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ABSTRACT  

Photovoltaic (PV) technology is in the forefront of renewable energy and gained a lot of attention as a very 

promising green technology towards direct solar energy conversion to electricity. So, enhancing the PV solar 

cell performance is an important target for improving PV system performance. In this paper, a recent 

algorithm called Arithmetic Optimization Algorithm (AOA) is proposed to find the optimal PV model 

parameters to build a Simulink model for an actual case study of the New and Renewable Energy Authority 

(NREA) 42 kW PV system. The results of the proposed AOA are compared with that obtained by means of 

particle swarm optimizer (PSO). Also, performance analysis is introduced for the practical measurements 

from the grid-connected PV system. Energy is measured for the installed PV system at the NREA in Cairo 

and the proposed system is simulated during daily weather conditions to test its operational performance 

based on simulation results. The system is installed to produce 2.17 MWh/year of energy production. Based 

on the optimal parameters for the study module using the proposed AOA, the detailed Simulink model of 

small-scale 42 kW PV system is accurately designed and connected to the utility grid. Furthermore, the 

output energy of the investigated system, with the aid of the proposed AOA, is efficiently estimated 

compared with the actual energy generated of case study. 

Keywords: photovoltaic system, Arithmetic Optimization Algorithm, Particle Swarm Optimization, Simulink 

model, performance analysis of PV, practical parameters measurement. 

 

1. Introduction 

Renewable energy technologies account for a larger 

percentage of the power generating mix in order to 

reduce reliance on oil and play an important role in 

reducing Greenhouse Gas Emissions (GHG) degrees 

of concentration stability mitigation of climate 

change [1]. 

One of the most widespread sources in the world, 

especially in Egypt, is solar energy, as Egypt is one 

of the solar belt countries which is characterized by 

arid climatic conditions [2,3]. As of 2019, the solar 

energy capacity in Egypt amounted to 1,668 

megawatts. This represented a sharp increase of 

roughly 116.3 % from the preceding year [4,5], 

which led to increase the research in the field of PV 

stations [6]. 

In this context a considerable number of algorithms 

have been applied to get the optimal parameters of 

PV models, like elephant herd algorithm [7], marine 

predator [8], supply-demand optimization algorithm 

[9], ecosystem optimization algorithm [10], elephant 

herd optimization plus closed loop particle swarm 

optimization algorithm [11], multiple learning 

backtracking search algorithm [12]. 

These literatures have shown amazing effort for 

estimating optimal PV models parameters. None of 

the applied algorithms obtained a comprehensive 

solution as the process of random distribution differs 

from one algorithm to another.  

In this paper, the best three PV model parameters are 

extracted using a suggested optimization approach 

called Arithmetic Optimization Algorithm (AOA) 

[13]. A PV model's mathematical model is indicated, 

and a series of equations is used to illustrate the (I-V) 

characteristic equation of a PV model. 

In addition, a MATLAB code is employed to 

simulate the parameters of PV cells based on 

analytical expressions and determine the values of 

these parameters using AOA. Also, experimental data 

is used to plot the (P-V) and (I-V) characteristic 

curves. Then a comparison between these curves and 

that deduced from PSO algorithm, as another 

optimization algorithm, is introduced. Besides a 

Simulink model of NREA 42 KW PV power system 

is constructed to explain the system performance 

versus the actual one. 

The main contributions of this study are as follows:  
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 A recent algorithm of AOA is proposed and 

effectively employed to find the optimal PV 

model parameters. 

 Higher performance of the proposed AOA is 

demonstrated compared with the well-known 

PSO.  

 Based on the optimal parameters for the study 

module using the proposed AOA, the detailed 

Simulink model of small-scale 42 kW PV system 

is accurately designed and connected to the 

utility grid.  

 A performance analysis is carried out for the 

practical measurements from the grid-connected 

PV system.  

 Furthermore, the output energy of the 

investigated system, with the aid of the proposed 

AOA, is efficiently estimated compared with the 

actual energy generated of case study. 

The rest of the paper is organized as follows: Section 

2 illustrates the problem formulation including the 

equivalent circuits of different PV models. Section 3 

describes the structure of grid connected PV of 

NREA 42 kW PV Power System. Section 4 shows 

the employed optimization techniques. Section 5 

investigates the results and discussions while the 

conclusions are drawn in the last section. 

 

2. Problem Formulation 

2.1. Equivalent circuit of PV model 

Photovoltaic can be represented as commonly by 

means of five parameters Single Diode Model (SDM), 

seven parameters Double Diode Model (DDM) and 

nine parameters Triple Diode Model (TDM) which 

will be investigated. The operations of these models 

are based on variation of the surrounding conditions 

of irradiance, temperature and the number of model 

parameters as will be discussed in the following 

subsections 

t 

2.2. Five parameters  of single diode model (SDM) 

The mathematical formulation of the five parameters 

SDM is clarified through a set of analytical 

equations. However, the output current equation is a 

function of five unknown parameters 

(                 ) in which     is defined photo 

generated current and it is dependent on the ambient 

temperature and the irradiance,     is the first diode 

reverse saturation current with diode ideality factor 

   which has a range between 1 to 2.     is the series 

resistance of a solar cell represents the losses due to 

connections and     is shunted across the diode due 

to the  p-n junction leakage current. Fig.1 illustrates 

the five parameters  of SDM [14,15]. 

 
Figure 1- Equivalent circuit of the single-diode 

photovoltaic model (SDM) 

Applying Kirchhoff's current law to the equivalent 

circuit shown in Figure (1), the output current that 

indicates the (I-V) characteristic equation is as follow 

[16]: 

                  (1) 

Where   represents the SDM output current in 

ampere (A),    is photo generated current and  

the shockley diode current across the first diode (   ) 

can be expressed as follow [17,18]: 

           
 (     )

        
                   (2) 

Where     represents first diode reverse saturation 

current in A,   and   are charge of an electron equal 

to         (   ) and Boltzmann constant (     
  (   )    ) respectively,   is the voltage generated 

in the PV SDM in Volt (V),     is series resistance in 

Ohm (Ω),    is the ideality factor of the first diode 

and    is the operating temperature of PV SDM in 

Kelvin (k). 

Applying Kirchhoff’s voltage law, the current (   )  

across the shunt resistor (   ) can be calculated as 

follow [19,20]: 

     
     

   
                       (3) 

Substituting (2) and (3) in (1), the output current of 

the PV SDM cell is obtained as [21,22]: 

             
 (     )

          
     

   
 
            (4) 

The variation of both ambient temperature and 

radiation effect the values of the photo generated, as 

[23]: 

          (      )        (5) 

Where      indicates photo generated current at 

standard test conditions which equals (   ) in A,   is 

the temperature coefficient of short-circuit current in 

(A/K),     is the reference temperature  of PV SDM 

which equals 298°K,   and     represent radiation on 

PV SDM at given conditions and radiation at 

standard conditions  in W/m
2. 

The saturation current relies on the PV ambient 

temperature, as [24,25]: 

          
(

  

   
)

 

 
[
   

   
(

 

   
 

 

  
)]    (6) 

Where, (      
) corresponds to the first diode reverse 

saturation current at standard test conditions, which  
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is calculated as follow [25]: 

      
 

   

( 

 (   )
         )

     (7) 

Where    is the band-gap energy (1.12eV for Si, 

1.35eV for GaAs) and     is  the open circuit voltage 

in (V). Also the value of    can be calculated as: 

   
        (  

    

   
)         

    
    (8) 

         is the thermal voltage, because of its 

exclusive on dependent on temperature and can be 

obtained through the following approximation [26]: 

   
   

 
                                                                             (9)   

Also     ,      indicate voltage at maximum power 

point (V) and current at maximum power point 
(A). 
The ideality factor (  ) can be analytically calculated 

from equation (9) as: 

   
                

     ((         
            

   
) (    

   

   
)) 

        (10) 

Commonly, increasing the output power is developed 

by connecting number of PV cells in series, which 

are defined as   , and some in parallel known as   . 

So, the current–voltage characteristic equation of a 

PV SDM module  is shown as follow [27]: 

                   

 (
  
   

 
    
   

)

          
  (

   

   
)     

   
  

 

(11) 

Where   ,    represent the output current of the PV 

module in (A) and the output voltage of the PV 

module in (V) [28]. 

2.3. Seven parameters for double diodes model 

(DDM)  

Figure (2) shows the equivalent circuit of seven 

parameters of DDM where an additional diode is 

added in parallel with the current source with another 

ideality factor [29,30]: 

                     (12) 

Where,     is the current across the additional parallel 

diode as:  

           
 (     )

            (13) 

Where,     is the reverse saturation current of 

additional second diode,    is the second diode 

ideality factor. The seven unknown parameters are 

[                 ,      ]. 

 

Figure 2- Equivalent circuit of PV DDM 

2.4. Nine parameters for triple diodes model 

(TDM) 

 The equivalent circuit of TDM is described in Figure 

(3), in which three diodes are connected in parallel 

with the current source each one has the reverse 

saturation current and ideality factor, so the equation 

with nine parameters 

[       ,                 ,    ,    ] that describes 

the output current can be deduced as follow [30,31]: 

                         (14) 

Where,     is the current pass through third diode 

which is calculated as: 

           
 (     )

            (15) 

Where,     is the reverse saturation current and    is 

the ideality factor of the third diode. Taking into 

consideration the nine parameters of TDM, it is better 

to improve the accuracy of the model. 

 

Figure 3- Equivalent circuit of PV TDM 

 

2.5. Optimal  Extraction of PV Parameters  

The parameters of PV model are 

[        ,                 ,   ,    ], so the main 

objective of this modeling is to enable the solar PV 

model to predict the output characteristics of the PV 

module. In order to reduce the difference between 

predicted and actual output characteristics of the PV 

module, one has to find the optimized parameters of 

the solar PV model. This can be done by using 

various optimization techniques. 

The root mean square error (RMSE) is chosen as the 

objective or fitness function that can be calculated as: 

     √
 

 
∑ (         )  

   

  (16) 

Where,         refers to the experimental readings of 

the output current,   counts the number of these 

values, and     is the estimated current of SDM, 

DDM, and TDM. 

Each model current is a function of unknown 

variables (P), so the objective functions of the three 

models can be expressed as a function of the 

following unknown parameters: 

For SDM, P =                   

For DDM, P=                          

For TDM, P =                                 
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3. Structure of Grid Connected PV of NREA 42 

kW PV Power System 

3.1. Experimental Test  

The Mono Crystalline 390 ‒ 430 TS6S96 (TS-S410) 

PV module is tested in NREA laboratory which is the 

only one in the Middle East that performs many 

laboratory tests of PV models and issues certificates 

of the results. 

The test is performed in according with International 

Standard IEC 61215. The objective of this test 

sequence is to determine the electrical and thermal 

characteristics of the module and to show, as far as is 

possible within reasonable constraints of cost and 

time, that the module is capable of withstanding 

prolonged exposure in climates. 

a) As a first step of the laboratory test, the PV 

module should be connected correctly in a dark 

test chamber as shown in Figure (4), where in the 

back front of the module the temperature sensor 

is connected and called (Transducer) as shown in 

Figure (5). Through this Transducer the current, 

voltage and temperature are converted into 

digital signals, also both a tracer for measuring 

and analyzing the (I-V) characteristics of 

photovoltaic specimens (solar cells, solar 

modules) and the module are connected to the 

monitor cell on the right side to measure the 

irradiance level during the (I-V) curve 

measurement. 

 
Figure 4- Mono Crystalline 390 ‒ 430 TS6S96 (TS-

S410) test module 

  
Figure 5- Voltage, current and temperature 

transducers 

b) Electronic xenon flasher used to generate sun 

light within a short duration (flash) as in Figure 

(6). The flash box is equipped with a light-

intensity feedback sensor to enable adaptive 

light-intensity control.  

c) When the module is exposed to radiation similar 

to sunlight, the module is represented by a 

current source, and connected with an electronic 

load as in Figure (7). So, an electric current 

passes directly proportional to the solar radiation 

and through a computer software program. 

  
Figure 6- Electronic 

xenon flasher 

Figure 7- Electronic load 

connected to the module 

d) The temperature from the thermo unit can be 

adjusted and after that the test is started. 

However, the test results are appeared on the 

computer screen.  

 

3.2. Model Structure of Grid Connected PV of 

NREA 42 kW PV Power System 

The layout of photovoltaic source connected to the 

utility grid is described in Figure (8), in which a 

number of complementing components exist. The 

first part is the series and parallel PV modules that 

convert the radiation into DC output power, the 

second part in the three-phase inverter compacted 

with LC filter to obtain smooth output waveform. 

Also the three-phase transformer is responsible for 

converting the   DC power to AC power to be 

injected into the utility grid [32-34]. 

 
Figure 8- Grid-connected PV system 

 

 

 

3.3. Simulink Model of Grid Connected PV of 

NREA 42 kW PV Power System 

This paper presents a Simulink model for NREA 42 

kW PV power system connected to the utility grid as 

shown in Figure (9). This model is composed of 104 
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module of type Mono Crystalline 390 ‒ 430 TS6S96 

(TS-S410) PV module with optimal parameters 

extracted from the AOA. 

As the RMSE between the three models of the 

proposed module are very convergent. So SDM is 

used due to simplicity and less computational time to 

design a Simulink model with optimal parameters 

equal [                 ] of 8.95376, 0t0608000, 

0.0003777, 1.26126 and 33.7929, respectively as 

shown in Figure (10). 

The part of series/parallel modules of the system is 

defined as the DC part with a Simulink model as 

illustrated in Figure (11). The inverter configuration 

and its filter are illustrated as in Figure (12)and 

Figure (13). 

 

 
Figure 9- Simulink model of  NREA 42 kW PV system 

 
Figure 10- Simulink model of Mono Crystalline 390 ‒ 430 TS6S96 (TS-S410) PV module 
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3.4. DC part of 42 kW PV power system 

 
Figure 11- Simulink model of Parallel strings 

3.5. Simulink model of Three-phase inverter 

Converting the DC output power wave form to AC is 

an essential stage which is performed through three- 

phase inverter as in Figure (12). The inverter type is 

KACO, Powador with maximum efficiency equals 

97.8 % with a data sheet shown in Appendix (A) 

[33]. 

 
Figure 12- Simulink model of Inverter configuration 

3.6. Configuration of LC filter 

Usually the output waveform produced from inverter 

has much ripples, so the presence of a filter with 

series connected inductance and shunt capacitors is 

necessary to get a smooth three-phase output 

waveform as illustrated in  Figure (13) [34]. 

 
Figure 13- Simulink model of the filter circuit 

4. Employed Optimization Techniques 

In this section, two optimization techniques are used 

as proposed Arithmetic Optimization Algorithm 

(AOA) and particle swarm optimization algorithm to 

find the optimized parameters of Mono Crystalline 

390 ‒ 430 TS6S96 (TS-S410) PV module. 

4.1. Proposed AOA  

The Arithmetic Optimization Algorithm (AOA) is 

proposed as a recent algorithm that can achieve the 

objective function through two stages called 

exploration and exploitation. In the AOA code, the 

calculations start with the initial matrix of random 

solutions (X), every iteration begins with the optimal 

solution from the previous iteration. AOA has some 

equations through which the optimization process is 

performed as follow:   

   (      )              (
       

      
)   (17) 

Where,    (      ) indicates the value of the 

objective function value at the t
th

 iteration,          is 

the present iteration.     and     denote the 

minimum and maximum values of the accelerated 

function, respectively. 

4.1.1. Exploration phase 

In this phase, a set of equations discover the near-

optimal solution after many iterations. 
    (       )  

{
    (  )  (     )  ((       )        )       

    (  )      ((       )        )                 
    (18) 

Where,   (        ) is the i
th

 solution in the next 

iteration,     (        ) is the j
th

 position of the i
th

 

solution at the present iteration, and     (  ) denotes 

the j
th

 position in the best-obtained solution so far.   

is an integer number with a small value,     and     

denote the values of the upper limit and the value of 

the lower limit of the j
th

 position, respectively.   is a 

constant coefficient equals to 0.5 to adopt the 

calculations. 

   (      )    
         

                                   (19) 

Where, Math Optimizer probability (   ) is a 

coefficient,    (      ) means the function value at 

the t
th

 iteration, and        means the current iteration 
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and (      ) indicates number of iterations, that the 

maximum number of   is equal to 5. 

4.1.2. Exploitation phase 

The exploitation stage equation is as follow: 
    (       )  

{
    (  )      ((       )        )             

    (  )      ((       )        )             
    (20) 

Eventually, the AOA algorithm is stopped by 

reaching the satisfaction of the end criterion. The 

intuitive and detailed process of AOA is shown in 

Figure (14). 

 

Figure 14- Flow chart of the proposed Arithmetic Optimization Algorithm (AOA). 

4.2. PSO 

PSO is a population-based swarm intelligence 

algorithm. PSO algorithm uses the physical 

movements of the individuals in the swarm that has a 

flexible and well-balanced mechanism to enhance 

and adapts to the global and local exploration 

abilities [35]. 

The PSO algorithm first randomly initializes a swarm 

of particles. The position of each individual (called 

particle) is represented by a d-dimensional vector in 

problem space      ( )   ( )        ( ), i = 1,2, ..., 

Npop, where Npop is the population size, and its 

performance is evaluated on the predefined fitness 

function. Thus, each particle is randomly placed in 

the d-dimensional space as a candidate solution. The 

velocity of the i
th

 particle       ( )   ( )        ( ) 

is defined as the change of its position. The flying 

direction of each particle is the dynamical interaction 

of individual and social flying experience.   

The algorithm completes the optimization through 

following the personal best solution of each particle 

and the global best value of the whole swarm.  

Each particle adjusts its trajectory toward its own 

previous best position and the previous best position 

attained by any particle of the swarm, namely pi and 

pg. In each iteration, the swarm is updated by the 

following equations [35]. 

  (   )    ( )         (     ( ))           (21) 

  (   )    ( )    (   )                                         (22) 

5. Results and Discussions 

5.1. Simulation Results of AOA application for PV 

models  

This section explained application of the proposed 

Arithmetic Optimization Algorithm (AOA) on the 

Mono Crystalline 390 ‒ 430 TS6S96 (TS-S410) PV 

SDM, DDM and TDM models to extract the optimal 

parameters, the constraints limits as a range of values 

between minimum and maximum limits are 

summarized in Table (1). 

Table 1- Parameters limits for  Mono Crystalline 390 

‒ 430 TS6S96 (TS-S410) PV module 

Parameters Lower limit Upper limit 

    0 9 

   ,    ,    (  ) 0 1 

   0 0.5 

    0 100 

  ,   ,    1 2 

The results of the proposed AOA algorithm are 

compared with the results obtained from PSO 

algorithm as tabulated in Table (2). 

The obtained (I-V)-(P-V) characteristic curves based 
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on the proposed AOA for the three models are 

compared with experimental curves of PSO 

algorithm as shown in Figures (15-17). 

It is observed that, the optimal extracted parameters 

of the study module have minimum SDM RMSE 

equals 0.062877, DDM RMSE with value 0.062415 

and TDM RMSE 0.062696. 

Table 2- Mono Crystalline 390 ‒ 430 TS6S96 (TS-S410) SDM, DDM, TDM extracted parameters 

using AOA and PSO algorithm and root mean square error (RMSE). 

 AOA  PSO Algorithm 

Variable SDM DDM TDM SDM DDM TDM 

   ( ) 8.95376 8.94095 8.95763 8.9496771 8.9511954552 8.9497707063 

   (  ) 0.0348066 0.0314471 0.0229372 0.032742724 0.026703330 0.025130240 

  ( ) 0.0003777 0.00013321 0.0000975 0.00039632 0.0003397681 0.00033969721 

   1.26126 1.31964 1.25066 1.257257425 1.25434 1.252561 

   ( ) 33.7929 32.6069 30.0255 45.09722 56.996232 59.5564071 

   (  ) - 0.0250496 0.0126472 - 0.024068815 0.023369819 

   - 1.2705 1.31452   - 1.370884 1.3554363 

   (  ) - - 1.90878 - - 0.025233525 

   - - 1.92919 - - 2.1920361 

RMSE 0.062877 0.062415 0.062696 0.062918 0.06282 0.062806 

Also, the (I-V)-(P-V) characteristic curves obtained 

by the identified model using the proposed AOA 

have the best agreement with the experimental 

results. 

The results indicated that PSO has many drawbacks 

such as difficult to define initial design parameters, 

cannot work out dispersion problems, and converge 

prematurely and be trapped at a local minimum 

especially with complex problems and large networks 

[36]. 

AOA algorithm compared to PSO needs less running 

time in terms of seconds. Since AOA is a population-

based algorithm, there is no need for optimization 

processes, i.e., Multiplication, Division, Subtraction, 

and Addition. Consequently, it is concluded that the 

computational performance of the proposed AOA 

algorithm is sufficiently better and efficient and the 

obtained results are more accurate than PSO. 

 

Figure 15- (I-V), (P-V) characteristic curves for 

Mono Crystalline 390 ‒ 430 TS6S96 (TS-S410) 

SDM 
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Figure 16- (I-V), (P-V) characteristic curves for 

Mono Crystalline 390 ‒ 430 TS6S96 (TS-S410) 

DDM 

 

Figure 17- (I-V), (P-V) characteristic curves for 

Mono Crystalline 390 ‒ 430 TS6S96 (TS-S410) 

TDM 

5.2. Simulation Results of NREA 42 KW PV 

Power System.  

The simulation output waveforms are appeared as 

illustrated in Figures (18-21) and the results of output 

energy are compared with the actual output energy of 

the system. Thus, the results explain that, the 

Simulink model of the 42 kW PV system is used to 

simulate of the real case study. 

The simulation results are recorded for NREA 42 

KW PV power system at the standard test conditions 

depend upon the selected solar panel specifications. 

All the blocks in the proposed design block diagram 

are simulated and the details of the circuit responses 

are collected. 

The output DC current of the PV models (DC part) is 

shown in Fig. 18. However, the DC current is 

approximately 71.8 (A). 

 
Figure 18- Output of the DC part 

The output AC voltage of the inverter is shown in 

Figure (19), where the three-phase line to line 

voltages have sinusoidal wave shapes including some 

harmonics. The value of output voltage is close to the 

required one. Figure (20) shows the three-phase 

output voltage without harmonics by applying proper 

filter circuits. The three-phase output power injected 

into utility grid is shown as in Figure (21). 

 
Figure 19- Three-phase output voltage without filter 

 
Figure 20- Three phase output voltage of NREA 42 

KW PV power system without harmonics 

 
Figure 21- Three-phase output power injected into 

utility grid 
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5.3. Performance Analysis of the Results 

Figure (22) shows a comparison between the 

simulation output energy and the actual monthly 

average energy injected into the grid in kWh. The 

maximum energy injected into the grid is in month of 

August-2020 with value of 224.366 KWh. Likewise, 

the minimum energy injected into the grid is in 

month of December-2020 with value of 117.645 

kWh. The total energy injected into the grid is equal 

to 2173.07 kWh/year. The values of actual output 

energy and that obtained from the simulation results 

are illustrated in Table (3). 

Table 3- Actual and simulated output Energy      

(Wh) 

etaD 

Average  

output E (Wh) 

nmitatamiS 

sDrtaar 

ntS-02  368288t7806 308035t7806 

bDF-02  300008t7852 325638t7852 

rts-02  300008t7852 308885t7852 

rps-02  700077t0 708803t0 

rtM-02  388557t8 730083t8 

ntS-02  766630t0666 778708t0666 

nta-02  777820t0057 760588t0057 

rtA-02  770600t0530 765708t0530 

nDp-02  386383t0 700882t0 

tca-02  305280t0808 325883t0808 

viN-02  303830t6 357060t6 

eDc-02  332005t5800 378305t5800 

uiata itaptt 

ySDsAM 7326020t208 7725073t208 

rNDstADaMDts 383088t7608 388585t3020 

 

 
Figure 21- A comparison between the actual monthly 

energy injected into the grid in kWh and the 

simulation output energy 

6. Conclusions  

This paper proposes a mathematical model of 

different PV models (SDM, DDM and TDM) by a set 

of analytical equations. Arithmetic Optimization 

Algorithm (AOA) is proposed to extract optimal PV 

models parameters for minimizing error between the 

experimentally collected data and the theoretical data. 

From the results, it is observed that the obtained (P-

V) and (I-V) characteristic curves using AOA have 

the best agreement with the experimental results 

compared to PSO algorithmt  

According to the extracted optimal parameters of 

Mono Crystalline 390 ‒ 430 TS6S96 (TS-S410) PV 

module, the detailed Simulink model has been 

designed for the study module to build a model of 

small-scale NREA 42 KW PV power system 

connected to the utility grid. The output energy is 

compared with the actual energy generated which is 

appeared on the inverter screen in the location site. 
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