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Introduction 
 

The operation of photovoltaic generators can be defined using an equivalent circuit 

with a varying number of parameters, which are, usually, presumed to be constant. Nevertheless, 

the knowledge of their dependence with respect to irradiance and cell temperature allows to foresee 

the generated power of photovoltaic arrays in any weather condition. Furthermore, the knowledge 

of the parameters in any condition permits to draw the current-voltage (I-V) characteristic curve 

of the photovoltaic generators. This knowledge might be used in future works to estimate the state 

of health of photovoltaic arrays by studying the shape of the I-V curve and the values of circuit 

parameters can be estimated in any environmental condition.  

 

 This thesis emphasis on the experimental validation of an innovative technique to 

predict the parameters of the equivalent circuit in any weather condition. This work is a part of a 

joint activity between Politecnico di Torino and the Universidad de Jaén (Spain): my main activity 

of this thesis has been developed in Universidad de Jaén. 

 

 For this thesis a Graphical User interface (GUI) is developed in MATLAB to allow the 

wide analysis of a huge dataset of experimental data. Specifically, the tool permits to execute four 

operations: the preprocessing of the dataset; the extraction of the circuit parameters; the 

identification of equations, aiming at describing the dependence of each parameter with respect to 

irradiance and cell temperature, and the comparison between experimental energy can be predicted 

by various methods. Experimental data might be influenced by measurements errors, or by the 

photovoltaic generators that might work in mismatch conditions as a result of shadowing or other 

issues. Nevertheless, the current analysis involves experimental measurements of photovoltaic 

generators accurately operating. Therefore, the preprocessing step eliminates the problematic 

measurements integrating filters. Initially, the experimental data with measurement errors are 

filtered by assessing the irradiance and the temperature detected by the sensors: for the high 

deviations among the measured quantities, the empirical data are excluded. Later, the 
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measurements obtained on cloudy/partly cloudy days with unexpected irradiance variations or I-

V curves with mismatch are removed. 

 The parameters extraction step is the important tool: in this step, the parameters 

are mathematically determined starting from the filtered measurements. The GUI allows to 

recognize the circuit parameters with the help of two circuit models and algorithms. The third step 

of the analysis is the identification of the dependence of circuit parameters with respect to cell 

temperature and irradiance. Specifically, the most common equations in literature are used and a 

nonlinear optimization of specific coefficients is performed. At last, the generated energy during 

the experimental campaign is compared to the associated value by several methods. The GUI 

permits to estimate the expected energy using theoretical models and the optimized equations: 

starting from the of the parameters, the I-V curve are drawn at each time step and the resultant 

maximum power is identified. 

 

 Finally, the GUI is used for a multi crystalline silicon module of Kyocera with rated power 

of 135W. The experimental campaign lasted for four months. Additionally, the single diode model 

is used which is the conventional circuit model in literature. About the numerical algorithms, the 

Levenberg Marquardt algorithms is implemented. Lastly, the results of energy estimation are 

evaluated between experimental data, the optimized equations and the Osterwald model (the most 

common theoretical model in literature to estimate photovoltaic power). 
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Chapter 1: Photovoltaic 

Technology 
 

All energy on Earth has been created by solar power. It is the fundamental energy that sustains every 

process on Earth: from the photosynthesis of plants to the production of fossil fuels and wind and 

hydroelectric energy. Therefore, it can be said that solar energy is the most abundant source of energy 

available. In other words, if it could be entirely converted into usable energy, the sunlight that reaches 

the Earth in a day could be enough to address the world's needs for a whole year.  

1.1 Solar Energy 
 

Solar energy is a renewable source that is generated from sunlight. Sunlight is a form of 

electromagnetic radiation that precisely consists of a range of energy bands called the solar 

spectrum. In this regard, the solar spectrum is divided into different wavelengths that are 

distinguished by different energies. The most dominant component of the spectrum is ultraviolet 

radiation (UV), visible radiation and infrared radiation (IR). Most of the UV radiation is filtered 

out by the atmosphere and never reaches the surface, as the energy that reaches the Earth’s surface 

is mainly made of visible radiation (400 to 700 nm). [1] [2] 

The electromagnetic spectrum describes the range of frequencies with a particular wavelength. 

Nevertheless, for the photovoltaic technologies, the behaviour of light can be described according 

to the Planck definition: The particles of energy with a quantum of radiant that travel at the speed 

of light. These particles are called photons. Each photon is identified by either a wavelength or 

energy, which are inversely proportional with each other. The following equation gives the photon 

energy: 
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𝐸 =

ℎ. 𝑐

𝜆
 

 

Equation 1 

 

Whereas: 

- Planck’s constant (ℎ) = 6.626∙10−34(𝑚2𝐾𝑔/𝑠) 

- Speed of light (𝑐) = 3∙10−8 (𝑚𝑠) 

- 𝜆 (𝜇𝑚), is the wavelength 

While dealing with particles electron volts is consider as the unit. So, the equation becomes:  

 
𝐸𝑝ℎ =

1.24𝑒𝑉

𝜆
 Equation 2 

 

This Equation helps to understand the interaction of sunlight with the p-n junctions within the solar 

cells. The second parameter can also be estimated to number of electrons which are generated, and 

therefore the current produced, in a solar cell. The photon flux can be defined as: 

 
∅𝑃ℎ =

𝑛.  𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑚2 𝑠𝑒𝑐
 

Equation 3 

 

 

The estimated power density for photons at a wavelength is the combination of the photon flux 

and the photon energy used. 

One of the most critical parameters that portray the behaviour of the PV modules is solar 

irradiance, which is defined as the power per unit area received from the Sun in the form of 

electromagnetic radiation. There are several types of irradiances: 

1. Total Solar Irradiance (TSI): is the mean level of solar radiation that falls on a unit area normal 

to the line from the Sun per unit time outside the Earth’s atmosphere. 
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2.Direct Normal Irradiance (DNI): is the amount of solar radiation received per unit area by a 

surface normal to the rays that come in a straight line from the sun's direction at its current position 

in the sky.  

3. Diffuse Horizontal Irradiance (DHI): the amount of radiation received per unit area by a surface 

that does not arrive on a direct path from the sun but has scattered by molecules and particles in 

the atmosphere that comes equally from all directions. 

4. Global Horizontal Irradiance (GHI): is shortwave radiation from above by a horizontal surface.  

Taking into consideration the solar irradiance, we can identify the clear sky condition. condition 

signifies sky without clouds and daily irradiance curves appear to be the following: 

 

Figure 1 Daily curve of clear sky irradiance 

Whereas the second most important parameter is air mass. The air mass a measure of the 

optical length of the atmosphere.  At sea level, when the sun is completely overhead (zenith angle 

= 0), the air mass is equal to 1.  As the zenith angle becomes larger, the path of direct sunlight 

through the atmosphere grows longer and air mass increases.  On the other hand, land elevation 
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increases, the thickness of the atmosphere lessens, and the air mass is reduced. The relative air 

mass is simply a trigonometric function of the zenith angle: 

 
𝐴𝑀 =

1

𝐶𝑂𝑆(𝜃)
 Equation 4 

 

1.2 Electronic Band Structure 
 

The band structure is responsible for the explanation of the electrical properties of a material. 

The energetic levels in atoms and molecules can be discrete or split into a near-continuum of levels 

called a band. The energy bands can represent as empty, filled, mixed or forbidden bands. The 

electrons occupy the energy levels. They start with the lowest energy value level.  The electrons 

that contribute to the electrical conduction occupy the higher energy bands. The valence band 

relates to the highest energy band that covers electrons. The valence band can be fully or partially 

occupied. The permitted empty states in the valence band add a role to the electric current. The 

conduction band is the lowest energetic band with unoccupied states. 

In materials, the conducting bands of empty, filled or permitted states can interfere with 

prohibited bands, also called band gaps. The width of the bandgap determines the type of material: 

• Conductors, since the energy gap is shallow, most electrons already have the necessary 

energy to reach the conduction band and conduct. 

• In insulating materials, the energy gap is very high; therefore, electrons need considerable 

energy to reach the conduction band, which rarely happens. 

• Semiconductors, the situation is intermediate between an insulating material and a 

conductor. 
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Figure 2 Band structure model of different materials: (a) insulators - (b) semiconductors - (c) conductors 

 

1.3 Current -Voltage (I-V) Characteristic Curve of a Solar 

Cell 
 

Solar Cell I-V Characteristic Curves exhibit the current and voltage (I-V) characteristics of a 

particular photovoltaic (PV) cell, module or array, giving a comprehensive description of its solar 

energy conversion ability and efficiency. Realizing the electrical I-V characteristics (more 

importantly, Pmax) of a solar cell or panel is critical in defining the device’s output performance 

and solar efficiency. 

The main electrical characteristics of a PV cell or module are summary in the relationship 

between the current and voltage produced on a typical solar cell I-V characteristics curve. The 

strength of the solar radiation that hits the cell controls the current (I), while the rises in the 

temperature of the solar cell reduce its voltage (V). 

Solar Cell I-V Characteristics Curves are a graphical representation of the function of a solar 

cell or module reviewing the relationship between the current and voltage at the given conditions 
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of irradiance and temperature. I-V curves provide the information required to construct a solar 

system to operate as close to its optimal peak power point (MPP) as possible. 

 

             Figure 3 Current voltage (IV) cure of a solar cell. (Source PV Education) 

Some main characteristics to be defined: 

• 𝑉OC is the open circuit voltage (V) 

• 𝐼SC is the short circuit current, the maximum current at zero voltage (A) 

• 𝑃MPP is the point of maximum power produced by the cell (W). This power is the 

ideal operating point. The current and voltage values that correspond to 𝑃MPP are 

called maximum power current 𝐼MPP and maximum power voltage 𝑉MPP, respectively. 

There are four basic properties of the I-V curve connected with 𝑉OC and 𝐼SC. The first is that tension 

increases logarithmically with irradiation. 𝑉OC decreases as the temperature increase. These 

dependencies are translated into the following simplified formula. In fact, dependence on 

irradiance does not appear. 

 𝑉𝑂𝐶(𝑇) = 𝑉𝑂𝐶,𝑆𝑇𝐶 ∗ (1 + 𝛽𝑉𝑂𝐶 ∗ (𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)) Equation 5 

 

Where: 
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• 𝑉OC, STC is the open circuit voltage in STC conditions (see 2.2) (V) 

• 𝛽VOC is the OC voltage temperature coefficient (°C-1) 

• 𝑇C is the cell temperature (°C) 

• 𝑇C, STC is the cell temperature in STC (°C) 

 

Figure 4 Dependence of the I-V curve on temperature 

The third is that current is directly proportional to radiation. 𝐼SC increases slightly as the 

temperature rises. 

 
𝐼𝑆𝐶(𝐺, 𝑇𝐶) = 𝐼𝑆𝐶,𝑆𝑇𝐶 ∗  

𝐺

𝐺𝑆𝑇𝐶
∗ (1 + 𝛼𝐼𝑠𝑐 ∗ (𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)) Equation 6 

 

Where: 

• 𝐼SC, STC is the short circuit current in STC conditions (see 2.2)  

• 𝐺 is the incident irradiance (W ⋅ m-2) 

• 𝐺STC is the incident irradiance in STC (see 2.2) (W ⋅ m-2) 

• 𝛼Isc is the SC current temperature coefficient (°C-1) 
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Figure 5 Dependence of the I-V curve on irradiance 

1.4 Series and Parallel Connections of Photovoltaic Cells 
Photovoltaic panels can be wired or connected in either series or parallel combinations, or 

both to increase the voltage or current capacity of the solar array. When the cells are connected in 

series, they are crossed by the same current and the resulting voltage is the sum of the voltages of 

each cell. When cells are connected in parallel, they are characterized by the same voltage and the 

resulting current is the sum of the currents of each. Figure 6 shows how to graphically obtain the 

curve of a module or a PV generator with the connections in series and parallel. 
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Figure 6 Series and parallel of equal I-V curves. (Source PV Education) 

During the normal operation, the characteristics of the PV module show some variations due 

essentially to two reasons: the natural variation of parameters due to defects in manufacturing and 

the various working conditions that occur. These variations provoke a reduction of the 

performances of the PV module and are referred to the so-called mismatching. The mismatch can 

provoke several problems according to the connection of the cells. 

1.4.1 Series Connection  

If 𝑁𝑠 identical cells are series connected and one of them has a characteristic which differ 

from the others, for example because of partial shading, the resulting characteristics is given by 

the sum, for a given current, of the voltage of the not shaded 𝑁𝑠 − 1 cells and of the voltage of the 

shaded cell. 
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Figure 7 I-U characteristic of series connected cells in case of mismatch. 

• Curve a: different from the others because of manufacturing defects.  

• Curve a’: different from the others because of shading. 

 • Curve b: resulting from the sum of the characteristics of 𝑁𝑠 − 1 normally operating cells. 

 • Curve c: resulting characteristic (for the curve a), for a given current, of the voltage of the 𝑁𝑠 − 

1 equal cells plus the voltage of the cell with a manufacturing defect. 

Curve c: resulting characteristic (for the curve a’), for a given current, of the voltage of the 𝑁𝑠 − 

1 equal cells plus the voltage of the shaded cell.  

The maximum generated power is anyway always lower than the sum of the maximum 

powers of the series connected cells. The resulting curve has an open circuit voltage 𝑈𝑜𝑐 equal to 

the sum of the 𝑈𝑜𝑐, 𝑖 of the single cells and a short circuit current 𝐼𝑠𝑐 equal to the one of the cells 

which generates the lowest current.  

If the cell is completely shaded, it stops generating current and starts opposing to the current 

flux generated by the other cells and with its own resistance generates a voltage opposed to the 

ones of the other cells. The shaded cells becomes then a load and it will dissipate heat creating a 

hot spot (point P’ of Figure 8). If the voltage (𝑁𝑠−1) 𝑈 exceeds the maximum break down voltage 

𝑈𝑏, the immediate destruction of the cell occurs.  



 Hafsa Siddiqi   

 

13 

Academic year 2020/2021 

A diode 𝐷𝑃 parallel connected to the shaded cells avoids that this cell operates as a load 

with an inverse voltage. 

 

Figure 8 Protection Diode parallel connected to the solar cell. 

The diode 𝐷𝑃 has the task not to limit the short circuit current of the string to the value of 

the short circuit current of the cell with the worst characteristic (a’) but instead the diode should 

make it equal to the one of the remaining series connected cells with the best characteristics. 

1.4.2 Parallel Connection 

As for the series connection, if 𝑁𝑃 are parallel connected and one cell show a different 

characteristic from the other cells (for example because of shading), the resulting characteristics is 

given by the sum, for a given voltage, of the currents of the 𝑁𝑃 −1 not shaded cells and of the one 

of the shaded cells. The resulting characteristic has a short circuit current 𝐼𝑆𝐶 equal to the sum of 

𝐼𝑆𝐶, 𝑖 of the single cells and an open circuit voltage 𝑈𝑂𝐶 very close to the one of the shaded cells.- If 

one cell is shaded, the parallel of the cells behaves towards the load as the parallel of 𝑁𝑃 −1 lighted 

cells. The worst condition for the shaded cell is with a null external load because in this condition 

the shaded cell is obliged to absorb the current of the 𝑁𝑃 −1 lighted cells.  

A diode 𝐷𝑠 series connected to the cell in parallel could avoid that the shaded cells work 

as a load with an inverse current. 
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Figure 9 Protection Diode series connected to the strings in parallel. 

This protection is anyway not acceptable for the parallel of single cells since the voltage 

drop across the diode is of the same order of the generated voltage, but it is applicable in case of 

strings composed of several cells in series. 
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Chapter 2: Photovoltaic 

Module 
 

2.1 Structure of a PV Module  
A PV module connects several solar cells encapsulated in a protective material shown in 

Figure 10. The main reason for connecting solar cells into a module is to increase the power output, 

ranging from a couple of watts to several hundred watts. To increase the power output, even more, 

several PV modules can be connected into a PV array, which can achieve a power output of a few 

hundred watts to several megawatts. [3], [4], [5]. 

 

Figure 10 Typical design of conventional PV module 

 

1. Photovoltaic solar cell: is main component that have the function to catch the sunlight and 

convert it into electricity. Crystalline cells can be monocrystalline or polycrystalline, according to 

their manufacturing process. The key technical characteristics are size, color, number of busbar 

and the conversion efficiency. 
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2. Front glass: is the heaviest part of the photovoltaic module and it has the function of shielding 

and ensuring robustness to the entire photovoltaic module, preserving a high transparency. The 

thickness of this layer is normally 3.2mm but it can range from 2mm to 4mm depending on the 

type of glass chosen. It is essential to pay attention to features such as quality of hardening, spectral 

transmittance and light transmittance. For photovoltaics, some special glasses have been studied 

with a special pattern on their surface ensuring a greater degree of light trapping. Selecting 

carefully the glass, checking these features or adding antireflective layers, can bring an overall 

improvement of the efficiency of the module. 

3. Encapsulant material: One of the most essential materials is the encapsulant, which acts as a 

binder between the various layers of the PV panel. The most common substance used as an 

encapsulant is EVA – Ethylene vinyl acetate.  

4. Back-sheet: The term back sheet exactly means the sheet on the back. It is made from a plastic 

material that has the function to electrically insulate, protect and shield the PV cells from weather 

and moisture. This sheet is usually white in color and is sold in rolls or sheets. There are versions 

that can be different in thickness, in color and in the presence of materials for a greater shielding 

or for a higher mechanical strength. 

5. Junction box: The junction box has the purpose of bringing the electrical connections of the PV 

module outside. It comprises the protection diodes for shadows and the cables for the connection 

of the panels in the field 

6. Frame: One of the last parts to be manufactured is the frame. It is generally made with aluminum 

and has the function to ensure strength and a practical and safe coupling to the photovoltaic 

module.  

Lastly, it is significant to mention that the global efficiency of PV-module which is usually 

lower than that of a single solar cell since there are many supplementary losses that are introduced 

with the production of the module. In particular, the overall efficiency can be given by the 

following formula: 

 𝜂𝑚𝑜𝑑𝑢𝑙𝑒 = 𝜂𝑃𝜂𝑠𝑐𝜂𝑇𝜂𝑀𝐼𝑆𝜂𝐼𝑀 Equation 7 
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- 𝜂𝑃, is the filling efficiency which considers the inactive frontal surface that cannot be exploited 

for the conversion of the solar radiation into electricity. This loss is related to the fact that when 

connecting the solar cells, it is not possible to avoid some inactive spaces. 

- 𝜂𝑠𝑐, is the typical conversion efficiency of a solar cell without considering the EVA or the glass 

layer. 

- 𝜂𝑇, the absorption losses caused by the glass cover materials. 

- 𝜂𝑀𝐼𝑆, the intrinsic mismatch of module, since they are made of solar cells connected usually in 

series. 

- 𝜂𝐼𝑀, for the non-homogeneity of the incident radiation over the module surface.    

2.2 Standard Test Conditions (STC) 
STC stands for “Standard Test Conditions” and are the industry standard for the conditions 

under which a solar panel are tested. By using a fixed set of conditions, all solar panels can be 

more accurately compared and rated against each other. There are three standard test conditions 

which are: 

• Irradiance of 1000 𝑊 ⋅ 𝑚2 

• Cell Temperature of 25 °𝐶 

• Air Mass 𝐴𝑀 1,5 

2.3 Nominal Operating Cell Temperature (NOCT) 
The standard Nominal Operating Cell Temperature (NOCT) is defined in the 

IEC/EN60904.It is a testing standard geared to the operational conditions of solar cells, defined 

as the temperature reached by open circuited cells in a module under the following environmental 

conditions: 

• Irradiance of 800 𝑊 ⋅ 𝑚2 

• Wind speed of 1 𝑚 ⋅ 𝑠2 
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• Air temperature of 20 °C 

   NOCT establishes the following relation between the ambient air temperature and the cell 

temperature: 

 
𝑇𝑐 = 𝑇𝑎 +

𝑁𝑂𝐶𝑇 + 𝑇𝑎,𝑁𝑂𝐶𝑇

𝐺𝑁𝑂𝐶𝑇
∗ 𝐺 Equation 8 

 

Where: 

• 𝑇c is the cell temperature (°C) 

• 𝑇a is the air temperature (°C) 

• 𝑇a,NOCT is the air temperature at NOCT (°C) 

• 𝐺 is the irradiance (W ⋅ m2) 

• 𝐺NOCT is the irradiance at NOCT 

2.4 Single Diode Model  
PV performance model is derived from an equivalent circuit of a solar cell, which consists 

of a current source, a diode, and two resistors, as shown in Figure 11. 

The current source Iph embodies charge carrier generation in the semiconductor layer of the 

PV cell caused by occurrence radiation. The shunt diode represents recombination of these charge 

carriers at a forward-bias voltage (V+I·RS). The shunt resistor Rsh signifies high-current paths 

through the semiconductor along mechanical faults and material dislocation. The series resistor Rs 

exemplifies series resistance in the outer semiconductor regions, mainly at the interface of the 

semiconductor and the metal contacts. 
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Figure 11  Equivalent circuit of a photovoltaic solar cell used in the five-parameter model. (Source PV Education) 

An important parameter for defining the cell is introduced. The fill factor FF is the ratio of 

the actual maximum obtainable power to the product of the open circuit voltage and short circuit 

current. This is a key parameter in evaluating performance.  

 
𝐹𝐹 =

𝑉𝑀𝑃𝑃 ∗ 𝐼𝑀𝑃𝑃

𝑉𝑂𝐶 ∗ 𝐼𝑆𝐶
 Equation 9 

 

Where: 

• The numerator defines the point of maximum power (W) 

• 𝑉MPP is the MPP voltage (V) 

• 𝐼MPP is the MPP current (A) 

• 𝑉OC is the open circuit voltage (V) 

• 𝐼SC is the short circuit current (A) 

 A solar cell with a higher voltage has a larger possible FF. The FF improves for high values 

of 𝑅sh and for low values of 𝑅s. On the one hand, the parallel resistance is related to the slope of 

the I-V curve around 𝐼sc. The series resistance, on the other hand, is related to the pendant in 𝑉oc. 

The higher the value that the fill factor assumes, the better the cell quality. In this case, 𝑅s and 𝑅sh 

have a not very significant influence. The influence of the resistances on the I-V curve can be seen 

in the Figure 12. 
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Figure 12 Dependence of the I-V curve on the parallel and series resistances 

The circuit shown in the Figure 11 can be solved with respect to current and with respect to voltage. 

In the first case the following calculation is obtained. 

 𝐼 = 𝐼𝑝ℎ − 𝐼𝑗 − 𝐼𝑠ℎ Equation 10 

 

Where: 

• 𝐼 is the cell output current (A) 

• 𝐼ph is the photogenerated current (A) 

• 𝐼j is the current in the diode (A) 

• 𝐼sh = 𝑉𝑗

𝑅𝑠ℎ
 is the current in the parallel resistance (A) 

 𝐼𝑝ℎ =  𝑞𝑒 ∗ 𝑁𝑝ℎ ∗ 𝑆 Equation 11 

 

Where: 

• 𝑞e = 1,602 ∙ 10-12 C is the charge of the electron 

• 𝑁ph is the number of incident photons in (m-2 ⋅ s-2) 

• 𝑆 is the surface of the cell (m2) 
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𝐼𝑗 = 𝐼𝑜 ∗ (𝑒

𝑞𝑒∗𝑉𝑗

𝑛∗𝑘𝐵∗𝑇𝑐 − 1) 

 

Equation 12 

   

Where: 

• 𝐼j is the reverse saturation current of the diode (A) 

• 𝑉j is the voltage on the diode (V) 

• 𝑛 is the ideality factor of the diode 

• 𝑘B = 1,38 ∙ 10-23 J ⋅ K-1 is the Boltzmann constant 

• 𝑇c is the p-n junction temperature (K) 

The formula (2.9) is obtained by combining the previous ones. 

Tension can be expressed with the following formulas. 

 𝑉 = 𝑉𝑗 − 𝑅𝑠 ∗ 𝐼 Equation 13 

 

Where: 

• 𝑉 is the cell output voltage (V) 

Obtaining 𝑉j from equation (12) and replacing in (13) 

 
𝑉 =  

𝑛 ∗ 𝑘𝐵 ∗ 𝑇𝑐

𝑞𝑒
∗ ln(

𝐼𝑝ℎ + 𝐼𝑜 − 𝐼 − 𝐼𝑠ℎ

𝐼𝑜
) −  𝑅𝑠 ∗ 𝐼 

Equation 14 

 

The open circuit voltage is obtained when 𝐼 = 0 

 
𝑉𝑜𝑐 =  

𝑛 ∗ 𝑘𝐵 ∗ 𝑇𝑐

𝑞𝑒
∗ 𝑙𝑛(

𝐼𝑝ℎ + 𝐼𝑜 − 𝐼𝑠ℎ

𝐼𝑜
) 

Equation 15 

 

Voltage and current equations can be combined substituting equation (13) in (12) 
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𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 ∗ (𝑒

𝑞𝑒∗𝑉+𝑅𝑠∗𝐼
𝑛∗𝑘𝐵∗𝑇𝑐 − 1) −

𝑉 + 𝑅𝑠 ∗ 𝐼

𝑅𝑠ℎ
 

Equation 16 

 

The short circuit current is obtained when 𝑉 = 0 

 
𝐼𝑆𝐶 = 𝐼𝑝ℎ − 𝐼𝑜 ∗ (𝑒

𝑞𝑒∗𝑅𝑠∗𝐼
𝑛∗𝑘𝐵∗𝑇𝑐 − 1) −

𝑅𝑠 ∗ 𝐼

𝑅𝑠ℎ
 

Equation 17 

 

2.5 Main Photovoltaic Technologies 
Photovoltaic (PV) systems directly convert sunlight into electricity. The PV effect is the 

process from which light (photons) is converted into electric current [14]. Different PV 

technologies have different efficiencies. There are 3 main classes of photovoltaic semiconductor 

technologies: 

1.Crystalline silicon cells: lead the world PV market, reporting for nearly 90 percent in 2013.  

Although single crystalline cells account for most PV panels, there are a few types of silicon PV 

technologies on the market today. 

• single crystalline silicon (c-Si),  

• multicrystalline (mc-Si) 

• silicon heterostructure. 

2.Thin film technologies: are described by one or more thin layers of photovoltaic material (at least 

10 times thinner than crystalline silicon technologies) placed onto glass, plastic, metal, or another 

surface. As a result, thin film cells are more flexible and weigh less. They can be incorporated into 

buildings, including as photovoltaic material laminated onto windows. Thin film solar panels 

within panes of glass are used in some of the largest PV power plants. Some thin film cell 

technologies include: 

• Amorphous silicon (a-Si) and other thin film (TF-Si) 

• Cadmium telluride (CdTe) 

• Copper indium gallium deselenide (CIS or CIGS) 
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• Dye-sensitized solar cells (DSC) 

• Single crystalline gallium arsenide (GaAs) 

3. Multijunction cells: consume light at different wavelengths more efficiently than crystalline 

silicon cells through multiple stacked layers of semiconductors. Although more efficient at 

translating sunlight into electricity, they are currently less efficient economically due to their 

complexity and subsequent manufacturing costs. This price has reduced their application mainly 

to the aerospace industry, which is uniquely willing to pay more for their higher efficiencies. 

 

Figure 13 Main P-V module technologies (Source: Solar Magazine) 

 

2.5.1 Monocrystalline Silicon Solar Cells 

Crystalline silicon PV cells are the most common solar cells used in commercially 

accessible solar panels, representing more than 85% of world PV cell market sales in 2011. 

Crystalline silicon PV cells have laboratory energy conversion efficiencies of over 25% for single-

crystal cells and over 20% for multi-crystalline cells. Nevertheless, industrially manufactured solar 

modules currently accomplish efficiencies ranging from 18%–22% under standard test conditions. 

A monocrystalline solar panel is a solar panel involving monocrystalline solar cells. These cells 

are made from a cylindrical silicon ingot grown from a single crystal of silicon of high purity in 
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the same way as a semiconductor. The cylindrical ingot is sliced into wafers forming cells. To 

maximize the utility of the cells, the circular wafers are wire cut to an octagonal-shaped wafer. 

These cells have a unique look because of their octagonal shape. These cells also have a uniform 

colour.  

       A standard industrially produced silicon cell offers higher efficiencies than any other mass-

produced single-junction device. Higher efficiencies reduce the final installation cost because 

fewer solar cells need to be produced and installed for a given output. In addition, crystalline 

silicon cells reach module lifetimes of 25 years and display small long-term degradation. 

2.5.2 Polycrystalline Silicon Solar Cells 

Polycrystalline solar panels normally have lower efficiencies than monocrystalline options, 

but their advantage is a lower price point. Additionally, polycrystalline solar panels tend to have a 

blue color instead of the black shade of monocrystalline panels. 

Polycrystalline solar panels are also made from silicon. Though, instead of using a single 

crystal of silicon, manufacturers melt many fragments of silicon together to form the wafers for 

the panel. Polycrystalline solar panels are also referred to as “multi-crystalline,” or many-crystal 

silicon. Since there are many crystals in each cell, there is less liberty for the electrons to move. 

As a result, polycrystalline solar panels have lower efficiency ratings than monocrystalline panels. 

The durability is like that of the previous technology, as they should last for more than 25 years. 
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Chapter 3: Optimization 

Algorithm 
 

Optimization of algorithms is a favorable tool that can be used to find a good approximation 

of the optimal value of a specific problem whenever the function describing its behavior is too 

complex to find an exact analytical solution. When dealing with global optimization problems, the 

goal is to discover the best solution, according to a specific criterion (objective function), when 

several local solutions are possible. Due to their many possible applications, optimization 

algorithms have been the subject of numerous studies. Therefore, there are many optimization 

algorithms in literature as there is no single algorithm suitable for all problems. The right choice 

of an optimization algorithm can be crucially important to find the right solution for a given 

optimization problem  

Levenberg-Marquardt Algorithm 

The Levenberg-Marquardt algorithm was developed in the early 1960’s to solve nonlinear 

least squares problems [19] [20]. Minimum squares problems arise in the framework of fitting a 

parameterized mathematical model to a set of data points by reducing an objective stated as the 

sum of the squares of the errors between the model function and a set of data points. If a model is 

linear in its parameters, the least square’s objective is quadratic in the parameters. This purpose 

may be diminished with respect to the parameters in one step via the solution to a linear matrix 

equation. If the fit function is not linear in its parameters, the least squares problem requires an 

iterative solution algorithm. Such algorithms decrease the sum of the squares of the errors between 

the model function and the data points through a series of well-chosen updates to values of the 

model parameters. The Levenberg-Marquardt algorithm blends two numerical minimization 

algorithms: the gradient descent method and the Gauss-Newton method. In the gradient descent 

method, the sum of the squared errors is reduced by updating the parameters in the steepest-descent 
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direction. In the Gauss-Newton method, is the quantity of the squared errors is reduced by 

assuming the least square’s function is locally quadratic in the parameters and finding the 

minimum of this quadratic. The Levenberg-Marquardt method acts more like a gradient-descent 

method when the parameters are far from their optimal value and acts more like the Gauss-Newton 

method when the parameters are close to their optimal value. 

The characteristic equation of the Levenberg Marquardt method is:  

 [𝐽(𝑃)𝑇𝐽(𝑃) +  𝜆𝐼]𝛿 = 𝐽(𝑃)𝑇 ∗ (𝑦 − �̂�(𝑝)) Equation 18 

 

Where: 

• 𝐽 it is the Jacobian matrix 

• 𝑝 is the vector of 𝑛 parameters (variables to be optimized for the algorithm) 

• 𝜆 damping parameter 

• 𝐼 it is the identity matrix 

• 𝛿 is the length of the calculated step 

• 𝑦 independent variable 

• 𝑦 ̂(𝑝) model curve 

The value of 𝜆 describes the behavior of the algorithm:  

• For small values of 𝜆 the algorithm approaches the Gauss Newton Method.  

• For high values of 𝜆 the algorithm approaches the Gradient Search Method.  

The value of 𝜆 is adapted to each iteration, increasing it if the previous iteration produced is 

limited reduction in the objective function, or diminishing it in case of rapid decrease. 
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Chapter 4: Data Acquisition 

System 
This chapter explains the way the I-V curve of the PV modules are measured. Firstly, the 

I-V curve measurement principle will be described. Then, the measurement system adopted will 

be explained in detail and the evaluation of the measurement uncertainty will be computed in the 

last segment. 

4.1. I-V Curve Measurement Method 
An I-V curve measurement is executed by applying a series of voltages to the device. At 

each voltage, the current flowing through the device is measured. The provided voltage is 

measured by a voltmeter connected in parallel to the device, and the current is measured by an 

ammeter connected in series. The measurement can also be performed using a source measure unit, 

a device capable of concurrently supplying voltage and measuring current with high accuracy. The 

Figure 14 shows the schematic of the circuit diagram of the IV diagram. 

 

Figure 14 Basic schematic of I-V curve measurement system. 
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The circuit consist of a capacitive load (C) connected to the terminals of the PV module 

through a breaker (S1). A secondary discharge circuit is added in parallel, which consist of a 

discharge resistance (R) and a second breaker (S2). Lastly, a voltmeter and an ammeter are used 

to measure the voltage and the current, respectively, during the charging process [23]. 

According to technical specification generally recognized, the proper tracking of an 

appropriate I V curve implies measuring at least 50 points I-V in a process lasting a time ranged 

between 120 and 300 ms. In this way, the variation in weather conditions does not affect the 

measure of the I-V curve. 

 Capacitive load 

The second evaluating method is based on biasing the module by a large capacitor, which 

is charged while the former moves from short circuit to open circuit. Mentioning to the figure 15 

at the starting of the measurement the capacitor is short-circuited and when the S2 switch is opened 

and the S1 is closed its loading starts. As the charge of the capacitor increases, current drops and 

voltage rises. When the charge is completed, the current supplied by the module becomes zero and 

the open circuit condition is achieved [24]. The charging transient of a capacitor is the simplest 

method that can be used to trace the I-V curve. In fact, the charging time of the capacitor can be 

defined by the following differential equation: 

 
𝑖(𝑡) = 𝐶 ∗

𝑑𝑣(𝑡)

𝑑𝑡
 

Equation 19 

 

Where: 

• 𝑖(𝑡) is the current (A) flowing in the capacitor 

• 𝐶 is the measured capacitance (F) 

• 𝑣(𝑡) is the voltage (V) across the capacitor 
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Figure 15 Charging transient of a capacitor connected to a PV module. 

The time evolution of the two quantities can be observed in Figure 15. The evolutions of 

voltage and current follow an asymptotic tendency. Thus, in theory the capacitor will never reach 

the open circuit voltage. For this reason, usually the transient is considered completed when 

voltage reaches 99.33% of the open circuit voltage. 

Furthermore, if a full charge transient from short circuit to open circuit is considered, it is 

possible to estimate the charging time with the following equation. 

 
𝑡𝑐 =

𝐶

𝐴
∗

𝑉𝑂𝐶 ∗ 𝑁𝑆

𝐼𝑆𝐶 ∗ 𝑁𝑃
 Equation 20 

 

Where: 

• 𝑡C is the charging time of the capacitor (s) 

• 𝐴 = 0,55 is the proportionality factor (-) 

• 𝑉OC is the open circuit voltage (V) 

• 𝐼SC is the short circuit current (A) 
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• 𝑁S is the number of cells in series (-) 

• 𝑁P is the number of cells in parallel (-) 

A precise estimation of the charging time is vital to correctly set the measuring system. For this 

reason, this parameter needs to be estimated before the acquisition of the I-V curve. The 

assessment can be achieved by manipulating the relationship between the charging time and 

atmospheric conditions (irradiance and temperature) since they have a great influence on the values 

of short circuit current and open circuit voltage. 

4.2 Measurement System 
The measurement system used for the data acquisition was placed in the flat roof of the Higher 

Technical College of the University of Jaén [19] as shown in Figure 16. 

 

Figure 16 Higher Technical College of the University of Jaén 

The system is designed to measure the electrical parameters of a single PV modules, along with 

the atmospheric conditions. This information is useful to analyze the electrical behavior of the 

modules under different outdoor conditions. The experimental setup can measure the I-V curves 

automatically and constantly, with the possibility of setting the lapse of time between each 

measurement (e.g., 2 - 5 min). From the measure of the I-V curve for each module it is possible to 

obtain the most important points, such as Voc, Isc and Pmax. 

The characteristics for the fixed tracker systems is represented in blue and in orange 

respectively. 
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Figure 17 Measurement system schematic highlighting the parts for fixed system. 

In figure 17, it is possible to identify two main blocks. The first one the input column comprises 

of the meteorological stations, the temperature and irradiance sensors. The second one is the 

electrical characterization system. Specifically, it is possible to identify the instrumentation used 

to record the measurements performed by the various sensors, as well as two multimeters used to 

record voltage and current.  

The data acquisition procedure is completely automatic and iterative. The first step of the 

procedure consists of the configuration of the initial conditions, which involves the manual 

configuration of the electrical features of the PV modules as well as the selection of the electrical 

parameters to measure and the time step between each measurement (e.g., 2-5 min). The working 

window is defined by some upper and lower limits for the irradiance value. 

The iterative procedure consists of recording of the atmospheric conditions. For the acquisition of 

the atmospheric parameters a wide range of sensors have been installed on the system. The sensors 

can measure multiple meteorological data such as ambient temperature and irradiance. 

4.2.1 Measurement of Module Temperature (TC) 

Module temperature (TC) a resistance temperature detector (RTDs) of the Pt100 type with 

4-wire connection is adopted. This sensor consists of a probe made of platinum (Pt) with a 100 Ω 

resistance at 0 °C. The temperature coefficient “αPt100” of this sensor is 0,00385 𝛺 ⋅ 𝛺-1 · 𝐾-1. This 
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coefficient describes the linear approximated characteristic of the probe resistance variation with 

temperature: 

 
𝛼𝑃𝑡100 =

𝑅100 − 𝑅𝑂

100 ∗ 𝑅𝑂
 Equation 21 

 

Where: 

• 𝛼Pt100 = 0,00385 Ω ⋅ Ω-1 · K-1 is the temperature coefficient 

• 𝑅100 is the sensor resistance at 100 °C measured (Ω) 

• 𝑅100 is the sensor resistance at 0 °C measured (Ω) 

The temperature value is calculated by a measurement of the resistance of the Pt sensor in a 4-

wire configuration as shown in Figure 18. A 4-wire measurement is precise and unaffected by the 

length of the laboratory wires. The datalogger is set properly to make the conversion. The selected 

probe works for temperature ranged between -50 °C and +150 °C. 

 

Figure 18 The Pt100 Temperature probe 

4.2.2 Measurement of Irradiance (G) 

The global in-plane irradiance (GTI or 𝐺) represents the global solar power per unit of area 

received by a surface with an azimuth and zenith angle. Essentially the GTI is composed of the 

direct and diffuse radiation components. The GTI is measured by a Kipp and Zonnen CMP11 
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pyranometer, as in Figure 19. The instrument is placed coplanar with the modules under study. 

The pyranometer provides an output voltage signal proportional to the incidental irradiance. 

Moreover, this voltage signal can be converted in irradiance units with the calibration constant. 

This calibration constant came from the manufacturer calibration or from external calibration in 

an accredited laboratory (i.e., CIEMAT in Madrid). The output signal from the pyranometer is 

measured with the datalogger. 

 

Figure 19 Picture of the pyranometer 

4.2.3 Measurement of Wind Speed 

A Young 05305VM anemometer in Figure 20 is used to measure the wind speed (WS) and 

wind azimuth direction (WD). The tool requires two output-voltage signals linearly proportional 

to the computed WS and WD. The datalogger is used to measure those signals. 

 

Figure 20 The Young 05305VM anemometer. 
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4.2.4 Measurement of the atmospheric pressure (𝒑𝒂𝒎𝒃) 

Vaisala BAROCAP PTB110 barometer in Figure 21 is used to measure the atmospheric 

pressure (𝑝amb). The device provides as output a voltage signal proportional to the atmospheric 

pressure. 

 

Figure 21 The Vaisala BAROCAP PTB110 barometer. 

4.2.5 Measurement of the ambient air temperature (𝑻𝒂) and relative humidity 

(𝑹𝑯) 

The Young 41382VC temperature and relative humidity probe as in Figure 22 is used to 

measure the ambient air temperature (𝑇a) and relative humidity (𝑅𝐻). The tool provides two 

output-voltage signals linearly proportional to the measured air temperature and relative humidity. 

The datalogger is used to measure those signals. 

 

Figure 22 The Young 41382VC temperature and relative humidity probe. 

 

4.2.5 Measurement of the triband irradiance 

The Tri-band Spectro-heliometer from IES-UPM, shown in Figure 23, evaluates the 

irradiance in the spectral zones relating to the top, middle, and bottom sub-cells of a lattice-

matched GaInP / GaInAs / Ge triple-junction solar cell. This device is helpful to achieve 
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experimental campaigns about concentrator photovoltaics. The sensor gives an output a voltage 

signal linearly proportional to the band irradiance calculated by the datalogger. Only the solar 

tracker is outfitted with this instrument. 

 

Figure 23 Tri-band Spectro-heliometer from IES-UPM [27] 

 

4.2. Automatic Curve Tracer for PV Modules 

The “tracker system”, uses a BSQ D150/6 Solar 2-axes tracker. This system is constructed 

with a 2-axis solution to carry the PV module always perpendicular to the sun light. The tracker is 

constructed to carry out experiments on concentration solar energy with a maximum misalignment 

of ±0,5°. In this manner, the angular reflection losses are avoided. Additionally, the system 

functions as described in 4.1. The system integrates the instruments mentioned earlier, that are 

module temperature probe, pyranometers. Additionally, the two multimeters are synchronized by 

the Agilent 34970A datalogger that provides a trigger signal through the Agilent 34907A Digital 

Multifunction Module. Furthermore, the datalogger directs the connection of one of the four 

modules under test by the switching units in Figure 24 [28]. 
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Figure 24 The tracker system on the left the external part, on the right the internal equipment. 

Furthermore, the tracker system contains a capacitive load for tracing the I-V curves, as shown 

in Figure 25. This load principally consists of three elements: 

• The first one is the electrolytic capacitor with a capacitance of 47 mF and a maximum 

voltage of 100 V.  

• The second one is the discharge resistance which is used to discharge the capacitor.  

• Lasty a voltage generator used to negative pre-charge the capacitor and to get the short 

circuit current. 

 

Figure 25 View of the inside of the capacitive load 
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The working principle of the Agilent 34970A datalogger regulates the charge and discharge 

of the capacitive load using relays as shown in Figure 26. Initially, the datalogger terminates only 

SW7, shown in Figure, to negative pre-charge of the capacitor. This procedure is necessary to get 

the short circuit current point. Moreover, a diode is essential to avoid problems associated to the 

internal diode of the solid-state relays. Further information can be found in [28]. 

 

Figure 26 Electrical scheme of the tracker system. 

 

Considering the Figure 26, the datalogger opens SW7 and then it closes SW5. This system 

of instructions connects the PV module to the capacitor load C. Afterwards, the multimeters can 

acquire the voltage and current synchronously. The data acquisition is done in a specific time 

referred to the capacitive load properties. The approximation of the charging time (𝑡c) is important 

to go through the timing requirement according to 4.1. This evaluation is done according to eq. 

(4.2). The time among two samples is settled accurately for acquiring the entire curve with enough 

points. Finally, the datalogger reopens SW5 at the end of the transient and it closes SW6 to 

discharge the capacitor on a resistor for the next acquisition. 

 

The entire system is controlled with LabVIEW software on a devoted PC. The instruments 

are attached to the PC through GPIB connections, excluding for the spectroradiometer that needs 

a RS485-RS232 serial connection. Figure represents the LabVIEW graphical user interface of 

tracker system (I-V-curve tab). 
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Figure 27LabVIEW graphical user interface of tracker system (I-V-curve tab). 

 

The LabVIEW software process is represented in the flowchart Figure. Besides, the 

software is designed to offer the user with additional facilities to configure the measurement 

process. Furthermore, the graphical interface demonstrates in real time the attained data such as 

the I-V curves, the value of irradiance and temperature. The software’s user interface is shown in 

Figure. The program saves as output the data from various sensors and devices in one “CSV” file 

for each measurement. The output CSV file is organized with one column for each measured 

quantity. All columns contain 1500 values, creating a matrix. All 1500 values are equal in case of 

a physical quantity with a single point (i.e., temperature, irradiance, etc.). 
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Figure 28 LabVIEW measurement control software flowchart. 
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Chapter 5: Analysis of 

Experimental Data using GUI 
 

In this chapter the MATLAB software is going to be explained. The program is designed 

with the use of MATLAB App Designer tool to achieve a simpler interface. The application intends 

of processing automatically large amount of data acquired by the measurement systems. The 

graphical user interface (GUI) is distributed into several tabs. Each tab handles individually one 

section of the process. This division is done in order to have the chance of looking at the partial 

result of each part. Also, this subdivision allows to reprocess part of the interface to execute other 

tasks. The next four chapters deal individually each GUI’s tab. Figure 27 shows the flows of these 

four tabs. 

 

Figure 29 Flowchart of the four steps of the GUI. 

First, the data preprocessing will be described. This step consists in the examining and 

filtering of the raw data. Then, the parameters extraction procedure will be explained. This step 

comprises in the search with the optimization algorithms, used to find the parameters of the model 

that explains the system. After that, the extraction of correlation coefficient will be explained. This 



 Hafsa Siddiqi   

 

41 

Academic year 2020/2021 

step consists in the quest for irradiance and temperature trends. Last, the energy estimation will be 

done. This step consists in the approximation of power in a bigger set of data, in order to 

authenticate the correlation model. 

The GUI and the software are established by the support of the following Math-Works products 

and toolboxes: 

• MATLAB 

• App Designer 

• Curve Fitting Toolbox 

• System Identification Toolbox 

• Statistics and Machine Learning Toolbox 

• Parallel Computing Toolbox 

• Predictive Maintenance Toolbox 

• Signal Processing Toolbox  

The helpful terms in the App Designer category are defined in the MATLAB catalogue and here 

are mentioned: 

• “Button” is a component that indicates when the user presses and releases it 

• “Check Box” is a component representing the state of a preference or option 

• “Drop Down” is a component that allows the user to choose an option or type in 

• the text 

• “Text Area” is a component essential to enter for entering multiple lines of text 

• “Tab Group” is a container for grouping and managing tabs 

• “Panel” is a container for grouping other components together 

• “Switch” is a component indicating a logical state 

• “Lamp” is a component that reporting the state using color 

• “Edit Field” is a component that allows the user to type numeric/text values 

• “Button Group” is a component that allows the user to choose one button from the set 
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Figure 30 MATLAB App Designer helpful components 
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Chapter 6: Step 1-Data 

Preprocessing 
 

The data preprocessing contains reading CSV files from the measurement system while 

removing the unrealistic measurement automatically. Later, some filters are applied to fulfill this 

task. The graphical interface is constructed to include all the necessary settings in the utmost 

intuitive sense. Figure 29 represents the interface when the program opens. 

 

Figure 31 The graphical user interface tab for the preprocessing data task. 
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Figure 29 can be divided into two sections. The first section demonstrates the import and export 

settings. whereas the second is “UJA (automatic system)”. And the third section is the, "PoliTO 

(manual system)". However, this section is not explained because this thesis only processes data 

obtained from university of Jean. 

6.1. Import and Export Settings 
In the data preprocessing tab, the import and export settings are situated in the upper part 

of the interface as shown in Figure 30. 

 

Figure 32 The import and export settings in the graphical user interface 

The first edit field permits the user to choose the file path. The input selection can be done 

in two ways whether to select an entire folder or to select multiple files. The UJA system accepts 

only the CSV files for the importation. 

On the other hand, the exportation column allows the user to select the data export folder 

in the preferred format. It can be made by simply clicking the “Options” button adjacent to 

exportation column. The options button will open a new window as shown in the Figure 31. 

 

Figure 33 The window for selecting the saving properties 
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Export settings in the list box allows to divide the data in various ways. There are various 

types of data divisions: “All in the same file”, “Divide by days”, “Divide by months”, “Divide by 

years”, ‘’Divide by irradiance”, “Divide by temperature (module)”, “Divide by irradiance and 

temperature (module)”. The selection of saving data by irradiance and/or temperature comprises a 

further requirement called “the ranges property”. At this point, the user must insert two values for 

quantity: a preliminary shift value from zero and a step value. The ranges division is formed only 

between the minimum and maximum rounded values of the quantity. An example for the irradiance 

case with shift = 25 and step = 50 means the division of the irradiance in the ranges (0-25], (25,75], 

(75,125], …, (975,1025]. If there is only one measure with 𝐺 = 1000 W ⋅ m-2, the ranges division 

results in (975,1025]. 

Very similar logic is applied to the module temperature classification. In the same options 

window, there are two optional edit fields that permits the user to insert a prefix and a suffix to the 

name of the output data. Furthermore, in the final file name, the user can also decide to include the 

original filename of the CSV file. Lastly, two checkboxes can be seen. The “Save ALL” checkbox 

keeps a copy of all loaded information before applying the filters. Whereas the “Save figure” 

checkbox saves the figures of the day irradiance and the I-V and P-V curves of each acquisition. 

The third edit field allows the user to select the Excel datasheet files with the corresponding format 

as shown in Figure 32. 

 

Figure 34 The module datasheet of Kyocera KD 135GH- 2PU in Excel. 
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The last element of the import and export settings is the “System type” list box. The user 

selects the desired measurement system. Like this work is entirely based on the UJA custom 

system. 

6.2. Selection of Sources and Filters 
The UJA (automatic system) is positioned in the lower part of the interface. It consists of 

seven panels all containing settings. These settings will be described in the following work.  

 

Figure 35 The graphical user interface for the preprocessing task- UJA (automatic system). 

1. The “Irradiance sources” panel permits the user to select the irradiance sources. The sources can 

be the pyranometer or the short-circuit current or may be both. In the last case, the user may choose 

the approach of calculating the average value of the two sources. By selecting methods between 

“automatically”, “semi-automatically” or “manually”. These methods define the degree of user 

intervention. A popup window appears if non automatic case is chosen, shown in Figure 34. 
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Figure 36 Popup window for manual selection for irradiance. 

2. The “Temperature sources” panel permits the user to select the temperature sources to be used. 

The sources of module temperature are the Pt100 probe, the open circuit voltage and the NOCT 

equation. The temperature considered is the average value if more than one source can be selected. 

Similarly, the popup window appears as shown in Figure 35. 

 

Figure 37 Popup window for manual selection for temperature. 

3. The “Measurement position in CSV file” panel indicates the column position for each measured 

quantity in the CSV file. The position of each quantity is given in three preloaded profiles, two for 

the tracker system and one for the fixed system. As we have selected the UJA custom system. In 

this selection the edit fields. If a quantity is not present in the CSV file, a value of “-1” should be 

written down. Furthermore, it is essential to indicate that a CSV file contains the values of the 

measurements for an I-V curve acquisition. 
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4. The “Mismatch detector” and the “Sunny day detector (irradiance)” panels are made up of three 

elements. First check box enables the mismatch/sunny day detector. Secondly, the list box allows 

the user to specify three level of filter’s sensibility (high, medium, low). Lastly, the button defines 

the user to automatically discard the IV curve.  

5.The “Use only I-V curve inside these ranges” panel is comprised of edit fields for four quantities. 

These quantities are irradiance, cell temperature, wind, and current monotonicity at short circuit 

ranges. Besides, this panel includes two check boxes for filtering the data with the irradiance and/or 

wind check-bits. 

6. The “Reduce the number of points” panel includes the check box that enables a reduction in the 

I-V curve points.  
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Chapter 7: Stage 2- 

Parameters Extraction  
 

This chapter explains regarding the parameter extraction process is a numeric optimization 

that help us to solve the system equations linked with the PV cells equivalent circuit. The GUI is 

created to implement two different PV models and three different extraction algorithms. The two 

models are the five and seven parameters. The three algorithms are the Levenberg-Marquardt 

(LM), Simulated annealing (SA), and finally, a third algorithm can be added for future analysis. 

Summing up, for this thesis only the five parameters model and the LM algorithm will be 

considered for the elaboration.  

7.1 Parameter’s Extraction Settings 
The tab for the parameter extraction is designed to contain all necessary settings for this 

operation. Figure 36 shows the interface when the tab is open.  

 

Figure 38 the graphical user interface tab for the parameter’s extraction 
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The import/export section, works exactly same way as the data preprocessing, described in 

chapter 6. 

The parameter’s extraction settings are categorized in six panels. These panels will be 

described starting from the model/algorithm selected up to specific settings. The first panel “Select 

extraction model”, extraction of both models (5 and 7 parameters) is executed automatically and 

successively. The second panel “Select extraction algorithm”, calculations for the parameter’s 

extractions are done with LM algorithm. 

The “Test for the extraction reliability” permits the user to set the option related to the 

extracted parameters filtering. The test involves of three authentications: the maximum error on 

power (absolute and relative), the maximum NRMSE, and the value of the parameters in a user 

defined range. In regard, the limits on the parameters can be set in the “Model Settings” panel 

because they vary according to the model. Moreover, the filter can operate in four modes: first 

automatically (it saves only if the curve passes the test), second, semi-automatically (it asks 

confirmation for saving if the curve fails the test), third, manually (it asks confirmation for saving 

for each curve), and finally disabled (it saves all the curves). 

The “Global settings” panel, allows the user to choose the main conditions of the extraction Process 

such as: 

1.“Reduction”. This option reduces the number of points in the I-V curve to speed up the 

optimization. The user can select a number between 1 (that means no reduction) and (theoretically) 

infinite. The greater the number 𝑥 chosen, the greater the reduction because the algorithm uses a 

point every 𝑥 points. (i.e., 𝑥 =2 means taken the points number 1, 3, 5, …). Moreover, the value of 

reduction can be calculated automatically to maintain a constant number of points of the I-V curve. 

2.“Reduction at SC”, has similar operation like “Reduction” but only in the current source section, 

between SC and MPP points “Bound (red. at SC)”. This situation limits the section where the 

“Reduction at SC” operates. This area of procedure is defined by two points conveyed in 

percentage over MPP (i.e., 0% means SC point and 100% means MPP point). 

 

3.“Reduction at OC” setting, has similar manner as “Reduction” but only in the voltage source 

section, between MPP and OC points. 
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4.“Bound (red. at OC)” option limits the section where the “Reduction at OC” operates. This 

procedure is defined by two points expressed in percentage over MPP (i.e., 0% means MPP point 

and 100% means OC point). 

 

5.“min current Rs” and “max current Rs”. The preliminary parameter requirement must be 

defined properly for the convergence of the algorithm. These values are the 

minimum and maximum values of current used to approximate the initial condition of the 𝑅s. These 

values are conveyed in percentage over the 𝐼sc. Additionally, the value can be calculated 

automatically. In this setting, the user defines a proportion with respect to the short-circuit current, 

varying with the irradiance. Hence, an evaluated constant interval is obtained. 

 

6. “Start evaluate Rsh” setting is the starting point to evaluate the first value of the 𝑅sh. 

7. “min I-V points”: minimum number of point that the I-V curve must have to  

expand. 

The “Algorithm Settings” panel comprises the settings of maximum number of iteration 

and the end tolerance for each algorithm. 

The “Model setting” panel comprises the bounds for the optimization and the limits for the 

output. 

7.2 Estimation of the Initial Conditions 
  Initial set of parameters works as a starting point for the search of the optimal configuration. 

It is important that the initial values still carry some sort of physical significance, otherwise the 

fitting procedure could easily lead to incorrect results or require a higher computational effort to 

find the correct results. 

In literature there are many analytical correlations and approaches that can be used to 

perform a rough approximation of the parameters of the single diode model. The study signifies, a 

sequence of analytical and numerical method that have been implemented to guarantee a good 

estimation of the initial parameters and simplify the accurate extraction of the five parameters with 

the optimization algorithms. 
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The initial value of the diode ideality factor is assumed to be constant and equal to 1.5, 

while the other four parameters are extracted with the procedure mentioned above. It requires only 

the coordinates of three key points of the I-V curves: the open circuit voltage (Voc), the short 

circuit current (Isc) and the voltage and current at maximum power point (Vmpp, Impp). From 

these points, it is possible to determine all parameters according to the series resistance (Rs). The 

series resistance is thus determined using a rapid and iterative algorithm that solves a nonlinear 

equation. Once its value is extracted, the other parameters are calculated accordingly, avoiding 

having to deal with too many mathematical approximations. 

Taking into account the transcendental equation of the equivalent circuit, three equations 

can be derived for the three key points of the I-V curve. 

• The open circuit point (Voc,0):  

 
0 = 𝐼𝑝ℎ − 𝐼𝑜 ∗ (𝑒

𝑉𝑂𝐶
𝑛∗𝑉𝑡ℎ∗𝑁𝑆 − 1) −

𝑉𝑂𝐶

𝑅𝑠ℎ
 

Equation 22 

 

• The short circuit point (0, Isc): 

 
𝐼𝑆𝐶 = 𝐼𝑝ℎ − 𝐼𝑜 ∗ (𝑒

𝑉𝑂𝐶
𝑛∗𝑉𝑡ℎ∗𝑁𝑆 − 1) −

𝑅𝑆 ∗ 𝐼𝑆𝐶

𝑅𝑠ℎ
 

 

Equation 23 

• The maximum power point (Vmpp, Impp):  

 
𝐼𝑚𝑝𝑝 = 𝐼𝑝ℎ − 𝐼𝑜 ∗ (𝑒

𝑉𝑚𝑝𝑝−𝑅𝑆∗𝐼𝑚𝑝𝑝

𝑛∗𝑉𝑡ℎ∗𝑁𝑆 − 1) −
𝑉𝑚𝑝𝑝 + 𝑅𝑆 ∗ 𝐼𝑚𝑝𝑝

𝑅𝑠ℎ
 

Equation 24 

 

From equation(22) is possible to obtain an explicit formulation for the photogenerated current, 

which can be substituted in equations 23 and 24. 

 
𝐼𝑝ℎ = 𝐼𝑜 ∗ (𝑒

𝑉𝑂𝐶
𝑛∗𝑉𝑡ℎ∗𝑁𝑆 − 1) −

𝑉𝑂𝐶

𝑅𝑠ℎ
 

Equation 25 

 

 
𝐼𝑆𝐶 = 𝐼𝑜 ∗ (𝑒

𝑉𝑂𝐶
𝑛∗𝑉𝑡ℎ∗𝑁𝑆 − 𝑒

𝑅𝑆∗𝐼𝑆𝐶
𝑛∗𝑉𝑡ℎ∗𝑁𝑆) −

𝑉𝑂𝐶 − 𝑅𝑆 ∗ 𝐼𝑆𝐶

𝑅𝑠ℎ
 

Equation 26 
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𝐼𝑚𝑝𝑝 = 𝐼𝑜 ∗ (𝑒

𝑉𝑂𝐶
𝑛∗𝑉𝑡ℎ∗𝑁𝑆 − 𝑒

𝑉𝑚𝑝𝑝−𝑅𝑆∗𝐼𝑚𝑝𝑝

𝑛∗𝑉𝑡ℎ∗𝑁𝑆 ) −
(𝑉𝑂𝐶−𝑉)𝑚𝑝𝑝 + 𝑅𝑆 ∗ 𝐼𝑚𝑝𝑝

𝑅𝑠ℎ
 

Equation 27 

 

To explain the equations and make easier the discussion, it is possible to introduce some 

variables: 

 
𝑋𝑂𝐶 = 𝑒

𝑉𝑂𝐶
𝑛∗𝑉𝑡ℎ∗𝑁𝑆 

 

Equation 28 

 

 
𝑋𝑆𝐶 = 𝑒

𝑅𝑆∗𝐼𝑆𝐶
𝑛∗𝑉𝑡ℎ∗𝑁𝑆 

Equation 29 

 

 
𝑋𝑚𝑝𝑝 = 𝑒

𝑉𝑚𝑝𝑝+𝑅𝑆∗𝐼𝑚𝑝𝑝

𝑛∗𝑉𝑡ℎ∗𝑁𝑆  

 

Equation 30 

 

Though Xoc can be estimated at STC using the information given by the manufacturer in 

the datasheet, Xsc and Xmpp can be estimated only if Rs is determined. On the other hand, these 

variables can be used to revise equations (26) and (27) as follows 

 
𝐼𝑆𝐶 ∗ (1 +

𝑅𝑆

𝑅𝑠ℎ
) = 𝐼𝑂(𝑋𝑂𝐶 − 𝑋𝑆𝐶) +

𝑉𝑂𝐶

𝑅𝑠ℎ
 Equation 31 

 

 
𝐼𝑚𝑝𝑝 ∗ (1 +

𝑅𝑆

𝑅𝑠ℎ
) = 𝐼𝑂(𝑋𝑂𝐶 − 𝑋𝑚𝑝𝑝) +

𝑉𝑂𝐶 − 𝑉𝑚𝑝𝑝

𝑅𝑠ℎ
 

Equation 32 

 

 

The values found in literature, Rs is typically in the order of a few tenths of Ohms though 

Rsh is in the order of a few hundred. Bearing in mind these as typical values 𝑅_𝑠ℎ≫𝑅_𝑠, so it is 

likely to introduce a simplifying assumption: 

 
1 +

𝑅𝑆

𝑅𝑠ℎ
≅ 1 Equation 33 
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Establishing this assumption in equation (31) and (32), it can be found that: 

 
𝐼𝑆𝐶 = 𝐼𝑂(𝑋𝑂𝐶 − 𝑋𝑆𝐶) +

𝑉𝑂𝐶

𝑅𝑠ℎ
 Equation 34 

 

 
𝐼𝑚𝑝𝑝 = 𝐼𝑂(𝑋𝑂𝐶 − 𝑋𝑚𝑝𝑝) +

𝑉𝑂𝐶 − 𝑉𝑚𝑝𝑝

𝑅𝑠ℎ
 

 

Equation 35 

 

In conclusion, from these equations it is likely to obtain an interpretation for the saturation 

current IO and the shunt resistance Rsh: 

 
𝐼𝑂 =

𝑉𝑂𝐶(𝐼𝑆𝐶 − 𝐼𝑚𝑝𝑝) − 𝑉𝑚𝑝𝑝 ∗ 𝐼𝑆𝐶

𝑉𝑂𝐶(𝑋𝑚𝑝𝑝 − 𝑋𝑆𝐶) − 𝑉𝑚𝑝𝑝(𝑋𝑂𝐶 − 𝑋𝑠𝑐)
 

 

Equation 36 

 

 1

𝑅𝑠ℎ
=

𝐼𝑆𝐶(𝑋𝑚𝑝𝑝 − 𝑋𝑆𝐶) + 𝐼𝑚𝑝𝑝(𝑋𝑂𝐶 − 𝑋𝑠𝑐)

𝑉𝑂𝐶(𝑋𝑚𝑝𝑝 − 𝑋𝑆𝐶) − 𝑉𝑚𝑝𝑝(𝑋𝑂𝐶 − 𝑋𝑠𝑐)
 

Equation 37 

 

 

The only unknowns in these equations are Xmpp and Xs, which depends on the series 

resistance. The short circuit current and the open circuit voltage, as well as the maximum power 

point voltage and current, are all estimated in the pre-processing step. Thus, the photogenerated 

current (25), the saturation current (36) and the shunt resistance (37) are all dependent only on the 

series resistance. Additionally, to fully solve the problem an additional equation is needed. This 

equation can be derived by the maximum power point definition. 

 𝑑𝑃

𝑑𝑉
|

(𝑉𝑚𝑃𝑝,𝐼𝑚𝑝𝑝)
= 𝑉𝑚𝑝𝑝 ∗

𝑑𝐼

𝑑 𝑉
+ 𝐼𝑚𝑝𝑝 = 0 

 

Equation 38 
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𝑑𝐼

𝑑𝑉
|

(𝑉𝑚𝑃𝑝,𝐼𝑚𝑝𝑝)
= − 

𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
 

 

Equation 39 

 

Taking the first derivative of the corresponding equation (39) of current with respect to voltage: 

𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
=

𝐼𝑂

𝑉𝑚𝑝𝑝. 𝑛. 𝑁𝑆
 (1 −

𝑅𝑆. 𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
) 𝑒

𝑉𝑚𝑝𝑝+𝑅𝑆∗𝐼𝑚𝑝𝑝

𝑛∗𝑉𝑡ℎ∗𝑁𝑆 +
1

𝑅𝑠ℎ
(1 −

𝑅𝑆. 𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
) 

Equation 40 

 

 

 𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
= (

𝐼𝑂 . 𝑋𝑚𝑝𝑝

𝑉𝑚𝑝𝑝. 𝑛. 𝑁𝑆
 +

1

𝑅𝑠ℎ
) (1 −

𝑅𝑆. 𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
) 

 

Equation 41 

 

From the two equations#. We obtained another equation that permit us to calculate the parameter 

Rs_calculated: 

 
𝑅𝑆_𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 =

𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
−

1

[
𝐼𝑂 . 𝑋𝑚𝑝𝑝

𝑉𝑚𝑝𝑝. 𝑛. 𝑁𝑆
 +

1
𝑅𝑠ℎ

]

 

 

Equation 42 

 

This equation is a strongly a nonlinear equation, and it is possible to compute the value of Rs 

calculated through an iterative numerical process.  
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Figure 39 Flowchart of the iterative procedure used to estimate the initial conditions. 

As shown in Figure 37, the series resistance is initialized considering Rs=0 and is gradually 

increased by a factor 10-5 at each iteration. For each value, I0 and Rsh are evaluated using equations 

(36) and (37), as well the calculated series resistance Rs,calculated which is compared with Rs to check 

the validity of the parameters found. The algorithm converges whenever the difference between 

Rs and Rs,calculated is below a certain threshold. 
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Chapter 8: Stage 3-Regression 
  For the regression stage MATLAB scripts are written which contains all the necessary 

settings in the simplest manner. The settings for the parameter correlation allow to select 5 

parameter model. The “Algorithm” gives the opportunity to choose dataset of the PV model to 

elaborate. The “Filters” gives the possibility to filter the parameters sets by irradiance and 

temperature. 

8.1 Parameters Correlations 
This part comprises in the submission of a nonlinear fitting procedure to the equations. The 

regression achieved are valid only for the five parameters model (i.e., 𝐼SC, 𝐼O, 𝑛, 𝑅S, 𝑅sh). 

8.1.1 Photogenerated Current Correlation 

The photogenerated current is proportional to the irradiance and is linear with Temperature 

all through, the alpha coefficient is generally given by manufacturer. The equation is expressed as 

following: 

 
𝐼𝑝ℎ = 𝐼𝑝ℎ,𝑆𝑇𝐶 ∗  

𝐺

𝐺𝑆𝑇𝐶
∗ (1 + 𝛼 ∗ (𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)) Equation 43 

 

Where: 

• 𝐼ph is the photogenerated current of the five parameters model (A) 

• 𝐼ph, STC is the photogenerated current in STC (A) 

• 𝛼 is the short circuit temperature coefficient (K-1) 

• 𝐺 is the module irradiance (W ⋅ m-2) 

• 𝐺STC is the module irradiance in STC (W ⋅ m-2) 

• 𝑇C is the cell temperature (K) 

• 𝑇C, STC is the cell temperature in STC (K) 

 Iph, STC and 𝛼 are the optimization coefficients, 𝛼 can be optimized or fixed to a specific value. 
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8.1.2. Saturation Current Correlation 

The diode saturation current has a cubic proportionality with the temperature. In particular, 

the monocrystalline technology expresses the following equation: 

 
𝐼𝑂 = 𝐼𝑂,𝑆𝑇𝐶 ∗  (

𝑇

𝑇𝑆𝑇𝐶
)

3

∗ 𝑒𝑥𝑝 ((
𝐸𝑔,𝑆𝑇𝐶

𝐸𝑔
−

𝐸𝑔(𝑇𝐶)

𝑇𝐶
) ∗

1

𝑘𝐵
) 

 

Equation 44 

 

 𝐸𝑔 = 𝐸𝑔,𝑆𝑇𝐶 ∗  (1 − 0.0002677(𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)) Equation 45 

 

 (𝑓𝑜𝑟 𝑚 − 𝑆𝑖 @ 298 𝐾)            𝐸𝑔,𝑆𝑇𝐶  =  1,121 ⋅  𝑞𝑒 Equation 46 

 

 

• I0 is the diode saturation current (A) 

• 𝑘B is the Boltzmann constant (J ⋅ K-1) 

• 𝑞e = 1,602 ∙ 10-19 C is the charge of the electron 

• 𝐼O, STC is the diode saturation current in STC (A) 

• 𝐸g(𝑇C) is the energy gap at 𝑇C (J) 

• 𝐸g,STC is the energy gap in STC (J) 

 

The above equation is valid only for those technology whose band gab is known such as 

monocrystalline silicon. some modifications are required. A new a dimensional empirical 

coefficient 𝜒 can be added to take in account for the different behaviors of the energy gap of other 

specific technologies. 

 

 
𝐼𝑂 = 𝐼𝑂,𝑆𝑇𝐶 ∗  (

𝑇

𝑇𝑆𝑇𝐶
)

3

∗ 𝑒𝑥𝑝 (𝜒 (
𝐸𝑔,𝑆𝑇𝐶

𝐸𝑔
−

𝐸𝑔(𝑇𝐶)

𝑇𝐶
) ∗

1

𝑘𝐵
) 

Equation 47 
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The optimization coefficients are 𝐼O, STC and 𝜒. In practice, 𝜒 can be optimized or fixed to a specific 

value (i.e., 𝜒 = 1 to use equation). 

8.1.3. Ideality Factor Correlation 

The diode ideality factor is frequently deemed as constant in most applications. It has a 

slightly linear trend both with irradiance and temperature and can be expressed by the following 

formulation: 

 

 𝑛 = 𝑎 + 𝑏 ∗ 𝐺 + 𝑐 ∗ 𝑇𝐶 Equation 48 

 

Where: 

• 𝑛 is the diode ideality factor (-) 

• 𝑎 is the intercept term (-) 

• 𝑏 expresses the linear effect in irradiance (W-1 ⋅ m2) 

• 𝑐 expresses the linear effect in module temperature (C-1) 

The optimization coefficients are 𝑎, 𝑏, 𝑐. 

8.1.4. Series Resistance Correlation 

The series resistance has a tendency which is proportional to the temperature and 

logarithmical to the irradiance, according to [35]. The following equation is optimized: 

 

 
𝑅𝑠 = 𝑅𝑠,𝑆𝑇𝐶 ∗  

𝑇𝐶

𝑇𝐶,𝑆𝑇𝐶
∗ (1 − 𝜆𝑅𝑠

(log
𝐺

𝐺𝑆𝑇𝐶
)) 

Equation 49 

 

 

Where: 
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• 𝑅s is the series resistance (Ω) 

• 𝑅s,STC is the series resistance at STC (Ω) 

• 𝜆𝑅s is an empirical coefficient that expresses proportionality to the logarithmic variation of the 

irradiance (-) 

The optimization coefficients are 𝑅s,STC, 𝜆𝑅s 

8.2.5. Shunt Resistance Correlation 

The shunt resistance is inversely proportional with irradiance. Its expression can be written 

as follows: 

 

 
𝑅𝑠ℎ = 𝑅𝑠ℎ,𝑆𝑇𝐶 ∗  

𝐺

𝐺𝑆𝑇𝐶
 Equation 50 

 

 

Where: 

• 𝑅sh is the shunt resistance (Ω) 

• 𝑅sh,STC is the shunt resistance in STC (Ω) 

The optimization coefficient is 𝑅sh,STC. 

 

8.2 Normalized Root Mean Square Error (NRMSE) 
The Normalized Root Mean Square Error (NRMSE) is generally used to evaluate the errors 

between the experimental points and the fitting surfaces. This operation is performed for the 5 

parameters of the model using the same expression. The 𝑋 symbols can be replaced by the symbol 

of the parameter analyzed (i.e., i.e., 𝐼SC, 𝐼O, 𝑛, 𝑅S, 𝑅sh). 
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𝑁𝑅𝑀𝑆𝐸𝑋 =

√∑ (𝑋𝑐𝑜𝑟 − 𝑋𝑒𝑥𝑝)
𝑁𝑝𝑜𝑖𝑛𝑡𝑠

𝑖=1

2

𝑁𝑝𝑜𝑖𝑛𝑡𝑠

∑ (𝑋𝑒𝑥𝑝)
𝑁𝑝𝑜𝑖𝑛𝑡𝑠

𝑖=1

𝑁𝑝𝑜𝑖𝑛𝑡𝑠

∗ 100 

Equation 51 

 

 

Where: 

• 𝑁𝑅𝑀𝑆𝐸X is the normalized root mean square error for parameter 𝑋 (%) 

• 𝑋exp is the experimental parameter value 

• 𝑋cor is the estimation from correlation parameter value 

• 𝑁points is the number of points in the experimental samples 
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Chapter 9: Stage 4-Power 

Validation 
This chapter discusses the last stage of this study which is the maximum power point and 

energy estimation from the weather condition (module irradiance and temperature). The goal of 

this work is to compare different means to estimate the energy, the power is estimated according 

to two different approaches. The first one is using correlations, in order to compute the measured 

I-V curve with respect to the estimated parameters. Whereas the second on is the Osterwalder 

method. 

Equation for Power and Energy computation 

The script allows to input an experimental set of data, the module datasheet information, 

and the correlation coefficients for the model. The power estimation is computed with the 

equations of the correlations described in 8.1. The five parameters (i.e. 𝐼SC, 𝐼O, 𝑛, 𝑅S, 𝑅sh) are 

estimated from the coefficients (i.e. 𝐼ph,STC, 𝛼, 𝐼O,STC, 𝜒, 𝑎, 𝑏, 𝑐, 𝑅S,STC, 𝜆, 𝑅sh,STC) are evaluated 

corresponding to the value of irradiance and temperature (𝐺, 𝑇C). Then, the parameters are used to 

get the I-V curve and the maximum power point on the curve. Afterwards, the power is determined 

with the Osterwald method to do the comparison. The Osterwald equation [37] is represented 

below: 

 
𝑃𝑜𝑠𝑡𝑒𝑟𝑤𝑎𝑙𝑑 = 𝑃𝑆𝑇𝐶 ∗  

𝐺

𝐺𝑆𝑇𝐶
∗ (1 +

𝛾

100
∗ (𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)) 

Equation 52 

 

 

Where: 

• 𝑃Osterwald is the power calculated by the Osterwald method (W) 

• 𝑃STC is the power in STC from the datasheet (W) 
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• 𝛾 is the power thermal coefficients (% ⋅ K-1) 

• 𝐺 is the module irradiance (W ⋅ m-2) 

• 𝑇C is the module temperature (K) 

• 𝐺STC is the irradiance in STC (i.e., 1000 W ⋅ m-2) 

• 𝑇C, STC is the module temperature in STC (i.e., 298,15 K) 

The goodness of the power can be estimated with the Normalized Root Mean Square Error 

(NRMSE). It’s the ratio between the experimental power and the estimated ones. This calculation 

is performed for each model using the same expression. 

 

𝑁𝑅𝑀𝑆𝐸𝑃,𝑀𝑃𝑃 =

√∑ (𝑋𝑀𝑃𝑃,𝑚𝑜𝑑𝑒𝑙 − 𝑋𝑀𝑃𝑃,𝑒𝑥𝑝)
𝑁𝑝𝑜𝑖𝑛𝑡𝑠

𝑖=1

2

𝑁𝑝𝑜𝑖𝑛𝑡𝑠

∑ (𝑋𝑀𝑃𝑃,𝑒𝑥𝑝)
𝑁𝑝𝑜𝑖𝑛𝑡𝑠

𝑖=1

𝑁𝑝𝑜𝑖𝑛𝑡𝑠

∗ 100 

Equation 53 

 

 

Where: 

• 𝑁𝑅𝑀𝑆𝐸P, MPP is the normalized root mean square error on the power at MPP (%) 

• 𝑃MPP,exp is the experimental power at MPP (W) 

• 𝑃MPP,model is the estimated power at MPP with the model under exam (W) 

• 𝑁points is the number of points in the dataset (-) 

The last step comprises is the energy estimation. The estimation of energy is applied by 

integrating with respect to time the maximum power point values. The integration is done 

considering a step wise function of power on which it is possible to apply the rectangular rule. 

This leads that for each ‘step’, the integral is estimated as the area of the triangle, the height of the 

triangle is given by the maximum power point value whereas the base by the width of the step. A 

step is normally counted as the time difference between each successive measurement acquisition. 

In this regard, the MPP point is assumed as a midpoint. Summing up, a maximum step is enforced 
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to avoid the integration on a large time step whenever there is a lack of measuring points close 

with each other.  

The energy formula is calculated as: 

 
𝐸 = ∑ 𝑃𝑀𝑃𝑃,𝑖 ∗ ∆𝑡𝑖

𝑁𝑡𝑜𝑡

𝑖=1

 
Equation 54 

 

 

• PMPP,i, is the maximum power point of step i (𝑊).  

• Δ𝑡𝑖, is the integration time step used to compute the energy (s).  

The goodness of the energy evaluation can be measured with the percentage error between the 

experimental energy and the estimated ones. This calculation is performed for each model using 

the expression 

 
𝐸𝑟𝑟𝐸 =

𝐸𝑚𝑜𝑑𝑒𝑙 − 𝐸𝑒𝑥𝑝

𝐸𝑒𝑥𝑝
∗ 100 

Equation 55 

 

 

Where: 

• 𝐸𝑟𝑟E is the percentage error on the energy (%) 

• 𝐸exp is the experimental energy (J) 

• 𝐸model is the estimated energy with each model (J) 
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Chapter 10: Analysis of 

Results 
This chapter describes about the experimental campaign held in University of Jaen. 

Furthermore, it describes regarding the PV model used and its corresponding results considering 

all stages. 

10.1 Description of Data Acquisition Campaign 
The experimental campaign was conducted for four months In University of Jaen. The 

measuring system described in chapter 4 was used to carry out the experimental campaign. 

Moreover, the PV module selected for this study is the multi crystal technology were measured by 

the automatic tracker system. This campaign was conducted with a Kyocera KD 135GH- 2PU 

module.  

Additionally, it is essential to state that prior to starting the experimental campaign the PV 

module under test was calibrated by an independent certified laboratory (CIEMAT laboratory). 

The objective of the calibration was to obtain the main electrical characteristics and check for the 

electrical response of the modules. This step was required to promise non-defective I-V curves and 

therefore to guarantee the accuracy and the importance of the overall study.  

In this chapter a brief description of the module under-test and of the corresponding 

experimental campaign will be carried out, with particular emphasis on the data set available and, 

on the filtering, procedure applied for the purpose of this study 

10.2 Description of Module  
The KD 135GH- 2PU module is composed of a multi crystalline technology. Multi-

crystalline cells are made by using several grains of monocrystalline silicon. In the manufacturing 

process, molten polycrystalline silicon is cast into ingots, which are eventually cut into very thin 

wafers and gathered into complete cells. Multi-crystalline cells are cheaper to produce than 
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monocrystalline ones because of the simpler manufacturing process required. They are, however, 

slightly less efficient, with average efficiencies being around 12%. 

Particularly, the model under test is a Kyocera KD 135GH- 2PU module. The main 

specification from manufacturer and calibration are summarized in the following tables: 

Source 𝑃MPP (W) 𝑉OC (V) 𝐼SC (A) 𝑉MPP (V) 𝐼MPP (A) 𝐹𝐹 (%) 

CIEMAT Lab 141.1 22.1 8.64 17.7 7.97 73.9% 

Manufacturer 135 22.1 8.37 17.7 7.63 99.96% 
Table 1 Specifications of the Kyocera KD 135GH- 2PU module. 

Source Temperature coeff 

𝑃MPP (W/°C) 

Temperature coeff 

𝑉OC (V/°C) 

Temperature coeff 

𝐼SC (A/°C) 

Manufacturer -6.14*10-1 -0.80*10-1 5.01*10-3 

Table 2 Temperature coefficients of the Kyocera KD 135GH- 2PU module. 

The calibration of the PV module was performed in 2012. The PV module was mounted 

on the automatic Tracker measuring system. The corresponding experimental campaign was 

carried out between April and July 2021. In the four months experimental campaign a large set of 

data was recorded in a wide range of operating conditions. The parameters accumulated during the 

experimental campaign are the cell temperature and the irradiance. The range of measurements 

(maximum and minimum) of these parameters are reported in table: 

Kyocera KD 135GH- 2PU 

Irradiance G [W/m2] Min Max 

400 1000 

Tc [K] Min Max 

300 450 

Table 3 Maximum and minimum ranges for irradiance and temperature. 
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10.3 Parameter Extraction Results  
The optimization algorithms may find various sets of parameters. The objective of the 

parameter’s extraction procedure is to achieve a set of parameters that can estimate as best as 

possible the I-V curves. Nonphysical solutions, to be discarded, are present in this set of 

parameters. This process has been applied to all the 196 curves. Nevertheless, after the extraction, 

the set of parameters has been filtered to remove those affected by overfitting. The following filters 

have been applied: 

• NRMSE below 0.02  

• Error on Maximum Power below 1%.  

• Series Resistance below 1 Ω.  

• Shunt Resistance below 2000 Ω.  

In the end, the feasible parameters left were 195 for Levenberg-Marquardt algorithm. 

10.4 Parameter Correlations Results   
The extracted parameters are used to approximate the correlations with respect to the 

irradiance and cell temperature. The correlations used are those presented in chapter 6. The trend 

of each parameter is graphically presented for the LM optimization. Now, the term “experimental” 

in the legends shows the points obtained after using the LM methods. Likewise, the term 

“correlation” denotes the points out the trend that show the found correlation. The parameters are 

represented in the following order: 

1. photogenerated current 

2. diode saturation current,  

3. diode ideality factor 

4. series resistance   

5. shunt resistance. 

The photogenerated current (𝐼ph) introduces a main dependence on the irradiance as shown 

in Figure 38. 
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It can be noticed that the dependency on cell temperature is negligible. Moreover, the correlation 

equation is derived from the equation (43). The 𝐼ph,STC coefficient is optimized by the correlation 

whilst the 𝛼 is taken from the manufacturer datasheet. 

 
Figure 40 𝐼ph.  tendency with irradiance using LM algorithm. 

 
𝐼𝑝ℎ = 8.64 ∗  

𝐺

𝐺𝑆𝑇𝐶
∗ (1 + 𝛼 ∗ (𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)) Equation 56 

 

 

The orange dots represent the 𝐼ph values from the LM optimization (i.e., experimental) 

whereas the blue line shows the trend of the correlation in equation 56. The goodness of the 

correlation is verified by the NRMSE value of 0.36%. 

 

The diode saturation current (𝐼0) shows only dependency on the cell temperature. The 

correlation equation comes from the equation (44). The 𝐼O, STC coefficient were optimized by the 

correlation.  Figure 39 noticeably show the tendency. 
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Figure 41 𝐼O tendency with temperature using LM algorithm. 

 

 
𝐼𝑂 =8.90∗10−9∗  (

𝑇

𝑇𝑆𝑇𝐶
)

3

∗ 𝑒𝑥𝑝 ((
𝐸𝑔,𝑆𝑇𝐶

𝐸𝑔
−

𝐸𝑔(𝑇𝐶)

𝑇𝐶
) ∗

1

𝑘𝐵
) 

Equation 57 

 

 

The orange dots denote the 𝐼0values from the LM optimization (i.e., experimental) while 

the blue line displays the curve of the correlation in equation 57. The goodness of the correlation 

is verified by the NRMSE value of 26.31%. Furthermore, this value is typical for the diode 

saturation current correlation. 

The diode ideality factor (𝑛) generates low difference with irradiance and cell temperature. 

The correlation equation is obtained from the equation (48). Moreover, the coefficients 𝑎, 𝑏 and 𝑐 

are optimized by the correlation. Figure 40 clearly exhibit the irradiance and temperature tendency 

for LM methods. 
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Figure 42 𝑛 tendency with irradiance and temperature using LM algorithm. 

 

 𝑛 = 0.718 + (−0.000258) ∗ 𝐺 + 0.0021 ∗ 𝑇𝐶 Equation 58 

 

The red dots represent the 𝑛 values from the LM optimization (i.e., experimental) whereas 

the blue line displays the trend of the correlation in equation 58. The goodness of the correlation 

is validated by the NRMSE value of 2.41%. Lastly, this value is typical for the diode ideality factor 

correlation. The ideality factor shows an increased tendency with both irradiance and temperature. 
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The series resistance (𝑅S) shows variation with irradiance and cell temperature. 

The correlation equation comes from the equation (49). The 𝑅S, STC and 𝜆𝑅s coefficients 

are optimized by the correlation. Figure 41 evidently report the irradiance and temperature 

tendencies respectively for LM methods. 

 

 

 
Figure 43 RS tendency with irradiance and temperature using LM algorithm. 
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𝑅𝑠 = 0.186 ∗ 

𝑇𝐶

𝑇𝐶,𝑆𝑇𝐶
∗ (1 − (−0.145) (log

𝐺

𝐺𝑆𝑇𝐶
)) 

Equation 59 

 

The orange dots display the 𝑅S values from the LM optimization (i.e., experimental) whereas 

the blue line displays the curve of the correlation in equation (59). The goodness of the correlation 

is verified by the NRMSE value of 2.51%. This value is typical for the series resistance 

correlation. The series resistance demonstrates an increased tendency with both irradiance and 

temperature. 

 

The shunt resistance (𝑅sh) displays the variation with irradiance and cell temperature. 

The correlation equation comes from the equation (50) (43). The 𝑅sh,STC coefficient 

is optimized by the correlation. Figure 42 demonstrate the irradiance tendency respectively for LM 

methods. 

 

 
Figure 44 𝑅sh tendency with irradiance using LM algorithm. 
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𝑅𝑠ℎ = 173 ∗  

𝐺

𝐺𝑆𝑇𝐶
 Equation 60 

 

 

The red dots represent the 𝑅sh values from the LM optimization (i.e., experimental) 

whereas the blue line indicates the trend of the correlation in equation (60). The plot demonstrates 

the tendency of the shunt resistance, and the goodness of the correlation is verified by the NRMSE 

value of 18.31%. 

The list correlation coefficients are reported in Table 

Correlation coefficients Levenberg-Marquardt (LM) method 

𝐼ph,STC (A) 8.64 

𝐼O, STC (A) 8.90*10-9 

a (-) 0.781 

b (W-2 ⋅ m2) -0.000258 

c (C-1) 0.00210 

𝑅S, STC (Ω) 0.186 

𝜆𝑅s (-) -0.145 

𝑅sh,STC (Ω) 173 
Table 4 Correlation coefficients for the Kyocera KD 135GH- 2PU module. 

Lastly the analysis on the results of the correlation includes in redrawing the experimental 

I-V curve with the found correlations. Figure 45 shows the seven experimental I-V curves with the 

respective approximations found with the correlations. 



 Hafsa Siddiqi   

 

74 

Academic year 2020/2021 

 

Figure 45 I-V curves experimentally measured (dots) and trend estimated with the LM method.  

10.5 Power Validation and Energy Computation Results 
The maximum power experimental data are compared to the maximum power estimated 

data from the two models (i.e., LM, and Osterwald). This comparison can be representing the 

Figure 46 that shows the shape of the power during a day. In particular, the LM method presents 

a NRMSE value of 4.98% for that day. On the other hand, the Osterwald method overestimates 

even more the experimental data. In this case, the NRMSE value is 9.69%.). In summary, the use 

of the proposed correlation method leads to a reduction of the NRMSE, compared to the Osterwald 

method. 
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Figure 46 Comparison of power estimation for a sunny day. 

A set of 195 curves of data is obtained with the LM algorithm, while the largest error on the MPP 

with LM dataset coincide with error on energy. 
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Chapter 11: Conclusions  
The operation of Photovoltaic (PV) generators can be expressed by an equivalent circuit 

with a variable number of parameters, which are, normally, assumed to be constant. Though, the 

knowledge of their dependence with respect to irradiance and cell temperature permits to foresee 

the produced power of photovoltaic arrays in any weather condition. The experimental work for 

this work is done in Universidad de Jaén, Spain. 

For this thesis a Graphical User interface (GUI) is developed in MATLAB to allow the 

wide analysis of a huge dataset of experimental data. Specifically, the tool permits to execute four 

operations: the preprocessing of the dataset; the extraction of the circuit parameters; the 

identification of equations, aiming at describing the dependence of each parameter with respect to 

irradiance and cell temperature, and the comparison between experimental energy can be predicted 

by various methods. 

 The GUI is used for a multi crystalline silicon module of Kyocera KD 135GH- 2PU with 

rated power of 135W. For this module,196 I-V curves are chosen for the parameter’s extraction. 

The eliminated data are omitted due to different reasons such as the measurement errors and the 

mismatch conditions. The photovoltaic module performance is shown by the single diode model, 

with an equivalent circuit comprising of five parameters. After that, the extraction procedure is 

performed using the Levenberg-Marquardt (LM) optimization method. 

Furthermore, two additional filters are applied to the results of the parameters extraction in 

order to exclude the parameters set leading to a high error in the Maximum Power Point (MPP). A 

set of 195 curves is obtained with the LM algorithm, while the largest error on the MPP with LM 

dataset coincide with error on energy. Starting from these datasets, the equations illustrating the 

dependence of each parameter with respect to irradiance and cell temperature are identified. The 

correlations show comparable results to the examined datasets. Concerning the necessary 

parameters, the photogenerated current and the series resistance present, respectively, a 

Normalized Root Mean Square Error (NRMSE) of 0.36% and 2.51% for both the datasets, while 

the NRMSE of the reverse saturation current ranges between 26.31% (LM). Lastly is a comparison 
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between the experimental energy and the predicted value with optimized equations is performed. 

Furthermore, the proposed correlations are compared to the Osterwalder Model (OM), which is 

the easiest and most common theoretical model used in literature to predict PV production. The 

results show that the LM equations predict PV energy with the lowest error, providing a deviation 

from experimental data of 4.98%, while the OM results exhibit, respectively, an error of 9.69%. 

In summary, the use of the proposed correlation method leads to a reduction of the NRMSE, 

compared to the Osterwald method. 
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13. Appendix 
Annex A: Technical datasheet of measurement 

equipment 
A.1 Technical datasheet Agilent 34411A Multimeters 
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A.2 Technical datasheet Agilent 34970A Datalogger 
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A.3 Technical datasheet Agilent 34901A 20-Channel General 

Purpose Multiplexer 
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A.5 Technical datasheet Kipp and Zonnen CMP11 Pyranometer 
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A.6 Technical datasheet Kipp and Zonnen CHP1 Pyrheliometer 
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A.7 Technical datasheet Eko MS-700 Spectroradiometer 
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A.8 Technical datasheet Tri-band Spectro- Heliometer IES-UPM 

ICU-3J24 
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A.9 Technical datasheet Young 05305VM anemometer 

 

 

 



 Hafsa Siddiqi   

 

93 

Academic year 2020/2021 

A.10 Technical datasheet Young 41382VC Relative Humidity 

and Temperature Probe 
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Annex B 
B.1 Datasheet of Kyocera KD 135GH- 2PU module 
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