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Abstract: Energy from the sun is the best option for electricity generation as it is abundantly available everywhere and 

sustainable source. Advance of Photovoltaic (PV) technology in recent years has made solar energy one of the practical 

alternative energy sources available in the energy market. In order to make the PV energy more affordable and cost 

effective, major focus of the research community and industry is improvement on power efficiency of PV systems. 

Parameter extraction of solar cell plays a crucial role in the simulation and design calculation of PV system. In this 

paper, in order to fast and accurately extract the solar cell parameters, differential evolution (DE) is proposed. The 

single diode and double diode model of solar cell is used as the basis for the extraction problem. The analysis carried 

out using current-voltage (I-V) characteristics showed that the proposed DE outperforms other methods, namely the 

genetic algorithm (GA) and partical swarm optimization (PSO). 
 

Keywords: Solar cell models, parameter extraction, Differential evolution, Genetic algorithm, Particle swarm 

optimization. 

I. INTRODUCTION 
 

Renewable energy sources are getting added attention in 

recent years as alternative means of generating electricity 

in various parts of the world. Various motivations are 

promoting serious contribution of environmental friendly 

energy sources such as solar energy, wind energy, 

biomass, geothermal, hydro, wave energy etc in mass 

electricity production in many countries. Some of these 

reasons are: environmental concerns due to greenhouse 

effect, possible depletion and price increase of 

conventional energy primary resource. Solar energy is one 

of the most promising emission free resources that is 

currently being used worldwide to contribute to meeting 

rising demands of electric power with greater efficiency. 

Solar photovoltaic system is not only providing reliable 

and environmentally friendly energy but also could 

economically visible for rural and remote areas as an only 

source of energy. Despite the challenges of variability of 

electricity generation, life duration of solar photovoltaic 

devices and economic feasibility of deployment, it is 

gaining significant attention. This is due to the fact that 

solar photovoltaic is a semiconductor device that produces 

DC electricity when sunlight shines on the photovoltaic. It 

is static, quite, and free of moving parts system without 

any gas or toxic emissions and therefore requires little 

operation and maintenance costs [1]. 
 

India is a tropical country, where sunshine is available for 

longer hours per day and in great intensity. About 

5,000trillion kWh per year energy is incident over India‟s 

land area with most parts receiving 4-7 kWh per sq. m per 

day. Solar energy, therefore, has great potential as future 

energy source. It also has the advantage of permitting the 

decentralized distribution of energy, thereby empowering 

people at the grassroots level. Solar also provides the 

ability to generate power on a distributed basis and enables 

rapid capacity addition with short lead times.  

 
 

Off-grid decentralized and low-temperature applications 

will be advantageous from a rural electrification 

perspective. The National Solar Mission is a major 

initiative of the Government of India to promote 

ecologically sustainable growth while addressing India‟s 

energy security challenge. The solar mission targets to 

create an enabling policy framework for the deployment of 

20,000 MW of solar power by 2022 and a major research 

and development initiative to focus on improvement of 

efficiencies in existing materials, devices and applications 

and on reducing costs of balance of systems, establishing 

new applications by addressing issues related to 

integration and optimization [2]. 
 

For PV system, it is very important to select a model to 

closely resemble the characteristics of PV cells. Several 

models have been introduced to describe the current-

voltage (I-V) relationship in solar cells over recent years 

[3]. In practice, there are two main equivalent circuit 

models used to describe the non-linear I-V relationship: 

single and double diode models. However, no matter what 

kinds of models, there are important PV parameters that 

need to be accurately extracted for the simulation, design, 

performance evaluation, and control of solar cell systems. 

The main parameters that describe solar cell models 

behavior are the generated photocurrent, saturation 

current, series resistance, shunt resistance, and diode 

ideality factor. The electrical current produced by a solar 

cell depends on the intensity of the incident light and on its 

intrinsic properties. An accurate estimation of the cell 

parameters required for accurate performance evaluation 

[4]. 
 

The accuracy of PV module mainly depends on the 

accuracy of the PV module models and the extraction 

methods being used to determine the model‟s parameters. 
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Several parameter extraction methods have been proposed 

in recent years which can be classified into three 

categories such as analytical, iterative and evolutionary 

computational methods. 
 

Analytical methods [5-10] required less computational 

time for parameter extraction due to their simple structure 

and perform efficiently at standard testing conditions 

(STC) for some models but these methods are found to be 

unsuitable for solar model for wide range of changing 

weather conditions. Because, the mathematical model of 

PV panel represented is implicit in nature. 
 

On the other hand, the iterative approaches [11-14] are 

based on mathematical algorithms and give more accurate 

results at STC but may fail in other weather conditions. 

Iterative methods based on newton raphson method 

(NRM) [15-17] were probably good option because of its 

accuracy and fast convergence, However NRM suffered 

from singularity problem. Also the convergence and 

accuracy were dependent on number of iterations. 
 

Since the parameter extraction of solar cell models is a 

non-linear, multi-variable, and multi-modal problem with 

many local optima, traditional extraction techniques may 

be difficult to extract the parameters accurately. Therefore, 

in the later approaches, the use of evolutionary algorithms 

(EA) which uses artificial intelligence techniques for 

extraction of solar cell parameter has received 

considerable attention recently, such as genetic algorithms 

(GAs) [18, 19], particle swarm optimization (PSO) [20, 

21, 22], simulated annealing (SA) [23, 24], artificial bee 

swarm colony (ABC) [25, 26], Cuckoo search [27, 28] and 

so on. The evolutionary algorithms are population based 

global optimization algorithm which can be very effective 

regardless of gradient and initial condition information.  
 

Differential evolution (DE), proposed by Storn and Price 

in 1997 [29], is a simple and efficient evolutionary 

algorithm for the numerical optimization. Due to several 

advantages like rapid convergence, ease of use, good 

accuracy, requires few control parameters, robust mutation 

schemes DE has been successfully used in diverse fields. 
 

In this paper, the performance of DE for extraction of solar 

cell modeling parameters is investigated and compared to 

two other popular EA methods, GA and PSO. The rest of 

the paper is organized as follows, in section 2, the solar 

cell models used in this work together with the objective 

function to be optimized are introduced. Section 3 

describes the DE algorithm proposed in this paper. The 

experimental results and analysis described in section 4. 

Finally, Section 5 draws the conclusion of this paper.     

 

II. PROBLEM FORMULATION 
 

In the literature, many equivalent circuit models have been 

proposed to describe the I-V characteristics of solar cell. 

In practice, two main circuit models single diode model 

and double diode model are commonly used.  
 

A. Single Diode Model 
 

Due to simplicity and accuracy, the single diode model is 

considered. The single diode five parameter model, which 

include a current source, one diode and two resistors is 

shown in fig.1 

 

 

 

 

 

 

 

 
 

 

Fig. 1 – Single diode model of solar cell 
 

 The output current of the cell is calculated as follows: 
 

𝑖𝑝𝑣 =  𝐼𝑝ℎ − 𝐼0  exp  
𝑣𝑝𝑣 +𝑖𝑝𝑣𝑅𝑠

𝑎𝑉𝑡
 − 1 −  

𝑣𝑝𝑣 +𝑖𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
      (1) 

 

Where Iph is cell generated photocurrent, I0 is reverse 

saturation current of diode, Vt (kT/q) is the thermal voltage 

of the solar cell, k is the Boltzmann constant 

(1.380650×10
-23

 J/K), q is the electron charge 

(1.602176×10
-19

 C), and T is the temperature of the p-n 

junction in Kelvin. Variables a is the diode ideality 

constants, Rs and Rsh are series resistance and shunt 

resistance respectively and vpv is output voltage of the cell. 

For the single diode model, five parameter to be extracted 

are parameters Iph, I0, Rs, Rsh, and a. An accurate 

knowledge of the parameters of solar cells is necessary for 

the design, control of solar cell and process optimization 

[14] 
 

B. Double Diode Model 
 

Another way to describe solar cell electrical behavior is to 

model it as current source connected in parallel with a 

rectifying diode. In practice the current source is also 

shunted by another diode that models the space charge 

recombination current and a shunt leakage resistor to 

account for the partial short circuit current path near the 

cell‟s edges due to the semiconductor impurities and non-

idealities. Moreover, solar cell metal contacts and 

semiconductor material bulk resistance are represented by 

a resistor connected in series with the cell shunt elements 

[23]. The equivalent circuit for this model is shown in Fig. 

2. 

 

Fig. 2 – double diode model of solar cell 
 

The output current of the solar cell can be formulated as: 
 

𝑖𝑝𝑣 =  𝐼𝑝ℎ − 𝐼𝑑1 − 𝐼𝑑2 − 𝐼𝑠ℎ           (2) 
 

Where Iph is the cell generated photocurrent, Id1and Id2 are 

the first and second diode currents, respectively. Ish is 
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shunt resistor current. The two diode currents Id1 and Id2 

and shunt current Ish can be calculated as, 
 

𝐼𝑑1 = 𝐼01  𝑒𝑥𝑝  
𝑣𝑝𝑣 +𝑖𝑝𝑣𝑅𝑠

𝑎1𝑉𝑡
 − 1      (3) 

 

𝐼𝑑2 = 𝐼02  𝑒𝑥𝑝  
𝑣𝑝𝑣 +𝑖𝑝𝑣𝑅𝑠

𝑎2𝑉𝑡
 − 1            (4) 

 

𝐼𝑠ℎ =   
𝑣𝑝𝑣 +𝑖𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
      (5) 

 

I01 and I02 are reverse saturation currents of diode1 and 

diode2 respectively, a1 and a2 are the diode ideality 

constants. The complete physical behavior of double diode 

model of solar cell is in relation with seven parameters Iph, 

I01, I02, Rs, Rsh, a1 and a2.  
 

C. Objective function 
 

It is noted that current equation is nonlinear transcendental 

function. In order to extract the parameters of different 

solar cell models from the I-V data using the optimization 

techniques, we first need to define the objective function 

to be optimized [4]. In this work the root mean square 

error is used as the objective function, which is described 

as 
 

𝜀 =  
1

𝑁
 𝑓𝑘 𝑣𝑝𝑣 , 𝑖𝑝𝑣 ,∅ 

2𝑁
𝑘=1      (6) 

 

Where N is the no. of experimental data, ∅  is decision 

vector which consists of the parameters to be extracted [3]. 
 

In case of single diode model the function 𝑓 𝑣𝑝𝑣 , 𝑖𝑝𝑣 ,∅  is 

given by 
 

𝑓 𝑣𝑝𝑣 , 𝑖𝑝𝑣 ,∅ = 𝐼𝑝ℎ − 𝐼0  𝑒𝑥𝑝  
𝑣𝑝𝑣 + 𝑖𝑝𝑣𝑅𝑠

𝑎𝑉𝑡
 − 1  

−
𝑣𝑝𝑣 +𝑖𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
− 𝑖𝑝𝑣         (7) 

 

∅ = {𝐼𝑝ℎ , 𝐼0 ,𝑅𝑠 ,𝑅𝑠ℎ , 𝑎}       (8) 
 

For the double diode model, the function 𝑓 𝑣𝑝𝑣 , 𝑖𝑝𝑣 ,∅  is 

given by 
 

𝑓 𝑣𝑝𝑣 , 𝑖𝑝𝑣 ,∅ = 𝐼𝑝ℎ − 𝐼01  𝑒𝑥𝑝  
𝑣𝑝𝑣 + 𝑖𝑝𝑣𝑅𝑠

𝑎1𝑉𝑡
 − 1  

      −𝐼02  𝑒𝑥𝑝  
𝑣𝑝𝑣 +𝑖𝑝𝑣𝑅𝑠

𝑎2𝑉𝑡
 − 1 −

𝑣𝑝𝑣 +𝑖𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
− 𝑖𝑝𝑣   (9) 

 

∅ = {𝐼𝑝ℎ , 𝐼01 , 𝐼02 ,𝑅𝑠 ,𝑅𝑠ℎ , 𝑎1, 𝑎2}   (10) 
 

The aim of the experiment is to minimize Eq.6 with 

respect to ∅. The smaller the objective function, the better 

the solution obtained which implies the deviation between 

the module current and the computed current by the 

extraction method is small. 

 

III. DIFFERENTIAL EVOLUTION 
 

Differential evolution (DE) is a search and optimization 

algorithm which was proposed by storn and price in 1997 

[29]. It is capable of handling non-differentiable, 

nonlinear, and multimodal objective functions with the 

advantages of ability to locate the accurate global 

optimum regardless of the initial parameter values, using 

few control parameters, rapid convergence and ease of 

use. As an additional benefit DE is simple to understand 

and to implement and gives usable results in a reasonable 

amount of time has made DE one of the most popular and 

powerful tool in the field of optimization. DE was 

designed to be a stochastic direct search method which 

also has the advantage of being easily applied to 

experimental minimization where the cost function is 

derived from a physical experiment rather than a computer 

simulation. 
 

DE algorithm is a population based direct search algorithm 

which initializes the population vector of fixed size 

randomly. This population is improved by applying 

mutation, crossover and selection operators. The process is 

repeated through the generations until the stopping 

criteria, predefined maximum iteration or a satisfactory 

fitness value is reached. At each generation the algorithm 

aims to create a new population by replacing points in the 

current population with better points. Through a repeated 

process the population is guided towards the global 

minimum. 
 

The steps of the DE algorithm is given below: 
 

BEGIN Algorithm 

 {Initialization} 

       Create an initial population 

 Evaluate each individual in the population 

 Find out the vector with the lowest cost 

 While the termination criterion not reached do 

o Mutation 

o Crossover 

o Evaluation and Selection 

 {Return} 

Output f * and x* 

END Algorithm 
 

The operations are described as follows: 
 

A. Initialization  
 

The DE algorithm begins with a randomly initiated 

population P
G
 of constant size NP consisting of D-

dimensional real-valued parameter vectors 𝑋𝑖
𝐺 , 𝑖 =

1, 2,… ,𝑁𝑃  given by, 
 

𝑃𝐺 =  𝑋1
𝐺 ,  𝑋2

𝐺 ,… ,𝑋𝑁𝑃
𝐺   ,    𝐺 = 1, 2,…𝐺𝑚𝑎𝑥          (11) 

 

Where G is the generation or iteration of the algorithm to 

which the population belongs, and Gmax is the maximum 

number of generations defined by the user. 
 

Each vector, also known as genome/chromosome, forms a 

candidate solution to the multi-dimensional optimization 

problem. Every parameter in the population is constrained 

to a certain search space and they cannot exceed either 

ends of the limits. The minimum and maximum bounds 

are denoted as [XL, XH] , where XL = [X1,L, X2,L,…,XD,L] and 

XH = [X1,H, X2,H,…,XD,H]. Hence, the population is 

initialized randomly by assigning random values to each 

decision parameters of each individual of population and 

the j
th

 component of the i
th

 vector is initialized as,  
 

      𝑋𝑖𝑗
𝐺 =  𝑋𝑖𝑗

𝐿 +  𝑟𝑎𝑛𝑑 0,1 ∗ (𝑋𝑖𝑗
ℎ −  𝑋𝑖𝑗

𝐿 )   (12) 
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Where rand(0,1) is a uniformly distributed random value 

generated for each j and 𝑋𝑖𝑗
ℎ  𝑎𝑛𝑑 𝑋𝑖𝑗

𝐿  are the respective 

upper and lower limits for the j
th 

variable or component. 

The population is improved by applying mutation, 

crossover and selection operators.  
 

B. Mutation 
 

The mutation operation is also known as differential 

mutation, which is the core operator of DE. A parent 

vector from the current generation is known as target 

vector 𝑋𝑖
𝐺  and a mutant vector 𝑉𝑖

𝐺  is generated by the 

mutation operation. Two vectors 𝑋𝑟2
𝐺  and 𝑋𝑟3

𝐺  are randomly 

selected from the population and the vector difference 

between them is established. This difference is multiplied 

by a scaling factor   F ∈  [0,1] and added to a third 

randomly chosen vector 𝑋𝑟1
𝐺  from the population. This is 

known as the differential variation and a mutant vector is 

generated as 
 

𝑉𝑖
𝐺+1 = 𝑋𝑟1

𝐺 + 𝐹 ∗  𝑋𝑟2
𝐺 − 𝑋𝑟3

𝐺           (13) 
 

C. Crossover 
 

In order to diversify the current population, following 

mutation, DE employs the crossover operator to produce 

the trial vector 𝑢𝑖𝑗
𝐺+1  which is a combination of mutant 

vector 𝑉𝑖𝑗
𝐺+1 and a target vector𝑋𝑖𝑗

𝐺 . In DE two types of 

crossover methods are used, exponential (or two-point 

modulo) and binomial (or uniform). In exponential 

crossover, an integer n is randomly chosen among the 

numbers [1, D]. This integer behaves as a starting point in 

the target vector, from where the crossover or exchange of 

components with the mutant vector starts. Another integer 

L is chosen from the interval [1, D]. L denotes the number 

of components the mutant vector actually contributes to 

the target vector. After choosing n and L the trial vector is 

obtained as, 
 

𝑢𝑖𝑗
𝐺+1

=  
𝑉𝑖𝑗
𝐺+1   𝑓𝑜𝑟 𝑗 =  n D ,  n + 1 D ,… ,  n + L − 1 D          

𝑋𝑖𝑗
𝐺        𝑓𝑜𝑟 𝑎𝑙𝑙 𝑜𝑡ℎ𝑒𝑟 𝑗 ∈  1,𝐷                              (14) 

  

 

Where the angular brackets   D represents a modulo 

function with modulus D.  
 

In binomial crossover strategy, for each parameter, a 

random value is generated in the range of [0, 1] and is 

compared with user defined crossover constant CR. If the 

value of the random number is less than or equal to the 

value of the CR, the parameter would be the mutant 

vector, otherwise the parameter would be the parent 

vector.  
 

The binomial crossover strategy can be described as, 
 

 

𝑢𝑖𝑗
𝐺+1

=  
𝑉𝑖𝑗
𝐺+1    𝑖𝑓 𝑟𝑎𝑛𝑑 0, 1 ≤ 𝐶𝑅  𝑜𝑟  𝑗 = 𝑟𝑛𝑏𝑟 𝑖              

𝑋𝑖𝑗
𝐺         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                 (15)     

  
 

Where rnbr(i) is randomly chosen index ∈ 1, 2,…, D 

which insures that 𝑢𝑖𝑗
𝐺+1gets at least one parameter from 

𝑉𝑖𝑗
𝐺+1 

D. Constraint Handling 
 

In boundary constrained problem it is essential to ensure 

that parameter values lie inside their allowed ranges. A 

simple way to replace parameter values that violate 

boundary constraints with random values generated within 

the feasible range is as follows [30]. 
 

𝑢𝑖𝑗
(𝐺+1)

=

 
 
 

 
 𝑥𝑖𝑗

(𝑈)
+ 𝑟𝑎𝑛𝑑 0, 1 ∗  𝑥𝑖𝑗

 𝐺 
− 𝑥𝑖𝑗

 𝑈 
   𝑖𝑓 𝑢𝑖𝑗

(𝐺+1)
> 𝑥𝑖𝑗

(𝑈)

𝑥𝑖𝑗
(𝐿)

+ 𝑟𝑎𝑛𝑑 0, 1 ∗  𝑥𝑖𝑗
 𝐺 

− 𝑥𝑖𝑗
 𝐿 

   𝑖𝑓 𝑢𝑖𝑗
(𝐺+1)

> 𝑥𝑖𝑗
(𝐿)

𝑢𝑖𝑗
(𝐺+1)

                                                               𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

  

(16) 
 

E. Evaluation and selection 
 

Finally, to keep the population size constant in the 

following generations, the selection operation is employed 

to determine whether the trial or the target vector survives 

to the next generations. To decide whether or not it should 

become a member of generation G+1, the trial vector 𝑢𝑖
𝐺+1 

is compared to the target vector 𝑋𝑖
𝐺 using the greedy 

criterion. If vector 𝑢𝑖
𝐺+1  yields a smaller cost function 

value than 𝑋𝑖
𝐺 , then 𝑋𝑖

𝐺+1 is set to 𝑢𝑖
𝐺+1; otherwise, the old 

value is 𝑋𝑖
𝐺  retained. 

 

𝑋𝑖
𝐺+1 =  

𝑢𝑖
𝐺+1    𝑖𝑓 𝑓(𝑢𝑖

𝐺+1) ≤ 𝑓(𝑋𝑖
𝐺)

𝑋𝑖
𝐺        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                   

     (17) 

 

Where 𝑓(𝑋𝑖
𝐺) is objective function to be optimized. 

 

IV. EXPERIMENTAL RESULT AND ANALYSIS 
 

The performance of DE is evaluated for extraction of 

single diode and double diode model of solar cell and 

compared with those of GA and PSO. The extracted 

parameters obtained are selected from the best of ten 

independent runs of each algorithm. The experimental I-V 

data of solar cell is obtained from [31]. In this work, the 

population size NP = 50 is used for all the three methods. 

The maximum iteration is set to 10,000. The mutation 

factor (F) is set at 0.95 the crossover rate is chosen to be 

0.8. DE/current-to-best/1/bin strategy is employed for the 

DE. The search range for single and double diode models 

were set as follows: 
 

𝐼𝑝ℎ  ∈  0, 1 ,  𝐼0 1,2 ∈  0, 1. 𝑒 − 6 ,𝑅𝑠 ∈  0, 0.5 ,  

  𝑅𝑠ℎ ∈  0, 100 , 𝑎1,2 ∈  1, 2  
 

For single diode model, Table 1 shows extracted 

parameters and RMSE value of DE are compared with GA 

and PSO. It is clear to observe that DE provides best 

RMSE value among GA and PSO.  
 

Table 1: Extracted parameters using different methods for 

single diode model. 
 

parameters DE GA PSO 

𝐼𝑝ℎ  (𝐴) 0.7608 0.7604 0.7684 

𝐼0 (𝜇𝐴) 0.3230 0.8132 0.2664 

𝑅𝑠(Ω) 0.0364 0.03240 0.0375 

𝑅𝑠ℎ(Ω) 53.7185 82.0064 100.00 

𝑎 1.3956 1.4890 1.3770 

RMSE 9.8602E-04 0.0020 0.0015 
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For double diode model, seven parameters need to be 

extracted. The results of DE are compared with GA and 

PSO in table 2. 
 

Table 2: Extracted parameters using different methods for 

double diode model. 
 

Parameters DE GA PSO 

𝐼𝑝ℎ  (𝐴) 0.7608 0.7605 0.7621 

𝐼01 (𝜇𝐴) 0.2398 0.9106 1.0000 

𝐼02 (𝜇𝐴) 1.0000 0.1106 0.9899 

𝑅𝑠(Ω) 0.0367 0.0318 0.0310 

𝑅𝑠ℎ(Ω) 55.6025 99.6095 100.00 

𝑎1 1.3712 1.5021 2.0000 

𝑎2 2.0000 1.1667 1.5160 

RMSE 9.8113E-04 0.0023 0.0017 

 

V. CONCLUSION 
 

In this paper, the proposed DE was applied to different 

models of solar cells and their parameters, generated 

photocurrent, saturation current, series resistance, shunt 

resistance, and diode ideality factor had been extracted. 

DE had comprehensively evaluated through the parameter 

extraction problems of different solar cell models, i.e. 

single diode and double diode model. The performance of 

DE was compared with GA and PSO. Experimental results 

confirmed that the proposed DE method was able to 

extract the parameters of different solar cell models 

accurately. DE can provide more precise and robust 

solution, obtain higher success rate, and converge faster. 
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