the resistance and 

capacitance of the electromagnetic short-term double-layer 

properties, respectively, and "Rlt" and "Clt" are the resistances 

and capacitances of the electro-chemical long-time-interval 

mass transport effects. 

« Ib » is the cell load current. As this element can be discharged 

or charged, « Ist » will be positive or negative, respectively [22]. 
 𝑉𝑉𝑏𝑏/𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑜𝑜𝑐𝑐 + 𝑅𝑅𝑏𝑏𝐼𝐼𝑏𝑏 + �𝐼𝐼𝑏𝑏 − 𝑉𝑉𝑠𝑠𝑜𝑜𝑅𝑅𝑠𝑠𝑜𝑜𝐶𝐶𝑠𝑠𝑜𝑜 𝑑𝑑𝑡𝑡 +�𝐼𝐼𝑏𝑏 − 𝑉𝑉𝑐𝑐𝑜𝑜𝑅𝑅𝑐𝑐𝑜𝑜𝐶𝐶𝑐𝑐𝑜𝑜 𝑑𝑑𝑡𝑡       (11) 

 

The battery pack voltage "𝑉𝑉𝑏𝑏" depends on the number of serial 

and parallel of used cells. Equation (13), explains that relation. 

The battery resistance can also be found in equation (12). We 

indicate by "𝑅𝑅𝑜𝑜", the battery cell charging or discharging 

resistance. 
 𝑅𝑅𝑏𝑏𝑁𝑁𝑝𝑝𝑐𝑐 = �𝑅𝑅𝑜𝑜 + 𝑅𝑅𝑠𝑠𝑜𝑜 ∗ 𝐼𝐼𝑠𝑠𝑜𝑜 𝐼𝐼𝑐𝑐� + 𝑅𝑅𝑐𝑐𝑜𝑜 ∗ 𝐼𝐼𝑐𝑐𝑜𝑜 𝐼𝐼� �𝑁𝑁𝑠𝑠𝑠𝑠                       (12) 

 𝑁𝑁𝑝𝑝𝑐𝑐𝑉𝑉𝑏𝑏 = 𝑁𝑁𝑠𝑠𝑐𝑐𝑉𝑉𝑏𝑏 𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐�                                                                       (13) 

The battery state of charge SOC can be expressed in function 

of time as it is in equation (14). We note "W " the 

charge/discharge coefficient, "N " is the stands of the battery 

self-discharge. " 𝑆𝑆𝑂𝑂𝐶𝐶 " is the maximum state of charge [23]–

[25]. 
 𝑆𝑆𝑂𝑂𝐶𝐶(𝑡𝑡) = � 𝑊𝑊(𝑉𝑉𝑏𝑏 . 𝐼𝐼𝑏𝑏)

60. 𝑆𝑆𝑜𝑜𝑐𝑐𝑜𝑜 − 𝑆𝑆𝑂𝑂𝐶𝐶(𝑡𝑡 − 1).𝑁𝑁
60

𝑜𝑜
𝑜𝑜−1 𝑑𝑑𝑡𝑡                     (14) 

 

V. THE MPPT CONTROL TECHNIQUE 

The main drawbacks faced by the PV system are that the sun's 

irradiance is rarely constant, and It is, therefore, impossible to 

maintain the full production from the panel. Therefore, when 

any source differs, it is always easier to operate on the current 

output obtained and modify it dynamically so that the output 

stays unchanged due to the loss on the input side. This is 

exactly what the MPPT is doing. Full Power Point Tracking is 

digitally controlled. The boost converter outputted voltage 

looks at the terminal of the PV system and applies it to the 

voltage of the battery. It then indicates what the right power 

that the panel can use to charge the battery is. This is 

transformed to the right voltage to provide the full current to 

the battery. For doing this, various algorithms and technique 

were exposed to literature, and the P&O technique is the basic 

version, which is largely used due to its algorithm simplicity. 

But for fast changes that occur on the environmental condition, 

the efficiency of this technique decrease. This specification is 

largely frequent in the studied system.  Intelligent technique, 

thus, with the definition of the optimization problem solved, 

was proposed as a PSO algorithm. This section discusses the 

distinction between these two algorithms and their interior 

designs. 

A. P&O-BASED MPPT TECHNIQUE 

The P&O approach is the most widely used in MPPT testing 

since it is very basic and convenient to use. Only panel voltage 

and current measurements E and I are needed to obey the 

maximum power point in the event of changes in irradiation 

and temperature [10], [11], [26]. 

The P&O system operates by regularly disrupting the E-panel 

voltage with the LV and by monitoring the difference of the 

electrical energy supplied at the PV output. 
 

• If  ∆𝑃𝑃 > 0, the voltage perturbation is closer to the operating 

point of the MPP, and the voltage continues to be 

perturbated in the same direction, which will move the 

operating point until the MPP is reached. 

• If ∆𝑃𝑃 < 0, the operating point moves away from the MPP, 

and the voltage will be perturbed by the algebraic sign, 

which is opposite to the previous sign, to move the 

operating point until the MPP is reached. 
  

The theory of this algorithm can be modelled by a flowchart, 

as seen in Figure 5. 

B. PSO-BASED MPPT TECHNIQUE 

Inspired by the social actions of animals that develop into 

groups, the concept of the PSO algorithm is suggested. 

In fact, we can observe relatively complex dynamics of 

movement in these species. Each person has a small 

"intelligence" and has only local knowledge of his place in the 

swarm [27],  The swarm of particles corresponds to a group of 

simple agents, called particles. The particle is thought to be a 

solution to the problem of position and velocity. In addition, 

each particle has a memory to remember its best performance, 

noted " 𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡 " and the group best performances obtained, 

noted " 𝑔𝑔𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡 ". All these particles search to guarantee the 

objective function, which searches increasing the output PV 

power to the maximum value as it is indicated in equation (15). 
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𝑃𝑃�𝑑𝑑𝑠𝑠𝑘𝑘� − 𝑃𝑃�𝑑𝑑𝑠𝑠𝑘𝑘−1� > 0                                                              (15) 
 

The movement of a particle is influenced by three factors. 
 

• A component of inertia: the particle tends to follow its 

current direction of movement. 

• A cognitive component: the particle tends to go to the best 

site it has already passed through. 

• A social component: the particle tends to rely on the 

experience of its congeners and, thus, to move towards the 

best site already reached by the other particles. 

 

 

FIGURE 5. P&O organization 
 

The expression that connects the three components is in 

equation (16). 
 𝑣𝑣𝑠𝑠𝑘𝑘+1 = 𝑤𝑤. 𝑣𝑣𝑠𝑠𝑘𝑘 + 𝑐𝑐1. 𝑜𝑜1. (𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡𝑠𝑠−𝑥𝑥𝑠𝑠𝑘𝑘) + 𝑐𝑐2. 𝑜𝑜2. (𝑔𝑔𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡𝑠𝑠−𝑥𝑥𝑠𝑠𝑘𝑘) 

                                                                                        (16) 
 

The movements of the particles are based on (17), which is the 

same formula for adjusting the duty cycle position. 

 𝑥𝑥𝑠𝑠𝑘𝑘+1 = 𝑥𝑥𝑠𝑠𝑘𝑘 + 𝑣𝑣𝑠𝑠𝑘𝑘+1                                                                      (17) 
 

where: 𝑣𝑣𝑠𝑠  is the current velocity of particle 𝑖𝑖 at iteration, 𝑥𝑥𝑠𝑠(𝑡𝑡) 

is the current position of particle 𝑖𝑖.  𝑤𝑤 is the inertia weight, 𝑐𝑐1, 

and 𝑐𝑐2 are the acceleration constants,
bestp and

bestg are the best 

local and best global position.  𝑜𝑜1 and  𝑜𝑜2 are random numbers 

between 0 and 1. The algorithm principle is exposed in figure 

(5).  

 

It is important to indicate that 𝑖𝑖 ∈ [1 𝑁𝑁𝑝𝑝], Np is the number of 

the particle. 

For this method, the duty cycle expression for each particle "i" 

is calculated using a new formula as it in equation (18) if △
P > 0, and (19) if △ P < 0. We note 𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘  the actual array 

maximum power and 𝑔𝑔𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡𝑘𝑘, the corresponding duty cycle. 
 𝑑𝑑𝑘𝑘+1 = 𝑔𝑔𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡𝑘𝑘+1

= 𝑔𝑔𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡𝑘𝑘− 1�𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘 − 𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘−1� △ 𝑑𝑑� �𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘−1 − 𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘 �  (18) 

 

 𝑑𝑑𝑘𝑘+1 = 𝑔𝑔𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡𝑘𝑘+1
= 𝑔𝑔𝑝𝑝𝑒𝑒𝑝𝑝𝑡𝑡𝑘𝑘− 2�𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘 − 𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘−1� △ 𝑑𝑑� �𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘−1 − 𝑃𝑃𝑜𝑜𝑝𝑝𝑝𝑝𝑘𝑘 � (19) 

The new obtained duty cycle will be then perturbed in two 

different directions, by adding and reducing a constant value 

noted 𝜀𝜀 from the first and the last particle position. This is 

explained in equation (20). 𝑑𝑑𝑠𝑠𝑘𝑘+1 = �𝑑𝑑1𝑘𝑘 + 𝜀𝜀,𝑑𝑑2𝑘𝑘,⋯  ,𝑑𝑑𝑁𝑁𝑝𝑝−1𝑘𝑘 ,𝑑𝑑𝑁𝑁𝑝𝑝𝑘𝑘 − 𝜀𝜀 �                           (20) 

The value of 𝜀𝜀 is generally fixed from the initial iteration, it is 

selected to control the fluctuation of power on the PV array. 

We note that this technique is recommended for 𝑁𝑁𝑝𝑝 => 3. It 

is possible to adjust 𝜀𝜀 , by controlling the operating voltage. 

The marge of variation of 𝜀𝜀 is at it is in equation (21). 
 

0 < 𝜀𝜀 < 1                                                                                     (21) 

 

VI. RESULTS AND DISCUSSION 

In this section, we try to analyze the obtained results. As it is 

indicated before, the two control methods P&O-MPPT and 

PSO-MPPT will be compared to define the best solution for the 

cited problem. 

The MATLAB Simulink tool was used to simulate the general 

system function. The simulation conditions are related to the 

constant temperature, which is equal to 25°C, the marge of 

irradiation factor is included between [𝟒𝟒𝟒𝟒𝟒𝟒 𝑾𝑾𝒎𝒎𝟐𝟐, 1000 
𝑾𝑾𝒎𝒎𝟐𝟐]. For 

the other parameters related to the PV system and the PSO 

parameters, table (2), summarize them. 

The simulation phase was divided into two parts. The first one 

is related to the P&O-MPPT technique application and its 

results. The second part of this section is designed for showing 

the PSO-MPPT results. This is by giving and irradiation form 

as it is in figure (7). 

The given power under these conditions will be varied between 

2 KW and 6 KW, for the worst and the better irradiation factor 

consequently. 

 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2021.3077531, IEEE

Access

                                                    Author Name: Preparation of Papers for IEEE Access (February 2017) 

 

 

8 
 

 
FIGURE 6. PSO-MPPT organization 

TABLE (2): Overall parameters for simulation 

          DC/DC parameters 

Cin 470 𝜇𝜇F 

C 470 𝜇𝜇F 

L 1 mH 

Switching frequency 50 kHz 

                                       PSO parameters 

c1 1.1 

c2 0.8 

w 0.3 

Np 50 𝜀𝜀 0.08 

    Photovoltaic panel (matrix of Ns and Np cells) parameters 

Maximum power 250 W 

Open-circuit voltage(𝑉𝑉𝑐𝑐𝑜𝑜) 37.85 

Short-circuit current (𝐼𝐼𝑐𝑐𝑐𝑐) 8.25 (A) 

Parallel resistance  𝑅𝑅𝑝𝑝  1000 (Ω) 

Serial resistance 𝑅𝑅𝑠𝑠𝑠𝑠  0.001 (Ω) 

Optimum operating current 8.25 (A) 

Optimum operating voltage 31.4 (V) 

 

FIGURE 7. Irradiation variation form under a fixed temperature value 

(T = 25°C) 

 
A. MPPT-P&O CONTROL SIMULATION RESULTS 

The previous irradiation form is used for verified the results of 

the MPPT technique if using the P&O control solution. The 

non-stability of the given power can be verified by the 

fluctuation on the duty cycle parameter related to the P&O 

algorithm running principle. The fixed step of the duty cycle 

influences the overall algorithm precision. This is proved in 

this reference [28]. So figures (8) and (9) show the obtained 

results if using this method.  These results were depicted for a 

duty cycle variation as it is in figure (8). 
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FIGURE 8. Duty cycle evolution for the given irradiation form under the 

P&O solution 

The influence of the fluctuation in the duty cycle parameter was 

seen in the voltage and the power output of the PV system, as 

it is in figure (9). This is very clear at the start of the simulation 

and in each variation of the irradiation factor. This is due to the 

instability of duty value. Also, it is verified by the figure (8). 

These fluctuations, on the duty cycle can be evaluated by 

different signal decompensation methods, as it is described in 

those references [29]–[31]. 

 

B. MPPT-PSO CONTROL SIMULATION RESULTS 

With the previously given form of irradiation (figure (7)), the 

PSO-MPPT control tool is tested, and the results are given as 

follow: 

Figure (12) illustrates the evolution of the obtained power when 

the swarms still search for the optimal solution for increasing 

power. As there are 50 particles and the irradiation factor 

variation is quick, the stability of the swarms will take more 

time. Therefore, in figure (12), the electrical power form is not 

very stable at the beginning of each new irradiation zone. 

However, at the end of the new irradiation zone, the power 

starts becoming more stable. This specification is related to the 

online MPPT-PSO running mode. Refers to these results, the 

minimum needed time for having a stable particle is 40 

seconds. These statistics were depicted after using a calculator 

which has these specifications (i7, 6 GB Ram, 2.5kHz). 

So based on these results, we recommend using the online 

MPPT-PSO solution only for two conditions: the first one is for 

the case where the irradiation form is not very quick or for the 

case, where the used calculator performances are better than 

used. For this simulation case, the solution is to apply the 

MPPT-PSO offline and this is searching the optimum solution 

for each irradiation factor and then store these values. Then, 

these results will be summarized in a matrix table which gives 

the best solution for each case. Figure (10), explains the process 

function.

 
FIGURE 9. Under the P&O solution, according to power and voltage 
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MPPT-PSO

Table

MPPT-PSO

Algorithm

Fig. (6)
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FIGURE 10. After running the MPPT-PSO online, use this method to fix the MPPT-PSO table 

 
The offline PSO algorithm running was applied for several 

irradiation factors to build the MPPT PSO table. The 50 

particles evolution was tested for one hundred given 

calculation iterations and by a random start, the particles' 

positions into the space of global fitness function value are 

represented in figure (11).  This figure shows four selected 

iterations for all the particles, and it exposes the position of the  

particle in the frame of the real fitness function and the previous  

fitness function for each particle. The obtained results show 

that the algorithm can come to find the best value from the 

twentieth iteration. 

Basing on the PSO results, which are implemented into the 

MPPT PSO table; the newly obtained power is given as it is in 

figure (12). The power stability is now clear face the other 

solution. This stable comportment of power gives better 

energetic performance if used for charging an electric vehicle. 

Actually, the MPPT PSO table contains the output results from 

the online MPPT-PSO. After running the online MPPT-PSO, 

all the duty cycles, which correspond to the different radiation 

form are stored when the outputted PV power   come stable. 

So, these duty cycles, which come from the online MPPT-PSO 

are inserted into a table, called   MPPT-PSO table. This method, 

will minimize the calculation time when the irradiation 

parameter changes and help finding the best duty cycle in a less 

period.   This method is very interesting when the vehicle is 

which a large speed into the city, where the shadow zones are 

extremely existing. So  a quick response will help extract 

rapidly the solar power, contrary to the online MPPT-PSO, 

which needs a large time for a stability.
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FIGURE 11. Particles evolution into the space of fitness function for one hundred iterations 

 

 

FIGURE 12. Outputted power using an online MPPT-PSO and the MPPT PSO table 

C. RESULTS COMPARISON 

At the end of the study, the two results are summarized in table 

(3), for showing the related statistics in terms of tracking speed, 

power chattering value. Also, these results were used to 

estimate the possible gain of energy if using one of the two 

proposed solar control solutions. This is for all the irradiation 

zones tested in this work. The PSO-MPPT related results were 

based on the PSO-MPPT table solution and the online PSO-

MPPT method. The global efficiency of the PSO-MPPT 

solution if using the table method is clear in all cases, especially 

in the electrical power chattering parameter, where the results 

are the best. Also, the gain of energy can be depicted from this 

table, which proves that with the PSO solution we can have 

more power from the solar panel. Even, if using the online PSO 

solution. 

From the other side, the inconvenience of the PSO can be 

visualized in the tracking speed case, where, more time is 

needed for having a stable power form. 

These results can be proved by the state of charge of the used 

battery when this solar source was used as one of the main 

energetic power of the vehicle or when it is used for charging 

the vehicle. Figure (13) and (14) show the battery state of 

charge for the case where the vehicle is stopped and when it is 

in movement with a speed of 60 km/h, respectively These 

results were depicted for the case of a vehicle based on a pure 

electric energy source (totally electric vehicle) and for a total 

charge equivalent to 800 kg with a speed of 60 km/h. It is clear 

in figure (14), that the battery SOC if using the PSO solution is 

better, which can give a better autonomy for the vehicle for the 

case where it is on the road and can decrease the battery charge 

tile when the vehicle is stopped as it is in figure (13). The 
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influence of irradiation variation can be visualized in figure 

(13) as it is five different slopes for each case. The irradiation 

variation can't be visualized for the case where the vehicle is on 

the road as the battery SOC decrease rapidly due to the energy 

consumption mode. 

 

TABLE (3): PSO-MPPT and P&O-MPPT efficiency comparison 

Performance 

Parameter 

 

Technique 
Irradiation 

1000 800 600 400 

 

PV power 

(W) 

P&O 5973 4719 3467 2231 

PSO1,2 5989 4743 3500 2290 

 

Tracking 

speed (s) 

PSO2 11,578 9,874 7,771 6,695 

P&O 6.177 4.182 3.311 2.793 

PSO1 3.04 2.32 2.09 1.49 

 

Power 

chattering 

(W) 

P&O 46 20 11 6.1 

PSO2 Variable between 1000 to 20 

PSO1 21 12 7.5 3.2 

PSO1:  PSO table, PSO2:  PSO online, PSO1,2  the two PSO methods 
 

 

 
FIGURE 13. Outputted power using an online MPPT-PSO and the MPPT P&O tool 
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FIGURE 14. Battery SOC for MPPT-PSO and MPPT-P&O cases when the vehicle is in movement with a speed of 60 km/h 
 

As this simulation was applied in 50 seconds, the energetic gain 

can't be visualized. However, for a real application where the 

time is unlimited, and the vehicle conduct mode can influence 

the performance of the PSO solution can be clearer. 

Generally, the PSO solution shows a global best performance 

and gives better rentability for an electric vehicle application 

even if it for a partial shading mode. The best performance of 

the table PSO solution can't be proved if the PSO was not 

running offline. As these proved advantages of the given 

solution, the drawbacks can't be hidden. It's related especially 

to the needed database that must be built before, having the best 

duty cycle for each irradiation value. This is maybe varied 

between zone and concerning the weather condition. 
 

 

VII. CONCLUSIONS 

The goal of the work described in this paper is to improve the 

efficiency of a photovoltaic (PV) device operated by the MPPT 

technique to ensure the extraction of the full power supplied by 

the PV sector. This is to show that the chosen MPPT control 

solution has an effect on vehicle autonomy when using 

photovoltaic cells on the car body.  

Two control techniques were applied and tested to show the 

energetic performances and the algorithm rapidity. The MPPT-

P&O and the MPPT-PSO are the two used algorithms. When 

using the first solution, the big shuttering on the given power, 

especially when the irradiation parameter change, was making 

the battery charging step more slight and have given less 

energetic performances. The MPPT-PSO was therefore tested 

for better global output. As a result, using this approach, energy 

rentability is improving, but global productivity has declined as 

the system's rapidity decreases. Thus, using the PSO-MPPT 

table process, the energy output was reserved and the speed of 

the calculation processor increased. This has been 

demonstrated by the results provided in the last section, 

particularly in relation to the state of charge of the battery. 
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