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ABSTRACT 

Nowadays, all the world does its best to develop the power generation systems that depend on nature in order 
to reduce the dependence on fuel. Photovoltaic (PV) systems are considered one of the most important renewable 
energy resources. Scientific research has gained a high interest, especially in PV cell modeling and parameter 
estimation. The estimation of optimum parameters for the PV model has been considered the main target of the paper 
optimization problem. Equilibrium optimization (EO) algorithm is considered one of optimization algorithms 
inspired from nature physical phenomena. EO algorithm has been inspired from the nature physical process of 
controlling mass balance through specific volume until reaching equilibrium state. In this paper, an EO algorithm has 
been proposed and applied to prepare a mathematical model for photovoltaic solar cell.  The challenge in this 
optimization problem is the nonlinearity in PV solar cell characteristic. The EO algorithm has been evaluated through 
the following items. EO has been applied to estimate the parameters of different PV models such as single, double, 
and triple PV models, which have different complexity, applying the previous item for real PV application. The 
obtained results have been compared though different functions such as root mean square value and absolute mean 
error. In all cases, EO obtained results have been compared with the more recent optimization algorithms such as 
particle swarm optimization (PSO), teaching learn based optimization (TLBO), and Harries Hawk optimization 
(HHO). From the all obtained results, EO algorithm gives more accurate PV models in comparison with other 
optimization algorithms. 

 
Keywords: Equilibrium optimization algorithm; Photo voltaic; Single diode; Double diode; Triple diode PV 

model. 
 

INTRODUCTION 

Renewable energy gained a great concern from the entire world in recent days. The lack of nature fuel resources 
and the high cost of fuel production are the main cause of the renewable energy being spreading. One of the important 
renewable energy resources is the solar energy. Solar energy is converted into electricity through solar cells. Sunlight 
has a huge number of photons. Each photon has a specific amount of energy. When a solar cell is exposed to the 
sunlight, the solar cell has absorbed the photons, and the photons’ energy is converted into electrical current through 

CONCLUSION 

The flickering problem is mainly investigated in this study. Therefore, the proposed technique is mainly devoted 
to reducing the flickering in the room. The high bandwidth pulses are utilized in the proposed scheme MOOK and 
DMOOK to reduce the flickering significantly. The BER performance deteriorated by utilizing high bandwidth 
pulses. Moreover, high speed controllers are required to detect the high bandwidth pulses. Therefore, we provide a 
trade-off between bandwidth and BER performance. The data rate performance is improved in DMOOK as compared 
to OOK and MOOK because the tL(zero bit)<<tH(one bit) pulse duration of zero bits is reduced. The BER 
performance is improved by using the convex lens. 
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the cell. The current produced by the cell can be measured through different ways (open-circuit current and short-
circuit current). These types of currents determine the cell efficiency [1, 2]. The electrical energy produced from the 
cells is directly used or stored in batteries for night use [3]. The amount of electricity produced from cells depends 
on different environmental and manufactural factors such as the sunlight, ambient temperature, cell position to 
sunlight, and cell efficiency.  So, it became extremely important to develop a simulation model for the PV system 
specially for systems installed in variable climate. Developing an accurate model for the PV system is extremely 
important to discuss the characteristic and behavior for each PV system in case of variant environmental conditions. 
The challenge in the model development is the nonlinear characteristics for the solar cell [4-6]. 

 
The recent models in literature are the models depending on electrical diodes because they have electrical 

characteristics similar to those of the solar cells. 
 
Single diode model (SDM), double diode model (DDM), and triple diode model (TDM) are different models 

depending on the number of diodes in each model. SDM is considered the simplest one because it has one diode as a 
main component and two resistances (series and shunt resistance). The total number of estimated parameters in SDM 
is five parameters, which considered a simple number for estimation [7-9]. The DDM has two diodes as main 
components and two resistances (series and shunt resistance). The total number of estimated parameters in DDM is 
seven parameters. DDM is more accurate than SD [10-13]. The TDM has three diodes as main components and two 
resistances (series and shunt resistance). The total number of estimated parameters in TDM is nine parameters. TDM 
is more accurate than SD and DDM, despite of its complexity due to large number of estimated parameters [14-18].  

 
There are a lot of optimization algorithms in the literature, but the most popular techniques are deterministic and 

stochastic techniques. Deterministic techniques are more suitable for linear than nonlinear optimization problems 
[19]. Stochastic techniques have more advantages than deterministic techniques because they generate and use 
random variables and then search the domain in global manner to find the best solution.  

 
 Metaheuristic algorithms are considered the most popular stochastic techniques [20]. Metaheuristic algorithms 

are inspired from different nature resources such as human behavior (TLBO) [21-23], human body (genetic algorithm 
(GA)) [24], animals, birds, and other insects hunting behavior and food way demand (Grey Wolf Optimization 
(GWO)) [25 and 26], Harries Hawk optimization (HHO) [27], PSO [28 - 30], and chaotic whale optimization [31 
and 32]. A physical theory example is equilibrium optimization. Metaheuristic algorithms are more distinct than 
others in simplicity and general applicability. 

 
Equilibrium optimization algorithm is considered one of metaheuristic algorithms inspired from natural physical 

theory. EO is inspired from controlling mass balance through specific volume until reaching equilibrium state [33]. 
In this paper, three PV models (SD, DD, and TD) are discussed, and the EO algorithm is also presented. The EO 
algorithm is applied to estimate the parameter of PV systems for different PV model. The behavior of EO in parameter 
estimation is tested by applying it to different real system.  

 
The main contribution of this paper can be summarized as follows: 
 

• EO is presented to be applied for PV model parameter estimation. 
• SD, DD, and TD models are presented as an example for PV models, and their parameter 

estimation is considered as the optimization problem.  
• The performance of EO is tested through different applications: 
• Application one: EO has been used to estimate the parameters of SD and DD models considering 

the real data measured from 57 mm diameter commercial silicon R.T.C France solar cell (under 
1000 W=m2 at 33 °C).  
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• The applicability of EO with complex model has been tested by estimating TD model parameters 
through real PV panel application. 

• -The real data of polycrystalline PV panel STM6-120/36 have been considered for the real PV 
panel application.  

• -By comparing the obtained results, the EO results are more accurate than those of other recent 
optimization algorithms.  

 The rest of this paper is arranged as follows: 
Section 2 presents the PV model and the optimization problem. Section 3 describes the EO algorithm. The results 
and application are discussed in section 4. Section 5 presents the conclusion. 
 

MATHEMATICAL PV MODELS AND THE OPTIMIZATION PROBLEM 

The solar cell electrical characteristics are similar to P-N junction (diode) electrical characteristics as shown in 
Figs. 1 and 2. Therefore, the main element in the equivalent circuit of each model is the diode. Every model is distinct 
than others by the number of diodes in the model equivalent circuit. In this section, a brief discretion about the most 
popular PV model has been presented, as well as the optimization problem for each model. In each model, the 
advantages and drawbacks have been discussed [34]. These models are arranged from simple to complex as SD, DD, 
and TD.  

   
Figure 1. Current Vs voltage characteristics for polycrystalline PV panel. 

 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 2. Power Vs voltage characteristics for polycrystalline PV panel. 

0 2 4 6 8 10 12 14 16 18 20
0

20

40

60

80

100

120

X: 14.93
Y: 102

Volt

P
ow

er

Vm, Pm

the cell. The current produced by the cell can be measured through different ways (open-circuit current and short-
circuit current). These types of currents determine the cell efficiency [1, 2]. The electrical energy produced from the 
cells is directly used or stored in batteries for night use [3]. The amount of electricity produced from cells depends 
on different environmental and manufactural factors such as the sunlight, ambient temperature, cell position to 
sunlight, and cell efficiency.  So, it became extremely important to develop a simulation model for the PV system 
specially for systems installed in variable climate. Developing an accurate model for the PV system is extremely 
important to discuss the characteristic and behavior for each PV system in case of variant environmental conditions. 
The challenge in the model development is the nonlinear characteristics for the solar cell [4-6]. 

 
The recent models in literature are the models depending on electrical diodes because they have electrical 

characteristics similar to those of the solar cells. 
 
Single diode model (SDM), double diode model (DDM), and triple diode model (TDM) are different models 

depending on the number of diodes in each model. SDM is considered the simplest one because it has one diode as a 
main component and two resistances (series and shunt resistance). The total number of estimated parameters in SDM 
is five parameters, which considered a simple number for estimation [7-9]. The DDM has two diodes as main 
components and two resistances (series and shunt resistance). The total number of estimated parameters in DDM is 
seven parameters. DDM is more accurate than SD [10-13]. The TDM has three diodes as main components and two 
resistances (series and shunt resistance). The total number of estimated parameters in TDM is nine parameters. TDM 
is more accurate than SD and DDM, despite of its complexity due to large number of estimated parameters [14-18].  

 
There are a lot of optimization algorithms in the literature, but the most popular techniques are deterministic and 

stochastic techniques. Deterministic techniques are more suitable for linear than nonlinear optimization problems 
[19]. Stochastic techniques have more advantages than deterministic techniques because they generate and use 
random variables and then search the domain in global manner to find the best solution.  

 
 Metaheuristic algorithms are considered the most popular stochastic techniques [20]. Metaheuristic algorithms 

are inspired from different nature resources such as human behavior (TLBO) [21-23], human body (genetic algorithm 
(GA)) [24], animals, birds, and other insects hunting behavior and food way demand (Grey Wolf Optimization 
(GWO)) [25 and 26], Harries Hawk optimization (HHO) [27], PSO [28 - 30], and chaotic whale optimization [31 
and 32]. A physical theory example is equilibrium optimization. Metaheuristic algorithms are more distinct than 
others in simplicity and general applicability. 

 
Equilibrium optimization algorithm is considered one of metaheuristic algorithms inspired from natural physical 

theory. EO is inspired from controlling mass balance through specific volume until reaching equilibrium state [33]. 
In this paper, three PV models (SD, DD, and TD) are discussed, and the EO algorithm is also presented. The EO 
algorithm is applied to estimate the parameter of PV systems for different PV model. The behavior of EO in parameter 
estimation is tested by applying it to different real system.  

 
The main contribution of this paper can be summarized as follows: 
 

• EO is presented to be applied for PV model parameter estimation. 
• SD, DD, and TD models are presented as an example for PV models, and their parameter 

estimation is considered as the optimization problem.  
• The performance of EO is tested through different applications: 
• Application one: EO has been used to estimate the parameters of SD and DD models considering 

the real data measured from 57 mm diameter commercial silicon R.T.C France solar cell (under 
1000 W=m2 at 33 °C).  
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A. SD model 

The SD model is considered the simplest model as shown in the model equivalent circuit of this model in Fig. 
3. The model has five parameters listed as follows: 

 
• Solar cell photo generation current (Iph) represents one current source. 
• Diode current (Isd) represents the P-N junction characteristics. 
• Equivalent series resistance is represented by Rs. 
• Equivalent shunt resistance is represented by Rsh.  
• Diode ideality factor (ɳ). 

The output current (It) is calculated through the following equations: 
 

                           (1) 
 

       (2) 
The SD model estimated parameters are [Rs, Rsh, Iph, Isd, ɳ]. The five parameters can be represented in one vector 

x= [x1, x2, x3, x4, x5]; hence, the optimization problem is described by the following equation: 
 

       (3) 
 

 
 

Figure 3. SD model. 
 

B. DD model 

The DD model is differentiated from SD model by 2 diodes as shown in Fig. 4. This model is represented by 
(4) and (5). 
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Figure 2. DD model. 
 

                                   (4) 
 

       (5) 
 

In the DD model, seven estimated parameters are considered [Rs, Rsh, Iph, Id1, Id2, ɳ 1, ɳ2], and they can be 
represented in one vector x= [x1, x2, x3, x4, x5, x6, x7]; hence, the optimization problem is described by the following 
equation: 

 

      (6) 
 

C. TD model 

The TD equivalent circuit is the same as DD, taking into consideration the leakage current, which is represented 
by a third diode as shown in Fig. 5. 
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A. SD model 

The SD model is considered the simplest model as shown in the model equivalent circuit of this model in Fig. 
3. The model has five parameters listed as follows: 

 
• Solar cell photo generation current (Iph) represents one current source. 
• Diode current (Isd) represents the P-N junction characteristics. 
• Equivalent series resistance is represented by Rs. 
• Equivalent shunt resistance is represented by Rsh.  
• Diode ideality factor (ɳ). 

The output current (It) is calculated through the following equations: 
 

                           (1) 
 

       (2) 
The SD model estimated parameters are [Rs, Rsh, Iph, Isd, ɳ]. The five parameters can be represented in one vector 

x= [x1, x2, x3, x4, x5]; hence, the optimization problem is described by the following equation: 
 

       (3) 
 

 
 

Figure 3. SD model. 
 

B. DD model 

The DD model is differentiated from SD model by 2 diodes as shown in Fig. 4. This model is represented by 
(4) and (5). 
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FIGURE 5. TD model mathematical model. 

 
Equations (7) and (8) describe the mathematical model of TD model: 
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       (8) 
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following equation: 
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EO ALGORITHM 

A new metaheuristic algorithm based on physics laws is proposed in [24], namely, equilibrium optimizer (EO). 
Firstly, the purpose of EO is to solve optimization problems. Secondly, other applications are realized as thresholding 
image segmentation [25]. The mathematical formulation of the EO algorithm is given as follows: 
 

Step 1: Initialization 

In this step, EO uses a group of search agents representing the concentration vectors that are candidate solutions. 
These initial concentration vectors are randomly generated as 

 

  

where  denotes the concentration vector of the ith solution,   the upper and lower bounds for the problem domain, 
respectively, rand the random number generator in the range of [0 ;1], and N the number of search agents. 
 

Step 2: Equilibrium pool and candidates 

  

In an optimization algorithm, there are the objective function and best solution. For instance, EO, as we call it, 
searches for the equilibrium state of the system. When reaching the equilibrium state, EO reaches the near-optimal 
solution. In the optimization process, EO is unaware of the level of concentrations to achieve the equilibrium state. 
Hence, it allocates the best four solutions found so far, as well as one more solution containing the average of the best 
four solutions. These five candidate solutions help EO in the process of exploration and exploitation. Here, the first 
four candidate solutions assist EO to have diversification, and the average solution works for exploitation. These five 
candidate solutions are stored in an equilibrium pool: 

 

 (10) 

Step 3: updating the concentration 

To balance between exploration and exploitation, EO uses the following term. Because the turnover rate varies 
over time,   is a random vector between 0 and 1. 
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FIGURE 5. TD model mathematical model. 
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where it and tmax are the present and the maximum number of iterations, respectively. a2 is a constant used to 
control the exploitation. a1 is supposed to enhance the exploitation as follows: 

 

           (13) 

where a1 is a constant used to manage the exploration when it is higher, the exploration is better, and the 
exploitation is lower. Opposite to a1, a2 is a constant used to control the exploitation. When a2 is higher, the 
exploitation is enhanced, and the exploration is lowered. The generation rate (R) is another term used to improve the 
intensification operator and is formulated as follows: 

 

              (14) 

where   is a random generator [0, 1] and   is the initial value: 
 
 

               (15) 

            (16) 

where r1 and r2 are the random generators [0, 1]. Here,   represents the generation rate control parameter that 
decides the generation rate to be applied to the updating process based on a probability RP. The updating equation of 
EO is as follows: 

 

        (17) 

where V is equal to 1. The main steps of EO are explained by the framework depicted in Fig. 6. 
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Figure 6. EO flowchart. 
 

SIMULATION RESULTS 
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A. Applıcatıon 1 

In this application, the EO is applied for estimating the parameters of SD and DD PV models. The real data 
considered in this application is the measured data from 57 mm diameter commercial silicon R.T.C France solar cell 
(under 1000 W=m2 at 33 °C) Table 2 [34].  A comparison between EO and seven algorithms (TLBO, HHO, PSO, 
PO, MRFO, and JAYA) is implemented for SD and DD models. The parameters of each algorithm have been 
presented in Table 1.  

 
Table 1. Parameter setting for each compared algorithm. 

 
Algorithm Parameter setting 

EO V=1 a1=2 a2=1 GP=0.5 

TLBO NP=1000 TF = randi([1 2]   

HHO NP=1000 beta=1.5   

PSO NP=1000 wdamp=0.99 c1=1.5 c2=2.0 

PO lambda = 1.0   

MRFO NP=1000 S=2   

JAYA gen=1    

   
1. SD Results 

Based on the optimization problem of SD model equation 3, EO has been applied to estimate five parameters. 
Table 2 presents the SD model estimated five parameters for EO and others compared algorithms. The Root Mean 
Square Error (RMSE)value (Equation 18) for each algorithm has been presented also in Table 1. Table 3 presents the 
real measurements for voltage and output current, as well as the calculated output currents from the estimated 
parameters by each algorithm. Fig. 7 presents the absolute error between real output current and the output current 
calculated from the parameter estimated from each algorithm (Equation 19). In Fig. 7, the values presented by EO 
algorithm are closer to zero. Fig. 8 presents the convergence curves for EO and other algorithms. Table 4 represents 
the minimum, average, maximum, and standard deviation (STD) values for 30-run statistical results. The RMSE 
values calculated in each run are figured in boxplot for each algorithm as shown in fig. 9. (+) represents the outliers. 
In figs. 7, 8, and 9, EO algorithm results are more accurate than those of others. For more comparison, current Vs 
volt and power Vs volt characteristics curves for real system, EO, and other algorithms have been discussed in figs. 
10 and 11, respectively. The accuracy of the SD model by developed by EO algorithm is tested through the current 
Vs volt and power Vs volt characteristics curves at different temperatures as shown in figs. 12 and 13, respectively. 
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                               (19) 

 
Table 2. ESTIMATED parameter in case of SD obtained by different optimization algorithms. 
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In this application, the EO is applied for estimating the parameters of SD and DD PV models. The real data 
considered in this application is the measured data from 57 mm diameter commercial silicon R.T.C France solar cell 
(under 1000 W=m2 at 33 °C) Table 2 [34].  A comparison between EO and seven algorithms (TLBO, HHO, PSO, 
PO, MRFO, and JAYA) is implemented for SD and DD models. The parameters of each algorithm have been 
presented in Table 1.  

 
Table 1. Parameter setting for each compared algorithm. 
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TLBO NP=1000 TF = randi([1 2]   

HHO NP=1000 beta=1.5   

PSO NP=1000 wdamp=0.99 c1=1.5 c2=2.0 

PO lambda = 1.0   

MRFO NP=1000 S=2   

JAYA gen=1    

   
1. SD Results 

Based on the optimization problem of SD model equation 3, EO has been applied to estimate five parameters. 
Table 2 presents the SD model estimated five parameters for EO and others compared algorithms. The Root Mean 
Square Error (RMSE)value (Equation 18) for each algorithm has been presented also in Table 1. Table 3 presents the 
real measurements for voltage and output current, as well as the calculated output currents from the estimated 
parameters by each algorithm. Fig. 7 presents the absolute error between real output current and the output current 
calculated from the parameter estimated from each algorithm (Equation 19). In Fig. 7, the values presented by EO 
algorithm are closer to zero. Fig. 8 presents the convergence curves for EO and other algorithms. Table 4 represents 
the minimum, average, maximum, and standard deviation (STD) values for 30-run statistical results. The RMSE 
values calculated in each run are figured in boxplot for each algorithm as shown in fig. 9. (+) represents the outliers. 
In figs. 7, 8, and 9, EO algorithm results are more accurate than those of others. For more comparison, current Vs 
volt and power Vs volt characteristics curves for real system, EO, and other algorithms have been discussed in figs. 
10 and 11, respectively. The accuracy of the SD model by developed by EO algorithm is tested through the current 
Vs volt and power Vs volt characteristics curves at different temperatures as shown in figs. 12 and 13, respectively. 
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Table 3. The real and output current for each algorithm. 
 

V real I real  EO TLBO HHO PSO PO MRFO JAYA 

-0.2057 0.764 0.7641 0.7641 0.7687 0.7641 0.7619 0.7641 0.7564 

-0.1291 0.762 0.7627 0.7627 0.7663 0.7627 0.7613 0.7627 0.7563 

-0.0588 0.7605 0.7614 0.7614 0.7641 0.7613 0.7607 0.7614 0.7563 

0.0057 0.7605 0.7602 0.7602 0.7621 0.7601 0.7602 0.7602 0.7563 

0.0646 0.76 0.7591 0.7591 0.7602 0.7591 0.7597 0.7591 0.7562 

0.1185 0.759 0.7580 0.7580 0.7585 0.7580 0.7592 0.7581 0.7561 

0.1678 0.757 0.7571 0.7571 0.7570 0.7571 0.7587 0.7572 0.7560 

0.2132 0.757 0.7561 0.7561 0.7554 0.7562 0.7582 0.7562 0.7558 

0.2545 0.7555 0.7551 0.7551 0.7539 0.7552 0.7574 0.7552 0.7551 

0.2924 0.754 0.7537 0.7537 0.7520 0.7541 0.7560 0.7538 0.7538 

0.3269 0.7505 0.7514 0.7514 0.7494 0.7524 0.7534 0.7515 0.7511 

0.3585 0.7465 0.7474 0.7474 0.7452 0.7499 0.7487 0.7474 0.7461 

0.3873 0.7385 0.7401 0.7401 0.7378 0.7456 0.7404 0.7402 0.7372 

0.4137 0.728 0.7274 0.7274 0.7252 0.7386 0.7263 0.7274 0.7224 

0.4373 0.7065 0.7070 0.7070 0.7050 0.7278 0.7045 0.7070 0.6999 

0.4590 0.6755 0.6753 0.6753 0.6737 0.7117 0.6717 0.6752 0.6668 

0.4784 0.632 0.6308 0.6308 0.6297 0.6898 0.6270 0.6306 0.6222 

0.4960 0.573 0.5719 0.5719 0.5713 0.6614 0.5691 0.5717 0.5650 

0.5119 0.499 0.4996 0.4996 0.4994 0.6273 0.4986 0.4993 0.4958 

0.5265 0.413 0.4136 0.4136 0.4137 0.5875 0.4153 0.4133 0.4140 

0.5398 0.3165 0.3175 0.3175 0.3176 0.5436 0.3217 0.3170 0.3219 

0.5521 0.212 0.2122 0.2122 0.2120 0.4962 0.2184 0.2115 0.2197 

0.5633 0.1035 0.1023 0.1023 0.1017 0.4472 0.1092 0.1015 0.1108 

0.5736 -0.01 -0.0087 -0.0087 -0.0098 0.3982 -0.0033 -0.0096 -0.0025 

0.5833 -0.123 -0.1255 -0.1255 -0.1274 0.3470 -0.1232 -0.1266 -0.1241 

0.5900 -0.21 -0.2085 -0.2085 -0.2110 0.3109 -0.2108 -0.2097 -0.2143 
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Figure 7. PV output current absolute error for EO and other algorithms. 
 

 
 

Figure 8. Fitness function for SD model. 
 

 
 

Figure 9. Boxplot for RMSE values of different algorithms for SD model. 
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Table 3. The real and output current for each algorithm. 
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Table 4. The statistical results of all algorithms. 
 

 Minimum Average Maximum STD 

EO 0.000986022 0.000986141 0.000986546 2.27567E-07 

TLBO 0.00098602 0.00098602 0.00098602 3.89754E-12 

HHO 0.0020053 0.006543327 0.0088269 0.002629385 

PSO 0.00098602 0.00098603 0.00098604 5.99571E-09 

PO 0.002780458 0.010876092 0.0129 0.004525597 

MRFO 0.0009867 0.000996299 0.0010199 1.35517E-05 

JAYA 0.0029177 0.0084053 0.015089 0.005976283 

 

 
 

Figure 10. Current Vs volt characteristics for real system, EO, and other algorithms. 
 

 
 

Figure 11. Power Vs volt characteristics for real system, EO, and other algorithms. 
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Figure 12. Current Vs volt characteristics for real system and EO algorithm at different temperatures. 
 

 
 

Figure 13. Power Vs volt characteristics for real system and EO algorithm at different temperatures. 
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Table 5. Estimated parameter in case of DD obtained by different optimization algorithms. 
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Table 6. The real and output current for proposed and original algorithm. 
 

V real I real EO TLBO HHO PSO PO MRFO JAYA 

-0.2057 0.764 0.7641 0.7641 0.7635 0.7641 0.7612 0.7613 0.7579 

-0.1291 0.762 0.7627 0.7627 0.7624 0.7627 0.7603 0.7601 0.7579 

-0.0588 0.7605 0.7614 0.7614 0.7613 0.7614 0.7594 0.7590 0.7579 

0.0057 0.7605 0.7602 0.7602 0.7603 0.7602 0.7585 0.7580 0.7579 

0.0646 0.76 0.7591 0.7591 0.7593 0.7591 0.7577 0.7571 0.7579 

0.1185 0.759 0.7581 0.7580 0.7585 0.7580 0.7568 0.7562 0.7579 

0.1678 0.757 0.7571 0.7571 0.7576 0.7571 0.7557 0.7551 0.7578 

0.2132 0.757 0.7562 0.7561 0.7567 0.7561 0.7541 0.7537 0.7577 

0.2545 0.7555 0.7551 0.7551 0.7556 0.7551 0.7515 0.7514 0.7573 

0.2924 0.754 0.7537 0.7537 0.7540 0.7537 0.7470 0.7474 0.7564 

0.3269 0.7505 0.7514 0.7514 0.7515 0.7514 0.7394 0.7401 0.7544 

0.3585 0.7465 0.7473 0.7474 0.7471 0.7474 0.7265 0.7274 0.7503 

0.3873 0.7385 0.7401 0.7401 0.7395 0.7401 0.7062 0.7070 0.7426 

0.4137 0.728 0.7274 0.7274 0.7265 0.7274 0.6748 0.6753 0.7291 

0.4373 0.7065 0.7070 0.7070 0.7061 0.7070 0.6308 0.6308 0.7077 

0.4590 0.6755 0.6754 0.6753 0.6748 0.6753 0.5725 0.5720 0.6749 

0.4784 0.632 0.6309 0.6308 0.6308 0.6308 0.5004 0.4997 0.6296 

0.4960 0.573 0.5722 0.5719 0.5724 0.5721 0.4143 0.4138 0.5704 

0.5119 0.499 0.5000 0.4996 0.5004 0.4998 0.3178 0.3177 0.4983 

0.5265 0.413 0.4142 0.4137 0.4143 0.4139 0.2120 0.2124 0.4129 

0.5398 0.3165 0.3182 0.3175 0.3179 0.3179 0.1017 0.1026 0.3176 

0.5521 0.212 0.2130 0.2122 0.2120 0.2127 -0.0091 -0.0084 0.2130 

0.5633 0.1035 0.1033 0.1023 0.1017 0.1029 -0.1256 -0.1251 0.1036 

0.5736 -0.01 -0.0075 -0.0087 -0.0092 -0.0079 -0.2074 -0.2080 -0.0077 

0.5833 -0.123 -0.1241 -0.1255 -0.1257 -0.1244 0.7612 0.7613 -0.1253 

0.5900 -0.21 -0.2069 -0.2084 -0.2075 -0.2073 0.7603 0.7601 -0.2098 

V real I real EO TLBO HHO PSO PO MRFO JAYA 

-0.2057 0.764 0.7641 0.7641 0.7635 0.7641 0.7612 0.7613 0.7579 
 
 

Table 5. Estimated parameter in case of DD obtained by different optimization algorithms. 
 

 

E
O

 

T
L

B
O

 

H
H

O
 

PS
O

 

PO
 

M
R

FO
 

JA
Y

A
 

R
s (

Ω
) 

0.
03

64
76

62
4 

0.
03

63
77

16
9 

0.
03

93
05

 

0.
03

63
77

 

0.
03

90
55

29
3  

0.
03

63
71

14
9 

0.
03

38
11

33
9  

R
sh

(Ω
) 

54
.2

82
85

82
 

53
.7

17
52

13
2 

64
.2

18
64

 

53
.7

19
78

 

67
.6

43
21

61
2 

54
.2

52
75

38
5 

25
00

0 

I p
h(

A
) 

0.
76

07
83

42
5 

0.
76

07
75

57
4 

0.
76

08
12

 

0.
76

07
74

 

0.
76

07
80

07
9 

0.
76

07
52

04
4 

0.
75

79
22

52
5  

Id
1(A

) 

2.
88

E-
07

 

3.
23

E-
07

 

1.
88

E -
06

 

3.
23

E-
07

 

3.
63

E-
06

 

3.
28

E-
07

 

6.
80

E-
07

 

Id
2(A

) 

2.
64

E-
07

 

2.
10

E-
14

 

9.
31

E -
09

 

4.
71

E -
13

 

2.
79

E -
08

 

1.
00

E -
10

 

0 

ɳ 
1 

1.
46

73
37

45
3 

1.
47

68
92

35
1 

1.
80

99
01

 

1.
47

68
93

 

1.
99

89
39

77
 

1.
47

91
30

55
8 

1.
55

49
19

17
7 

ɳ 
2 

1.
99

99
65

13
 

1.
55

86
89

89
1  

1.
22

22
67

 

1.
67

92
22

 

1.
28

61
71

31
8 

1.
22

32
07

24
7 

1 

R
M

S 

0.
00

09
84

10
7 

0.
00

09
86

02
 

0.
00

11
09

 

0.
00

09
86

02
 

0.
00

11
00

70
9 

0.
00

09
86

44
1 

0.
00

24
59

63
2 

 



Developing photovoltaic cells parameter estimation algorithm based on equilibrium optimization technique286

 
 

Figure 14. Fitness function for DD model for different optimization algorithms. 
 

 
 

Figure 15. PV Output Current Absolute Error for EO and other algorithms. 
` 

 
 

Figure 16. Boxplot for RMSE values of different algorithms for DD model. 
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Table 7. The statistical results of all algorithms. 
 

 Minimum Average Maximum STD 

EO 0.0009841 0.00097494 0.00098602 1.30096E-06 

TLBO 0.00098602 0.00099791 0.00102173 1.45777E-05 

HHO 0.001109 0.0049636 0.0093 0.003956423 

PSO 0.00098602 0.00099079 0.00099905 5.6331E-06 

PO 0.00110071 0.00354014 0.0051 0.001480586 

MRFO 0.00098644 0.00099014 0.00099735 4.50056E-06 

JAYA 0.00245963 0.01683193 0.0301 0.010184928 

 

 
 

Figure 17. Current Vs volt characteristics for real system, EO and other algorithms. 
 

 
 

Figure 18. Power Vs volt characteristics for real system, EO and other algorithms. 
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Figure 16. Boxplot for RMSE values of different algorithms for DD model. 
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Figure 19. Current Vs volt characteristics for real system and EO algorithm at different temperatures. 
 

 
 

Figure 20. Power Vs volt characteristics for real system and EO algorithm at different temperatures. 
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a polycrystalline PV panel STM6-120/36 [34]. The panel has open-circuit voltage Voc=19.21 and short-circuit current 
Isc=7.48A. The measured data from the panel at temperature 55C are listed in Table 8. Also, the calculated output 
current from the estimated parameter for TD model by EO is presented in Table 8.  The estimated parameters and 
RMSE for EO and other compared algorithms are listed in Table 9. Fig. 21 presents the convergence curves for all 
algorithms. The RMSE values calculated in each run in the statistical results are figured in boxplot for each algorithm 
as shown in fig. 22. (+) represents the outliers. The statistical results for 30 runs are presented in table 10. Fig. 23 
presents the absolute error between real output current and the output current calculated from the parameter estimated 
from each algorithm. In figs. 21, 22, and 23, EO algorithm results are more accurate than those of others. For more 
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comparison, current Vs volt and power Vs volt characteristics curves for real system, EO, and other algorithms have 
been discussed in figs. 24 and 25, respectively. The accuracy of the DD model developed by EO algorithm is tested 
through the current Vs volt and power Vs volt characteristics curves at different temperatures as shown in figs. 26 
and 27, respectively. 

 

 

Figure 21. Fitness function of TD model for different optimization algorithms. 
 

 

Figure 22. Boxplot for RMSE values of different algorithms for TD model. 
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Figure 19. Current Vs volt characteristics for real system and EO algorithm at different temperatures. 
 

 
 

Figure 20. Power Vs volt characteristics for real system and EO algorithm at different temperatures. 
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Table 8. The real and output current for the proposed and original algorithm. 
 

V real I real EO TLBO HHO PSO PO MRFO JAYA 

17.65 3.83 3.8467 3.8455 3.7908 3.8553 3.8610 3.8371 3.8588 

17.41 4.29 4.2695 4.2615 4.2615 4.2715 4.2634 4.2600 4.2725 

17.25 4.56 4.5395 4.5290 4.5487 4.5386 4.5313 4.5301 4.5387 

17.10 4.79 4.7807 4.7692 4.7988 4.7783 4.7745 4.7718 4.7780 

16.90 5.07 5.0799 5.0691 5.1036 5.0775 5.0781 5.0727 5.0769 

16.76 5.27 5.2650 5.2575 5.2953 5.2653 5.2625 5.2616 5.2646 

16.34 5.75 5.7729 5.7701 5.7961 5.7760 5.7776 5.7733 5.7757 

16.08 6.00 6.0369 6.0361 6.0510 6.0408 6.0445 6.0380 6.0409 

15.71 6.36 6.3401 6.3427 6.3479 6.3463 6.3455 6.3434 6.3466 

15.39 6.58 6.5647 6.5665 6.5597 6.5691 6.5711 6.5657 6.5698 

14.93 6.83 6.8181 6.8180 6.7993 6.8195 6.8237 6.8156 6.8205 

14.58 6.97 6.9655 6.9639 6.9402 6.9649 6.9694 6.9608 6.9658 

14.17 7.10 7.0971 7.0943 7.0692 7.0949 7.0978 7.0909 7.0957 

13.59 7.23 7.2263 7.2231 7.2013 7.2234 7.2225 7.2199 7.2237 

13.16 7.29 7.2911 7.2881 7.2711 7.2884 7.2846 7.2854 7.2883 

12.74 7.34 7.3361 7.3336 7.3223 7.3339 7.3278 7.3316 7.3334 

12.36 7.37 7.3656 7.3638 7.3578 7.3640 7.3568 7.3623 7.3633 

11.81 7.38 7.3951 7.3943 7.3957 7.3946 7.3871 7.3937 7.3934 

11.17 7.41 7.4160 7.4162 7.4254 7.4165 7.4109 7.4167 7.4151 

10.32 7.44 7.4312 7.4325 7.4501 7.4328 7.4325 7.4342 7.4311 

9.74 7.42 7.4369 7.4389 7.4611 7.4391 7.4440 7.4413 7.4374 

9.06 7.45 7.4409 7.4434 7.4701 7.4436 7.4554 7.4465 7.4418 
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Table 9. Estimated parameter in case of TD model obtained by different optimization algorithms. 
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Table 8. The real and output current for the proposed and original algorithm. 
 

V real I real EO TLBO HHO PSO PO MRFO JAYA 

17.65 3.83 3.8467 3.8455 3.7908 3.8553 3.8610 3.8371 3.8588 

17.41 4.29 4.2695 4.2615 4.2615 4.2715 4.2634 4.2600 4.2725 

17.25 4.56 4.5395 4.5290 4.5487 4.5386 4.5313 4.5301 4.5387 

17.10 4.79 4.7807 4.7692 4.7988 4.7783 4.7745 4.7718 4.7780 

16.90 5.07 5.0799 5.0691 5.1036 5.0775 5.0781 5.0727 5.0769 

16.76 5.27 5.2650 5.2575 5.2953 5.2653 5.2625 5.2616 5.2646 

16.34 5.75 5.7729 5.7701 5.7961 5.7760 5.7776 5.7733 5.7757 

16.08 6.00 6.0369 6.0361 6.0510 6.0408 6.0445 6.0380 6.0409 

15.71 6.36 6.3401 6.3427 6.3479 6.3463 6.3455 6.3434 6.3466 

15.39 6.58 6.5647 6.5665 6.5597 6.5691 6.5711 6.5657 6.5698 

14.93 6.83 6.8181 6.8180 6.7993 6.8195 6.8237 6.8156 6.8205 

14.58 6.97 6.9655 6.9639 6.9402 6.9649 6.9694 6.9608 6.9658 

14.17 7.10 7.0971 7.0943 7.0692 7.0949 7.0978 7.0909 7.0957 

13.59 7.23 7.2263 7.2231 7.2013 7.2234 7.2225 7.2199 7.2237 

13.16 7.29 7.2911 7.2881 7.2711 7.2884 7.2846 7.2854 7.2883 

12.74 7.34 7.3361 7.3336 7.3223 7.3339 7.3278 7.3316 7.3334 

12.36 7.37 7.3656 7.3638 7.3578 7.3640 7.3568 7.3623 7.3633 

11.81 7.38 7.3951 7.3943 7.3957 7.3946 7.3871 7.3937 7.3934 

11.17 7.41 7.4160 7.4162 7.4254 7.4165 7.4109 7.4167 7.4151 

10.32 7.44 7.4312 7.4325 7.4501 7.4328 7.4325 7.4342 7.4311 

9.74 7.42 7.4369 7.4389 7.4611 7.4391 7.4440 7.4413 7.4374 

9.06 7.45 7.4409 7.4434 7.4701 7.4436 7.4554 7.4465 7.4418 
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Table 10. The statistical results of all algorithms. 
 

 Minimum Average Maximum STD 

EO 0.01470873 0.01571738 0.01667917 0.000740527 

TLBO 0.01555087 0.01595619 0.01656268 0.000553647 

HHO 0.027533 0.0352866 0.0381 0.004412352 

PSO 0.01551985 0.01565567 0.01614341 0.000272778 

PO 0.017895 0.025198 0.0305 0.006687788 

MRFO 0.015508 0.0170016 0.0188 0.001610594 

JAYA 0.01562686 0.01722686 0.01862686 0.001516575 

 

 
 

Figure 23. PV Output Current Absolute Error for EO and other algorithms. 
 
 

 
 

Figure 24. Current Vs volt characteristics for real system, EO and other algorithms. 
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 Figure 25. Power Vs volt characteristics for real system, EO, and other algorithms. 

 

 
Figure 26. Current Vs volt characteristics for real system and EO algorithm at different temperatures. 

 

 
Figure 27. Power Vs volt characteristics for real system and EO algorithm at different temperatures. 
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Table 10. The statistical results of all algorithms. 
 

 Minimum Average Maximum STD 

EO 0.01470873 0.01571738 0.01667917 0.000740527 

TLBO 0.01555087 0.01595619 0.01656268 0.000553647 

HHO 0.027533 0.0352866 0.0381 0.004412352 

PSO 0.01551985 0.01565567 0.01614341 0.000272778 

PO 0.017895 0.025198 0.0305 0.006687788 

MRFO 0.015508 0.0170016 0.0188 0.001610594 

JAYA 0.01562686 0.01722686 0.01862686 0.001516575 

 

 
 

Figure 23. PV Output Current Absolute Error for EO and other algorithms. 
 
 

 
 

Figure 24. Current Vs volt characteristics for real system, EO and other algorithms. 
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CONCLUSION 

In this paper, the most recent three PV models have been discussed (SD, DD, and TD models), and also, an EO 
algorithm has been discussed and applied for solving the optimal parameter estimation of different PV models. The 
EO has been tested though parameter estimation of SD and DD and PV models through real PV system. In addition, 
it has been applied for estimating the parameters for polycrystalline PV panels through TD PV model. The 
comparison between EO and other algorithms has been covered by comparing different evaluation parameters, for 
example, RMSE and absolute error. In all cases, the results obtained by EO are more accurate than those obtained by 
the other optimization algorithms.  
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