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Abstract 

Modelling of photovoltaic systems is essential for designers of solar generation 

plants to do a yield analysis that accurately predicts the expected power output under 

changing environmental conditions. There are a few different models which are used 

and they all differ in their implementation and also on the accuracy.  

The main aim of this thesis is to analyse different PV modelling methods which are 

based on the single-diode and double-diode models. The study carried out, falls under 

two sections. The first study was to figure out which single-diode model produces the 

most accurate results. The second study is extended to double-diode models.  Here, the 

thesis goes on to propose a different PV modelling method which is based on the 

double-diode representation of a PV module that will be verified and compared with 

other models and experimental data. 

An analysis of the various different single-diode models is done based on two 

commercially available PV modules: SQ80 and the KC200GT, in which the simulated 

results are compared with the characteristics extracted from the datasheets. Parameter 

estimation techniques within a modelling method are generally used to estimate the 

five unknown parameters in the single-diode model. Two sets of estimated parameters 

were used to plot the I-V characteristics of two PV modules, SQ80 and KC200GT, for 

the different sets of modelling equations which are classified into models 1 to 5 in this 

study. Each model is based on the different combinations of diode saturation current 

and photo generated current, plotted under varying irradiance and temperature. 

Modelling was done using Matlab/Simulink software and the results from each model 

were first verified for correctness against the results produced by their respective 

authors, then a comparison was made amongst the different models (models 1 to 5) 

with respect to experimentally measured and datasheet I-V curves. The SQ80 module 

is also connected in the lab and experimental values are measured from it under 

different environmental conditions. A comparison is then made using the different 

modelling methods with the experimental data to evaluate the accuracy of the models. 

In the second study, the new proposed double-diode PV modelling method is also 

implemented using datasheet information for three commercial PV modules made 

from different technologies: mono-crystalline, poly-crystalline and thin-film 
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technology. This method is an improvement on an existing method and is more 

accurate. A comparison is made with the characteristics extracted from the datasheet 

to verify that it produces accurate results. A comparison of this modelling method is 

also made with the experimentally measured data from the SQ80 PV module. 

The results obtained were used to draw conclusions on which combination of 

parameter extraction and modelling method best emulates the manufacturer’s 

characteristics.  
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1 Introduction 

1.1 Background and Context 

n the face of global climate change, increasing the use of renewable energy resources 

is one of the most urgent challenges facing the world as it is required that new sources 

of clean energy are utilized [1].  

Solar power stations rely on the energy from the sun which is readily available to 

produce electricity using Photovoltaic (PV) panels [2]. It is one of the few abundantly 

available options as the world turns to renewable energy sources as a means to produce 

clean energy. 

The use of solar energy to generate electricity is the most readily accessible resource 

in South Africa and the rest of Africa, with most areas averaging more than 2 500 hours 

of sunshine per year, and average solar-radiation levels ranging between 4.5 and 

6.5kWh/m2 in one day. It lends itself to a number of potential uses and the country's 

solar equipment industry is developing. Annual photovoltaic (PV) panel assembly 

capacity totals 5MW, and a number of companies in South Africa manufacture solar 

water heaters [3]. This shows the high potential of growth in the solar power generation 

industry in the Southern African region.  

In addition, the energy shortage in most African countries, especially South Africa has 

prompted the implementation of several initiatives such as the Renewable Energy 

Independent Power Producer Procurement Program which increases the interest from 

investors in renewable energy projects. Such projects have a potential of bringing R100-

billion worth of foreign and local investment [4].  

An article in [5] reveals that by 2030, renewable energy would contribute 42% of the 

South African power demand, because it is becoming increasingly competitive with 

ESKOM tariffs which uses mainly fossil fuel for electricity generation. The article also 

mentions that there has been a reduction in solar tariffs over three successive bidding 

rounds of Renewable Energy Independent Power Producer Procurement Program 

(EIRPPPP) from R3/kWh to R1/kWh, showing the great potential of growth in solar 

power generation.   

This growth in solar energy production also presents areas of research which require 

a lot of consideration. Under consideration is the prediction of PV energy production 

(modelling) coupled with optimal choice and design of power converters interfacing the 

I 
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PV generators to the utility load [6]. The main aim of an accurate mathematical model 

of a PV module or cell is to optimize the design and dimensioning of PV power plants 

to maximize their power generation capability [7] and also to be able to accurately define 

specifications for the power conditioning equipment. Modelling involves 

mathematically expressing the behavior of PV module current and power with respect 

to voltage under varying conditions of temperature and irradiance. It requires two steps; 

the first step is parameter estimation where a specific technique is applied to predict or 

estimate the unknown parameters required to complete a model and the second step is 

to use these estimated parameters within the modelling equations that produce the 

graphs depicting the behaviour of the modules under varying temperature and 

irradiance. In the single-diode model there are 5 unknown parameters to be estimated 

and for the double-diode model there are 7 unknown parameters. 

The information available to develop the model of a PV module is obtained from the 

manufacturer’s datasheet, which is readily available. It is common practice that the 

information provided in the manufacture’s datasheet be specified under standard test 

conditions (STC), where the irradiance is 1kW/m2 and the module temperature is 25 ºC 

(298K). Parameters typically provided by the manufacturers under STC are the 

maximum power (Pmp), short circuit current (Isc), open circuit voltage (Voc), current at 

maximum power point (Imp), voltage at the maximum power point ( Vmp), the number 

of series connected cells in a module (Ns) and temperature coefficients of temperature 

for short circuit current and open circuit voltage, i.e. KI and KV, respectively.  

1.2 Scope and Objectives 

The aim of the research is to identify different modelling methods based on the single-

diode model and comparing them based on the parameter estimation method and the 

modelling equations in order to identify the most accurate combination of parameter 

estimation method and modelling equations. 

It also aims to propose a new modelling method based on the double-diode model 

which will be tested, verified and compared for accuracy with other double-diode 

models currently presented in literature. This is an improvement on an already existing 

modelling method based on the double-diode model presented in [8].  
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The following was done in order to achieve the above stated objectives: 

 A review of literature which deals with Photovoltaic source modelling 

using the single-diode model, the double-diode model, and also maximum power 

point tracking. 

 A review of matlab simulation software and programing especially 

simulink to appreciate how it is used in modelling of photovoltaic cells and 

modules. 

 Simulate different models based on the single-diode model and plot the 

characteristic I-V curves for comparison, using datasheet parameters for 

different modules as input. 

 Analyse the behaviour of the double-diode model parameters with 

respect to changing unknown parameters and propose a model based on the 

double-diode model and perform simulations of different modules based on 

datasheet parameters as input. 

 Carry out an experiment to measure the data from an actual photovoltaic 

module, which will be used to plot the characteristics of the PV module and also 

to verify the simulation results. 

 Use the simulated plots as well as the experimentally measured data to 

do a comparison during analysis of the single-diode models as well as 

verification of the double-diode model.  

1.3 Achievements and Research contribution 

I have been able to carry out a detailed simulation study on single-diode models and 

compare the results to experimentally measured data. Based on the detailed comparison, 

the most accurate single-diode model is suggested. 

I have also proposed, implemented and tested the double-diode model which describes 

analytical method of finding parameters for the double-diode model. This model is 

based on the simplified double-diode representation of a PV module. 



- 4 - 

1.4 Overview of Dissertation 

In chapter 2 of this dissertation, a review of all the literature is presented, where all 

content which was consulted during this research will be briefly summarized to give and 

account of the previous research work in PV modelling.  

Chapter 3 will give an outline of the single-diode model and will discuss the different 

modelling methods for the single-diode model with the purpose of comparing the 

different methods to find the most accurate method based on the combination of 

parameter estimating method as well as modelling equations. The different modelling 

methods are also validated with experimentally measured values from a commercial PV 

module. 

Chapter 4 will introduce the new modelling method being proposed in this research 

and describe in detail how it is achieved. It is also verified by comparison with other 

methods as well as experimentally measured data.  

In Chapter 5 the conclusions and evaluation of the research will be outlined.  
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2 Literature Review 

The introduction of this dissertation briefly outlines background information on the 

advancements in the field of solar power generation and also mentions the need for 

accurate prediction of the yield of a PV generation plant. PV modelling is the 

mathematical presentation of a relationship between the current and voltage at the output 

terminals of a PV module and the main aim of an accurate mathematical model of a PV 

module or cell is to optimize the design and dimensioning of PV power plants to 

maximize their power generation capability [7] and also to be able to accurately define 

specifications for the power conditioning equipment. 

A PV module consists of solar cells which are interconnected either in series or 

parallel or in some cases both. PV modules can be interconnected to form an array 

depending on the power requirements of the designer. A PV cell is represented by a 

circuit consisting of a current source connected in parallel to one diode, for single-diode 

representation and two diodes in parallel for the double-diode representation. A full 

model also includes a resistor connected in series to cater for external connections to the 

cell and another resistor connected in parallel (shunt resistor) to cater for the small 

leakage current which flows through the diode [9]. In the mathematical representation 

of the diode current equation for the full model, there exists 5 unknown parameters on 

the single-diode model and 7 unknown parameters for the double-diode model. 

Modelling requires that the parameters from the datasheet be used to estimate as 

accurately as possible these unknown parameters in order to complete the first step of 

modelling. The second step involves presenting a relationship between the current and 

voltage of the PV module under conditions other than STC. 

Research work has already been carried out in order to come up with the most accurate 

model of a PV modules which uses the parameters obtained from the PV module 

manufacturer’s datasheet and it all includes both the single-diode and double-diode 

versions. It has been stated that the double-diode representation of a PV module is more 

accurate than the single-diode model since the double-diode model describes the 

physical behaviour of a crystalline silicon cell at either high or low irradiance conditions 

[7] and also because it takes into account recombination losses [8], however the single-

diode model is mostly preferred due to a combination of low complexity as well as 

accuracy.  

On the single-diode model, authors in [10] presented another characteristic which 
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expresses voltage with respect to current by using the Lambert W function. This required 

that some or part of the expressions be neglected to simplify the computation and this 

affects the accuracy of the end result. It also introduces complexity as it requires the 

evaluation of the Lambert W function. Another approach employed in both single-diode 

and double-diode modelling is to develop models by using experimental data [2] and 

[11]-[18]. An experiment is set up using a specific module to measure the output voltage 

and current under different conditions to produce the characteristic plot which is then 

used to evaluate all parameters required for the model. [19] used a curve fitting 

technique to find the parameters for modeling. Even though a more practical result is 

obtained, this kind of approach however has the limitation of producing a model which 

is specific to that module, whereas a more general modeling technique is required which 

can be applicable to any module with the given datasheet parameters. 

A better approach is to formulate equations or expressions for all the unknown 

parameters based on different modes of operation of the PV modules namely, open 

circuit operation, short circuit operation and maximum power point operation, [20]-[24]. 

However, this poses a challenge since these equations are nonlinear and transcendental 

in nature, therefore, it is difficult to find explicit solutions for them [25]. A number of 

iteration methods, termed numerical methods [26] have been proposed to find solutions 

to these equations. [20] uses Gaussian Iteration method, while [27] uses Newton 

Raphson method to solve the system of equations and [23] and [28] use particle swarm 

optimization. 

Another approach, classified as an analytical method in [26], estimates one of the 

parameters to simplify the computation, but this may pose inaccuracies if the estimation 

is not accurate. Authors in [29] assumed a value of ideality factor and evaluated the 

other parameters, and [20] and [21] make the assumption that Iph = Isc leaving only 

four parameters unknown. Also, authors in [21] defined a way to estimate the shunt 

resistance which is then used to evaluate the other four parameters from the equations. 

This however requires that the estimation be as accurate as possible otherwise large 

inaccuracies in these values can be obtained resulting in values which are far from the 

expected ones. 

Another approach to find the parameters for the single-diode model is to use the 

equations but instead of estimation, one of the parameters is adjusted such that the 

corresponding values of current obtained matches a specific known condition such as 
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the maximum power point where the current and voltage are always known from 

datasheets. [15] and [29]-[31] choose values of series resistance starting from zero and 

incrementing the resistance until a specified and acceptable margin of error exists 

between the calculated value and the maximum power point values. [32] on the other 

hand uses the same technique but uses variation of the ideality factor based on the fact 

that its value ranges from 1 to 2. 

All the above work presents different combinations of parameter estimation method 

and modeling equations used for finding the relationship between the PV current and 

PV voltage for a particular module using datasheet parameters under varying irradiance 

and temperature conditions. The aim of this research study is to find a combination of 

parameter estimation method and modelling equations which will provide the most 

accurate results from the previously proposed methods on the single-diode model. 

 

The double-diode model has been investigated as well in the second part of this 

research study. The double-diode representation presents the complexity of extracting 7 

unknown parameters in the double exponential expression of the diode current versus 

the 5 unknown parameters for the single-diode model. References [7], [14] and [33]-

[38] presented methods for estimation of these 7 parameters using numerical analysis, 

i.e. iteration techniques and optimization methods. Due to the complexity of the 

equations some of the authors preferred to assume some of the parameters in order to 

simplify the equations. [14], [35], [38] and [39] presented a method where they assumed 

the ideality factor of one diode to be 1 and the other one to be 2 while [40] and [41] 

assumed that they are both equal to 1. This presents a reduction in accuracy of the 

solutions found since the assumptions made are not always applicable for all PV 

modules. 

Other authors assumed a relationship between the reverse saturation currents of the 

two diodes, i.e. [38] and [42] assumed that the reverse saturation currents of the two 

diodes in the double-diode model are equal in magnitude to simplify the equations. 

Authors in [8] and [40] assumed that the second saturation current is higher than the 

first saturation current by five orders of magnitude and uses a relationship between the 

two currents derived based on that. This also simplifies the equations but at the same 

time compromises the accuracy of the extracted parameters since that assumption does 

not always apply. 

All of the above described work uses the double-diode representation, with series and 
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shunt resistances and having 7 unknown parameters. As indicated, the approximations 

they make reduced the accuracy of the results.  

Authors in [8] further simplified the double-diode model by neglecting the effects of 

the series and shunt resistances, thus reducing the number of unknown parameters to 

five in the double exponential equation. This reduced the computational time as well as 

the complexity of the modelling without really compromising on the model output. 

However, [8] made assumptions on the relationship of the two reverse saturation 

currents, hence further reducing it to 4 unknown parameters and [8] also used maximum 

power point matching to find the values of the two ideality factors. This reduced the 

accuracy of the results especially when non-STC conditions are considered.  

In this study, a new improved method of extracting parameters for the simplified 

double-diode representation of a PV module proposed in [8] is presented. In this 

improved method, five unknown parameters are extracted without any assumptions, nor 

is any attempt to reduce the number of equations made. 
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3 Single-Diode model – comparative analysis 

In the previous chapter, the literature relating to the different methods used in 

modelling of PV modules was discussed. The single-diode representation of a PV 

module was stated as one of the most commonly used model.  

In this chapter, a comparative analysis of the different variants of the single-diode 

models is done based on the parameter estimation method as well as the modelling 

equations used for the particular model. Two parameter estimation methods are 

evaluated as well as five different modelling equations. The main objective of this 

chapter is to identify a combination of parameter estimation method as well as modelling 

equations which will produce the most accurate model. Accuracy of the model is 

evaluated by comparing the results or graphs obtained from simulations with graphs 

extracted from manufacturer’s datasheets for KC200GT PV module as well as 

comparison with experimentally measured values for the SQ80 PV module. All 

computations are done using Matlab/Simulink software. 

The single-diode representation of the PV module is described in detail in section 3.1. 

The two parameter estimation methods are described in detail in this section as well as 

the different modelling equations used. Section 3.2 outlines how simulations were done 

and section 3.3 describes how the experiment to take measurements was set up. Results 

are discussed in section 3.4 and conclusions are outlined in section 3.5.  

3.1 Single-diode model 

Figure 3.1 [7] shows the single-diode equivalent circuit of a PV cell. A PV module 

consists of a number of cells connected in series or in parallel and the relationship 

between the current and voltage at the terminals of the PV module is represented by 

(3.1) [7]:     

I = Iph − I0 [exp (
V+IRs

NsVt
) − 1] −

V+IRs

Rsh
       (3.1) 

 

where I is the module current, V is the module voltage , Iph is the photo-generated 

current, I0 is the diode reverse saturation current, Rs is the series resistance, Rsh is the 

shunt resistance, Ns is the number of series connected cells in the module, Vt is the 

junction thermal voltage and can be expressed as Vt =
kAT

q
, where k is the Boltzmann’s 
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constant equal to 1.38 × 10-23 J/K, q is the electron charge equal to 1.602 × 10-19 C and 

A is the diode ideality constant.  

Five unknown parameters exist in (3.1), which are not available in PV module 

manufacturer’s datasheets, i.e.  Iph, I0, Rs, Rsh and A. The number of series connected 

cells, Ns is always readily available in PV module datasheets. It is therefore essential 

that the values of these unknown are found to complete the relationship and hence the 

model.  

 

 

Figure 3.1 Equivalent circuit for single-diode model 

3.1.1 Parameter Estimation 

Two parameter estimation methods classified as method A and method B, are 

considered in this study. Method A uses iterative solution of equations as recommended 

by [20] and method B uses maximum power point matching [29]. The values obtained 

using these methods are valid under STC. Both parameter estimation methods consider 

three conditions of operation of a PV module, i.e. open circuit, short circuit and 

maximum power point operation. From these three conditions, five equations have to be 

obtained and solved in order to estimate the five unknown parameters of the single-

diode model. 

1. Open circuit condition 

This is the condition where the output terminals of the PV module are not connected 

and the voltage across the PV module terminals is at its highest and equal to open circuit 

voltage Voc. There is no current flowing at the output and thus  I = 0. 

2. Short circuit condition 

This is the condition where the output terminals of the PV module are connected 

together (shorted) such that the voltage across the PV panel, V = 0 . The highest value 

of current will flow across the PV module at this point and is equal to the short circuit 

current, Isc. 

Also under the same condition the derivative of the current with respect to voltage 
dI

dV
=

−1

Rsho
 obtained from the slope of the I–V characteristic in the region closer to the 
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short-circuit condition, where Rsho is the effective resistance under short-circuit 

conditions. It can be shown that the assumption that  Rsho = Rsh is valid [7]. 

3. Maximum power point 

At maximum power point operation, the current flowing at the output of the PV module 

is equal to Imp and the voltage across the PV module is equal to Vmp. 

Also, the derivative of power with respect to voltage 
dPmp

dVmp
= 0 at the maximum power 

point. 

3.1.1.1 Estimation Method A 

Method A considers the three conditions of operation of a PV module as described 

above to come up with 5 conditions resulting in 5 equations with the 5 unknown 

parameters which are then solved by using an iteration method, Gaussian Iteration [20], 

to extract the unknown parameters. 

  

Open circuit condition 

 

Considering open circuit condition of operation of the PV module, that is I = 0 and 

V = Voc in (3.1), leads to (3.2): 

 

0 = Iph − Io [exp (
Voc

NsVt
) − 1] −

Voc

Rsh
     (3.2) 

 

from which the photo-generated current can be written as (3.3):  

 

Iph = Io [exp (
Voc

NsVt
) − 1] +

Voc

Rsh
      (3.3) 

 

Short-circuit condition 

 

In considering short-circuit condition of operation of a PV module, that is I = Isc 

and V = 0 in (3.1), leads to (3.4): 

  

 

Isc = Iph − Io [exp (
IscRs

NsVt
) − 1] −

IscRs

Rsh
     (3.4) 

 

Also considering that the derivative of the current with respect to voltage 
dI

dV
=

−1

Rsh
 

under short circuit conditions [7] leads to (3.5) found by differentiating (3.1) with 

respect to the voltage:  

 
dI

dV
=

−Io

NsVt
[Rs

dI

dV
+ 1] exp (

V+IRs

NsVt
) −

1

Rsh
−

Rs

Rsh

dI

dV
     (3.5) 
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Factoring like terms in (3.5) results in (3.6): 

 

dI

dV
[1 +

RsIo

NsVt
exp (

V+IRs

NsVt
) +

Rs

Rsh
] =

−Io

NsVt
exp (

V+IRs

NsVt
) −

1

Rsh
   (3.6) 

 

After solving for 
dI

dV
 in (3.6) results in (3.7): 

 

dI

dV
=

−Io
NsVt

exp(
V+IRs
NsVt

)−
1

Rsh

1+
RsIo
NsVt

exp(
V+IRs
NsVt

)+
Rs

Rsh

      (3.7) 

 

Applying the relationship 
dI

dV
=

−1

Rsh
 in (3.7) results in (3.8): 

 

Io
NsVt

exp(
IscRs
NsVt

)+
1

Rsh

1+
RsIo
NsVt

exp(
IscRs
NsVt

)+
Rs

Rsh

=
1

Rsh
      (3.8) 

 

Maximum power point 

 

At maximum power point operation, I = Imp and V = Vmp, and substituting these 

values in (3.1) results in (3.9): 

 

Imp = Iph − Io [exp (
Vmp+ImpRs

NsVt
) − 1] −

Vmp+ImpRs

Rsh
    (3.9) 

 

It is also known that the derivative of power with respect to voltage, 
dPmp

dVmp
= 0 at 

the maximum power point. The derivative of power can be simplified as shown in 

(3.10) 

 

dPmp

dVmp
=

d(ImpVmp)

dVmp
= Imp

dVmp

dVmp
+ Vmp

dImp

dVmp
= Imp + Vmp

dImp

dVmp
     (3.10) 

 

where Pmp is the maximum power from the PV module under STC. 

 



- 13 - 

From (3.10), the derivative of power can be expressed in terms of the maximum 

power point current and voltage as shown in (3.11) 

 

dImp

dVmp
= −

Imp

Vmp
      (3.11) 

 

Considering (3.7) where an expression for the derivative of current was found, 

substituting I = Imp and V = Vmp in (3.7) and also rewriting the resulting equation in 

terms of  Imp results in (3.12): 

  

Imp =
Vmp(

Io
NsVt

exp(
Vmp+ImpRs

NsVt
)+

1

Rsh
)

1+
RsIo
NsVt

exp(
Vmp+ImpRs

NsVt
)+

Rs
Rsh

     (3.12) 

 

There are now five equations, (3.3), (3.4), (3.8), (3.9) and (3.12) extracted from the 

three conditions of operation of a PV module which can be used to extract the five 

unknown parameters. Some manipulation on the equations is required to rearrange them 

in order to solve for the unknown parameters. 

 

Substituting Iph from (3.3) into (3.4) results in (3.13): 

 

Isc = Io [exp (
Voc

NsVt
) − 1] +

Voc

Rsh
− Io [exp (

IscRs

NsVt
) − 1] −

IscRs

Rsh
   (3.13) 

 

Solving for Io in (3.13) and also assuming that exp (
Voc

NsVt
) ≫  exp (

IscRs

NsVt
) as per 

[20], results in (3.14): 

 

Io =
Isc+

IscRs
Rsh

−
Voc
Rsh

exp(
Voc

NsVt
)−exp(

IscRs
NsVt

)
 ≈  

Isc+
IscRs
Rsh

−
Voc
Rsh

exp(
Voc

NsVt
)

       

 

 

Io =
IscRsh+IscRs−Voc

Rshexp(
Voc

NsVt
)

    (3.14) 
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Substituting (3.3) and (3.14) into (3.9) results in (3.15): 

 

Imp =
IscRsh+IscRs−Voc

Rshexp(
Voc

NsVt
)

[exp (
Voc

NsVt
) − exp (

Vmp+ImpRs

NsVt
) +

Voc

Rsh
] −

Vmp+ImpRs

Rsh
   (3.15) 

 

Substituting (3.14) into (3.8) results in (3.16): 

 

IscRsh+IscRs−Voc

NsVtRshexp(
Voc

NsVt
)
+

1

Rsh

1+
RsIscRsh+RsIscRs−RsVoc

NsVtRsh
exp(

IscRs−Voc
NsVt

)+
Rs

Rsh

=
1

Rsh
   (3.16) 

 

 

Substituting (3.14) into (3.12) results in (3.17): 

Imp =

Vmp(
IscRsh+IscRs−Voc

NsVtRshexp(
Voc

NsVt
)
exp(

Vmp+ImpRs

NsVt
)+

1

Rsh
)

1+
RsIscRsh+RsIscRs−RsVoc

NsVtRshexp(
Voc

NsVt
)

exp(
Vmp+ImpRs

NsVt
)+

Rs
Rsh

    (3.17) 

 

There are finally five equations which can be used to solve for the five unknown 

parameters, and these are (3.3), (3.14), (3.15), (3.16) and (3.17). 

 

It is also worth noting that (3.15), (3.16) and (3.17) are independent of Iph and Io and 

thus can be used to solve for Vt , Rsh and Rs using numerical methods. These values can 

then be used to compute the values of Iphand Iousing (3.3) and (3.14) respectively.  

 

Equation (3.15), (3.16) and (3.17) are transcendental in nature and as such they 

require numerical methods to find solutions to them. The Gauss-Seidel Iteration method 

is recommended by [20] as one which can be used to solve the three equations. 

 

This method requires that an initial value of x0 is selected based on known 

information about the solution. The next value on the iteration is calculated by using 

(3.18). 

 

Xk+1 = f(xk)     (3.18) 
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Convergence is acquired when  xk+1  ≈  xk, to an acceptable measure of error. 

Using this iteration method requires that the equations are rearranged so that they are in 

the form (3.18) for the proposed method to be used.  

Rearranging the terms in (3.15) results in (3.19): 

 

IscRsh+IscRs−Voc

Rsh
[exp (

Vmp+ImpRs−Voc

NsVt
) −

Voc

Rsh
exp (

−Voc

NsVt
)] =

IscRsh+IscRs−Voc−Vmp−ImpRs−ImpRs

Rsh
    

 (3.19) 

Again assuming that the term exp (
Vmp+ImpRs−Voc

NsVt
) ≫  

Voc

Rsh
exp (

−Voc

NsVt
) as per [20] in 

(3.19) and solving for 𝑉𝑡 , results in (3.20): 

   

Vt =
Vmp+ImpRs−Voc

Nsln(
IscRsh+IscRs−Voc−Vmp−ImpRs−ImpRs

IscRsh+IscRs−Voc
)
     (3.20) 

 

Again, rearranging and writing (3.17) in terms of  Rs, results in (3.23): 

 

Imp =

Vmp(
(IscRsh+IscRs−Voc)exp(

Vmp+ImpRs−Voc
NsVt

)+NsVt

NsVtRsh
)

NsVtRsh+(RsIscRsh+RsIscRs−RsVoc)exp(
Vmp+ImpRs−Voc

NsVt
)+NsVtRs

NsVtRsh

       (3.21) 

  

 

exp (
Vmp+ImpRs−Voc

NsVt
) =

NsVtRshImp−NsVtVmp+NsVtImpRs

(VmpIscRsh+VmpIscRs−VmpVoc+ImpRsVoc−ImpRsIscRs−ImpRsRshIsc)
   

(3.22)  

 

Rs =
Voc−Vmp+NsVtln [

NsVtRshImp−NsVtVmp+NsVtImpRs

(VmpIscRsh+VmpIscRs−VmpVoc+ImpRsVoc−ImpRsIscRs−ImpRsRshIsc)
]

Imp
 

 (3.23) 

 

Rearranging and writing (3.16) in terms of Rsh results in (3.26): 

 

(IscRsh+IscRs−Voc)exp(
IscRs−Voc

NsVt
)

NsVtRsh
+

1

Rsh

1+
RsIscRsh+RsIscRs−RsVoc

NsVtRsh
exp(

IscRs−Voc
NsVt

)+
Rs

Rsh

=
1

Rsh
    (3.24)   
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(IscRsh+IscRs−Voc)exp(
IscRs−Voc

NsVt
)+NsVt

NsVtRsh

NsVtRsh+(RsIscRsh+RsIscRs−RsVoc)exp(
IscRs−Voc

NsVt
)+NsVtRs

NsVtRsh

=
1

Rsh
    (3.25)  

 

Rsh =
NsVtRsh+(RsIscRsh+RsIscRs−RsVoc)exp(

IscRs−Voc
NsVt

)+NsVtRs

(IscRsh+IscRs−Voc)exp(
IscRs−Voc

NsVt
)+NsVt

  (3.26) 

 

In summary, initial values are assigned based on the best estimation possible for that 

particular parameter and in this case initial value for Rs = 0 based on the ideal case and 

for Rsh = 1000 based on the fact that in the ideal case the shunt resistance is assumed 

to be equal to infinity and using these initial values, the initial value for Vt is calculated 

from (3.20).   

Using these initial values, the next set of values are calculated for all parameters. If 

the calculated error based on the difference between the current and previous values is 

within the chosen tolerance (0.1%), then the current value is taken as the solution and 

the iteration stops. It is expected that after a few iterations, the equations will converge 

to a solution. A matlab code is written to implement these steps, as shown in Appendix 

B. The matlab function takes parameters from the datasheet of a PV module and returns 

the five parameters, Iph, Io, Vt, Rs and Rsh. 

 

3.1.1.2 Estimation Method B 

Parameter estimation method B involves reducing the number of equations to 4 by 

estimating one of the parameters while comparing the maximum power point as 

recommended by [29] and [31]. The same idea was used by [24] where the ideality 

factor is perturbed instead of the series resistance. The equations in this method are also 

derived from the three operating conditions of the PV module mentioned at the 

beginning of section 3.1.1. 

Considering short circuit conditions, in this method it is assumed that the second term 

on the right hand side of (3.4) is small compared to the first and second term, that is 

Iph −
IscRs

Rsh
≫  Io [exp (

IscRs

NsVt
) − 1] [29], such that it can be neglected resulting in 

(3.27).  
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Iph,STC =
Rs+Rsh

Rsh
Isc      (3.27) 

 

The next step is to derive an expression for the ideality factor. Considering open 

circuit conditions and the assumption that the shunt resistances is very high in (3.2) 

results in (3.28): 

0 = Iph − Io [exp (
Voc

ANsVt
) − 1]  ≈ Iph − Ioexp (

Voc

ANsVt
)   (3.28) 

 

Solving for Voc in (3.28) results in (3.29): 

Voc = −ANsVtln (
Io

Iph
)     (3.29)  

The open circuit voltage temperature coefficient can be calculated as follows: 

Kv =
dVoc

dT
=

d

dT
[ANsVtlnIph−ANsVtlnIo]    (3.30) 

Considering that the thermal voltage Vt =
kT

q
 and also that the reverse saturation 

current Io = DT3exp (−
qEg

kT
) , where D is an arbitrary constant dependent on the 

diffusion properties of the junction [43], depend on temperature we have (3.31) 

Kv =
ANsVt

T
ln (

Iph

Io
) + ANsVt [

1

Iph

dIph

dT
−

1

Io

dIo

dT
]   (3.31) 

The second term in the brackets in (3.31) can be calculated as 

1

Io

dIo

dTSTC
=

3

TSTC
+

qEg

kTSTC
2      (3.32)  

 

The first term is related to the current, thus 

 

Kv =
ANsVt

T
ln (

Iph

Io
) + ANsVt [

Ki

Iph
−

3

TSTC
+

qEg

kTSTC
2 ]    (3.33) 

 

This can also be written as 

Kv =
Voc

TSTC
+ ANsVt [

Ki

Iph
−

3

TSTC
+

qEg

kTSTC
2 ]     (3.34) 

 

Making A the subject in (3.34) results in (3.35) 
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A =
Kv−

Voc
TSTC

NsVT(
KI

Iph,STC
−

3

TSTC
−

qEg

kTSTC
2 )

      (3.35) 

 

In the above equation (3.35), Vt =
kTSTC

q
 and the value of Eg can be calculated using 

(3.36) [7]: 

Eg = Ego −
γT2

β+T
       (3.36) 

 

where Ego, γ and β are fitting parameters as listed in table 3.1, Kv and KI are the 

temperature coefficients for voltage and current respectively.  

 

 
Table 3.1: Fitting parameters for crystalline cells 

 Germanium Silicon GaAs 

Ego(eV) 0.7437 1.166 1.519 

γ (eV/K) 4.77 x 10-4 4.73 x 10-4 5.41 x 10-4 

β (eV/K) 235 636 204 

 

The reverse saturation current Io in this method is calculated by using (3.14) as will 

be shown during the iteration procedure. 

According to [29], the value of shunt resistance can be approximated as the slope of 

the line segment between the short circuit point and the maximum power point of the 

I-V characteristic. This is the value of shunt resistance Rsh which will be taken as the 

initial value and can be calculated using (3.37): 

 

Rsh(in) =
Vmp

Isc−Imp
−

Voc−Vmp

Imp
      (3.37) 

 

For calculating subsequent values for Rsh during the iteration, maximum power 

operation is considered. The maximum power from the PV module is the product of 

the voltage and the current at the maximum power point and an expression for the 

maximum power is as shown in (3.39) obtained by multiplying the maximum power 

point current equation (3.9) by Vmp resulting in (3.38). 

 

Pmax = VmpImp = Vmp {Iph − Io [exp (
Vmp+ImpRs

NsVt
) − 1] −

Vmp+ImpRs

Rsh
}       (3.38) 

or  
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Pmax = Vmp {Iph − Io [exp (
Vmp+ImpRs

NsVt
) − 1] −

Vmp+ImpRs

Rsh
}   (3.39) 

 

Solving for Rsh in (3.39) results in (3.40): 

   

Rsh =
Vmp(Vmp+ImpRs)

VmpIph+VmpIo−Pmax−VmpIoexp(
q(Vmp+ImpRs)

NskAT
)
    (3.40) 

 

This method involves perturbation of the value of Rs in small incrementing steps. At 

each step, all the parameters are calculated as well as the value of the maximum power 

which is compared with the value given in the PV model’s datasheet. This is done 

until the calculated value of maximum power is within an acceptable error (0.1%) 

when compared with the value given in the datasheet. A flow chart showing the steps 

followed in implementing this method is illustrated in Figure 3.2 [29]. The 

computation of this algorithm was also done in a matlab code as shown in appendix C. 

The matlab function takes parameters from the datasheet of a PV module and returns 

the five parameters, Iph, Io, Vt, Rs and Rsh. 

 

Figure 3.2. Algorithm for parameter estimation in method B 
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3.1.2 Different Modelling Equations 

The operation of PV arrays is normally under changing atmospheric conditions which 

will be affected by the overall irradiance and temperature under which the PV array is 

operated.  These conditions have an effect on the overall output of the PV array. It is 

therefore essential that they are considered during the modelling of the PV module. Most 

of the modelling work considers that the ideality factor, the series resistance and the 

shunt resistance are constant with varying temperature thus they are assumed not to 

change with temperature [28]. 

 

The only parameters which are considered to change with both temperature and 

irradiance are Io and Iph. A modelling technique is made up by a combination of 

equations to evaluate these two parameters as functions of temperature and irradiance. 

Five combinations of equations are identified in literature for all single-diode 

mathematical models that are classified as model 1, model 2, model 3, model 4 and 

model 5 in this study. 

3.1.2.1 Model 1 [20], [27] 

Model 1 considers the temperature dependence of Isc and Voc as shown in (3.41) and 

(3.42).  

  𝑉𝑜𝑐(𝑇) = 𝑉𝑜𝑐 + 𝐾𝑣∆𝑇       (3.41) 

 

 𝐼𝑠𝑐(𝑇) = 𝐼𝑠𝑐 + 𝐾𝐼∆𝑇      (3.42) 

 

The equations (3.14) and (3.3) can be rewritten as (3.43) and (3.44) respectively: 

Io =
(Isc,STC+KI(T−298))Rs+(Isc,STC+KI(T−298))Rsh−(Voc,STC+KV(T−298))

Rsh exp(
(Voc,STC+KV(T−298))

NsVt
)

    (3.43) 

 

Iph = G [ Io {exp (
(Voc+Kv∆T)

NsVt
) − 1} +

Voc+Kv∆T

Rsh
]     (3.44) 

 

where T is the temperature of the module, ∆T is the temperature difference T − TSTC, 

TSTC is the temperature at STC which is equal to 298K and G is the ratio of the irradiance 
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with respect to STC value (i.e. 1kW/m2).  

 

3.1.2.2 Model 2 [11], [29], [31] 

If we consider Iph,STC = Isc and also that the resistance Rsh is very high so that the 

second term on the right of (3.3) becomes zero and rearranging we get (3.45): 

Io =  
Isc

exp(
(Voc)

NsVt
)−1

      (3.45) 

Also Considering the temperature dependence of Isc and Voc given in (3.41) and 

(3.42), (3.45) can be rewritten as (3.46): 

Io =  
Isc+KI∆T

exp(
(Voc+Kv∆T)

NsVt
)−1

        (3.46) 

The photo generated current of every PV module is said to vary with respect to the 

irradiance as well as the temperature by the relation shown in (3.47) [34]. 

             Iph =  (Iph,STC + KI∆T)G      (3.47) 

3.1.2.3 Model 3 [21], [25] 

In this model, it is assumed that Iph,STC = Isc, making Io the subject in (3.3) results in 

(3.48): 

Io,STC =  
Iph,STC−

Voc
Rsh

exp(
Voc

NsVt
)−1

     (3.48) 

Considering that the resistance Rsh is very high such that (3.48) becomes (3.49):   

Io,STC =  
Iph,STC

exp(
Voc

NsVt
)−1

     (3.49) 

Making Voc the subject of the formula in (3.49) and considering that Vt =
kAT

q
 we get 

(3.50): 

Voc =
NskTA

q
ln (

Iph,STC

Io,STC
+ 1)        (3.50) 

  

Using the fact that Voc(G, T) − Voc(G, TSTC) = −|KV|∆T and that Iph =  (Isc + Ki∆T)G: 

 

NskTA

q
[Tln (

G(Isc+KI∆T)

Io
+ 1) − TSTCln (

GIsc

Io,STC
+ 1)] = − |KV|∆T        (3.51) 

(3.51) can be written in terms of the reverse saturation current resulting in (3.52) 
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Io =  
G(Isc+KI∆T)exp(

q|Kv|∆T

NskTA
)

(
GIsc

Io,STC
+1)

TSTC
T

−exp(
q|Kv|∆T

NskTA
)

     (3.52) 

 

To calculate the photo generated current in this model, (3.47) is used. Considering the 

assumption that Iph,STC = Isc leads to (3.53).  

 

Iph =  (Isc + KI∆T)G        (3.53) 

    

3.1.2.4 Model 4 [7], [40] 

In this model it is considered that the saturation current is related to the band gap and 

temperature by (3.54) below 

Io = DT3exp (
−qEg

AkT
)      (3.54) 

where D is a constant dependent on the diffusion properties of the junction and Eg is the 

band gap energy [43]. Evaluating (3.54) at temperature TSTC and T results in (3.55) and 

(3.56) respectively.  

Io,STC = DTSTC
3 exp (

−qEg

AkTSTC
)      (3.55) 

 

Io = DT3exp (
−qEg

AkT
)       (3.56) 

Taking the ratio of (3.55) and (3.56) and rearranging results in (3.57). 

Io = Io,STC [
T

TSTC
]

3

exp (
qEg

Ak
(

1

TSTC
−

1

T
))     (3.57) 

 

To calculate the photo generated current in this model, (3.47) is used. 

3.1.2.5 Model 5 [24] 

Model 5 uses (3.1) under open circuit conditions, I = 0 and V = Voc, and rearranging 

leading to (3.58).  

Iph,STC = Io,STC [exp (
Voc

NsVt
) − 1] +

Voc

Rsh
     (3.58)    

  

Also using (3.1) under short circuit conditions, I = Isc and V = 0, leads to (3.59)  
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Isc = Iph,STC − Io,STC [exp (
IscRs

NsVt
) − 1] −

IscRs

Rsh
    (3.59) 

 

Substituting for Iph,STC in (3.58) into (3.59) and rearranging leads to (3.60)  

Io,STC =
(1+

Rs
Rsh

)Isc−
Voc
Rsh

exp(
Voc

NsVt
)−exp(

IscRs
NsVt

)
      (3.60) 

 

Considering temperature dependence of  Isc and Voc, a new equation relating Voc(T) to 

the STC value is derived [24]. The open circuit conditions are considered and also that 

exp (
Voc

NsVt
) ≫ 1 in (3.2), and this results in (3.61). 

0 = Iph − Ioexp (
Voc

NsVt
) −

Voc

Rsh
     (3.61) 

Rearranging (3.61) results in (3.62) 

Voc = NsVtln (
IphRsh−Voc

IoRsh
)      (3.62) 

Usually the shunt resistance is high such that IphRsh ≫ Voc, as a result the second term 

is neglected so that (3.62) becomes (3.63) 

Voc = NsVtln (
Iph

Io
)       (3.63) 

Evaluating (3.63) at STC conditions assuming that (3.63) is at non STC conditions 

results in (3.64) 

Voc,STC = NsVtln (
Iph,STC

Io,STC
)      (3.64) 

The difference between (3.63) and (3.64) can be expressed as (3.65) 

Voc − Voc,STC = NsVtln (
Iph

Io
) − NsVtln (

Iph,STC

Io,STC
)   (3.65) 

After some mathematical manipulations on (3.65), (3.66) is obtained  

Voc − Voc,STC = NsVtln (
Iph

Iph,STC
)     (3.66) 

Lastly considering the fact that the photo-generated current is directly proportional to 

the irradiance, meaning that the ratio 
Iph

Iph,STC
 can be equated to the irradiance G, (3.66) 

can be written as (3.67) 

Voc(T) = Voc + Kv∆T + Vtln(G)     (3.67) 

It is considered that there is dependence of Voc on the irradiance hence the inclusion of 

the logarithmic factor in the equation. Substituting for Iph in (3.3) into (3.4) and 
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rearranging results in (3.68).  

Io =
(1+

Rs
Rp

)Isc−
Voc
Rp

exp(
Voc
Vt

)−exp(
IscRs

Vt
)
    (3.68) 

 

And consequently substituting (3.41) for Isc and (3.42) for Voc in (3.68), results in the 

(3.69):  

Io =
(1+

Rs
Rp

)(Isc+KI∆T)−
Voc+Kv∆T+Vtln(G)

Rp

exp(
Voc+Kv∆T+ln(G)

Vt
)−exp(

(Isc+KI∆T)Rs
Vt

)
    (3.69) 

In this model, the photo generated current is calculated using (3.47). 

3.2 Simulations 

In the previous section parameter estimation method A and method B were described in 

detail as well as the different models: model 1, model 2, model 3, model 4 and model 5. 

This section describes the simulations which were done for all the models.  

Matlab Simulink was used to simulate and plot the I-V characteristic graphs based 

on the different models. The block labelled “METHOD A” in figure A.1 (in Appendix 

A) is embedded with the Matlab code for estimating the five unknown parameters using 

method A is shown in appendix A and  the Matlab code for estimating the five unknown 

parameters using method B is shown in appendix B.  

Figure 3.3 shows the Matlab Simulink function block used to represent the equations 

for model 1 as well as the Matlab function code embedded in the Simulink block. The 

function takes the STC values for Rs, Rsh,  Isc, Voc, KI, KV and A as inputs. It also takes 

Ns as well as T and G. The outputs of the function are Io, Iph and Vt, which are 

parameters dependent on the temperature T and irradiance G. Io is calculated using 

(3.43) and Iph is calculated using (3.44). 
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Figure 3.3 Simulink function block and Matlab code for Model 1 equations  

  

Figure 3.4 shows the Matlab Simulink function block used to represent the equations 

for model 2 as well as the Matlab function code embedded in the Simulink block. The 

function takes the STC values for Rs, Rsh,  Isc, Voc, KI, KV and A as inputs. It also takes 

Ns as well as T and G. The outputs of the function are Io, Iph and Vt, which are 

parameters dependent on the temperature T and irradiance G. Io is calculated using 

(3.46) and Iph is calculated using (3.47). 

 

Figure 3.4 Simulink function block and Matlab code for Model 2 equations 
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Figure 3.5 shows the Matlab Simulink function block used to represent the equations 

for model 3 as well as the Matlab function code embedded in the Simulink block. The 

function takes the STC values for Rs, Rsh,  Isc, Ion, KI, KV and A as inputs, Ion is the 

STC value for the reverse saturation current. It also takes Ns as well as T and G. The 

outputs of the function are Io, Iph and Vt, which are parameters dependent on the 

temperature T and irradiance G. Io is calculated using (3.52) and Iph is calculated using 

(3.53). 

 

 

Figure 3.5 Simulink function block and Matlab code for Model 3 equations 

 

Figure 3.6 shows the Matlab Simulink function block used to represent the equations 

for model 4 as well as the Matlab function code embedded in the Simulink block. The 

function takes the STC values for Rs, Rsh,  Iphn, Ion, KI and A as inputs where the 

subscript n is used to denote STC parameters, Iphn is the STC value for the photo-

generated current and Ion is the STC value for the reverse saturation current It also takes 
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Ns as well as T and G. The outputs of the function are Io, Iph and Vt, which are 

parameters dependent on the temperature T and irradiance G. Io is calculated using 

(3.57) and Iph is calculated using (3.47). 

 

 

Figure 3.6 Simulink function block and Matlab code for model 4 equations 

 

Figure 3.7 shows the Matlab Simulink function block used to represent the equations 

for model 5 as well as the Matlab function code embedded in the Simulink block. The 

function takes the STC values for Rs, Rsh,  Iphn, Isc,  Voc , KI and A as inputs, Iphn is the 

STC value for the photo-generated current. It also takes Ns as well as T and G. The 

outputs of the function are Io, Iph and Vt, which are parameters dependent on the 

temperature T and irradiance G. Io is calculated using (3.69) and Iph is calculated using 

(3.47). 
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Figure 3.7 Simulink function block and Matlab code for Model 5 equations 

 

Figure 3.8 shows the Simulink block which evaluates the PV module’s current for 

values of V ranging from zero to Voc. The input voltage is shown as a ramp input into 

the Simulink block. The function block labelled Fcn in figure 3.8 is embedded with a 

function for calculating the PV output current using equation (3.1). 
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Figure 3.8 Simulink block for calculation of PV output current for single-diode 

model 

 

 

3.3 Experimental setup 

In section 3.2 the different Simulink blocks and Matlab code which were used to 

produce simulation results for the two PV modules were outlined. In this section, a 

description of how the experimental measurements from the SQ80 PV module were 

taken. 

 Experimental measurements were taken using the SQ80 module connected to the 

PVPM curve plotter. The setup is shown in figure 3.9.  
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Figure 3.9 Experimental setup used to take measurements from SQ80 PV module. 

 

It consists of the SQ80 PV module with a temperature and irradiance sensor attached 

to it. It is assumed that the recorded temperature and irradiance is the same as the one 

on the PV module. The module and sensors are connected to the PVPM2540-C curve 

plotter using cables. A PC is connected to the curve plotter via a serial connection and 

is used to extract the readings from the PVPM2540-C curve plotter. The PVPM 

automatically measures the I-V characteristic of the PV module at a capacitive load. 

From the measurement data it calculates the effective solar cell characteristic. The 

measured data is stored automatically in a non-volatile storage. This data can then be 

extracted and stored in excel format in the connected PC. This also enables the increase 

in number of measurements taken since the PVPM can only store a maximum of 100 

readings.  

In this study the PVPM curve plotter was configured to take data samples every 30 

seconds for one day on the 18th November 2014. The first reading was taken at 10h48 

and the last one was taken at 17h28. At each sampling instance, it measured a full set of 

readings for current, voltage, temperature and irradiance, then transferred the data to the 

connected PC via a serial interface, and as expected the values of irradiance and 

temperature varied over the duration of the recording interval. The recorded readings 

were analysed and selected such that the set of data corresponding to the relevant desired 

conditions, i.e. fixed temperature at different irradiance values or fixed irradiance at 

different temperatures were then selected and used.  

There was a margin of error allowed in selecting the set of measurements 

corresponding to ±0.05kW/m2 for irradiance and ±3°C for the temperature. This margin 

of error is acceptable considering the small temperature coefficients of the SQ80 PV 

module as shown in table 3.2. The experimental readings were extracted and included 
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in the simulation plots for comparison. Table D.1 in appendix D shows measured values 

of voltage and current at 1kW/m2 under varying temperature and table D.2 in appendix 

D shows measured values for voltage and current under varying irradiance at a 

temperature of 25 °C. It should be noted that the curve plotter datasheet indicates an 

uncertainty of peak power measurement and A/D converter accuracy as+/−5% 

and+/−0.25%, respectively. 

3.4 Results and Discussion 

In this section the simulation results will be outlined and discussed to provide a 

comparison of the parameter estimation methods: method A and method B, as well as a 

comparison of the different modelling equations (Models 1 to 5).  

The Shell SQ80 [44] and KC200GT [45] modules whose datasheet parameters 

specified under STC are given in table 3.2 were used to evaluate and test the different 

modelling methods discussed in the previous section. 

 

The parameters estimated using the two parameter estimation methods for the two PV 

modules are shown in table 3.3 and table 3.4. 

 

 

 

Table 3.2 Datasheet Parameters for PV modules 

Parameter SQ80  KC200GT 

𝑁𝑠 36 54 

𝐼𝑠𝑐  4.85A 8.21A 

𝑉𝑜𝑐  21.8V 32.9V 

𝑉𝑚𝑝 17.5V 26.3V 

𝐼𝑚𝑝 4.58A 7.61A 

𝐾𝐼  0.0014A/°C 0.00318A/°C 

𝐾𝑉 -0.081V/°C -0.123V/°C 

 

Table 3.3 SQ80 STC Parameters Estimated using Method A and Method B 

Parameter Estimated value 

Method A Method B 

𝑅𝑠 0.3763Ω 0.3085Ω 

𝑅𝑠ℎ 1.005kΩ 1.676 kΩ 

𝑉𝑡 0.0243V 0.02739V 

𝐼𝑜 6.967×10-11 1.207×10-9 

𝐼𝑝ℎ 4.8518A 4.85A 

𝐴 0.95 1.067 
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The graphs shown in figure 3.10 and figure 3.11 depict the results under varying 

irradiance for all five models using method A and method B respectively, and also 

includes plots using experimentally measured data for the SQ80 module. 

 

Figure 3.10 I-V Characteristic for SQ80 module under varying irradiance for 

models 1, 2,3,4,5 and measured values, using parameter estimation method A 

 

 

 

Table 3.4 KC200GT STC Parameters Estimated using Method A and Method B 

Parameter Estimated value 

Method A Method B 

𝑅𝑠 0.2163Ω 0.29Ω 

𝑅𝑠ℎ 993.0Ω 160.3Ω 

𝑉𝑡 0.0345V 0.02739V 

𝐼𝑜 1.772×10-7A 2.179×10-9A 

𝐼𝑝ℎ 8.212A 8.21A 

𝐴 1.343 1.067 
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Figure 3.11 I-V Characteristic for SQ80 module under varying irradiance for model 

1, 2, 3, 4, 5 and measured values, using parameter estimation method B 

 

The graphs in figure 3.10 and figure 3.11 show that the open circuit voltage response 

to changes in irradiance is the same for all the modelling methods described in this study. 

In the equation (3.71) for saturation current in model 5, a factor was introduced which 

is meant to cater for dependence of open circuit voltage on the irradiance. In inclusion 

of this factor, [24] explained that there is a logarithmic dependence between the voltage 

and the irradiance, but figure 3.10 and figure 3.11 clearly show that the dependence of 

open circuit voltage on irradiance is minimal for the single-diode model.   

The similarity of the short circuit current response from all models was expected since 

in all the recommended modelling methods, the equation used for calculating Iph is the 

same except for model 1. In comparison to the plot using experimental values, it can be 

seen that the response in terms of the short circuit values is the same for both plots again 

owing to the comparable results found for Iph using the two methods. However, 

considering the response as far as the open circuit voltage is concerned, a small 

difference can be seen from the two plots and the graph which shows results closer to 

the experimental results is the one in figure 3.10, using method A to estimate parameters. 

Table 3.5 gives a clear summary of the variation of the open circuit voltage value 

obtained from the two methods using the SQ80 module.  The different methods 

produced different values of series resistance and from the plots, the effect of correctly 
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estimating the series resistance can be seen. It can also be noted that even at low 

irradiance the accuracy is maintained.  

 

 

An analysis of the deviation of the simulated values from the measured values of open 

circuit voltage, Voc for all the different models under varying irradiance is shown in 

figure 3.12. The deviation is evaluated as the absolute value of the difference between 

the simulated values of open circuit voltage and the measured values of open circuit 

voltage for each model under varying irradiance, as shown in (3.70). 

Table 3.5 Summary of graphs under varying irradiance 

IRRADIANCE Method A Method B 

1 kW/m2 Voc I @ V=20 Voc I @ V=20 

Model 1 21.79534 2.77148 21.79381        2.88524 

Model 2 21.79181 2.76704 21.79139 2.88223 

Model 3 21.79181 2.76704 21.79363 2.884683 

Model 4 21.79534 2.77148 21.79363 2.884683 

Model 5 21.79534 2.77148 21.79363 2.884683 

Measured 21.88 2.75 21.88 2.75 

IRRADIANCE Method A Method B 

0.8 kW/m2 Voc I @ V=20 Voc I @ V=20 

Model 1 21.60401 2.22667 21.58055 2.258927 

Model 2 21.60058 2.22277 21.57823 2.256272 

Model 3 21.60369 2.22581 21.58038 2.258451 

Model 4 21.60401 2.22667 21.58038 2.258451 

Model 5 21.59883 2.22077 21.57462 2.251863 

Measured 21.65 2.16 21.65 2.16 

IRRADIANCE Method A Method B 

0.6 kW/m2 Voc I @ V=20 Voc I @ V=20 

Model 1 21.37035 1.62474 21.3248 1.589599 

Model 2 21.36709 1.62142 21.32263 1.587297 

Model 3 21.37006 1.62404 21.32464 1.589218 

Model 4 21.37035 1.62474 21.32464 1.589218 

Model 5 21.35909 1.61321 21.31234 1.576116 

Measured 21.35 1.60 21.35 1.60 

IRRADIANCE Method A Method B 

0.4 kW/m2 Voc I @ V=20 Voc I @ V=20 

Model 1 21.0772 0.96393 21.01241 0.877957 

Model 2 21.07423 0.96118 21.01048 0.875997 

Model 3 21.07695 0.96342 21.01229 0.877687 

Model 4 21.0772 0.96393 21.01229 0.877687 

Model 5 21.05879 0.94678 20.99259 0.857611 

Measured 21.03 0.95 21.03 0.95 

IRRADIANCE Method A Method B 

0.2 kW/m2 Voc I @ V=20 Voc I @ V=20 

Model 1 20.69795 0.24517 20.62332 0.125877 

Model 2 20.69546 0.24298 20.62173 0.124239 

Model 3 20.69779 0.24489 20.62324 0.125735 

Model 4 20.69795 0.24517 20.62324 0.125735 

Model 5 20.67083 0.22097 20.59488 0.096074 

Measured 20.71 0.25 20.71 0.25 
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Deviation = |Voc(measured) − Voc(simulated)|    (3.70) 

 

where  Voc(simulated) is the value of Voc obtained from simulations and Voc(measured) 

is the value of Voc obtained from experimental measurements. 

It can be seen from the graphs that for the varying irradiance values that estimation 

method A presents the lowest deviation of the simulated value of Voc from the measured 

values.   

 

Figure 3.12 Bar graphs showing the deviation on simulation and measured values of 

Voc for the different models under varying irradiance 

 

Figure 3.13 and figure 3.14 show graphs plotted using KC200GT parameters using the 

two methods under varying irradiance. Figure 3.15 is an extract from the KC200GT 

module datasheet. The same can be observed from the graphs in figure 3.13 and figure 

3.14 when comparing with the datasheet plot in figure 3.15. 
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Figure 3.13 I-V Characteristic for KC200GT module under varying irradiance for 

models 1, 2, 3, 4 and 5, using parameter estimation method A. 

 

 

 

Figure 3.14 I-V Characteristic for KC200GT module under varying irradiance for 

models 1, 2, 3, 4 and 5, using parameter estimation method B. 
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Figure 3.15 I-V Characteristic for KC200GT module under varying irradiance 

extracted from datasheet. 

 

Figure 3.16 and figure 3.17 show I-V characteristic plots for the SQ80 simulated under 

varying temperature for all five models using method A and method B respectively and 

also includes graphs plotted using measured data for the SQ80 module. It can be seen 

that using method A, the results obtained are more comparable to the measured values 

than for the one using method B, considering the shape of the curves towards the open 

circuit voltage.  

The same effect can be seen from figure 3.18 and figure 3.19, which depict the plots 

from panel KC200GT using the two methods under varying temperature, when 

compared with the datasheet extracted plots in figure 3.20.  
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Figure 3.16 I-V Characteristic for SQ80 module under varying temperature for 

model 1, 2, 3, 4, 5 and measured values, using parameter estimation method A. 

 

 

Figure 3.17 I-V Characteristic for SQ80 module under varying temperature for model 

1, 2, 3, 4, 5 and measured values, using parameter estimation method B. 
 

 

 



- 39 - 

 

Figure 3.18 I-V Characteristic for KC200GT module under varying temperature for 

model 1, 2, 3, 4 and 5, using parameter estimation method A. 
 

 

 

Figure 3.19 I-V Characteristic for KC200GT module under varying temperature for 

model 1, 2, 3, 4 and 5, using parameter estimation method B. 
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Figure 3.20  I-V Characteristic for KC200GT module under varying Temperature 

extracted from datasheet. 
 

 

 

The open circuit voltage response to temperature variation from the different 

modelling methods as depicted in the plots show that at temperatures around the STC, 

the models depict similar behaviour. However as the temperature increases one of the 

plots tends to deviate from the other corresponding plots i.e. model 4 deviates from 

model 1, 2, 3 and 5. 

It can be seen though that the graph that best approximates the plot using measured 

values with a small deviation is model 4. Table 3.6 gives a summary of the variation of 

the open circuit voltage and short circuit current for the different models and estimation 

methods under varying temperature for the SQ80 module. The effect on the short circuit 

current is the same for all methods and this basically shows that there is minimal 

dependence between short circuit current and changes in temperature. The effect of the 

difference in series resistance can be seen in the shape of the two graphs shown in figure 

3.16 and figure 3.17, that the values produced from method A produces graphs which 

are more comparable to the plot with measured values. 
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An analysis of the deviation of the simulated values from the measured values of open 

circuit voltage, Voc for all the different models under varying temperature is shown in 

figure 3.21. The deviation is calculated using (3.70). It can be observed that as the 

temperature is increased, the deviation seen on model 4 values is the smallest when 

compared with the other models. Another point to note is that the deviation on method 

A is generally smaller than the deviation on method B.  

Table 3.6 Summary of graphs under varying temperature 

TEMP Method A Method B 

20°C Voc Isc  Voc Isc 

Model 1 22.20484 4.843 22.20479 4.843 

Model 2 22.20136 4.84300 22.20242 4.843001 

Model 3 22.20451     4.84119 22.2046 4.842109 

Model 4 22.15290 4.84300 22.15788 4.842109 

Model 5 22.20484 4.84300 22.20461 4.842109 

Measured 22.20 4.839 22.20 4.839 

TEMP Method A Method B 

30°C Voc Isc Voc Isc 

Model 1 21.38991 4.85700 21.38825 4.857 

Model 2 21.38632 4.85700 21.38576 4.856999 

Model 3 21.38959 4.85518 21.38807 4.856106 

Model 4 21.44186 4.85700 21.43454 4.856106 

Model 5 21.38991 4.85700 21.38806 4.856106 

Measured 21.50 4.851 21.50 4.851 

TEMP Method A Method B 

40°C Voc Isc Voc Isc 

Model 1 20.58050 4.871 20.57906 4.871 

Model 2 20.57704 4.870992 20.57669 4.870996 

Model 3 20.58023 4.869179 20.57891 4.870103 

Model 4 20.73592 4.870992 20.71694 4.870103 

Model 5 20.58050 4.870992 20.57887 4.870103 

Measured 20.90 4.872 20.90 4.872 

TEMP Method A Method B 

50°C Voc Isc Voc Isc 

Model 1 19.77402 4.885 19.77372 4.885 

Model 2 19.77043 4.884987 19.77121 4.884993 

Model 3 19.77378 4.883173 19.77359 4.884101 

Model 4 20.03502 4.884987 20.00486 4.884101 

Model 5 19.77402 4.884987 19.77351 4.884101 

Measured 20.00 4.890 20.00 4.890 

TEMP Method A Method B 

60°C Voc Isc Voc Isc 

Model 1 18.95958 4.899 18.9579 4.898999 

Model 2 18.95616 4.898982 18.95553 4.89899 

Model 3 18.9594 4.897168 18.95782 4.898098 

Model 4 19.33915 4.898982 19.29812 4.898098 

Model 5 18.95958 4.898982 18.95769 4.898098 

Measured 19.45 4.900 19.45 4.900 
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Figure 3.21 Bar graphs showing the deviation on simulation and measured values of 

Voc for the different models under varying temperature 

3.5 Conclusion 

In this chapter, different modelling methods (equations) recommended by different 

authors in literature are described (detailed under section 3.12) and have been verified 

by simulation and experimental results. The modelling equations that best approximate 

the plots from measured values for the SQ80 PV model, which is also applicable to 

any PV module with datasheet parameters was recognized as shown by using a 

different module with different ratings from the SQ80 analysed. Model 4 is justified in 

this case. The study also involved detailing the parameter estimation methods used 

within the 5 models that were classified. The parameter estimation has been identified 

to have an effect on the shape of the curve as well as on the open circuit voltage 

response under varying irradiance as shown by the graphs. It can be concluded that the 

iterative method of extracting parameters, i.e. method A produced more comparable 

results. Therefore, as long as there is convergence, it can be concluded that the 

iteration techniques produce more accurate results for estimated parameters, so does 

the use of model 4 equations for non STC conditions. 
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4 Double-Diode model 

In chapter 3, a comparative analysis of the different variants of the single-diode 

model were analysed. A combination of parameter estimation method and the most 

accurate modelling equations were selected based on the results that were obtained from 

simulations and manufacturer’s datasheet. 

In this chapter, the double-diode representation of a PV module is discussed. A new 

method for extracting parameters of a double-diode model is proposed and described. 

This method is based on the simplified double-diode representation of PV modules. 

Verification of the modelling method is done using different PV modules and comparing 

the graphs plotted by simulation for the proposed method against the graphs plotted by 

simulation for another existing double-diode modelling method for the various PV 

modules. Also, further comparison is done against graphs extracted from PV modules’ 

datasheets. The proposed modelling method is also validated by comparing the 

simulation results with graphs plotted from experimentally measured data for the SQ80 

PV module. 

The derivation of the non-linear equations for the double-diode model is first 

discussed as well as the new parameter extraction algorithm in section 4.1. The extracted 

parameters are then used to plot the different graphs under varying conditions of 

temperature and irradiance in section 4.2. The results obtained are discussed in section 

4.3 and the conclusion is outlined in section 4.4.  

4.1 Parameter Estimation 

Figure 4.1 shows the equivalent circuit for the double-diode representation of a solar 

cell. It consists of a current source, two diodes connected in parallel as well as the series 

and shunt resistances.  

  

Figure 4.1 Equivalent circuit for double-diode model 
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Figure 4.2 Equivalent circuit for simplified double-diode model 

 

The simplified double-diode model is represented as shown in figure 4.2 [8]. The 

relationship between the current at the output of a PV module, consisting of a number 

of cells connected in series or parallel, and the voltage which appears across the output 

can be depicted by (4.1), which is found by summation of the currents according to 

Kirchhoff’s Current Law: 

I = Iph − I01 [exp (
V

A1VT
) − 1] − I02 [exp (

V

A2VT
) − 1]                (4.1) 

 

where I is the module current; V is the module voltage; Iph is the photo generated 

current; I01 is the reverse saturation current due to diffusion of the charge carriers in the 

semiconductor, I02 is the reverse saturation current due to recombination in the space 

charge region, A1 and A2 is the ideality constant for diode 1 and 2 respectively; VT is the 

junction thermal voltage and can be expressed as VT=
NskT

q
, where Ns is the number of 

series connected cells in the module; k is the Boltzmann’s constant equal to 1.38x10-23; 

q is the electron charge equal to 1.602x10-19; and T is the temperature. In (4.1) there are 

5 parameters which are unknown, that is, I01, I02, A1, A2 and Iph. 

 

4.1.1 Derivation of Non-Linear equations 

The three operating conditions of a PV module namely, short circuit, open circuit and 

maximum power point, are used to derive the equations which are used for the proposed 

parameter extraction method.  

 

Under short circuit conditions, where I = Isc and V = 0, (4.1) is reduced to (4.2) 
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Iph = Isc      (4.2) 

 

In open circuit operation, where I = 0 and V = Voc ,(4.1) becomes (4.3): 

 

0 = Iph − I01 [exp (
Voc

A1VT
) − 1] − I02 [exp (

Voc

A2VT
) − 1]     (4.3) 

 

At maximum power point operation, where I = Imp  and V = Vmp , (4.1) becomes 

(4.4): 

 

Imp = Iph − I01 [exp (
Vmp

A1VT
) − 1] − I02 [exp (

Vmp

A2VT
) − 1]    (4.4) 

 

Substituting (4.2) in (4.3) and (4.4) results in the system of equations (4.5) and (4.6). 

 

I01 [exp (
Voc

A1VT
) − 1] + I02 [exp (

Voc

A2VT
) − 1] = Isc   (4.5) 

 

I01 [exp (
Vmp

A1VT
) − 1] + I02 [exp (

Vmp

A2VT
) − 1] = Isc − Imp    (4.6) 

The next step is to solve the two equations, (4.5) and (4.6) to find expressions for I01 

and I02. In solving the two equations we make the assumptions that (
Voc

A1VT
) ≫ 1 , 

exp (
Voc

A2VT
) ≫ 1 , exp (

Vmp

A1VT
) ≫ 1 and exp (

Vmp

A2VT
) ≫ 1 as per [34], which reduces (4.5) 

and (4.6) to (4.7) and (4.8) : 

 

I01exp (
Voc

A1VT
) + I02exp (

Voc

A2VT
) = Isc      (4.7) 

 

I01exp (
Vmp

A1VT
) + I02exp (

Vmp

A2VT
) = Isc − Imp     (4.8) 

 

Rearranging (4.7) so that it is written in terms of I01, we get (4.9): 

 

I01 =
Isc−I02exp(

Voc
A2VT

)

exp(
Voc

A1VT
)

       (4.9) 
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Substituting (4.9) in (4.8) and rearranging, making I02 the subject of the expression 

we get (4.10) 

 

I02 =
(Isc−Imp)exp(

Voc
A1VT

)−Iscexp(
Vmp

A1VT
)

exp(
Voc

A2VT
)exp(

Vmp

A1VT
)+exp(

Voc
A1VT

)exp(
Vmp

A2VT
)
   (4.10) 

 

Then finally we substitute (4.10) in (4.9) to get (4.11): 

 

I01 =
Isc

exp(
Voc

A1VT
)

−
[(Isc−Imp)exp(

Voc
A1VT

)−Iscexp(
Vmp

A1VT
)]exp[

Voc
VT

(
1

A2
−

1

A1
)]

exp(
Voc

A2VT
)exp(

Vmp

A1VT
)+exp(

Voc
A1VT

)exp(
Vmp

A2VT
)

   (4.11) 

 

We now have three equations (4.3), (4.10) and (4.11) which will be used to extract the 

parameters. The next section describes how the values of A1 and A2 are found. 

 

4.1.2 Parameter extraction Algorithm   

In section 4.1.1, three equations were derived which can be used in extracting of the 

STC parameters. There are however 5 unknown parameters to be extracted which means 

that the three equations cannot be solved to obtain the 5 unknown parameters. 

A different way of estimating the ideality factors A1 and A2 is proposed. It involves 

adjusting of the values such that a pair of ideality factors is obtained which will produce 

a value of maximum power which closely matches the one on the PV module’s datasheet 

at the same time ensuring that the values of the two reverse saturation currents I01 and 

I02 are both positive. 

A detailed analysis of the effect, the two ideality factors have on the maximum power point 

of the I-V characteristics was done and the following observations were made: 

1. The solution A1 = A2 does not exist for any value of A1 or A2 in any PV module, 

unlike what was assumed in [40] and [41]. 

2. The value of A2 > A1 for positive values of reverse saturation currents. 

3. There is a minimum value of A2 for every PV module where the equations will 

produce both positive values of reverse saturation current. 
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Figure 4.3, figure 4.4, figure 4.5, figure 4.6, figure 4.7 and figure 4.8 show graphical 

representations of this behaviour for five PV modules, GEPV110, JC260S, MSX-60, 

SQ80, KC200GT and U-EA120 of different technologies and ratings whose details are 

provided in table 4.1. 

 

 

Figure 4.3 Variation of maximum power with ideality factors 𝐀𝟏 and 𝐀𝟐 for 

GEPV110 module 

 

   

 

Figure 4.4 Variation of maximum power with ideality factors 𝐀𝟏 and 𝐀𝟐 for 

JC260S module 
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Figure 4.5 Variation of maximum power with ideality factors 𝐀𝟏 and 𝐀𝟐 for MSX-

60 module 

 

 

Figure 4.6 Variation of maximum power with ideality factors 𝐀𝟏 and 𝐀𝟐 for SQ80 

module 
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Figure 4.7 Variation of maximum power with ideality factors 𝐀𝟏 and 𝐀𝟐 for 

KC200GT module 

 

 

Figure 4.8 Variation of maximum power with ideality factors 𝐀𝟏 and 𝐀𝟐 for             

UEA120 module 
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of reverse saturation currents are obtained for both diodes. The algorithm also caters 

for the different behaviour of the thin film PV module U-EA120 as depicted in figure 

4.8 by finding the minimum value of maximum power closest to the maximum power 

value in the datasheet.  Table 4.1 shows the STC parameters for the six PV modules 

analysed in this work extracted from the datasheets for the SQ80 [44], KC200GT [45], 

MSX-60 [46], JC260S [47], GEPV110 [48] and U-EA120 [49] PV modules. 

 

Table 4.1 Data sheet parameters 

Parameter SQ80  KC200GT MSX-60 JC260S GEPV110 U-EA120 

Crystalline

Technology 
Mono  Poly Poly Mono Mono Thin Film 

𝑁𝑠 36 54 36 60 36 106 

𝐼𝑠𝑐  4.85A 8.21A 3.8 9.1 7.4A 2.8A 

𝑉𝑜𝑐  21.8V 32.9V 21.1 37.7 21.2V 71V 

𝑉𝑚𝑝 17.5V 26.3V 17.1 30.4 16.7V 55V 

𝐼𝑚𝑝 4.58A 7.61A 3.5 8.55 6.6A 2.18 

𝑃𝑚𝑝 80.15 200.1430 59.85 259.92 110.22 119.9 

𝐾𝐼(A/°C) 0.0014 0.00318 0.003 0.0003 0.003 0.00056 

𝐾𝑉(V/°C) -0.081 -0.123 -0.08 -0.310 -0.08 -0.0039 

 

Figure 4.9 shows a flow chart which depicts the steps followed in implementation of 

this algorithm. Separate steps are followed and implemented in Matlab for finding 

Pmax as well as the minimum value of A2 as shown in figure 4.10 and figure 4.11. Pmax 
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is the maximum power calculated for a particular combination of values of ideality 

factors A1 and A2. 

 

Figure 4.9 Algorithm for estimation of ideality factors 𝐀𝟏 and 𝐀𝟐 

 

 

Figure 4.10 Steps for finding the maximum power, 𝐏𝐦𝐚𝐱 
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Figure 4.11 Steps for finding the value of 𝐀𝟐(𝐦𝐢𝐧) 

 

In summary: to get A2, we set A1 = 1 (using an ideal value for A1 is justified later) 

and then increment A2 in steps of 0.01, at each step evaluating I02 and I01 using (4.10) 

and (4.11) until we get to the correct value of A2(min). Also for Pmax we evaluate the 

current as well as power for values of voltage ranging from 0 to Voc using (4.1), (4.2), 

(4.10) and (4.11), and then taking Pmax as the maximum calculated value of power.  A 

matlab code was written to implement this algorithm shown in appendix A4 for the six 

selected PV modules and the results are summarized in table 4.2. 

 

Table 4.2 STC parameters extracted using algorithm 

Parameter Estimated value 

SQ80 KC200GT MSX-60 JC260S GEPV110 U-EA120 

𝐼𝑜1(A) 6.37×10-13 1.6×10-12 6.182×10-12 1.316×10-12 1.242×10-11 3.0721×10-12 

𝐼𝑜2(A) 2.135×10-6 1.804×10-5 6.061×10-6 4.723×10-6 2.1857×10-4 2.1×10-3 

𝐼𝑝ℎ(A) 4.85 8.21 3.8 9.1 7.4 2.6 

𝐴1 1 1 1 1 1 1 

𝐴2 1.61 1.82 1.71 1.69 2.2 3.8 

𝑃𝑚𝑎𝑥(W) 80.5003 200.4347 59.8619 260.6297 110.22 120.0224 

𝑃𝑚𝑝(W) 80.15 200.1430 59.85 259.92 110.22 119.9 

𝑃max 𝑒𝑟𝑟𝑜𝑟% 0.4371 0.1457 0.0198 0.2731 0 0.1021 
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4.2 Dependence on Temperature and Irradiance 

As mentioned in previous sections, the second step in modelling is to use the 

parameters estimated under STC to evaluate the I-V characteristics of the PV module 

under varying temperature and irradiance conditions.  

Parameters which are known to vary with changing temperature are the reverse 

saturation currents I01 and I02 which are strongly dependent on temperature as given 

in (4.12) and (4.13) [34]: 

Io1 = Io1,STC [
T

TSTC
]

3

exp (
q

A1k
(

Eg,STC

TSTC
−

Eg

T
))    (4.12) 

  

Io2 = Io2,STC [
T

TSTC
]

5

2
exp (

q

2A2k
(

Eg,STC

TSTC
−

Eg

T
))    (4.13) 

 

where, T is the temperature of the module and , TSTC is the temperature at STC 

which is equal to 298K, Eg is the band gap energy at temperature T and Eg,STC is the 

band gap energy at STC temperature. The equation (3.36) is used to calculate the band 

gap energy and is restated in this chapter as (4.14) [7]. 

Eg = Ego −
γT2

β+T
      (4.14) 

 

where Ego, γ and β are fitting parameters as outlined in table 3.1. 

 

Another parameter to be considered is the photo-generated current which is known 

to vary with both temperature and irradiance using (4.15) below [34]: 

 

Iph =  (Iph,STC + KI∆T)G       (4.15)   

 

where T is the temperature of the module, ∆T is the temperature difference T − TSTC, 

TSTC is the temperature at STC which is equal to 298K, Iph,STC is the photo-generated 

current estimated under STC and G is the ratio of the irradiance with respect to STC 

value, i.e. 1kW/m2.  

 

In using the simplified double-diode model represented in (4.1), it was discovered that 
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the ideality factors have an effect on the open circuit voltage obtained under non-STC 

conditions. In varying the G from 1 to 0.2, the open circuit voltage obtained from the I-

V characteristics tends to decrease and as a result deviate from the expected values. It 

can also be mentioned that as the temperature is increased, the open circuit voltage is 

reduced, but if ideality factor A1 is increased from the ideal value, A1 = 1, the value 

obtained for the open circuit voltage is decreased and as such causing a deviation from 

the expected values. 

Based on the above mentioned observations, a correction factor on the diode 

ideality factor A2 was derived, considering the logarithmic effects the reduced irradiance 

has on the open circuit voltage Voc. As stated in [6], provided the module temperature is 

constant, the open circuit voltage values scale logarithmically with short circuit current 

which in turn shows a linear dependence on solar irradiance, meaning that the open 

circuit voltage has a logarithmic dependence on solar irradiance. At high irradiance, the 

open circuit Voc is reduced by a small amount and at low irradiance the effect on the 

open circuit voltage is more significant, as a result a parameter α is derived and curve 

fitting is used to derive it. For instance, when G = 0.8, the value of Voc obtained without 

the correction factor is less than the one on the datasheet, but after multiplying the 

ideality factor A2 by 1.01 the value of Voc obtained matches the one estimated from the 

datasheet. There is a logarithmic relationship between G and the number by which the 

ideality factor A2 is multiplied. For G = 0.8, α can be calculated from 0.8 = α0.01, from 

which α=2.037×10-10. It follows that for every value of G, the ideality factor A2 has to 

be multiplied by the correction factor  1 +
ln(G)

ln(α)
 to obtain the correct value of Voc. The 

correction factor is dependent on G. 

It can also be shown that increasing the ideality factor A1, causes a reduction in Voc as 

the temperature is increased, however an accurate value of Voc is obtained by using A1 =

1, as such the first diode is considered ideal as shown in table 4.2. 

Consequently, (4.1) can be rewritten as (4.16) 

 

I = Iph − I01 [exp (
V

Vt1
) − 1] − I02 [exp (

V

Vt2
) − 1]    (4.16) 

 

where Vt1=A1VT and Vt2=A2VT(1+
ln(G)

ln(α)
), α=2.037×10-10.   
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4.3 Simulations  

This section describes the simulations which were done to implement the method 

proposed in this study. Matlab/Simulink was used to simulate and plot the I-V 

characteristic graphs based on the proposed model. Figure A.3 (in Appendix) shows the 

different Simulink blocks used. The block labelled “PARAMETER ESTIMATION” is 

embedded with the Matlab function code for extraction of the five unknown parameters 

of the proposed double-diode model which is listed in appendix D. The other simulink 

function blocks shown in figure A.3 are summarized below. 

Figure 4.12 shows the Matlab Simulink function block used to represent the 

equations for the proposed model as well as the Matlab function code embedded in the 

Simulink block. The function takes the STC values for A1,  A2,  Iphn,  Io1n,  Io2n and  KI 

as inputs,  Io1n and  Io2n are the STC values for the reverse saturation currents for diode 

1 and diode 2 respectively,  Iphn is the STC value for the photo-generated current. It also 

takes  Ns as well as T and G. The outputs of the function are  Io1,  Io2,  Iph,  Vt1 and  Vt2, 

which are parameters dependent on the temperature T and irradiance G.  Io1 is calculated 

using (4.12),  Io2 using (4.13) and  Iph is calculated using (4.15). 

 

Figure 4.12 Simulink function block and Matlab code for calculation of non STC 

parameters of proposed model 

 

Figure 4.13 shows the Simulink block which evaluates the PV module’s current for 

values of V ranging from zero to  Voc. The input voltage is shown as a ramp input into 
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the Simulink block. The function takes the inputs as indicated and gives an output 

current using the PV current equation (4.1). 

 

Figure 4.13 Simulink block for calculation of PV output current for proposed 

double-diode model 

 

The Simulink blocks labelled KC200GT, SQ80, JC260S, MSX-60, GEPV110 and U-

EA120 represent the STC parameters extracted from the datasheets of the respective PV 

modules. 

 

4.4 Results and Discussion  

Figure 4.10 outlines the steps followed in the calculation of maximum power. It requires 

values of the photo-generated current  Iph as well as the reverse saturation currents  Io1 

and  Io2 . Table 4.3 shows the values of maximum power at STC calculated using the 

values of   Iph,  Io1 and  Io2obtained in [8] and [34], and using the proposed model for 

the different PV modules KC200GT, MSX-60, JC260S and GEPV110 analysed in this 

study. Table 4.4 shows the % error calculated using (4.17) for the values obtained in 

table 4.3 with the respective maximum power obtained from the datasheet for the 

different PV modules.  

%error =
|Pmp(model)−Pmp(datasheet)|

Pmp(datasheet)
     (4.17) 

 

where  Pmp(model) is the maximum power calculated using the proposed model, results 
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in [8] and results in [34], Pmp(datasheet) is the maximum power given in the datasheets 

of the respective PV modules as shown in table 4.4. 

As it can be seen, the values show that the model proposed in this paper has the lowest 

error which shows the high level of accuracy in relation to the manufacturer’s datasheet 

parameters for maximum power at STC when compared with the %error calculated 

using results in [8] and [34]. 

A combination of (4.2), (4.12), (4.13), (4.15), (4.16) and the values of  A1 and  A2 

estimated under STC are used to plot the I-V characteristics for three of the different PV 

modules considered in this work, the GEPV110, KC200GT and the SQ80 PV modules. 

 

Table 4.3 Maximum power point values calculated at STC 

 KC200GT MSX-60 JC260S GEPV110 

Results in [8] 129.2516 60.1466 241.8529 - 

Results in [34] 218.7518 - - 119.663 

This Model 200.4394 59.8632 260.6335 110.2207 

Datasheet 200.143 59.85 259.92 110.22 

 

 

Table 4.4 Maximum power point error values calculated at STC 

 KC200GT MSX-60 JC260S GEPV110 

Results in [8] 35.4204 0.4955 12.5749 - 

Results in [34] 9.298 - - 8.5674 

This Model 0.1481 0.022 5.7861 0.0006 

 

Figure 4.14 and figure 4.15 show the I-V characteristic plots for the GEPV110 PV 

module plotted using simulation values as well as an extract from the module’s datasheet 

respectively. Table 4.5 shows the values of Voc obtained by using the results in [34] as 

well as the ones obtained by using this method and those extracted from the datasheet 

for the GEPV110 PV module. Again it can be seen that the graph obtained from this 

method closely resembles the one on the manufacturer’s datasheet. The same 

comparison was made using the plots for the KC200GT module as shown in figure 4.16 

and figure 4.17 for varying irradiance and figure 4.18 and figure 4.19 for varying 

temperature. Table 4.6 shows the values of Voc obtained by using the results in [34] as 

well as the ones obtained by using this method and those extracted from the datasheet 

for the KC200GT PV module for varying irradiance and temperature. 
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Based on the maximum power point error values calculated and listed in table 4.4, it 

can be concluded that the method proposed in this thesis is more accurate when 

compared with results obtained in [8] and [34]. It can further be noted that the values of 

Voc obtained using the proposed method are comparable with the values extracted from 

the PV module’s datasheets.   

 

Table 4.5 Summary of graph for GEPV110 PV module 

 

Voc 

This Work Results in [34] Estimate from 

Datasheet 

G=1kW/m2
  T=25°C 21.19 21.19 21.20 

G=0.8kW/m2
  T=45°C 19.16 19.4 19.20 

G=1kW/m2
  T=60°C 18.12 18.5 18.15 

 

 

Table 4.6 Summary of graph for KC200GT PV module 

IRRADIANCE 

Voc 

This Work Results in [34] Estimate from 

Datasheet 

1 kW/m2 32.89 32.85 32.9 

0.8 kW/m2 32.6 32.52 32.7 

0.6 kW/m2 32.29 32.1 32.4 

0.4 kW/m2 31.8 31.48 31.7 

0.2 kW/m2 30.85 30.4 30.75 

TEMPERATURE 

   

25°C 32.9 32.9 32.9 

50°C 29.9 29.9 30.0 

75°C 27.0 26.78 26.3 
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Figure 4.14 I-V Characteristics for GEPV110 PV module simulated from this work 

and using results from modelling by [34] 

 

 

 

Figure 4.15 I-V characteristics for GEPV110 extracted from datasheet 
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Figure 4.16 I-V characteristics for KC200GT PV module simulated using this work 

and using results from modelling by [34] under varying irradiance 

 

 

Figure 4.17 I-V characteristics for KC200GT PV module under varying irradiance 

extracted from datasheet. 
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Figure 4.18 I-V Characteristics for KC200GT PV module simulated using this 

work and using results from modelling by [34] under varying temperature 

 

 

Figure 4.19 I-V characteristics for KC200GT PV module under varying 

temperature extracted from datasheet. 
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In the previous section the simulation results were discussed and from the results, it is 
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to further validate the simulated results. figure 4.17 and figure 4.18 show the I-V 

characteristic plots for the SQ80 PV module obtained from simulations using the method 

proposed in this paper as well as experimentally measured values under varying 

irradiance and under varying temperatures respectively. Table 4.7 shows values of Voc 

obtained from experimental values as well as from simulations using the proposed 

method. It can also be observed that the values obtained from simulations are 

comparable to the values obtained from experimental measurements especially near 

the Voc region. 

 

Table 4.7 Summary of graph for SQ80 PV module 

IRRADIANCE 

Voc  

Simulation Experimental Deviation 

1 kW/m2 21.78 21.88 0.10 

0.8 kW/m2 21.64 21.65 0.01 

0.6 kW/m2 21.36 21.35 0.01 

0.4 kW/m2 21.05 21.03 0.02 

0.2 kW/m2 20.74 20.71 0.03 

TEMPERATURE 

   

20°C 22.18 22.20 0.02 

30°C 21.55 21.50 0.05 

40°C 20.83 20.90 0.07 

50°C 20.00 20.00 0.00 

60°C 19.30 19.45 0.15 

 

 

It is worth noting however that in other regions along the graphs, there is visible 

deviation from the experimentally measured values. This can be attributed to the 

influence of the series resistance, which has an effect on the I-V characteristics of a PV 

module towards the Voc region [50], which was assumed to be zero in the method 

proposed in this research. It however has no effect on the maximum power point as it 

can be shown by the results obtained in table 4.4. 
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Figure 4.20 I-V Characteristic plot for SQ80 under varying Temperature for 

simulation and experimentally measured values 

 

 

 

 

Figure 4.21 I-V Characteristic plot for SQ80 under varying Irradiance for 

simulation and experimentally measured values 
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4.6 Conclusion 

In this chapter a new PV modelling method based on the simplified double-diode 

model is presented in this paper. The three different key operating points of a PV cell / 

module, that is the short circuit, open circuit and maximum power point operating 

conditions, are used to derive five equations which are used to estimate STC parameters 

for different PV modules. An algorithm is also proposed which is used to estimate the 

ideality factors of the two diodes by using only the datasheet parameters as the input. 

The algorithm was tested by estimating the ideality factors as well as the three currents, 

 Io1,   Io2  and  Iph for five different PV modules. Values of maximum power calculated 

from the estimated parameters were compared with values obtained using results in [8] 

and [34] as well as the values from the datasheet. The results showed that the proposed 

method has accurate results. 

 A set of equations is used for calculating the reverse saturation currents Io1 and  Io2 

under varying irradiance and temperature. A correction factor that is dependent on G is 

introduced in the equations for calculating current, to cater for the effects of the change 

in Voc due to change in irradiance. The estimated parameters have been used to plot the 

I-V characteristics of three different PV modules, the KC200GT, GEPV110 and SQ80 

PV module and comparison made with extracts from datasheets for the respective PV 

modules. Validation of the proposed method is done by comparing simulation results 

with results obtained from experimental measurements on the SQ80 PV module, and it 

can be concluded that the results obtained using this method are accurate.    
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5 Conclusion and Future work 

5.1 Conclusions 

In this dissertation, a literature review was done on modelling of PV modules or cells. 

Two representations of a PV module were identified, the single-diode and the double-

diode representation. The main aim of this study is to identify the most accurate PV 

modelling method based on the parameter estimation methods in combination with the 

different models. Different methods were identified in literature which were used to 

model PV modules using the single-diode representation. Two parameter estimation 

methods were identified and classified as method A and method B as well as five unique 

combinations of modelling equations which were classified as model 1, model 2, model 

3, model 4 and model 5 and were used in the analysis. The objective was to identify a 

combination of parameter estimation method and the set of modelling equations which 

produced the most accurate representation of different PV modules of different types 

and ratings. Accuracy of the modelling methods was evaluated by comparing the results 

or graphs obtained from simulations with graphs extracted from manufacturer’s 

datasheets for KC200GT PV module as well as comparison with experimentally 

measured values for the SQ80 PV module. 

Parameter estimation method A which uses iteration technique to solve a system of 

equations was identified as the more accurate method based on the fact that it produced 

I-V characteristic plots which closely resemble the plots on the datasheet of the 

KC200GT PV module as well as the experimentally measured values for the SQ80 PV 

module. The combination of modelling equations classified as model 4 was also 

identified as the most accurate based on the I-V characteristic plots it generated. It can 

be concluded therefore that the combination of parameter estimation method A and 

model 4 equations produces the most accurate model for the single-diode representation 

of any PV module using PV module manufacture’s datasheet parameters as inputs. 

The double-diode representation of a PV module was also analysed and a new 

method was proposed which is an improvement on an existing model that is presented 

in [8], which has inaccuracies especially when non STC conditions are considered. The 

improved modelling method was verified to be accurate using datasheet information for 

different PV modules of different technologies and ratings as well as measured data for 

the SQ80 PV module as it produced results which have less error than the ones produced 
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by models used in [8] and [34]. This evaluation was based on accurately matching the 

three operating points, short circuit, open circuit and maximum power point on the I-V 

characteristic. It can be concluded based on the above analysis and discussions that a 

more accurate ‘simplified double-diode’ version of PV modelling method has been 

presented. 

5.2 Future Work 

Following the conclusion discussed in section 5.1, there are areas of improvement 

which future research can be directed towards as far as the PV modelling subject is 

concerned and are listed as follows: 

 The effects of temperature and irradiance is currently only considered for 

two of the 5 estimated parameters, even though they are assumed not to 

change, it can be interesting to see further investigation of the results if the 

effects are taken into consideration for all the parameters, the effect on the 

other parameters is said to be minimal. 

 In improving the double-diode model, one of the major challenges was the 

reverse saturation currents being positive. A review of the direction of 

current flow especially on the second diode to investigate a possibility that 

the current could flow in the opposite direction to the one currently used in 

the double-diode representation, due to physical or fabrication properties is 

required. 

 Extend the double-diode model to include the series and shunt resistances 

without making assumptions which are in most cases invalid to try and 

reduce the complexity of the expressions. 
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Appendix A  Matlab function code for parameter estimation using 

Method A 
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Appendix B  Matlab function code for parameter estimation using 

Method B 
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Appendix C  Matlab function code for parameter estimation for 

double-diode model 
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Appendix D  Experimental measurements for SQ80 PV Module 

Table D.1 Data measured under varying temperature at 1kW/m2 

Temp 20 °C  Temp 30 °C  Temp 40 °C  Temp 50 °C  Temp 60 °C 

V I V I V I V I V I 

0 4.839 0 4.851 0 4.872 0 4.89 0 4.9 

7.34 4.829 6.64 4.841 6.04 4.862 5.14 4.88 4.59 4.89 

7.77 4.829 7.07 4.841 6.47 4.862 5.57 4.88 5.02 4.89 

8.298 4.828 7.598 4.84 6.998 4.861 6.098 4.879 5.548 4.889 

8.819 4.824 8.119 4.836 7.519 4.857 6.619 4.875 6.069 4.885 

9.335 4.823 8.635 4.835 8.035 4.856 7.135 4.874 6.585 4.884 

9.862 4.823 9.162 4.835 8.562 4.856 7.662 4.874 7.112 4.884 

10.39 4.847 9.687 4.847 9.087 4.854 8.187 4.872 7.637 4.882 

10.91 4.847 10.21 4.847 9.611 4.847 8.711 4.872 8.161 4.882 

11.44 4.847 10.74 4.847 10.14 4.847 9.238 4.847 8.688 4.882 

11.97 4.844 11.27 4.844 10.67 4.844 9.769 4.844 9.219 4.844 

12.5 4.843 11.8 4.843 11.2 4.843 10.3 4.843 9.745 4.843 

13.01 4.843 12.31 4.843 11.71 4.843 10.81 4.843 10.26 4.843 

13.53 4.843 12.83 4.843 12.23 4.843 11.33 4.843 10.78 4.843 

14.03 4.843 13.33 4.843 12.73 4.843 11.83 4.843 11.28 4.843 

14.53 4.843 13.83 4.843 13.23 4.843 12.33 4.843 11.78 4.843 

15.02 4.843 14.32 4.843 13.72 4.843 12.82 4.843 12.27 4.843 

15.52 4.807 14.82 4.807 14.22 4.807 13.32 4.807 12.77 4.807 

16.02 4.769 15.32 4.769 14.72 4.769 13.82 4.769 13.27 4.769 

16.5 4.734 15.8 4.734 15.2 4.734 14.3 4.734 13.75 4.734 

16.99 4.7 16.29 4.7 15.69 4.7 14.79 4.7 14.24 4.7 

17.46 4.649 16.76 4.649 16.16 4.649 15.26 4.649 14.71 4.649 

17.91 4.544 17.21 4.544 16.61 4.544 15.71 4.544 15.16 4.544 

18.33 4.385 17.63 4.385 17.03 4.385 16.13 4.385 15.58 4.385 

18.71 4.189 18.01 4.189 17.41 4.189 16.51 4.189 15.96 4.189 

19.06 3.973 18.36 3.973 17.76 3.973 16.86 3.973 16.31 3.973 

19.37 3.743 18.67 3.743 18.07 3.743 17.17 3.743 16.62 3.743 

19.66 3.503 18.96 3.503 18.36 3.503 17.46 3.503 16.91 3.503 

19.91 3.264 19.21 3.264 18.61 3.264 17.71 3.264 17.16 3.264 

20.14 3.03 19.44 3.03 18.84 3.03 17.94 3.03 17.39 3.03 

20.35 2.802 19.65 2.802 19.05 2.802 18.15 2.802 17.6 2.802 

20.54 2.582 19.84 2.582 19.24 2.582 18.34 2.582 17.79 2.582 

20.69 2.374 19.99 2.374 19.39 2.374 18.49 2.374 17.94 2.374 

20.84 2.179 20.14 2.179 19.54 2.179 18.64 2.179 18.09 2.179 

20.97 2.003 20.27 2.003 19.67 2.003 18.77 2.003 18.22 2.003 

21.1 1.831 20.4 1.831 19.8 1.831 18.9 1.831 18.35 1.831 

21.21 1.681 20.51 1.681 19.91 1.681 19.01 1.681 18.46 1.681 

21.3 1.54 20.6 1.54 20 1.54 19.1 1.54 18.55 1.54 

21.39 1.411 20.69 1.411 20.09 1.411 19.19 1.411 18.64 1.411 

21.46 1.294 20.76 1.294 20.16 1.294 19.26 1.294 18.71 1.294 
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21.53 1.186 20.83 1.186 20.23 1.186 19.33 1.186 18.78 1.186 

21.59 1.088 20.89 1.088 20.29 1.088 19.39 1.088 18.84 1.088 

21.64 0.995 20.94 0.995 20.34 0.995 19.44 0.995 18.89 0.995 

21.7 0.914 21 0.914 20.4 0.914 19.5 0.914 18.95 0.914 

21.74 0.845 21.04 0.845 20.44 0.845 19.54 0.845 18.99 0.845 

21.78 0.78 21.08 0.78 20.48 0.78 19.58 0.78 19.03 0.78 

21.81 0.714 21.11 0.714 20.51 0.714 19.61 0.714 19.06 0.714 

21.84 0.657 21.14 0.657 20.54 0.657 19.64 0.657 19.09 0.657 

21.88 0.61 21.18 0.61 20.58 0.61 19.68 0.61 19.13 0.61 

21.89 0.565 21.19 0.565 20.59 0.565 19.69 0.565 19.14 0.565 

21.91 0.521 21.21 0.521 20.61 0.521 19.71 0.521 19.16 0.521 

21.93 0.478 21.23 0.478 20.63 0.478 19.73 0.478 19.18 0.478 

21.95 0.443 21.25 0.443 20.65 0.443 19.75 0.443 19.2 0.443 

21.96 0.414 21.26 0.414 20.66 0.414 19.76 0.414 19.21 0.414 

21.98 0.388 21.28 0.388 20.68 0.388 19.78 0.388 19.23 0.388 

21.99 0.365 21.29 0.365 20.69 0.365 19.79 0.365 19.24 0.365 

22.01 0.338 21.31 0.338 20.71 0.338 19.81 0.338 19.26 0.338 

22.02 0.315 21.32 0.315 20.72 0.315 19.82 0.315 19.27 0.315 

22.03 0.295 21.33 0.295 20.73 0.295 19.83 0.295 19.28 0.295 

22.04 0.275 21.34 0.275 20.74 0.275 19.84 0.275 19.29 0.275 

22.05 0.262 21.35 0.262 20.75 0.262 19.85 0.262 19.3 0.262 

22.05 0.245 21.35 0.245 20.75 0.245 19.85 0.245 19.3 0.245 

22.05 0.23 21.35 0.23 20.75 0.23 19.85 0.23 19.3 0.23 

22.07 0.216 21.37 0.216 20.77 0.216 19.87 0.216 19.32 0.216 

22.07 0.204 21.37 0.204 20.77 0.204 19.87 0.204 19.32 0.204 

22.07 0.195 21.37 0.195 20.77 0.195 19.87 0.195 19.32 0.195 

22.08 0.182 21.38 0.182 20.78 0.182 19.88 0.182 19.33 0.182 

22.09 0.17 21.39 0.17 20.79 0.17 19.89 0.17 19.34 0.17 

22.09 0.162 21.39 0.162 20.79 0.162 19.89 0.162 19.34 0.162 

22.1 0.155 21.4 0.155 20.8 0.155 19.9 0.155 19.35 0.155 

22.12 0.148 21.42 0.148 20.82 0.148 19.92 0.148 19.37 0.148 

22.12 0.141 21.42 0.141 20.82 0.141 19.92 0.141 19.37 0.141 

22.12 0.135 21.42 0.135 20.82 0.135 19.92 0.135 19.37 0.135 

22.13 0.128 21.43 0.128 20.83 0.128 19.93 0.128 19.38 0.128 

22.14 0.123 21.44 0.123 20.84 0.123 19.94 0.123 19.39 0.123 

22.13 0.12 21.43 0.12 20.83 0.12 19.93 0.12 19.38 0.12 

22.13 0.112 21.43 0.112 20.83 0.112 19.93 0.112 19.38 0.112 

22.14 0.105 21.44 0.105 20.84 0.105 19.94 0.105 19.39 0.105 

22.15 0.105 21.45 0.105 20.85 0.105 19.95 0.105 19.4 0.105 

22.14 0.1 21.44 0.1 20.84 0.1 19.94 0.1 19.39 0.1 

22.15 0.095 21.45 0.095 20.85 0.095 19.95 0.095 19.4 0.095 

22.17 0.092 21.47 0.092 20.87 0.092 19.97 0.092 19.42 0.092 

22.16 0.088 21.46 0.088 20.86 0.088 19.96 0.088 19.41 0.088 

22.16 0.087 21.46 0.087 20.86 0.087 19.96 0.087 19.41 0.087 
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22.17 0.085 21.47 0.085 20.87 0.085 19.97 0.085 19.42 0.085 

22.17 0.08 21.47 0.08 20.87 0.08 19.97 0.08 19.42 0.08 

22.16 0.075 21.46 0.075 20.86 0.075 19.96 0.075 19.41 0.075 

22.17 0.075 21.47 0.075 20.87 0.075 19.97 0.075 19.42 0.075 

22.18 0.076 21.48 0.076 20.88 0.076 19.98 0.076 19.43 0.076 

22.18 0.069 21.48 0.069 20.88 0.069 19.98 0.069 19.43 0.069 

22.18 0.065 21.48 0.065 20.88 0.065 19.98 0.065 19.43 0.065 

22.18 0.061 21.48 0.061 20.88 0.061 19.98 0.061 19.43 0.061 

22.17 0.062 21.47 0.062 20.87 0.062 19.97 0.062 19.42 0.062 

22.18 0.064 21.48 0.064 20.88 0.064 19.98 0.064 19.43 0.064 

22.18 0.061 21.48 0.061 20.88 0.061 19.98 0.061 19.43 0.061 

22.17 0.06 21.47 0.06 20.87 0.06 19.97 0.06 19.42 0.06 

22.18 0.06 21.48 0.06 20.88 0.06 19.98 0.06 19.43 0.06 

22.17 0.06 21.47 0.06 20.87 0.06 19.97 0.06 19.42 0.06 

22.17 0.058 21.47 0.058 20.87 0.058 19.97 0.058 19.42 0.058 

22.17 0.041 21.47 0.041 20.87 0.041 19.97 0.041 19.42 0.041 

22.2 0 21.5 0 20.9 0 20 0 19.45 0 
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Table D.2 Data measured under varying irradiance at 25 °C 

Irradiance  1kW/m2 

 Irradiance     

0.8 kW/m2 

Irradiance       

0.6 kW/m2 

Irradiance        

0.4 kW/m2 

Irradiance       

0.2 kW/m2 

V I V I V I V I V I 

0 4.865 0 3.881 0 2.913 0 1.908 0 0.97 

7.02 4.855 5.93 3.881 4.69 2.913 4.24 1.908 4.67 0.97 

7.45 4.855 6.35 3.877 5.06 2.919 4.553 1.88 4.98 0.979 

7.978 4.853 6.9 3.877 5.61 2.919 5.066 1.875 5.48 0.98 

8.499 4.85 7.46 3.877 6.19 2.92 5.629 1.873 6.01 0.981 

9.015 4.849 8.04 3.873 6.77 2.919 6.199 1.869 6.55 0.981 

9.542 4.849 8.61 3.869 7.35 2.917 6.76 1.866 7.07 0.979 

10.07 4.847 9.18 3.864 7.94 2.913 7.324 1.868 7.6 0.978 

10.59 4.847 9.76 3.862 8.52 2.912 7.89 1.868 8.15 0.977 

11.12 4.847 10.3 3.857 9.11 2.911 8.436 1.863 8.69 0.976 

11.65 4.844 10.9 3.852 9.69 2.909 8.998 1.86 9.23 0.975 

12.18 4.843 11.5 3.845 10.3 2.908 9.552 1.861 9.77 0.975 

12.69 4.843 12 3.839 10.8 2.906 10.1 1.857 10.3 0.972 

13.21 4.843 12.6 3.829 11.4 2.902 10.65 1.856 10.9 0.97 

13.71 4.843 13.1 3.813 12 2.894 11.21 1.855 11.4 0.967 

14.21 4.843 13.7 3.794 12.6 2.888 11.75 1.852 11.9 0.962 

14.7 4.843 14.2 3.771 13.2 2.878 12.29 1.846 12.4 0.961 

15.2 4.807 14.8 3.748 13.7 2.864 12.85 1.841 12.9 0.96 

15.7 4.769 15.3 3.723 14.3 2.849 13.39 1.838 13.5 0.958 

16.18 4.734 15.8 3.691 14.8 2.829 13.94 1.833 14 0.953 

16.67 4.7 16.4 3.664 15.4 2.805 14.49 1.823 14.5 0.949 

17.14 4.649 16.9 3.622 15.9 2.78 15.02 1.81 15 0.942 

17.59 4.544 17.4 3.546 16.4 2.758 15.55 1.796 15.5 0.933 

18.01 4.385 17.8 3.434 17 2.729 16.09 1.778 16.1 0.923 

18.39 4.189 18.3 3.287 17.5 2.671 16.6 1.761 16.6 0.91 

18.74 3.973 18.7 3.111 18 2.58 17.1 1.734 17.1 0.893 

19.05 3.743 19 2.917 18.4 2.455 17.59 1.692 17.5 0.869 

19.34 3.503 19.3 2.709 18.8 2.301 18.04 1.631 18 0.835 

19.59 3.264 19.6 2.497 19.2 2.127 18.46 1.548 18.4 0.787 

19.82 3.03 19.9 2.287 19.5 1.944 18.86 1.442 18.8 0.726 

20.03 2.802 20.1 2.083 19.7 1.755 19.2 1.323 19.2 0.651 

20.22 2.582 20.3 1.887 20 1.57 19.5 1.192 19.5 0.564 

20.37 2.374 20.4 1.704 20.2 1.397 19.76 1.056 19.7 0.475 

20.52 2.179 20.6 1.536 20.3 1.234 19.97 0.927 20 0.384 

20.65 2.003 20.7 1.382 20.5 1.087 20.14 0.807 20.2 0.297 

20.78 1.831 20.8 1.24 20.6 0.952 20.3 0.695 20.3 0.219 

20.89 1.681 20.9 1.113 20.7 0.834 20.41 0.599 20.5 0.15 

20.98 1.54 21 0.999 20.8 0.734 20.53 0.517 20.6 0.088 

21.07 1.411 21.1 0.9 20.9 0.647 20.62 0.443 20.7 0.036 

21.14 1.294 21.1 0.811 20.9 0.572 20.68 0.382 20.7 0 

21.21 1.186 21.2 0.733 21 0.506 20.74 0.33   
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21.27 1.088 21.2 0.661 21 0.445 20.78 0.285   

21.32 0.995 21.3 0.598 21.1 0.395 20.81 0.247   

21.38 0.914 21.3 0.54 21.1 0.352 20.84 0.214   

21.42 0.845 21.3 0.489 21.1 0.315 20.86 0.19   

21.46 0.78 21.4 0.445 21.2 0.281 20.87 0.168   

21.49 0.714 21.4 0.404 21.2 0.252 20.9 0.147   

21.52 0.657 21.4 0.368 21.2 0.228 20.92 0.133   

21.56 0.61 21.4 0.338 21.2 0.208 20.93 0.118   

21.57 0.565 21.5 0.31 21.2 0.188 20.94 0.105   

21.59 0.521 21.5 0.286 21.2 0.171 20.96 0.095   

21.61 0.478 21.5 0.263 21.2 0.156 20.96 0.086   

21.63 0.443 21.5 0.242 21.2 0.143 20.97 0.081   

21.64 0.414 21.5 0.224 21.2 0.131 20.97 0.076   

21.66 0.388 21.5 0.209 21.3 0.121 20.98 0.07   

21.67 0.365 21.5 0.193 21.3 0.112 20.98 0.064   

21.69 0.338 21.5 0.177 21.3 0.104 20.99 0.06   

21.7 0.315 21.5 0.164 21.3 0.099 21 0.054   

21.71 0.295 21.5 0.155 21.3 0.094 20.99 0.052   

21.72 0.275 21.6 0.144 21.3 0.087 21 0.049   

21.73 0.262 21.6 0.137 21.3 0.081 20.99 0.046   

21.73 0.245 21.6 0.129 21.3 0.08 21 0.044   

21.73 0.23 21.6 0.12 21.3 0.075 20.99 0.044   

21.75 0.216 21.6 0.113 21.3 0.07 20.99 0.04   

21.75 0.204 21.6 0.11 21.3 0.067 21 0.037   

21.75 0.195 21.6 0.105 21.3 0.063 21.01 0.037   

21.76 0.182 21.6 0.101 21.3 0.06 21.02 0.037   

21.77 0.17 21.6 0.096 21.3 0.058 21.01 0.032   

21.77 0.162 21.6 0.089 21.3 0.056 21.01 0.033   

21.78 0.155 21.6 0.085 21.3 0.053 21.02 0.032   

21.8 0.148 21.6 0.082 21.3 0.052 21.02 0.031   

21.8 0.141 21.6 0.078 21.3 0.049 21.02 0.031   

21.8 0.135 21.6 0.075 21.3 0.047 21.02 0.029   

21.81 0.128 21.6 0.072 21.3 0.045 21.02 0.029   

21.82 0.123 21.6 0.069 21.3 0.043 21.02 0.029   

21.81 0.12 21.6 0.066 21.3 0.041 21.02 0.028   

21.81 0.112 21.6 0.065 21.3 0.041 21 0.029   

21.82 0.105 21.6 0.062 21.3 0.037 21 0.029   

21.83 0.105 21.6 0.06 21.3 0.037 21.01 0.027   

21.82 0.1 21.6 0.06 21.3 0.036 21.01 0.027   

21.83 0.095 21.6 0.059 21.3 0.034 21.01 0.027   

21.85 0.092 21.6 0.054 21.3 0.034 21.02 0.026   

21.84 0.088 21.6 0.054 21.3 0.036 21.03 0.024   

21.84 0.087 21.6 0.054 21.3 0.035 21.04 0.023   

21.85 0.085 21.6 0.05 21.3 0.034 21.04 0.021   
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21.85 0.08 21.6 0.05 21.4 0.033 21.04 0.021   

21.84 0.075 21.6 0.05 21.3 0.032 21.03 0.022   

21.85 0.075 21.6 0.047 21.3 0.032 21.03 0.021   

21.86 0.076 21.6 0.045 21.3 0.035 21.02 0.024   

21.86 0.069 21.6 0.044 21.3 0.035 21.03 0.025   

21.86 0.065 21.6 0.045 21.3 0.034 21.03 0.024   

21.86 0.061 21.6 0.042 21.3 0.033 21.02 0.023   

21.85 0.062 21.6 0.04 21.3 0.033 21.01 0.021   

21.86 0.064 21.6 0.041 21.3 0.032 21.01 0.02   

21.86 0.061 21.6 0.041 21.3 0.03 21 0.019   

21.85 0.06 21.6 0.038 21.3 0.027 21.02 0.018   

21.86 0.06 21.6 0.038 21.3 0.025 21.03 0.02   

21.85 0.06 21.6 0.038 21.3 0.027 21.02 0.021   

21.85 0.058 21.6 0.039 21.3 0.03 21.03 0.02   

21.85 0 21.6 0.03 21.3 0.024 21.03 0.017   

  21.6 0 21.4 0 21.03 0   
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Appendix E  Assessment of Ethics in research 




