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Abstract This paper is aimed at first to present a thorough review of published 

research works for evaluating the photovoltaic module parameters in three categories. 

In the first category, the parameters were determined successively one-by-one based 

on several approximations. The second category was an extension to the first category 

but through one-or two-loops for determining one- or two-parameters. Then, the 

remaining parameters were obtained one-by-one. In the third category, an iterative 

procedure was presented for simultaneous solution of the describing equations based 

on assumed initial values of some parameters. The remaining parameters -if any- were 

determined in terms of those already obtained by iteration. The present paper proposes 

a method for determining the parameters based on datasheet values at three key points 

on the module current-voltage (I-V) curve and solution of describing equations of the 

module with the same well-defined initial values, which serve solution for single- and 

double-diode models irrespective of module type and rating by using Matlab "fsolve" 

routine. To the authors’ knowledge, one of the formulated equations includes -for the 

first time- the value of the module maximum power. This value was never considered 

before by other approaches reported in the literature for evaluating the module 

parameters. The obtained results confirmed the superiority of the proposed method in 

assessing the module parameters with higher accuracy than that of other methods 

reported in the literature. The root-mean-square-deviation from the describing 

equations records a value of 0.005 against a range from 0.03 to 2.45 by other methods 

for the same module.  As a second check, the percentage deviation of the slope of I-V 

curve at maximum-power-point from its nominal value reached 0.07% for the 

proposed method against a range from 0.22 to 44.5 % by other methods. As a third 

check, the accuracy is evaluated at points different from the key points of the datasheet.  

The module current value at open-circuit voltage is 0.0029A and closer to zero on using 

the module parameters predicted by the proposed method when compared with values 

in a range from -0.23 to + 0.92A obtained by other methods. 
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circuit; maximum power point; photovoltaic. 

1. Introduction 

The solar photovoltaic (PV) systems contribute continuously in increasing 

generation of electric power to mitigate burden on using a time-depleting fossil-fuel, 

which pollutes the environment. PV cells and modules are commonly modelled as 

circuits defined by cell/module parameters. Finding appropriate circuit model of PV 

modules is crucial for performance evaluation including efficiency and maximum 

power point tracking of PV systems as well as prediction of the characteristic I-V 

curves of the module when installed in a particular area at different weather conditions. 

The photovoltaic module has a non-linear I–V characteristic that depends on the solar 

irradiance and the temperature. The most common model to study the performance of 

the PV module is the so-called single-diode model (SDM) [1], [2] followed by the 

double-diode model (DDM) [1],[2]. Some authors had proposed triple diode model 

(TDM) [2]. The equivalent circuit of a PV module includes a photon current source Iph 

and a parallel diode with reverse saturation current I0 and ideality factor A, as well as 

series Rs and parallel Rp resistors. Therefore, the model has five parameters Iph, I0, A, 

Rs and Rp for SDM. For DDM, the number of parameters increases to seven to express 

extra two parameters representing 𝐼0 and A of the second diode. For TDM, the number 

of parameters increases to nine to express extra four parameters representing 𝐼0 and A 

of the second and third diodes. To utilize the PV module in an application, all 

parameters must be known to the design engineer.  

The I-V output equation for SDM at a specified solar irradiation G and temperature 

T was expressed using equation (A-1a) [1] in Appendix A. The analogous equation to 

(A-1a) for DDM was expressed using equation (A-1b). Equations (A-1a) and (A-1b) 

multiplied by the voltage V determines the power-voltage (P-V) relationship. 

Modules’ manufacturers usually give at standard test condition (STC) with 

1000 W/m2 solar irradiance, 1.5 air-mass ratio (AM) and 25 °C cell temperature 

datasheet-information at three key points including current Isc at short-circuit point, 

voltage Voc at open-circuit point and power (Pmpp), voltage (Vmpp ) and current (Impp) 

at MPP, the maximum power point. The coefficients kv, ki and kp to assess the 

variations of Voc (V), Isc current (A) and Pmpp (W) with cell temperature are provided 

in some datasheets. Assessment of the performance at other conditions different from 

those of STC is possible provided that the module parameters at STC are known.  

The present paper is aimed at (i) reviewing the work published in the literature on 

evaluation of the module parameters based on assumed initial values for the problem-

solving approach, and (ii) proposing a systematic method for determining these 

parameters based on datasheet values and module describing-equations with the same 

set of well-defined initial values that serve the solution for SDM and DDM. Therefore, 

assessment of module parameters completes the information provided by the 

manufacture’s datasheets. 

The predictions of the parameters by the proposed method for modules either of 

crystalline or thin film type are compared with those published in the literature over 

the years including those obtained using Lambert function and optimization techniques 
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supported with experimental measurements to find a solution for the parameters’ 

estimation problem. 

The structure of the paper is as follows: Section 2 is devoted for a thorough review 

of the previous published work and for pinpointing its weakness.  Section 3 presents 

the proposed method. Results and discussions are presented in section 4 and section 5 

is assigned for the conclusions extracted from the present work. 

2. Literature Review of Methods Reported for Assessment of Module 

Parameters 

2.1. Single diode model (SDM) 

2.1.1. First category (parameters were obtained one-by-one based on 

approximate values assumed for some parameters) 

The value of diode ideality factor A was selected [1] equals to 1.3. The value of 

Rswas obtained from the condition 
dP

dV
  equals to zero at MPP which ends up by 

equation (A-2) in Appendix A in terms of A and datasheet values at the three key points 

[1]. Rp was determined in terms of A, Rs and datasheet values ( Isc and Pmpp). Iph was 

calculated in terms of  Rp, Rs and datasheet value (Isc).  I0 was calculated in terms of 

A, Rp,  Rs and datasheet values ( Voc and Isc). Thus, the unknown parameters were 

determined one-by-one using equation (A-2). 

In a method based on the Serial–Parallel Ratio (SPR), the five parameters were 

scaled-down to four parameters [3] without losing significant precision on neglecting 

one resistance. The photon current Iphwas assumed equal to short-circuit current Isc. 

The SPR value was determined in terms of datasheet values (Isc, Voc, Vmpp and Impp) 

at the three key points.  For SPR >1, Rp = ∞ and an explicit equation was given for 

determining Rsin terms of datasheet values at the three key points.  For SPR <1, Rs =
0 and an explicit equation was given for determining  Rp in terms of datasheet values 

at the three key points. A was calculated in terms of Rp, Rs and datasheet values at the 

three key points.  I0 was calculated in terms of A, Rp, Rs and datasheet values (Vocand 

Isc). 

In a presented method [4], Rs and A were calculated in terms of datasheet values 

(Isc, Voc, Vmpp and Impp) at the three key points.  Iph was equated to Isc .  I0 was 

determined in terms of A and datasheet values (Voc and Isc). Rp was determined in 

terms of A, Rs and datasheet values (Voc and Isc).  

In a presented method [5], the value of the diode ideality factor A was chosen equal 

to 1.2. Initial value of Rp was determined in terms of datasheet values (Isc,Vmpp and 

Impp)  while the initial value of Rs was determined in terms of datasheet values (Voc, 

Vmpp and Impp).  Iph was determined in terms of initial values of Rs,  Rp and datasheet 

value (Isc). I0 was determined in terms of A, Iph, initial value of Rp and datasheet value 

(Voc). Rs was determined in terms of I0, A and initial value of Rs and datasheet value 

(Voc).  Rp was determined in terms of I0,  Iph, A, Rs and datasheet value ( Vmpp and 

Impp). 
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A method was presented before [6], [7], [8] considering Rpequal to infinity with Iph 

equal to Isc. The saturation current I0 was determined [6], [7], [8] from the open-circuit 

and short-circuit conditions using equation (A-3) in Appendix A. A was determined in 

terms of datasheet values (Isc, Voc, Vmpp and Impp) at the three key points. Rs was 

determined in terms of A and the datasheet values at the three key points. 

The parameters were determined [9] for an ideal cell ( Rp = ∞ , Rs = 0) with ( Iph =

 Isc)  and I0  estimated was using equation (A-3). An explicit expression for 

determining A was given in terms of datasheet values at the three key points. 

 2.1.2 Second category (parameters A and Rs were obtained separately, 

each in a separate loop or determined simultaneously through two {inner and 

outer} loops)  

A method [10] was based on neglecting the influence of Rp, (i.e, Rp = ∞). ( Iph =

 Isc) and I0  was determined using equation (A-3). A was assumed in the range 1-2. 

Satisfaction of the I-V module-characteristic at MPP (Impp , Vmpp) using equation (A-

1a) determined Rs in relation to A as dictated by equation (A-4) in Appendix A [10] 

provided that Iph, I0 and Rp were known. As A was assumed, the corresponding value 

of Rs  was determined. The procedure was repeated by incrementing value of A until 

the condition (
∂P

∂V
= 0) was satisfied at the MPP. This determines the final values of A 

and Rs.  

In an attempt [11], A was incremented in the range from 0.1 to 2 in steps of value 

0.025. For each value of A, the Rs value was determined based on A and datasheet 

values (Voc, Isc, Vmpp and Impp) at the three key points. With the known value of Rs,  

Rp was determined based on A , Rs and datasheet values at the three key points. The 

final values of A, Rs and Rp were selected corresponding to the maximum obtained 

value of Rp. I0 was determined based on A, Rp , Rs and datasheet values (Voc and Isc). 

However, Iph was determined based on Rp , Rs,  I0 and datasheet value (Voc). 

The parameters of SDM of a PV module were estimated [12] based on (i) an iterative 

method for calculating the module ideality factor A and (ii) four equations formulated 

at the three key points after doing some simplifications and extractions from previous 

work  [1].  The four equations were solved one-by-one using Simulink in Matlab 

software.  The calculated I-V curves using the presented method agreed with those 

measured experimentally at different cell temperatures without stating how the module 

parameters are influenced by cell temperature. 

In another research work [13], A was chosen equal to 1.3. I0 was calculated using 

equation (A-3). Rs was initially assumed equal to zero while  Rp was determined in 

terms of A, I0 and Rsand datasheet values at ( Vmpp and Impp).  Iphwas determined in 

terms of Rp and Rs and datasheet value at (Isc). Rs was incremented in an iterative 

procedure and the values of Rp and  Iph were updated. The iterative procedure 

continued until  Pmppc; the calculated maximum power became equal to  Pmpp; the 

maximum power obtained from datasheet. 

A method was presented [14] based on determining a range of Rs from 0 to Rs,max 

where Rs,maxwas determined in terms of assumed values for A, I0 and datasheet values 
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( Isc, Vmpp and Impp). An initial value of Rs within the assigned range was selected and 

an arbitrary initial value of A was assumed to form an iterative procedure devoted for 

incrementing  Rs. Initial values of ( Iph =  Isc) and I0 were determined from equation 

(A-3). Initial value of Rp was determined in terms of Rs, A,  Iph, I0 and datasheet value 

(Vmpp,  Impp). Updated value of A was determined in terms of Rp, Rs,  Iph, I0 and 

datasheet values (Vmpp,  Impp). Updated value of  Iph was determined in terms of Rs, 

A, Rp and datasheet value (Isc). Updated value of I0 was determined in terms of Iph, 

A, Rp and datasheet value (Voc). Updated value of  Rp was determined in terms of Rs, 

A,  Iph, I0 and datasheet values (Vmpp,  Impp). Rs was incremented and the iterative 

procedure was continued until the product of two successive values of 
dP

dV
 assumed a 

negative value. 

Based on SDM representation, a hybrid approach was presented for extracting the 

parameters of PV modules [15].  The hybrid model is a combination of the module 

ideal model and the resistance-network model.  In the ideal model, the parameters I0, 

Iph and A were evaluated using an analytical approach one-by-one based on the 

datasheet values under STC.  The parameters Rs and Rp were obtained using a 

numerical approach similar to a previous one [13].  The calculated I-V and P-V curves 

using the presented hybrid method agreed with those measured experimentally. 

A two-step method was presented [16]. The first step was aimed at determining A 

and Rs-value where Rp was assumed equal to infinity.  In an iterative procedure, A 

was assumed initially equal to 1 and Rs was determined in terms of A and datasheet 

values (Voc, Vmpp and Impp). I0 was determined based on A, Rs and datasheet values 

(Voc and Isc ).  Iph was determined in terms of A, I0 and datasheet value (Voc). Then, 

the calculated voltage Vmppc  at  MPP was obtained using equation (A-1a) 

corresponding to current Impp of the datasheet for comparison against  Vmpp of the 

datasheet. The procedure was terminated when the difference between  

Vmppc and Vmpp became within a predefined tolerance value. In the second step, the 

Rp-value was calculated for the first iteration using an explicit equation reported before 

[13] along with the values of A, Rs,  Iph and I0 as obtained from the first step. The 

iterative procedure was aimed at incrementing Rp and obtaining accurate values of Rp, 

 I0 and  Iph  being dependent on Rp while the values of Rs and A were remained the 

same as obtained in first step. Then, the current Imppc  at the maximum-power point 

was calculated using equation (A-1a) corresponding to Vmpp of the datasheet for 

comparison against  Impp of the datasheet. The iterative procedure was terminated 

when the difference between  Imppc and Impp became within a predefined tolerance 

value. 

In a presented method [17], all possible values of Rs in the range from 0 to 2 Ω and 

A in the range from 1 to 2  were attempted.  Iphis equal to Isc of datasheet. Rp was 

calculated in terms of A, Rs,  Iph and datasheet value (Vmpp and Impp).  I0 was 

calculated in terms of A, Rp,  Iph and datasheet value (Voc). The values of Rp,  I0and  
Iph

were determined for each value of Rs and A. For each value of Rs, the calculated 

output power Pmppc (obtained from equation (A-1a) multiplied by V) was compared 
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against  Pmpp of datasheet or Pmeasured .  Then, the mean absolute error in power 

(MAEP) was considered equal to the difference between the calculated Pmppc and Pmpp 

of datasheet (or Pmeasured if available) over the voltage range from zero to open-circuit 

value. The procedure was repeated for other values of A. The requested solution 

corresponds to the minimum obtained value of MAEP. 

A presented method was developed [18] to follow an iterative procedure with two 

loops; the inner loop was devoted for incrementing A. The outer loop was devoted for 

incrementing Rs. Rp was determined in terms of A, Rs and datasheet values (Voc and 

Isc). I0 was determined in terms of A, Rp, Rs and datasheet values (Voc and Isc).  Iph 

was determined in terms of A, Rp, I0 and datasheet value (Voc). The iterative procedure 

was terminated when the difference between the calculated Pmppc and Pmpp of 

datasheet became less than a predefined value. 

2.1.3 Third category (parameters were obtained directly by 

simultaneous solution of describing equations) 

Five equations were formulated [19–22] by applying equation (A-1a) at the three key 

points as well as equation (A-2) and equation (A-5) in Appendix A. The five equations 

were reduced by mathematical manipulation and approximation to three equations for 

determining three unknown parameters Rp , Rs  and A.  I0 was determined based on A, 

Rp , Rs and datasheet values (Voc and Isc ).  Iph was determined in terms of A, Rp , I0 

and datasheet value (Voc).  The equations’ solution was performed using Newton-

Raphson method [19–21] and Gauss–Seidel method [22]. 

In a method [23], five equations were formulated based on datasheet values at the 

three key points using equation (A-1a) as well as equation (A-2) and a supplementary 

condition concerned with equating derivative of power with respect to current to zero.  

The five equations were reduced to three equations and solved simultaneously to 

determine A, Rp and Rs by applying Newton-Raphson with initial values of parameters 

estimated using simplified explicit equations.  I0 was calculated based on A, Rp , Rs  

and datasheet values (Voc and Isc ).  Iph was calculated based on A, Rp, I0 and datasheet 

value (Voc). 

 In a presented method [24], I0, Rs , Rp and A were obtained based on datasheet 

values at the three key points using equation (A-1a) as well as equation (A-5) and a 

supplementary condition concerned with equating derivative of current with respect to 

voltage at open circuit to −
1

Rs
 . Iphwas determined based on A, Rp , I0  and datasheet 

value (Voc). 

A method was presented [25], [26] based on formulating a set of five nonlinear 

equations whose simultaneous solution determines Iph,   I0 ,  Rp,  Rs and A using non-

linear least square algorithm [25] and Levenberg–Marquardt algorithm based fsolve 

[26]. Three out of these five equations were formulated based on datasheet values at 

the three key points using equation (A-1a) in addition to equations (A-2) and (A-5). 

A method was presented [27] based on formulating a set of five nonlinear equations 

whose simultaneous solution determines the unknown five parameters. Three out of 

five equations were formulated based on datasheet values at the three key points using 

equation (A-1a) and the two other equations were formulated at two additional points 
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on I-V curve (Ix current at Vx=0.5Voc and Ixx current at Vxx=0.5(Voc+Vmpp). Ix  and Ixx 

were obtained from manufacturer I-V curve. 

A method was presented [28] where five equations were formulated based on 

datasheet values at the three key points using equation (A-1a) as well as equations (A-

2) and (A-5) to determine I0, Rs, Iph , Rp and A using Newton-Raphson method based 

on guessed initial values to solve the equations. 

A method was presented [29] following the same procedure in [23] but the five 

equations were solved simultaneously using fsolve.  

In a method [30], four equations were formulated based on datasheet values at the 

three key points using equation (A-1a) as well as equation (A-2). The fifth equation 

was not formulated but claimed to be selected from infinite I-V curves of the module 

with no explanation. 

In an attempt [31], five equations were formulated; two of them obtained by applying 

equation (A-1a) at open- and short-circuit key points. The 3rd, 4th and 5th equations 

were obtained from the slope −
dV

dI
 being equal to (i) Rp at the short-circuit point, (ii) 

Rs  at the open-circuit point (iii) 
Vmp

Imp
 at maximum-power point. After mathematical 

manipulation, the five equations were transformed into another five explicit equations; 

each evaluated a parameter. The explicit equations depend on Isc, Voc, Pmpp, Vmpp and 

Impp being extracted from datasheet as well as the slopes −
dV

dI
 at open and short circuit 

conditions. However, these slopes were not defined. 

The parameters of SDM of a PV module were estimated [32] based on measuring 

the entire I-V curve of the module over the voltage range from zero to Voc.  The 

parameters were obtained by fitting the I-V curve with reference to the basic equation 

(A-1a), which describes the curve.  A portion of the I-V curve around the MPP was 

utilized for fitting purpose to determine the parameters.  Optimal selection of the 

portion of the I-V curve for parameters' estimation was investigated.  Correct choice 

of that portion of the I-V curve can provide a promising online detection of module 

aging. 

The parameters of SDM of a PV module were estimated [33], [34] using both 

iterative/numerical  and analytical methods.  Parameters' prediction using the 

analytical approaches was compared satisfactorily with those obtained by the iterative 

methods.   The calculated I-V and P-V curves using the analytical and iterative methods 

agreed with those measured experimentally, even the predicted values of module 

parameters varied over a wide range.  For Shell SP70 module, the parameters Rs, Rp , 

I0, and A for SDM varied within the ranges of 0.2 - 0.48, 84 -302, 6.9x10-10 - 8.7x10-

8, and 1.02 -1.82, respectively. 

 

2.2 Double diode model (DDM) 

2.2.1. First category 
There is no publish work in the literature on obtaining the module parameters one-

by-one as described for the SDM.  

2.2.2. Second category 
A method  was presented [35] for determining parameters of DDM assuming equal 

reverse-saturation current for both diodes ( I01 =  I02 = I0). The ideality factor of one 
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diode was assumed equal to 1 whereas  A2 was calculated from the relationship 

[
A1+A2

P
= 1] with the variable p chosen arbitrarily ≥2. Iph was equated to Isc of 

datasheet. I0 was determined in terms of A1 and A2 and datasheet values (Voc and Isc). 

The other two parameters Rs and Rpwere obtained simultaneously by an iterative 

method.  With iteration, Rs was incremented and subsequently Rp was determined in 

terms of A1 and A2, Rs ,  Iph and datasheet values (Vmpp and Impp). The iterative 

procedure continues until  Pmppc became equal to  Pmpp of the datasheet within a 

specified tolerance value. 

Assuming that I01 =  I02 =  I0 and A1 = 1 and A2 = 2, the number of DDM 

parameters was reduced to four [36]. Firstly, Rp and Rs were correlated by satisfying 

equation (A-2) at MPP. With iteration, Rs was incremented and subsequently Rp was 

determined in terms of A, Rs and datasheet values (Isc, Voc, Vmpp and Impp) at the three 

key points. Secondly, the value of  Iph was determined in terms of Rs, Rp and datasheet 

value (Isc).   I0 was determined in terms of Rs, Rp and datasheet values (Isc and Voc). 

The iterative procedure was terminated when the value of a pertinent formulated 

function [36] became less than a predefined value.  

A combination between numerical and analytical method was made [37], [38] to 

determine the seven parameters. At first, initial values of A1, A2 and Rs were assumed 

arbitrary. The values of  I01and I02 were determined in terms of A1, A2, Rs and 

datasheet values (Isc, Voc, Vmpp and Impp) at the three key points. Rp was determined 

in terms of A1, A2, Rs,  I01,  I02 and datasheet values at the three key points. Iphwas 

determined in terms of  A1, A2, Rp, Rs,  I01,  I02 and datasheet values at the three key 

points. Rs was incremented and the iterative procedure was terminated when  Pmppc 

became equal to  Pmpp within a specified tolerance value. For the defined value of  Rs, 

a second iterative procedure was presented by incrementing A1and A2 instead of 

incrementation of Rs. The iterative procedure was repeated and terminated at Pmppc 

became equal to  Pmpp of the datasheet within a specified tolerance value.  The 

numerical approach of the method was related to the two iterative procedures. 

However, the analytical approach of the method was related to the solution of the 

equations describing   I01,  I02 ,  Rp and  Iph. 

2.2.3. Third category 

The paper in [39] presented an analytical solution for determining the parameters of 

a PV module where the unknown parameters was reduced in number from seven to 

four by assuming A1 = 1 and A2 =2 and  Iph= Isc of datasheet.  I01,  I02, Rs and Rpwere 

determined by simultaneous solution of four equations using Newton–Raphson 

method. These equations were formulated based on datasheet values at the three key 

points using equation (A-1a) as well as equation (A-5). 

Estimation of the seven parameters for PV module was made [40] for the solution 

by formulating seven equations and using Newton Raphson iterative method. The 

solution was started by choosing suitable initial values for determining the seven 

parameters describing the DDM.  The initial values of Rs, A1 and A2were assumed 

arbitrary. The initial values of I01,  I02 and Rp were obtained by applying equation (A-
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1b) at the three key points provided that Rs, A1 and A2  are known. The initial value of 

 Iphwas left undefined. Seven equations were formulated; three of them were obtained 

by applying equation (A-1b) at the three key points. Moreover, the 4th, 5th and 6th 

equations were obtained from the slope −
dV

dI
 being equal to (i) Rp at the short-circuit 

point, (ii) Rs  at the open-circuit point (iii) 
Vmp

Imp
 at MPP. The 7th equation was obtained 

from diode ideality factors whose summation  A1 + A2  was assumed equal to 3 for 

multi-crystalline and thin film solar cells against 4 for amorphous solar cell. The seven 

equations were solved simultaneously to determine the unknown parameters. 

Estimation of the seven parameters for PV module was made [41] by formulating 

seven equations using the following initial values of the parameters. The initial values 

of Rs, A1 and A2 were assumed equal to 0, 1, and 2, respectively for determining the 

seven parameters. The initial value of I02was derived in terms of  Rs, A1 and A2 as well 

as datasheet values at the three key points. The initial value of  I01was derived in terms 

of I02,  A1, A2 as well as datasheet values (Voc and Isc ). The initial value of  Rp was 

derived in terms of Rs, A1 and A2 as well as datasheet values (Voc and Isc ) [41]. The 

initial value of  Iph was derived in terms of  I01,  I02, Rp, A1 and A2 as well as datasheet 

values (Voc and Isc ). Six equations were formulated in the same way as in [40]. The 

7th equation was obtained from diode ideality factors whose summation  A1 + A2 was 

assumed equal to 3 only. The seven equations were solved simultaneously to determine 

the unknown parameters by using fsolve.  

 2.3 Research gaps 

It is quite clear from the above literature survey that the estimation of the module 

parameters of SDM and DDM is divided into three categories, Fig. 1, with assumed 

initial values and use of unjustified explicit equations[3], [30]. No unique approach 

was reported for determining the parameters of the PV modules in the three categories. 

To the authors’ knowledge, the present paper is aimed at proposing -for the first time- 

a unique systematic approach based only on the manufacturer’s datasheet at the three 

key points and the solution of the describing-equations of the module with the same 

well-defined initial-values, which serve solution for SDM and DDM irrespective of 

module type and rating with no need for conducting expensive experimental 

measurements. 

The superiority of the proposed approach in assessing the module parameters with 

higher accuracy than that of the other approaches reported in the literature is confirmed 

through three different checks at the three key points and at points different from the 

key ones on the I-V characteristic curve. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Fig.1: Evaluation of module parameters classified in three categories (a) SDM-First category, 

(b) SDM-Second category, (c) SDM-Third category, (d) DDM-Second category and (e) DDM-

Third category 

 

  

(a) (b) 

Fig.2 Equivalent circuit of (a) single- and (b) double- diode model of PV modules 
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3. Proposed Method for Determining Module Parameters   

3.1. Single diode model   

3.1.1. Model describing equations 

As stated above, the SDM for a PV module is described by an equivalent circuit, Fig. 

2. a, with the five parameters Iph, I0 , A, Rs and Rp. These parameters of the module 

are determined from the available information provided in manufacturer’s datasheets. 

This calls for formulating five equations to determine the unknown parameters. Four 

of the five equations are formulated based on datasheet values at the three key points 

using equation (A-1a) as well as equation (A-2). The fifth equation is formulated to 

include the maximum power Pmpp in the solution: 

1- Open-circuit condition with I = 0 at V = Voc 

Iph − I0 [e
qVoc
NAkT − 1] −

Voc

Rp
= 0                                                                       (1) 

2- Short circuit condition with I = Isc and V = 0, 

Isc = Iph − I0 [e
q(Rs Isc)

NAkT − 1] −
RsIsc

Rp
   or  Iph − I0 [e

q(Rs Isc)

NAkT − 1] −
RsIsc

Rp
 − Isc = 0     (2) 

3- Maximum-power point at I = Impp, V =  Vmpp  

Iph − I0 [e
q(Vmpp+RsImpp)

NAkT − 1] −
Vmpp+RsImpp

Rp
 − Impp = 0                              (3) 

4- 
dP

dV
= 0 where P=VI. This ends up obtaining equation (A-2) 

qI0

NAkT
(1−

Impp

Vmpp
Rs) [e

q(Vmpp+ImppRs)

NAkT ] +
1

Rp
−

Rs

Rp
  

Impp

Vmpp
 −

Impp

Vmpp
= 0                   (4) 

5- The output power at the MPP, i.e P =  Pmpp at  I = Impp, V =  Vmpp   

Vmpp{Iph − I0[e
q(Vmpp+RsImpp)

NAkT − 1] −
Vmpp+RsImpp

Rp
} − Pmpp = 0                   (5) 

Equation (5) is another version of equation (3) but it includes -for the first time- the 

power value  Pmpp at MPP. This value is never considered before by other approaches 

reported in the literature for evaluating the module parameters. Equation (5) is 

requested to form a fifth equation as the Matlab "fsolve" routine calls for it in order to 

generate a solution for equations (1)-(5). Such solution determines the five parameters 

pending well-defined initial values.  

The describing equations (1) - (5) are formulated to form five nonlinear equations 

with two of them are dependent on each other. Each equation must be written in the 

form F(x) = 0, i.e., Fi(x) = 0, i = 1, 2.., n (with n equal 5) for simultaneous solution 

using Matlab "fsolve" routine to determine the unknowns five parameters. The "fsolve" 

routine has the capability to predict accurate values of the five parameters from five 

equations with two of them depend on each other [42] pending well-defined initial 

conditions. 
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3.1.2. Initial values 

The initial values for simultaneous solution of the five formulated equations are 

expressed as:  

 Iph = Isc      , I0 =
Isc

[e
qVoc
NAkT−1]

 ,      Rp =
100×Voc

Isc
 ,     Rs =

0.1×Voc

Isc
  and    A=1.5. 

3.2. Double diode model  

3.2.1. Model describing equations 

The equivalent circuit describing the double diode model is composed of a 

photogenerated current source, two diodes, series and parallel resistances as shown in 

Fig.2.b and defined by seven unknown parameters.  

3.2.2. Simplifying assumptions 

The reverse saturation current for both diodes is assumed the same, i.e, I01 =
I02 = I0 in agreement with others [35], [36]. On adopting this simplifying assumption, 

the number of equations describing the DDM in the present work is reduced from seven 

to six. 

3.2.3. Solution methodology  

To evaluate the six unknowns of the DDM, six equations have to be formulated; five 

of them are equations (1) - (5) of the SDM being applicable for DDM. The seventh 

equation is to relate the diode ideality factors A1 and A2  together.   

Reference is made to the above literature review, ideality factors A1and A2 were 

related together so A1 + A2 ≥ 2  [35], A1 + A2 = 3 [40], [41] and A1 + A2 = 4 [40]. 

The number of equations were reduced from 7 to 4  [36], [39] and from 7 to 5 [35]. 

Therefore, the ideality factors in the present work are assumed to follow equation (6): 

A1 + A2 = 2.5                                                                                                    (6) 

The sum 2.5 in equation (6) is chosen midway between values adopted before [35], 

[40]. 

For completeness, the initial values for solution of the DDM describing equations 

are the same as those of the SDM with A1 = 1.5 and A2=1 for DDM. 

4. Results and Discussion 

4.1. Single diode model 

The accuracy of the proposed method in satisfying the five formulated equations at 

the three key points on the I-V characteristic of the PV module is determined by 

evaluating the root-mean-square deviation (RMSD). The latter is determined based on 

how the obtained parameters result in a deviation from satisfaction of the describing 

equations (1) – (5) of the module as expressed by equation (7): 

RMSD = √
∑ |Fi

2|n
i=1

n
                                                                                                                  (7) 
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The use of RMSD for SDM to assess the accuracy of determining the module 

parameters is extended to the DDM. 

For a second check on the accuracy of the proposed method, the slope 
dI

dV
 at the 

maximum power point is compared against the nominal value 
Impp

Vmpp
  according to 

equation (A-2) and the difference is normalized with respect to  
Impp

Vmpp
, expressed as a 

percentage of the nominal value and assigned a symbol dev 
Impp

Vmpp
. 

For a third check, the accuracy of the parameters’ estimation is evaluated at points 

other than the three key points on the I-V curve over all the whole voltage range from 

zero to Voc.  The current value at Voc is selected as a check point for comparison 

purpose to assess the accuracy of the parameters’ estimation methods. 

The proposed calculation method is tested in Matlab environment for different 

modules with datasheet values of the crystalline modules Kyocera KC200GT [1], 

Suntech STP-280 [21], [30], Sunpower SPR-315 [21], [30], Atersa A-120 [21], [30], 

Atersa A-130 [21], [30], Isofoton I-110 [21], [30] and DP Solar MSX60 [19]. The 

parameters obtained by the proposed method are compared with those reported before 

[1], [4], [10], [11], [13], [16], [17], [19], [20], [25], [26], [35] as given in Table 1 for 

the same module. Also, the parameters predicted by the proposed method are compared 

with those presented before [13], [19], [21], [30], [43–47]  as reported in Table 2  for 

different modules. 

Table 1 A comparison of the proposed method against other methods for the same 

polycrystalline module KC200GT  

Method 
Parameters 

RMSD dev 
Impp

Vmpp

 
Iph I0 Rs Rp A 

Proposed  8.2176 1.6296e-08 0.2702 290.6308 1.1838 0.0050 0.069174 

[1] 8.2132 9.7631 e-08 0.2308 597.3855 1.3 0.0462 0.578368 

[4] 8.212 171e-09 0.217 951.932 1.34 0.0413 0.519268 

[4] 8.21 410e-09 0.194 640.771 1.41 0.4904 0.219344 

[10] 8.193 1.61e-07 0.1634 ∞ 1.346 2.119 27.24558 

[11] 8.184 1.675e-08 0.212 388.6 1.192 1.7624 28.06936 

[13] 8.214 9.825e-08 0.221 415.405 1.3 0.0331 3.275490 

[16] 8.196 3.27 e-09 0.2185 164.2 1.1 1.4483 34.12718 

[16] 8.22 5.14 e-09 0.2656 144.9 1.12 0.0674 10.77966 

[17] 8.193 0.3e-09 0.271 171.2 1 2.4514 44.51799 

[19] 8.211 171e-09 0.217 951.92 1.342 0.1268 1.699611 

[20] 8.21 171 e-09 0.22 951.93 1.34 0.1427 1.587918 

[20] 8.16 150 e-09 0.18 951.9 1.34 1.1024 22.29557 

[25] 8.22 9e-08 0.2 600 1.3 1.4006 17.78918 

[26] 8.21 4.31e-08 0.2484 396.9 1.24 0.4312 4.778346 

[35] 8.22 9.825e-08 0.23 601.34 1.3 0.1033 0.286356 

 

It is quite clear from Table 1 that the RMSD on using the proposed method records 

a value of 0.005 against high values that reach up to 2.45  as predicted by other methods 

[1], [4], [10], [11], [13], [16], [17], [19], [20], [25], [26], [35] for the same module. 

The value of dev 
Impp

Vmpp
 reached 0.069% for the proposed method against higher values 

up to 44.5% for the same other methods. 
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Table 2 dictates that the RMSD on using the proposed method records values of 

0.0018, 2.1842 × 10−4, 0.0026, 7.63 × 10−4, 0.0016 and 0.0017 for different 

crystalline modules against 0.007, 0.05, 0.008, 0.003, 0.0017 and 0.49 for other 

methods [13], [19], [21], [30], [43–47]. The values of dev 
Impp

Vmpp
 reached 0.023608, 

0.0011, 0.035, 0.012 and 0.054% by the proposed method against 0.07, 0.65, 0.13, 0.05 

and 17.7% by the same other methods. 

Also, the proposed method is examined for two different polycrystalline modules 

(RTC France and STP6 120/36) at two different cell temperature 33 and 45°C. The 

parameters obtained by the proposed method are compared with those obtained by 

different optimization techniques [48–56], [57–66], [67–75], [76–84], [85–92]. The 

RMSD values on using the proposed method record value of 2.06 × 10−4 for RTC 

France against 0.43 as obtained by optimization techniques. 

The RMSD values on using the proposed method record value of 0.003 for STP6 

120/36 against values up to 7.495 as obtained by optimization techniques [48], [49], 

[56], [58], [59], [60], [61], [63], [64], [65], [92] as give in Table 3. 

Therefore, the RMSD values on using the proposed method show the superiority of 

the proposed method in assessing the module parameters with higher accuracy than 

that of methods reported in the literature [1]-[47] and other methods using optimization 

techniques [48]-[92]. The superiority is referred to the well-defined initial conditions 

given in section 3.1.2, which guided Matlab "fsolve" routine to predict highly accurate 

values of the module parameters irrespective of the module type and rating. 

Table 2 A comparison of the proposed method against other methods for different 

crystalline modules 

Model Method 

Parameters 

RMSD  dev 
Impp

Vmpp

 
Iph I0 Rs Rp A 

S
T

P
-2

8
0

 

(P
o

ly
) Proposed  8.3388 1.1150e-15 0.7098 670.6813 0.66247 0.0018 0.02361 

[21] 8.3329 4.4492E-14 0.6704 1939 0.7367 0.0072 0.07235 

S
P

R
-3

1
5

 

(M
o

n
o

) 

Proposed  6.1403 1.8663e-08 0.0803 1.7083e+3 1.3354 2.184e-4 0.00115 

[30], [13] 6.140507 1.086506E-8 0.11092 1342.357 1.3 0.0421 0.49139 

[30], [43] 6.140594 9.014765E-9 0.12120 1252.904 1.288098 0.0422 0.49531 

[30], [44] 6.140138 3.02301 E-8 0.05176 2294.489 1.369340 0.0415 0.46985 

[30], [45] 6.144464 4.35853E-11 0.36286 499.144 1.020959 0.0451 0.60912 

[30], [46] 
6.146165 6.35991E-12 0.43117 429.4011 0.949809 0.0461 0.65049 

6.146176 6.28389E-12 0.43157 429.0516 0.949395 0.0461 0.65069 

[21] 6.1434 1.5295E-10 0.3142 566 1.0731 0.0105 0.10302 

A
-1

2
0

 

(M
o

n
o

) Proposed  7.7026 4.0450e-07 0.1126 329.6987 1.3546 0.0026 0.03506 

[21] 7.7033 2.97E-07 0.1185 278 1.3302 0.0077 0.12736 

A
-1

3
0

 

(M
o

n
o

) Proposed  4.5496 2.3230e-04 -0.0640 745.4956 2.2665 7.627e-04 0.01235 

[21] 4.5595 4.53E-06 0.3797 181 1.6246 0.0029 0.04881 

M
S

X

6
0

 Proposed  3.8017 1.5101e-07 0.1882 430.6600 1.3392 0.0017 0.05446 

[19] 3.801 329e-09 0.169 637.5 1.404 0.0383 1.63508 

[47] 3.859 1.2654 E-09 0.33 117.99 1.0365 0.4851 17.7358 
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Also, the proposed method is examined for different thin-film modules (RTC France 

and STP6 120/36) at STC. The parameters obtained by the proposed method are 

compared with those obtained by different optimization techniques reported before 

[93]-[94] as given in Table 4. The table dictates that the RMSD on using the proposed 

method records values of 7.6e-04 for ST40 (CTS), 0.002 for ASP-S4-77(CdTe) and 

7.6e-06 for PVM 752 (GaAs) against 0.98, 0.17 and 0.04 for other methods. 

Table 3 A comparison of the proposed method against other methods based on different 

optimization techniques for the same polycrystalline STP6 120/36 PV module. 

 

 

 

 

 

 

 

 

 

Table 4 A comparison of the proposed method against other methods for different thin-film 

modules 

Manufact

urer / 

Supplier 
Model Method 

Parameters RMSD 

  Iph I0 Rs Rp A 

Shell solar 

S
T

4
0
 

(C
IS

) 

Proposed  2.6854 9.3174e-08 1.4439 719.0865 1.2575 7.5525e-04 

[93] 2.695131 1.0777e-08 0.8545173 70.816 1.289332 0.9760 

[95] 2.675591 1.530652e-06 0.026495 8.591956 1.500355 12.8424 

Advanced 

Solar 

Power A
S

P
-

S
4

-7
7
 

(C
d

T
e)

 

Proposed  3.9161 6.0072e-12 1.1065 711.8718 0.6677  0.0016 

[93] 3.930204 2.054211e-6 0.483427 633.505182 1.261012 0.1749 

 

 

 

--- 

P
V

M
 7

5
2
 

(G
aA

s)
 

Proposed  0.1002 4.6040e-12 0.6895 676.8461 1.6234 7.6098e-06 

[94] 0.099985 19.4231e-12 0.616566  684.519 1.73411 0.0059 

[96] 

0.103903 84.90e-12 0.5 100 1.858574 0.0067 

0.103312 32e-12 0.5 100 1.774159 0.0095 

0.115016 0 0.159052  14.42950 1.768590 0.0367 

 

All methods based on optimization techniques for estimating the parameters of the 

PV module were aimed at fitting the measured I-V characteristic curve of the PV 

module with no attention to satisfy the pertinent conditions at the three key points of 

the module. Therefore, the estimated module parameters depend on the accuracy of the 

measured I-V characteristic curve. Meanwhile, the measured I-V curve is usually not 

available. This adds more to the superiority of the proposed method for estimation of 

Method 
Parameters RMSD 

  Iph I0 Rs Rp A 

Proposed  7.4851 8.3520e-07 0.1832 269.6704 1.1790 0.0026 

[48] 7.4757  3.01e-06  0.1600 827.5815 1.2816 0.1290 

[49] 7.4672 2.2536e−06 0.0046 27.5925 1.2571 1.1951 

[56] 7.4725 2.335e−06 0.0046 22.2199 1.2601 2.0461 

[58] 7.4725 0 0.0046 22.2184 1.2601 2.9681 

[59] 7.4725 2.335e−06 0.0046 22.2199 1.2601 2.0461 

[60] 7.4782 1.9194e−06 0.0047 13.2688 1.244 4.9738 

[61] 7.4725 2.335e−06 0.0046 22.2199 1.2601 2.0461 

[63] 7.4725 2.335e−06 0.0046 22.2199 1.2601 2.0461 

[64] 7.4725 2.3349e−06 0.0046 22.2117 1.2601 2.0476 

[65] 7.4725 2.335e−06 0.0046 22.2199 1.2601 2.0461 

[92] 7.4838 1.2e−06 0.0049 9.745 1.2072 7.4950 
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module parameters with no need for conducting measurements with excessive cost to 

build the experimental set up. 

Concerning the third check on the accuracy of the proposed method, a global 

comparison of it is made against other methods for the same PV module at specific 

points on the I-V curve other than the three key points over the voltage range from zero 

to Voc . Table 5 gives the module current calculated by the proposed method and the 

methods listed in Table 1 at voltages zero, Voc/4, Voc/2, 3Voc/4 and Voc for PV module 

KC200GT.  It is quite clear that the current value at Voc is 0.0029A and closer to zero 

on using the module parameters predicted by the proposed method when compared 

with the current values obtained in Table 5 by other method in the range from -0.23 to 

+ 0.92A. This confirms the superiority of the proposed method in predicting the 

module parameters when compared with other methods. 

 
Table 5 Calculated module-current values obtained by module’s parameters predicted 

by the proposed method and other methods for the same polycrystalline module KC200GT 

at V equal to 0, 1/4Voc, 1/2Voc, 3/4Voc and Voc 

 
module current I (A) at V equal to  

Method 0 1/4Voc 1/2Voc 3/4Voc Voc 

Proposed  8.209967 8.181684 8.152032 7.925651 0.002999 

[1] 8.210028 8.196239 8.179971 7.934626 0.028011 

[4] 8.210128 8.201453 8.189767 7.934814 -0.02839 

[4] 8.207515 8.194622 8.177727 7.90069 -0.02418 

[10] 8.193 8.192973 8.190802 8.016166 0.625992 

[11] 8.179538 8.158377 8.136241 7.976436 0.433191 

[13] 8.209632 8.189818 8.167621 7.924905 -0.0088 

[16] 8.185108 8.135081 8.084562 7.928898 0.251607 

[17] 8.180051 8.132084 8.083913 7.961584 0.921514 

[19] 8.209128 8.200454 8.188813 7.938917 0.081275 

[20] 8.208103 8.199427 8.187702 7.929728 -0.02922 

[20] 8.158457 8.149791 8.138892 7.945515 0.526099 

[25] 8.217261 8.203536 8.187822 7.986574 0.377816 

[26] 8.204865 8.184138 8.161464 7.915252 -0.23108 

[35] 8.216857 8.203158 8.186972 7.940881 0.006323 

 

With the aid of the module parameters, one can determine the I-V characteristic 

curve by applying the basic equation (A-1a) using either Simulink or Lambert function. 

Figure 3 shows that I-V and P-V characteristic curves of polycrystalline module 

KC200GT from Kyocera at STC as obtained by the proposed method and by one of 

the published works [17] using Simulink. The percentage deviation of Isc and Voc from 

the datasheet value reaches 0.006 % by the proposed method against 1.28% [17] at 

open-circuit condition and 0.0004% by the proposed method against 0.36% [17] at 

short-circuit condition. The percentage deviation of Pmpp from the datasheet values 

reaches 0.004% by the proposed method against 3.2% [17] at MPP. 
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Fig.3 I-V and P-V characteristic curves of polycrystalline module KC200GT at STC 

 

 

4.2. Double diode model  

The parameters obtained by the proposed method for crystalline modules with 

datasheet values of Kyocera KC200GT [38], [40], DP Solar MSX60 [37], [38] and 

UniSolar US-64 [40] are compared with those obtained before  [36] ,[38] as well as 

those obtained by different optimization techniques [48]-[92]. 

The RMSD on using the proposed method records values of 12 × 10−4 for 

KC200GT 5.79 × 10−5 for MSX60 and 9.27 × 10−4 for US-64 against 0.3, 4.82 and 

0.58 for different modules as given in Table 6. 

 The RMSD on using the proposed method records a value of 2.62 × 10−6  for  

R.T.C France silicon solar cell against high values that reach up to 1.58 for the same 

module on using different optimization techniques as given in Table 7. 

4.3. Single-diode and double-diode models 

It is quite clear from Table 8 that the RMSD on using the proposed method for 

different modules records values of 12 × 10−4 for KC200GT, 6.1× 10−4 for Atersa 

A-120, 4.57 × 10−5 for Isofoton I-110 and 5.79 × 10−5 for MSX60 for DDM against 

0.005, 0.003, 0.0016 and 0.0017 for SDM. It is quite clear that RMSD values for DDM 



Mohamed Nayel/ Engineering Research Journal 179 (September 2023) M17- M41 

 

M35 
 

are smaller than those of SDM pointing that the DDM is more accurate than SDM in 

determining the module parameters as dictated before [48]-[55], [91]. 

Table 6 A comparison of the proposed method against other methods for different 

modules. 

m
o
d
el

 

Method 

Parameters 

RMSD 
Iph I01 Rs Rp A1 A2 I02 

K
C

2
0
0
G

T
 

Proposed 8.2141 3.3391e-08 0.2396 481.7504 1.2731 1.2731 3.3391e-08 12e-04 

[40] 8.2237 4.1437e-10 0.3305 196.500 1.0003 1.9997 1.9032e-6 0.2965 

[38]-

Analytical 

8.3277 

 
3.3130e-10 0.29127 279.6013 1 2 1.0867e-05 0.2919 

[38]-

Numerical 
8.2194 3.3513e-10 0.31944 279.1899 0.99574 2.0041 4.5971e-06 0.1176 

M
S

X
-6

0
 

Proposed  3.8008 2.1704e-07 0.1466 719.1986 1.4272 2.1704e-07 1.4272 5.79e-05 

[40] 3.8084 4.8723e-10 0.3692 169.0471 1.0003 1.9997 6.1528e-10 0.1528 

[37] 3.80634 2.59262e-10 0.33329 199.59354 0.97899 2.021001 3.757882e-5 4.8218 

[38]-

Analytical 
3.8752 3.8752e-10 0.3084 280.6449 1 2 9.3773e-6 0.0766 

[38]-

Numerical 
3.8046 3.9901e-10 0.3397 280.2171 0.99859 2.0014 4.033e-6 0.0461 

U
S

-6
4
 

Proposed  4.9748 5.2273e-08 1.0401 28.5637 2.4059 5.2273e-08 2.4059 9.27e-04 

[40] 4.96 1.3736e-18 0.9449 34.5665 1.0175 2.9825 2.7404e-06 0.5808 

 

Table 7 A comparison of the proposed method against other methods based on different 

optimization techniques for the same R.T.C France silicon solar cell. 

Method  
Parameters  RMSD 

  Iph I01 Rs Rp A1 A2 I02 

Proposed   0.7606 3.1789e-07 0.0319 80.7946 1.5518 1.5518 3.1789e-07 2.6e-06 

[48] 0.7608 2.183e−07 0.03675 54.5464 1.450 1.820 3.681e−07 0.0037 

[49] 0.7601 5.0445e−09 0.0376 77.8519 1.2186 1.6247 7.5094e−07 0.0028 

[50] 0.76176 1.2545e−07 0.03545 46.82696 1.49439 1.49989 2.547e−07 0.0027 

[52] 0.76078 2.335e−07 0.03671 55.2997 1.45374 2 6.8372e−07 0.0040 

[53] 0.76078 8.4161e−07 0.03679 55.72835 2 1.44705 2.1545e−07 0.0043 

[54] 0.76083 5.9115e−07 0.03664 55.0494 2 1.45798 2.4523e−07 0.0046 

[55] 0.760781079 7.49349e−07 0.036740432 55.48543807 1.451016656 2 2.25974e−07 1.5799 

[91] 0.76078 2.25974e-07 0.03674 55.48544 1.451017 2 7.4935e-07 0.0041 

 
Table 8 SDM versus DDM for parameters’ assessment for different modules by the 

proposed method 

Manufacturer 

/ 

Supplier  

Model Type 

model 
Parameters 

RMSD 
Iph I0 Rs Rp A 

Kyocera 
KC200

GT 

SDM 8.2176 1.6296e-08 0.2702 290.6308 1.1838 0.0050 

DDM 8.2141 3.3391e-08 0.2396 481.7504 1.2731 12e-04 

Atersa 

 Electricidad 

Solar 

A-120 SDM 7.7026 4.0450e-07 0.1126 329.6987 1.3546 0.0026 

DDM 
7.7105 6.8013e-09 0.1675 122.5078 1.1273 6.1 e-04 

Sofoton 

 

I-110 SDM 3.3812 3.7177e-09 0.8013 2.1897e3 1.1320 0.0016 

DDM 3.3823 5.2102e-10 0.8766 1.2897e3 1.0664 4.57e-05 

BP Solar 
MSX60 SDM 3.8017 1.5101e-07 0.1882 430.6600 1.3392 0.0017 

DDM 3.8008 2.1704e-07 0.1466 719.1986 1.4272 5.79e-05 
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5. Conclusions 

1- A comprehensive literature survey for estimating of the module parameters is 

made. The survey dictates that the parameters’ estimation methods has been 

divided into three categories based on how the parameters were evaluated. 

2- A method is proposed for assessing the parameters of modules either of 

crystalline or thin film type using Matlab "fsolve" routine. The method is based 

on the datasheet values and the describing equations (1)-(5) for SDM and (1)-

(6) for DDM of the module at the three key points with the same set of well-

defined initial values that serve the solution irrespective of the module type or 

rating.  

3- The accuracy of the proposed method is determined by checking how the 

module describing-equations using the predicted parameters are satisfied at the 

three key points on the I-V characteristics. Therefore, the RMSD is assessed 

based on the deviation of the calculated values from those of the datasheet. The 

percentage deviation of the slope of I-V characteristic at maximum power point 

from its nominal value is also evaluated. A global comparison is made between 

the proposed method and other methods for the same module at points on the I-

V curve other than the three key points over the voltage range from zero to Voc. 

4- The obtained results by the proposed method shows the superiority of the 

proposed method in assessing the module parameters with higher accuracy than 

that of other methods reported in the literature. 

5- The RMSD from the describing-equations is defined to record a lower value for 

the proposed method when compared with that obtained by other methods 

reported in the literature for modules either of crystalline or thin-film type and 

represented by SDM and DDM whatever the type or rating of the module. 

6- The RMSD values for DDM are smaller than those of SDM pointing that the 

DDM is more accurate than SDM in agreement with others. Of course, the 

accuracy of PV panel/array modeling depends on the accuracy of module 

parameters estimation.
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Appendix A: Some Basic Equations Describing Performance of a PV Module 

Equation A-1expresses the I-V curve of the module represented by SDM and 

DDM[1]: 

I = Iph − I0 [e
q(V+Rs I)

NAkT − 1] −
V+Rs I

Rp
                                                                    (A -1a) 

The number of series cells forming the module is N, Boltzmann’s constant is k 

(=1.38 × 10−23 J/K), the electron charge is q (=1.6 × 10−19  C) and cell temperature 

in kelvin is T (K). 

I = Iph − I01 [e
q(V+Rs I)

NA1kT − 1] −I02 [e
q(V+Rs I)

NA2kT − 1] −
V+Rs I

Rp
                                 (A -1b) 
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where I01 and I02 are diode reverse saturation currents and A1and A2 are diode 

ideality factors of DDM 

Equation A-2 expresses the derivative of current I with respect to voltage V at MPP 

[1]: 

dI

dV
|MPP = − 

Impp 

Vmpp 
                                                                                             (A-2) 

Equation A-3 determines I0 in terms of  Isc, Voc and A [6], [7], [8]: 

I0 =  
Isc

[e
qVoc
NAkT−1]

                                                                                          (A-3) 

Equation A-4 determines Rs in terms of  Impp, Iph, Vmpp, Voc and A [10]: 

Rs =  

NAkT

q
ln[(1−

Impp

Iph
)e

qVoc
NAkT+

Impp

Iph
]−Vmpp

Impp
                                                      (A-4) 

Equation A-5 expresses the derivative of current I with respect to voltage V at short 

circuit condition [19–22]: 

dI

dV
|(at I = Isc) = −

1

Rp
                                                                               (A-5) 
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