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Abstract

Partial shading in photovoltaic (PV) systems is an inevitable issue that significantly
deteriorates their performance. This thesis presents a detailed experimental and
theoretical study on the characterisation of solar cells and PV modules under partial
shading. The primary focus of this research was to improve accuracy of modelling
partially shaded PV modules without the need to include the avalanche breakdown term
in the model. The research started by designing an equivalent circuit parameters
extraction technique for solar cells and modules, which was used in the investigations of
this study. The technique is based on adding a simple iterative process to an analytical
method from the literature to optimise the selection of points used to calculate the slopes
on current-voltage (I-V) curves. This resulted in an accurate technique with a mean
absolute percentage error (MAPE) between calculated and experimental data of less than
2% for all 1-V curves presented in this thesis. In addition, the technique showed a good
repeatability of the parameters using the experimental set-up of this research. The relative
standard deviations (RSDs) of the parameters extracted from four 1-V curves measured
in sequence were less than £3%.

This technique was then used in investigating the variations of a mono-crystalline (mono-
Si) solar cell parameters with shading. In addition, the effect of partial shading on the
parameters was compared with that of reducing the irradiance uniformly on the cell area,
where both effects were found to be nearly identical. The MAPE between I-V curves of
partial shading and those of reducing the irradiance did not exceed 1% in two investigated
cases. This investigation has confirmed that it is reasonably correct to enter opaque partial
shading impact in PV models as a parameter that corresponds to reducing the irradiance
uniformly over the whole cell area. Then, the variations of the equivalent circuit
parameters with shading were entered in models for a single cell and a PV module to
assess whether considering those variations will lead to any improvement in modelling
accuracy. The results revealed that the single cell model did not exhibit an appreciable
improvement in accuracy. By contrast, the PV module model showed a noticeable
improvement at a region on the 1-V and power-voltage (P-V) characteristics at which the
shaded cell is working in the reverse bias. The parameter responsible for this
improvement in accuracy was identified from a systematic study and found to be the shunt
resistance (Rsh). Hence, it has been proposed to account for the variations with shading of
only the photo-generated current (Ipn) and Rsn when modelling partially shaded PV
modules. The great advantage of this approach is that it provides an accurate modelling
of the reverse bias region without the need to include the avalanche breakdown term in
the model.

Subsequently, this research focused on the response of a mono-Si PV module when
individual solar cells were partially shaded. It was found that there is a correlation
between the shape of 1-V characteristics under partial shading and broken contact fingers
of solar cells. Different experiments, including electroluminescence (EL) imaging, were
carried-out to validate this correlation. The correlation reported in this thesis has proved
the feasibility of a concept of detecting broken contact fingers in PV modules from
measurements of I-V curves with individual cell partial shading under day light.
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Chapter 1

Chapter 1: Introduction

1.1. Background to Renewable Energy and Photovoltaics

Over the past few decades, the worldwide energy demand has increased rapidly mainly
due to the continuous increase in population and the standard of living. Despite the
harmful impact of fossil fuels, namely oil, gas, and coal, they are still the major
contributors to the produced energy [1]. Greenhouse effect and carbon dioxide (CO2) gas
emissions constitute a major concern about the proceeded use of fossil fuels in the future.
In addition, the limited expected lifetime of fossil fuels and the resulted high cost add
another reason for human to look for sustainable, unlimited, and inexhaustible energy
resources. Renewable energy resources include hydro power, wind energy, biomass, tidal
power, wave power, geothermal power and solar energy [1], [2].

Solar energy is the primary energy supply for nearly all sources of renewable energy.
Wind energy develops from wind movement, which is mostly created because of solar
radiation. Hydro power is realised from the fact of water condensation due to sun energy
and then it rains down. Biomass growth is conditioned by photosynthesis, which is mainly
caused by sunlight. In addition, solar radiation is directly used for heat energy generation
by thermal collectors, for electricity generation from heat by solar thermal power stations

and for electricity generation by photovoltaic (PV) systems [1].

In order to meet the accelerated electricity demand, electricity generation has been
increasing significantly. According to a recent report from the International Energy
Agency (IEA) [3], renewables are soon expected to have the largest growth in the
electricity sector. In a five-year-period from 2022 to 2027, it is projected that renewable
energy electricity capacity will grow by almost 85% compared to the previous five years.
This implies that renewables are expected to contribute by about 40% to the total global
generated electricity in 2027. China, Europe, United States, and India are expected to be
the main contributors to this five-year projected expansion. Furthermore, nearly 60% of

this expansion is anticipated to come from PV systems alone [3].

PV systems convert sunlight into electricity in an environmental-friendly way without

any emissions. Over the past few decades, the use of PV technology as an alternative
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electricity generator to fossil fuels has increased rapidly. Started from powering only
space satellites in the 1950s, nowadays, the applications of PV technology vary from off-
grid applications to small grid-connected applications, and even to utility scale
applications [1]. The large utility scale installations of PV have become the preferred
option in many countries when adding a new electricity capacity due to the high cost of
gas [3]. According to the Trends in Photovoltaic Applications 2022 report from IEA [4],
the global cumulative installed PV capacity increased from 71 GW in 2011 to about
945.4 GW by the end of 2021. In 2021 alone, a minimum capacity of about 173.5 GW
was added. Figure 1.1 depicts the evolution of PV cumulative installed capacity from
2011 to 2021 [4]. The total cumulative capacity includes installations of countries
registered with the IEA as well as installations of other countries. An up-ward trend in
the global installed PV capacity is clear from Figure 1.1 demonstrating the great interest

in using PV technology.
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Figure 1.1. The growth in PV cumulative capacity from 2011 to 2021 (Adapted from [4]).

1.2. Research Motivation

PV systems have many advantages that make them a great candidate for the future
sustainable electrical energy source. First, PV technology does not require any kind of
fuel and it needs only sunlight, which is available everywhere in the globe. Second, as
the installed capacity has increased over the years, the cost has decreased due to the
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reduced manufacturing cost [1]. Third, the modularity feature of PV systems makes them
suitable for applications ranging from milliwatt to megawatt range [2]. Despite, all these
advantages, there are issues that face PV systems and are difficult to avoid, such as partial

shading and broken solar cells’ contact fingers.

Partial shading occurs when light reaching a PV generator is blocked or reduced by
nearby objects, such as clouds, buildings, trees, chimneys and so on [1], [2], especially
when the PV generators are installed in an urban environment [5]. Partial shading can
also result from the structure of the PV system itself, such as shading from nearby PV
arrays [1], [5], sun trackers or power overhead lines [6]. Partial shading significantly
deteriorates the performance of PV systems as it causes a large amount of power loss.
The degree of shading impact depends on various factors: such as the PV system size,
configuration, and shading scenario [7]. It was shown experimentally in [7] that shading
only half of a single solar cell in a commercial crystalline silicon (crystalline-Si) PV
module, that has 60 cells connected in series, causes a power loss of about 31%.
Furthermore, partial shading causes the shaded solar cells to be reverse biased and act as
a load dissipating power instead of producing it [2]. Consequently, the shaded cells may
heat up significantly and cause hot spots. If the PV system is not properly protected, hot
spots may destroy the shaded cell and even the entire PV module [1], [8]. In addition,
partial shading in PV systems may also make it difficult for maximum power point
tracking (MPPT) techniques to find the maximum power point (MPP) due to the
appearance of more than one MPP in the output power-voltage (P-V) characteristics of
the system [5].

The large impact of this phenomenon on the performance of PV systems makes it
necessary to study its influence in a great detail. Modelling and characterisation of PV
systems under partial shading is essential to understand their electrical response, which is
required in installation site planning, study their energy yield [5] and evaluation of
different MPPT techniques [9]. Modelling of partial shading impact is also useful in
proposing new solutions, such as MPPT techniques [10] and hot spots detection
techniques [11]. Although partial shading modelling and analysis has been a major field
of research since the 1980s [12], there are still topics that are open to further research and

investigations, which include but not limited to improvement of modelling accuracy and
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critical analysis of the current-voltage (I-V) characteristics of partially shaded PV
modules for possible detection of solar cells faults.

As a single solar cell constitutes the basic building block in any PV system [1], the most
accurate and informative modelling starts from the cell level [5]. However, it has been
found from the literature that when accurate modelling of partially shaded PV systems is
desired, an avalanche breakdown term is usually added to the model equation, thereby
requiring the determination of more parameters, and adding more complexity. Thus,
investigating possible improvements in modelling accuracy of solar cells and modules
starting from the single cell stage without adding the avalanche breakdown term is the
primary focus of this research. Detailed systematic investigations on the variations of
solar cells equivalent circuit parameters with shading are essential in this work to identify

which parameter variation would improve modelling accuracy.

Broken solar cell contact fingers is another issue, which is caused by cell breakage or
creation of cracks that interrupt the contact fingers [13]. Broken contact fingers and cracks
are difficult to avoid as they could develop during solar cells soldering [14], and
lamination induced stress [15], PV modules handling and transportation [16]. They may
also appear during the lifetime of PV modules because of temperature cycling, wind and
snow loads [17]. In addition, in a study carried-out from PV installations in [17], it was

shown that 4.1% of the total examined solar cells suffer at least from one crack.

In [13], the authors compared the occurrence of different types of cracks by mechanical
load tests according to the IEC 61215 standards [18]. The results revealed that 50% of the
occurred cracks are parallel to the cells’ busbar, which is the type that leads to broken
contact fingers. In addition, broken contact fingers make parts of a solar cell electrically
disconnected and hence causing high power loss and hot spots [19]. Thus, detecting them
in an early stage could save power and cost. In this research, observations of the I-V
characteristics of PV modules when individual cells are partially shaded has signified the
feasibility of usefully using partial shading to detect solar cells’ broken contact fingers.
Thereby eliminating the need for complex imaging techniques when it is required to
detect them under day light. This research focused on this type of cell damage as it is the

only type of cracking that causes significant power loss [19].
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All experimental investigations, modelling and analysis in this research are dedicated to
mono-crystalline silicon (mono-Si) PV technology as it has dominated the PV market in
the last few years due to its high efficiency compared with the poly-crystalline (poly-Si)
counterpart [4]. This is, however, except for only one amorphous silicon (a-Si) PV
module used in Chapter 4 for validation of a developed equivalent circuit parameters

extraction technique.

1.3. Aim and Objectives

The main aim of this research is to improve modelling accuracy of PV modules under
partial shading when starting from a single solar cell model. This has been accomplished
by detailed systematic characterisation of solar cells under partial shading and
considering their parameters variations with shading when modelling solar cells and
modules. In addition, this project aims to find a correlation between the 1-V characteristics
of PV modules under single cell partial shading and broken contact fingers of solar cells,
and thus proving the feasibility of a concept for detection of broken contact fingers from
I-V curve measurements under day light. The main objectives of this research are thus

summarised in the following:

= Develop a complete solar cells and modules characterisation experimental set-up
and calibration of the light source that is used to simulate sun light.

= Prepare and test solar cells and modules samples that are used in the experimental
investigations of this research.

= Develop an accurate equivalent circuit parameters extraction technique for solar
cells. This technique is to be used for other investigations in this research that
require the determination of those parameters.

= Experimentally investigate partial shading effect on solar cells equivalent circuit
parameters and performance parameters and develop equations that describe the
variations of equivalent circuit parameters with shading.

= Compare the influences of partial shading and irradiance reduction on solar cells
equivalent circuit parameters and performance parameters.

= Build a mathematical model for solar cells and PV modules under partial shading
in MATLAB using a procedure from the literature, but taking into account the

variations of single cell equivalent circuit parameters with shading.
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Investigate any possible improvements in modelling accuracy of solar cells and
modules gained by taking into account the variations of single cell equivalent
circuit parameters with shading in the models.

Optimise the PV module model accuracy by taking into account the variation of
every parameter with shading separately. Then, determine the parameter that
needs to be considered variable with shading in the model for accurate modelling.
Investigate the I-V characteristics’ behaviour of PV modules when individual
cells are partially shaded. Subsequently, correlate an obtained I-V characteristics’
convex shape with broken contact fingers using microscopic imaging.

Validate the correlation between broken contact fingers and the 1-V characteristics
of the PV module under partial shading by investigating a single cell’s behaviour
with broken contact fingers, by electroluminescence (EL) imaging and by using

another PV module assembled in the laboratory.

1.4. Thesis Contributions

The work reported in this thesis has made the following contributions to knowledge:

Developing a procedure to select suitable points on I-V curves used to calculate
the slopes for analytical calculation of equivalent circuit parameters of solar cells.
Experimentally investigating the influence of partial shading on the equivalent
circuit parameters and main performance parameters of solar cells.
Experimentally comparing the effects of partial shading and the corresponding
irradiance reduction on solar cells’ equivalent circuit parameters and main
performance parameters. This work has confirmed that it is acceptable to
incorporate partial shading in a model of solar cells as its corresponding irradiance
reduction value.

Incorporating the variations of single cell equivalent circuit parameters with
shading in the models of a single cell and a PV module. Subsequently assessing
modelling accuracy improvement of the single cell and the PV module when
considering the variations of the parameters and identifying which parameter
leads to accuracy improvement.

Experimentally investigating and validating the correlation between broken
contact fingers and the 1-V characteristics of a PV module under single cell partial
shading. This work has confirmed that a solar cell with broken contact fingers can
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be identified through I-V characteristics of a PV module under partial shading of
this cell. As a result, this work has demonstrated the possibility of detecting

broken contact fingers from I-V characteristics of PV modules under day light.

1.5. Thesis Structure

This thesis has been written to comprehensively illustrate the work carried-out in this
research project, which covers detailed experimental and theoretical investigations on
solar cells and modules working under partial shading conditions. The outline of this

thesis is divided into several chapters as follows:

Chapter 1: This chapter provides a brief background to renewable energy and PV
technology alongside with their contribution to the worldwide electricity demand and the
evolution of the installed PV capacity over the past few years. Moreover, the main
motivation of this research alongside with its aim, objectives and contributions are

presented.

Chapter 2: This chapter gives a comprehensive literature review about the research topic.
It starts by a general background to solar energy and solar cells principle of operation
followed by PV systems typical configurations and different solar cells’ technologies.
Subsequently, different models of PV systems are presented alongside with the output
characteristics and the effect of irradiance and temperature variations. After that, the
equivalent circuit parameters are explained with a literature survey of their extraction
techniques focusing on their advantages and disadvantages. Then, partial shading impacts
are presented in addition to its modelling techniques in the literature highlighting their
main limitations. Finally, broken contact fingers of solar cells are discussed, again with a
brief literature survey of the current detection techniques.

Chapter 3: This chapter presents the experimental techniques used in this research. A
detailed description of laboratory equipment and their calibration is given. In addition,
solar cells, modules and their test rig preparations are explained in detail. Testing and
repeatability error analysis of laboratory equipment is also discussed. Fabrication of
Three Dimensional (3D) printed shading objects is presented followed by thermal and EL

imaging set-up illustrations.
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Chapter 4: In this chapter, the developed equivalent circuit parameters extraction
technique is illustrated. This technique is based on adding a simple iterative process to an
existing analytical method, thereby making it more accurate. Experimental validation of
the technique’s accuracy is presented using two types of PV technology. A comparison
with other methods from the literature is also presented followed by assessing the
technique’s repeatability and capability of detecting variations in parameters caused by

different experimental conditions.

Chapter 5: This chapter provides an experimental investigation of the shading effect on
solar cells’ equivalent circuit parameters and performance parameters. Shading effect is
then compared with irradiance reduction effect on all parameters. Models are then
presented for partially shaded solar cells and modules, accounting for the single cell
equivalent circuit parameters variations with shading. The PV module model accuracy
optimisation is subsequently presented, which involves individually including each
parameter variation with shading in the model. Finally, the parameter that mostly improve
the model accuracy when it changes with shading is identified alongside with

experimental validations.

Chapter 6: This part of the thesis deals with observations made from 1-V curves of PV
modules when individual cells are shaded. A correlation between partial shading
characteristics of PV modules and broken contact fingers is then presented followed by
validations using single cell investigations, thermal imaging, EL imaging and another PV

module.

Chapter 7: This last chapter privides conclusions drawn from this reseach and
summurises all key findings. It also presents future research recommendations to further

explore the research topics.
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Chapter 2: Literature Review

2.1. Introduction

Our world has become alerted about the environmental impact of emissions resulting
from energy generation using fossil fuels. Using renewable energy resources has been a
promising solution for a few decades. Energy from the sun is unlimited and available to
use everywhere in the world [1]. The sun is a huge fusion reactor that generates a massive
amount of heat energy. The amount of solar energy received by the earth in one hour is
enough to meet its energy demand for a year [20]. Furthermore, the total amount of energy
continuously radiated by the sun is as high as 3.845 x 10%® W [1], [2]. As explained in
Section 1.1, harvesting sun light by photovoltaics for electricity generation has evolved
rapidly. This also can be noticed from the diversity and large quantity of published

research in the literature dealing with different aspects of this technology.

This chapter provides an overview of PV technology starting by its history, solar cells
operation and technologies. Then, solar cells characteristics and modelling are discussed
with a focus on the equivalent circuit parameters and their calculation techniques.
Subsequently, modelling of PV systems under partial shading is covered in a great detail
highlighting the main limitations in the available modelling methods. After that, broken
contact fingers of solar cells are discussed focusing on their effect and a brief overview
of their detection techniques. Finally, a summary section is provided, which highlights
the shortcomings and research gaps in the reviewed literature that will be explored and

investigated in this research.

2.2. Photovoltaics History

The term photovoltaic effect refers to the process of converting photons of light into
electricity. This effect was initially discovered by the French physicist Edmond Becquerel
in 1839. Later in 1877, the photovoltaic effect in a solid substance, which is selenium,
was observed and examined by William Adams and Richard Day. Then, in 1883, Charles
Edgar Fritts developed the first solar cells that looked similar to today’s cells by covering
a thin wafer of selenium with a thin gold layer. These cells showed an efficiency of less
than 1% [1], [21].
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The first high-efficiency modern solar cell was invented in 1954 at the Bell Laboratories
in the USA by Chapin, Fuller and Pearson. These scientists produced a doped silicon solar
cell that showed an efficiency of 6% based on the fundamental theory of the p-n junction
presented by William B. Shockley. After this invention, solar cells were first used in a
practical application in 1958, where they were utilised in space satellite applications [1],
[21]. The use of photovoltaics in terrestrial applications started to gain interest in the
1970s. It was further increased and came into practice in the 1980s and 1990s [1]. Since

then, there has been a sharp upward trend in installing new PV capacity [1], [4].

2.3. Solar Cells Principle of Operation

Most of the commercially available PV systems use crystalline silicon (crystalline-Si)
solar cells. A silicon solar cell is basically a mono-crystalline (mono-Si) or a poly-
crystalline (poly-Si) silicon p-n junction [1], [2], [20]. The p-type semi-conductor is
created by doping silicon with Boron and it is called the base, whereas the n-type semi-
conductor is created by doping silicon with Phosphorus and it is called the emitter. When
the p and n-type semi-conductors meet by a specific manufacturing process, the p-n
junction is formed. Subsequently, anti-reflective coating is applied to the front surface of
the cell and finally, electrical contacts are provided for both front and rear sides to

establish the silicon solar cell [1] as shown in Figure 2.1.

The front contacts are basically small strips made of silver or aluminium, which are called
contact fingers [1], [2]. They collect the generated current and deliver it to the main
current collector (busbar). The back contact is usually made of a flat sheet of aluminium
with soldering surfaces made of silver to enable soldering the connection terminals to the
cell. When a load is connected to the solar cell, the generated current will flow out of it

[1]. Figure 2.1. shows the structure of a p-n junction solar cell connected to a load.

The principle of operation of a solar cell is also depicted in Figure 2.1. When there is an
incident light on the solar cell, every photon that is absorbed by the cell causes the creation
of an electron-hole pair. Subsequently, the generated electron-hole pairs are separated
because of the electric field in the so-called space charge region and forced to travel to
the contacts causing the electric current to flow. The electrons travel to the front contacts
through the emitter. Whereas the holes travel to the back contact through the base [1],
[20].
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Figure 2.1. The p-n junction solar cell and its operation. (Adapted from [1]).

2.4. Photovoltaic Cell, Module and Array

A single solar cell produces a very low amount of power, which is generally not enough
for most of the practical applications. Therefore, to provide a useful amount of power,
solar cells can be connected in series or parallel to create a PV module [20]. In the serially
connected solar cells, the output current equals to the current produced by a single cell.
The output voltage in this case equals to the sum of the voltages of the cells. The output
current of the parallel connected solar cells, on the other hand, equals to the sum of all
the cells’ currents, whereas the total output voltage equals to the voltage of one cell.
Typical PV modules consist of solar cells connected in series to give a high amount of
voltage. However, the module output current in this case equals to the current produced
by an individual cell [2]. In crystalline-Si PV modules, the integration of solar cells into
PV modules usually involves encapsulation of the cells between two layers of an adhesive
plastic called Ethyl-Vinyl-Acetate (EVA). A front glass sheet and a back foil sheet are
then placed before inserting the whole assembly in an aluminium frame to create the

complete rigid PV module [1].

PV modules can be also connected in series or parallel configurations to create a PV array.
Similar to the connection of solar cells, the PV modules may be connected in series to
increase the voltage and in parallel to increase the current. A series-parallel configuration

array is also possible to raise both the current and voltage [1]. Figure 2.2 shows a typical
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PV array consists of series-parallel connected PV modules, where each module consists

of a number of series-connected solar cells.

PV Module
PV Array
1
1

f

Solar Cell

-
I

1
LT T

Figure 2.2. Solar cell, module, and array configurations. (Drawn from illustrations in [1], [20]).

2.5. Solar Cells Technologies

Solar cells technologies can be classified into three main categories based on the material

involved in their production [22]:

= Silicon based solar cells.
= Non- silicon based solar cells.

= New solar cells concepts.

These categories are depicted in Figure 2.3 as a tree illustrating the different types of solar
cells under each category that will be explained in the subsequent sub-sections. The
evolution of best cell efficiency since 1976 according to the National Renewable Energy
Laboratory (NREL) [23] is given in Figure 2.4. As shown, there is an up-ward trend in
the efficiency of various technologies. Mono-Si solar cells for instance, had efficiencies
of only 13.9% in 1977. With the developments over the years, they reached 26% in 2019
[23].
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Figure 2.3. Types of solar cells technologies. (Adapted from [22], [24] with the addition of
multi-junction 111/V solar cells in the new concept category).

2.5.1. Silicon Based Solar Cells

Silicon solar cells represent the main technology in the PV market worldwide [4]. This
category of solar cells consists of mono-crystalline, poly-crystalline, ribbon poly-
crystalline and the thin film form of silicon, which is amorphous solar cells [22]. The first

mentioned three types are also referred to as the first-generation solar cells [24].

2.5.1.1. Mono-crystalline Solar Cells

This type of solar cells (mono-Si) is made from single crystal using a process called
Czochralski. The mono-crystalline ingot is formed by melting poly-silicon, which is made
from quartz sand. Then, a seed crystal is immersed into the melt. The silicon fluid is then
attached to the seed crystal and crystallised by slowly rotating the seed crystal out of the
melt. The process of manufacturing these solar cells requires more energy compared to
poly-crystalline silicon solar cells [1], [20]. Yet, they offer higher efficiency, which
reached a value of 26% recorded in 2019 according to NREL [23].
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Figure 2.4. Efficiency evolution of different solar cell technologies [23].
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2.5.1.2. Poly-crystalline Solar Cells

Poly-crystalline (poly-Si) or multi-crystalline solar cells have a much simpler
manufacturing process than mono-Si at the cost of lower efficiency [20]. In this process,
poly-silicon is placed into a crucible made from graphite and then it is heated and melted.
Subsequently, the crucible is cooled from the bottom causing the formation of small
mono-crystals. Finally, when the whole melt is crystallised, the block is cut into small
cubes forming the poly-crystalline ingots. The efficiency of these solar cells is usually 2

— 3% lower than that of mono-Si solar cells [1].

2.5.1.3. Ribbon poly-crystalline Solar Cells

This type of silicon wafers is produced by extracting the wafers directly from the melt of
poly-silicon resulting in a thin sheets [1]. This process has the advantage of preventing
cutting losses [22]. However, the extracting speed of the sheet is very low in order to get

a high quality crystal [1].

2.5.1.4. Amorphous Solar Cells

This is the thin film form of silicon solar cells and they are produced by depositing silicon
by vapour deposition into a substrate material, such as glass. The main advantage of these
solar cells over mono-Si and poly-Si cells is that they are much thinner, which
significantly lowers the manufacturing effort and cost [2]. Nevertheless, their efficiency
is still significantly lower than that of crystalline-Si solar cells with a maximum value of
about 12% [23].

2.5.2. Non-silicon Based Solar Cells

This category includes thin film technologies which are not based on silicon in their
production and it is called the second-generation solar cells [24]. They include Cadmium
Telluride (CdTe), Copper Indium Selenide (CIS) and Copper Indium Gallium Selenide
(CIGS) Solar Cells.

2.5.2.1. Cadmium Telluride Solar Cells

The main advantage of the CdTe material is its bandgap of 1.45 eV, which is suitable for
PV applications [25], [26]. In addition, another advantage is its ability to be deposited by
different techniques resulting in a thin film with high quality. The conventional way of
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depositing this material is vacuum evaporation by heating the CdTe to a high temperature
and then its vapour is deposited on a relatively colder substrate placed in a vacuum vessel
[25]. To date, the maximum reported efficiency of these solar cells is around 22% [23].

However, tellurium is a scarce material and its worldwide availability is limited [1].

2.5.2.2. Copper Indium Selenide Solar Cells

CIS and CIGS are two different structures of this type of thin film solar cells with the
latter includes gallium. The CIGS solar cells have many advantages over the CIS, such
as an improved open circuit voltage. The elements of CIGS absorber are deposited at
different stages at a high temperature on a substrate [27]. The maximum reported
efficiency of CIGS solar cells to date is about 23.4% [23], which is considered the highest
efficiency among all thin film technologies. Yet, the scarcity of indium and its high cost

constitutes their main drawback [27].

2.5.3. New Solar Cell Concepts

There are new solar cell concepts that constitute the candidates for future solar cells and
are currently under research and investigations. They are also called the third-generation
solar cells [24]. The Dye Sensitised Solar Cells, which were introduced in the beginning
of 1990s, have an in-expensive and simple fabrication process [28] and hence have
attracted significant attention. Besides, they have reached an efficiency record of 13%
[23]. Their main drawback, however, is the low stability of natural dyes used in their
fabrication [29]. Similar solar cell concept is the Quantum Dot Solar Cells, which harness
guantum dot instead of the dye and they also have a low stability [30]. These cells
recorded an efficiency of 18.1% [23].

Another new concept is the Organic Solar Cells, which use polymer in their structure [1],
[31]. They have an easy and low-cost fabrication process [31], but they exhibit low
stability [24]. An efficiency value of 13.5% has been achieved from tandem organic cells.
Whereas other various types of organic cells have recorded an efficiency of 18.2% [23].
Perovskite Solar Cells have also gained significant interest in the recent years. They have
many merits, such as a low fabrication cost and a good light absorption [32], [33]. Their
efficiency has been rapidly increased over the past decade reaching a record of 25.7% in
2021 [23]. Nevertheless, the main challenges associated with those solar cells are

stability, degradation and toxicity of material [24].
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Besides the new solar cell concepts mentioned above, Multi-junction 1/ semi-
conductor stacked cells have attracted a great attention as very efficient devices to use in
some applications, for instance, in concentrator cells or space applications. In these
devices, several materials with different bandgaps are stacked to effectively utilise the
sun spectrum and achieve a high efficiency, but with a complex production. Expensive
materials, such as Gallium Arsenide (GaAs) is commonly used [1]. The single junction
GaAs solar cells with a thin film crystal recorded a maximum efficiency of 29.1% under
non-concentration. Whereas the triple junction stacked cells of different materials have
reached an efficiency of 39.46% under non-concentration [23]. Concentrated PV systems
Is to make use of lenses or mirrors to concentrate sun light then reflect it to the solar cell
in order to improve efficiency and reduce cells’ production cost. Parabolic mirrors and

Fresnel lenses are the two main concepts used for this purpose [1].

2.6. Solar Cell Modelling

Accurate and reliable modelling of PV systems is required in various PV applications. A
PV device (also called a PV generator), which could be a solar cell, PV module or an
array, is represented by an electrical equivalent circuit model in order to produce its output
characteristics [34]. Additionally, a single solar cell equivalent circuit model can be easily
adapted to model PV modules and arrays [35]. There are various equivalent circuit models
of a solar cell reported and studied in the literature with different degrees of accuracy and
complexity. These models are shown in Figure 2.5 and are briefly discussed in the

following sub-sections.
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Figure 2.5. Solar cell equivalent circuit models: (a) simplified model, (b) five-parameter model
and (c) double-diode model. (Adapted from [2]).

2.6.1. Simplified PV Model

The simplified model represents the solar cell by a current source, which represents the
photo-generated current (I,,,), connected in parallel with a p-n junction diode as depicted
in Figure 2.5 (a). The current through the diode (I;) is given by the Shockley diode
equation. The solar cell output current as a function of voltage is then obtained as [1],
[20], [36]-[38]:

I'=lyn— lg = Ipn — I (exp (Vt:n) - 1) 2.1)

where [ is the output current, V is the output voltage, I is the reverse saturation current
of the diode, n is the ideality factor of the diode and V,, is the thermal voltage calculated
from [1], [2], [20], [38]:

kT

where T is the cell temperature in Kelvin, k is Boltzmann constant (1.3806488 x 102
JIK) and q is the electron charge (1.60217657 x 107*° C). Solving Equation (2.1) yields

the 1-V characteristics of an ideal solar cell. Although this model is simple as it depends
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on an explicit equation, it provides only an approximate representation of the real solar
cells’ behaviour. The reason is that it does not account for the losses that occur in real

solar cells because of the parasitic series and shunt resistances [1], [2], [36].

2.6.2. Five-Parameter PV Model

The five-parameter model shown in Figure 2.5 (b) takes into account the effects of the
parasitic series and shunt resistances, which are neglected in the simplified model. These
resistances have a negative impact on the fill factor of solar cells [1], [38]. Therefore, the
five-parameter PV model represents the behaviour of solar cells more accurately, and thus
it is the most commonly used model by researchers as it provides an acceptable level of
accuracy with simplicity [37]. The I-V characteristics of a solar cell are obtained using the
five-parameter model by the following equation [1], [2], [35], [38]:

I'= Ly — I (exp (550) — 1) — B2 2.3)

Vipn Rsn

where the last term in the equation describes the current through the shunt resistance (Ig,).
R, and Ry, are the series and shunt resistances, respectively. The term IR + V represents
the voltage across the diode (V,;). The five parameters that need to be known in order to

solve this model equation are R, Ry, 1, Is and L.

It is important to mention that not only a solar cell can be modelled by Equation (2.3), but
a PV module can also be modelled by adapting the model to include the number of cells
connected in series [35], [37], [39], [40]:

I'= Iy — I (exp (25) — 1) — 22 (2.4)

Ng.Vipn Rgn

where N is the number of series-connected cells. Note that R, and R, in Equation (2.4)
are for a PV module and not a single cell. If the values are given for a single cell, then
they are also multiplied by the number of series-connected cells in the module.
Furthermore, L,, and I; of a module are the same as those for a single cell because of the
series connection [35]. Series connection of cells is mostly adopted in PV modules to raise
the voltage [2] as previously mentioned in Section 2.4.
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The equation of the five-parameter model contains the current at both sides and hence it
can only be solved using numerical methods, such as the Newton Raphson method [2],
[37].

2.6.3. Four-Parameter PV Model

The shunt resistance is sometimes neglected in the five-parameter model shown in Figure
2.5 (b) by assuming that it is infinite for the sake of simplicity. This results in the four-
parameter model given by [39], [41]:

I = L, — I (exp (M) - 1) (2.5)

Vth.n

This model is simpler than the five-parameter model. Nevertheless, it has been proved

experimentally in [39] that it is less accurate in modelling PV modules.

2.6.4. Double and Triple Diode PV Models

The double-diode model illustrated in Figure 2.5 (c) adds another diode in parallel to the
single diode five-parameter model to account for recombination in the space charge
region of solar cells resulting in the following equation [1], [2], [9], [42]:

I= Ly — Iy (exp (M) — 1) — I, (exp (M) — 1) — % (2.6)

Vinng Vinnz

where I;; and n; are respectively the reverse saturation current and diode ideality factor
of the first diode. Whereas I, and n, represent the reverse saturation current and diode
ideality factor of the second diode, respectively. This model is more accurate than the
five-parameter model at low irradiance levels [9], [42]. However, it increases the number
of parameters required to solve its equation to seven (due to the addition of I, and n,)
[9], [36], [42], which adds more complexity, although an ideality factors of 1 and 2 are

usually assumed respectively for n, and n, for simplicity [1], [2].

A triple-diode model was also proposed in [43] to consider other physical phenomenon
within mono-crystalline solar cells. However, both the double and triple-diode models
are not commonly used due their high complexity and high computational cost [44].

Hence, the remaining sections of this chapter and the work discussed in the subsequent
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chapters will focus on the five-parameter model as it is adequate for describing real solar
cells [1].

2.6.5. Solar Cell Characteristics and Effect of Irradiance and

Temperature

The behaviour of a PV device is illustrated by its I-V and P-V characteristics, which are
highly non-linear. For a typical mono-Si solar cell with an active area of 0.78 cm2 (1 cm
X 0.78 cm), the I-V and P-V characteristics are depicted in Figure 2.6. These
characteristics represent the solar cell behaviour at standard test conditions (STC) and
were obtained experimentally and shown here for the purpose of illustration. Details of
the experimental set-up and solar cell preparation will be covered in Chapter 3. STC in
PV systems refers to the meteorological conditions at which the information in the data
sheet is provided. These conditions are an irradiance of 1000 W/m?, a PV device
temperature of 25 °C and air mass (AM) 1.5 spectrum [34]. Three important points are
labelled in Figure 2.6, namely, short circuit current (I.), open circuit voltage (V,.) and

maximum power point (MPP).
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Figure 2.6. I-V and P-V characteristics of a typical solar cell at STC.

The I, is the maximum current that the cell can deliver when its terminals are short-
circuited and hence the voltage equals to zero [1], [2]. It can be calculated from Equation

(2.3) at the short circuit condition (setting V = 0) as shown in [34], [36]. The I, is usually
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assumed to be equal to the photo-generated current (I,,,) [2], [37], which will be explained
later in Section 2.7.5. If the I, value at STC is given, then the effects of irradiance and
temperature variations on it are the same as those on the photo-generated current
represented by [34], [41]:

Iy = (Isc,ref + KISC(T - Tref))( ¢ ) (2-7)

Gref

where I, . is the short circuit current at STC, T and T, are the operational and STC
temperatures, respectively. G and G, are the operational and STC irradiance intensities,

respectively and K, is the temperature coefficient of the short circuit current.

The V, ., on the other hand, is obtained when the cell’s terminal are open-circuited and the
current equals to zero [1], [2]. While an expression for V,. at any operational condition
can be obtained by solving Equation (2.3) (setting I = 0) as shown in [34], [36], it is

usually obtained from solving Equation (2.1) of the simplified model results in [1], [38]:

Vo = Ve ln (IT +1) (2.8)

The V,. change with irradiation and temperature can be expressed by the following
equation presented in [39], [45]:

G
Voo = Voerer + (Vth.n. In (@ﬁ)) + Kyoc(T — Tres) (2.9)

where V. »f is the open circuit voltage at STC and Ky, is the temperature coefficient of

the open circuit voltage.

Under any operating condition, there is a unique operating point at which a PV device
delivers its maximum possible power and it is referred to as Maximum Power Point
(MPP). Practical PV generators operating point does not necessarily coincide with the
MPP, but it is determined by the electrical characteristics of the load [34], [40]. The
characteristics resistance at the MPP (also called the load matching resistance) represents
the load resistance at the MPP (resistive load), which is used by MPP trackers to detect
the MPP [34]. It can be calculated for a by simply using Ohm’s law from:

Ry, = 22 (2.10)

Imp
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where V,,,,, and L, are the voltage and current at the MPP, respectively.

The fill factor (FF) of a solar cell is an estimation of its quality and it is given by [1], [2],
[38]:
FF — Vmplmp — Pmax (2.11)

VOCISC VOCISC

where P, IS the power at the MPP. As the FF becomes closer to unity, the quality

of the solar cell becomes higher [38].

Another important aspect in determining the performance of real solar cells is the
efficiency, which can be determined considering the solar cell active area (4,) from [1],
[2], [34]:

Efficiency = LseVoel P _ Pmax (2.12)

G.Aq G.Aq

The above-mentioned parameters, namely P,.», Isc, Voe, FF and efficiency, constitute the
main parameters of a PV device that indicate its performance. In this thesis, besides R,
they will be called the performance parameters in order not to be confused with the

equivalent circuit parameters that will be presented in the next section.

The characteristics of a solar cell vary with the irradiance and operational temperature as
shown respectively in Figures 2.7 and 2.8, which were obtained experimentally from a
0.78 cm? active area mono-Si solar cell and shown here for the purpose of illustration. The
effect of irradiance on a solar cell can be demonstrated by plotting the electrical
characteristics under different irradiance levels and at a fixed cell temperature of 25 °C as
depicted in Figures 2.7 (a) and (b). As illustrated in the figures, the irradiance level
incident on a solar cell plays a vital role in determining its output characteristics. The I,
of the solar cell is nearly linearly proportional to the level of irradiance incident on it.
Moreover, the increase of irradiance level causes a logarithmic rise in the V.. Thus, Py,

of a PV device increases as the incident irradiance level increases [34].

The cell’s temperature, on the other hand, has a different effect as shown in Figures 2.8
(@) and (b). When it increases, it causes a slight increase in the I, and a strong decline in
the V,.. Hence, P, and efficiency deteriorate with the increase in temperature because

the decay in V. is much more significant than the small increase in the I, [1], [2], [38].

23



Chapter 2

25

N
o
1

Current (mA)
=
[6;]
1

400 Wim?

=
o
1

0 —— T T T T 0 T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.3
Voltage (V) Voltage (V)
(a) (b)

Figure 2.7. The effect of irradiance variation on: (a) the I-V and (b) the P-V characteristics of a
solar cell.
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Figure 2.8. The effect of temperature variation on: (a) the I-V and (b) the P-V characteristics of
a solar cell.

2.7. Single Diode Model Five Parameters

As mentioned previously, the single diode five-parameter model of Equation (2.3), which

iIs commonly used by researchers, has five equivalent circuit parameters that need to be

determined to solve its equation. These parameters are the series resistance (R;), the shunt

resistance (Ry), the ideality factor (n), the reverse saturation current (/) and the photo-

generated current (I,,). However, this information is not usually provided in the

manufacturer’s data sheet of PV modules. The only data that can be obtained from a data

sheet includes the I, the V., the current at the MPP, the voltage at the MPP, the current

and voltage temperature coefficients (K;q. and Ky,.). In addition, this information is
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always provided only at STC [37]. The five parameters of the single diode model are
subsequently discussed in the next sub-sections.

2.7.1. Series Resistance

The series resistance (Ry) is an important parameter that indicates the operational health
of a PV module [46] as it affects the shape of the I-V curve near the MPP [40]. This
resistance represents the losses in the interface between the semi-conductor and cell metal
contacts in addition to the resistance of the contacts themselves [1], [37]. For a typical
mono-Si solar cell, the effect of increasing R, on its I-V curve is depicted in Figure 2.9.
These 1-V curves were obtained by solving Equation (2.3) for a set of five parameters

with changing the value of R..
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Figure 2.9. The effect of increasing the series resistance on the 1-V characteristics of a solar
cell. (The rest of the parameters used to plot the |-V characteristics are: shunt resistance = 687
Q, ideality factor = 2.06, reverse saturation current = 0.42 pA and photo-generated current =
24.4 mA).

It is clear that R has a significant impact on the maximum power and the fill factor. In
addition, its effect is more pronounced in the region between V/,. and MPP (also called
the voltage source region [37]). The change in R with irradiance and temperature is given
by the following expression [47]:
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Ry = Ryper o) <1 - ,an( 6 )) 2.13)

Gref

where g is approximately equal to 0.217 and R; .. is the series resistance value at STC.

2.7.2. Shunt Resistance

The shunt resistance (Rgy,) represents the leakage originates from any short circuit paths
exist in the p-n junction, especially near the solar cell edges [1], [38]. The Ry, value is
usually much larger than R [2] and hence some authors neglect it from the five-parameter
model, such as in [41]. Figure 2.10 illustrates the effect of reducing Ry, on the I-V curve

of a mono-Si solar cell determined form solving Equation (2.3) for different Ry, values.

25 4

N
o
|

Current (mA)
o
|

10 +

0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage (V)
Figure 2.10. The effect of reducing the shunt resistance on the I-V characteristics of a solar cell.
(The rest of the parameters used to plot the I-V characteristics are: series resistance = 0.34 Q,

ideality factor = 2.06, reverse saturation current = 0.42 pA and photo-generated current = 24.4
mA).

As shown in Figure 2.10, a clear distortion and reduction in the maximum power occur
due to the decrease in Ry,. The most affected part of the I-V curve is between I, and
MPP (also called the current source region [37]). The Ry, value is usually assumed

constant with temperature, whereas its change with irradiation is given by [40]:
Gref
Rgp = Rsh,refT (2.14)
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where Ry, e IS the shunt resistance value at STC.

2.7.3. Diode Ideality Factor

The ideality factor (n) is added to the model in order to better represent real solar cells
and its value is typically between 1 and 2 for crystalline-Si solar cells [1]. This parameter
Is empirical and it represents how close a solar cell’s diode to a real diode. In addition,
the effect of changing this parameter appears mainly in the curvature of the 1-V curve
[37]. In the literature, it is usually assumed independent of the change in irradiance and
temperature (e.g. [35], [47]).

2.7.4. Reverse Saturation Current

The reverse saturation current of the diode (/) affects the shape of a solar cell’s I-V curve
near the MPP [36]. This parameter increases when the cell temperature rises because of
the increase in the intrinsic carrier concentration. This causes a decline in the V,. when
the temperature rises [1]. A well-known equation governs the change of I; with
temperature is [34], [40], [48]:

3
T E 1 1
Is = Isyef {(_Tref) exp <7g (—Tref - ;))} (2.15)

where I, ..f is the saturation current at STC, E, is the bandgap of the material and it is

equal to 1.12 eV for silicon. The bandgap has a weak dependence on temperature

illustrated by the following equation for silicon solar cells [34], [40]:
E; = Egrer(1—0.0002677(T — Tyey)) (2.16)

where E .. is the material bandgap at STC.

2.7.5. Photo-generated Current

The photo-generated current (I,,) is generated from a solar cell when exposed to light. It
depends on how many photons a solar cell absorbs from the incident light and contribute
to the generation of electron-hole pairs and hence it is almost linearly proportional to the
irradiance [1]. In addition, it is nearly equal to I, [2], [37] as previously stated. The

effects of irradiance and temperature changes on I, are represented by [34], [41]:
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Iph = (]ph,ref + KISC(T - Tref)) (G:;ef> (2.17)

where L, .. is the photo-generated current at STC.

2.8. Parameters Extraction Methods

The problem of determining the parameters of the equivalent circuit of PV generators has
attracted significant attention among researchers since the 1960s [49], in which the early
attempts were published [50]. Over the past decades, many approaches have been
proposed with different levels of simplicity, accuracy and applicability. These approaches
can be mainly divided into four main categories: analytical methods, iterative methods,
iterative-numerical methods and evolutionary computing methods [51]. In this context,
analytical will be referred to the methods that only rely on explicit equations that are
solved directly. Iterative methods are the ones that need an iterative process, while
iterative-numerical methods are iterative techniques that depend on implicit equations,
which need a numerical solver, such as the Newton Raphson method. Generally, some
of the parameters extraction methods require only specific information usually provided
in the data sheet of the PV generator, such as the I, V,. and MPP, as in [36], [37]. Others,
however, require measurements of the complete I-V curve or part of it, as shown in some

methods evaluated in [49].

The methods that require measurements of the whole 1-V curve or part of it usually
depend on calculating the slopes at I and V,. points [49]. In the remainder of this section,
a brief outline of some approaches for selecting the proper location of points used to
calculate the slopes is presented. In addition, as the single diode five-parameter model is
the most commonly used model, a literature survey of some published methods of
extracting the parameters of this model is presented. Although most the reviewed
parameters extraction articles in this section present parameters extraction techniques in
addition to methods to translate them to any operational irradiance and temperature, the
main focus will be only on the techniques themselves. This is because parameters

extraction is one of the main objectives of this research.
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2.8.1. Calculating the Slopes of 1-V Curves’ Tangent Lines

The slopes of tangent lines on I-V curves at ;. and V. points are used to get initial values
of the shunt (Rg,o) and series (Ry,) resistances, respectively. An approximate value of
Ry, is obtained from the slope of the tangent line at I, whereas an approximate Ry, is

obtained from the slope of the tangent line at V,. [1], [49]:
AV
Rspo = AL U =Is) (2.18)

AV
Rso = T AL (V = V;)c) (2-19)

Figure 2.11 illustrates how Ry, and R, are obtained from an experimental I-V curve of
a mono-Si solar cell obtained during experimental investigations in this research, where
the points used for this purpose are labelled point-1, point-2, point-3 and point-4 [52].
Points 1 and 4 respectively represent the I,. and V,. points. Selecting proper locations
along the linear parts of the I-V curve for points 2 and 3 can greatly affect the solution of
a PV device parameters using extraction methods that depend on this data. In addition,
this effect is more pronounced when the 1-V curve has measurement noise or distortions
[49].
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Figure 2.11. Determination of the slopes of tangent lines at short circuit current and open circuit
voltage points.
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Authors in [53], [54] proposed analytical parameters extraction methods that require
experimental data of the 1-V curve. However, the suitable locations of points 2 and 3 were
not specified. Hence, parameters values obtained by these methods may vary depending
on the selection of these points due to measurement noise in experimental I-V curves [49].
Thus, the results may not represent the correct values when unsuitable points are selected.
However, studies in [47], [52], [55]-[57] claimed that the slopes can be obtained

empirically from data sheet information when I-V curve data is not available.

Bai et al. [47] proposed using the four model parameters (neglecting R,;,) to obtain the |-
V curve at STC as an initial step. Then, a piecewise curve fitting technique was used to
obtain the slopes at I, and V. based on the nearly linear shape of the I-V curve near these
two points. Two empirical equations were then derived to calculate Ry, and Ry, using
the four parameters and the data sheet information. Finally, the obtained values of R,
and Ry, Were used in an analytical approach to calculate the five parameters of the five-

parameter model.

Benghanem and Alamri [52] suggested that for crystalline-Si PV modules, the best
selection of point-2 to calculate Ry, is located at a current equals to 95% of I,.. Also,
they proposed that the best location of point-3 to determine Ry, is a current equal to 50%
of I,.. The best point-3 for Ry, was obtained by iteratively varying point-3 current and
then calculate the voltage and Ry, by solving Equations (2.5) and (2.19), respectively.
This process is continued for the current range from 0 to I, until the calculated resistance
matches the measured one obtained by an I-V curve tracer. The best point-2 for Ry, was
obtained in a similar fashion but using Equation (2.18) to calculate it. However, when
varying the current of point-3, its voltage was calculated by the four-parameter model
from Equation (2.5) (neglecting R;,). Hence, an inadequate value of Ry, may be obtained
because the four-parameter model is known to be less accurate than the five-parameter

model [39]. This also applies to Ry, calculation.

Orioli and Gangi [55] introduced two empirical expressions to calculate Ry, and Ry, of
crystalline-Si PV modules using only data sheet information. They developed these
expressions by calculating Ry, and Ry, from I-V curves of many PV modules using the
following criterion. To calculate Ry, point-2 that has a voltage of 20% of V. was used.
Likewise, to calculate Ry, point-3 that has a current of 20% of I, was used. The yielded

expressions of Ry, and Ry, are respectively given by [55]:
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Rono = 34.49692 1 (2.20)
Rgo = 011175 (2.21)

Similar approach to the work of [55] was proposed by Mares et al. [56], who also
introduced two empirical equations to calculate Ry, and Ry, from data sheet information
and then used them to numerically calculate the five parameters. The procedure used to
develop these equations is based on using many points on the I-V curve to determine R,
and Ry, and then selecting the best pair that provides the best fit with manufacturer issued
I-V curves when the five parameters are calculated. Nevertheless, it was not indicated in
[56] whether all possible pairs of points 2 and 3 to calculate Ry, and Ry, were utilised
or which range of points on the I-V curve were used. In addition, the procedure used to
index the pairs in the iteration process was not shown (indexing points’ pairs for Ry, and

Ry, calculation will be covered in detail in Chapter 4).

A very similar approach was presented by Senturk and Eke [57], who also introduced two
empirical equations to obtain R, and R, from data sheet information and then used
them explicitly to extract the five parameters. R, was estimated directly from the slope
between I,. and MPP points. The procedure followed to obtain the empirical equation of
R, was by means of I-V curve digitising. First, a digitising software was used to obtain
the actual Ry, from the slope of crystalline-Si PV modules’ I-V curves published in their
data sheets using Equation (2.19). Second, another approximated value of Ry, was
estimated from the slope between V,. and MPP points mentioned in the data sheet
(without using the I-V curve). Subsequently, those two values were correlated, and it was
found that the latter is higher than the former by about two orders of magnitude. Finally,
R, equation was derived by calculating the slope between V. and MPP points and then
dividing it by 2.

However, all of the above methods, that suggest specific points’ locations to determine
the slopes [52], [55] or use empirical approximations [47], [55]-[57], might not be
applicable to PV technologies with different fill factor or to 1-V curves that contain
measurement noise. In other words, selecting specific points for a particular I-V curve
might not provide an accurate solution for another curve that has a different shape as the
solution is greatly affected by these initial values [56]. Furthermore, these techniques can

be useful only when experimental 1-V curve data is not available. Even if experimental
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data is handy, it is still a challenging task to select the locations of these points that provide
accurate parameters [49]. This task will be dealt with in the work presented in Chapter 4.

2.8.2. Analytical Methods

The analytical parameters extraction methods in general rely on a number of
simplifications and empirical assumptions in deriving explicit equations from the main
model Equation (2.3). These explicit equations do not require iterations or a numerical
solver for their solution. Compared to other techniques, analytical methods do not have
convergence issues thanks to their simplicity. Yet, they suffer from low accuracy due to

their direct solution and absence of any optimisation [51].

Phang et al. [53] proposed an analytical method that was tested and verified
experimentally in [39], [45]. The five parameters of an illuminated I-V curve are extracted
at a particular irradiance and temperature from analytical expressions based on
calculating Rg,o and Ry, using the slopes at I, and V,. points, respectively. These
analytical expressions were derived based on some simplifications of Equation (2.3) when
this equation is extrapolated into the three main points on the I-V curve, namely, I, V,.
and MPP. The equations of the analytical method proposed in [53] will be presented in
Chapter 4. Similar analytical expressions that depend on Ry, and Ry, were proposed in
[47], [54], [57]. Once the slopes are estimated, the five parameters are analytically
extracted, hindering the need for an iterative or numerical solvers. Some authors
introduced analytical techniques that require only R, [58], [59], although the method of
[59] needs also other three points from I-V curve data to explicitly determine the five

parameters.

There are also analytical methods that do not require the slopes. Saleem and Karmalkar
in [60] proposed an analytical method that requires only two points on the 1-V curve in
addition to I, and V,. points, which are provided in the data sheet. In this work, the five-
parameter model Equation (2.3) was transformed to a power law model and the five

parameters are extracted using two auxiliary parameters found from the above four points.

Another method that requires only data sheet information and does not need the slopes
was introduced by Batzelis and Papathanassiou [61]. The temperature coefficients of the

short circuit current and open circuit voltage, which are commonly given in the data sheet,
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were used to introduce a new coefficient evaluated at STC. This coefficient is then used
to solve for the five parameters analytically.

Analytical parameters extraction by using the explicit form of the five-parameter
Equation (2.3) incorporating the Lambert W-function was first proposed by Jain and
Kapoor [62]. The current can be expressed in terms of voltage in an explicit form and
thus hindering the need for numerical solvers. In addition, this method features
determining the parameters using the exact solution as shown by [63] without the need
for simplifications of Equation (2.3) used in other methods, such as the methods in [47],
[53], [54]. Some other authors, however, made further simplifications to the approach of
using the Lambert W-function by expressing only Ry [64] and both R, R, [65] using
this function. The rest of the parameters are explicitly calculated using simplifications of
Equation (2.3) in a similar fashion to the works of [47], [53], [54].

Ortiz-Conde et al. [63] transformed the Lambert W-function analytical form of Equation
(2.3) to a co-content function with five coefficients. These coefficients are then obtained
from an experimental 1-V curve by bi-dimensional fitting and then used explicitly to
calculate the five parameters of the solar cell. However, this method is not a
straightforward analytical method because of the need to the bi-dimensional fitting to

experimental 1-V curve to obtain the coefficients of the co-content function.

Besides using solely the analytical methods, in some works, the analytical solution of the
five parameters was utilised as initial guesses for other advanced algorithms to insure
convergence [66]-[69]. The method presented in [66] uses the Lambert W-function to
explicitly estimate initial values of parameters and then enhances the solution using a
polynomial curve fitting, which fits the theoretical I1-V curve with the experimental one.
In [67], approximate values of the parameters are extracted analytically using data sheet
information after a set of assumptions and approximations. Then, they are used as initial
guesses for the Newton Raphson method. In addition, the analytical solutions of
parameters were used as initial values for the numerical Levenberg-Marquardt algorithm
in [68] and for least-square curve fitting in Microsoft Excel in [69]. In [70], a quasi-
explicit technique is presented in which the parameters are explicitly extracted using four
arbitrary points on the I-V curve, in addition to numerically solving one fifth-degree

polynomial equation.
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2.8.3. Iterative and lterative-Numerical Methods

These methods rely, in general, on solving a set of non-linear equations using an iterative
process with a numerical solver as in [71] or using an iterative process only as in [72],
[73]. The equations are usually derived by extrapolating Equation (2.3) to the three main
points on the I-V curve. In general, these techniques are more accurate than the analytical
techniques, but at the cost of higher complexity and computational burden [61]. Further,
convergence errors will be present if initial parameters’ values for the solution are not
properly selected [56], [68], [72].

In order to calculate the five parameters from the data sheet information, De Soto et al.
[40] used a numerical solver called Engineering Equation Solver to solve a system of non-
linear equations obtained from applying the conditions of I, V,. and MPP to Equation
(2.4). Similarly, the newton Raphson numerical method was utilised in [71], [74] for

solving a set of non-linear equations to determine the five parameters from data sheet.

De Blasetal. [72] proposed an iterative procedure to calculate the five parameters starting
from estimating the slopes of the I-V curve. This technique is based on extrapolating
Equation (2.3) to the three main points on the 1-V curve. After some simplifications, the

following five equations are derived to calculate the parameters [72]:
Rgp = Rgpo — Rs (2.22)

_IscRso) (Voc _ )
(1 Vepn Rshot Venn 1)Rso
(VOC_ISCRshO)
Vthn

R, = (2.23)

(Vimp—Voc+ImpRs) (2.2)

Vmp R
Isc— —<1+—5)1
< N RSh RSh mp

Voc

= b S (2.25)

Lyp = I (exp (Vtﬁ) - 1) + Joc (2.26)

Rsh

Accuracy of this method will be evaluated in Chapter 4. First, Ry, and Ry, are
determined using Equations (2.18) and (2.19), respectively. Second, an initial value of R,

is assumed. Then, Ry, and n are calculated respectively from Equations (2.22) and (2.24).
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Subsequently, an iterative process is executed to calculate R, from Equation (2.23) until
it converges with a specified tolerance. Then, Ry, is recalculated using Equation (2.22).
Finally, I; and I, are determined from Equations (2.25) and (2.26), respectively [72],
[75]. De Blas et al. method [72] is similar to Phang et al. method [53] as both rely on
determination of Ry, and Rg,. Nevertheless, in [72], the technique was proposed to
calculate the parameters based on the data sheet and hence fixed values of R, and Ry,
were assumed under any operating conditions. A similar iterative technique was
introduced by Orioli and Gangi [55], although with slightly different equations. The main
difference is that these authors [55] assumed that I,, is equal to Iy, in addition to
proposing Equations (2.20) and (2.21) to estimate Rg,, and Ry, using data sheet

information.

Villalva et al. [37] proposed an iterative-numerical method to calculate the five
parameters of PV modules based on equating the maximum power obtained from
experimental data (or from the data sheet) with the calculated maximum power and

solving for R, as per the following equation [37]:

RSh _ Vimp (ImpRS+VmP) (227)

TmpRs *Vmp
(Ipthp —IsVmp eXp(W + IsVmp—Pmax.e

where: Ppaxe 1S the experimental maximum power. The authors suggested that an
arbitrary value of the ideality factor (n) can be assumed. They also used the following
equation to determine the reverse saturation current [37]:

I, = fse (2.28)

exp(Voc/NsVipn)—1

First, I, is calculated from Equation (2.28), an initial value of zero is assumed for R, and

I

»n 1S assumed to be equal to Is.. Second, Ry, is calculated from Equation (2.27). Then,

Equation (2.4) is solved by Newton Raphson method to produce the theoretical I-V curve
and hence the theoretical maximum power (P4 ¢)- This process is continued iteratively
by incrementing R; until Py, . converges to P, . With a specified tolerance. To
enhance the model accuracy, the authors added some equations to the model:

= Initial minimum value is assigned for Ry, which is the minimum value that this

parameter could take obtained from [37]:
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Vimp _ Voc-Vmp (229)

R hmin —
sh,min Ise—Imp Imp

= Iy is initially assumed as it is equal to I;.. However, for enhancing the model
accuracy, after each iteration, it is re-calculated considering the effect of R, and
Ry, as follows [37]:

Ipn = Isc (RS+RSh) (2.30)

Rsp

= For more enhancement of the model, the program code of this model, which is
available online from the webpage provided by the authors [76], added an

equation to update I after each iteration considering the new values of I,,, and

Rsp:

Iph_(Voc/Rsh)

s exp(Voc/NsVepn)—1 (231)
This method utilises only information available in data sheets and based on fitting the
curve only at the MPP point by assuming that only one pair of R, and R, will fit the
theoretical power with the experimental power (or the value provided in the data sheet)
at this point. Evaluation of the accuracy of this method will be presented in Chapter 4.

Lo Brano et al. [36] developed an iterative technique based on the three main points on
the 1-V curve provided in the data sheet under STC. In addition, a new lumped equation
was proposed based on altering the five-parameter Equation (2.3) to account for any
irradiance and temperature conditions when calculating the parameters. Starting with
initial guesses of R, and n, the five parameters are obtained in a trial and error manner
using similar equations to the ones proposed by De Blas et al. [72]. Furthermore, it was
compared to the models of [37], [45], [72] elsewhere [75] and it provided more accurate
results. This is because the parameters are extracted by solving a set of non-linear
equations without any simplifications [36], [75]. Mares et al. [56] used the same
procedure proposed in [36], but further simplified the iterations towards the solution and

also proposed how to obtain the values of Ry, and R, from data sheet information.

Authors in [73] proposed an iterative procedure to calculate R, R and n from data sheet

information. Instead of only changing R, with each iteration as in [72], they changed Ry,
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R, and n until the difference in R, between two subsequent iterations is less than a

specified tolerance. After that, L,, and I, are explicitly calculated using R, R and n.

Authors in [77] introduced an iterative algorithm to extract the five parameters from data
sheet information. This method depends on the fact that at the MPP, a pair of Ry, and Ry
will meet the condition at which the derivative of the power with respect to the voltage is
equal to zero. In this work, n was assigned a fixed value and I is calculated by Equation
(2.28). The other three parameters are extracted by an iterative procedure without solving
any implicit equations. This technique is quite similar to the method of Villalva et al. [37]

as both rely on the MPP for calculating the parameters.

There are some other methods that require measurements of the 1-V curve or some points
from it. In [78], Ishibashi et al. proposed an iterative process that requires determination
of the slope at discrete experimental data points on the 1-V curve. The work in [79]
performed orthogonal distance regression in Origin Lab software on Equation (2.3) with
experimental I-V curves. The equation is fitted in an iterative way with the I-V curve until
the best fit is achieved. Both techniques in [78], [79] were validated by extracting the
parameters of different types of solar cells.

Similar work is presented in [80], where the authors applied the least square fitting
technique to experimental data of organic solar cells to calculate R; and n. The photo-
generated current I,,, was assumed to be equal to I.. The shunt resistance R, was
obtained by linear fitting at either forward or reverse bias conditions. Finally, I, was
calculated graphically form the calculated I-V curve that takes into account the calculated

value of R;.

Authors in [81], introduced an approach to extract the five parameters from measurement
of R,;, of a PV module and information provided in the data sheet. Once R, is measured
by applying a negative voltage to a PV module under a dark condition, its value is used
alongside with the data sheet information to solve two non-linear equations numerically

in order to get the other parameters.

2.8.4. Evolutionary Computing Methods

Recently, artificial intelligence has played a key role in the accurate determination of PV

devices parameters. In evolutionary computing techniques, the iterative process is
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combined with an optimisation random search to extract the parameters [51]. Different
methods are available in the literature with different degrees of complexity and accuracy,
such as particle swarm optimisation (PSO) [82], generic algorithm (GA) [83], differential
evolution (DE) [84], simulated annealing (SA) [85], pattern search (PS) [86], artificial
bee colony (ABC) [87], multi-verse optimiser (MVO) [88], and teaching-learning-based
optimisation (TLBO) [89], among others. Some authors also proposed hybrid techniques,
such as in [90], in which the ABC was combined with the TLBO optimisation technique.
Besides hybridising two evolutionary computing techniques, some researcher also
investigated hybridising them with analytical methods, such as the work in [91], which
combined an analytical approach to calculate I,,, R, and I with the DE to determine R;

and n.

Generally, although very accurate solution can be achieved using the evolutionary
computing methods, this is associated with an intensive computation, a high level of
complexity and convergence issues [51], [61] similar to the case in iterative and iterative-
numerical methods. Therefore, in most applications, a simple but accurate enough
technique is demanded. This will be dealt with in Chapter 4 by introducing a simple

iterative process to optimise the accuracy of calculating the slopes of I-V curves.

2.9. Partial Shading in PV Systems

Partial shading is an unavoidable issue that severely degrades the performance of PV
devices. As briefly explained in Section 1.2, it is caused by objects near the PV system or
by clouds. Figure 2.12 depicts a typical example studied in [92], in which a light pole
casts shadow on a nearby PV system. In the next sections, the impact of partial shading
on PV devices is briefly discussed. After that, a literature survey of the representative

modelling attempts of PV systems response under partial shading is given.

2 ,%‘wn‘

Figure 2.12. Partially shaded PV system by a light pole [92].
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2.9.1. Consequents of Partial Shading

A PV module is the commercially available unit in PV systems. It typically consists of
series-connected solar cells, which could be 72, 60, 48 or 36 cells [1]. The cells are
divided into a number of groups. Each group is called a cell-string or sub-module [5] and
usually equipped with a bypass diode in order to bypass it in the case of partial shading
to protect cells from over-heating and hot spots [1], [2], [5], [93]. Figure 2.13 shows the
cells’ configuration with bypass diodes in a typical mono-Si 10 W PV module that was
used in characterisation experiments within the scope of this research. The module
consists of two cell-strings, each one containing 18 cells connected in series separated by
bypass diodes. In order to illustrate the power loss caused by shading in PV modules,
Figures 2.14 (a) and (b) presents the output I-V and P-V curves, respectively, of the
module without shading and when only one cell is half shaded by an opaque tape. These
measurements were taken under an irradiance of 1000 W/m? and at a module temperature

of 25 °C and they are shown in this context for illustration purpose.

Bypass diode Solar cell

L ==t |
| L |

Cell-string 1  Cell-string 2

Figure 2.13. The schematic diagram of cells and bypass diode configuration in a mono-Si 10 W
PV module.
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Figure 2.14. The output characteristics of a mono-Si 10 W PV module under no shading and
when one solar cell is half shaded: (a) the I-V curve and (b) the P-V curve.

As illustrated in Figures 2.14 (a) and (b), initially, before half shading of a single cell, the
module was delivering a maximum power of 9.775 W. However, when one cell is half
shaded, the I-V and P-V curves are divided into two regions [94] annotated in Figure 2.14
(@) as region 1 and region 2. In addition, the I-V and P-V curves show multiple steps
(knees) and peaks, respectively, because of bypass diode conduction, that is two MPPs.
One of them is the real MPP of the module and it is usually called the global MPP
(GMPP), whereas the other one is called a local MPP (LMPP) [10]. In this shading case,
the peak point at region 1 represents the GMPP with a power of 5.539 W. Thus, a
significant drop in maximum power of about 43.3% occurs while shading a small area of
the module representing only about 1.4% of the total area of the 36 cells. However, if the
shading increases to a certain extend, the GMPP of the shaded module in Figures 2.14 (a)
and (b) will be shifted from region 1 MPP to region 2 MPP and it will remain constant
regardless of the shading extend on the cell-string [94]. Maximum power point tracking
(MPPT) in partially shaded PV systems is an intricate task due to the appearance of
multiple peaks, hindering the conventional MPPT techniques from finding the GMPP
[10], [95]. It is also to be noted that the power loss, in fact, becomes even worst if the

module does not have bypass diodes [1].

In region 1, the shaded cell limits the current of the whole module. However, when the
current of the unshaded cells exceeds the maximum current of the shaded cell (shaded
cell I,.), the shaded cell begins to be reverse biased by the voltage of the unshaded cells.
When this reverse voltage exceeds the bypass diode threshold voltage (about 0.7 V), the

40



Chapter 2

diode conducts and bridges the whole cell-string that contains the shaded cell as illustrated
in Figure 2.14 (a). The module is thus now operating in region 2 and only one cell-string
delivers power [1], [94]. Moreover, when the bypass diode conducts, there will also
another small amount of power loss dissipated in the bypass diode because of the current
flows through it [96].

If the module is not equipped with bypass diodes, the shaded cell will continue to be
reverse biased by the unshaded cells at high negative voltages and thus consumes their
produced power [2]. This will cause the shaded cell to heat-up significantly and result in

the so-called hot spot, which could have a destructive impact on the whole PV module

[1], [8].

2.9.2. Modelling of PV Systems Under Partial Shading

In light of the consequents of partial shading discussed in the previous section, it is indeed
important to study and investigate the behaviour of PV systems affected by this
phenomenon. A variety of models have been proposed in the literature with different
equivalent circuit models and different system sizes [5]. Most researchers adopted the
five-parameter model [6], [12], [97]-[121], whereas others used the four-parameter
model, neglecting Rg; [122]. On the other hand, some works sought more accuracy and
employed the double-diode model [9], [42], [93], [94], [123]-[127].

In order to gain more accuracy in modelling the reverse bias characteristics of shaded
solar cells, an avalanche breakdown term is included in the five-parameter model [12],
[97], [100], [205], [108], [109], [112], [113], [116], [121] and the double-diode model
[93], [94], [123]. The inclusion of avalanche breakdown was initially proposed in 1988
by Bishop [12]. Since then, it has become a common practice to add this term, which is
commonly called the Bishop’s term. When a PV module is not equipped with bypass
diodes, the reverse bias behaviour of a shaded solar cell appears in a wide voltage range
as shown by Quaschning and Hanitsch [123] covering nearly all the first quadrant (from
MPP to Is.). However, when bypass diodes are provided, the reverse bias behaviour of
the shaded solar cell dominates in region 1, as illustrated in Figure 2.14 (a), in the area
between region 1 MPP and the point at which the bypass diode conducts as shown by
[98], [128]. The equivalent circuit proposed by Bishop [12] for a solar cell using the

avalanche breakdown term is shown in Figure 2.15.
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Figure 2.15. The equivalent circuit of the five-parameter model including the avalanche
breakdown term connected in series with the shunt resistance and denoted M(V). (Adapted from

[12]).

The five-parameter model of a solar cell including the avalanche breakdown term is

expressed by [12]:

I= Ly —I (exp (M) — 1) — ”j:—w (1 +a (1 - %)_ma) (2.32)

Vipn sh

where V}, is the breakdown voltage, m, and a respectively represent the avalanche
breakdown exponent and the avalanche breakdown current fraction. The double-diode

model version of this equation is [93]:

= b= o () 1) = e o (52 1) - 22 (1 (1-52) ™)

(2.33)

Slight alterations to Bishop’s model are also available in the literature. Quaschning and
Hanitsch [123] presented a benchmark model by including the avalanche breakdown term
shown in Figure 2.15 in parallel with R, of the double diode model and not in series with
R, of the the five-parameter model as proposed by Bishop [12]. In addition, another
modification was presented by Jung et al. [105], who modelled a PV module by adding
another term in series with the diode and another branch in parallel with R, of the five-
parameter model. A similar approach was introduced in [124] adding Thevenin voltage
sources, resistances and diodes to the double-diode equivalent circuit to represent the
reverse bias mode. However, all these approaches and publications that follow them use
a similar approach to describe the avalanche breakdown to the one introduced by Bishop

[12]. Nevertheless, Bishop’s avalanche breakdown term requires the knowledge of
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additional parameters as shown by Equation (2.32), which are the two constants (a and
m,) and the breakdown voltage. A lumped equation that does not depend on the
equivalent circuit and allows characterisation of solar cells under only reverse bias was
proposed in [129] and applied to modelling of PV modules under partial shading in [98].
Similar to Bishop’s approach, this equation also requires additional parameters, one of

which is the breakdown voltage.

Regarding the modelling scale of PV systems, in [6], [9], [42], [101], [106], [122], [126],
[127], the PV module was considered as the basic block and then it was extended to model
larger systems. Some authors also started from the cell-string level [114], [119]. Majority
of the published researches, on the other hand, started from a single cell model [12], [93],
[94], [97]-[100], [102]-[105], [107]-[113], [115]-[117], [120], [121], [123]-[125] or
even a cell fraction level [118] seeking more sophisticated and accurate modelling. All of
these models used the cell-level irradiance as input in the model. Nevertheless, except a
few publications [110], [118], [120], [121], all the cell-level reported works did not take
into account the variations of the cell’s equivalent circuit parameters because of shading.
In other words, they assumed that R, Rs,, n and Ig are irrelevant to the change of

irradiance caused by shading and that only I,,, changes with shading. The linear change

of I, with irradiance variation is well-known as shown previously by Equation (2.17).

Furthermore, the effects of partial shading and reducing light on the total cell area (with
the equivalent intensity of shading) on solar cells parameters have been previously
assumed identical in the models. Considering the shaded area and the shadow intensity,
this was realised in a way so that a partially shaded solar cell would receive a reduced
averaged light intensity on its total surface [107], [109], [110], [115]-[118], [120], [121],
[125]. This light was then used as an input to the model. However, an experimental
comparison between shading and irradiance reduction in terms of their influence on solar
cells’ characteristics and parameters have not been previously published in order to

validate this assumption.

As stated above, only the works of [110], [118], [120], [121] considered some parameters’
variations with shading in the model. Wang et al. [110] modelled the influence of shading
caused by the frame of a PV/thermal system using the five-parameter model. The authors
took into account the variations in single cell R; and R, with shading in addition to L.

The variations in R, Ry, and I,,, were obtained through Equations (2.13), (2.14) and
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(2.17), respectively, with assuming a constant temperature at STC. The input irradiance
(G) to these equations was determined as the average of both shaded and unshaded areas
irradiance levels. However, the authors did not specify which parameter change with
shading (R, or R,,) would enhance the model accuracy because of the lack of comparison
with experimental data. Furthermore, the possibility of model accuracy enhancement by

evaluating the change in n and I with shading was not assessed.

Bharadwaj and John [118] presented a model to predict the performance of partially
shaded PV modules starting from a fraction of a solar cell. In this model, solar cells are
divided into fractions, called sub-cells, connected in parallel. Including I,,, the
parameters considered variable with shading are R, Ry, and I,. The variations of these
parameters with shading for each shaded cell were calculated using the number of
unshaded sub-cells, and not by using the average irradiance of the shaded and unshaded
areas of the cell as in [110]. The sub-cell fraction approach is given in the following

equations for an opaque shading [118]:

Ry = =et (2.34)
f
Rop = =t (2.35)
f
IS == kf-Is,nsh (236)
Ly, = kf-Iph,nsh (2.37)

where the parameters with the sub-script nsh represent their values without shading, the
parameters without this sub-script represent the values under partial shading and k¢
represents the fraction of the unshaded sub-cells inside the solar cell (k; < 1). Except
Equation (2.37) for I,,, which follows the well-known linear dependency of this
parameter on irradiance, the above equations of R, R, and I were not obtained in [118]
from experimental investigations. Moreover, similar to the work of Wang et al. [110],
there is no investigation on which one of the three parameters (R, Ry, and Ig) variation

with shading would enhance the accuracy of the model.

A similar approach was very recently proposed by Shen et al. [120], who accounted for

the variation of only R, with shading when modelling PV modules under different
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shading conditions. The Ry, of a partially shaded solar cell was empirically obtained
based on dividing the cell into shaded and unshaded parts. In addition, its value at reverse
bias was empirically found 6 times higher than the equivalent R, of the partially shaded
solar cell. Although an improvement in modelling accuracy was achieved when taking
into account the Rg; value in reverse bias, there was no investigation on the influence of

taking into account the variations of the other parameters on the model accuracy.

A very recent published study by Chepp et al. [121] considered the variations of R, and
R, with shading in modelling PV modules in addition to including Bishop’s term. The
variation of Rg; with the irradiance change due to shading was implemented using
Equation (2.14) proposed by De Soto et al. [40]. Whereas the variation of R, was
implemented following an increased value with reducing the irradiance proposed by a
power low in [130]. However, the authors did not provide an individual assessment of
modelling accuracy improvement imposed by those two parameters. Furthermore, they
did not investigate whether considering the variations in n and I; with shading would lead

to accuracy improvement.

The lack of concise and complete experimental study on the variations of single solar
cells’ parameters with shading or reducing the irradiance may in fact explain why they
are treated constant in most of the modelling published works. Note that partial shading
effect on solar cells was compared with that of reducing light in the present work and will
be presented in Chapter 5. Hence, the works that investigated the effect of changing the
irradiance on parameters instead of partial shading were also included in this literature

review.

Zhu et al. [117] experimentally studied the variations of R, and I,,, of a single solar cell
with shading. Yet, the variation of R, was neglected and not taken into account when
extending the model to larger PV systems. In addition, the variations of the other
parameters with shading were not investigated. Sabry and Ghitas [131] carried-out edge
shading experiments of a solar cell and investigated its effect on the cell’s parameters.
However, only variations of R; and R, with shading were studied. The rest of the
equivalent circuit parameters’ variations were not investigated. Furthermore, only a small
portion shading at the cell’s edges was applied, which does not show the variations of
parameters over a wide range of shading proportions from the total cell area. Hence, no

equations that govern the variations of parameters with shading can be deduced.
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Khan et al. [132] studied the influence of irradiance reduction on the parameters of a
mono-Si solar cell. Four parameters form the equivalent circuit were investigated, which
are R, Ry, I and n. Again, no relationships between parameters and irradiance change
were derived and hence the resulted variations of parameters were not previously used
for modelling of PV devices under different irradiance levels or partial shading. Ghitas
and Sabry [133] compared the effects of edge shading and central shading on a solar cell.
However, the equivalent circuit parameters were not investigated and only the
performance parameters were studied, namely, I, V,., FF and efficiency. Similarly,
studies in [134]-[136] covered only the effect of shading on some performance

parameters.

Some authors studied the variations of equivalent circuit parameters of PV modules, but
not single solar cells. The R, and Ry, variations with shading were investigated in [137].
The Ry, variation with reducing the irradiance was studied in [40], [138]. Whereas the
variations of all the equivalent circuit parameters with reducing the irradiance were
recently investigated in [130], in which no defined trend for the variations of n and I was

obtained.

It is to be emphasised that models harness the avalanche breakdown effect may accurately
model the characteristics of PV modules with shaded solar cells, particularly at the region
of the characteristics at which the shaded cells are reverse biased (see Figure 2.14 (a)), as
shown by several publications [12], [97], [100], [105], [116], [121], [123]. This is mainly
due to the inclusion of the avalanche breakdown term. Hence, one may not need to
account for the variations of single cells’ parameters with shading in the model in order
to obtain accurate modelling. Nevertheless, as mentioned previously, adding the
avalanche breakdown term to the model requires the knowledge of additional parameters,
such as the breakdown voltage. This voltage can take different values in a wide range
within solar cells, although they belong to the same module [129] or even to the same
manufacturing batch [139]. In addition, the value of this voltage is not commonly supplied
in PV modules’ data sheets. Although a method to calculate it was proposed in [129], it

requires the measurement of the dark reverse bias characteristics of each single solar cell.

Therefore, it is beneficial to investigate the possibility of having a model that does not
require the breakdown voltage and the avalanche breakdown term, but still capable of

adequately simulating the behaviour of PV modules with shaded solar cells. It is also
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favourable to assess which one of the parameters better improves modelling accuracy
when its variation with shading is taken into account. These topics were explored in this

research and they are presented in Chapter 5.

2.10. Broken Contact Fingers and Cracks in Solar Cells

Solar cell front contact fingers may break because of cell cracks that occur during
manufacturing stages. Thermal and mechanical cycles that the cells face during lifetime
may also cause existing cracks to propagate into the cell’s material and disconnect parts
of the cell area [14], [19], [140]. This prevents the current from flowing to the main busbar
of the cell and hence deteriorates its performance [13], [19]. An example of broken
contact fingers caused by poor soldering of the busbar ribbon wire is depicted in Figure
2.16. This figure shows an EL image of a solar cell with a dark region between busbars
(shown by the white box in the figure), which was attributed to broken contact fingers by
Chaturvedi et al. [14].

Manufacturers of PV modules tend to reduce the silicon wafer thickness in order to reduce
the manufacturing cost and consumption of silicon, which has made solar cells more
prone to cracking and cell breakage [141], [142]. This has triggered significant attention
among researchers to investigate cracks origin, their effect on PV systems performance

and detection techniques.
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Figure 2.16. EL image of a solar cell shows a dark region caused by broken contact fingers due
to poor soldering [14].
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2.10.1. Types of Solar Cell Cracks

Cracks of crystalline-Si solar cells can be classified into six types based on their
orientation. Namely, parallel to busbar, perpendicular to busbar, diagonal (could be +45°
or -45°), multiple directions and dendritic [13], [143] as depicted in the EL images in
Figure 2.17.

no crack dendritic several +45° -45° parallel perpend.

| P——

] W

Figure 2.17. EL images showing different types of PV cracks depending on their orientation in
silicon solar cells [13].

In terms of their width, cracks can be micro or macro-cracks. A crack is usually called a
micro-crack if it has a width of less than 30 um [144]. Moreover, in terms of their depth,
according to [145], cracks that affect the surface of the silicon wafer are called facial
cracks, whereas those occur deeper in the wafer or start at the surface and propagate inside
the wafer are called sub-facial cracks. The latter is also divided into two types depending

on its depth, which are shallow-layer and deep-layer cracks [145].

Broken front contact fingers lead to disconnected cell areas and are caused by cracks with
an orientation that cuts the contact fingers, which could be any one of the types shown in
Figure 2.17, except the perpendicular to busbar [13]. Among those types of cracks, the
parallel to busbar type has the highest occurrence within PV modules according to a study
performed by Kajari-Schroder et al. [13]. They carried-out mechanical load tests on 27
crystalline-Si PV modules simulating actual stress seen by the modules in the field and
found that 50% of the resulted cracks are parallel to busbar. Besides, data collected from
PV installations in the field in [146] revealed that parallel to busbar cracks represented
21% of the total observed cracks. Furthermore, in another study by the same authors
[140], they applied artificial aging tests to 12 modules already affected by cracks from
the mechanical load tests. They observed that 7% of the cracks worsened and caused
disconnected cell areas. Thus, parallel to busbar cracks are of high criticality as they have
the highest occurrence and highest possibility to break the contact fingers and cause
disconnected cell areas [13], [140].
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2.10.2. The Effect of Solar Cell Broken Contact Fingers on the Output
Power of PV Modules

As cracks and the resulted broken contact fingers may occur or worsen in any stage of the
module’s lifetime, it is quite difficult to quantify their effect on the module’s performance
[19]. However, in order to perform controlled experiments for modules’ aging,
mechanical load and accelerated aging tests are commonly used by researchers to
simulate the stress on modules caused by environmental conditions, such as wind, snow
and temperature cycling. These tests are usually applied in such a way so that they match
the IEC 61215 standards [18].

Many works in the literature showed that cracks that disconnect parts of a cell’s area are
the worst type of cracks in terms of power loss [19], [147]-[149]. Grunow et al. [147]
compared the influences of different types of cracks on the I, V,. and FF of individual
poly-Si solar cells. The cracks investigated were parallel to busbar, perpendicular to
busbar and diagonal. These cracks were intentionally introduced to solar cells using a
metal pen in addition to a random crack with unknown orientation created by bending.
The results show that the parallel to busbar cracks, that cause broken contact fingers, have

the greatest impact on the investigated parameters, especially the /..

Kontges el. al. [19] assessed and quantified the power loss in poly-Si PV modules because
of micro cracks. Output power and EL imaging of PV modules were measured before and
after mechanical load tests and also before and after accelerated aging tests. Several
cracks of different types were noticed after the mechanical load test and some of them
worsened after the aging test. The power loss investigations in [19] show that cracks that
do not disconnect parts of the cell area cause negligible power loss to the module. On the
other hand, a simulation study was also performed to determine the module’s power loss
due to disconnected cell area. The results depicted in Figure 2.18 show the power loss
and the MPP current of a 60-series-connected-cells module when the disconnected area
of one cell was increased from 0 to 100% at different cell breakdown voltages. These
results show that there is no appreciable power loss when the disconnected cell area is
less than 8% of the total cell area regardless of the value of the breakdown voltage of the

solar cell.
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By contrast, with a breakdown voltage of 15 V or above, the power loss increases nearly
linearly from zero to the power of one cell-string when the disconnected cell area
increases from 12 to 50%. There is also a considerable amount of power loss for
breakdown voltages of less than 15 V. For instance, about 20% of the module’s power is
lost when the disconnected cell area is 50% and with a breakdown voltage of 10 V. In
addition, there is also a decline in the MPP current of the module at different cell

breakdown voltages.

Due to the commonly used series connection of cells in a cell-string, when there are many
cracked cells in a cell-string, the cell with the largest disconnected area governs the
amount of power loss, same as partial shading. Thus, when the module with a cracked
cell is connected in series with other modules, the cracked cell may lower the power

output of the whole string significantly [19].
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Figure 2.18. The power loss (bottom) and the MPP current (top) of a module with 60 series-
connected cells as a function of the percentage of the disconnected area of one cell from the
total cell area at different cell breakdown voltages [19].

Chaturvedi et al. [14] performed mechanical load and thermal cycling tests on a PV
module. Electrical parameters and EL images were taken before and after the tests. The
EL images showed dark rectangular regions after the tests, which were attributed to
broken contact fingers. The maximum power of the module reduced from 236 W to 228

W because of the mechanical load test. Moreover, it reduced from 241 W to 226 W
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because of the thermal cycling test. Those power losses occurred due to cracks and broken
contact fingers.

Dolara et al. [150] also measured the maximum power at STC of PV modules that
significantly affected by cell breakage and compared it with data sheet value. The results
revealed a reduction of 26 to 27% due to cracks and broken contact fingers. In addition,
from EL and thermal images, the authors found that there is a correlation between broken
contact fingers and hot spots. Similarly, Dhimish et al. [151] studied the power loss of 10
PV modules in the field using long-term maximum power measurements. The measured
maximum power over one day was compared with the theoretical one and the results
showed that there were two modules with significant power loss because of cracks and
broken cells. The broken cells were also detected by EL imaging. These modules gave a
power output percentage of 85.43 and 80.73% from the theoretical power. These findings
indicate that cracks that cause cell parts disconnection and cell breakage have a significant
impact on PV modules’ performance.

Dhimish [148] investigated the impact of cracks of 4000 samples of poly-Si solar cells.
The power loss was assessed by comparing the measured power with the theoretical one.
It was found that cracks that affect the contact fingers caused a power loss ranging from
1.7 to 13.5% due to the decrease in finger width. Moreover, the thermal imaging results
indicate that there is a correlation between damaged contact fingers and hot spots. In
another recent publication, Dhimish et al. [149] examined a number of solar cells affected
by cracks that are uniformly and non-uniformly distributed over the cell area. The authors
found that contact fingers are severely affected in all cracked cells. Further, they linked
the large amount of power loss and hot spots in the non-uniformly cracked cells to broken

contact fingers and busbars.

2.10.3. Detection Techniques of Solar Cell Broken Contact Fingers

Considering the consequents of broken contact fingers mentioned in the previous section,
it is imperative to detect them in an early stage. PV modules may be inspected for cracks
before they leave the factory [152] to alleviate the issue of cracks propagation and
creation of broken contact fingers during modules’ aging [19], [140]. However, during
operation in the field, bypass diodes may conduct to bridge the cell-strings that contain
broken cells and hence the power loss may be significant [19]. Furthermore, researchers
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noticed a clear correlation between broken contact fingers and hot spots [148]-[150].
These consequents imply that severely affected PV modules in the field may need to be
replaced for an efficient and safe operation [153]. Therefore, regular inspection of PV

modules for cracks and broken cells is of great importance.

There are various cracks detection techniques reported in the literature, which differ in
terms of their applicability, reliability, complexity and cost. They include EL imaging
[13], [14], [143], [150]-[162], thermal imaging [150], [153], photoluminescence imaging
(PL) [163], [164], ultraviolet (UV) fluorescence imaging [17], [153], lock-in
thermography [165], [166], optical transmission [167], resonance ultrasonic vibration
[168], scanning electron microscopy [14], [149], interferometry of electronic speckle
pattern [169], lamb-wave air coupled ultrasonic testing [170] and mechanical impact
testing [171]. However, for the sake of brevity and consistency with the findings of this
research, only EL and thermal imaging will be briefly reviewed in the following text. This
is also because they are widely used in fault diagnostics of PV installations in the literature
due to their simple and fast implementation as shown by several publications, e.g. [143],
[153]. Furthermore, EL imaging is already used in the production lines of solar cells for
detection of cracks [152].

El imaging is a powerful tool for inspecting solar cells and modules for defects and cracks
and it was first proposed in 2005 by Fuyuki et al. [154]. Solar cells are capable of emitting
infrared light when forward biased because of radiative recombination of charge carriers
[153], [155]. Cooled silicon charge-coupled device (CCD) camera is usually used under
dark environment to capture the EL radiation that has a peak of around 1150 nm spectrum
[155]. Dark areas in the EL images indicate defects because of low radiation emission
[150]. A schematic diagram shows the experimental set-up of an El imaging system of a

poly-Si solar cell introduced by Fuyuki et al. [154] is presented in Figure 2.19.

Cooled CCD Camera

Polycrystalline-Si Objective Lens

4
VrForward Bias

Figure 2.19. The experimental set-up of an El imaging system proposed by [154].
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Although EL imaging is performed in the dark [155], some researchers [156], [161]
proved the ability to take EL images under day light with applying some light filtering
techniques. In addition, in order to perform EL imaging in a cost-effective manner, some
authors used a consumer grade low-cost digital single-lens reflex (DSLR) camera. The
infrared (IR) blocking filter is removed in this case to allow image capturing in the near
infrared range [143], [153], [157], albeit the captured image in this case is of less quality

than that taken by a special camera [1].

In order to enhance the performance of EL imaging, machine vision techniques [159],
[160], [162] and evolutionary computing [152], [158], [162] techniques have recently
been emerged in this field. In these approaches, EL images undergo further processing
and refinement stages in order for cracks and broken contact fingers to be reliably
detected.

Thermal imaging (also called thermography) can also be used to detect broken solar cells
in PV modules, although with a much less informative images than EL imaging as shown
by [150]. The sensor in a thermal imaging device receives the emitted radiation by the
PV device under test in the infrared range of the spectrum. The imaging device then
converts this radiation into a thermal image [1], [153]. In order for the defected cells to
be clearly detected as hot spots in the images, the imaging needs to be captured at the
short circuit condition [1]. Nevertheless, it was shown by [153] that thermal imaging was
not capable of detecting damaged cells in a PV installation occurred due to a hailstorm.
Thus, thermal imaging is not as reliable as EL imaging in detecting broken contact fingers
as shown by the results presented in [150], [153]. This also will be shown during

experimental investigations within the scope of this project presented in Chapter 6.

As previously mentioned, EL imaging is widely used due to its simplicity. Add to this is
the cheap implementation when using a low-cost DSLR camera [143], [153], [157]. Its
main drawback, however, is that it cannot directly detect faults under day light because
EL radiation is weaker than sunlight by several orders of magnitude [156], [161]. Day
light EL imaging needs special hardware, filtering techniques and background images as
shown by [161], which makes it an intricate task. Similarly, PL imaging under day light
also requires a special camera and filtering techniques [164]. Furthermore, detecting
cracks and broken contact fingers from EL images of poly-Si PV modules can be

challenging and needs an experienced user. This is due to the structural nature that poly-
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Si solar cells have, which obscures the cracks and broken contact fingers in the image
[13].

An alternative way for modules inspection is to take I-V curve measurements of PV
systems in the field to investigate the quality of PV modules [1]. In particular, measuring
I-V curves of a PV module when applying shading to individual solar cells can provide
valuable information about the health of solar cells [139], [172], [173]. This procedure is
also a part of the IEC 61215 standards [18] in hot spot endurance testing. The subsequent

section briefly discusses this technique.

2.10.4. Using I-V Curves of Partially Shaded PV Modules for Defect

Detection

When shading a solar cell in a PV module equipped with bypass diodes, the characteristics
of the shaded solar cell govern region 1 (see Figure 2.14 (a)) of the I-V curve measured
at the module’s terminals as shown by [1], [139], [174]. Hence, health state of individual
cells can be conveniently obtained. This feature was used for detection of hot spots of
individual cells in PV modules in [11], [175]. The detection is based on the fact that the
worst cell in a module is dictated by the steepest I-V curve (with higher slope) in region
1 [139] as witnessed by Figure 2.20. This is mainly due to a reduced shunt resistance of
this cell [172].
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Figure 2.20. Hot spots detection from I-V curves of a PV module when shading some solar
cells individually [139]. (The indicated test voltage point in the figure is used for detecting the
highest current at this point, which belongs to the worst cell [139]).
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In addition to utilising individual cell shading for hot spot detection, some researchers
used this feature to extract some parameters of individual solar cells. These parameters
are important for assessing the health state of solar cells [172], [173], [176]. Kim et al.
[173] proposed a technique to determine the series resistance of solar cells encapsulated
in PV modules by individually applying partial shading to them. They used specific points
in region 1 to calculate it, thereby allowing cells with low series resistance to be identified.
A similar approach was introduced by Alessandro et al. [172], but for determining the
shunt resistance of individual cells in PV modules’ strings. Another similar work was
published in [176], in which the authors extracted the short circuit current and shunt
resistance of individual encapsulated solar cells. The results in [176] indicated that
stressed solar cells because of artificial aging tests were identified by their low shunt

resistance.

However, for detection of broken cell contact fingers, only a few publications used
measurements of PV modules’ parameters [177], [178] and |-V curves [179], but without
shading of individual cells. Wang et al. [177] proposed an online fault diagnostic device
that is capable of detecting cracks in PV modules. The device was programmed to
estimate the dynamic parameters of the module while it is in operation. The drift in
parameters, namely the capacitance and series resistance, from their initial values was
then monitored to detect the cracks. The system was successfully tested to detect cracks
of two a-Si modules. However, this system requires a powerful computing in addition to
complicated circuitry. Moreover, the system components are powered by the module
itself, causing a loss in the produced power. Similarly, Al-Soeidat et al. [178] proposed
to use the dynamic parameters, represented in the cell capacitance, as an indicator for a
PV module’s cracking. Yet, individual cells that suffer from cracks or broken contact

fingers cannot be identified within the module.

More recently, Ma et al. [179] proposed a technique for fault diagnosis of PV modules
including cracks that breaks the contact fingers. The technique is based on analysis of
region 1 MPP knee (see Figure 2.14 (a)) of I-V curves under mismatch conditions caused
by broken contact fingers. Nevertheless, individual solar cells that have broken contact
fingers cannot be identified. In addition, only severe cracks can be detected, which are
the ones that make the module’s I-V curve to exhibit a step under no shading condition.

Moreover, if other more serious faults exist in the same cell-string that contains the
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cracks, such as partial shading or hot spots, cracks cannot be detected because the shape
of the step on the I-V curve will be governed by the most serious fault as shown in [179].
Those issues may be alleviated if partial shading of individual cells within the module is

used for the detection.

Generally speaking, using the interesting feature of shading individual cells in PV
modules for detection of broken contact fingers has not been hitherto investigated. This

topic will be explored in Chapter 6 of this thesis.

2.11. Summary

This chapter has presented a background and a literature survey about different aspects
of solar cells and PV modules. A comprehensive literature survey revealed that despite
the fast-growing developments and innovations in this field, there are still topics that need
further research and investigations. Based on the previously published works discussed
in this chapter, the directions of the research carried-out within the scope of this project

and presented in this thesis were identified.

After presenting a general background about PV history, solar cells operation, types,
characteristics and modelling, this chapter firstly focused on solar cells equivalent circuit
parameters extraction in Section 2.8. It has been shown that the iterative, iterative-
numerical and evolutionary computing parameters extraction methods are accurate, but
they suffer from convergence issues, high computational cost and complexity. By
contrast, the analytical methods offer very simple calculations, but associated with a
lower accuracy. Thus, it is highly demanded to have a technique that is simple and
accurate at the same time for obtaining the parameters of illuminated solar cells’ 1-V
characteristics. This research problem will be picked-up in Chapter 4 of this thesis, in
which the accuracy of a simple analytical technique will be improved. This will be
accomplished by optimising the selection of points on the I-V curve used to calculate the

slopes at I, and V..

A literature survey was also carried-out about modelling of solar cells and modules under
partial shading in Section 2.9. In PV models that start from the cell level, it has been found
that most of the published models do not take into account the variations of single cell
parameters with shading. In addition, to the best of the author’s knowledge, there is no

publication that compares possible improvements in model accuracy gained by
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considering the variation of each parameter in turn with shading. Thus, it is not clear
which parameter variation with shading would improve modelling accuracy. This might
be attributed to the lack of a comprehensive experimental study that investigates the
variations in solar cells’ parameters with shading. Moreover, it can be deduced from the
literature survey that accurate modelling of the reverse bias characteristics of PV modules
needs the inclusion of the avalanche breakdown term, which adds more complexity and
increases the number of unknown parameters. Further, it has been found that although
partial shading and irradiance reduction over the whole cell area have been previously
treated identically in terms of their influence on solar cells parameters, there is no
experimental evidence for this fact.

These issues will be investigated in Chapter 5 by providing a systematic experimental
study of partial shading phenomenon and its modelling. Starting from investigating the
change of each parameter of a single cell with shading, modelling accuracy of PV
modules will be adequately optimised by considering each parameter variation in turn in
the model. Thereby allowing to investigate which parameter variation would enhance
modelling accuracy of PV modules and thus hindering the need for the avalanche
breakdown term. In addition, partial shading and irradiance reduction will also be
experimentally compared in terms of their influences on solar cells’ parameters and

output characteristics.

In another context, a literature survey in Section 2.10 about broken contact fingers of
solar cells revealed that they are difficult to prevent and hence it is important to detect
them during different stages of the PV module’s lifetime. However, except the EL
imaging, most of the available techniques are based on either complex or non-reliable
imaging systems. Further, even though shading of individual cells in PV modules was
successfully used by different researchers to detect hot spots and calculate series and
shunt resistances, it has not previously investigated for the detection of broken contact
fingers. This will be explored in Chapter 6 by investigating the behaviour of PV modules

when partially shading individual cells that have broken contact fingers.
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Chapter 3: Experimental Methods

3.1. Introduction

Characterisation of PV devices in this research requires a controlled environment in terms
of irradiance and temperature. This chapter presents all equipment preparations,
calibrations and test arrangements performed within the scope of this research. The solar
simulator testing procedure is demonstrated in terms of spectral match, spatial non-
uniformity and temporal stability in order to ensure that it meets the standards. Then, the
solar cell samples preparations and contacts soldering are described alongside building

the cells’ test rig. After that, PV module samples preparations and soldering are presented.

Subsequently, temperature control and I-V curve tracing procedures are explained
followed by constructing the complete experimental set-up and evaluating its
repeatability error analysis. Shading object fabrication by 3D printing is then illustrated

followed by thermal and EL imaging systems set-ups.

3.2. Solar Simulator Tests

The solar simulator system used in this research had been previously constructed at the
Solar and Environmental Research Laboratory, Cardiff University. The simulator shown
in Figures 3.1 (a) to (e) consists of a light source housed inside a walk-in environmental
chamber from Thermotron [180] model WP-563-THCM1-5-5-AC. The 6000 W
ARRISUN 60 light source form ARRI [181] is fixed using aluminium rails at the top of
the chamber facing downward without its protective glass and equipped with a separate
filter as depicted in Figures 3.1 (b) and (c). The chamber has a shutter that was equipped
with a remotely operated 12 V DC linear actuator to block the light if needed as Figure
3.1 (b) shows.

The light source is fitted with a Philips medium source rare-earth hot-restrike lamp model
MSR 6000 HR UNP [182] that has a power rating of 6000 W and lifetime to 50% failure
of 300 hours. The light source is controlled by an electronic ballast model 6000 EB from
ARRI [183] shown in Figure 3.1 (d). The electronic ballast is used to switch the light ON
and OFF in addition to adjusting the light intensity using a dedicated knob. The
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environmental chamber is fitted with a height-adjustable test table with a horizontal plane
surface that is used for placing the samples under the light source as witnessed by Figure
3.1 (e). The centre point of the test table was approximately aligned with that of the light
source. In addition, the test table is not perfectly rectangular as it has curved edges.
However, a rectangular test area of 160 cm x 100 cm was taken from the table in order to
allow for dividing it into equal squares for the spatial non-uniformity test that will be

discussed in detail in Section 3.2.2.
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Figure 3.1. The solar simulator system: (a) environmental chamber from outside, (b) ARRISUN
60 light source fitted at the top of the chamber, (c) ARRISUN 60 light source viewed from
inside the chamber, (d) electronic Ballast and (e) adjustable test table.

When using solar simulators for PV devices testing, they need to meet the E927-10
standards issued by the American Society for Testing and Materials (ASTM) [184].
According to these standards, a solar simulator that is used for testing PV devices could
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be of either Class A, B or C in each one of the performance measures, which are spectral
match, spatial non-uniformity and temporal instability, as shown by Table 3.1. These
qualification tests were performed on the solar simulator used in this study in a

collaborative® work with a fellow PhD student, Mr. Ali Bahr.

Table 3.1. Classification of large area solar simulators according to their performance. (Adapted
from E927-10 standards [184]).

Performance measure Solar simulator class
A B C
Spectral match 0.75t01.25 0.6to14 04to2
Spatial non-uniformity (%) 3 5 10
Temporal instability (%) 2 5 10

3.2.1. Spectral Match

The spectrum of ARRISUN 60 light source was measured and compared with the Sun
spectrum and with E927-10 standards limits in order to define its class in terms of spectral
match. Figures 3.2 and 3.3 respectively illustrate the schematic diagram of the spectrum
measurement set-up and its photograph. The spectrometer used in this work is from
StellarNet [185] and it consists of two devices that measure the electromagnetic spectrum
instantly covering a wavelength range of about 200 to 1700 nm. The Blue-Wave
spectrometer is used for measuring the UV and visible light spectrum within the range of

200 to 1100 nm. Whereas the Dward-Star spectrometer covers a range of 900 to 1700 nm.

! The measurement raw data of spectrum, large area non-uniformity and temporal instability, presented
respectively in Sections 3.2.1, 3.2.2.1 and 3.2.3, were obtained in a collaborative work with a fellow PhD
student colleague, Mr. Ali Bahr. Although only the original raw data of those tests were obtained in the
collaborative work and shared with the fellow colleague, all calculations, data analysis, presentations,
figures’ production, explanations, and interpretations of the results in those sections of this thesis were
carried-out solely by the author.
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Figure 3.3. Set-up for light source spectral measurement.

Both devices were attached to a cosine receptor via a fibre optic cable. The cosine receptor
was placed under the simulator at the centre of the test table and both devices were
interfaced with a computer using an appropriate software as depicted in Figures 3.2 and

3.3. The spectrum of the ARRISUN 60 light source was measured using the mentioned
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set-up at a range of 194 to 1749.5 nm. Yet, according to E927-10 standards, only 400 to
1100 nm range is used for spectral match measurements of solar simulators and hence
this range was utilised in this work. The procedure of calculating the spectral match of

the light source was implemented following illustrations given in the E927-10 standards.

First, the normalised spectral irradiance of the ARRISUN 60 light source was obtained
for each wavelength interval shown in the first column of Table 3.2. This was obtained
by summing up the spectral irradiance for each interval at a resolution of 1 nm and
normalise it by the total irradiance of all intervals (400 to 1100 nm). The percentage of
the ARRISUN 60 spectral irradiance of each interval normalised by the total irradiance
is presented in the first sub-column of the second column in Table 3.2. Second, the ideal
spectral match requirement according to E927-10 standards for each wavelength interval
is listed in the second sub-column of the second column in Table 3.2. Third, upper and
lower limits of Classes A and B were obtained by multiplying the ideal spectral match
(second sub-column of the second column in Table 3.2) by the upper and lower limit
values of each class shown in Table 3.1. The resulted upper and lower limits of classes A
and B are listed in the third and fourth columns in Table 3.2, respectively. Figure 3.4
presents the spectral match response of the ARRISUN 60 light source compared with the
ideal match requirement and with upper and lower limits of Classes A and B for each
wavelength interval. The results revealed that ARRISUN 60 slightly exceeds the limits
of Class A in the intervals 400 to 500 nm and 700 to 800 nm, but still within the limits of

Class B. Therefore, the light source was defined as Class B in terms of its spectral match.

Table 3.2. Spectral match response, which is the total irradiance for each wavelength interval
normalised by the total irradiance of all intervals, of ARRISUN-60 light source compared with
the ideal match requirements and Classes A & B limits according to E927-10 standards [184].

Spectral match | Spectral match
Irradiance normalised by total of Class A of Class B
Wavelenath irradiance (%) (E927-10 (E927-10
. g standards) (%) | standards) (%)
interval (nm) E927-10 standards
ARRISUN . Upper | Lower | Upper | Lower
ideal match N - e o
60 . limit | limit | limit limit
requirements
400-500 24.4 18.4 23.00 | 13.80 | 25.76 | 11.04
500-600 21.3 19.9 24.88 | 14.93 | 27.86 | 11.94
600-700 17.3 18.4 23.00 | 13.80 | 25.76 | 11.04
700-800 10.6 14.9 18.63 | 11.18 | 20.86 8.94
800-900 11.7 12.5 15.63 | 9.38 17.5 7.5
900-1100 14.7 15.9 19.88 | 11.93 | 22.26 9.54
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Figure 3.4. Spectral match response of ARRISUN-60 light source compared with the ideal
match requirements and limits of Classes A & B according to E927-10 standards [184].

In order to perform further analysis, the deviation of the ARRISUN 60 total spectral
irradiance (at a resolution of 1 nm) from the Sun AM 1.5 global (AM 1.5G) spectrum in
each wavelength interval was calculated [1] and presented in Table 3.3. The data of the
Sun AM 1.5 spectrum was obtained from the G-173-03 table developed by ASTM and
available from the NREL website [186]. The most significant deviation of 44.7% was
recorded between 400 and 500 nm. On the other hand, other intervals showed much
smaller deviations ranging from 1.5 to 22.1%. Moreover, the deviation of the total spectral
irradiance from 400 to 1100 nm of the light source from that of the Sun AM 1.5G is 9.9%

indicating that the light source simulates sun light quite decently.

Another proof of the well simulation of Sun light is shown by the comparison between
the ARRISUN 60 spectrum, measured at a range of 194 to 1749.5 nm, and the Sun AM
1.5G spectrum plotted in Figure 3.5. The results indicate a good agreement as both plots

have similar trends.
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Table 3.3. Total irradiance for each wavelength interval of ARRISUN-60 light source
compared with the Sun AM 1.5G spectrum data of ASTM [186].

Wavelength Irradiance (W/m?2) Absolute
Percentage Error
Interval (nm) | ARRISUN 60 | Sun Spectrum AM 1.5G (%)
400-500 203.92 140.91 44.7
500-600 177.68 150.98 17.7
600-700 144.65 139.14 4.0
700-800 88.14 113.08 22.1
800-900 97.45 94.37 33
900-1100 122.53 120.78 15
Total 834,37 759.26 9.9
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Figure 3.5. Spectrum of ARRISUN 60 light source compared with the Sun AM 1.5G spectrum
data of ASTM [186].

3.2.2. Irradiance Spatial Non-uniformity

The spatial non-uniformity is the second qualification test of the E927-10 standards and
it provides a measure of how uniform the light is over the test area. Since the PV devices
used in this research have different sizes as will be explained later, this test was divided

into two parts: large and small area non-uniformity tests.
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3.2.2.1. Large Area Non-uniformity Test

This test was performed on the complete test area of 160 cm x 100 cm. First, the test area
was divided into 10 cm x 10 cm squares. Subsequently, the light source irradiance was
adjusted to 1000 W/m? at the centre and then it was measured in each square using a
pyranometer. The pyranometer is a very accurate device used to measure the global
irradiance with a spectrum of 300 to 2800 nm and it provides a voltage output signal [1].
The used pyranometer in this work was the CM 21 model from Kipp & Zonen [187],
which has a sensitivity of 12.32 uV/W.m2 and a resolution of 0.5 W/m2. In addition, it
can measure an irradiance within the range of 0 to 4000 W/m? with a maximum error of
2% for total hourly and daily irradiances. When performing irradiance measurements in
this work, the output voltage of the pyranometer was measured by a multimeter. The
irradiance was then simply calculated through dividing the output voltage by the

sensitivity.

A photograph of the large area non-uniformity test experimental set-up is given in Figure
3.6 and the irradiance spatial distribution is given as a heat-map plot in Figure 3.7. As
shown, the light is significantly non-uniform with the highest intensities located at the
centre. Hence, the largest PV device used in this research was selected to be a 10 W PV
module with dimensions of 34 cm x 24 cm. The test area of interest from the total test
area was thus selected to be 40 cm x 40 cm for this PV module’s testing as indicated by
the black box in Figures 3.6 and 3.7.
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Figure 3.6. Spatial non-uniformity test using a pyranometer for a test area of 160 cm x 100 cm
(total test area) divided into 10 cm x 10 cm squares. The area inside the black box is 40 cm x 40
cm and was used for characterisation of a 10 W PV module.
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Figure 3.7. Irradiance spatial distribution over a test area of 160 cm x 100 cm (total test area)
divided into 10 cm x 10 cm squares. The area inside the black box is 40 cm x 40 cm and was
used for characterisation of a 10 W PV module.

The spatial non-uniformity was calculated according to E927-10 standards for both test
areas, which are the total area of 160 cm x 100 cm and the selected smaller area for the

PV module’s characterisation of 40 cm x 40 cm. Given the maximum irradiance (G,qx)
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and the minimum irradiance (G,,;,) Within a test area, the spatial non-uniformity (Sy) can
be calculated from [184]:

Sy = 1009 + ( Znax—tmin) (3.1)

maxtGmin

From Figure 3.7, using the maximum and minimum irradiances of the 160 cm x 100 cm
area and solving Equation (3.1) yield a spatial non-uniformity of about 82%. This shows
that the light is significantly non-uniform with this large test area and hence the light
source does not meet the E927-10 standards of spatial non-uniformity in Table 3.1.

Hence, this area was not used in this research.

Using the maximum and minimum irradiances of the 40 cm x 40 cm area shown in Figure
3.7 by the black box provide a spatial non-uniformity of about 19% from Equation (3.1).
It is apparent from those results that the light source also failed to meet the E927-10
standards of spatial non-uniformity in Table 3.1 when using this area of the test table.
Hence, the largest PV module size characterised in this research was selected to be 34 cm
X 24 cm (including frame as will be explained in Section 3.4). However, when different
cells are partially shaded within this PV module, the I-V curve exhibits a shift along the
vertical axis due to the non-uniformity. The shape of the I-V curve (slope of the reverse
bias region) did not significantly change (see Figure 6.2). Hence, this non-uniformity has
no significant effect on the reliability of the results in this research as the main focus when
using this module is on the reverse bias region (Section 5.5.2). The other PV devices used
in this research have smaller sizes than this module and thus a small area non-uniformity

test was needed.

3.2.2.2. Small Area Non-uniformity Test

The small area test was performed in order identify the simulator’s class in terms of spatial
non-uniformity when using it for characterising small PV devices. A reference cell from
SEAWARD (solar survey 200R) [188] was used in this test because it is much smaller in
size that the pyranometer and can perform measurements in small areas. The solar survey
200R, shown in Figure 3.8, is a battery powered handheld device that provides quick
irradiance measurements. Furthermore, it has a resolution of 1 W/m2 and capable of
measuring an irradiance range of 100 to 1250 W/m2. It can also measure the temperature
and inclination in addition to the built-in compass function. However, it was utilised only

for irradiance measurements in this work. The main advantage of reference cells is the
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fact that they usually use a crystalline-Si solar cell to measure the irradiance, which
behaves as the crystalline-Si PV devices under test [1]. It is to be noted that when using
the solar survey 200R with the light source used in this work, the measurement was not
stable and it fluctuated between two readings. Hence, the average value of the two

readings was taken for each measurement.

A test area of 14 cm x 14 cm was selected at the centre of the test table as indicated by
the yellow dashed line box in Figure 3.8 in order to characterise one small in-house
assembled PV module that has dimensions of approximately 9 cm x 12.5 cm (area
covering the solar cells only as will be explained in Section 3.4.2). The test area of 14 cm
X 14 cm was divided into 2 cm x 0.7 cm rectangles, which are approximately the
dimensions of the used reference cell. Subsequently, the irradiance was measured in each
rectangle by attaching a foam adhesive tape, that has the same size of the reference cell,
to the back of the 200R. The 200R was then carefully placed so that the tape covers the
desired rectangle. Irradiance measurements were finally taken at each rectangle and the
values were recorded while it was measured as 1000 W/m?2 at the centre. The experimental
set-up of the small area non-uniformity test and the irradiance spatial distribution are
depicted in Figures 3.8 and 3.9, respectively. Figure 3.9 shows that the light has much
more better uniformity than that of the large area non-uniformity test shown previously
in Figure 3.7. The black boxes in Figures 3.8 and 3.9 indicate a smaller test area of 6 cm

x 5.6 cm selected to be used for characterising all solar cells in this research.

Figure 3.8. Spatial non-uniformity test using solar survey 200R reference cell for a test area of
14 cm x 14 cm divided into 2 cm x 0.7 cm rectangles (reference cell area). (This 14 cm x 14 cm
area was used for characterisation of a small in-house assembled PV module. The area inside
the black box is 6 cm x 5.6 cm and was used for characterisation of all single solar cells).
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Figure 3.9. Irradiance spatial distribution over a test area of 14 cm x 14 cm divided into 2 cm x

0.7 cm rectangles (reference cell area). (This 14 cm x 14 cm area was used for characterisation

of a small in-house assembled PV module. The area inside the black box is 6 cm x 5.6 cm and
was used for characterisation of all single solar cells).

The 14 cm x 14 cm test area has a spatial non-uniformity of about 18% from Equation
(3.1). This indicates that the light source does not meet the E927-10 spatial non-
uniformity standards of Table 3.1 when used with the 14 cm x 14 cm area. However, this
area was used only for characterising the 9 cm x 12.5 cm in-house assembled PV module
under individual cell shading for investigating the influence of broken contact fingers.
The area of interest in this investigation is the shape of region 1 MPP (see Figure 2.14
(@)), which is not affected by the non-uniformity as will be discussed in Section 6.4.4.

The smaller test area of 6 cm x 5.6 cm has a spatial non-uniformity of about 10%, which
matches the 10% limit of Class C according to Table 3.1. Hence, the light source was
classified as Class C when used with this area. Therefore, for all single solar cells’
characterisation in this research, the light source was considered of Class C in terms of

its spatial non-uniformity.
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3.2.3. Irradiance Temporal Instability

The third and last qualification test of the light source is the temporal instability, which
evaluates its performance in terms of the light stability over a period of time. The E927-
10 standards recommended carrying-out temporal instability tests for steady state
simulators by taking at least 20 irradiance measurements over a period of 1 second.
However, due to the lack of a data acquisition system that is capable of recording
measurements at this frequency, the irradiance was measured in this work manually once
every 5 minutes over a period of 4 hours (240 minutes). The pyranometer was used for
this purpose and it was placed at the centre of the test table with the light source irradiance
adjusted to 1000 W/m2. In Figure 3.10, the change of irradiance over the 4 hours period
is reported. The plot in Figure 3.10 indicates that the light source has a reasonably good

stability.
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Figure 3.10. Irradiance temporal instability of the light source over a period of 4 hours.

According to E927-10 standards, the temporal instability can be calculated using
Equation (3.1) of the spatial non-uniformity considering the maximum and minimum
irradiances measured, which are respectively 1014.6 and 990.3 W/m?2 in this case. The
results yielded a temporal instability of 1.2% revealing that the light source is of Class A

in terms of its temporal instability according to Table 3.1.
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3.2.4. Overall Performance Classification of the Solar Simulator

The previous three Sections 3.2.1, 3.2.2 and 3.2.3 presented the experimental evaluation
of the light source class according to E927-10 standards in terms of spectral match, spatial
non-uniformity and temporal instability, respectively. Only spatial non-uniformity test
showed that the light source does not meet the standards when used with large test areas,
which are only required for characterising two PV modules in this research. However, it
does meet the standards of Class C when applied to a small area of 6 cm x 5.6 cm. Thus,
all single solar cells used in this research were selected to be much smaller than 6 cm x
5.6 cm. Further, the PV modules used were selected with small sizes to minimise the
impact of non-uniformity. Despite this non-uniformity, the light source was successfully
used to characterise those PV modules for the purpose of this research as previously
discussed in Sections 3.2.2.1 and 3.2.2.2.

The overall performance classification of the solar simulator was therefore established
for testing single solar cells in this research and it is given in Table 3.4 indicating that the

simulator is of Class BCA.

Table 3.4. Performance classification of the ARRISUN 60 light source for single solar cell

testing.
Performance measure Class
Spectral match B
Irradiance spatial non-uniformity C
Irradiance temporal instability A

3.3. Solar Cells and Testing Rig Preparations

This section presents various stages of solar cells’ samples preparations. The printed
circuit board (PCB) design and fabrication is first explained followed by the cell contacts
soldering process and finally the test rig arrangements. Three different mono-Si solar cell
sizes were used in different experimental studies in this research with active areas
(excluding soldered busbar ribbon wire) of 0.78 cm? (1 cm x 0.78 cm), 0.8 cm? (1 cm X
0.8 cm) and 6.25 cm? (2.5 cm x 2.5 cm). The total areas of these three sizes (including
busbar) are respectively 1 cm? (Lcm x 1 cm), 1 cm2 (1 cm x 1 cm) and 6.7 cm? (2.5 cm X
2.68 cm). In the remainder of this thesis, only the active area of single solar cells will be

recalled unless otherwise stated.

71



Chapter 3

All solar cells were supplied by Solar Capture Technologies [189] as a cut wafer without
soldered contacts and have a single busbar. Apart from the 0.78 cm? cell, all other cells
were supplied from the same batch. All cells do not have a specific data sheet as they
were custom-made by Solar Capture Technologies. In this section, the process of solar
cell sample preparation is explained for the 0.78 cm? cell. All other cells and their test rig
were prepared in the same manner. The photograph of each used solar cell will be shown

in the respective section of this thesis.

3.3.1. Solar Cells PCB Design and Fabrication

As mono-Si solar cells are very fragile, it is imperative to provide a mechanical support
for the solar cell to protect it from breakage during handling for experimental studies. The
idea of using a supporting board for solar cells was taken from Al-Shidhani et al. [190],
who used a direct copper bonded (DCB) board. However, in this work, the PCB was

selected as a supporting board due to its availability, low-cost and easy fabrication.

A computer aided design (CAD) drawing of the designed PCB for the 0.78 cm? solar cell
is depicted in Figure 3.11 (a) drawn in SolidWorks software, while a photograph is given
in Figure 3.11 (b). The PCB has dimensions of 6 cm x 6 cm, which are slightly larger
than the small test area discussed in Section 3.2.2.2. Further, it has a small thickness of
0.5 mm in order to improve thermal conductivity for water cooling as will be explained
later in Section 3.5.2. The copper part of the PCB was designed to be attached to the back
of the solar cell and hence it was designed with slightly larger dimensions of 10.5 mm x
10.5 mm than the total cell dimensions (10 mm x 10 mm). The upper copper appendage
shown in Figures 3.11 (a) and (b) was designed in order to attach the thermocouple for
temperature measurements. Whereas the lower two copper appendages were dedicated to
solder the positive and negative terminals. The positive terminal appendage was extended
from the copper part, but the negative terminal one was separated by 1 mm in order to
avoid short circuiting the terminals. The PCB was fabricated in the Electrical Workshop,
Cardiff University using a Circuit Board Plotter Machine model ProtoMat S100 from
LPKF Laser & Electronics [191].
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Figure 3.11. The PCB design for solar cell housing: (a) CAD drawing and (b) PCB photograph.
(Dimensions in the CAD drawing are in mm).

3.3.2. Solar Cells Preparation and Soldering

A photograph of the 0.78 cm2 solar cell supplied as a wafer without contacts is given in
Figure 3.12 (b). The solar cell sample preparation process was divided into two stages:
soldering the solar cell to the PCB and soldering the cell contacts. In the first stage, the
PCB copper part was carefully cleaned using Isopropyl Alcohol. Then, a hotplate was
heated to a temperature just above the melting point of the soldering wire lead, which is
from 183 °C to 188 °C [192]. This was done in order to avoid high temperatures that may
damage the cell or burn the PCB. The hotplate temperature was monitored using a K-type
thermocouple placed inside a hole of a copper sheet as shown in Figure 3.12 (b). A
thermal paste from RS components [193] that has a thermal conductivity of 2.9 W/(m.K)
was used when placing the thermocouple inside the hole (this thermal paste was also used
in all other experiments). Subsequently, the PCB was placed on the hotplate and a small
amount of soldering wire lead was added to its copper part. Once the wire lead was
melted, the solar cell was carefully placed on the copper part of the PCB and then removed
quickly and left to cool down. This process provided a good bond between the PCB and

the solar cell.

The second stage in solar cell preparation involved soldering the contacts. As the positive
contact was already created by soldering the back sheet of the solar cell to the PCB, the
positive terminal was realised by soldering a wire to the appendage extended from the
copper part of the PCB as Figure 3.12 (c) shows. The negative terminal was established
by soldering a 0.16 mm thick wire ribbon to the front busbar and then soldering it to an
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external wire via the appendage that is separated from the copper part as depicted in
Figure 3.12 (c). Soldering flux was applied using a flux pen to the wire ribbon before
soldering in order to have a good bond with the solar cell’s busbar. Note that the
thermocouple attached to the PCB in Figure 3.12 (c) is for temperature measurements of

the solar cell as will be explained later in Section 3.5.1.

‘Temperature
of ho :

PCB

- Soldered
solar cell

(b)

Figure 3.12. Soldering process of the solar cell: (a) the heated hotplate used for solar cell and
PCB soldering and its temperature measurement using a K-type thermocouple, (b) the solar cell
with a total area of 1 cm?2 (1 cm x 1 cm) without contacts and (c) the solar cell after soldering the
PCB and terminals resulting in an active area of 0.78 cm? (1 cm x 0.78 cm).

It is worth noting that for this particular solar cell, there was a small part of the excess
wafer between the busbar and the left edge as shown in Figure 3.12 (b). Hence, a wide
ribbon wire with a width of 3 mm was used in order to completely cover this area and
avoid penetration of light through it. The purpose of doing that was to have an active cell
area in only one side of the busbar in order to conveniently perform partial shading
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experiments on it. All other cells used in this research did not have this issue and hence a
standard wire ribbon that has a width of 1.8 mm and a thickness of 0.16 mm was used.

3.3.3. Solar Cells Test Rig under the Simulator

Once the solar cell sample had been soldered and prepared, the test rig used to properly
place the cell under the simulator was built. A black plastic plate of 20 cm x 20 cm was
fabricated and grooved by the Mechanical Workshop, Cardiff University in order to hold
the solar cell assembly in place. Three grooves were introduced into the plate as shown
in Figure 3.13 (a). The first one was for holding the heat exchanger and the other two
were for holding the insulated water tubes as Figure 3.13 (b) shows. First, the plate was
connected at the middle of the test table by four screws. Second, the heat exchanger and
water tubes were placed inside the grooves with the help of an adhesive tape. Third, the
solar cell assembly was attached to the heat exchanger using the thermal paste. Using the
heat exchanger and water tubes for cooling will be discussed in Section 3.5.2. Figure 3.13

(d) shows the complete cell assembly with its cooling system placed inside the chamber.
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Figure 3.13. Steps of preparing the solar cells’ test rig: (a) plastic supporting plate with grooves
for heat exchanger and tubes, (b) heat exchanger and tubes are placed on the supporting plate,
(c) the solar cell assembly is placed on the heat exchanger and (d) the complete test platform
with the solar cell under the solar simulator.

3.4. PV Modules Preparations

This section presents the preparations of PV modules used in this research and their
soldering work. Three PV modules were used in the experimental investigations of this
research. A mono-Si 10 W PV module with total dimensions (including frame) of 34 cm
X 24 cm from Betop-camp [194], an in-house assembled mono-Si PV module with total
dimensions of 15 cm x 15 cm and a small SANYO a-Si PV module model AM-8701
purchased from Rs Components [195] with total dimensions of 5.51 cm x 5.77 cm. The
latter did not need any soldering work and hence only the preparations of the 10 W

module and the in-house assembled module will be presented.
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3.4.1. Mono-Si 10 W PV Module Preparation

This mono-Si 10 W module has 36 solar cells connected in series without bypass diodes,
as shown in Figure 3.14 (a). However, it was required to add two bypass diodes, one for
each cell-string per 18 cells, in order to investigate partial shading. The back sheet and
adhesive encapsulant were removed and one bypass diode was soldered in parallel across
each cell-string. It was also required to cut part of the frame in order to easily access the
locations of the soldering joints and also for cooling purpose as will be explained in
Section 3.5.2. In addition, the blocking diode, which is available in the module junction
box for protection against battery discharge at night, was removed because the module
was characterised without a battery system in this work. Figures 3.14 (b) and (c) illustrate
the back side of the PV module before and after insertion of the bypass diodes,
respectively. The bypass diodes used were the 1N5819 Schottky rectifiers from
STMicroelectronics [196] purchased from RS Components [197]. A schematic diagram
shows the internal configuration of cells and bypass diodes of this module was previously

given in Figure 2.13 to illustrate the consequents of partial shading in Section 2.9.1.

-

@) (b) ()

Figure 3.14. The mono-Si 10 W PV module and its bypass diodes soldering: (a) front of PV
module, (b) back of PV module before removing frame and bypass diodes soldering and (c)
back of PV module after removing frame and bypass diodes soldering.

3.4.2. In-house Made Mono-Si PV Module Preparation

An in-house made PV module consists of 12 mono-Si solar cells was prepared within the
scope of this research. The solar cells were of central busbar as shown in Figure 3.15 with

an active area of 6.25 cm? (2.5 cm x 2.5 cm). The module has two cell-strings, each one
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has 6 cells and one anti-parallel bypass diode. The solar cells were first soldered into
strings of 3 series connected cells using the 1.8 mm wide wire ribbon connecting the front
busbar of each cell to the back contact of the next one. Then, the strings of 3 cells were
soldered in series using a main bus wire ribbon that has a width of 5 mm and a thickness
of 0.16 mm. Soldering flux was applied to all wire ribbons throughout the soldering
process. Subsequently, the bypass diodes were soldered in anti-parallel across each cell-
string. The positive and negative wires were then soldered. Finally, the soldered cell-
strings were placed on a 1.5 mm thick self-adhesive thermal interface sheet purchased
from RS components [198] with a thermal conductivity of 1.95 W/(m.K) for cooling
purpose and mechanical support. The complete PV module has total dimensions of 15 cm
x 15 cm (area of the thermal sheet) and it is depicted in Figure 3.15. The area including

only the cell-strings is approximately 9 cm x 12.5 cm.

Figure 3.15. The in-house assembled PV module consists of 12 solar cells connected in series
with two bypass diodes.

3.5. Temperature Control

The change in a solar cell temperature has a noticeable effect on its output characteristics
as shown previously in Figures 2.8 (a) and (b). Since this work used a light source that
has a lamp with a high power rating inside a closed chamber, the rise in temperature of
the PV device under test is inevitable. Moreover, in order to carry-out a comparative study
between different experiments, it is important that they are performed under the same
temperature. Therefore, temperature measurements and cooling are required in this

research and are presented in the following two sub-sections.
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3.5.1. Temperature Measurements by Thermocouples

A K-type thermocouple from RS Components [199] that has a length of 5 m and capable
of measuring a temperature range of -75 to 260 °C was used in this work for measuring
the solar cells and modules temperatures. The accuracy depends on the temperature range
as per the Thermocouple Selection Guide from RS Components. For a range of -40 to
1000 °C, which covers all temperatures used in this work (20 to 50 °C), the accuracy is
+0.004 multiplied by the actual temperature or £1.5 °C, whichever is greater. However,

for the range used in this work, 1.5 °C is always greater.

The thermocouple was attached to a data logger model TC-08 from Pico Technology
[200] purchased from RS Components [201] as shown in Figure 3.16 (a). The TC-08 data
logger can be interfaced with a computer using the USB port via a dedicated software for
temperature monitoring and recording. In addition, it can be connected to a maximum of
eight thermocouples and can take up to 10 measurements per second. Further, it supports
a measurement range of -250 to +1370 °C at a resolution of 0.025 °C when using K-type
thermocouples. The accuracy is the summation of £0.5 °C and +£0.2% of measurement.
For the lower and upper limits of the temperature range used in this work (20 and 50 °C),
this yields an accuracy of £0.54 °C and £0.6 °C, respectively. Adding these values to the
accuracy of the thermocouple provides an uncertainty of £2.04 °C and £2.1 °C in the
lower and upper temperature range limits, respectively. Therefore, the uncertainty in all
temperatures measured in this work is between those two values. However, in Section
3.7, the repeatability error of measuring several 1-V curves at a fixed temperature will be

assessed and the error in temperature measurements accuracy will be accounted for.

The solar cell temperature was measured by attaching the thermocouple to the copper
appendage using an adhesive tape that has a high temperature resistance manufactured by
Tesa [202] and supplied by RS Components [203] as Figure 3.16 (b) shows. The purpose
of using a high temperature resistive tape was to protect the thermocouple from being
affected by the environment temperature, thereby measuring only the temperature of the
copper appendage. Since the solar cell is soldered to the copper part of the PCB and

copper is known to have a high thermal conductivity, it is expected that the difference
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between the solar cell back contact temperature and the copper appendage temperature is

negligible.

The PV modules’ temperature, on the other hand, was measured by attaching the
thermocouple to the back sheet using the adhesive tape. Figure 3.16 (c) for instance shows
the thermocouple attached to the back sheet of the 10 W PV module. The same technique
was also used with other PV modules used in this research.

K-type

thermocouples r

(©)

@)

Figure 3.16. Temperature measurement of solar cells and modules: (a) a K-type thermocouple
is attached to Pico TC-08 data logger, (b) the thermocouple is attached to the PCB copper
appendage to measure the solar cell temperature and (c) the thermocouple is attached to the
back of the 10 W PV module.

3.5.2. Water Circulation Cooling

The solar cells and modules cooling was achieved using water circulation by means of a
heat exchanger and a water circulator. The heat exchanger used in this work for solar cells
cooling was designed and fabricated by the Mechanical Workshop, Cardiff University as
depicted in Figures 3.17 (a) and (b). It was made from copper with dimensions of 6 cm x
6 cm, which match the PCB dimensions as shown by the CAD drawing in Figure 3.17
(a). A photograph is given in Figure 3.17 (b) showing the heat exchanger before welding
the copper cover plate. The 1.2 cm thick heat exchanger has two identical copper tubes
for water inlet and outlet at each side designed to be connected with flexible water tubes
that have an inner diameter of 0.8 cm. Connecting the heat exchanger with the PCB, water

tubes and the experimental test rig was previously shown by Figures 3.13 (a) to (d). In
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addition to cooling all solar cells used in this research, this set-up was also used to cool
the SANYO a-Si PV module because it is smaller in size than this copper heat exchanger.

The water tubes were then attached to a water circulator model GP-300 from NESLAB
Instruments [204] that has a water bath capacity of 20 litres. While the test rig with the
heat exchanger were placed inside the chamber, the water circulator was placed outside
of it. The water tubes were extended between the heat exchanger and the water bath
through a hole in the chamber side wall. Since the tubes extended from the heat exchanger
inside the chamber are exposed to the simulator’s light when it is switched ON, the water
inside the tubes will be heated rapidly and hence may not allow an efficient cooling. In
order to alleviate this issue, the water tubes inside the chamber were covered by a
polyethylene pipe foam insulator from RS Components [205] (see Figure 3.13 (d)).

60.00

60.00 I

(@)

Figure 3.17. Inner view of the heat exchanger used for solar cells cooling designed by the
Mechanical Workshop at Cardiff University: (a) CAD drawing and (b) photograph.
(Dimensions in the CAD drawing are in mm).

The mono-Si PV modules cooling process harness the same technique, albeit with a larger
aluminium heat exchanger with dimensions of 22 cm x 22 ¢cm shown in Figure 3.18 (a).
The back side of this heat exchanger was covered using a Perspex sheet by the Mechanical
Workshop as shown in Figure 3.18 (b) creating a total thickness of 1.5 cm. The 10 W PV
module, shown in Figure 3.14, was attached to the heat exchanger front aluminium plate
using the thermal paste as illustrated in Figure 3.18 (c) and then the whole assembly was
placed at the centre of the test table under the simulator. It is to be noted that the module’s
frame was cut to allow for the heat exchanger housing and also grooves were made in the
frame as shown in Figure 3.18 (c) in order to insert the inlet and outlet tubes.
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A similar procedure was followed for cooling the in-house assembled PV module shown
previously in Figure 3.15 by placing the thermal interface sheet on the heat exchanger
using the thermal paste as Figure 3.18 (d) shows. Note that for cooling both mono-Si
modules, the heat exchanger was placed directly on the test table without a plastic plate
used in the case of single solar cells set-up (see Figures 3.13 (a) to (d)). This is because
the heat exchanger behaves like a test rig for the PV modules that holds them in place.

(@) (b)

(d)

Figure 3.18. The heat exchanger used for PV modules cooling; (2) front aluminium plate, (b)
back Perspex sheet, (c) the heat exchanger is attached to the back of the 10 W PV module and
(d) the heat exchanger is attached to the back of the in-house assembled PV module.

It is crucial in this research that PV devices have an efficient cooling system in order to

perform I-V curves tracing at a stabilised temperature. The solar cell cooling system was

thus tested under the light source before starting I-V curve tracing in this research. The

solar cell test rig was placed inside the chamber and the water circulator GP-300 was

placed outside of it as explained previously. A schematic diagram of this experimental
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set-up is given in Figure 3.19. K-type thermocouples were used to monitor the solar cell,
the water bath and ambient temperatures via the Pico TC-08 data logger and a computer.
The solar cell’s thermocouple was attached to it as shown previously in Figure 3.16 (b).
The water bath’s thermocouple was immersed in the water, whereas the ambient
temperature’s thermocouple was attached to the chamber side wall using an adhesive tape.
Since the thermocouples used to measure the solar cell and ambient temperatures were
measuring those temperatures inside the chamber, they were inserted through the hole in
the chamber’s wall in order to be connected to the TC-08 data logger located outside the
chamber. It is also to be noted that the thermocouples used to measure the water bath and
ambient temperatures were of the same make as that of the one used to measure the PV

devices’ temperatures, but with smaller lengths of 1 m and 2 m, respectively.
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Figure 3.19. Schematic diagram of temperature control set-up.

The light source was switched ON at in irradiance of 1000 W/m2 for a period of 3 hours
and the chamber door was permanently closed during this time. The three temperatures
were recorded using the data logger and plotted against time in seconds in Figure 3.20.
As shown, there was a sharp increase in the ambient temperature starting from about 14
°C and reaching nearly 52 °C after the 3 hours. On the other hand, the solar cell and water

bath temperatures had a similar trend with a much slower increase throughout the period.
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The initial solar cell temperature was about 15 °C and rose to about 26 °C at the end of

the test, indicating a fairly stable temperature considering this long period of time.

The cell temperature stayed at STC (25 °C) for a period of about 6 minutes and stayed
within 25 + 0.5 °C for a period of approximately 26 minutes. This time was sufficient for
taking I-V curve measurements. Similarly, if it is desired to take I-V curve measurements
at other cell temperatures, the cell temperature is monitored while it is slowly increasing

and the measurement is taken once it reaches the desired value.

In this particular test, the STC cell temperature was reached at about 8500 second (2 hours
and 22 minutes). This can be attributed to the low initial temperature of the water bath
(about 13 °C), which caused the slow cell temperature rise when exposed to the light.
However, it was noticed in some experiments performed in this research that when the
water bath initial temperature was higher, at 20 °C for instance, the STC cell temperature

was reached in a much shorter time.

55 T T i

50 1 |—=— Cell Temperature
|l |—»— water Bath Temperature], = _~—" |
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Temperature (°C)
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Figure 3.20. Change of the solar cell, water bath and ambient temperatures over a period of 3
hours. Measurements were recorded every one second.

3.6. I-V Curve Tracing

I-V curve measurement is the main characterisation technique in this research used to

study the behaviour of solar cells and modules. The used I-V curve tracing system is
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shown in Figure 3.21 and was previously established at the Solar and Environmental
Research Laboratory, Cardiff University. Keithley 2601 source meter [206] was used to
perform |-V curve tracing. The positive and negative terminals of the PV device under
test is connected to the Keithley source meter. The source meter itself is interfaced with
a computer that harness Test Script Builder (TSB) software via General Purpose Interface
Bus (GPIB) control device from National Instruments [207].

According to its data sheet [206], the Keithley 2601 source meter can be used for
measuring |-V characteristics of a wide range of electronic components. It has a built-in
electronic load and analogue to digital converters for current and voltage, hence it
provides current and voltage characterisations in the source and sink modes of operation
(when the instrument is used either as a source or as a load). In this work, this instrument
was used for I-V curve measurements of PV devices only in the first quadrant, except a
few points in the fourth quadrant measured in order to obtain the open circuit point as will
be explained later in this section. The current measurement accuracy of the source meter
was specified by the manufacturer under specific test conditions, and it is valid for only
one year. However, as the used source meter had been in the Laboratory for a few years
before using it in this research, these specifications are considered out of data. Hence, the
error caused by the source meter on I-V curve measurements will be accounted for in this

work when assessing the repeatability of the whole experimental set-up in Section 3.7.

_ Computer with
GPIB interface TSB software

PV device Keithley 2601 sourc
m—— adapter

e meter

Figure 3.21. I-V curve tracing system configuration.

The TSB software is used to create and debug the source code for I-V curve tracing in
addition to sending commands and receiving measurements through the GPIB.
Particularly, this software was useful in this work for adjusting the required voltage range
according to the size of the PV device under test. Moreover, the measurement resolution
can also be set within the software allowing to adjust the number of data points on I-V
curves. The more the number of data points is, the longer the 1-V curve sweep time will
be. Large number of data points make I-V curves more informative and hence is useful
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for calculating the equivalent circuit parameters. Nevertheless, large number of data
points may make the measurement prone to random errors and temperature variations
effect because of long I-V curve sweep time. Therefore, a compromise between large
number of data points and short sweep time was selected in this work by not exceeding
106 points in all experiments resulting in a sweep time of less than 3 seconds. Throughout
this research, the number of data points of all I-V curves that are compared with each

other are consistent.

The current for each voltage point within the specified voltage range was measured by
the source meter and received in the TSB software. This 1-V data was then exported to a
Microsoft Excel file for further adjustment, which constituted calculating the open circuit
voltage point and deleting any extra points in the fourth quadrant. Figure 3.22 (a) shows
a measured I-V curve of the solar cell that has an active area of 0.78 cm?2 depicted here as
an example to illustrate this procedure. As shown, the open circuit voltage (V,.) point (I
= 0) cannot be obtained experimentally and hence the current was measured with some
data points in the fourth quadrant. The V,. can be calculated from the two points located
in the red circle in Figure 3.22 (a) using linear interpolation due to the fact that these
points form nearly a straight line and they are close to each other. Assume that the upper
and lower points’ coordinates are (xy,y;) and (x,, y,), respectively. The V,. coordinates

are (xo,vo). Then we can write:

Vo—y1) _ (V2—y1) (3 2)

(Xo—x1)  (x2—%1)

The V. coordinate (x,) can then be calculated from:

=y, = Ly)En) 4 (3.3)

X
0 ¢ 2-y1)

For this particular 1-V curve, using the coordinates of (xq,y:1), (x3,y,) and given a
current of zero at open circuit (y, = 0), the calculated V,. using Equation (3.3) is 0.576
V. Once V,. is obtained, the extra fourth quadrant points are deleted from the data
including the lower point (x,, y,) in the red circle in Figure 3.22 (a), resulting in an |-V
curve in the first quadrant as depicted in Figure 3.22 (b). Once the I-V curve is obtained,
the P-V curve can be simply determined by calculating the power for each point (1.V)

and then plotting it versus the voltage.
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Figure 3.22. Experimental I-V curves of the 0.78 cm2 active area solar cell depicted to illustrate
the open circuit voltage point calculation process: (a) the complete measured I-V curve and (b)
the I-V curve in the first quadrant with the open circuit point added and the fourth quadrant

It is important to point out that in some I-V curves, the upper point (x4, y;) in Figure 3.22
(a) is very close to the x-axis with a very low current value. When calculating the V., the
upper point (x4, y;) and the V,. point will be very close and nearly overlapped with each

other. In order to avoid this issue of overlapped two points, a criterion was developed
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depending on how close the point (x4, y;) to V,.. If the current of this point is >1% of the
I, this means that this point is not very close to V,. and hence it is retained as it is the
case in the example given in Figures 3.22 (a) and (b). On the other hand, if the current of
this point is < 1% of the I, then this point is very close to V,. and thus it is deleted from
the data. This procedure was applied to all solar cells and modules that was required to
calculate their equivalent circuit parameters in this research. However, this procedure was
not applied to I-V curves that were not used for calculating the parameters and were only

presented for experimental comparison.

3.7. Complete Experimental Set-up and Repeatability Error Analysis

The solar cells and modules characterisation set-up was assembled as discussed in the
previous sections. After placing the solar cell or module assembly at the centre of the test
table, the water cooling and I-V curve sweep systems were configured establishing the
complete characterisation set-up. A schematic diagram of the solar cell under the
characterisation set-up is given in Figure 3.23 and a photograph of the facility is given in
Figure 3.24 where all main parts are annotated.
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Figure 3.23. Schematic diagram of the facility for solar cells and modules characterisation.
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®)
(6)

(1) Environmental chamber with ARRISUN 60 light source
(2) Insulated water tubes

(3) GP-300 water circulator

(4) Computers for I-V tracing and temperature monitoring
(5) Keithley 2601 I-V tracer

(6) TC-08 temperature data logger

Figure 3.24. Photograph of the facility for solar cells and modules characterisation.

The next step was to test the system and determine its repeatability error by measuring I-
V curves of a solar cell several times under the same condition. The I-V curve of the
solar cell that has an active area of 0.78 cm? was measured 12 times at STC over three
days, with four measurements obtained per day, during which the light source and all test
equipment were switched OFF after each four measurements. The 12 I-V curves are
plotted in Figure 3.25 indicating a reasonably good consistency, especially near V. point.
The performance parameters of each I-V curve were extracted from experimental data. In
addition, the mean value and relative standard deviation (RSD) of the population were
calculated using Microsoft Excel and presented in Table 3.5. The RSD was calculated

from the following equation:

RSD = 100% + ( Z) (3.4)

where X is the mean and SD is the standard deviation of the samples’ population, which

is calculated from:
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T (- xp)?

SD = = (3.5)

where x; represents the i,, point of the samples’ population and N is the number of
samples.
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Figure 3.25. 12 I-V curve measurements taken at STC over three days, with four measurements
obtained per day.

Table 3.5. Performance parameters of the mono-Si solar cell extracted under STC. (Each
parameter value was calculated by averaging 12 values from 12 |-V curve measurements taken
over three days, with four measurements obtained per day. The relative standard deviation of
each parameter is also shown).

Parameter at Mean value Relati_ve_ standard
STC deviation (%)
Prax (MW) 9.6 +3
Is. (MA) 23.8 +1.6
Ve (V) 0.578 +0.3
FF 0.694 +1
Efficiency (%) 12.3 2.7

The RSD was also calculated using Equation (3.4) for each point of the measured current
on the 12 I-V curves in Figure 3.25 and then it was averaged resulting in a value of about
5%. The V,. points of the first four I-V curves were not included in the RSD calculations

because those four curves have 71 data points, whereas the other curves have 70.
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Furthermore, the data in Table 3.5 indicates fairly small RSDs of the main parameters.
The slightly higher RSDs of PB,,,,, efficiency and I, may be attributed to the slight
attenuation in light source intensity because of switching it OFF and then ON again.
However, the FF and V,. showed lower RSDs of +1 and +0.3%, respectively. The
consistency of /,. among the 12 I-V curves indicates that the temperature cooling system
Is effective in maintaining a stable cell temperature of 25 °C because this parameter is
sensitive to the change in the cell temperature [1]. All the above results imply that the

experimental set-up has a reasonably good repeatability.

The measurement error, which is presented above as RSD of the performance parameters
and I-V curves, is an accumulation of any random errors caused by the light source
attenuation, 1-V curve tracing and accuracy of temperature measurements. Therefore,
throughout this thesis, the RSD calculated from Equations (3.4) and (3.5) will be used as
a measure of repeatability and measurement error in performance parameters, equivalent

circuit parameters and 1-V curves.

3.8. Shading Objects Fabrication

It is required in the shading experiments performed in this research to use opague objects
to block parts of the solar cells and prevent light from reaching them. Since most of the
used solar cells are quite small in size and do not have a front glass sheet, it was decided
to fabricate the shading objects using 3D printing technology. This is with the exception
of the 10 W PV module shown in Figure 3.14, which has larger solar cells (active area of
15 cm2 (3 cm x 5 cm)) encapsulated into a front glass sheet, hence a double-sided foam
adhesive tape was used. The adhesive tape worked well with this module for prevention
of light penetration through the shaded cell edges because of its firm adherence to the
glass. Nevertheless, it cannot be used with other cells and modules that do not have a
front glass sheet because the tape might damage the cells when it is peeled off. The 3D
printing process is presented below for the 0.78 cm? active area cell. It is the same for all
other PV devices used in this research, expect the 10 W module as stated above.

The 3D objects were made of black Polylactic acid (PLA) filament using Ultimaker 2
Extended Plus 3D printer [208] located at the Electrical Workshop, Cardiff University
and shown in Figure 3.26. First, the objects were designed in SolidWorks software with
sizes depending on the cell area. For instance, a shaded area of 25% from the total cell
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area requires an object that has a width covers 25% of the cell. Three objects were
fabricated for three shaded area percentages of 25, 50 and 75%. The thickness of all

objects was selected to be 2 mm.

Figure 3.26. Ultimaker 2 Extended Plus 3D printer used to fabricate the shading objects.

Second, once the CAD drawing file was ready in SolidWorks, it was converted to a
stereolithography (STL) file type and then opened by Ultimaker Cura software. In this
software, the printing features can be adjusted if needed, such as the layer height and
object filling percentage. Third, the file was exported to the 3D printer in order to perform
the printing process. In Figure 3.27 (a) to (c), CAD drawing in SolidWorks and
photographs of the shading objects for the 0.78 cm? cell are depicted. The left-hand side
of each figure shows the CAD drawing, while the photographs are given in the right-hand
side. As shown in the CAD drawings, the length of all objects was increased by 0.5 mm
beyond the length of the cell (10 mm) in order to minimise light penetration through the

upper and lower shaded edges of the cell.

It is also to be mentioned here that the used 3D printer is very accurate in fabricating
objects with the required dimensions. Its accuracies along the x, y and z directions are
125, 12,5 and 5 pum, respectively [208]. This high precision in addition to carefully
placing the objects on the cell helped in blocking the area that intended to be shaded.
Moreover, in all solar cells and modules used in this research, the well-known linear
decrease of the I,. with shading was also used to verify that the shaded percentage is

correct.
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Figure 3.27. The 3D printed shading objects of the 0.78 cm? active area cell: ((left) CAD
drawings and (right) photographs): (a) 25% shading object, (b) 50% shading object and (c) 75%
shading object. (Dimensions in the CAD drawings are in mm).

3.9. Thermal Imaging Set-up

Thermal imaging was used in this work in an attempt to detect hot spots of cells that have
broken contact fingers in PV modules. FLIR C2 thermal camera [209] shown in Figure

3.28 was used for capturing thermal images of the 10 W module shown in Figure 3.14.
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The main specifications of the thermal camera according to its data sheet are given in
Table 3.6. Thermal images present temperatures of objects as a heat map. The temperature
at any position in the image can be determined when exporting the image from the camera
to its FLIR software. Furthermore, the camera offers three main settings that can be
adjusted by the user, which are the emissivity, the reflected temperature and the distance

from the target object.

According to a thermal imaging guidebook from FLIR [210], the emissivity, which is a
measure of the object’s capability of emitting IR radiation, is a very important parameter
that needs to be set properly in the camera setting to achieve accurate thermal
measurements. Moreover, glass emissivity mainly influences the thermal imaging of PV
modules due to its specular reflections. As mentioned in this guidebook, thermal images
of PV modules need to be taken while the camera is being held at an angle of 5 - 60°, with
0° means that the camera is perpendicular to the PV module. In addition, it is shown in
the guidebook that emissivity of glass changes with the angle of imaging. At an angle of
approximately 45°, which is the one used in this work, the emissivity of glass is about 0.8.

Hence, the emissivity in the camera settings was set to 0.8 in this work.

The reflected temperature, on the other hand, is only important when imaging objects
with a low emissivity [210]. This temperature was therefore left at its default value of 20
°C. Similarly, the distance from the target object was also left at its default value of 1 m,
which was roughly the actual distance between the camera and the module when

capturing the thermal images in this work.

Figure 3.28. FLIR C2 thermal camera used in capturing thermal images [209].
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The module thermal images were captured under 1000 W/m2 illumination and short
circuit condition. The latter is the condition under which thermal imaging should be taken
[1]. The module was imaged without the cooling system in order to allow increasing of
solar cells’ temperatures by the light source, thereby increasing the thermal gradient and
facilitating the appearance of hot spots. A thermal image of the module will be presented
later in Chapter 6, Section 6.4.2.

Table 3.6. Main specifications of the FLIR C2 thermal camera [209].

Specification Value
Measured temperature range -10°C to +150°C
Thermal sensitivity <0.1°C
Accuracy at 25°C +2°C or 2% (whichever is greater)
IR sensor 80 x 60 pixels
Image frequency 9 Hz
Field of view 41° x 31°

3.10. Electroluminescent Imaging Set-up

EL imaging was employed in this work for detection of cell broken contact fingers in PV
modules. An EL experimental set-up was built as shown in Figure 3.29. The PV device
under test was placed inside the environmental chamber and the shutter was closed using
the linear actuator (see Figure 3.1 (b)), hence creating a dark environment. In addition,
the glass window of the chamber door (see Figure 3.1 (a)) was closed using a black
neoprene sheet in order to prevent any light penetration when the door is closed. The PV
device was then forward biased by a current nearly equal to its I, under STC. This bias
level provides good quality EL images as shown by [14], [160]. Subsequently, EL images
were captured using a Nikon D40 camera [211], which is a consumer grade DSLR
camera, with the IR filter removed following the work of [157]. The D40 camera has a
CCD sensor with an image resolution of 3008 x 2000 pixels (6 megapixels) and was
equipped with a lens that has a focal length of 18 — 55 mm. Furthermore, the camera was

connected on a tripod in order to allow a stable image capturing.
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Figure 3.29. Schematic of the EL imaging experimental set-up. The PV device under test could
be a solar cell or a PV module.

In order to adequately capture EL images of PV devices, some camera settings need to be
adjusted beforehand. Since EL imaging was employed in this work for taking images of
solar cells and modules, the camera settings for solar cells were different from those for
PV modules due to the difference in size. The solar cell imaged by EL isthe 2.5cm x 2.5
cm cell, whereas the imaged modules are the 10 W module shown in Figure 3.14 and the
in-house assembled module shown in Figure 3.15. Same EL set-up and camera settings
were used for both PV modules, so only the EL of the 10 W module is presented in this
section. Photographs of the EL imaging experimental set-up of the solar cell and the 10

W module are given in Figures 3.30 (a) and (b), respectively.

Camera on @
+ .atripod

Figure 3.30. EL imaging experimental set-up used to capture the EL images: (a) of the 2.5 cm x
2.5 cm solar cell and (b) of the 10 W PV module.
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Before the camera settings adjustment started, the mode dial had been adjusted to manual
to allow for manual adjustment of settings. Moreover, the camera focus had been set to
automatic mode initially and then once the lens focused on the PV device, it was set to
manual mode and left in this position throughout all EL experiments. This was done in
order for the focus to be fixed on the PV device and to prevent the camera from changing
it automatically.

There were five camera settings that were adjusted in this work as depicted in Table 3.7.
First, the camera sensitivity (also called ISO) was set to a typical value of 800, which is
the middle value of the camera maximum ISO of 1600. Second, the distance from the lens
to the PV device and the focal length were simultaneously adjusted by trial and error
through taking different ordinary digital images. The distances were set respectively to
29 cmand 76 cm for the solar cell and the module. Whereas the focal length was adjusted
to 55 mm and 45 mm for both devices, respectively. Subsequently, the aperture was
adjusted to its widest opening according to the focal length. Apertures of F/5.6 and F/5.3
were set according to the focal lengths of 55 mm and 45 mm for the solar cell and the

module, respectively.

Finally, the shutter speed was found to be the most important parameter affecting the
quality of the EL images. The solar cell and module EL images were captured under
different shutter speeds from 5 seconds to 30 seconds in a 5 second step as shown in
Figures 3.31 and 3.32. It was observed that the higher the shutter speed is, the brighter
and more informative the EL image will be. Therefore, a shutter speed of 30 seconds was
selected for both PV devices.

Table 3.7. Nikon D40 camera settings for capturing EL images of the 2.5 cm x 2.5 cm solar cell
and the 10 W PV module.

Camera settin PV device under test
g Solar Cell 10 W Module
ISO 800 800
Distance from lens to

PV device (cm) 29 76
Focal length (mm) 55 45

Aperture F/5.6 F/5.3
Shutter speed (seconds) 30 30
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Figure 3.31. Camera shutter speed selection for EL imaging of the 2.5 cm x 2.5 cm solar cell.

5 seconds 10 seconds 15 seconds

30 seconds

= T R
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Figure 3.32. Camera shutter speed selection for EL imaging of the 10 W PV module.

It is to be noted that as EL imaging must be performed under a dark environment, the
chamber door must be closed while the image is being captured. Thus, the self-timer

feature of the camera was used for this purpose. The self-timer makes the camera waits
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for 10 seconds after pressing the capture button. This time is sufficient to leave the
chamber and close the door before the image capturing process begins.

3.11. Summary

The experimental methods of this research have been reported in detail in this chapter.
The light source calibration tests were performed according to the E927-10 standards in
terms of spectral match, spatial non-uniformity and temporal stability. The results
revealed that it is of Class BCA for testing single solar cells used in this research.
Nevertheless, it does not meet the standards only in terms of spatial non-uniformity when
testing PV modules. However, as will be shown in Chapters 5 and 6, small PV modules

can still be characterised adequately enough to satisfy the purpose of this research.

After that, the soldering and test rig preparations have been presented for the 0.78 cm?
solar cell. The same process was applied to all other solar cells used in this research. The
use of a PCB as a support for the fragile solar cells was found to be a very useful technique
for cells handling during experiments and for cooling purpose. Then, the preparation and
soldering process of the used PV modules have been explained.

Subsequently, the design and testing of the temperature control system has been reported.
Thermocouple configuration for measuring the temperature of solar cells and modules
has been first discussed followed by explaining the construction of the water cooling
system. Testing the temperature cooling system showed that the cell temperature could
remain reasonably stable for a sufficient period of time to take the I-V measurements.
The last step in building the complete experimental set-up was the I-V curve tracing
system. This system was tested and the issue of obtaining the open circuit voltage point
from experimental data was alleviated thanks to the linear interpolation method.

When the complete characterisation experimental set-up was established, its repeatability
error was assessed by repeating 1-V curve measurements of a solar cell 12 times at STC
over three days, with four curves measured in each day. The results of calculating the
RSDs of performance parameters and I-V curves indicated that the set-up performed quite
decently. The RSD was used as an indicator of the measurement error of the experimental

set-up throughout this research.
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Subsequently, fabrication of solar cells’ shading objects using 3D printing technology
was carried-out and reported. It was found that for small solar cells that are not
encapsulated, 3D printed shading objects can be used to apply shading without damaging
the cells in contrast to the foam adhesive tape. On the other hand, the foam adhesive tape
was found to be performing better for shading of the 10 W PV module, which has
encapsulated solar cells within the module’s glass, by adhering well to the glass and hence

preventing light penetration.

Finally, thermal and EL imaging experimental set-ups were built, tested and presented in
this chapter. Camera settings adjustment experiments indicated that the shutter speed is
the most crucial setting for EL imaging that needs to be carefully selected. Thermal and
EL imaging were used in this work for detection of cells that have broken contact fingers
in order to validate the correlation between I-V curves and broken contact fingers as will

be presented in Chapter 6.
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Chapter 4: Parameters Extraction of Solar Cells

4.1. Introduction

In this chapter, a technique for improving the accuracy of equivalent circuit parameters
extraction methods of PV devices from experimental 1-V curves is introduced. As
discussed previously in Section 2.8.2, the analytical parameter extraction methods are
simple compared with the other methods, yet at the cost of lower accuracy [51].
Nevertheless, in this research, a simple but accurate approach to extract the parameters
form experimental 1-V curves was desired in order to study their behaviour under different
operational conditions. Therefore, this issue has been tackled by improving the accuracy
of an analytical method available in the literature, while maintaining its simplicity. This
was achieved by developing a simple new strategy for selecting the points used to
calculate the slopes of tangent lines at I, and V,. (points 2 and 3 in Figure 2.11).
Moreover, the development of this technique has alleviated the issue represented in the

perplexity of selecting the proper locations of those points on I-V curves.

The high accuracy of the technique was validated by comparing the calculated I-V curves
from the extracted parameters with the experimental data of two types of PV devices,
which are a mono-Si solar cell and an a-Si PV module. The results were also compared
with an iterative and an iterative-numerical methods from the literature and showed
superior accuracy for the developed technique. Further, the computational time was
evaluated and compared with the other methods in addition to assessing the technique’s
repeatability and capability of detecting the change in parameters caused by re-
positioning the solar cell or re-soldering its contacts. The developed technique was used
in all experimental investigations of this research which require equivalent circuit

parameters extraction.

4.2. New Strategy for Accurate Extraction of Solar Cells Parameters

from Experimental 1-V Curve Data

The slopes of tangent lines at short circuit point (Rg,o) and at open circuit point (Ryg)

were previously shown to be calculated from Equations (2.18) and (2.19), respectively.
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In Figure 2.11, the four points used to calculate the slopes for a mono-Si solar cell were
denoted point-1, point-2, point-3 and point-4. The voltages and currents of each point are
now denoted (Vy, 1), (V,, 1), (V5,13) and (V,, 1), respectively, as shown in Figure 4.1.
Therefore, Equations (2.18) and (2.19) can now be re-written as the following two

equations, respectively [52]:

R = = — 4.1
sho -1, Isc—1Iy ( )
V4—V- Voc—V-
Ryp = 20 = Yoty (4.2)
3—14 3
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Figure 4.1. 1-V curve of a solar cell shows the voltages and currents of the four points used to
calculate the slopes of tangent lines at short circuit current and open circuit voltage points.

Accurate determination of the parameters needs the proper selection of the locations of
the pair of points 2 and 3. The developed technique uses all the points on a portion of the
I-V curve to calculate the slopes and the five parameters and then selects the pair that
provides the best fit with experimental data. This strategy can be used to improve the
accuracy of all parameters extraction methods that are based on the slopes, such as the
ones in [47], [53], [54], [57]. However, in this work, the analytical method proposed by
Phang et al. [53] was used as it is very simple and performs well in calculating the
parameters [49]. In this method, after some simplifications and assumptions, the derived

equations for calculating the five parameters are [53]:

Rsn = Rsno (4-3)
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(lmpRso +Vmp - Voc)

n= (4.4)
Ven <ISCI’_”Z£>— Ln(ISC - %)+Ln<lsc - %— Imp) l
sh
I, = exp (— Vlf;cn) (ISC — ZLS;) (4.5)
R, = Ryy — exp (— Viﬁ) (th—':n) (4.6)
Ly = (RR—h +1) s + (exp (%) ~1) I, (4.7)

MATLAB software was used to implement the developed technique code. In Figure 4.2,
the flow chart of the technique is shown, while the MATLAB code is given in Appendix
A. The technique is based on taking every possibility to calculate R, and Ry, from
Equations (4.1) and (4.2) by harnessing a specific range of points for points 2 and 3,
respectively, as illustrated in Figure 4.3. First, the experimental 1-V curve data and the
PV device temperature value are entered in the program. Second, an iterative program
routine is invoked to determine Ry, using a range of points for point-2 starting from the
vicinity of I, and ending at the point that has a voltage equals to 50% of V,. (or the point
with the nearest voltage value to 50% of V. ). When calculating Ry, from every point
in this range, Ry, is instantly calculated using a range of points for point-3 starting from
the vicinity of V,. and ending at the point that has a current equals to 50% of I, (or the
point with the nearest current value to 50% of I,.). The limits of the first and second
ranges were selected respectively as 50% of V. and 50% of I, in order to only utilise the
linear parts of the 1-V curve in both ranges without utilising points on the MPP knee as

depicted in Figure 4.3.

In Figure 4.3, a graphical illustration of indexing the pairs of points 2 and 3 in the program
is given. The first indexed pair, for instance, contains the point with the first index in the
vicinity of 7. and the point with the first index in the vicinity of V,.. The second indexed
pair contains the point with the first index in the vicinity of /.. and the point with the
second index in the vicinity of V,.. The program continues invoking this process until
utilising all points between the vicinity of V. and 50% of /.. After that, it moves to the
second index near /,. and uses it with all points between the vicinity of V,. and 50% of
I, and so forth until using all points between the vicinity of /.. and 50% of V, .. Therefore,
all possibilities of points within both ranges are iterated by taking every point in the first

range with every point in the second range, apart from the points very near to V,. because
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they resulted in unrealistic negative R, values in some I-V curves. For each pair, the five
parameters are calculated using Equations (4.1) to (4.7) and then the theoretical I-V curve
is obtained by solving Equation (2.3) for the current at each voltage value from the
experimental curve. Equation (2.3) was solved in this work using the Newton Raphson

method implemented following the program code published in [76].

Enter temperature and
experimental I-V data

L 2
Use point from first range
and calculate Ry, from (4.1)

v
Use point from second range
and calculate Ry, from (4.2)
v

Calculate five parameters
from (4.3) to (4.7)

v
Calculate theoretical 1-V curve
from (2.3) and RMSE from (4.8)

All points between
V,. and 50 % of I,
used ?

No

All points between
Is. and 50 % of V.
used ?

No

Select the I-V curve corresponds to minimum
RMSE and display its five parameters

End

Figure 4.2. A flow chart shows the steps of the developed technique.
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Figure 4.3. I-V curve illustration of points’ indexing in the technique for calculations of the
slopes of tangent lines.

All obtained theoretical 1-V curves are compared with experimental data by calculating
the Root Mean Square Error (RMSE) from [80]:

N
Z . (Ii,exp - Ii,cal)z
RMSE = =1 (4.8)

N

Where I; ., and [; .4, are respectively the experimental and calculated current values of
the i, point. N represents the number of points on the I-V curve data. Finally, the I-V
curve corresponds to the smallest RMSE value is considered to be the best theoretical fit
and hence its parameters are selected as the PV device equivalent circuit parameters.

It is important to emphasise that the second range (between the vicinity of V. and 50%
of ,.) starting point was selected to be the second index near V. in all 1-V curves solved
in this chapter to avoid negative R, values. Nevertheless, in the other chapters of this
thesis, in which many I-V curves’ parameters where compared, the starting point was
selected to be the third index near V. because the second index resulted in negative or
very small R values in some cases as well. However, consistency in this work was
guaranteed so that in each comparison, the same starting index of this range was used for

all compared I-V curves.
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4.3. Results and Discussion

Different experiments were performed and presented in this section to validate the above
technique. A mono-Si cell and an a-Si module were characterised using the experimental
set-up detailed in Chapter 3. The technique accuracy was first assessed for both PV
devices under different operational conditions and compared with other methods from the
literature. The computational time and repeatability were then evaluated for the mono-Si

solar cell.

The first set of measurements was taken for both PV devices at a fixed device temperature
of 25 °C and two irradiance levels of 1000 and 400 W/m?2. The second set was taken at a
fixed irradiance of 1000 W/m2 and two temperatures of 20 and 50 °C. Then, the
parameters of those experimental cases were first extracted using the developed technique
and the calculated I-V curves were obtained. Further, the parameters and I-V curves were
also calculated using an iterative method from the literature introduced by De Blas et al.
[72] and an iterative-numerical method introduced by Villalva et al. [37]. The calculated
I-V curves from all techniques were finally compared with experimental data. The

methods of De Blas and Villalva were briefly discussed in Chapter 2, Section 2.8.3.

De Blas method needs the slopes and therefore it was combined with two approaches to
calculate them from experimental data introduced by [52] and [55]. Both approaches
suggest using specific locations on the I-V curve for points 2 and 3 as discussed in Section
2.8.1. Moreover, the method of De Blas was implemented in the present work using
Equations (2.22) to (2.26) with the tolerance of R, which determines the accuracy of
convergence, was set equals to its minimum value for each I-V curve. This was done in
order to ensure high precision in determining the parameters. Furthermore, in each
iteration, R, was incremented with a very small value of 1x10° Q for all 1-V curves. For
instance, when using De Blas method with the approach of [55] for the I-V curve of the
mono-Si solar cell that corresponds to an irradiance of 1000 W/m2 and a cell temperature
of 25 °C, R, tolerance was set to 4x10* Q. This value was achieved by decrementing R,
tolerance by 1x10* Q until the minimum value that provides accurate convergence is
acquired. Hence, any value less than 4x10* Q will cause De Blas method to have
convergence errors with this particular I-V curve. The procedure of adjusting R, tolerance

and its incremental value was implemented for all other 1-V curves included in this study.
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De Blas method was implemented in a MATLAB program code following the
illustrations provided in [72], [75].

Villalva method is based on matching the maximum power obtained from experimental
data with the calculated maximum power in order to extract Rg; from an assumed value
of R, and then extracting the other parameters as explained in Section 2.8.3. This can be
achieved using Equations (2.27) to (2.31), with equating N to 1 as this method was
applied to a single solar cell in this work. Again, when using this method in this study,
the maximum power tolerance and the incremental value of R, were adjusted to very
small values for more precision [76]. For instance, when solving for the parameters of the
mono-Si solar cell at an irradiance of 1000 W/m?2 and a cell temperature of 25 °C, they
were set to 1x10® W and 1x10° Q, respectively. This method was programmed in
MATLAB following the sample program code provided by the authors in a web page
[76].

4.3.1. Accuracy Evaluation

The accuracies of the developed technique and other methods were validated through
comparing the calculated 1-V curves against experimental data. Three measures of
accuracy were calculated, namely, the RMSE the mean absolute percentage error
(MAPE) and the absolute percentage error (APE). While the RMSE is calculated from
Equation (4.8), the MAPE and APE are obtained respectively from the following two
equations [80]:

N
Zi=1{(|1i.exp_ Ii,cal|)(100/1i,exp)}

N

MAPE =

(4.9)

APE = (lli.exp - Ii,call)% (4.10)

The RMSE and MAPE provide a single error value for the whole I-V curve. By contrast,
the APE determines the error at each point on the 1-V curve and hence accuracy at
different parts of the 1-V can be visualised. In addition, it is worth noting here that the
MAPE and APE contain the current in the denominator. An undefined value will thus be
obtained when calculating them at the V. because of zero current. Therefore, only the

V,. point was not included in the MAPE and APE calculations.
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4.3.1.1. Results of Mono-crystalline Silicon Solar Cell

The mono-Si solar cell that has an active area of 0.78 cm2 was used here. The preparations
of the solar cell sample and its test rig were presented in Section 3.3 and a photograph of
the cell is given in Figure 3.12 (c). The performance parameters of this solar cell were
obtained at STC using the experimental set-up and they were previously given in Table
3.5. The experimental and calculated I-V curves by all methods at two irradiance levels
and a constant cell temperature of 25 °C are depicted in Figure 4.4. The calculated five

parameters, the RMSE and the MAPE for those experimental cases are presented in Table
4.1.

25 11000 W/m?
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|
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o
1

-
(=]
L

O Experimental Data
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Figure 4.4. Experimental and calculated 1-V curves at two irradiance levels and a constant cell
temperature of 25 °C applied to the mono-Si solar cell.
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Table 4.1. Parameters, RMSE and MAPE between experimental and calculated 1-V curves at
two irradiance levels and a constant cell temperature of 25 °C applied to the mono-Si solar cell.

Irradiance = 1000 W/m?
Ry (Q) | Ry kQ) | n I, (LA) L, (MA) | RMSE(A) | MAPE (%)

Extraction Method

De Blas model with

. 1.829 0309 | 1.271 | 4572x10* | 24532 | 5.300x10% 2.897
approach in [52]
De Blas model with | ., 1015 | 2.058 0.420 24399 | 2.301x10* 1.093
approach in [55]
Villalva model 2133 0.198 1 | 3575x10% | 24650 | 7.572x10% 3.976
This work 0.344 0.687 2.060 0.418 24.400 1.444x10* 0.694

rradiance = 400 W/m?

De Blas model with

. 5.968 0590 | 1.363 | 1.822x10° | 10.682 | 2.267x10% 3.150
approach in [52]
De Blas model with |, 5, 3353 | 2.540 2,558 10577 | 7.501x10° 0.971
approach in [55]
Villalva model 6.821 0.325 1 | 6170x10% | 10797 | 3.569x10% 4534
This work 0.922 2163 | 2584 | 2913 10580 | 4.545x10° 0.605

It can be seen from the above results that the developed technique in this work is more
accurate than iterative and iterative-numerical methods included in this comparison at
both irradiance levels. The I-V curve produced by the developed technigue is the closest
one to experimental data as shown in Figure 4.4. This superior accuracy can also be
revealed from the minimum RMSE and MAPE among all methods in Table 4.1. It can
also be observed that the method of De Blas combined with the approach of [55] is also
reasonably accurate with a MAPE of about 1% in both experimental cases. By contrast,
De Blas method using the approach of [52] and also Villalva method showed larger
deviations from experimental data. The deviation of the former may be attributed to using
a point away from V. (50% of I,.) to calculate Ry,. This can be explained by the much
less error provided by the approach of [55], which also used De Blas method but with a
point located at only 20% of I,.. The largest deviation of Villalva method from
experimental data might be postulated to assuming an ideality factor of 1, because this
method does not provide a way to calculate it. This parameter should take a value larger
than 1 for a better representation of real solar cells [1]. Furthermore, this method uses
only the MPP as a fitting parameter, rendering it not accurate at other regions of the -V

curve.

In terms of the calculated parameters given in Table 4.1, they have a large discrepancy
due to the different approaches used, except for I,,. Nevertheless, the developed

technique and that of De Blas with the approach of [55] resulted in similar parameter
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values compared with the higher discrepancy occurred due to the other techniques. This
can be explained by the fact that in some I-V curves, the fixed point used to calculate Ry,
by the approach of [55] (20% of V) is also selected by the proposed technique as the
best point in this range. This will be further interpreted later from Figure 4.6.

In the case of an irradiance of 1000 W/m2 and a cell temperature of 25 °C, the APE was
evaluated at each point on the I-V curve, except the V. point, and depicted in Figure 4.5.
These results also validate the effectiveness of the developed technique in terms of
accuracy. It shows a small APE compared to the other approaches, especially at points
near V,.. It can also be noted that the APE at MPP is very small for all techniques with
the developed technique being the most accurate as depicted by the zoom-in view in
Figure 4.5. Moreover, although De Blas method with the approach of [55] has also very

small APE, the developed technique surpasses it significantly between the MPP and V.

point.
30 . . : :
= = = De Blas model with approach in [52] L
1= =De Blas model with approach in [55] j §
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Figure 4.5. APE at each point (except the open circuit voltage point) between experimental and
calculated I-V curves at an irradiance of 1000 W/m? and a cell temperature of 25 °C applied to
the mono-Si solar cell.

In addition to accurately calculating the parameters by the method of Phang et al. [53],
the developed technique also allows to determine and visualise the RMSE between

experimental and calculated I-V curves for every pair of points 2 and 3 (see Figures 2.11,
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4.1 and 4.3). Thereby allowing the technique to be used in investigating the best locations
of those points for any type of solar cells. This is demonstrated in Figure 4.6, which shows
a plot in MATLAB for the points pairs’ index versus the RMSE for the mono-Si solar
cell under an irradiance of 1000 W/m2 and at a cell temperature of 25 °C. For this |-V
curve, the number of data points used for points 2 and 3 was 48 and 6, respectively. This
brings the total number of pairs used to calculate the parameters to 288. The numbering
sequence of the pairs in Figure 4.6 follows the explanation given in Section 4.2 and shown
in the example of Figure 4.3. Each vertical line (with black square symbols) in Figure 4.6
represents the RMSEs of the calculated 1-V curves using one point from point-2 range
that is combined with 6 points from point-3 range. The first vertical line in the left-hand
side of the graph represents point-2 with the first index near I.. Whereas the last vertical
line in the right-hand side represents point-2 with the nearest voltage to 50% of V.. The
lowest point in each vertical line represents point-3 with the second? index near V..

Whereas the uppermost point represents point-3 with the nearest current to 50% of I..
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Figure 4.6. 1-V curve points 2 and 3 pairs’ index versus the RMSE between experimental and
calculated I-V curves at an irradiance of 1000 W/m2 and a cell temperature of 25 °C applied to
the mono-Si solar cell.

An interesting feature can be noticed from Figure 4.6, which is the fact that the accuracy
of determining the parameters is greatly affected by the selection of point-3. By contrast,

there is only a negligible effect on the accuracy by point-2 selection. Another fact can be

2 First index near V,, was not used due to the issue of negative or very small R, value as commented
previously at the end of Section 4.2.

111



Chapter 4

deduced is that the closer point-3 to V. is, the more accurate the parameters extraction
will be. This explains why the accuracy of De Blas method with the approach of [55] is
similar to that of the developed technique, because in some I-V curves both techniques

take the same location for point-3.

The experimental and corresponding calculated I-V curves at two cell temperatures and
a constant irradiance of 1000 W/m? are shown in Figure 4.7. Table 4.2 presents the
calculated parameters, the RMSE and the MAPE. Similar to the case of two irradiance
levels and a fixed temperature shown previously, the proposed technique also provided
good performance at low and high temperatures exceeding the accuracy of the other
methods as shown in Figure 4.7 and Table 4.2. Furthermore, same findings have also been
noticed regarding the large deviation from experimental data resulted from methods of
Villalva and De Blas with the approach of [52]. De Blas method with approach of [55],
on the other hand, provided a very close accuracy to the developed technique due to the
previously mentioned reason of selecting the same point-3 by both techniques. In
addition, a high discrepancy in the parameters (except I,,) obtained by different
techniques can be observed in Table 4.2. Note that in the case of 20 °C temperature, De

Blas method with approach of [55] resulted in a negative value of R;.

Current (mA)
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Figure 4.7. Experimental and calculated I-V curves at two cell temperatures and a constant
irradiance of 1000 W/m? applied to the mono-Si solar cell.
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Table 4.2. Parameters, RMSE and MAPE between experimental and calculated 1-V curves at
two cell temperatures and a constant irradiance of 1000 W/m? applied to the mono-Si solar cell.

. Temperature =20 °C
Extraction Method
R, (Q) | Ry (kQ) | n I, (WA | Ly (MA) | RMSE(A) | MAPE (%)
De Blas model with |, o0 0.341 1260 | 1.938x10% | 24144 | 5261x10* 2.755
approach in [52]
De Blas model with |, ), 1.752 2.113 0.370 24045 | 2.056x10* 0.952
approach in [55]
Villalva model 1.831 0.241 1 1.518x10°® 24.228 7.221x10* 3.755
This work 0.084 0.796 1.979 0.172 24.048 1.752x10* 0.829
Temperature =50 °C
De Blas model with |, 57, 0281 | 1101 | 8358x10* | 24469 | 6071x10% | 3190
approach in [52]
De Blas model with | 0.909 1.877 1.035 24334 | 2.492x10% 1.213
approach in [55]
Villalva model 1.041 0.155 1 1.384x10% | 24497 | 7.502x10% 3.194
This work 0.136 0573 1.786 0.613 24339 | 2.320x10% 1.201

4.3.1.2. Results of Amorphous Silicon PV Module

In order to validate the developed technique with I-V curves that have a different shape
from that of crystalline-Si solar cells, an a-Si PV module with an active area of 28.78 cm?
(5.3 cm x 5.43 cm) was used in this work. This SANYO AM-8701 module comprises of
7 series-connected solar cells. According to its data sheet [195], it has a maximum power
of 190 mW at STC, corresponding to a current and voltage of respectively 41.2 mA and
4.6 V. In this work, this module used the same experimental test rig of the single solar
cells presented in Section 3.3.3. However, the thermocouple used for temperature
measurements was attached to the back of the module same as other modules used in this
research as explained in Section 3.5.1. In Figure 4.8, a photograph of the module under

the characterisation experiment is shown.

The 1I-V curves of the a-Si module were measured under different operational conditions.
For the method of De Blas with approaches of [52] and [55], the adjustments of R
tolerance and its incremental value was done in the same way as that of the mono-Si cell
discussed previously. Villalva method was found to have convergence issues with this
shape of I-V curves and so did not provide a solution for the parameters. Therefore, it has
been excluded from the results of the a-Si module presented below. Depicted in Figure
4.9 are the 1-V curves taken at a constant module temperature of 25 °C and two irradiance

levels. The corresponding parameters and errors comparisons are given in Table 4.3.
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(1)

(2)

(3
(1) Thermocouple

(2) a-Si module placed on a heat
exchanger

(3) Module’s terminals

Figure 4.8. The a-Si PV module used in the experiments to validate the parameters extraction

technique.
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Figure 4.9. Experimental and calculated I-V curves at two irradiance levels and a constant
module temperature of 25 °C applied to the a-Si PV module.
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Table 4.3. Parameters, RMSE and MAPE between experimental and calculated 1-V curves at
two irradiance levels and a constant module temperature of 25 °C applied to the a-Si PV
module.

Irradiance = 1000 W/m?

Extraction Method

R (Q) | Ry (kQ) | n I, (WA | Ly (MA) | RMSE(A) | MAPE (%)
De Blas model with | /o 0945 | 1.975 | 1.222x10° | 51889 | 9.409x10* 3.308
approach in [52]
De Blas model with | 5 o/ 1486 | 3.804 |  5.480 50.888 | 3.466x10% 1.043
approach in [55]
This work 14.011 1707 | 4622 | 27.144 50.716 | 1.082x10* 0.771

rradiance = 400 W/mz?

De Blas model with

. 37.989 2134 | 2175 | 4531x10° | 26.048 | 5.355x10* 3.288
approach in [52]
De Blas model with | . 100 353 | 3.820 3.634 25712 | 2.078x10% 1.255
approach in [55]
This work 13.380 203 | 3997 | 5269 25712 | 9.912x10% 0.528

The above shown results in Figure 4.9 and Table 4.3 reveal that the developed technique
is capable of producing accurate parameters for PV devices with a different I-V curve
shape from that of crystalline-Si solar cells. The calculated I-V curves nearly coincide
with the experimental ones rendering the proposed technique to have the best accuracy
among the compared methods. This can also be seen from Table 4.3, showing a very small
MAPE, which is less than 1% under both irradiance levels. The RMSE is also very low
compared to the other two approaches included in the comparison. Moreover, using De
Blas method with the approach of [55] is more accurate than using it with the approach
of [52] because the former uses closer point to V,. than the latter as previously stated in

the case of the mono-Si cell. In addition, except for L5, the discrepancy in the parameters

calculated by different methods can be clearly perceived from Table 4.3.

The APE at each point on the 1-V curves, except the V. point, is shown for the case of
1000 W/mz2 and 25 °C in Figure 4.10. Clearly, the proposed technique has better accuracy
with a very small APE for voltages up to about 5.5 V. However, the APE becomes larger
only near V,.. On the other hand, the other two approached shows a fluctuating APE. At
voltages from 0 to about 2.5 V, De Blas method using approach in [55] has similar
accuracy to the proposed technique. However, at the MPP, the proposed work performs

much better than the other methods as shown in the zoom-in view in Figure 4.10.
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Figure 4.10. APE at each point (except the open circuit voltage point) between experimental
and calculated I-V curves at an irradiance of 1000 W/m2 and a module temperature of 25 °C
applied to the a-Si PV module.

In order to visualise the RMSE for each pair of points used to obtain the slopes of the a-

Si module, all the pairs’ indices were plotted versus the RMSE of the corresponding I-V

curve. This is demonstrated in Figure 4.11 for the case of 1000 W/m? irradiance and 25

°C module temperature. In this case, the number of data points used for point-2 and point-

3 was 34 and 10, respectively. Thus, the total number of pairs used was 340 pairs. The

numbering sequence of the pairs in Figure 4.11 follows the same procedure as the one of

the mono-Si solar cell shown in Figure 4.6 and explained in the previous section.
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Figure 4.11. I-V curve points 2 and 3 pairs’ index versus the RMSE between experimental and
calculated I-V curves at an irradiance of 1000 W/m2 and a module temperature of 25 °C applied
to the a-Si PV module.

Clearly, the behaviour is different from the mono-Si shown in Figure 4.6. Here, the
accuracy is better for point-2 when points away from the I, are used (right-hand side of
the graph in Figure 4.11). The accuracy, however, deteriorates as point-2 is closer to I,
(left-hand side of the graph in Figure 4.11). On the other hand, there is a common feature
between both devices, which is the fact that the accuracy is better for point-3 having
points near the V,. than points that are away from it. This brings a conclusion that the
selection of point-3 is much more crucial than that of point-2 for mono-Si solar cells
parameters extraction accuracy. Whereas both points 2 and 3 selections are crucial for a-

Si modules.

The parameters of the a-Si module were also extracted under two different module
temperatures and a constant irradiation of 1000 W/m2. The results are given in Figure
4.12 and Table 4.4. Similar to the case of a constant module temperature and two
irradiance levels, the technique developed in this work achieved the best agreement
between the theoretical and experimental data under the two module temperatures with a
MAPE of less than 1%. The other two approaches, on the other hand, provided poorer
performances with a MAPE of about 3% and 1% for De Blas model with approaches of
[52] and [55], respectively. Further, similar to all previous results of the mono-Si cell and
a-Si module, the results in Table 4.4 indicate a high discrepancy in the calculated

parameters by different techniques, although this is not the case for L.
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Figure 4.12. Experimental and calculated 1-V curves at two module temperatures and a constant
irradiance of 1000 W/m2 applied to the a-Si PV module.

Table 4.4. Parameters, RMSE and MAPE between experimental and calculated I-V curves at
two module temperatures and a constant irradiance of 12000 W/m?2 applied to the a-Si PV

module.
. Temperature =20 °C
Extraction Method
R, (Q) | Ry (kQ) | n I, (WA) | Ly (MA) | RMSE(A) | MAPE (%)
De Blas model with |, |, 0952 | 2076 | 1.601x10° | 51.932 | 9.452x10% 3.309
approach in [52]
De Blas model with | g .o 1383 | 3881 |  4.802 50983 | 3.628x10% 1.091
approach in [55]
This work 14.229 1723 | 4872 | 31150 50742 | 1.107x10* 0.601
Temperature =50 °C
De Blas model with | ., 0900 | 1510 | 1.671x10¢ | 53074 | 8.714x10* 3
approach in [52]
De Blas model with |, o0 1605 | 2801 | 1.877 52000 | 3.731x10% 1.068
approach in [55]
This work 14211 1682 | 3470 | 10.138 51.971 | 1.241x10% 0.865

4.3.2. Computational Time Evaluation

The time taken for the developed technique to compute the equivalent circuit parameters

was determined and compared with the other methods. Indicatively, it is presented here

for the mono-Si solar cell and the a-Si PV module under the case of 1000 W/mz irradiance

and 25 °C device temperature. All techniques were run on a computer that has a RAM of
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8 gigabyte and a core-i5 processor. The time was obtained using the MATLAB tic-toc
command and shown in Table 4.5.

It can be seen that the two approaches used with De Blas method took almost the same
time for both PV devices. On the other hand, the proposed technique resulted in a longer
time of approximately 0.08 and 0.09 second, respectively for the mono-Si solar cell and
the a-Si PV module. The time taken for Villalva method, however, is very high compared
with the other methods due to employing an iterative-numerical solution. Although the
time taken by the proposed technique is longer than that taken by De Blas method, it is
still very short when compared with Villalva method and when considering the large
number of processed I-V curves, which are respectively 288 and 340 for the mono-Si
solar cell and the a-Si PV module. The time taken to calculate the parameters is well
below 0.1 second for both PV devices because of the simplicity of the added iterative

program to the analytical method of Phang et al. [53].

Table 4.5. Time taken by the different methods to compute the five parameters at an irradiance
of 1000 W/m2 and a device temperature of 25 °C applied to both PV devices.

. Computational time (seconds)
Extraction method - ;
Mono-Si cell | a-Si module
De Blas mo_del with 0.0124 0.0130
approach in [52]
De Blas mo_del with 0.0121 0.0124
approach in [55]
Villalva model 16.8328 /
This work 0.0770 0.0872

4.3.3. Repeatability Tests of the Technique

In order to confirm that the parameters extracted by the developed technique are reliable
and repeatable, three experimental sets were carried out. They will be called here-in: the
best scenario, the medium scenario and the worst scenario. The best scenario experiments
were performed on the 0.78 cm? mono-Si solar cell used in the previous sections. Whereas
the medium and worst scenarios were performed on another solar cell from the same
manufacturing batch and with the same active area. All I-V curve measurements were

taken under an irradiance of 1000 W/m2 and at a cell temperature of 25 °C.

119



Chapter 4

These three experiments will be also useful in the other investigations of this research as
they will demonstrate if the technique is capable of producing different parameters at
different experimental cases, which are switching the light source ON and OFF, re-
positioning the cell on the test rig and re-soldering its contacts. Furthermore, they will
allow to perceive and compare the RSD errors of parameters caused by the different

experimental cases.

4.3.3.1. Best Repeatability-Scenario

The best scenario is assessing the repeatability of the technique applied to four I-V curves
taken in sequence at one set of measurements® under the same irradiance and temperature
conditions, and without re-positioning the cell or re-soldering its contacts. The mean
value of each parameter and the RSD were then calculated in Microsoft Excel (Equations
(3.4) and (3.5)). Moreover, the experimental and theoretical 1-V curves of each test were
compared in terms of the RMSE and MAPE. Table 4.6 shows the parameters’ values for

each test along with the mean and RSD.

Table 4.6. The best repeatability-scenario parameters of four I-V curves including the mean and

RSD.
Parameter | Test1 Test 2 Test 3 Test 4 Mean RSD (%)
R, (Q) 0.33 0.31 0.31 0.32 0.32 +3
Ry, (kQ) 0.65 0.67 0.67 0.71 0.68 +3
n 1.963 1.964 1.967 1.969 1.965 0.1
I (LA) 0.240 0.241 0.245 0.248 0.243 1.4
Iyn (MA) | 23.745 | 23.739 | 23.736 | 23.739 | 23.740 +0.01

As shown in Table 4.6, the parameters’ values are close to each other with a considerably
small RSD. The largest RSD was recorded for R, and R, with +3% each. I; has also a
noticeable error of +1.4%. This might be attributed to the fact that these parameters are
very sensitive to measurement noise and small distortions in the 1-V curve, especially R,
and Ry, as their extraction is based on the slopes. However, the error does not exceed
+3% for all parameters which confirms that the calculations using the developed

technique produce repeatable parameters of 1-VV measurements at the best scenario. The

% One set of measurements are measurements taken in sequence while the light source and all test
equipment are still turned ON.

120



Chapter 4

accuracy of the technique can be seen in Figure 4.13, which shows a good agreement
between experimental and calculated 1-V curves of the four tests. This consistency is also
depicted by the small RMSE and MAPE in Table 4.7. The accuracy is almost the same in
all tests with the MAPE does not exceed 1.2%.
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Figure 4.13. Experimental and calculated 1-V curves of the four tests of the best repeatability-
scenario.

Table 4.7. The RMSE and MAPE between the experimental and calculated 1-V curves of the
four tests of the best repeatability-scenario.

TestNo. | RMSE (A) | MAPE (%)

2.634x10* 1.173
2.619x10* 1.171
2.621x10* 1.181
2.690x10* 1.193

A WODN P

4.3.3.2. Medium Repeatability Scenario

The medium scenario is assessing the technique repeatability in calculating the
parameters of four I-V tests under the same irradiance and temperature conditions, but
when re-positioning the cell on the test rig. Those tests were performed on a cell from the
same batch as the one used in the best scenario tests. For each test, the cell was taken out
and then placed again on the heat exchanger. In addition, all experimental equipment were
switched OFF and then ON again. Table 4.8 presents the parameters of the four tests

under this condition alongside with the mean and RSD.
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Table 4.8. The medium repeatability-scenario parameters of four 1-V curves including the mean

and RSD.
Parameter | Test1l Test 2 Test 3 Test 4 Mean RSD (%)
R, (Q) 0.58 0.43 0.37 0.34 0.43 +21
Rsp (kQ) 0.51 0.62 0.60 0.74 0.62 +13
n 1.6 2.3 2.2 2.6 2.2 +17
I (LA) 0.02 1.14 1.02 4.28 1.61 +99
Iy (MA) 24.7 24.8 24.6 25.1 24.8 +0.7

As shown in Table 4.8, all parameters showed larger RSD than those of the best
repeatability scenario shown in Table 4.6. It can be deduced from these results that re-
positioning the cell and switching the test equipment OFF and ON can significantly affect

the repeatability of the parameters. These results confirm that the technique is capable of
detecting this effect.

Figure 4.14 illustrates a comparison between experimental and calculated I-V curves of
the four tests. It can be observed that the curvature of the I-V curve near the MPP is
slightly changed due to re-positioning the cell and switching the set-up OFF and ON. This
change is adequately detected by the technique as shown by the consistency between the
experimental and calculated 1-V curves in Figure 4.14. This agreement is also shown by
the RMSE and MAPE in Table 4.9. The MAPE of all tests is only around 1%.

O Experimental Data) x’
= Calculated Data

N
(6]

o
o

Current (mA)

BN
(&}

BPoRrN
o (53}

O Experimental Data

o
Current (mA)

5 = Calculated Data 5

: T ] o I 3

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage (V) Voltage (V)

. Test 3

..........

. Test4

........................... -

N
[63]

N
(2]

o

o

PR N
w o
:
i
f
#
Current (mA)
BoRrN
o o

o
Lere

Current (mA)

O Experimental Dat

O Experimental Data‘ &
= Calculated Data

= Calculated Data

OO(J'I

T T T

.0 0.1 0.2

0.5

o
o

.0 0.1 0.4 0.5 0.6

0.3 0.4 2 0.3
Voltage (V) Voltage (V)

Figure 4.14. Experimental and calculated 1-V curves of the four tests of the medium
repeatability-scenario.
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Table 4.9. The RMSE and MAPE between the experimental and calculated 1-V curves of the
four tests of the medium repeatability-scenario.

TestNo. | RMSE (A) | MAPE (%)

2.364x10* 0.953
2.184x10* 1.000
2.247x10* 1.011
1.885x10* 1.019

A WO DN -

4.3.3.3. Worst Repeatability Scenario

This scenario constitutes the worst case, which is re-soldering the cell’s contacts before
each test in addition to re-positioning the cell and switching all test equipment OFF and
ON. The cell used in the medium scenario tests was also used here. As explained
previously in Section 3.3.2, to create the cell negative front contact, a ribbon wire was
soldered along the front busbar to draw current from the cell. For the back positive
contact, the copper part of the PCB was soldered to the back contact sheet of the cell.
Before each test, the set-up equipment was switched OFF and the cell front and back
contacts were re-soldered. It is to be noted here that to avoid cell damage, soldering of
the back contact for each test was done only by heating the cell on the hotplate until the
soldering flux melted and then leaving the cell to cool down. For each test, I-V curve
measurement was taken and then the technique repeatability and accuracy were obtained.
Table 4.10 demonstrates the changes in parameters during the four tests depicted by the
RSD.

Table 4.10. The worst repeatability-scenario parameters of four -V curves including the mean

and RSD.
Parameter | Test1 Test 2 Test 3 Test 4 Mean RSD (%)
R, (Q) 0.6 0.5 0.6 0.1 0.4 51
R (kQ) 0.51 0.49 0.47 0.45 0.48 15
n 1.6 1.7 1.6 2.0 1.7 +11
I (LA) 0.02 0.04 0.01 0.42 0.12 +138
Ly, (MA) 24.7 24.7 25.2 24.3 24.7 +1.3

The deviation between most of the parameters became noticeably high in this scenario,
which is expected because re-soldering the contacts could greatly affect the parameters,
especially R. By contrast, Ry, was not significantly affected by re-soldering the cell’s

contacts. It is evident from these results that the technique is still able to detect changes
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in parameters caused by re-soldering. Moreover, the slight change in 1-V curve shape due
to re-soldering the contacts is also accurately represented by the technique as shown by
the agreement between experimental and calculated I-V curves in Figure 4.15. Table 4.11.
provides the RMSE and MAPE, which is in the vicinity of only 1% for all tests.
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Figure 4.15. Experimental and calculated I-V curves of the four tests of the worst repeatability-
scenario.

Table 4.11. The RMSE and MAPE between the experimental and calculated |-V curves of the
four tests of the worst repeatability-scenario.

TestNo. | RMSE (A) | MAPE (%)
1 2.405x10™ 1.016
2 2.375x10 0.972
3 2.312x10* 0.957
4 1.539x10" 0.890

4.4. Summary

It has been proved in this chapter that the analytical parameters extraction methods, which
are known to be less accurate than iterative and iterative-numerical methods, can actually
become more accurate if the suitable points used to calculate the slopes are properly
selected. The accuracy of the simple analytical method of Phang et al. [53] was improved
by adding a simple iterative process that optimises the selection of the points to determine
the slopes based on the minimum RMSE. The developed technique is based on entering
the points between the vicinity of I;. and 50% of V,. and the points between the vicinity

of ,. and 50% of I,.. Thereby testing nearly all possibilities to calculate the slopes and
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then selecting the parameters that best fits the theoretical 1-V curve with the experimental
one. Therefore, for any I-V curve, there is only one pair of points (see Figure 4.3) that
result in parameters which provide the best fit between theoretical and experimental -V

Ccurves.

The developed technique was validated using two PV devices with different 1-V curve
shapes under different operational conditions and the results were compared with an
iterative and an iterative-numerical methods from the literature. The findings revealed
that the proposed technique has superior accuracy. Despite the increased computational
time due to adding the designed program, the technique still features a high level of
accuracy with a low level of complexity. There are no convergence issues associated with
the technique, which are common in iterative and iterative-numerical methods.
Furthermore, the technique presented here can be utilised as a tool to investigate the
optimum points’ locations for slopes calculations of any type of PV devices, thereby
allowing to develop new empirical equations for the slopes in order to calculate the
parameters from data sheet information only. The technique can also be successfully

utilised with any other parameters extraction method that rely on the slopes.

The findings of this work also imply that the five-parameter model could be sufficiently
accurate for characterising PV devices if the precise parameters are extracted. Hence, the
results confirm the known fact that this model compromises accuracy and simplicity.
Moreover, the parameters calculated by the developed technique are repeatable when
calculating them from 1-V curves measured in sequence at one set of measurements as
shown in the best scenario. In addition, when switching the test equipment OFF and ON,
re-positioning the cell and re-soldering its contacts, the changes in parameters caused are
adequately detected by the technique. Therefore, the extracted parameters are most likely
close to the true physical values. Thus, all further investigations in this research that
incorporate calculating the parameters will mainly depend on the five-parameter model
and the developed technique.
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Chapter 5: Influence of Shading on Solar Cell Parameters
and Modelling Accuracy Improvement of PV Modules under
Partial Shading

5.1. Introduction

This chapter presents a systematic investigation about partial shading effect on solar cells
and its modelling. A literature survey, presented in Section 2.9.2 reveals that there is a
lack of complete experimental study that investigates the variations of solar cells’
equivalent circuit parameters with shading and hence these variations are not usually
taken into account when modelling larger PV systems. In this work, the influence of
shading on a mono-Si solar cell equivalent circuit parameters was firstly explored. Then,
the influence of shading on the performance parameters was also investigated in order to
provide sufficient knowledge about the shading impact. After that, equations that
represent the variations of equivalent circuit parameters with shading were developed and
tested by modelling a single mono-Si solar cell under different shading percentages.
Before implementing the single solar cell model, the effects of partial shading of a solar
cell and the equivalent irradiance reduction values incident on its surface had been
experimentally compared. The goal was to ensure that it is reasonably correct to enter
partial shading in the model as its corresponding irradiance value.

The improvement in accuracy in the single cell model imposed by incorporating the
variations of equivalent circuit parameters with shading was found to be poor.
Subsequently, the single solar cell model was extended to model a mono-Si PV module
taking into account the variations of parameters with shading. It was found that this
resulted in a substantial improvement in modelling accuracy at the reverse bias region of
the output characteristics when shading a single cell in the module. Thereafter, modelling
accuracy was optimised in terms of parameters change with shading by testing
improvement in accuracy caused by considering each parameter change in the model
independently. This allowed to specify the most important parameter, which was found
to be the shunt resistance, whose change with shading needs to be considered in the model

in order to achieve high precision in modelling the reverse bias region of the output
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characteristics under single-cell shading. Hence, this chapter finally suggests accounting
for the variations of the photo-generated current and the shunt resistance of solar cells

when modelling partially shaded PV modules.

5.2. Experimental Investigation of Shading Effect on Parameters

The 0.78 cm? active area solar cell, which is shown in Figure 3.12 (c) and has performance
parameters presented in Table 3.5, was used in the partial shading effect investigation. As
this chapter will investigate different solar cells, this cell will be called solar cell 1 in this
chapter. The shading was applied using the objects fabricated by 3D printing technology
as explained in Section 3.8. Furthermore, three shading percentages were studied in this

work, which are 25, 50 and 75% from the total cell area in addition to the no shading case.

In order to be confident with the results, two main experiments were carried-out over two
days, with one experiment per day. Each one of the two experiments involved three 1-V
curves measured in sequence at one set of measurements under each shading percentage.
All shading experiments were carried-out under an irradiance of 1000 W/m?2 and at a cell
temperature of 25 °C. It is to be noted that only opaque partial shading was investigated
in this work because opaque partial shading and reducing the light uniformly over the
whole cell area have the same effect on solar cells as will be shown later in Section 5.3.

A photograph of the solar cell under the 50% shading experiment is given in Figure 5.1.

Shading object

Figure 5.1. The mono-Si solar cell 1 (area = 0.78 cm2) under the light source and 50% shading.
(This solar cell was used in investigating the influence of partial shading experiments).

For each one of the two main experiments, once the average |-V curve of the three
measurements was obtained at each shading percentage, the performance parameters

were firstly extracted from it. While P,,,,, I,. and V,. were directly extracted from the
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average experimental I-V curve, R.;,, FF and efficiency were determined using equation
(2.10), (2.11) and (2.12), respectively. Note that for efficiency calculations of the partially
shaded solar cell, the total active area (excluding busbar) was used and not the unshaded
area only. Subsequently, the five equivalent circuit parameters were calculated using the
technique developed in Chapter 4. In order to avoid negative or very small values of R,
in some I-V curves, the starting point for the range of point-3, which is the range between
the vicinity of V. and 50% of 7. (see Figures 2.11 and 4.3), was the point that has the
third index near V. as previously mentioned at the end of Section 4.2. This approach was

applied to all cells investigated in this chapter.

In order to ensure precision in the calculated equivalent circuit parameters, the calculated
I-V curves from the parameters were compared with the corresponding experimental ones
as shown in Figures 5.2 (a) and (b) for the two main shading experiments, respectively.
The MAPE between the experimental and calculated 1-V curve for each case is indicated
on the curves. As shown, there is a good consistency between the experimental and
calculated 1-V curves with a MAPE of less than 2% in all cases. This indicates a high
precision in calculating the parameters. The Figures also show the significant

deterioration occurred to the solar cell performance because of partial shading.
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Figure 5.2. Experimental and calculated I-V curves of so
percentages: (a) first experiment and (b) second experiment.

lar cell 1 under different shading
(The MAPE between experimental

and calculated currents of each curve is indicated. Each experimental I-V curve is the average of
three I-V curves taken at one set of measurements. All measurements were taken under a light
irradiance of 1000 W/mz2 and at a cell temperature of 25 °C).
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Figures 5.3 (a) to (e) show the variations of equivalent circuit parameters with shading,
while Figures 5.4 (a) to (f) show the variations of the performance parameters. The
parameters are plotted against the shading factor (), which is a measure of the extend of
opaque shading on the cell surface, that is the faction of the shaded area to the total cell
active area [117]. If the total cell active area is A, and the shaded area is Ay, then the
shading factor is calculated from [117]:

Q= (A—h) (5.1)

Aq

In other words, a will always take a value between 0 and 1, « = 0 implies that the cell is
fully illuminated, whereas a = 1 implies that the cell is fully shaded. For instance, if the
cell is 25% shaded, then a will be equal to 0.25. Note that as I-V curves of the cell under
partial shading were taken at a fixed cell temperature of 25 °C measured by using the
thermocouple, the variation of this temperature because of covering part of the cell when
applying shading has been assumed negligible.

Each parameter in Figures 5.3 (a) to (e) and 5.4 (a) to (f) was calculated by averaging the
two values from both experiments. The error bars indicate the measurement error, which
was taken as the RSD of each parameter calculated from 12 |-V curve measurements
taken at STC over three days, with four measurements obtained per day, during which the
testing facility was shut down after each day testing. Apart from very few occasions, the
error bars of parameters variations with shading do not overlap, indicating that these
variations are greater than the error and hence they occurred due to shading. It is to be
noted that there was indeed an inevitable error in parameters caused by the small
misalignment when placing the shading objects on the cell. This error was not included
in Figures 5.3 (a) to (e) and 5.4 (a) to (f) in order to solely present experimental
measurement errors and for the sake of brevity. However, this error will be taken into
account when implementing the variations of equivalent circuit parameters in the single

cell and PV module models in Sections 5.4.2 and 5.5.3.

Besides the variations of the parameters with shading, Figures 5.3 (a) to (e) and 5.4 (a) to
(f) also depict the fitting line or curve, fitting equations and the coefficient of
determination (R?). All fitting equations provide the best fit with the parameters data with
R? equal to 1, except Iy, Pnax, Lsc and efficiency equations, which were fitted to a linear

dependency on shading with a very high R? as shown in Figures 5.3 (e), 5.4 (a), 5.4 (b)
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and 5.4 (e), respectively. The fitting equations of the equivalent circuit parameters in
Figures 5.3 (a) to (e) will be used later in Section 5.4.1 to develop empirical equations

that govern the variations of those parameters with shading.

As shown in Figures 5.3 (a) and (b), R, and R, have a similar trend as both exhibited an
increase with shading. The behaviour of R under increase of shading agrees to some
extend with the work published in [117], albeit with a sharper upward trend in the present
work. This might be attributed to the fact that the authors in [117] used a different
approach for parameters extraction from the one used in the present work. In addition, the
authors did not mention whether the used cell was a mono-Si, same as the one used in the
present work, or a poly-Si. Similarly, the rate of R increase in the present work is higher
than that observed in [130], in which the investigations were carried-out for 27 poly-Si
and mono-Si PV modules under changing the irradiance. On the other hand, the work of
[132] also shows a similar response for R; of a mono-Si cell to that of the present work,
although it was studied in [132] under reduced irradiance levels and not shading. The
response of Ry, to shading in the present work is in a good overall agreement with the
works of [40], [130], [138] that evaluated the variation in Ry, of PV modules with
reducing the irradiance. However, R, response of the present work is different from the
one shown in [132], despite the fact that both cells are of the same type. This might be

postulated to the difference in experimental equipment used.

The behaviour of the ideality factor n shown in Figure 5.3 (c) exhibits a nearly linear
increase with shading. This parameter stays within its bounds for crystalline-Si solar cells
(between 1 and 2) for shading percentage up to 25%, but it exceeds this limit for shading
percentage greater than 30%. The I, variation witnessed by Figure 5.3 (d) is similar to
that of R and R,;,. Both n and I also exhibited an increase with decreasing the irradiance
of a mono-Si cell in [132], but the trends are different from the ones observed in present
work. This may also be attributed to the different experimental equipment and different
parameters extraction approaches used. Further, those two parameters do not show a
defined trend for PV modules when changing the irradiance in [130]. The L,, response
depicted in Figure 5.3 (e) seems to follow the well-known dependency of this parameter

on irradiance shown by Equation (2.17).
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Figure 5.3. Shading effect on solar cell 1 equivalent circuit parameters: (a) series resistance, (b)
shunt resistance, (c) ideality factor, (d) reverse saturation current and (e) photo-generated
current. (Each parameter value was calculated by averaging two values extracted from two |-V
curves, with each I-V curve is the average of three curves taken at one set of measurements. The
error bars indicate the RSD of each parameter calculated from 12 I-V curve measurements taken
without shading at STC over three days, with four measurements obtained per day).

The B4, and I, shown respectively in Figures 5.4 (a) and (b) declined almost linearly
with the increase in shading in a similar behaviour to that of L,, given in Figure 5.3 (e)
and almost consistent with the results in [110]. The V,. decreased with the increase of
shading in a good agreement with its behaviour in [110] as shown in Figure 5.4 (c).
Similarly, the FF given in Figure 5.4 (d) also followed a very similar trend to V.. The
efficiency, on the other hand, was reduced nearly linearly by shading increase as Figure
5.4 (e) illustrates following the same response of B,,,,. Finally, shown in Figure 5.4 (f) is

the response of R, to shading revealing a gradual increase similar to that of R and Ry,.
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Figure 5.4. Shading effect on solar cell 1 performance parameters: (a) maximum power, (b)
short circuit current, (c) open circuit voltage, (d) fill factor, (e) efficiency and (f) characteristics
resistance. (Each parameter value was calculated by averaging two values extracted from two |-
V curves, with each I-V curve is the average of three curves taken at one set of measurements.
The error bars indicate the RSD of each parameter calculated from 12 I-V curve measurements

taken without shading at STC over three days, with four measurements obtained per day).

5.3. Comparing Shading with Irradiance Reduction

Before modelling a solar cell under partial shading, it is imperative to ensure that opaque

partial shading has the same influence as that of reducing light to the same amount of

irradiance the shading would cause. This is because Equation (5.1) implies that entering

a in the model as a measure of the degree of shading is in fact equivalent to entering a

reduced light with the same intensity. For instance, if the cell receives an irradiance of

1000 W/mz2 and it is 25% shaded by an opaque object, then a will be equal to 0.25. This

is equivalent to receiving 750 W/mz2, which is a reduction in irradiance by 25%. This
assumption was widely used in the literature [107], [109], [110], [115]-[118], [125],
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albeit without an experimental study to confirm this fact as previously discussed in
Section 2.9.2.

In this investigation, a mono-Si solar cell shown in Figure 5.5 with an active area of 0.8
cm?2 (1 cm x 0.8 cm) was used and will be called solar cell 2. First, the cell’s I-V curve
was measured under STC 12 times over three days in order to obtain its equivalent circuit
parameters and performance parameters in addition to calculating the RSD, which will be
used as an indicator of the measurement error to plot the error bars of parameters. Table
5.1 presents all the parameters of the cell at STC and the RSD. Second, the cell was
characterised under two shading percentages of 25 and 50% and two corresponding
irradiance levels of 750 and 500 W/m?2, respectively, at a cell temperature of 25 °C. The
irradiance was adjusted using the knob of the 6000 EB electronic ballast and measured
using the reference cell 200R as explained in Section 3.2. For each shading and irradiance
reduction case, the 1-V curve measurement was repeated three times at one set of
measurements and the average |-V curve was obtained. Subsequently, the equivalent
circuit parameters and performance parameters were calculated for each averaged I-V

curve and compared.

Figure 5.5. The mono-Si solar cell 2 (area = 0.8 cm?) under the light source and 50% shading.
(This solar cell was used in comparing shading with irradiance reduction experiments).
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Table 5.1. Equivalent circuit parameters and performance parameters of the solar cell 2 shown
in Figure 5.5 extracted under STC. (Each parameter value was calculated by averaging 12
values from 12 I-V curve measurements taken over three days, with four measurements
obtained per day. The relative standard deviation of each parameter is also shown).

Parameter at Mean value Relatiye _Standard
STC Deviation (%)
R (Q) 1.2 +20
Ry, (kKQ) 0.53 11
n 0.94 5.7
I (NA) 4x10* 1142
Iyn (MA) 27.7 1.7
Prax (MW) 13.1 1
I (MA) 27.6 1.7
Ve (V) 0.6218 +0.05
FF 0.763 0.8
Efficiency (%) 16.4 +1
R.p (Q) 20.0 +3

Shown in Figures 5.6 (a) and (b) are the I-V and P-V curves at the two shading proportions
and two irradiance levels in addition to the no shading case at STC. The I-V and P-V
curves of partial shading are well matched with those of decreasing irradiance, implying
that both cases cause the same influence on the characteristics of solar cells. This
agreement can also be revealed from Table 5.2, which depicts the RMSE and MAPE
between the currents of both I-V curves. The RMSE and MAPE were calculated using
Equations (4.8) and (4.9), respectively. The errors are significantly small with a MAPE
of only about 0.8 and 0.4% for the 25 and 50% shading cases, respectively.
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Figure 5.6. Experimental I-V and P-V curves of partial shading and irradiance reduction cases
applied to solar cell 2: (a) I-V curves and (b) P-V curves. (Each |-V and P-V curve is the
average of three curves taken at one set of measurements. All measurements were taken at a cell
temperature of 25 °C).

Table 5.2. The RMSE and MAPE between partial shading and irradiance reduction I-V curves
of solar cell 2.

Shaded area Irradiance
percentage (%) | (W/m?2)

25 750 1.513%x10* 0.843

50 500 3.761x10° 0.380

RMSE (A) | MAPE (%)
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A comparison between the obtained equivalent circuit parameters and performance
parameters of partial shading with those of irradiance reduction is depicted in Figures 5.7
(@) to (k). The parameters of both cases agreed well as illustrated by the overlapped error
bars in all cases. Even if they are plotted without error bars, the difference between most
parameters is still negligible demonstrating that partial shading and decreasing light

intensity have almost identical impact.

In terms of parameters variations with shading, an in-depth look into the behaviour of the
performance parameters in Figures 5.7 (f) to (k) indicates similar responses to those of
cell 1 used for shading effect investigations in Figures 5.4 (a) to (f). On the contrary, apart
from L,, all other equivalent circuit parameters in Figures 5.7 (a) to (d) have overlapped
error bars between 25 and 50% shading cases, thus implying that their variations with
shading are different from cell 1 equivalent circuit parameters in Figures 5.3 (a) to (d).
This might be attributed to the fact that solar cells 1 and 2 were supplied from different
batches with a different contact fingers number and hence a different manufacturing

technology (see Figures 5.1 and 5.5).

The above-detailed investigation of comparing reduced irradiance with partial shading
was carried-out on another solar cell from the same batch of solar cell 2 and the results
are given in Appendix B. The results also indicate an agreement between the I-V and P-
V of reducing irradiance with those of partial shading and overlapped error bars of all
parameters verifying thus the findings of this section.
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Figure 5.7. Influences of partial shading and irradiance reduction on solar cell 2 equivalent
circuit parameters and performance parameters: (2) series resistance, (b) shunt resistance, (c)
ideality factor, (d) reverse saturation current, (e) photo-generated current, (f) maximum power,
(9) short circuit current, (h) open circuit voltage, (i) fill factor, (j) efficiency and (k)
characteristics resistance. (Each parameter value was calculated from the average 1-V curve of
three curves taken at one set of measurements. The error bars indicate the RSD of each
parameter calculated from 12 1-V curve measurements taken without shading at STC over three

days, with four measurements obtained per day).
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5.4. Considering Variations of Parameters with Shading in a Single Cell
Model

This section presents incorporating the variations of the solar cell equivalent circuit
parameters shown previously in Figures 5.3 (a) to (e) in modelling single solar cells
operating under partial shading to investigate any improvement in accuracy achieved

when considering these changes in the model.

5.4.1. Single Cell Modelling Procedure

Normally, a solar cell 1-V characteristics can be obtained by solving Equation (2.3) using
the five equivalent circuit parameters. However, the parameters need to be adapted from
STC to the actual operating irradiance and temperature conditions. When shading occurs,
the irradiance received by the cell reduces according to the degree of shading as shown
in the previous sections. The reduced irradiance is then entered in the cell model to adapt
I, to the shading condition as shown for instance in [117]. However, in the present
section, all equivalent circuit parameters will be adapted to the shading conditions in the

model following their behaviour under shading given in Figures 5.3 (a) to (e).

The curve fitting equations that describe the variations of parameters with shading are
shown in Figures 5.3 (a) to (e). Nevertheless, these equations explain only the variations
of parameters for this case and cannot be directly generalised to any other solar cell. In
order to further explain this, take the case of R, which is shown in Figure 5.3 (a) and has

the following best fit third-degree polynomial equation, as an example:

y = 13.118x3 — 8.8614x2% + 2.5529x + 0.3857 (5.2)
where x = a and y = R,. Thus Equation (5.2) can be written as:

Rs; = 13.118a3 — 8.8614a? + 2.5529a + 0.3857 (5.3)

This equation was obtained by adding a trend line in Microsoft Excel that provides the
best fit and then adding R, at no shading condition (R;,s,) as an intercept, which is
0.3857 Q, as shown by the last term of the above equation. Since the developed equation
must determine the new R; value given Rg ,,sp, and a, Equation (5.3) is not adequate when
using it with other solar cells because R; s, In the last term will always be added to a

fixed value, which is the other three terms in the right-hand side of the equation
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(13.118a® — 8.8614a* + 2.5529a). As R; ., is different from one cell to another, this
will result in a different trend for the change of R, with shading to the one given in Figure
5.3 (a).

In order to alleviate this issue, R ,,s, must be included in the above mentioned three terms
at the right-hand side of Equation (5.3). This can be done by multiplying and dividing the

right and left-hand sides of the equation by Rj ,,s,. Thus Equation (5.3) now becomes:

Rg _ 13.118 3 8.8614 2 2.5529 Rsnsh
( )Rs,nsh—( )Rs,nsha _(R )Rs,nsha + R N Rs,nsha‘l' R b Rs,nsh

Rs,nsh Rs,nsh snsh sns sns
(5.4)

The values in the first three terms of the right-hand side can now be divided by the R; ;5
value of 0.3857 Q. This yields a generalised equation that describes the variation of R,

with shading for any solar cell:
Ry = (34.0109R; nsna®) — (22.9749R; spa?) + (6.6189R; nsp@) + R psn, (5.5)

Equation (5.5) implies that R, is incorporated in all right-hand side terms. This
equation can be applied to any other solar cell and will result in the same trend as that
given in Figure 5.3 (a) for the investigated cell. The equations of Ry, n and I were
developed in the same way using their fitting equations indicated respectively on Figures
5.3 (b), (c) and (d), yielding:

Rsp = (12.4389Rgp nsna®) — (8.6252R s nsn@?) + (3.349R s nsn@) + Rspnsn (5.6)
n = (—0.223n,5,a%) + (0.3643n,5,a?) + (0.167n,5,@) + Npgp (5.7)
Iy = (10.3994I; pspa®) + (0.6451 nsp @) + I nsn (5.8)

As previously mentioned in Section 2.9.2, the parameters with the sub-script nsh
represent the values under no shading condition. Note that Equation (5.8) of I is a second-
degree polynomial equation, but was developed in the same way as the third-degree ones.
Regarding I, it was found from Figure 5.3 (e) that it is nearly linearly proportional to «
and hence to the irradiance received by the cell with an R? value of 0.9995. Therefore,

from the well-known Equation (2.17) and assuming a constant cell temperature at STC,
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I, change with shading can be expressed by the following equation, which was also

presented in [117]:

Iph = Iph,nsh *(1—a) (5.9)

It is to be noted that (G/G,.r) in Equation (2.17) was replaced by (1 — «) in Equation
(5.9), thereby implying the fact that partial shading has identical effect on solar cells as
that of irradiance reduction, which was already proved experimentally in Section 5.3.
Assume for instance that the cell is working under STC (G,..,=1000 W/m2) and it is 75%
shaded by an opaque object. Thus, the STC irradiance is reduced by 75% resulting in an
actual irradiance (G) of 250 W/mz2, From Equation (5.1), (1 — «) will be equal to 0.25,

which is the same value of (G /G ).

Note that Equations (5.5) to (5.9) do not consider the temperature variations of the cell
because of shading. In other words, the cell temperature was assumed constant with
shading as previously mentioned in Section 5.2. This assumption was also adopted in
many publications [110], [111], [116], [117].

A flow chart depicting the single cell modelling procedure under partial shading is given
in Figure 5.8. The reference five parameters at STC, the irradiance, the cell temperature
and the shading percentage are first entered. The model starts by checking whether the
cell is working under STC or not. If it is not working under STC, the parameters need to
be adapted to the actual irradiance and temperature conditions in order to get the no
shading condition parameters, which then need to be used in Equations (5.5) to (5.9) (with
the sub-script nsh). This can be done either using Equations (2.13) to (2.17) from the
literature or using the new Equations (5.5) to (5.9) proposed in this work, but replacing a
by (1 — G/G,.f) in addition to incorporating the temperature effects on Ry, I; and I,
from Equations (2.13) and (2.15) to (2.17). However, all experiments using the single cell
shading research of this work were performed under STC. Hence, the reference
parameters at STC will be equal to the no shading condition parameters.

The second step is to check whether the cell is shaded or not. If it is not shaded, the
theoretical |-V curve is calculated using the five parameters from Equation (2.3).

However, if it is shaded, then the model will invoke the following steps in sequence:

= The shading factor is calculated from Equation (5.1).
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= The five parameters at no shading condition are adapted to the shading condition
using Equations (5.5) to (5.9).

= The theoretical I-V curve is calculated from Equation (2.3) using the adapted five

Enter five parameters at
STC, irradiance, temperature
and shading percentage

parameters.

v

Calculate the shading
factor from (5.1)

Is the cell working
under STC ?

Adapt the parameters from STC to the actual irradiance
and temperature using (5.5) to (5.9) (replacing a by
(1 — G/G,f) and adding the temperature effect from
(2.13) and (2.15) to (2.17)

[
»
Y

Is the cell shaded?

Adapt the parameters at no shading
condition to the actual shading
condition using (5.5) to (5.9)

v

Calculate theoretical 1-V
curve from (2.3)

End

Figure 5.8. The flow chart of the single cell modelling procedure used.
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5.4.2. Variations of Parameters with Shading

The next step was to investigate the accuracy of the single cell model when incorporating
the variations of the parameters with shading through comparison with experimental data.
A mono-Si solar cell, which will be called solar cell 3 and has a different manufacturing
technology from that of solar cell 1 shown in Figure 5.1, was characterised under STC
with shading percentages of 0, 25, 50 and 75% by taking three I-V curves at one set of
measurements for each case. The cell has an active area of 0.8 cm2 (1 cm x 0.8 cm) and
its photograph under 50% shading is given in Figure 5.9. First, the five parameters of the
cell were calculated at STC from the average |-V curve of the three measurements. The
parameters are presented in Table 5.3 and a comparison between the experimental and
calculated I-V curves is given in Figure 5.10 illustrating a good agreement with a MAPE
of 1.339% and thereby a high accuracy in the calculated parameters. From the average I-
V curve at STC, the By, Is. and V,. were found to be 10.45 mW, 27.79 mA and 0.5768

V, respectively.

Figure 5.9. The mono-Si solar cell 3 (area = 0.8 cm?) under the light source and 50% shading.
(This solar cell was used in single cell modelling experiments).

Table 5.3. Equivalent circuit parameters of the mono-Si solar cell 3 shown in Figure 5.9
extracted under STC. (These parameters were used as a reference to obtain the variations in
parameters with shading. The parameters were obtained from the average I-V curve of three

curves taken at one set of measurements).

Parameter at STC | Value
R, (Q) 0.80

Ry (kQ) 0.36

n 2.05

I (LA) 0.47

Ly, (MA) 27.85
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Figure 5.10. Experimental and calculated 1-V curves of solar cell 3 at no shading condition.
(The calculated I-V curve was produced by the extracted parameters under STC shown in Table

5.3. The experimental I-V curve is the average of three |-V curves taken at one set of
measurements under STC. The MAPE between both 1-V curves in the Figure is 1.339%).

Second, the single cell model illustrated in Figure 5.8 was invoked in MATLAB to predict
the theoretical I-V curves of the three shading percentages incorporating the variations of
all parameters with shading given by Equations (5.5) to (5.9). Finally, to assess the
validity of those equations, the results were compared with experimental data and with
another theoretical 1-V curve produced from the model that takes into account only the
variation of I,, with shading from Equation (5.9). The approach of taking into account
only L, variation with shading is the commonly used approach as discussed previously

in Section 2.9.2. The MATLAB program code of the single cell model for this solar cell

is available in Appendix C.

The experimental and theoretical 1-V and P-V curves using both modelling approaches
are depicted in Figures 5.11 (a) and (b), respectively, including the no shading
characteristics at STC. The model using the developed equations of the parameters
variations with shading is slightly better in describing the experimental data. In addition,
the approach of L, overestimates the MPP as shown by the zoom-in views in the Figures.
Nevertheless, it can be observed that the improvement in accuracy of using the developed

equations over the only I,,, approach is not significant.

144



Chapter 5

40

|/ o0 Experimental Data
35 ™ =0Only Iph changes with shading
] —AII parameters change with shadlng

________________________

Current (mA)

AeAss e aa T e

et "50 Lo shadmg

T T T T I T - T T T
0 01 02 03 04 05 06 07 08

Voltage (V)
(a)
14
|| © Experimental Data
— =—Only Iph changes with shading ; ;
129l parameters change with shading]
o, L ey
= - 8
2 & S
i B o Q'\;é‘?. ot
& !
YW s |
49 7 ‘;l";e’@@ |l e :
o o
s - -i-l:;'olb sh.admg ......... .........................
‘ | o
0 LI p— | LIRSS e —— - ‘ 1
0 61 062 03 04 05 06 07 08
Voltage (V)
(b)

Figure 5.11. Experimental and modelled I-V and P-V curves of solar cell 3 under different
shading percentages produced by the model considering the variation of only the photo-
generated current and the variations of all the equivalent circuit parameters with shading: (a) I-V
curves and (b) P-V curves. (Each experimental I-V and P-V curve is the average of three curves
taken at one set of measurements. All measurements were taken under a light irradiance of 1000
W/m? and at a cell temperature of 25 °C).
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This small improvement may even vanish if one takes into account the error bars of the
parameters variations with shading in Figures 5.3 (a) to (d) and the inevitable error of
placing the shading object. This is presented in Appendix D, in which the modelled output
characteristics considering parameters variations with shading are plotted alongside with
the modelled characteristics gained from the upper and lower bounds of R, Ry, n and I
resulted from the errors. The modelled characteristics from the only I,, approach was
also plotted to assess whether the accuracy improvement imposed by Equations (5.5) to
(5.8) is still valid regardless of the errors. Note that I,,, was considered unaffected by the
errors because its well-known linear dependency on irradiance was used instead of the

obtained experimental change in Figure 5.3 (e), which contains the error bars.

The error of placing the shading objects on the cell was assumed to be £0.2 mm based on
a sensible judgment. For obtaining the total upper and lower bounds of R, R, n and I,
the £0.2 mm was first added to / subtracted from the shaded area and then a was
calculated from Equation (5.1) for the upper and lower bounds. Subsequently, the upper
and lower shading object error bounds of parameters were calculated from Equations (5.5)
to (5.8) using the upper and lower bounds of a, respectively. Finally, those bounds were
added to the £RSD of the error bars shown in Figures 5.3 (a) to (d) resulting in the total
upper and lower bounds of parameters. Thus, in addition to the modelled characteristics
obtained from the mean parameters, two other modelled characteristics were obtained,
one from the total upper bound of parameters (+RSD and shading object error), whereas

the other one from the total lower bound (-RSD and shading object error).

The modelled characteristics of those three cases and that of the only I,,, approach are

depicted in Appendix Figures D1 (a) and (b) for 25, 50 and 75% shading. It can be
observed that there are noticeable deviations in the I-V and P-V curves caused by the
errors. The 1-V and P-V curves resulted from the errors nearly overlap with those obtained

from the only I,,, approach. The errors thus diminish the small improvement in accuracy

gained by the developed equations shown in Figures 5.11 (a) and (b).

Therefore, it can be said that the developed equations do not provide appreciable
improvement in accuracy over the only I,, approach when modelling a single solar cell.
While this may be attributed to the different manufacturing technology of cell 3 from that

of cell 1 used to develop Equations (5.5) to (5.8), it will be more interesting to investigate
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the validity of the equations for modelling PV modules. This is because PV modules
constitute the commercially available unit in PV systems.

5.5. Considering Variations of Parameters with Shading in a PV Module
Model

As mentioned previously in Section 2.4, solar cells do not provide a useful amount of
power and hence they are usually connected in series to create PV modules. It is
anticipated that partial shading effect on a PV module is different from that on a single
cell because in a PV module, the effect on a single cell will interact with the unshaded
cells connected with it. It is thus important to investigate the inclusion of a single cell
partial shading effect in a PV module model under partial shading. In the present section,
the variations of single solar cell parameters with shading described by Equation (5.5) to

(5.9) were applied to modelling a PV module consisting of several solar cell models.

5.5.1. PV Module Modelling Procedure

The PV module model was built following a procedure used in many publications [108],
[110], [111], [116]-[118]. This modelling procedure is based on calculating the voltage
of each single cell according to its shading state and then summing-up all the voltages at
each current value using a piecewise approach to create the I-V curve of the entire
module. The flow chart of the PV module modelling procedure used is shown in Figure
5.12. In order to simply illustrate the voltage calculations, a configuration of a PV module
consists of s number of cell-strings and each cell-string consists of ¢ number of cells
connected in series is presented in Figure 5.13 as an example adopted from [111]. The

cell-strings are numbered (1, 2, ... s) and the cells are numbered (1, 2, ... ¢).

Firstly, the irradiance and temperature of the PV module in addition to the shaded area
percentage of each cell are entered in the model. Secondly, the reference parameters at
STC of the entire module are entered and hence their values for each cell can be calculated

by dividing R and R, by the number of cells connected in series [35].

Thirdly, the single solar cell model presented in the previous section is invoked (see
Figure 5.8) taking into account the variations of parameters with shading given in
Equation (5.5) to (5.9), but without calculating I-V curves of the cells because this will
be done in the next step.
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Enter five parameters of the
PV module at STC, irradiance,
temperature and shading
percentage of single solar cells

Figure 5.12. The flow chart of the PV module modelling procedure used.

v

Scale the five parameters to the cell level
by dividing R and R, by the number of
cells connected in series in the module

v

Invoke the single solar cell model shown
in Figure 5.8, but without calculating the
I-V curve

v

Calculate single solar cell voltages for
each current entry from piecewise
approach in (5.10)

v

Calculate each string photo-generated
current from (5.11) and calculate each
string voltage for each current entry from
piecewise approach in (5.12)

v

Calculate entire module voltage
for each current entry from (5.13)

1 1
\ 4 \ &

f

String-1 String-2 String-s

c? c?__. =

Figure 5.13. A configuration of a PV module consists of series-connected solar cells and cell-

strings. (Adapted from [111]).
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A piecewise approach presented in [111], [117] is used to calculate the voltage of each
cell (V) in the module according to its photo-generated current (I, ce;;) from:

IRs+V e IRs+V e ,
solve for V,y: [0 = Lyncen — Is (exp (Tn”) - 1) - TH - 1] if 0 <1 <ILpcen

Vcell =

[_ (Rsh(I - Iph,cell))] —IR; if 1> Lneen
(5.10)

Note that the works of [111], [117] used the four-parameter model, which is represented
by Equation (2.5) with a neglected R, to calculate the direct bias voltage from the upper
part of Equation (5.10). However, they included R, when calculating the reverse bias
voltage from the lower part of the equation. By contrast, the five-parameter model was used

in the present work, thereby using R, in both parts of the equation.

Equation (5.10) calculates the voltage for each current entry point (I) and implies that if
0 < I <Ly the cell is in normal operation and the voltage is calculated by solving
Equation (2.3) using the Newton Raphson method. By contrast, if 1 > I, ..;;, the cell is
shaded and carries a current larger than its maximum current and thereby will be reverse
biased by the unshaded cells. The voltage in this case is obtained from the current flowing

in reverse bias through Ry, and R [111].

Once the individual cells voltages are calculated at each current value, another piecewise
approach is used to sum-up the voltages of individual cells according to the state of bypass
diodes, which is governed by the shading condition. The photo-generated current of each
cell-string (Ipps¢) is first obtained as the minimum current of individual cells in the
respective cell-string because of the current limitation by the shaded cell [1]. Thus, it can

be expressed as [118]:

Iph.St = min (Iph.cell) (5.11)

Referring to Figure 5.13, the voltage of each cell-string (V) is then obtained following

the piecewise approach of [111] depending on its I, s from:
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2;1 Vcell,i lf 0 S I S Iph,St
Vg = 2;1 Veeui if (I > Ipns)and (Z;cheu,i > —Vp) (5.12)
_VD lf (1 > Iph,st) and (zic=1 Vcell,i < _VD)

where Vj, is the forward voltage drop of the bypass diode. Equation (5.12) determines a
cell-string voltage for each current entry point and it implies that if 0 < I < I, &, all the
cells in the cell-string are in normal operation and hence the total cell-string voltage is the
summation of individual cells voltages. On the other hand, if I > I, s, the cell-string
containing the shaded cell will be either bridged by the bypass diode or not, depending
on the amount of reverse bias. If the summation of cells’ voltages is > —V),, the bypass
diode will not conduct. However, if the summation of cells’ voltages is < —V),, the bypass
diode conducts and bridges the cell-string. In this case, the cell-string voltage will be
equal to —V}, and hence it will no longer contribute to the module produced power [111].
In fact, this piecewise approach will result in I-V and P-V curves with respectively
multiple steps and peaks [111] similar to those shown previously in Figures 2.14 (a) and
(b) for a module with two cell-strings.

Finally, as shown in Figure 5.13, the PV module’s voltage (V},,) can be obtained by summing

up the cell-strings’ voltages at each current [111], [117]:
S
Vo = z 1 Vst j (5.13)
J:

5.5.2. Variations of Parameters with Shading

It will be interesting now to see whether taking into account the variations of parameters
with shading will lead to any accuracy improvement in the PV module model. This needs
the model to be designed for a specific real PV module and compared against
experimental data. The mono-Si 10 W PV module shown previously in Figures 3.14 (a)
to (c) was used in this research. The module was first prepared in terms of bypass diode
soldering, temperature measurement and water cooling as presented in Sections 3.4.1,
3.5.1and 3.5.2, respectively. The configuration of the 36 solar cells in addition to the two
bypass diodes was previously depicted in Figure 2.13. In Figure 5.14 below, the PV
module is shown while it is under the light source and a single cell is being shaded by

50%. The two fans shown in the figure were added to improve the efficiency of cooling
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so that the module’s temperature can be maintained at 25 °C for a sufficient time to take

the I-V curve measurements.

Figure 5.14. The mono-Si 10 W PV module under the light source and 50% shading of one cell.
(This module was used in all PV module’s modelling experiments).

The Py, Isc and 1, at STC given in the module data sheet are 10 W, 0.61 A and 21.88
V, respectively [194]. Whereas the ones extracted using the experimental set-up form
averaging three I-V curves taken at one set of measurements are respectively 9.77 W,
0.516 A and 23.643 V. Note that those measurements were carried-out under a light
irradiance of 1000 W/m2 measured at the centre of the module* and at a module

temperature of 25 °C.

The equivalent circuit parameters of the module were obtained from the average I-V curve
of the above mentioned three measurements and presented in Table 5.4. It is to be noted
that when using the technique presented in Chapter 4, the starting point for point-3 was
the first index near V,. (see Figures 2.11 and 4.3) because R, of the PV module is quite
large compared with that of single solar cells. Hence, no negative R, value is obtained

when using points very near to V.

The calculated I-V curve from the module’s parameters of Table 5.4 is plotted against the
experimental one in Figure 5.15 revealing a very good match with a MAPE of only
0.501%. Subsequently, the module’s parameters were scaled down to each individual cell

4 The average irradiance incident on the module (size 34 cm x 24 cm) was estimated as 890 W/m?2 from the
40 cm x 40 cm area spatial non-uniformity presented in Figure 3.7.
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by dividing R, and Ry, by the number of cells. The parameters of individual cells are also

presented in Table 5.4.

Table 5.4. Equivalent circuit parameters of the 10 W PV module shown in Figure 5.14
extracted under a light irradiance of 1000 W/m? measured at the centre point of the module and
at a module temperature of 25 °C. The parameters of individual cells were used as a reference to
obtain the variations in parameters with shading. The module’s parameters were obtained from

the average I-V curve of three curves taken at one set of measurements).

Parameter® Value for the Value for the
PV module single cell
R (Q) 3.05 0.085
Ry, (kQ) 45 0.125
n 0.74 0.74
Is (nA) 6x107 6x107
Ipn (A) 0.516 0516
0.6 .
O Experimental Data
0.5
0.4
<
=
o 0.3
o
O
0.2
0.1
>,
0 5 10 15 20 25

Voltage (V)

Figure 5.15. Experimental and calculated 1-V curves of the 10 W module at no shading
condition. (The calculated I-V curve was produced by the extracted parameters shown in Table
5.4. The experimental I-V curve is the average of three I-V curves taken at one set of
measurements under a light irradiance of 1000 W/m2 measured at the centre point of the module
and at a module temperature of 25 °C. The MAPE between both 1-V curves in the Figure is
0.501%).

> The calculated I, of this PV module (0.516 A) equals to the measured I, up to the third decimal place.
The reason is that this PV module is very efficient with a high R, which causes the current flows through
R, to be negligible. However, they are equal only up to the third decimal place.
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Once the parameters of individual cells were acquired at the reference condition, the
program code of the model was written in MATLAB, as given in Appendix E, for this
PV module allowing to apply any shading percentage to any cell and to consider any
parameter as fixed or variable with shading. Although the forward voltage drop (V) of
the used bypass diodes (IN5819) varies with current and temperature, a fixed value of 0.4
V was used in this work as it provided a good fit with experimental data. The module
voltage was calculated from the current as previously discussed in Section 5.5.1, which
was entered in the model as a range from 0 to I, at no shading, thereby allowing the

model to predict the output characteristics without using experimental data.

A shading case of a single cell by 75% was selected as a study case to investigate the
improvement in accuracy gained by accounting for the variations of parameters with
shading. The I-V curve of the module was measured three times at one set of
measurements while a single cell in cell-string 2 (see Figure 2.13) is 75% shaded by
carefully applying the foam adhesive tape. The measurements were taken at a light
irradiance of 1000 W/m2 measured at the centre point of the module and at a module
temperature of 25 °C. Note that the light non-uniformity causes cells to produce different
currents when individually shaded by the same percentage (see Figure 6.2). Hence, the
solar cell used in the investigations of this chapter was selected in a way so that when it
is 75%, it produces a current equals approximately a quarter of the module’s I, without
shading. The slopes’ shape of I-V curves does not significantly change when shading cells
with different light intensity and hence non-uniformity has no effect on the reliability of
results as previously commented in Section 3.2.2.1.

Once the experimental data was obtained, the model code was then adjusted to this
shading case and the parameters of the shaded cell variations with shading were changed

in the model in the following steps:

= Considering that only I,,, changes with shading as per Equation (5.9).

= Considering that only I, and R, change with shading as per Equations (5.9) and
(5.5), respectively.

= Considering that only I, and R, change with shading as per Equations (5.9) and
(5.6), respectively.

= Considering that only I,, and n change with shading as per Equations (5.9) and
(5.7), respectively.

153



Chapter 5

= Considering that only I,,, and I change with shading as per Equations (5.9) and
(5.8), respectively.

= Considering that all equivalent circuit parameters change with shading as per
Equations (5.5) to (5.9).

The L,, was included in all cases because it inherently depends on shading as previously
stated, hence it needs always to be variable with it. It was thus used with all other
parameters in turn in addition to using all of them in one time. The theoretical I-V and P-
V curves obtained from the model implementing the above variations of parameters are
plotted against the experimental data in Figures 5.16 (a) and (b), respectively, in addition
to the no shading characteristics.

As can be seen, only two cases provided the best fit with experimental data, which are
considering the variation of all parameters with shading (dotted black line) and
considering the variation of I,, and Ry, (solid red line). By contrast, in the other cases,
all the 1-V and P-V curves nearly overlapped and resulted in a poorer fit with experimental
data in the part of the characteristics at which the shaded cell is reverse biased (between
11V and 23 V), which is between region 1 MPP and the point at which the bypass diode
conducts (see Figures 2.14 (a) and (b)).

Therefore, it was shown from those results that the variations of equivalent circuit
parameters with shading have noticeable influence on the modelling accuracy of a PV
module even though they have no effect on the modelling accuracy of a single cell (see
Section 5.4.2). This implies that the series connection of solar cells influences the
behaviour of the shaded cell. Furthermore, it was shown from the results that in addition
to I, Ry is @ very important parameter that affects the modelling accuracy in the part
of the I-V curve at which the shaded cell is reverse biased. This confirms the fact that
there is a strong correlation between R, and the behaviour of PV modules with shaded
cells under reverse bias [98], [128]. Since considering the variations of R, n and I with
shading did not lead to any improvement in accuracy, it has been proposed in this work
to use only the variations of I,,, and Ry, of individual cells with shading represented
respectively by Equations (5.9) and (5.6) in modelling partially shaded PV modules. The

next section presents an experimental validation for this approach.
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Figure 5.16. Experimental 1-V and P-V curves of the 10 W PV module at no shading and 75%
shading of one solar cell in addition to the modelled 1-V and P-V curves considering different
variations of the shaded cell parameters with shading: (a) I-V curves and (b) P-V curves. (Each
experimental 1-V and P-V curve is the average of three curves taken at one set of measurements.
All measurements were taken under a light irradiance of 1000 W/m2 measured at the centre
point of the module and at a module temperature of 25 °C).
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5.5.3. Variation of the Shunt Resistance with Shading

In order to validate the approach of involving the variation of Ry, in the PV module’s
model, six shading cases were applied to the 10 W PV module and the I-V curves were
measured three times at one set of measurements for each case. Table 5.5 shows the
shading cases and the condition of each cell-string. The shading cases 1 to 4 represent
increasing the shading proportion on a single cell from 25 to 100% in a step of 25%.
Whereas cases 5 and 6 constitute increasing the number of shaded cells, being 2 and 4
cells, respectively. All experiments were performed under a light irradiance of 1000 W/m?2
measured at the centre point of the module and at a module temperature of 25 °C. The
model was invoked to represent those six cases. The proposed consideration of the

variations of I,,, and Ry, with shading was compared with the well-known approach of
considering that only I,,, changes with shading in terms of the accurate representation of

experimental data.

Table 5.5. The shading cases of the 10 W PV module that has 36 cells connected in series and
divided into two cell-strings. (All experiments were carried-out under a light irradiance of 1000
W/m?2 measured at the centre point of the module and at a module temperature of 25 °C).

Shading Case Conditi_on of Conditi_on of
cell-string 1 cell-string 2

1 No shading 1 cell 25% shading

2 No shading 1 cell 50% shading

3 No shading 1 cell 75% shading

4 No shading 1 cell 100% shading

5 No shading 2 cells 50% shading

6 No shading 4 cells 50% shading

In Figures 5.17 (a) and (b), the experimental and modelled 1-V and P-V of cases 1 to 4
are shown alongside with the no shading experimental characteristics. Clearly, the results
indicate that incorporating the variations of both I,,, and R, of the shaded cell produced
closest results to experimental data in the region when the shaded cell is reverse biased.
The only I,,, change approach exhibited much larger deviation from experimental data in
this region. In addition, this deviation becomes larger when increasing the shading
percentage. Nevertheless, other areas on the 1-V and P-V curves including both region 1

and 2 MPPs did not show appreciable difference between both approaches as both of them
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overlapped. This implies that the proposed change of R, is useful in improving the model

accuracy only in the region of the reverse bias.

It is to be noted that previous works by other researchers have shown that the reverse bias
characteristics of shaded solar cells within PV modules can be accurately modelled by
adding the avalanche breakdown term to the model [12], [97], [100], [105], [116], [123]
as discussed in Section 2.9.2. However, the advantage of considering the variation of R,
is the fact that it does not need the inclusion of the avalanche breakdown term, which
requires the determination of additional unknown parameters. Note that a very recent
study [120] has reached to similar findings of Figure 5.17 (a) and (b) regarding the
accuracy improvement at the reverse bias region imposed by a high R, value of the
shaded solar cell. However, the change of R, of the shaded cell with shading in [120]
was not obtained from partial shading experiments of a single solar cell (see literature
review in Section 2.9.2) as it is the case in the present work. In addition, the study of [120]
did not investigate the effect of changing the other parameters (R, n and ;) on the model

accuracy (Figure 5.16) and also did not investigate the single cell model (Figure 5.11).

Further experiments were conducted by increasing the number of 50% shaded cells
represented by cases 5 and 6. The output characteristics of both modelling approaches
and experimental data of those two cases are witnessed by Figures 5.18 (a) to (d). Case 5
is shown in Figures 5.18 (a) and (b), whereas case 6 is shown in Figures 5.18 (c) and (d).
Although the improvement in accuracy achieved by the proposed approach can still be
clearly noticed in case 5, the improvement in case 6 has nearly vanished. The reason can
be deduced from comparing cases 2, 5 and 6 (see Figures 5.17 (a) and (b) and 5.18 (a) to
(d)), which is the fact that the only L,, change approach gets closer to experimental data
at the reverse bias region as the number of shaded cells increases. Hence, the accuracy
becomes close to the proposed approach. This may be attributed to the fact that the only
I, change approach is capable of detecting the lowering in slope of the reverse bias
region when increasing the number of shaded cells, which occurs due to shifting the
breakdown voltage to higher negative voltages [97]. This behaviour was reported
experimentally in [97] and by simulation in [97], [98], [116].

In addition, except the reverse bias region, regions including the MPPs exhibited
overlapped I-V and P-V curves of both approaches. Thereby confirming that the proposed
approach can only enhance the model accuracy in this region.
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Figure 5.17. Experimental and modelled I-V and P-V curves of the 10 W PV module under
shading of a single cell with different percentages (case 1 to 4): (a) I-V curves and (b) P-V
curves. (Each experimental I-V and P-V curve is the average of three curves taken at one set of
measurements. All measurements were taken under a light irradiance of 1000 W/m2 measured at
the centre point of the module and at a module temperature of 25 °C).
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Figure 5.18. Experimental and modelled 1-V and P-V curves of the 10 W PV module when
increasing the number of shaded cells in string-2 (case 5 and 6): (a) case 5 I-V curve, (b) case 5
P-V curve, (c) case 6 |-V curve and (d) case 6 P-V curve. (Each experimental 1-V and P-V curve

is the average of three curves taken at one set of measurements. All measurements were taken
under a light irradiance of 1000 W/m? measured at the centre point of the module and at a
module temperature of 25 °C).

In order to ensure that the error bars of Ry, in Figure 5.3 (b) and the shading object error
of £0.2 mm do not deteriorate the proposed approach’s improved accuracy, an error
assessment was carried-out and presented in Appendix F similar to the one of the single
cell model in Section 5.4.2 and Appendix D. First, the modelled output characteristics
were obtained using the changes of I,, and Ry, with shading and using the only I,
change approach. Second, the upper and lower bounds of Rg; were determined from the
+RSD of the error bar in Figure 5.3 (b) and the £0.2 mm shading object error following
the procedure explained in Section 5.4.2. Finally, the modelled output characteristics

obtained from the mean R, value, upper and lower bounds were calculated and plotted
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alongside with the only I,,, change approach to see whether they overlap or not. The
results of cases 1 to 4 are given in Appendix Figures F1 (a) and (b). The results of case 5
are depicted in Appendix Figures F2 (a) and (b), and the results of case 6 are given in
Appendix Figures F3 (a) and (b). This error assessment indicates that the errors do not
compromise the accuracy improvement achieved from the proposed approach. Thus, the

observations and conclusions drawn from Figures 5.17 and 5.18 are valid.

5.6. Summary

Partial shading impact on solar cells was investigated and presented in this chapter in
addition to proposing new equations that govern the variations of equivalent circuit
parameters with shading. The variations of most equivalent circuit parameters and
performance parameters with shading were found to be in a good agreement with previous
works in the literature, although the present work constitutes the first study that
investigated all of them to the best of the author’s knowledge. Furthermore, in order to
allow for entering partial shading in a single cell mathematical model as its corresponding
irradiance value, it was compared with irradiance reduction in terms of their effects on
solar cells’ parameters and characteristics. It was observed that both phenomena have
almost identical effects.

The proposed equations that explain the variations of the parameters with shading were
entered in a single cell model and compared with the commonly used approach, which
claims that only I,,, changes with shading. The results showed, for the first time, that the
improvement in accuracy gained by considering that all parameters change with shading
is not significant and less than the measurement error of the experimental set-up and the
shading object placement error.

On the other hand, there was a substantial improvement in accuracy over the only I,
approach when modelling PV modules in the region of the characteristics at which the
shaded cell is reverse biased. In-depth further experimental and theoretical investigations
of the influence of the parameters’ variations on the PV module’s modelling accuracy
revealed that the achieved improvement in accuracy was because of Rg,. The other
parameters, namely R, n and I, did not improve the model accuracy when their
variations with shading were considered. To the best of the author’s knowledge, those

findings were not previously reported in the literature. It can thus be claimed that in
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addition to I, Ry, is also a very important parameter that can affect the model accuracy

in the reverse bias region. Hence, a modelling approach was proposed in this work, which

constitutes taking into account the variations of both I,, and R, of single cells with

shading when modelling PV modules.

The proposed approach was validated experimentally using different shading scenarios
and compared with the approach of changing only I,,,with shading. The results revealed
amuch higher accuracy for the proposed approach at the reverse bias region when shading
a single cell with different percentages. In addition, the improvement is still valid
regardless of the measurement error and the shading object placement error considered in
the proposed Rg;, equation. However, this improvement holds for a single cell or two cells
shading as it was noticed that it started to diminish when increasing the number of shaded
cells. Moreover, the accuracy improvement was only observed in the reverse bias region

and there was no improvement in other regions, including the MPPs.

Nonetheless, it can be concluded that the proposed approach can still be used as an
accurate tool to simulate the behaviour of PV modules in the reverse bias region under
single cell shading without the need to use the avalanche breakdown term, which requires
additional parameters that are not readily available (see Section 2.9.2). Single cell shading
could occur for instance due to soiling accumulation and plant leaves fall on PV modules
[212]. Further, the proposed approach can also be utilised in PV technology research,
when accurate representation of the reverse biased solar cell within PV modules is
required. Even though the conclusions were drawn from a small 10 W PV module that is
intended to be used for battery charging, they might be applied to other large scale
modules as well, which needs further research and investigations. Despite the great
improvement in accuracy for modelling the reverse bias characteristics under single cell
shading due to the concept of an increased R, with shading, Equation (5.6) still needs to

be used with caution as it was developed from only one solar cell.
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Chapter 6: Correlation Between Broken Contact Fingers and
I-V Characteristics of Partially Shaded PV Modules

6.1. Introduction

This chapter presents a new observation deduced from partial shading of individual solar
cells within PV modules. It was noticed that broken contact fingers of a partially shaded
cell have an influence on the shape of the I-V curve at the region at which the shaded cell
is reverse biased, particularly at the region 1 MPP (see Figure 2.14 (a)). As previously
discussed in the literature review in Section 2.10, broken contact fingers are common in
PV systems and their current detection techniques are mostly based on complex imaging
systems. However, although EL imaging has recently proved to be a cost-effective and
valuable tool for inspecting PV modules, it would be useful to investigate the possibility
of having an alternative technique that can be used under day light.

In the present work, partial shading of individual cells within a mono-Si PV module was
applied and the I-V curves of the module were subsequently measured. A noticeable
deformation of the normal shape of the I-V curve at region 1 MPP when shading one of
the cells was correlated with broken contact fingers by imaging the cell using ordinary
imaging, microscopic imaging and microscopic inspection. Different methods were
utilised for validation of this correlation. First, the effect of increasing the number of
broken contact fingers on a single mono-Si solar cell’s I-V curve and fill factor (FF) was
explored and found to have a similar behaviour to the deformed I-V curve of the module,
which is a reduction in FF. Second, thermal images of the module were captured. It was
interestingly found, however, that they were not capable of detecting the broken contact
fingers due to the non-uniformity of the light source. That is to say that hot spots because
of light non-uniformity overcame those because of broken contact fingers and hence

prevented their appearance.

Third, another attempt to validate the observations from the I-V curve was capturing EL
images. It was found that EL imaging successfully detected the cell with broken contact
fingers, thereby confirming the correlation between the module’s I-V curves under single

cell partial shading and broken contact fingers. Fourth, the correlation was further
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validated using an in-house assembled mono-Si PV module when intentionally breaking
the contact fingers of one cell and correlate the module’s I-V curves when shading this
cell with its EL images. These observations have made the concept of detecting broken

contact fingers using individual cell partial shading under day light feasible.

6.2. I-VV Characteristics of a PV Module under Individual Cell Partial
Shading

As partial shading of individual cells within PV modules can provide a wealth information
about the health of the cells as previously discussed in Section 2.10.4, it was applied in
this research to the mono-Si 10 W PV module used in previous investigations of Section
5.5 and shown in Figures 3.14 (a) to (c). The performance parameters at STC were
previously mentioned in Section 5.5.2. The 36 cells of this module were numbered as
shown in Figure 6.1 in order to easily follow the results of individual cell shading. This
module was subjected to an individual cell shading experiment under an irradiance of
1000 W/m2 measured at the centre point of the module and at a module temperature of 40
°C. The cells were individually shaded by 50% covering their left-hand side using the
adhesive foam tape and the module’s I-V curve was subsequently measured three times
at one set of measurements for each cell shading.

Note that the shape of the reverse bias region on a PV module’s I-V curve is almost the
same for a single cell’s small and large area shading as shown by the experimental 1-V
curves in Figure 5.17 (a) and also shown by [123], [139]. Therefore, 50% shading was
selected in the present work as it is easy to implement due to the fact that the cells’ areas

of this module are divided by the busbars into two equal parts.
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Figure 6.1. Cells numbering of the 10 W PV module used in the investigation of individual cell
shading.

In Figure 6.2, the 1-V curves when shading individual cells are plotted in addition to the
no shading I-V curve. It can be observed from this figure that there are three cells that
produce remarkably different module’s 1-V curves from the other cells at the reverse bias
region (between about 10 and 21 V). Cells 3 and 4 showed noticeably higher slopes,
which can be postulated to low R, defects as shown by [128], [172], [174].

Another I-V curve that has a different shape from the rest and indicated in red colour in
Figure 6.2, is the one obtained when shading cell 24. This |-V curve is clearly different
because of its convex knee at region 1 MPP. This interesting behaviour under single cell
partial shading has not been reported before. Thus, further investigations were needed in

order to identify the main cause as will be presented later in this chapter.

The discrepancy in I-V curves at the reverse bias region is attributed to the non-uniformity
of the light source. As the module current at this region is almost completely limited by
the shaded cell current [1], the non-uniformity caused unshaded parts of the cells to
produce different currents resulting in the discrepancy seen in Figure 6.2. Despite the
non-uniformity of light source, the unique I-V curve behaviour at region 1 MPP when

partially shading cell 24 can still be clearly perceived.
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Figure 6.2. Experimental I-V curves of the 10 W PV module at no shading and when shading
each cell by 50%. (Each I-V curve is the average of three curves taken at one set of

measurements. All measurements were taken under a light irradiance of 1000 W/m2 measured at
the centre point of the module and at a module temperature of 40 °C).

In order in ensure repeatability of the module’s I-V curve resulted from 50% shading of
cell 24, the I-V curve measurement was repeated 12 times divided into three different
days with four measurements in each day. The testing facility was shut down after each
testing day. Those shading experiments were implemented for the left and right-hand
sides shading of the cell at an irradiance of 1000 W/m? measured at the centre point of
the module and at a module temperature of 40 °C. The results are depicted in Figure 6.3,
in which the average I-V curves from the 12 measurements are plotted for the left and
right-hand sides shading. The error bars represent the standard deviation (SD) of the
currents at the voltage of region 1 MPP knee of the I-V curve resulted from shading the
right-hand side of the cell. The results show that the difference between the I-V curves is
much greater than the error bars, which validates the repeatability of the unique convex

I-V curve knee when shading the left-hand side of cell 24.
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Figure 6.3. Comparison between Experimental 1-V curves of the 10 W PV module when
shading left and right-hand sides of cell 24. (Each I-V curve is the average of 12 measurements
taken over three days, with four measurements obtained per day. The error bars represent the
standard deviation of the currents at the voltage of region 1 MPP knee of the right-hand side

shading 1-V curve. All measurements were taken under a light irradiance of 2000 W/m?
measured at the centre point of the module and at a module temperature of 40 °C).

6.3. Inspection of the Solar Cell that Provided a Convex I-V Curve Knee

In order to identify the reason for the convex I-V curve knee resulting from shading cell
24 in the previous section, the cell was inspected and imaged. A close image of the cell
was captured using a 12 megapixels camera and given in Figure 6.4 (a) showing a crack
at the right-hand side of the cell, marked with the red circle (cannot be clearly seen in the
figure). This crack was nearly impossible to be detected by naked eyes. In order to obtain
more informative images, the cell was inspected and imaged using a microscope. Figure
6.4 (b) shows an image captured using a 10 megapixels microscopic camera [213]
mounted on a microscope model SZ from Olympus [214]. This image clearly shows the
crack nearly perpendicular to the contact fingers. In order to investigate whether this crack
breaks the contact fingers or not, a zoomed image of the top two contact fingers was
captured and depicted in Figure 6.4 (c). This image shows that this crack breaks the
contact fingers. A visual inspection using the microscope has also revealed that the crack
breaks all the nine contact fingers affected.
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Therefore, this interesting observation has confirmed that the deformed convex knee of
region 1 MPP in Figure 6.2 when shading cell 24 is most likely due to broken contact
fingers. These results confirm that there is a correlation between broken contact fingers
of a solar cell and the I-V curve’s shape of the module under partial shading of the cell.
Thus, it is feasible to identify the cells with broken contact fingers from module’s I-V
curves under cell partial shading.

It is to be noted that a similar convex knee due to cracks was recently reported in [179],
but it was obtained without single cell shading. That is to say that the cracked cell in [179]
governs the shape of the I-V curve without shading. Thus, this convex knee will not
appear if more serious faults exist in the same cell-string that contains the cracked cell.
On the other hand, applying single cell partial shading forces the shaded cell to govern

the I-V curve’s shape [139] and thus this knee will be presented even if other faults exist.

Figure 6.4. Images of the surface of cell 24 which caused the module to have a convex I-V
curve knee shown in Figure 6.2: (a) an ordinary image, (b) a microscopic image shows a crack
runs through the contact fingers and (c) a zoomed microscopic image at the top of the crack
shows that the contact fingers are broken. (Total cell area in (a) is 15 cm2 (3 cm x 5 cm)).
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6.4. Validation of the Correlation

This section presents different investigations performed to validate the correlation
between the characteristics of the PV module under individual cell partial shading and
broken contact fingers. First, the influence of increasing the number of broken contact
fingers on a single solar cell’s I-V curve and FF will be discussed. Second, attempts to
validate the correlation by thermal imaging and EL imaging of the 10 W module will be
explained. Finally, the correlation is validated using a small module prepared in the

laboratory.

6.4.1. Effect of Broken Contact Fingers on the I-V Characteristics and
Fill factor a Single Solar Cell

As shown in Figure 6.2, the unique feature of the module’s 1-V curve when shading cell
24, which has broken contact fingers, is its reduced FF at region 1 represented by the
convex knee. Thus, the first step towards validation of this correlation was to study the
influence of broken contact fingers on a single solar cell’s I-V curve and FF. The used
mono-Si solar cell has an active area of 6.25 cm? (2.5 cm x 2.5 cm) and it was prepared
following the procedure explained in Section 3.3. The cell has a B, 4, Isc and V,. of 100.4
mW, 0.213 A and 0.6260 V, respectively at STC, determined from the average of three
I-V curves taken at one set of measurements. In addition, it has 16 contact fingers attached
to a single busbar as depicted in Figure 6.5, which shows the cell connected with the test

rig under the light source.

Figure 6.5. The mono-Si solar cell (area = 6.25 cm?) under the light source. (This solar cell was
used in investigating the influence of broken contact fingers experiments).
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First, an EL image of the cell was captured without any broken contact fingers. The EL
imaging experimental set-up was presented previously in Section 3.10. Second, the |-V
curve was measured 12 times over three different days with four measurements per day,
during which all test equipment and light source were switched OFF after each four
measurements. These two steps were repeated, but after cutting 6, 11 and the total 16
contact fingers using a knife and a metal ruler, thereby gradually increasing the number

of broken contact fingers. All I-V curve measurements were taken under STC.

The El imaging was used at each stage of cutting the contact fingers in order to ensure
that they were broken and not only scratched. The broken contact fingers will make part
of the cell area to appear remarkably darker in the EL images due to current flow
interruption [14]. The ordinary images and EL images of the cell under the four steps of
breaking the contact fingers are demonstrated in Figures 6.6 (a) to (d). The upper and
lower photographs of the figure show the ordinary images and EL images, respectively.
The disconnected areas due to breaking 6, 11 and 16 contact fingers were approximately

17, 33 and 50% from the total cell area, respectively.

Y; T

(@) (b) (©) (d)

Figure 6.6. Ordinary images and EL images of gradually breaking the solar cell contact fingers:
((top) ordinary images and (bottom) EL images): (a) no broken contact fingers, (b) 6 broken
contact fingers, (c) 11 broken contact fingers and (d) 16 broken contact fingers.

The I-V curves at each step of damaging the contact fingers obtained from averaging the
12 measurements are plotted in Figure 6.7 in addition to the error bars added at some

points representing the SD of the current. Although I, and V. were not greatly affected,
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a significant reduction in the P,,,, and FF can be clearly perceived. The I-V curve’s knee

at the MPP becomes less sharp with increasing the number of broken contact fingers.

The reduction of FF can be seen in Figure 6.8, which depicts its variation with increasing
the number of broken contact fingers. The FF was 0.748 at no broken contact fingers and
decreased to 0.471 when breaking the 16 contact fingers. This decrease is attributed to
the poor electrical contact due to damaging the contact fingers and can be correlated with
the increase in the size of the dark part of the EL images in Figures 6.6 (b) to (d).

Comparing Figure 6.7 with the behaviour of the 10 W PV module when partially shading
cell 24 in Figure 6.2 reveals that both I-V curves exhibit distorted I-V curve knees with
decreased FFs due to damaged contact fingers. Therefore, those results confirm that the
change of the I-V curve’s shape in Figure 6.2 was due to a reduction in FF of cell 24
caused by damaged contact fingers.

| | No broken contact fingers
| | — =6 broken contact fingers
U9z e oo = « « 11 broken contact fingers
‘ ‘ - - - 16 broken contact fingers
DE= ot BaaE B
g "'::,s : \t
S0t s O
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Figure 6.7. Effect of broken contact fingers on the I-V curve of the solar cell. (Each I-V curve
is the average of 12 measurements taken at STC over three days, with four measurements
obtained per day. The error bars represent the standard deviation of the current at some points).
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Figure 6.8. Effect of broken contact fingers on the fill factor of the solar cell. (Each fill factor
value was calculated by averaging 12 values from 12 |-V curve measurements taken at STC
over three days, with four measurements obtained per day. The error bars represent the standard
deviation).

6.4.2. Possibility of VValidating the Correlation Using Thermal Imaging

Thermal imaging was tested in this work for the detection of broken contact fingers in
cell 24 to validate the observed correlation. In thermal imaging, broken cells appear as
hot spots as shown by [150]. In the present work, the 10 W PV module was placed under
the light source without the cooling system in order to allow heating of the defected cells.
Moreover, the module was short circuited in order to capture the thermal images under
this condition [1]. Subsequently, a thermal image depicted in Figure 6.9 (a) was captured
using the FLIR C2 thermal camera as explained in Section 3.9. The image shows that cell
24 did not exhibit a hot spot. However, other two cells showed hot spots with remarkably

higher temperatures, which are cells 5 and 20.

In order to identify the reason why cell 24 did not have a hot spot although its contact
fingers are broken, an irradiance mapping on the individual cells was performed. The
reference cell 200R was placed on the individual cells and three measurements of
irradiance were recorded for each cell while it was measured as 1000 W/m? at the centre
point of the module. The averaged irradiance values are presented in Figure 6.9 (b),
showing that the cells 5 and 20 that had hot spots also received the minimum irradiances

in their respective cell-strings (marked in red font in the figure). This can also be
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perceived from Figure 6.10, in which the cells numbers are plotted versus the irradiance
and temperature values. The temperatures of cells in Figure 6.10 are the averaged values
from three thermal images. It can be seen from this figure that cell 5 had the highest
temperature in cell-string 1 and also received the minimum irradiance among all 18 cells
in this cell-string. Similarly, cell 20 also had the highest temperature in cell-string 2 and

received the minimum irradiance in this cell-string.

Thus, for this experimental case, the broken contact fingers could not be detected using
thermal imaging because of the irradiance non-uniformity. In other words, irradiance non-
uniformity had more severe effect on solar cells heating than broken contact fingers. Thus,
the cells with minimum irradiance in their respective cell-string were the weakest cells.
This explains the reason for the appearance of the hot spot on cell 20 in cell-string 2
instead of the defected cell 24 as shown in Figure 6.9 (a). Thermal imaging generally
results in hot spots’ creation on the weakest cells due to the fact that they work as a load
when they are reverse biased [1]. As a matter of fact, the non-uniformity also prevented
the appearance of hot spots on cells 3 and 4, which exhibited a module’s I-V curves in
Figure 6.2 that are correlated with low R, defects, which are known to cause hot spots
[11], [128], [175].

Cell-string 1 Cell-string 2
737 747 846 835
704 845 895 864
Py °(5“C 687 857 973 932
248 . 670 838 989 945
644 803 943 909
662 760 860 858
667 716 777 833
710 714 722 732
757 740 728 737
(b)

Figure 6.9. Thermal image and irradiance mapping of the 10 W PV module: (a) thermal image
shows the temperature distribution on the cells and (b) irradiance mapping of the cells in W/m2.
(Each irradiance measurement is the average of three measurements).
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Figure 6.10. Relationship between temperature and irradiance of all cells in the 10 W PV
module. (Each irradiance and temperature measurement is the average of three measurements).

6.4.3. Validation of the Correlation Using EL Imaging

EL imaging was used to inspect the 10 W module using the set-up presented in Section
3.10. The EL image is shown in Figure 6.11, revealing that cell 24 has a clear dark region
at the top right-hand side corner. This region coincides with the region of damaged contact
fingers shown in Figures 6.4 (a) and (b). This EL image confirms that the convex knee of
the module’s I-V curve when cell 24 is partially shaded shown in Figure 6.2 is due to
broken contact fingers of this cell. Therefore, this EL investigation has provided further
evidence that it is possible to identify the cells with damaged contact fingers through

partial shading of solar cells in PV modules.

Figure 6.11. EL image of the 10 W PV module shows that cell 24 has broken contact fingers
that disconnect a part of the cell area.
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6.4.4. Validation of the Correlation Using an In-house Made PV Module

The last validation method used was investigating the influence of broken contact fingers
on the I-V curves of another module when shading the affected cell. The in-house made
PV module assembled in the laboratory as discussed in Section 3.4.2 was used for this
purpose. Under an irradiance of 1000 W/m? measured at the centre point of the module
and at a module temperature of 25 °C, this module has a B, Is. and V, . of respectively
1.0381 W, 0.2038 A and 7.06 V, obtained from the average 1-V curve of three curves
taken at one set of measurements. In Figure 6.12 (a) a schematic of the configuration of
the 12 solar cells and two bypass diodes is shown. Figure 6.12 (b) shows a photograph of

the module illustrating the cells’ numbering.

First, every cell in the module was shaded by 50% covering its left and right-hand sides,
respectively, in order to inspect them by observing the module’s I-V curve when they are
shaded. Thereby ensuring that they did not have broken contact fingers that deform the
module’s I-V curve at region 1. The used shading object was fabricated using the 3D
printing technology discussed in Section 3.8. A photograph of the module taken while it

was under single cell shading experiments is given in Figure 6.13.

Cell-string 1 Cell-string 2 Ce”'String 1 Ce“=3tring 2

=

(@) (b)

Figure 6.12. The in-house assembled PV module: (a) a schematic diagram of cells and bypass
diodes configuration and (b) a photograph showing the cells’ numbering.
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Figure 6.13. The in-house assembled PV module under the light source and 50% shading of one
cell. (This PV module was used for validation of the correlation between broken contact fingers
and I-V curve under partial shading of solar cells).

The I-V curves of the module when shading the left and right-hand sides of the cells are
respectively shown in Figures 6.14 (a) and (b) including the I-V curve at no shading. Each
I-V curve in the figure is the average of three curves taken at one set of measurements
under a light irradiance of 1000 W/m2 measured at the centre point of the module and at
a module temperature of 25 °C. It can be seen that there is not any 1-V curve that exhibited
a unique shape at region 1 MPP. It is to be noted that the step seen in the I-V curve of the
no shading condition (at about 3 V) is attributed to the conduction of the bypass diode
due to imperfections in soldering the cells, which caused a mismatch. Moreover, the
discrepancy in the I-V curves at the reverse bias region (between about 3.1 and 6.5 V) is
due to the non-uniformity of irradiance incident on the cells as it is the case with the 10
W PV module explained in Section 6.2 and shown in Figure 6.2.
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Figure 6.14. Inspection of the in-house assembled PV module through I-V curves under 50%
shading of left and right-hand sides of individual cells: (a) left-hand side and (b) right-hand side.
(Each 1-V curve is the average of three curves taken at one set of measurements. All
measurements were taken under a light irradiance of 2000 W/m? measured at the centre point of
the module and at a module temperature of 25 °C).
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Second, the next step was to investigate the module’s behaviour when intentionally
breaking the contact fingers of one cell. Cell 12 was selected for this purpose due to its
location at the module’s corner, which made it simple to perform the experiments. The
16 contact fingers of this cell were cut using a knife and a metal ruler in two steps, which

involved cutting 9 and the total 16 contact fingers.

The module’s EL image was captured with no broken contact fingers and after each step
of breaking them. The ordinary images of cell 12 at each breaking step and the
corresponding EL images of the module are depicted in Figures 6.15 (a) to (c). Cutting
the cell’s contact fingers took place near its busbar as shown in the figures, thus
disconnecting approximately a quarter of the cell area when 9 contact fingers are broken

and disconnecting about half of it when the total 16 are broken.

)

(a) (b) (©)

Figure 6.15. Ordinary images and EL images of gradually breaking cell 12 contact fingers in
the in-house assembled PV module: ((top) ordinary images of cell 12 and (bottom) EL images
of the module): (a) no broken contact fingers, (b) 9 broken contact fingers and (c) 16 broken
contact fingers.

Furthermore, without breaking the contact fingers and for each step of breaking them, the
I-V curve of the module with 50% shading of cell 12 was measured 12 times over three
days, with four measurements taken in each day. The testing facility was switched OFF
after each set of four measurements per day. All measurements were taken under a light

irradiance of 1000 W/m?2 measured at the centre point of the module and at a module
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temperature of 25 °C. The averaged I-V curves of the 12 measurements for each case are
plotted in Figure 6.16 including error bars, which demonstrate the SD of the current at
the vicinity of region 1 MPP. The I-V curves and their zoom-in view in the figure show
that the slope near region 1 MPP gradually increases when breaking more contact fingers.
The variations occurred to the 1-V curve are much greater than the error bars, which
indicates that breaking the cell contact fingers causes a deformation near region 1 MPP
and hence a reduction in the FF of region 1. This can be attributed to a reduction in the

FF of the affected cell in a good agreement with the single cell investigation in Figure
6.7.

Although the signature of broken contact fingers on this module’s I-V curve is quite
different from the one obtained from the 10 W module when shading cell 24 in Figure
6.2, both curves exhibit a reduction in FF of region 1. Therefore, the experimental study
of this section has further confirmed that cell partial shading in PV modules can provide

an indication of broken contact fingers associated with a particular cell.

No broken contact fingers

0.2 - ...................... _____ — =9 broken contact fingers
! 3 - = -- 16 broken contact fingers

0.15

Current (A

Voltage (V)

Figure 6.16. Experimental I-V curves of the in-house assembled PV module under 50% shading
of cell 12 and with increasing its broken contact fingers. (Each 1-V curve is the average of 12
measurements taken over three days, with four measurements obtained per day. The error bars

represent the standard deviation of the current at some points near region 1 MPP. All
measurements were taken under a light irradiance of 1000 W/m? measured at the centre point of
the module and at a module temperature of 25 °C).

178



Chapter 6

6.5. Summary

A new observation of the behaviour of PV modules with partially shaded individual solar
cells has led to proving the possibility of detecting cells with broken contact fingers
through 1-V curves. When partially shading individual cells in a mono-Si PV module, it
was found that shading a particular cell caused the module to exhibit an I-V curve with a
convex MPP knee. This cell was subsequently imaged by ordinary imaging and
microscopic imaging, and inspected under a microscope. The images revealed that this
cell has broken contact fingers, thereby confirming the correlation between the module’s

I-V characteristics under single cell partial shading and broken contact fingers.

This correlation was first validated by investigating the behaviour of a single mono-Si
solar cell under broken contact fingers. It was found that breaking the cell contact fingers
caused a noticeable decline in its FF, in a good agreement with the behaviour of the PV
module when partially shading the affected cell. Then, an attempt to validate the
correlation was made using thermal imaging of the PV module, but unfortunately, it was
not capable of detecting the cell with broken contact fingers due to irradiance non-
uniformity of the light source. It was shown in this experimental investigation that the
cells exhibited hot spots in the thermal image were actually receiving the minimum
irradiance in their respective cell-strings. In this particular experimental case, the cell
received the minimum irradiance was weaker than the cell affected by broken contact
fingers in terms of power production, thereby being the weakest cell in the cell-string.
Hence, the hot spots appeared on the weakest cell and not on the cell that has broken
contact fingers. It can be thus concluded that for the light source used in this work, thermal
imaging was not adequate for detecting the cells with broken contact fingers.

Another validation method used in this work was EL imaging. The captured EL image of
the module clearly showed that the cell has broken contact fingers that disconnect a part
of its area. Moreover, the last validation method was investigating the behaviour of
another mono-Si PV module assembled in-house when partially shading a cell affected
by broken contact fingers. Although the shape of the resulted module’s I-V curve at region
1 MPP was quite different from that of the other module that was originally used to
develop the correlation, both I-V curves showed a deformation represented by a reduction
of the FF of region 1.
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Therefore, it can be concluded from the work presented in this chapter that it is possible
to detect damage of the contact fingers of solar cells through 1-V curves of partially
shaded PV modules. It is to be noted that the work presented in this chapter is a proof of
concept only and not a technique for detecting broken contact fingers. This is because
defects within a solar cell other than broken contact fingers, such as a high series
resistance, may also cause a deformation in region 1 MPP. Hence, further research is
indeed required to differentiate the signature of broken contact fingers on I-V curve from
those of other defects. The change in region 1 FF or region 1 MPP due to broken contact
fingers may then be used to develop a detection technique that can be used under day
light.
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Chapter 7: Conclusions and Future Work Recommendations

7.1. Introduction

This research work has provided a detailed experimental and theoretical characterisation
of solar cells and modules working under partial shading conditions. The aim and
objectives of this thesis outlined in Chapter 1 have been successfully achieved.
Performance testing of the light source was implemented, and samples of PV devices
were prepared in addition to building the experimental set-ups for their characterisation.
Furthermore, a technique to improve the accuracy of solar cells parameters extraction
from experimental 1-V curves was proposed and tested in order to be used in other

investigations within this research.

A systematic study of partial shading started by investigating the variations of a solar cell
equivalent circuit parameters and performance parameters with shading. Partial shading
was then compared with reducing the irradiance in terms of their influence on all solar
cell parameters. Subsequently, the variations of the single cell equivalent circuit
parameters with shading were used in modelling a solar cell and a PV module, thereby
investigating any possible improvements in accuracy gained by considering those
variations. Finally, single cell shading within PV modules proved to be useful in detecting

broken contact fingers.

In the remainder of this chapter, main conclusions of the findings explored in this research
and how they have contributed to the existing knowledge are firstly presented followed

by suggestions for future research avenues built upon those findings.

7.2. Conclusions

The main conclusions of this research can be listed for each topic as follows:

1. Light source testing, solar cells and modules samples and complete I-V curve

measurement set-up

The light source qualification testing in this work according to the E927-10 standards

confirmed that it was sufficiently reliable for the purpose of this research with a
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classification of Class BCA for solar cells characterisation. The prepared solar cells and
modules samples and their test rig including the water cooling was successfully used in
this work to perform controlled experiments. Using a PCB as a support for solar cells was
found to be a convenient way for soldering the contacts and terminals. In addition, it
provided a mechanical support for solar cells and simplified their interface with the
cooling system. Similarly, using thermal interface for the in-house assembled PV module
has proved to be a valuable solution for supporting the cells and for cooling purpose. The
complete characterisation experimental set-up repeatability in terms of producing I-V
curves and performance parameters of multiple measurements was found to be reasonably
good. The RSD of the measured currents from 12 I-V curves obtained over three different
days was found to be about 5%, whereas the RSDs of the corresponding performance

parameters did not exceed +3%.
2. Proposed parameters extraction technique

A simple and fast technique for improving the accuracy of solar cells parameters
extraction using the slopes of illuminated I-V curves was proposed and combined with an
analytical method from the literature. The technique is based on selecting the points to
calculate the slopes that provide the most accurate values of the parameters based on
fitting the calculated I-V curve with experimental data. The combined final technique was
tested on a mono-Si solar cell and an a-Si PV module and has proved to be very accurate
and outperformed other iterative and iterative-numerical benchmark methods from the
literature. It can thus be concluded that the accuracy of analytical methods can actually
exceed that of iterative and iterative-numerical methods, which are known to be more

accurate.

Furthermore, the developed technique can be easily used with any parameters extraction
method that depends on the slopes, thereby improving its accuracy. The technique has no
convergence issues and hence can be used as a tool to investigate best locations of points
for calculating the slopes for any shape of 1-V curves, thereby allowing to empirically
calculate the slopes for any type of solar cells when the I-V curve data is not available.
The single diode five-parameter model was found to be sufficiently accurate for
representing real solar cells when the accurate equivalent circuit parameters are extracted.
Moreover, the technique was found to have a reasonably good repeatability with the RSDs

of the extracted equivalent circuit parameters from four subsequent I-V curve
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measurements did not exceed +3%. It has also a capability to detect the variations in
parameters caused by switching the experimental set-up equipment OFF and ON, re-
positioning the cell and re-soldering the contacts. Thus, the developed technique was
successfully used in all investigations of this research with the MAPE between
experimental and calculated I-V curves of less than 2% in all I-V curves presented in this
thesis.

3. Influence of shading on solar cells parameters and modelling accuracy

improvement of PV modules under partial shading

A concise and complete experimental investigation on the effect of partial shading on
solar cells was carried out. This study covered all equivalent circuit parameters and
performance parameters. The results revealed that the variations of most parameters with
shading are in a good agreement with other works. Furthermore, for the variations of
equivalent circuit parameters to be used in modelling PV devices under partial shading,
it was imperative to compare the influence of shading on solar cells with that of reducing
the irradiance. The results implied that there is no appreciable difference between them
with a MAPE between partial shading |-V curves and the corresponding irradiance
reduction ones of less than 1% in all cases. Thus, this allowed to confidently enter opaque
partial shading as its corresponding reduction of irradiance in the models.

The variations of equivalent circuit parameters with shading were incorporated in
modelling a single solar cell and a PV module working under partial shading in order to
improve modelling accuracy. The single cell model accuracy did not show a pronounced
improvement in accuracy when including the variations of parameters. On the contrary,
the PV module model exhibited a high accuracy improvement in the region on the output
characteristics at which the shaded cell is reverse biased. Subsequently, the parameter
variation that was responsible for this improvement was identified. It is concluded that in

addition the inherent variation of the I,, with shading, Ry, variation is also of great

importance for accurately modelling the region at which the shaded cell is reverse biased.

Therefore, it has been proposed in this work, to use the variations of I,, and R, of a

single cell with shading when modelling partially shaded PV modules instead of using
the avalanche breakdown term. However, the improvement in accuracy gained by this
approach in modelling the reverse bias region holds only under one or two cell shading.
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Although it is still accurate when increasing the number of shaded cells, its accuracy
becomes close to that of considering only the inherent variation of I,, with shading.
Nevertheless, the approach is still useful when accurate modelling of the reverse bias
region under single cell shading is required. Due to considering the variation of Ry, it
does not need the inclusion of the avalanche breakdown term to accurately model the
reverse bias region. Furthermore, one of the main conclusions of this research is the fact
that single cell shading in a PV module exhibits unique characteristics that requires to be
treated carefully to achieve accurate modelling. To the best of the author’ knowledge,
such a systematic study on the effect of parameters change on modelling accuracy has not

been previously reported.

4. Correlation between broken contact fingers and I-V characteristics of partially
shaded PV modules

It has been found in this research that it is possible to detect damage of the contact fingers
of solar cells through I-V curves of partially shaded PV modules. During individual cell
partial shading of a PV module, it was found that the module exhibited a convex I-V
curve MPP knee when a particular cell was partially shaded. Further investigations and
validations correlated this behaviour with broken contact fingers of the cell. Studying the
effect of broken contact fingers on a single cell behaviour indicated a reduction in FF,

which is a similar response to that of the PV module when shading the affected cell.

Furthermore, it was found that when light non-uniformity exceeds a certain limit, thermal
imaging will not be adequate for detecting the cells with broken contact fingers within
PV modules. EL imaging, on the other hand, can effectively detect them and hence it was
used to validate the observed correlation. Moreover, the correlation was validated by
investigating the effect of broken contact fingers on the I-V curves of an in-house
assembled PV module. When breaking the contact fingers of one cell in this module, the
module’s 1-V curve showed a reduction in region 1 FF, which is a similar behaviour to

that of the other module used originally to observe the correlation.

It can be concluded that partial shading of individual cells is a valuable tool for studying
their health state including the detection of broken contact fingers. This work has
confirmed the possibility of identifying the cells with broken contact fingers using I-V

curve measurements under day light.
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7.3. Recommendations for Future Work

Based on the conclusions drawn from this study, recommendations for further research in

the future may be summarised for some topics as follows:
1. Proposed parameters extraction technique

It will be useful to use the developed equivalent circuit parameters extraction
technique presented in Chapter 4 for establishing a correlation between main
performance parameters, which are short circuit current, open circuit voltage and
maximum power, and points used to calculate the slopes of 1-V curves for different
technologies of PV devices. This may be achieved by extracting the equivalent
circuit parameters using the technique for many I-V curves of each technology
and then establishing empirical equations to calculate the slopes using only the
main performance parameters available in data sheets. This might help in accurate
determination of the equivalent circuit parameters when the I-V curve data is not

available.

2. Influence of shading on solar cells parameters and modelling accuracy
improvement of PV Modules under partial shading
= It will be beneficial to perform further tests to validate the variation of Ry, with
shading represented by Equation (5.6) on a number of solar cells and modules of
different technologies. This is because although it has provided accurate
modelling in this work, it was actually derived from only one mono-Si solar cell.
= The systematic investigation of determining the variations of equivalent circuit
parameters with shading and model accuracy improvement should be
implemented on solar cells and modules of different technologies that are
commercially available, such as poly-Si and CIGS solar cells. This may be useful
in providing a substantial improvement in their modelling accuracy under partial
shading.
= It is recommended to assess the accuracy of the proposed modelling approach,
which considers the variations of both I,,, and Ry, with shading in the model, on
utility scale PV modules. This is because it was only tested on a small 10 W PV

module in this research due to experimental limitations.
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3. Correlation between broken contact fingers and I-V characteristics of partially
shaded PV modules

In the investigation of the broken contact fingers effect on the 1-V curve of a solar
cell presented in Figure 6.7, it was noticed that the I, was insignificantly affected
by increasing the disconnected cell area. Although the reduction in the FF because
of increasing the disconnected area has already proved the correlation between
broken contact fingers and I-V characteristics of partially shaded PV modules, it
may be interesting to find-out the cause for the insignificant reduction in the I,
despite disconnecting about half of the cell area.

The signature that broken contact fingers cause on the I-V curve of PV modules
under single cell partial shading needs to be differentiated from those of other
faults. A complete study should investigate signatures of different faults under
individual cell partial shading. The concept of broken contact fingers detection
can then be implemented in a technique using for instance a microcontroller and
an automatic single cell partial shading system for PV modules.

It will be useful to validate the new observed correlation in this work between the
I-V curve under single cell partial shading and broken contact fingers on utility
scale PV modules and on other PV modules of different technologies.
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Appendix A

Appendix A: Parameter Extraction Technique MATLAB
Code

Main Technique Code:

%%% Abdulhamid Atia %%%
% This program code is for a technique used to improve the accuracy of an analytical parameters
extraction method of solar cells.

% Experimental 1-V curve needs to be entered in a note pad file located in the same folder as this program
m-file and named (Exp_IV_data). The voltage and current should be entered in (volts) and (Amps),
respectively. The first column of the note pad file should be the voltage, whereas the second column
should be the current.

clear all
cle
tic % Command used to determine the computational time of the program

Voc = 0.5802; % Open circuit voltage

Isc = 0.02437290; % Short circuit current

load('Exp_IV_data.txt); % Enter the name of attached note pad file contains the experimental |-V data
V = Exp_IV_data(;,1)"; % Define voltage vector

I = Exp_IV_data(:,2)"; % Define current vector

Vm = V(find(V.*I==max(V.*I))); % Extract voltage at the MPP

Im = I(find(V.*I==max(V.*I))); % Extract current at the MPP

T = 25+273.15; % Cell temperature in Kelvin

K = 1.3806488E-23; % Boltzmann constant

g =1.60217657E-19; % Electron charge

Vth = (K*T)/g; % Thermal voltage for a single solar cell

% Ns = 7; % Used in the case of a PV modules (number of cells in series)
%Vth = Ns*(K*T)/q; % Thermal voltage for a PV module

global ErrorRMS MAPE % Define errors

%======== Define currents and voltages used to calculate the slopes ========
%======== Fixed values for V1, I1, V4 and |4 ========

V1=0;

11 = Isc;

V4 =\Voc;

14 =0;

%======== Points ranges for V2, 12, V3 and I3 ========

% These are the ranges of points used to calculate the slopes. V2 and 12 represent point-2, whereas V3
and 13 represent point-3. The start and end point of each range are determined here for a particular 1-V
curve and can be changed according to the number of data points of the I-V curve:

V2 = V(2:find(V==Vm)-20); % This range starts from the first point near Isc and ends at 50% of VVoc
12 = 1(2:find(1==Im)-20); % This range starts from the first point near Isc and ends at 50% of VVoc

V3 = flip(V(find(V==Vm)+10:(end-3))); % This range starts from the third point near Voc and ends at
50% of Isc

206



Appendix A

13 = flip(I(find(1I==Im)+10:(end-3))); % This range starts from the third point near Voc and ends at 50%
of Isc

RshO = zeros(1,length(12)); % Initial value of the shunt resistance
RsO = zeros(1,length(13)); % Initial value of the series resistance

% This part calculates the five parameters from every pair of points for point 2 and 3:
for i = 1:length(12)
Rsh0(i) = (V2(i)-V1)/(12-12(i)); % Calculate RshO from the slope at Isc
for j = L:length(13)
RsO(j) = (V4-V3(j))/(13(j)-14); % Calculate RsO from the slope at VVoc
Rsh = RshO(i); % Calculate shunt resistance
n = (Vm+(Im*Rs0(j))-Voc)/(Vth*((log(Isc-(Vm/Rsh)-Im))-(log(Isc-(VVoc/Rsh)))+(Im/(Isc-
(Voc/Rsh))))); % Calculate ideality factor
Is = (Isc-(Voc/Rsh))*exp(-Voc/(n*Vth)); % Calculate reverse saturation current
Rs = Rs0(j)-(((n*Vth)/Is)*exp(-Voc/(n*Vth))); % Calculate series resistance
Iph = (Isc*(1+(Rs/Rsh)))+(Is*(exp((Isc*Rs)/(n*Vth))-1)); % Calculate photo-generated current
Newton_Raphson(V,1,Rs,Rsh,n,Is,Iph,Vth,12(i),13(j)); % Call the Newton Raphson method m-file

vec_Rs(j,i) = Rs;

vec_Rsh(j,i) = Rsh;

vec_n(j,i) =n;

vec_Is(j,i) = Is;

vec_Iph(j,i) = Iph;
end

end

% Find the index of calculated I-V curve that provides the best fit with experimental data:
indx = find(ErrorRMS(:,3)'==min(ErrorRMS(:,3)"));

Rs = vec_Rs(indx);

Rsh = vec_Rsh(indx);

n = vec_n(indx);

Is = vec_ls(indx);

Iph = vec_Iph(indx);

disp(['Rs = ',num2str(vec_Rs(indx))])
disp(['Rsh = ",num2str(vec_Rsh(indx))])
disp(['n = ",num2str(vec_n(indx))])
disp(['ls = ',num2str(vec_Is(indx))])
disp(['Iph = ',num2str(vec_Iph(indx))])

%======== Display values of the currents of points 2 and 3 that provide the best fit parameters

%%%%%%%%%% (deactivate if not required) %%%%%%%%%%

disp(['I2 in Amps = ",num2str(ErrorRMS(indx,1))])
disp(['I3 in Amps = ",num2str(ErrorRMS(indx,2))])

%======== Display locations of points 2 and 3 that provide the best fit parameters ========
%%%%%%%%%% (deactivate if not required) %%6%%%%%%%%

12_best = (ErrorRMS(indx,1));
12_best_ind = find(12 == 12_best);
V2_best = num2str(V2(12_best_ind));
13_best = (ErrorRMS(indx,2));
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13_best_ind = find(13 == 13_best);

V3_best = num2str(V3(I13_best_ind));

best_point2 = (str2num(V2_best)*100)/Voc ;

best_point3 = (13_best*100)/Isc;

disp(['Best location of point 2 (% of Voc) =',num2str(best_point2)])
disp(['Best location of point 3 (% of Isc) =',num2str(best_point3)])

V¢ = V; % Experimental voltage entries
Ic = zeros(1,length(Vc));
forj=1:size(Vc,2)
f(j) = Iph-Is*(exp((Vc(j)+Ic(j)*Rs)/(Vth*n))-1)-(Vc(j)+Ic(j)*Rs)/Rsh-lc(j);
while (abs(f(j))>0.000001)
f(§) = Iph-Is*(exp((Vc(j)+Ic(j)*Rs)/(Vth*n))-1)-(Vc(j)+1c(j)*Rs)/Rsh-Ic(j);
dif_f(j) = -1s*Rs/(Vth*n)*exp((Vc(j)+Ic(j)*Rs)/(Vth*n))-Rs/Rsh-1;
1_() = 1c(i)-((f())/(dif_f()));
Ic(j) = 1_(j); % Calculated current
end

RMSE_best_fit = sqrt(sum((I-1c).”2)/length(l)) % Root mean square error of current in Amperes (A)
lexp = I(1:(end-1)); % Exclude the Voc point from MAPE and APE calculations

Ical = Ic(1:(end-1)); % Exclude the Voc point from MAPE and APE calculations

MAPE_best_fit = sum(abs(lexp-Ical).*(100./lexp))/length(lexp) % Mean absolute percentage error of
current

APE = abs(lexp-Ical).*(100./lexp); % Absolute percentage error for each point on the I-V curve

%======== Plot experimental and best fit I-V curves ========
figure (1)

plot(V,lI, 'o','LineWidth',2, ‘color’, 'K")

hold on

plot (V, Ic, ', 'LineWidth',2, 'color’, 'R")

title ('Experimental vs calculated 1-V curve");
xlabel('Voltage (V)";

ylabel('Current (A)");

grid on

legend (‘Experimental data', 'Calculated data’)

%======== Plot the APE between experimental and best fit I-V curves at each point ========
%%%%%%%%%% (deactivate if not required) %%%%%%%%%%

figure (2)

Vexp = V(1:(end-1));

plot(Vexp,APE, '-Ko', 'LineWidth',2)

title (APE between experimental and calculated I-V curves");
xlabel('Voltage (V)";

ylabel("APE (%)");

grid on

%======== Plot the errors for every pairs of points 2 and 3 ========
%%%%%%%%%% (deactivate if not required) %%%%%%%%%%

figure(3),

plot(1:length(ErrorRMS(:,3)"),ErrorRMS(:,3)",'-Ks", ‘LineWidth',2)
xlabel('Points pairs index')

ylabel(RMSE (A)")
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title(RMSE of 1-V Curves for Different pairs of Points’)
grid on

figure(4),

plot(1:length(MAPE(:,3)"),MAPE(:,3)',-Ko', 'LineWidth',2)
xlabel('Points pairs index')

ylabel('MAPE (%)")

title((MAPE of 1-V Curves for Different pairs of Points')
grid on

toc % Command used to determine the computational time of the program

Newton Raphson method Code:

% This program is called in the main program of calculating the five parameters. It is used to calculate I-
V curves for each pair of points 2 and 3 using the Newton Raphson method.

function [] = Newton_Raphson(V,I,Rs,Rsh,n,ls,Iph,Vth,12,13);
global ErrorRMS MAPE

V¢ = V; % Experimental voltage entries
Ic = zeros(1,length(Vc));
forj=1:size(Vc,2)
f(j) = Iph-Is*(exp((Vc(j)+1c(j)*Rs)/(Vth*n))-1)-(Vc(j)+Ic(j)*Rs)/Rsh-1c(j);
while (abs(f(j))>0.000001)
f(j) = Iph-Is*(exp((Vc(j)+1c(j)*Rs)/(Vth*n))-1)-(Vc(j)+1c(j)*Rs)/Rsh-1c(j);
dif_f(j) = -1s*Rs/(Vth*n)*exp((Vc(j)+Ic(j)*Rs)/(Vth*n))-Rs/Rsh-1;
1_() = 1c()-((F())/(dif_f(1)));
Ic(j) = 1_(j); % Calculated current
end

ErrorRMS = [ErrorRMS; 12 13 sgrt(sum(abs(l-1c).~2)/length(1))]; % Root mean square error of current in
Amperes (A)

lexp = 1(1:(end-1)); % Exclude the VVoc point from MAPE calculations

Ical = Ic(1:(end-1)); % Exclude the Voc point from MAPE calculations

MAPE = [MAPE; 12 13 sum(abs(lexp-Ical).*(100./lexp))/length(lexp)]; % Mean absolute percentage
error of current

end
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Appendix B: Comparing Shading with Irradiance Reduction
Using Another Solar Cell

This appendix presents an experiment to study the difference between partial shading and
irradiance reduction effects applied to another solar cell from the same patch of cell 2

shown in Figure 5.5 and investigated in section 5.3.

Appendix Table B.1. Equivalent circuit parameters and performance parameters of the other
solar cell used to compare shading with irradiance reduction. (This cell is from the same batch
of cell 2 shown in Figure 5.5. The parameters were extracted under STC. Each parameter value
was calculated by averaging 12 values from 12 I-V curve measurements taken over three days,
with four measurements obtained per day. The relative standard deviation of each parameter is

also shown).
Parameter at Mean Relatiye .Standard
STC Deviation (%)
R (Q) 1.19 15
Ry (kQ) 0.51 +10.7
n 0.95 7
I; (NA) 7.3x10* +116
Iy (MA) 28.8 +2.95
Prax (MW) 13.6 4.3
I (MA) 28.7 +2.95
Ve (V) 0.622 +0.42
FF 0.76 1
Efficiency (%) 17.0 +4
R.p (Q) 19.4 3.5
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Appendix Figure B.1. Experimental I-V and P-V curves of partial shading and irradiance
reduction cases applied to the solar cell, which is from the same batch of cell 2 shown in Figure
5.5: (a) I-V and (b) P-V curves. (Each I-V and P-V curve is the average of three curves taken at

one set of measurements. All measurements were taken at a cell temperature of 25 °C).

Appendix Table B.2. The RMSE and MAPE between partial shading and irradiance reduction
I-V curves of the solar cell, which is from the same batch of cell 2 shown in Figure 5.5.

Shaded area Irradiance
percentage (%) (W/m?2)

25 750 1.247x10* 0.671

50 500 4.575%10° 0.386

RMSE (A) | MAPE (%)
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Appendix Figure B.2. Influences of partial shading and irradiance reduction on the equivalent
circuit parameters and performance parameters of the solar cell, which is from the same batch of
cell 2 shown in Figure 5.5: (a) series resistance, (b) shunt resistance, (c) ideality factor, (d)
reverse saturation current, (€) photo-generated current, (f) maximum power, (g) short circuit
current, (h) open circuit voltage, (i) fill factor, (j) efficiency and (k) characteristics resistance.
(Each parameter value was calculated from the average I-V curve of three curves taken at one
set of measurements. The error bars indicate the RSD of each parameter calculated from 12 1-V
curve measurements taken without shading at STC over three days, with four measurements

obtained per day).
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Appendix C: Single Solar Cell Model MATLAB Code

%%% Abdulhamid Atia %%%
% This program code is for a single solar cell model works under partial shading. This program calculates
model parameters when part of the solar cell is shaded and produces the modelled 1-V and P-V curves.

% In order to compare the model with experimental data, experimental I-V curve needs to be entered in a
note pad file located in the same folder as this program m-file and named (Cell_Exp_IV_data).

clear all
clc

Sh_per = 25; % Shading percentage

AT =0.00008; % Total cell area

A2 = (AT*Sh_per)/100; % Shaded area

Alfa = A2/AT; % Calculate shading factor

G1 =1000; % Unshaded part irradiance

G2 = 0; % Shaded part irradiance

T = 25+273.15; % Cell temperature in Kelvin

G_ref = 1000; % Reference irradiance

T _ref = 25+273.15; % Reference temperature

k = 1.3806488E-23; % Boltzmann constant

g =1.60217657E-19; % Electron charge

Vth = (k*T)/q; % Thermal voltage

Eg_ref =1.12; % Bandgap of silicon at STC
load(‘'Cell_Exp_IV_data.txt"); % Enter the name of attached note pad file contains the experimental 1-V
data

V = Cell_Exp_IV_data(:,1)'; % Define voltage vector
I = Cell_Exp_IV_data(:,2)"; % Define current vector

Rs_ref = 0.8025; % Series resistance at STC

Rsh_ref = 364.6488; % Shunt resistance at STC

n_ref = 2.0544; % ldeality factor at STC

Is_ref = 0.47046e-06; % Reverse saturation current at STC
Iph_ref = 0.0278468; % Photo-generated current at STC

% If the cell is working under STC, parameters under no shading will be equal to the STC parameters:
if G1==G_ref && T ==T_ref

Iph_nsh = Iph_ref;

Rs_nsh = Rs_ref;

Rsh_nsh = Rsh_ref;

Is_nsh = Is_ref;

n_nsh = n_ref;
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% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh = ((34.0109*Rs_ref*(1-(G1/G_ref))"3)-(22.9749*Rs_ref*(1-(G1/G_ref))"2)+(6.6189*Rs_ref*(1-
(G1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh = (12.4389*Rsh_ref*(1-(G1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1/G_ref)))+Rsh_ref;

n_nsh = (-0.2230*n_ref*(1-(G1/G_ref))"3)+(0.3643*n_ref*(1-(G1/G_ref))"2)+(0.1670*n_ref*(1-
(G1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nsh = ((10.3994*Is_ref*(1-(G1/G_ref))"2)+(0.6450*Is_ref*(1-

(GL/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/k)*(1L/T_ref-1/T)));

Iph_nsh = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1/G_ref)));

end

% All parameters equations are included here. If some parameters are required to be set fixed with
shading, they should be made equal to their values under no shading:

Rs = (34.0109*Rs_nsh*Alfa"3)-(22.9749*Rs_nsh*Alfa"2)+(6.6189*Rs_nsh*Alfa)+Rs_nsh;

Rsh = (12.4389*Rsh_nsh*Alfa"3)-(8.6252*Rsh_nsh*Alfa"2)+(3.3490*Rsh_nsh*Alfa)+Rsh_nsh;
n = (-0.2230*n_nsh*Alfa"3)+(0.3643*n_nsh*Alfa*2)+(0.1670*n_nsh*Alfa)+n_nsh;

Is = (10.3994*Is_nsh*Alfa"2)+(0.6450*Is_nsh*Alfa)+Is_nsh;

Iph = Iph_nsh*(1-Alfa);

Ve = V; % Experimental voltage entries
Ic = zeros(1,length(Vc));
forj=1:size(Vc,2)
f(j) = Iph-Is*(exp((Vc(j)+1c(j)*Rs)/(Vth*n))-1)-(Vc(j)+Ic(j)*Rs)/Rsh-1c(j);
while (abs(f(j))>0.000001)
f(j) = Iph-Is*(exp((Vc(j)+lc(j)*Rs)/(Vth*n))-1)-(Vc(j)+1c(j)*Rs)/Rsh-Ic(j);
dif_f(j) = -1s*Rs/(Vth*n)*exp((\Vc(j)+1c(j)*Rs)/(Vth*n))-Rs/Rsh-1;
1_() = 1c()-((f())/(dif_{()));
Ic(j) = 1_(j); % Calculated current
end

RMSE = sqrt(sum((I-1c).”2)/length(l)) % Root mean square error of current in Amperes (A)

lexp = 1(1:(end-1)); % Exclude the VVoc point from MAPE calculation

Ical = Ic(1:(end-1)); % Exclude the Voc point from MAPE calculation

MAPE = sum(abs(lexp-Ical).*(100./lexp))/length(lexp) % Mean absolute percentage error of current

%======== Plot experimental and modelled I-V and P-V curves ========
figure (1)

plot(V,I, 'o','LineWidth',2, 'color’, 'K")

hold on

plot (V, Ic, -, 'LineWidth',2, ‘color’, 'R")
title ('Experimental vs modelled I-V curve');
xlabel('Voltage (V)";

ylabel('Current (A)");

grid on

legend (‘'Experimental data', '"Model'’)

Pe = V.*I; % Experimental power
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Pc = V.*Ic; % Calculated power

figure (2)

plot(V,Pe, '0','LineWidth',2, ‘color’, 'K")
hold on

plot (V, Pc, ', 'LineWidth',2, ‘color’, 'R")

title (Experimental vs modelled P-V curve’);

xlabel('Voltage (V)";

ylabel('Power (W)");

grid on

legend ('Experimental data’, '"Model")
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Appendix D: Assessment of the Influence of Measurement
Error and Shading Object Placement Error on the Single
Solar Cell Model

This appendix presents an assessment of the single cell model accuracy (when all
parameters change with shading in the model) considering the £RSD of R, Ry, n and I
shown respectively by the error bars in Figures 5.3 (a) to (d) and considering the error
due to placing the shading object within £0.2 mm (refer to Section 5.4.2).
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== Only Iph changes with shading
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Appendix Figure D.1. Assessing the influence of shading object placement error (0.2 mm)
and relative standard deviation of the series resistance, shunt resistance, ideality factor and
reverse saturation current on the improvement in modelling accuracy of solar cell 3 when
considering that all cell parameters change with shading: (a) I-V curves and (b) P-V curves.
(The experimental data is not included here to avoid crowd of plots).
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Appendix E: PV Module Model MATLAB Code

%%% Abdulhamid Atia %%%

% This program code is for a PV module model works under partial shading. This program calculates
model parameters of individual solar cells considering their shading cases and produces the modelled 1-V
and P-V curves. This program is written here for a 10 W mono-crystalline PV module with 36 series-
connected solar cells and two bypass diodes. In order to compare model with experimental data,
experimental 1-V curve needs to be entered in a note pad file located in the same folder as this program
m-file and named (Module_Exp_IV_data).

clear all
clc

BP_Diodes = 1; % Is the module equipped with bypass diodes ? Enter 1 if yes and 0 if no.
G_ref = 1000; % Reference irradiance

T_ref = 25+273.15; % Reference temperature

T = 25+273.15; % Module temperature in Kelvin

k = 1.3806488E-23; % Boltzmann constant

g = 1.60217657E-19; % Electron charge

Vth = (k*T)/q; % Thermal voltage

Eg_ref = 1.12; % Bandgap of silicon at STC

VD = 0.4; % Forward voltage drop of the bypass diode

I = flip(0:0.007261788732394:0.515587); % Enter current data for voltage calculation
load('Module_Exp_IV_data.txt"); % Enter the name of attached note pad file contains the experimental I-
V data

V_exp = Module_Exp_IV_data(:,1)"; % Define voltage vector

I_exp = Module_Exp_IV_data(:,2)"; % Define current vector

%======== Equivalent circuit parameters of solar cells at STC ========
% Note: For the used PV module in this work, those parameters were extracted under a light irradiance of
1000 W/m2 measured at the centre point of the module and at a module temperature of 25 °C.

Rs_ref =0.0848; % Series resistance at STC

Rsh_ref = 126.2497; % Shunt resistance at STC

n_ref = 0.74245; % ldeality factor at STC

Is_ref = 5.696E-16; % Reverse saturation current at STC
Iph_ref = 0.51593; % Photo-generated current at STC

Ki = (0.0398/100)*Iph_ref; % Obtained from data sheet of commercial mono-Si solar cells

%======== Adapt the parameters of every single cell from STC to the actual irradiance, temperature
and partial shading ========

Sh_perl_1 =25; % Shading percentage

AT1 1=0.0015; % Total cell area

Al 1 2=(AT1 1*Sh_perl 1)/100; % Shaded area
Alfal_1=A1_1 2/AT1 1; % Calculate shading factor
G1 1 1=1000; % Unshaded part irradiance

Gl 1 2=0; % Shaded part irradiance
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% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGl 1 1==G ref&& T==T_ref

Iph_nshl_1 = Iph_ref;

Rs_nshl 1=Rs_ref;

Rsh_nshl 1= Rsh_ref;

Is nshl 1=Is_ref;

n_nshl 1=n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_1 = ((34.0109*Rs_ref*(1-(G1_1_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_1_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_1_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_1 = (12.4389*Rsh_ref*(1-(G1_1_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_1_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_1_1/G_ref)))+Rsh_ref;

n_nshl 1=(-0.2230*n_ref*(1-(G1_1_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_1_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_1 1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nshl_1 = ((10.3994*Is_ref*(1-(G1_1_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_1_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/k)*(L/T_ref-1/T)));

Iph_nshl 1 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_1_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal_1>0

Rsl_1=(34.0109*Rs_nshl_1*Alfal_1"3)-
(22.9749*Rs_nsh1_1*Alfal_172)+(6.6189*Rs_nshl_1*Alfal_1)+Rs_nshl_1,

Rshl 1=(12.4389*Rsh_nshl_1*Alfal_1"3)-
(8.6252*Rsh_nsh1_1*Alfal_1/2)+(3.3490*Rsh_nshl_1*Alfal_1)+Rsh_nshl_1;

nl 1=(-0.2230*n_nshl_1*Alfal_1"3) + (0.3643*n_nsh1l_1*Alfal_172)+
(0.1670*n_nsh1_1*Alfal_1)+n_nshl_1;

Is1_1 =(10.3994*Is_nshl_1*Alfal_172)+(0.6450*Is_nshl_1*Alfal_1)+Is_nshl_1;

Iphl 1 =Iph_nshl 1*(1-Alfal_1);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 1=Rs nshl 1;

Rshl_1= Rsh_nshl 1;

Iph1_1 = Iph_nshl_1;

nl 1= n_nshl_1,

Is1_1=1s nshl_1;

end

Sh_perl_2 = 0; % Shading percentage

AT1 2 =0.0015; % Total cell area

Al 2 2=(AT1_2*Sh_perl 2)/100; % Shaded area
Alfal 2=A1 2 2/AT1 2; % Calculate shading factor
G1_2_1=1000; % Unshaded part irradiance
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G1 2 2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGl 2 1==G ref && T==T _ref

Iph_nshl 2 =Iph_ref;

Rs_nshl 2 =Rs_ref;

Rsh_nshl 2 = Rsh_ref;

Is_ nshl 2 =1Is_ref;

n_nshl 2 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_2 = ((34.0109*Rs_ref*(1-(G1_2_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_2_1/G_ref))*2)+(6.6189*Rs_ref*(1-(G1_2_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_2 = (12.4389*Rsh_ref*(1-(G1_2_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_2_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_2_1/G_ref)))+Rsh_ref;

n_nshl 2 =(-0.2230*n_ref*(1-(G1_2_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_2_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_2_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_2 = ((10.3994*Is_ref*(1-(G1_2_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_2_1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/k)*(L/T_ref-1/T)));

Iph_nshl 2 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_2_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 2>0

Rsl_2 = (34.0109*Rs_nshl_2*Alfal_2"3)-
(22.9749*Rs_nsh1_2*Alfal_2/2)+(6.6189*Rs_nshl_2*Alfal_2)+Rs_nshl_2;

Rshl_2 = (12.4389*Rsh_nsh1l_2*Alfal_2"3)-
(8.6252*Rsh_nsh1_2*Alfal_2/2)+(3.3490*Rsh_nshl_2*Alfal_2)+Rsh_nshl_2;

nl 2 =(-0.2230*n_nshl_2*Alfal_2"3) + (0.3643*n_nsh1l_2*Alfal_2/2)+
(0.1670*n_nshl 2*Alfal 2)+n_nshl 2;

Is1_2 =(10.3994*Is_nshl_2*Alfal_272)+(0.6450*Is_nshl 2*Alfal_2)+Is_nshl_2;

Iphl 2 = Iph_nshl 2*(1-Alfal_2);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl_2 =Rs_nshl_2;

Rshl_2 = Rsh_nshl_2;

Iphl_2 = Iph_nshl_2;

nl 2= n_nshl_2;

Is1 2 =1s nshl_2;

end

Sh_perl_3 =0; % Shading percentage

AT1 3=0.0015; % Total cell area

Al 3 2=(AT1 _3*Sh_perl_3)/100; % Shaded area
Alfal_3 = Al 3 2/AT1_3; % Calculate shading factor
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G1 3 1=1000; % Unshaded part irradiance
G1 3 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGl1 3 1==G ref&& T==T ref

Iph_nshl 3 =Iph_ref;

Rs_nshl 3 =Rs_ref;

Rsh_nshl 3 = Rsh_ref;

Is_ nshl 3=Is_ref;

n_nshl 3 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_3 = ((34.0109*Rs_ref*(1-(G1_3_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_3_1/G_ref))*2)+(6.6189*Rs_ref*(1-(G1_3 1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh1_3 = (12.4389*Rsh_ref*(1-(G1_3_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_3_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_3_1/G_ref)))+Rsh_ref;

n_nshl 3 =(-0.2230*n_ref*(1-(G1_3_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_3_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_3_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl 3 =((10.3994*Is_ref*(1-(G1_3 1/G_ref))"2)+(0.6450*Is_ref*(1-

(G1_3 1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/K)*(1L/T_ref-1/T)));

Iph_nshl 3 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_3_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 3>0

Rsl_3 = (34.0109*Rs_nsh1_3*Alfal_3"3)-
(22.9749*Rs_nsh1_3*Alfal_3"2)+(6.6189*Rs_nshl_3*Alfal_3)+Rs_nshl_3;

Rshl_3 = (12.4389*Rsh_nsh1_3*Alfal_3"3)-
(8.6252*Rsh_nsh1_3*Alfal_3"2)+(3.3490*Rsh_nshl_3*Alfal_3)+Rsh_nshl_3;

nl 3 =(-0.2230*n_nshl_3*Alfal_3"3) + (0.3643*n_nshl_3*Alfal_3"2)+
(0.1670*n_nshl 3*Alfal 3)+n_nshl 3;

Is1_3 =(10.3994*Is_nshl_3*Alfal_3"2)+(0.6450*Is_nshl_3*Alfal_3)+Is_nshl_3;

Iphl 3 =Iph_nshl 3*(1-Alfal_3);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl_3=Rs_nshl_3;

Rshl_3 = Rsh_nshl_3;

Iph1_3 = Iph_nshl_3;

nl 3= n_nshl_3;

Is1_3=1s nshl_3;

end

Sh_perl_4 = 0; % Shading percentage
AT1 4 =0.0015; % Total cell area
Al 4 2 =(AT1_4*Sh_perl_4)/100; % Shaded area
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Alfal 4 =A1 4 2/AT1 4; % Calculate shading factor
G1 4 1=1000; % Unshaded part irradiance
G1 4 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGl 4 1==G ref&& T==T ref

Iph_nshl 4 = Iph_ref;

Rs_nshl 4 =Rs_ref;

Rsh_nshl 4 = Rsh_ref;

Is_ nshl 4 =1Is_ref;

n_nshl_4 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_4 = ((34.0109*Rs_ref*(1-(G1_4_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_4_1/G_ref))*2)+(6.6189*Rs_ref*(1-(G1_4_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_4 = (12.4389*Rsh_ref*(1-(G1_4_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_4_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_4_1/G_ref)))+Rsh_ref;

n_nshl_4 = (-0.2230*n_ref*(1-(G1_4_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_4_1/G_ref))2)+(0.1670*n_ref*(1-(G1_4_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_4 = ((10.3994*Is_ref*(1-(G1_4_1/G_ref))"2)+(0.6450*Is_ref*(1-

(G1_4 1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/K)*(1L/T_ref-1/T)));

Iph_nshl 4 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_4_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal_4>0

Rsl 4 =(34.0109*Rs_nshl 4*Alfal_4"3)-
(22.9749*Rs_nshl_4*Alfal_472)+(6.6189*Rs_nshl_4*Alfal_4)+Rs_nshl_4;

Rshl 4 =(12.4389*Rsh_nshl_4*Alfal_4"3)-
(8.6252*Rsh_nshl_4*Alfal_42)+(3.3490*Rsh_nshl_4*Alfal_4)+Rsh_nshl 4;

nl 4 =(-0.2230*n_nshl_4*Alfal_4"3) + (0.3643*n_nshl_4*Alfal_472)+
(0.1670*n_nshl_4*Alfal _4)+n_nshl 4;

Isl_4 = (10.3994*Is_nshl_4*Alfal_472)+(0.6450*Is_nshl_4*Alfal_4)+Is_nshl_4;

Iphl 4 =Iph_nshl 4*(1-Alfal_4);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl_4 =Rs_nshl 4;

Rshl_4 = Rsh_nshl 4;

Iphl_4 = Iph_nshl_4;

nl_ 4= n_nshl_4;

Is1 4 =Is nshl 4;

end

Sh_perl_5 = 0; % Shading percentage
AT1_5=0.0015; % Total cell area

222



Appendix E

Al 5 2=(AT1 5*Sh_perl 5)/100; % Shaded area
Alfal 5=A1_5 2/AT1 5; % Calculate shading factor
G1 5 1=1000; % Unshaded part irradiance

G1 5 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG1 5 1==G ref&& T==T ref

Iph_nshl 5 = Iph_ref;

Rs_nshl 5=Rs_ref;

Rsh_nshl 5= Rsh_ref;

Is_nshl 5=1Is_ref;

n_nshl_5=n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_5 = ((34.0109*Rs_ref*(1-(G1_5_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_5_1/G_ref))*2)+(6.6189*Rs_ref*(1-(G1_5 1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh1_5 = (12.4389*Rsh_ref*(1-(G1_5_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G1_5 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_5 1/G_ref)))+Rsh_ref;

n_nshl_5 = (-0.2230*n_ref*(1-(G1_5_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_5_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_5_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl 5=((10.3994*Is_ref*(1-(G1_5 1/G_ref))"2)+(0.6450*Is_ref*(1-

(G1_5 1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/K)*(1L/T_ref-1/T)));

Iph_nshl_5 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_5_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 5>0

Rs1_5 =(34.0109*Rs_nsh1_5*Alfal_5"3)-
(22.9749*Rs_nshl_5*Alfal_5"2)+(6.6189*Rs_nsh1l_5*Alfal_5)+Rs_nshl_5;

Rshl_5 = (12.4389*Rsh_nshl_5*Alfal_5"3)-
(8.6252*Rsh_nsh1_5*Alfal_5"2)+(3.3490*Rsh_nshl_5*Alfal_5)+Rsh_nshl_5;

nl 5=(-0.2230*n_nshl_5*Alfal_5"3) + (0.3643*n_nsh1l_5*Alfal_5"2)+
(0.1670*n_nshl 5*Alfal 5)+n_nshl 5;
Is1_5=(10.3994*Is_nsh1l_5*Alfal_5"2)+(0.6450*Is_nsh1l 5*Alfal_5)+Is_nshl_5;

Iphl 5 =Iph_nshl 5*(1-Alfal_b);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl_5=Rs_nshl_5;

Rshl_5= Rsh_nshl_5;

Iph1_5 = Iph_nshl_5;

nl 5= n_nshl 5;

Is1 5=Is nshl_5;

end
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Sh_perl_6 = 0; % Shading percentage

AT1 6 =0.0015; % Total cell area

Al 6 2=(AT1 6*Sh_perl 6)/100; % Shaded area
Alfal 6 =A1_6 2/AT1 6; % Calculate shading factor
G1 6_1=1000; % Unshaded part irradiance

G1 6_2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGl1 6 1==G ref&& T==T ref

Iph_nshl 6 = Iph_ref;

Rs_nshl 6 =Rs_ref;

Rsh_nshl_6 = Rsh_ref;

Is_nshl 6 =1Is_ref;

n_nshl 6 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_6 = ((34.0109*Rs_ref*(1-(G1_6_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_6_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_6_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_6 = (12.4389*Rsh_ref*(1-(G1_6_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_6_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_6_1/G_ref)))+Rsh_ref;

n_nshl_6 = (-0.2230*n_ref*(1-(G1_6_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_6_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_6_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_6 = ((10.3994*Is_ref*(1-(G1_6_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_6_1/G_ref)))+Is_refd)*((T/T_ref) 3*exp((Eg/K)*(L/T_ref-1/T)));

Iph_nsh1l_6 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_6_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 6>0

Rsl_6 = (34.0109*Rs_nshl_6*Alfal_6"3)-
(22.9749*Rs_nsh1_6*Alfal_6"2)+(6.6189*Rs_nshl_6*Alfal_6)+Rs_nshl_6;

Rshl_6 = (12.4389*Rsh_nshl_6*Alfal_6"3)-
(8.6252*Rsh_nshl_6*Alfal_6"2)+(3.3490*Rsh_nshl_6*Alfal_6)+Rsh_nshl_6;

nl 6 =(-0.2230*n_nshl_6*Alfal_6"3) + (0.3643*n_nshl_6*Alfal_6"2)+
(0.1670*n_nshl_6*Alfal 6)+n_nshl 6;

Is1_6 = (10.3994*Is_nshl_6*Alfal_6"2)+(0.6450*Is_nshl_6*Alfal_6)+Is_nshl_6;

Iphl_6 = Iph_nshl_6*(1-Alfal_6);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl_6 = Rs_nshl_6;

Rshl 6 = Rsh_nshl 6;

Iphl_6 = Iph_nshl_6;

nl 6= n_nshl 6;

Is1 6 =Is_nshl_6;

end
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Sh_perl_7 = 0; % Shading percentage

AT1 7=0.0015; % Total cell area

Al 7 2=(AT1 _7*Sh_perl_7)/100; % Shaded area
Alfal 7=A1_7 2/AT1 7; % Calculate shading factor
G1_7_1=1000; % Unshaded part irradiance

G1 7_2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGl 7 1==G ref&& T==T ref

Iph_nshl_7 = Iph_ref;

Rs_nshl 7 =Rs_ref;

Rsh_nshl_7 = Rsh_ref;

Is_nshl 7 =1Is_ref;

n_nshl_7 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_7 = ((34.0109*Rs_ref*(1-(G1_7_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_7_1/G_ref))2)+(6.6189*Rs_ref*(1-(G1_7_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_7 = (12.4389*Rsh_ref*(1-(G1_7_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_7_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_7_1/G_ref)))+Rsh_ref;

n_nshl_7 = (-0.2230*n_ref*(1-(G1_7_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_7_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_7_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nshl_7 = ((10.3994*Is_ref*(1-(G1_7_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_7_1/G_ref)))+Is_refd)*((T/T_ref) 3*exp((Eg/K)*(1L/T_ref-1/T)));

Iph_nshl_7 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_7_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal_7>0

Rsl_7 = (34.0109*Rs_nshl_7*Alfal_7"3)-
(22.9749*Rs_nsh1_7*Alfal_7/2)+(6.6189*Rs_nshl_7*Alfal_7)+Rs_nshl_7;

Rshl_7 = (12.4389*Rsh_nshl_7*Alfal_7/3)-
(8.6252*Rsh_nsh1_7*Alfal_7/2)+(3.3490*Rsh_nshl_7*Alfal_7)+Rsh_nshl_7;

nl 7 =(-0.2230*n_nshl_7*Alfal_773) + (0.3643*n_nshl_7*Alfal_7/2)+
(0.1670*n_nsh1_7*Alfal_7)+n_nshl_7;

Is1_7 = (10.3994*Is_nsh1l_7*Alfal_7/2)+(0.6450*Is_nshl_7*Alfal_7)+Is_nshl_7;

Iphl_7 = Iph_nshl_7*(1-Alfal_7);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 7=Rs nshl 7;

Rshl 7 = Rsh_nshl 7;

Iphl_7 =Iph_nshl 7,

nl 7= n_nshl 7;

Is1 7=1Is nshl 7,

end
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Sh_perl_8 = 0; % Shading percentage

AT1 8=0.0015; % Total cell area

Al 8 2=(AT1 8*Sh_perl 8)/100; % Shaded area
Alfal 8=A1 8 2/AT1 8; % Calculate shading factor
G1 8 1=1000; % Unshaded part irradiance

G1 8 2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG1 8 1==G ref && T==T _ref

Iph_nshl_8 = Iph_ref;

Rs_nshl 8 =Rs_ref;

Rsh_nsh1_8 = Rsh_ref;

Is_nshl 8=1Is_ref;

n_nshl_8 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_8 = ((34.0109*Rs_ref*(1-(G1_8_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_8_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_8_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_8 = (12.4389*Rsh_ref*(1-(G1_8_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G1_8 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_8 1/G_ref)))+Rsh_ref;

n_nshl_8 = (-0.2230*n_ref*(1-(G1_8_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_8_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_8_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nshl_8 = ((10.3994*Is_ref*(1-(G1_8_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_8_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/K)*(1L/T_ref-1/T)));

Iph_nsh1l_8 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_8_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal_ 8>0

Rsl_8 = (34.0109*Rs_nshl_8*Alfal_8"3)-
(22.9749*Rs_nsh1_8*Alfal_82)+(6.6189*Rs_nshl_8*Alfal_8)+Rs_nshl_8;

Rshl_8 = (12.4389*Rsh_nshl_8*Alfal_8"3)-
(8.6252*Rsh_nsh1_8*Alfal_82)+(3.3490*Rsh_nshl_8+*Alfal_8)+Rsh_nshl_8;

nl 8 =(-0.2230*n_nshl_8*Alfal_8"3) + (0.3643*n_nsh1l_8*Alfal_8"2)+
(0.1670*n_nsh1_8*Alfal_8)+n_nshl_8;

Is1_8 = (10.3994*Is_nshl_8*Alfal_8"2)+(0.6450*Is_nshl_8*Alfal_8)+Is_nshl_8;

Iph1l_8 = Iph_nshl_8*(1-Alfal_8);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 8 =Rs nshl 8;

Rshl 8 = Rsh_nshl_8;

Iphl_8 =Iph_nshl_8;

nl 8= n_nshl 8;

Is1 8 =Is _nshl_8;

end
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Sh_per1_9 = 0; % Shading percentage

AT1 9=0.0015; % Total cell area

Al 9 2=(AT1 9*Sh_perl 9)/100; % Shaded area
Alfal 9=A1 9 2/AT1 9; % Calculate shading factor
G1 9 1=1000; % Unshaded part irradiance

G1 9 2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG1 9 1==G ref && T==T _ref

Iph_nshl_9 = Iph_ref;

Rs_nshl 9 =Rs_ref;

Rsh_nsh1l_9 = Rsh_ref;

Is_nshl_9 = Is_ref;

n_nshl 9 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh1l_9 = ((34.0109*Rs_ref*(1-(G1_9_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_9_1/G_ref))2)+(6.6189*Rs_ref*(1-(G1_9_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_9 = (12.4389*Rsh_ref*(1-(G1_9_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G1_9 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_9 1/G_ref)))+Rsh_ref;

n_nshl 9 =(-0.2230*n_ref*(1-(G1_9_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_9_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_9_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nshl_9 = ((10.3994*Is_ref*(1-(G1_9_1/G_ref))*2)+(0.6450*Is_ref*(1-
(G1_9_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/K)*(L/T_ref-1/T)));

Iph_nsh1_9 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_9_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 9>0

Rsl_9 = (34.0109*Rs_nshl_9*Alfal_9"3)-
(22.9749*Rs_nsh1_9*Alfal_9/2)+(6.6189*Rs_nshl_9*Alfal_9)+Rs_nshl_9;

Rshl_9 = (12.4389*Rsh_nshl_9*Alfal_9/3)-
(8.6252*Rsh_nsh1_9*Alfal_9/2)+(3.3490*Rsh_nsh1_9*Alfal 9)+Rsh_nshl 9;

nl 9 =(-0.2230*n_nshl_9*Alfal_9"3) + (0.3643*n_nsh1l_9*Alfal_972)+
(0.1670*n_nsh1l_9*Alfal_9)+n_nsh1_9;

Is1_9 = (10.3994*Is_nsh1l_9*Alfal_972)+(0.6450*Is_nsh1l_9*Alfal_9)+Is_nshl_9;

Iph1_9 = Iph_nshl_9*(1-Alfal_9);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 9=Rs nshl 9;

Rshl 9= Rsh_nshl 9;

Iphl_9 =Iph_nshl 9;

nl 9= n_nshl 9;

Is1_9=1s nshl_9;
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Sh_per1_10 = 0; % Shading percentage

AT1 10 =0.0015; % Total cell area

Al 10 2 =(AT1_10*Sh_perl 10)/100; % Shaded area
Alfal 10=A1 10 2/AT1 10; % Calculate shading factor
G1_10_1 =1000; % Unshaded part irradiance

G1_10_2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG1 10 1==G ref && T ==T_ref

Iph_nshl_10 = Iph_ref;

Rs_nshl 10 = Rs_ref;

Rsh_nsh1_10 = Rsh_ref;

Is_nshl 10 =Is_ref;

n_nshl 10 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh1_10 = ((34.0109*Rs_ref*(1-(G1_10_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_10_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_10_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh1_10 = (12.4389*Rsh_ref*(1-(G1_10_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_10_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_10_1/G_ref)))+Rsh_ref;

n_nshl 10 =(-0.2230*n_ref*(1-(G1_10_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_10_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_10_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nsh1l_10 = ((10.3994*Is_ref*(1-(G1_10_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_10_1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(1/T_ref-1/T)));

Iph_nshl 10 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_10_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal_10>0

Rs1_10 = (34.0109*Rs_nshl_10*Alfal_10"3)-
(22.9749*Rs_nsh1_10*Alfal_10"2)+(6.6189*Rs_nshl_10*Alfal_10)+Rs_nshl_10;

Rsh1l_10 = (12.4389*Rsh_nsh1_10*Alfal_10"3)-
(8.6252*Rsh_nsh1_10*Alfal_10"2)+(3.3490*Rsh_nsh1_10*Alfal_10)+Rsh_nshl_10;

nl 10 = (-0.2230*n_nsh1_10*Alfal_1073) + (0.3643*n_nsh1l_10*Alfal_10"2)+
(0.1670*n_nsh1_10*Alfal_10)+n_nshl_10;

Is1_10 =(10.3994*Is_nshl_10*Alfal_1072)+(0.6450*Is_nshl_10*Alfal_10)+Is_nshl_10;
Iph1_10 = Iph_nsh1_10*(1-Alfal_10);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 10 =Rs_nshl 10;

Rshl 10 = Rsh_nshl 10;

Iph1_10 = Iph_nsh1_10;

nl 10 = n_nshl_10;
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Is1 10 =1s_nshl 10;
end

Sh_perl_11 = 0; % Shading percentage

AT1 11 =0.0015; % Total cell area

Al 11 2=(AT1 11*Sh_perl 11)/100; % Shaded area
Alfal 11 =A1 11 2/AT1 11; % Calculate shading factor
G1_11 1=1000; % Unshaded part irradiance

G1_11 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG1l 11 1==G ref && T ==T_ref

Iph_nshl_11 = Iph_ref;

Rs_nshl_11 = Rs_ref;

Rsh_nshl 11 = Rsh_ref;

Is_ nshl 11 =Is_ref;

n_nshl 11 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_11 = ((34.0109*Rs_ref*(1-(G1_11_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_11_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_11_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_11 = (12.4389*Rsh_ref*(1-(G1_11_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G1_11 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_11 1/G_ref)))+Rsh_ref;

n_nshl 11 =(-0.2230*n_ref*(1-(G1_11 1/G_ref))"3)+(0.3643*n_ref*(1-

(G1_11 1/G_ref))*2)+(0.1670*n_ref*(1-(G1_11_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_11 = ((10.3994*Is_ref*(1-(G1_11_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_11_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/k)*(L/T_ref-1/T)));

Iph_nshl 11 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G1_11_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal_11>0

Rsl_11 = (34.0109*Rs_nshl_11*Alfal_11/3)-
(22.9749*Rs_nsh1_11*Alfal_11"2)+(6.6189*Rs_nshl_11*Alfal_11)+Rs_nshl_ 11,

Rshl 11 =(12.4389*Rsh_nshl 11*Alfal 11"3)-
(8.6252*Rsh_nshl_11*Alfal_1172)+(3.3490*Rsh_nsh1_11*Alfal_11)+Rsh_nshl_11;

nl 11 =(-0.2230*n_nshl 11*Alfal 11"3) + (0.3643*n_nshl_11*Alfal 1172)+
(0.1670*n_nshl_11*Alfal 11)+n_nshl 11;

Is1 11 =(10.3994*Is_nshl 11*Alfal 11"2)+(0.6450*Is_nshl 11*Alfal 11)+Is nshl 11;
Iphl_11 = Iph_nshl_11*(1-Alfal_11);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 11 =Rs nshl 11;

Rshl 11 = Rsh_nshl 11,

Iph1_11 = Iph_nshl_11;
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nl 11 = n_nshl 11;
Is1 11 =1s_nshl 11,
end

Sh_perl_12 = 0; % Shading percentage

AT1 12 =0.0015; % Total cell area

Al 12 2=(AT1 12*Sh_perl 12)/100; % Shaded area
Alfal 12 =A1 12 2/AT1 12; % Calculate shading factor
G1_12 1 =1000; % Unshaded part irradiance

G1_12 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGl 12 1==G _ref && T ==T_ref

Iph_nsh1_12 = Iph_ref;

Rs nshl 12 =Rs_ref;

Rsh_nshl 12 = Rsh_ref;

Is_ nshl 12 =Is_ref;

n_nshl 12 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_12 = ((34.0109*Rs_ref*(1-(G1_12_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_12_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_12_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_12 = (12.4389*Rsh_ref*(1-(G1_12_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_12_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_12_1/G_ref)))+Rsh_ref;

n_nshl 12 =(-0.2230*n_ref*(1-(G1_12_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_12_1/G_ref))*2)+(0.1670*n_ref*(1-(G1_12_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_12 = ((10.3994*Is_ref*(1-(G1_12_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_12_1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/k)*(1/T_ref-1/T)));

Iph_nshl 12 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G1_12_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal_12>0

Rsl 12 =(34.0109*Rs_nshl 12*Alfal_12/3)-
(22.9749*Rs_nsh1_12*Alfal_12"2)+(6.6189*Rs_nsh1l_12*Alfal_12)+Rs_nshl_12;

Rshl 12 =(12.4389*Rsh_nshl_12*Alfal_ 12"3)-
(8.6252*Rsh_nshl_12*Alfal_12"2)+(3.3490*Rsh_nsh1_12*Alfal_12)+Rsh_nshl_12;

nl 12 = (-0.2230*n_nsh1_12*Alfal_12/3) + (0.3643*n_nshl_12*Alfal_12"2)+

(0.1670*n_nshl 12*Alfal_12)+n_nshl 12;

Is1 12 =(10.3994*Is_nshl_12*Alfal_12/2)+(0.6450*Is_nshl_12*Alfal 12)+Is_nshl_12;
Iphl_12 = Iph_nshl_12*(1-Alfal_12);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 12 =Rs nshl 12;

Rshl_12 = Rsh_nshl_12;
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Iphl_12 = Iph_nshl 12;
nl 12 = n_nshl 12;
Is1 12 =1s_nshl 12;
end

Sh_perl_13 =0; % Shading percentage

AT1 13 =0.0015; % Total cell area

Al 13 2=(AT1 13*Sh_perl 13)/100; % Shaded area
Alfal 13 =A1 13 2/AT1 13; % Calculate shading factor
G1_13 1=1000; % Unshaded part irradiance

G1_13 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG1 13 1==G_ref && T ==T_ref

Iph_nshl_13 = Iph_ref;

Rs_nshl 13 =Rs_ref;

Rsh_nshl 13 = Rsh_ref;

Is_nshl 13 =Is_ref;

n_nshl 13 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_13 = ((34.0109*Rs_ref*(1-(G1_13_1/G_ref))*3)-(22.9749*Rs_ref*(1-

(G1_13 1/G_ref))*2)+(6.6189*Rs_ref*(1-(G1_13 1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_13 = (12.4389*Rsh_ref*(1-(G1_13_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G1_13 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_13_1/G_ref)))+Rsh_ref;

n_nshl 13 =(-0.2230*n_ref*(1-(G1_13_1/G_ref))"3)+(0.3643*n_ref*(1-

(G1_13 1/G_ref))*2)+(0.1670*n_ref*(1-(G1_13_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_13 = ((10.3994*Is_ref*(1-(G1_13_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_13_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/k)*(L/T_ref-1/T)));

Iph_nshl 13 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_13 _1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 13>0

Rsl_13 = (34.0109*Rs_nsh1_13*Alfal_13"3)-
(22.9749*Rs_nsh1_13*Alfal_13"2)+(6.6189*Rs_nshl_13*Alfal_13)+Rs_nshl_ 13;

Rshl_13 = (12.4389*Rsh_nshl_13*Alfal_13"3)-
(8.6252*Rsh_nshl_13*Alfal_13"2)+(3.3490*Rsh_nsh1_13*Alfal_13)+Rsh_nshl_13;

nl 13 =(-0.2230*n_nsh1_13*Alfal_13"3) + (0.3643*n_nshl_13*Alfal_13"2)+
(0.1670*n_nsh1_13*Alfal_13)+n_nshl_13;

Is1 13 =(10.3994*Is_nshl_13*Alfal_13"2)+(0.6450*Is_nshl_13*Alfal 13)+Is_nshl_13;
Iphl_13 = Iph_nshl_13*(1-Alfal_13);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:

else
Rsl_13 = Rs_nshl_13;
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Rshl 13 = Rsh_nshl 13;
Iphl_13 = Iph_nshl_13;
nl 13 = n_nshl 13;

Is1 13 =1s_nshl 13;

end

Sh_perl_14 = 0; % Shading percentage

AT1 14 =0.0015; % Total cell area

Al 14 2 =(AT1 14*Sh_perl 14)/100; % Shaded area
Alfal 14 = A1l 14 2/AT1 14; % Calculate shading factor
G1_14 1=1000; % Unshaded part irradiance

G1 14 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGL 14 1==G ref && T ==T _ref

Iph_nshl_14 = Iph_ref;

Rs_nshl 14 =Rs_ref;

Rsh_nshl 14 = Rsh_ref;

Is_nshl 14 =Is_ref;

n_nshl_14 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_14 = ((34.0109*Rs_ref*(1-(G1_14_1/G_ref))*3)-(22.9749*Rs_ref*(1-

(G1_14 1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_14 1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_14 = (12.4389*Rsh_ref*(1-(G1_14_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G1_14 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_14_1/G_ref)))+Rsh_ref;

n_nshl 14 =(-0.2230*n_ref*(1-(G1_14 1/G_ref))"3)+(0.3643*n_ref*(1-

(G1_14 1/G_ref))"2)+(0.1670*n_ref*(1-(G1_14_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_14 = ((10.3994*Is_ref*(1-(G1_14_ 1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_14_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/k)*(1/T_ref-1/T)));

Iph_nshl 14 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G1_14 1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 14>0

Rsl_14 = (34.0109*Rs_nshl_14*Alfal_14"3)-
(22.9749*Rs_nsh1_14*Alfal_14"2)+(6.6189*Rs_nshl_14*Alfal_14)+Rs_nshl_14;

Rshl 14 =(12.4389*Rsh_nshl_14*Alfal 14"3)-
(8.6252*Rsh_nshl_14*Alfal_14"2)+(3.3490*Rsh_nshl_14*Alfal_14)+Rsh_nshl_14;

nl 14 =(-0.2230*n_nshl_14*Alfal_14"3) + (0.3643*n_nshl_14*Alfal_14"2)+
(0.1670*n_nsh1_14*Alfal_14)+n_nshl_14;

Isl_14 =(10.3994*Is_nshl_14*Alfal_14"2)+(0.6450*Is_nshl_14*Alfal 14)+Is_nshl_14;
Iphl_14 = Iph_nshl_14*(1-Alfal_14);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else
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Rsl 14 =Rs_nshl 14;
Rshl 14 = Rsh_nshl_14;
Iphl_14 = Iph_nshl_14;
nl 14 = n_nshl 14;

Is1 14 =1s_nshl 14,

end

Sh_perl_15 = 0; % Shading percentage

AT1 15=0.0015; % Total cell area

Al 15 2 =(AT1 15*Sh_perl 15)/100; % Shaded area
Alfal 15=A1 15 2/AT1 15; % Calculate shading factor
G1 15 1 =1000; % Unshaded part irradiance

G1 15 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGL 15 1==G ref && T ==T _ref

Iph_nshl_15 = Iph_ref;

Rs_nshl 15 =Rs_ref;

Rsh_nshl 15 = Rsh_ref;

Is_nshl_15 =Is_ref;

n_nshl_15 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh1_15 = ((34.0109*Rs_ref*(1-(G1_15_1/G_ref))"3)-(22.9749*Rs_ref*(1-

(G1_15 _1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_15 1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh1_15 = (12.4389*Rsh_ref*(1-(G1_15_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G1_15 _1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_15_1/G_ref)))+Rsh_ref;

n_nshl_15 = (-0.2230*n_ref*(1-(G1_15_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_15_1/G_ref))"2)+(0.1670*n_ref*(1-(G1_15_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_15 = ((10.3994*Is_ref*(1-(G1_15_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_15_1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/k)*(1/T_ref-1/T)));

Iph_nsh1_15 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G1_15_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 15>0

Rsl_15 = (34.0109*Rs_nsh1_15*Alfal_15"3)-
(22.9749*Rs_nsh1_15*Alfal_15"2)+(6.6189*Rs_nshl_15*Alfal_15)+Rs_nshl_15;

Rshl_15 = (12.4389*Rsh_nsh1_15*Alfal_15"3)-
(8.6252*Rsh_nsh1_15*Alfal_15"2)+(3.3490*Rsh_nsh1l_15*Alfal_15)+Rsh_nshl_15;

nl 15 =(-0.2230*n_nshl_15*Alfal_153) + (0.3643*n_nshl_15*Alfal_15"2)+
(0.1670*n_nsh1_15*Alfal_15)+n_nsh1_15;
Is1_15=(10.3994*Is_nshl_15*Alfal_15"2)+(0.6450*Is_nshl_15*Alfal 15)+Is_nshl_15;
Iphl_15 = Iph_nshl_15*(1-Alfal_15);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
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else

Rsl 15=Rs_nshl_15;
Rsh1l 15 = Rsh_nshl_15;
Iphl_15 = Iph_nshl_15;
nl_15= n_nshl 15;
Is1_15=1s_nshl 15;

end

Sh_perl_16 = 0; % Shading percentage

AT1 16 =0.0015; % Total cell area

Al 16 2= (AT1 16*Sh_perl 16)/100; % Shaded area
Alfal 16 = Al 16 _2/AT1_16; % Calculate shading factor
G1 16 1 =1000; % Unshaded part irradiance

G1 16 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGL 16 1==G ref && T ==T _ref

Iph_nshl_16 = Iph_ref;

Rs_nshl 16 =Rs_ref;

Rsh_nshl_16 = Rsh_ref;

Is_nshl_16 = Is_ref;

n_nshl_16 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_16 = ((34.0109*Rs_ref*(1-(G1_16_1/G_ref))*3)-(22.9749*Rs_ref*(1-
(G1_16_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_16_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_16 = (12.4389*Rsh_ref*(1-(G1_16_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_16_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_16_1/G_ref)))+Rsh_ref;

n_nshl_16 = (-0.2230*n_ref*(1-(G1_16_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_16_1/G_ref))"2)+(0.1670*n_ref*(1-(G1_16_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh1l_16 = ((10.3994*Is_ref*(1-(G1_16_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_16_1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(1/T_ref-1/T)));

Iph_nshl_16 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G1_16_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal_16>0

Rsl_16 = (34.0109*Rs_nsh1_16*Alfal_16"3)-
(22.9749*Rs_nsh1_16*Alfal_16"2)+(6.6189*Rs_nshl_16*Alfal_16)+Rs_nshl_16;

Rshl_16 = (12.4389*Rsh_nshl_16*Alfal_16"3)-
(8.6252*Rsh_nsh1_16*Alfal_16"2)+(3.3490*Rsh_nshl_16*Alfal_16)+Rsh_nshl_16;

nl 16 = (-0.2230*n_nshl_16*Alfal_16"3) + (0.3643*n_nshl_16*Alfal_16"2)+
(0.1670*n_nsh1_16*Alfal_16)+n_nshl_16;

Is1_16 =(10.3994*Is_nshl_16*Alfal_16"2)+(0.6450*Is_nshl_16*Alfal_16)+Is_nshl 16;
Iphl_16 = Iph_nshl_16*(1-Alfal_16);
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% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 16 = Rs_nshl_16;

Rshl 16 = Rsh_nshl_16;

Iphl_16 = Iph_nshl_16;

nl 16 = n_nshl 16;

Is1 16 =1Is_nshl_16;

end

Sh_perl_17 = 0; % Shading percentage

AT1 17 =0.0015; % Total cell area

Al 17 2 =(AT1_17*Sh_perl 17)/100; % Shaded area
Alfal_17 = A1 17 _2/AT1 _17; % Calculate shading factor
G1 17 1 =1000; % Unshaded part irradiance

G1 17 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGL 17 1==G ref && T ==T _ref

Iph_nshl_17 = Iph_ref;

Rs_nshl_17 = Rs_ref;

Rsh_nshl_17 = Rsh_ref;

Is_nshl_17 =Is_ref;

n_nshl_17 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_17 = ((34.0109*Rs_ref*(1-(G1_17_1/G_ref))*3)-(22.9749*Rs_ref*(1-
(G1_17_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_17_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_17 = (12.4389*Rsh_ref*(1-(G1_17_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_17_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_17_1/G_ref)))+Rsh_ref;

n_nshl_17 = (-0.2230*n_ref*(1-(G1_17_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_17_1/G_ref))"2)+(0.1670*n_ref*(1-(G1_17_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_17 = ((10.3994*Is_ref*(1-(G1_17_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G1_17_1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(1/T_ref-1/T)));

Iph_nshl_17 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G1_17_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 17>0

Rsl 17 = (34.0109*Rs_nsh1_17*Alfal_17/3)-
(22.9749*Rs_nsh1_17*Alfal_1772)+(6.6189*Rs_nshl_17*Alfal_17)+Rs_nshl 17;

Rshl_17 = (12.4389*Rsh_nshl_17*Alfal_17"3)-
(8.6252*Rsh_nsh1_17*Alfal_1772)+(3.3490*Rsh_nshl_17*Alfal_17)+Rsh_nshl_17;

nl 17 = (-0.2230*n_nshl_17*Alfal_17/3) + (0.3643*n_nshl_17*Alfal_17/2)+
(0.1670*n_nsh1_17*Alfal_17)+n_nshl_17;

Is1_17 =(10.3994*Is_nshl_17*Alfal_17/2)+(0.6450*Is_nshl_17*Alfal 17)+Is_nshl_17;
Iph1_17 = Iph_nsh1_17*(1-Alfal_17);
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% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 17 =Rs_nshl 17,

Rshl 17 = Rsh_nshl_17;

Iphl_17 = Iph_nshl_17;

nl 17 = n_nshl 17;

Isl 17 =1Is_nshl 17;

end

Sh_perl_18 = 0; % Shading percentage

AT1 18 =0.0015; % Total cell area

Al 18 2 =(AT1 18*Sh_perl 18)/100; % Shaded area
Alfal 18 = A1 18 2/AT1 18; % Calculate shading factor
G1 18 1 =1000; % Unshaded part irradiance

G1 18 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifGL 18 1==G ref && T ==T _ref

Iph_nsh1_18 = Iph_ref;

Rs_nshl_18 = Rs_ref;

Rsh_nshl_18 = Rsh_ref;

Is_nshl_18 =Is_ref;

n_nshl_18 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nshl_18 = ((34.0109*Rs_ref*(1-(G1_18_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G1_18_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G1_18_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nshl_18 = (12.4389*Rsh_ref*(1-(G1_18_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G1_18_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G1_18_1/G_ref)))+Rsh_ref;

n_nshl_18 = (-0.2230*n_ref*(1-(G1_18_1/G_ref))"3)+(0.3643*n_ref*(1-
(G1_18_1/G_ref))2)+(0.1670*n_ref*(1-(G1_18_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nshl_18 = ((10.3994*Is_ref*(1-(G1_18 1/G_ref))"2)+(0.6450*Is_ref*(1-

(G1_18 _1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(1/T_ref-1/T)));

Iph_nshl_18 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G1_18 1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfal 18>0

Rsl_18 = (34.0109*Rs_nshl_18*Alfal_18"3)-
(22.9749*Rs_nsh1_18*Alfal_18"2)+(6.6189*Rs_nshl_18*Alfal_18)+Rs_nshl 18;

Rshl_18 = (12.4389*Rsh_nshl_18*Alfal_18"3)-
(8.6252*Rsh_nsh1_18*Alfal_18"2)+(3.3490*Rsh_nsh1l_18*Alfal_18)+Rsh_nshl_18;

nl 18 = (-0.2230*n_nshl_18*Alfal 1873) + (0.3643*n_nshl_18*Alfal_18"2)+
(0.1670*n_nsh1_18*Alfal_18)+n_nshl_18;

Is1_18 =(10.3994*Is_nshl_18*Alfal_18"2)+(0.6450*Is_nshl_18*Alfal 18)+Is_nshl_18;
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Iphl_18 = Iph_nshl_18*(1-Alfal_18);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rsl 18 = Rs_nshl 18;

Rshl 18 = Rsh_nshl_18;

Iphl_18 = Iph_nsh1_18;

nl 18 = n_nshl 18;

Is1 18 =1Is_nshl 18;

end

Sh_per2_1 = 0; % Shading percentage
AT2_1=0.0015; % Total cell area

A2_1 2=(AT2_1*Sh_per2_1)/100; % Shaded area
Alfa2_1=A2_1 2/AT2_1; % Calculate shading factor
G2_1 1=1000; % Unshaded part irradiance

G2_1 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2_ 1 1==G_ref && T==T_ref

Iph_nsh2_1 = Iph_ref;

Rs_nsh2_1 = Rs_ref;

Rsh_nsh2_1 = Rsh_ref;

Is_nsh2_1 = Is_ref;

n_nsh2_1 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_1 = ((34.0109*Rs_ref*(1-(G2_1_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_1_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_1_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_1 = (12.4389*Rsh_ref*(1-(G2_1_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_1_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_1_1/G_ref)))+Rsh_ref;

n_nsh2_1 = (-0.2230*n_ref*(1-(G2_1_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_1_1/G_ref))*2)+(0.1670*n_ref*(1-(G2_1_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_1 = ((10.3994*Is_ref*(1-(G2_1_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_1_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/K)*(L/T_ref-1/T)));

Iph_nsh2_1 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_1_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_ 1>0

Rs2_1 = (34.0109*Rs_nsh2_1*Alfa2_1"3)-
(22.9749*Rs_nsh2_1*Alfa2_172)+(6.6189*Rs_nsh2_1*Alfa2_1)+Rs_nsh2_1;

Rsh2_1 = (12.4389*Rsh_nsh2_1*Alfa2_1"3)-
(8.6252*Rsh_nsh2_1*Alfa2_1/2)+(3.3490*Rsh_nsh2_1*Alfa2_1)+Rsh_nsh2_1;
n2_1=(-0.2230*n_nsh2_1*Alfa2_1"3) + (0.3643*n_nsh2_1*Alfa2_172)+
(0.1670*n_nsh2_1*Alfa2_1)+n_nsh2_1;
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Is2_1 =(10.3994*Is_nsh2_1*Alfa2_1"2)+(0.6450*Is_nsh2_1*Alfa2_1)+Is_nsh2_1;
Iph2_1 = Iph_nsh2_1*(1-Alfa2_1);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_1=Rs nsh2_1;

Rsh2_1 = Rsh_nsh2_1;

Iph2_1 =Iph_nsh2_1;

n2_1= n_nsh2_1;

Is2_1=1s nsh2_1;

end

Sh_per2_2 = 0; % Shading percentage

AT2_2 =0.0015; % Total cell area

A2 2 2 =(AT2_2*Sh_per2_2)/100; % Shaded area
Alfa2_2 = A2_2 2/AT2_2; % Calculate shading factor
G2_2_1=1000; % Unshaded part irradiance

G2_2 2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2 2 1==G_ref && T==T_ref

Iph_nsh2_2 = Iph_ref;

Rs_nsh2_2 = Rs_ref;

Rsh_nsh2_2 = Rsh_ref;

Is_nsh2_2 = Is_ref;

n_nsh2_2 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_2 = ((34.0109*Rs_ref*(1-(G2_2_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_2_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_2_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_2 = (12.4389*Rsh_ref*(1-(G2_2_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_2_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_2_1/G_ref)))+Rsh_ref;

n_nsh2_2 = (-0.2230*n_ref*(1-(G2_2_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_2_1/G_ref))*2)+(0.1670*n_ref*(1-(G2_2_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_2 = ((10.3994*Is_ref*(1-(G2_2_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_2_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/K)*(L/T_ref-1/T)));

Iph_nsh2_2 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_2_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2 2>0

Rs2_2 = (34.0109*Rs_nsh2_2*Alfa2_2"3)-
(22.9749*Rs_nsh2_2*Alfa2_2/2)+(6.6189*Rs_nsh2_2*Alfa2_2)+Rs_nsh2_2;

Rsh2_2 = (12.4389*Rsh_nsh2_2*Alfa2_2"3)-
(8.6252*Rsh_nsh2_2*Alfa2_2/2)+(3.3490*Rsh_nsh2_2*Alfa2_2)+Rsh_nsh2_2;
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n2_2 =(-0.2230*n_nsh2_2*Alfa2_2"3) + (0.3643*n_nsh2_2*Alfa2_2"2)+
(0.1670*n_nsh2_2*Alfa2_2)+n_nsh2_2;

Is2_2 = (10.3994*Is_nsh2_2*Alfa2_272)+(0.6450*Is_nsh2_2*Alfa2_2)+Is_nsh2_2;
Iph2_2 = Iph_nsh2_2*(1-Alfa2_2);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2 2 =Rs _nsh2_2;

Rsh2_2 = Rsh_nsh2_2;

Iph2_2 = Iph_nsh2_2;

n2_2 = n_nsh2_2;

Is2 2 =1s _nsh2_2;

end

Sh_per2_3 = 0; % Shading percentage
AT2_3=0.0015; % Total cell area

A2_3 2=(AT2_3*Sh_per2_3)/100; % Shaded area
Alfa2_3 = A2 _3 2/AT2_3; % Calculate shading factor
G2_3 1=1000; % Unshaded part irradiance

G2_3 2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2 3 1==G_ref && T ==T_ref

Iph_nsh2_3 = Iph_ref;

Rs_nsh2_3 = Rs_ref;

Rsh_nsh2_3 = Rsh_ref;

Is_nsh2_3=Is_ref;

n_nsh2_3 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_3 = ((34.0109*Rs_ref*(1-(G2_3_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_3_1/G_ref))2)+(6.6189*Rs_ref*(1-(G2_3_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_3 = (12.4389*Rsh_ref*(1-(G2_3_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_3_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_3_1/G_ref)))+Rsh_ref;

n_nsh2_3 = (-0.2230*n_ref*(1-(G2_3_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_3_1/G_ref))*2)+(0.1670*n_ref*(1-(G2_3_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_3 = ((10.3994*Is_ref*(1-(G2_3_1/G_ref))"2)+(0.6450*Is_ref*(1-

(G2_3 1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/K)*(1L/T _ref-1/T)));

Iph_nsh2_3 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_3_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2 3>0

Rs2_3 = (34.0109*Rs_nsh2_3*Alfa2_3"3)-
(22.9749*Rs_nsh2_3*Alfa2_372)+(6.6189*Rs_nsh2_3*Alfa2_3)+Rs_nsh2_3;
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Rsh2_3 =(12.4389*Rsh_nsh2_3*Alfa2_3"3)-
(8.6252*Rsh_nsh2_3*Alfa2_3"2)+(3.3490*Rsh_nsh2_3*Alfa2_3)+Rsh_nsh2_3;
n2_3 =(-0.2230*n_nsh2_3*Alfa2_3"3) + (0.3643*n_nsh2_3*Alfa2_3"2)+
(0.1670*n_nsh2_3*Alfa2_3)+n_nsh2_3;

I1s2_3 =(10.3994*1s_nsh2_3*Alfa2_3"2)+(0.6450*1s_nsh2_3*Alfa2_3)+Is_nsh2_3;
Iph2_3 = Iph_nsh2_3*(1-Alfa2_3);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_3 =Rs _nsh2_3;

Rsh2_3 = Rsh_nsh2_3;

Iph2_3 = Iph_nsh2_3;

n2_3= n_nsh2_3;

Is2_ 3 =1Is nsh2_3;
end
0p======== Cell 2 4 ========

Sh_per2_4 = 0; % Shading percentage

AT2_4 =0.0015; % Total cell area

A2 4 2=(AT2_4*Sh_per2_4)/100; % Shaded area
Alfa2_4 = A2_4 2/AT2_4; % Calculate shading factor
G2_4 1=1000; % Unshaded part irradiance

G2_4 2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2_ 4 1==G_ref && T ==T_ref

Iph_nsh2_4 = Iph_ref;

Rs_nsh2_4 = Rs_ref;

Rsh_nsh2_4 = Rsh_ref;

Is_nsh2_4 =1s_ref;

n_nsh2_4 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_4 = ((34.0109*Rs_ref*(1-(G2_4_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_4_1/G_ref))*2)+(6.6189*Rs_ref*(1-(G2_4_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_4 = (12.4389*Rsh_ref*(1-(G2_4_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_4_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_4_1/G_ref)))+Rsh_ref;

n_nsh2_4 = (-0.2230*n_ref*(1-(G2_4_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_4_1/G_ref))*2)+(0.1670*n_ref*(1-(G2_4_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_4 = ((10.3994*Is_ref*(1-(G2_4_1/G_ref))"2)+(0.6450*Is_ref*(1-

(G2_4 1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/K)*(1L/T _ref-1/T)));

Iph_nsh2_4 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_4_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_ 4>0
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Rs2_4 =(34.0109*Rs_nsh2_4*Alfa2_4"3)-
(22.9749*Rs_nsh2_4*Alfa2_472)+(6.6189*Rs_nsh2_4*Alfa2_4)+Rs_nsh2_4;
Rsh2_4 = (12.4389*Rsh_nsh2_4*Alfa2_4"3)-
(8.6252*Rsh_nsh2_4*Alfa2_4/2)+(3.3490*Rsh_nsh2_4*Alfa2_4)+Rsh_nsh2_4;
n2_4 = (-0.2230*n_nsh2_4*Alfa2_4"3) + (0.3643*n_nsh2_4*Alfa2_4"2)+
(0.1670*n_nsh2_4*Alfa2_4)+n_nsh2_4;

Is2_4 = (10.3994*Is_nsh2_4*Alfa2_472)+(0.6450*Is_nsh2_4*Alfa2_4)+Is_nsh2_4;
Iph2_4 = Iph_nsh2_4*(1-Alfa2_4);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_4 =Rs_nsh2_4;

Rsh2_4 = Rsh_nsh2_4;

Iph2_4 = Iph_nsh2_4;

n2_4 = n_nsh2_4;

Is2_4 =1s_nsh2_4;

end

Sh_per2_5 = 0; % Shading percentage
AT2_5=0.0015; % Total cell area

A2 5 2=(AT2_5*Sh_per2_5)/100; % Shaded area
Alfa2_5=A2 5 2/AT2_5; % Calculate shading factor
G2_5_1=1000; % Unshaded part irradiance

G2_5 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2 5 1==G_ref && T==T _ref

Iph_nsh2_5 = Iph_ref;

Rs_nsh2_5=Rs_ref;

Rsh_nsh2_5 = Rsh_ref;

Is_nsh2_5=1Is_ref;

n_nsh2_5 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_5 = ((34.0109*Rs_ref*(1-(G2_5_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_5_1/G_ref))*2)+(6.6189*Rs_ref*(1-(G2_5 1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_5 = (12.4389*Rsh_ref*(1-(G2_5_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_5_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_5_1/G_ref)))+Rsh_ref;

n_nsh2_5 = (-0.2230*n_ref*(1-(G2_5_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_5_1/G_ref))2)+(0.1670*n_ref*(1-(G2_5_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_5=((10.3994*Is_ref*(1-(G2_5 1/G_ref))"2)+(0.6450*Is_ref*(1-

(G2_5 _1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/K)*(1/T_ref-1/T)));

Iph_nsh2_5 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_5_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:
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if Alfa2 5>0

Rs2_5 =(34.0109*Rs_nsh2_5*Alfa2_5"3)-
(22.9749*Rs_nsh2_5*Alfa2_5"2)+(6.6189*Rs_nsh2_5*Alfa2_5)+Rs_nsh2_5;
Rsh2_5 = (12.4389*Rsh_nsh2_5*Alfa2_5"3)-
(8.6252*Rsh_nsh2_5*Alfa2_52)+(3.3490*Rsh_nsh2_5*Alfa2_5)+Rsh_nsh2_5;
n2_5=(-0.2230*n_nsh2_5*Alfa2_5"3) + (0.3643*n_nsh2_5*Alfa2_5"2)+
(0.1670*n_nsh2_5*Alfa2_5)+n_nsh2_5;

Is2_5 = (10.3994*Is_nsh2_5*Alfa2_5"2)+(0.6450*Is_nsh2_5*Alfa2_5)+Is_nsh2_5;
Iph2_5 = Iph_nsh2_5*(1-Alfa2_5);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_5=Rs _nsh2_5;

Rsh2 5= Rsh_nsh2_5;

Iph2_5 = Iph_nsh2_5;

n2_5= n_nsh2_5;

Is2 5 =1Is nsh2_5;

end

0p======== Cell 2 6 ========

Sh_per2_6 = 0; % Shading percentage

AT2_6 =0.0015; % Total cell area

A2 6 2= (AT2_6*Sh_per2_6)/100; % Shaded area
Alfa2_6 = A2_6_2/AT2_6; % Calculate shading factor
G2_6_1=1000; % Unshaded part irradiance

G2_6_2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2 6 1==G_ref && T==T _ref

Iph_nsh2_6 = Iph_ref;

Rs_nsh2_6 = Rs_ref;

Rsh_nsh2_6 = Rsh_ref;

Is_nsh2_6 = Is_ref;

n_nsh2_6 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_6 = ((34.0109*Rs_ref*(1-(G2_6_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_6_1/G_ref))*2)+(6.6189*Rs_ref*(1-(G2_6_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_6 = (12.4389*Rsh_ref*(1-(G2_6_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_6_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_6_1/G_ref)))+Rsh_ref;

n_nsh2_6 = (-0.2230*n_ref*(1-(G2_6_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_6_1/G_ref))*2)+(0.1670*n_ref*(1-(G2_6_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_6 = ((10.3994*Is_ref*(1-(G2_6_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_6_1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/K)*(1L/T_ref-1/T)));

Iph_nsh2_6 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_6_1/G_ref)));

end
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% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_6>0

Rs2_6 = (34.0109*Rs_nsh2_6*Alfa2_6"3)-
(22.9749*Rs_nsh2_6*Alfa2_6"2)+(6.6189*Rs_nsh2_6*Alfa2_6)+Rs_nsh2_6;

Rsh2_6 = (12.4389*Rsh_nsh2_6*Alfa2_6"3)-
(8.6252*Rsh_nsh2_6*Alfa2_6"2)+(3.3490*Rsh_nsh2_6*Alfa2_6)+Rsh_nsh2_6;

n2_6 = (-0.2230*n_nsh2_6*Alfa2_6"3) + (0.3643*n_nsh2_6*Alfa2_6"2)+
(0.1670*n_nsh2_6*Alfa2_6)+n_nsh2_6;

Is2_6 = (10.3994*1s_nsh2_6*Alfa2_6"2)+(0.6450*Is_nsh2_6*Alfa2_6)+Is_nsh2_6;

Iph2_6 = Iph_nsh2_6*(1-Alfa2_6);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2 6 =Rs _nsh2_6;

Rsh2 6 = Rsh_nsh2_6;

Iph2_6 = Iph_nsh2_6;

n2_6 = n_nsh2_6;

Is2_6 = Is_nsh2_6;

end

0p======== Cell 2 7 ========

Sh_per2_7 = 0; % Shading percentage
AT2_7=0.0015; % Total cell area

A2_7_2 = (AT2_7*Sh_per2_7)/100; % Shaded area
Alfa2_7 = A2_7_2/AT2_7; % Calculate shading factor
G2_7_1=1000; % Unshaded part irradiance

G2_7_2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2 7 1==G_ref && T==T _ref

Iph_nsh2_7 = Iph_ref;

Rs_nsh2_7 = Rs_ref;

Rsh_nsh2_7 = Rsh_ref;

Is_nsh2_7 = Is_ref;

n_nsh2_7 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_7 = ((34.0109*Rs_ref*(1-(G2_7_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_7_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_7_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_7 = (12.4389*Rsh_ref*(1-(G2_7_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_7_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_7_1/G_ref)))+Rsh_ref;

n_nsh2_7 = (-0.2230*n_ref*(1-(G2_7_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_7_1/G_ref))"2)+(0.1670*n_ref*(1-(G2_7_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_7 = ((10.3994*Is_ref*(1-(G2_7_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_7_1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/K)*(1L/T_ref-1/T)));

Iph_nsh2_7 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_7_1/G_ref)));

end
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% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_7>0

Rs2_7 = (34.0109*Rs_nsh2_7*Alfa2_7"3)-
(22.9749*Rs_nsh2_7*Alfa2_772)+(6.6189*Rs_nsh2_7*Alfa2_7)+Rs_nsh2_7;

Rsh2_7 = (12.4389*Rsh_nsh2_7*Alfa2_7/3)-
(8.6252*Rsh_nsh2_7*Alfa2_772)+(3.3490*Rsh_nsh2_7*Alfa2_7)+Rsh_nsh2_7;

n2_7 = (-0.2230*n_nsh2_7*Alfa2_773) + (0.3643*n_nsh2_7*Alfa2_772)+
(0.1670*n_nsh2_7*Alfa2_7)+n_nsh2_7;

Is2_7 = (10.3994*1s_nsh2_7*Alfa2_7/2)+(0.6450*1s_nsh2_7*Alfa2_7)+Is_nsh2_7;

Iph2_7 = Iph_nsh2_7*(1-Alfa2_7);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_7 =Rs_nsh2_7;

Rsh2_7 = Rsh_nsh2_7;

Iph2_7 = Iph_nsh2_7,;

n2_7 = n_nsh2_7;

Is2_7 =1Is_nsh2_7;

end

Sh_per2_8 = 0; % Shading percentage
AT2_8=0.0015; % Total cell area

A2 8 2=(AT2_8*Sh_per2_8)/100; % Shaded area
Alfa2_8 = A2_8 2/AT2_8; % Calculate shading factor
G2_8_1=1000; % Unshaded part irradiance

G2_8 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2. 8 1==G_ref && T ==T_ref

Iph_nsh2_8 = Iph_ref;

Rs_nsh2_8 = Rs_ref;

Rsh_nsh2_8 = Rsh_ref;

Is_nsh2_8 = Is_ref;

n_nsh2_8 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_8 = ((34.0109*Rs_ref*(1-(G2_8_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_8_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_8_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_8 = (12.4389*Rsh_ref*(1-(G2_8_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G2_8 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_8_ 1/G_ref)))+Rsh_ref;

n_nsh2_8 = (-0.2230*n_ref*(1-(G2_8_1/G_ref))"3)+(0.3643*n_ref*(1-

(G2_8 1/G_ref))*2)+(0.1670*n_ref*(1-(G2_8_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_8 = ((10.3994*Is_ref*(1-(G2_8_1/G_ref))"2)+(0.6450*Is_ref*(1-

(G2_8 1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/k)*(L/T_ref-1/T)));

Iph_nsh2_8 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_8_1/G_ref)));

end
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% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_8>0

Rs2_8 = (34.0109*Rs_nsh2_8*Alfa2_8"3)-
(22.9749*Rs_nsh2_8*Alfa2_8"2)+(6.6189*Rs_nsh2_8*Alfa2_8)+Rs_nsh2_8;

Rsh2_8 = (12.4389*Rsh_nsh2_8*Alfa2_8"3)-
(8.6252*Rsh_nsh2_8*Alfa2_8"2)+(3.3490*Rsh_nsh2_8*Alfa2_8)+Rsh_nsh2_8;

n2_8 = (-0.2230*n_nsh2_8*Alfa2_8"3) + (0.3643*n_nsh2_8*Alfa2_8"2)+
(0.1670*n_nsh2_8*Alfa2_8)+n_nsh2_8;

Is2_8 = (10.3994*1s_nsh2_8*Alfa2_8"2)+(0.6450*Is_nsh2_8*Alfa2_8)+Is_nsh2_8;

Iph2_8 = Iph_nsh2_8*(1-Alfa2_8);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_8 =Rs_nsh2_8;

Rsh2_8 = Rsh_nsh2_8;

Iph2_8 = Iph_nsh2_8;

n2_8 = n_nsh2_8§;

Is2_8 =Is_nsh2_8;

end

Sh_per2_9 = 0; % Shading percentage
AT2_9=0.0015; % Total cell area

A2 9 2=(AT2_9*Sh_per2_9)/100; % Shaded area
Alfa2_9 = A2_9 2/AT2_9; % Calculate shading factor
G2_9 1=1000; % Unshaded part irradiance

G2_9 2=0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2 9 1==G_ref && T==T_ref

Iph_nsh2_9 = Iph_ref;

Rs_nsh2_9 = Rs_ref;

Rsh_nsh2_9 = Rsh_ref;

Is_nsh2_9=Is_ref;

n_nsh2_9 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_9 = ((34.0109*Rs_ref*(1-(G2_9_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_9_1/G_ref))2)+(6.6189*Rs_ref*(1-(G2_9_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_9 = (12.4389*Rsh_ref*(1-(G2_9_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G2_9 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_9 1/G_ref)))+Rsh_ref;

n_nsh2_9 = (-0.2230*n_ref*(1-(G2_9_1/G_ref))"3)+(0.3643*n_ref*(1-

(G2_9 1/G_ref))*2)+(0.1670*n_ref*(1-(G2_9_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_9 = ((10.3994*Is_ref*(1-(G2_9_1/G_ref))"2)+(0.6450*Is_ref*(1-

(G2_9 1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/k)*(1L/T_ref-1/T)));

Iph_nsh2_9 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_9_1/G_ref)));

end
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% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_9>0

Rs2_9 = (34.0109*Rs_nsh2_9*Alfa2_9"3)-
(22.9749*Rs_nsh2_9*Alfa2_9"2)+(6.6189*Rs_nsh2_9*Alfa2_9)+Rs_nsh2_9;

Rsh2_9 = (12.4389*Rsh_nsh2_9*Alfa2_9"3)-
(8.6252*Rsh_nsh2_9*Alfa2_972)+(3.3490*Rsh_nsh2_9*Alfa2_9)+Rsh_nsh2_9;

n2_9 = (-0.2230*n_nsh2_9*Alfa2_9"3) + (0.3643*n_nsh2_9*Alfa2_9"2)+
(0.1670*n_nsh2_9*Alfa2_9)+n_nsh2_9;

I1s2_9 = (10.3994*1s_nsh2_9*Alfa2_9"2)+(0.6450*1s_nsh2_9*Alfa2_9)+Is_nsh2_9;

Iph2_9 = Iph_nsh2_9*(1-Alfa2_9);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_9 =Rs_nsh2_9;

Rsh2_9 = Rsh_nsh2_9;

Iph2_9 = Iph_nsh2_9;

n2_9= n_nsh2_9;

Is2_9 =1Is_nsh2_9;

end

Sh_per2_10 = 0; % Shading percentage
AT2_10=0.0015; % Total cell area

A2_10_2 = (AT2_10*Sh_per2_10)/100; % Shaded area
Alfa2_10=A2_10 2/AT2_10; % Calculate shading factor
G2_10_1 =1000; % Unshaded part irradiance

G2_10_2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh') will be equal to
the STC parameters:

ifG2_10_ 1==G_ref && T ==T_ref

Iph_nsh2_10 = Iph_ref;

Rs_nsh2_10 = Rs_ref;

Rsh_nsh2_10 = Rsh_ref;

Is_nsh2_10 = Is_ref;

n_nsh2_10 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_10 = ((34.0109*Rs_ref*(1-(G2_10_1/G_ref))*3)-(22.9749*Rs_ref*(1-
(G2_10_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_10_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_10 = (12.4389*Rsh_ref*(1-(G2_10_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_10_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_10_1/G_ref)))+Rsh_ref;

n_nsh2_10 = (-0.2230*n_ref*(1-(G2_10_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_10_1/G_ref))"2)+(0.1670*n_ref*(1-(G2_10_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_10 = ((10.3994*Is_ref*(1-(G2_10_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_10_1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(L/T_ref-1/T)));

Iph_nsh2_10 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_10_1/G_ref)));
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% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_10>0

Rs2_10 = (34.0109*Rs_nsh2_10*Alfa2_10"3)-
(22.9749*Rs_nsh2_10*Alfa2_10"2)+(6.6189*Rs_nsh2_10*Alfa2_10)+Rs_nsh2_10;

Rsh2_10 = (12.4389*Rsh_nsh2_10*Alfa2_10"3)-
(8.6252*Rsh_nsh2_10*Alfa2_10"2)+(3.3490*Rsh_nsh2_10*Alfa2_10)+Rsh_nsh2_10;

n2_10 = (-0.2230*n_nsh2_10*Alfa2_10"3) + (0.3643*n_nsh2_10*Alfa2_10"2)+
(0.1670*n_nsh2_10*Alfa2_10)+n_nsh2_10;

Is2_10 = (10.3994*Is_nsh2_10*Alfa2_10"2)+(0.6450*Is_nsh2_10*Alfa2_10)+Is_nsh2_10;
Iph2_10 = Iph_nsh2_10*(1-Alfa2_10);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_10=Rs_nsh2_10;

Rsh2_10 = Rsh_nsh2_10;

Iph2_10 = Iph_nsh2_10;

n2_10 = n_nsh2_10;

Is2_10 =1s_nsh2_10;

end

Sh_per2_11 = 0; % Shading percentage
AT2_11=0.0015; % Total cell area

A2 11 2=(AT2_11*Sh_per2_11)/100; % Shaded area
Alfa2_11=A2 11 2/AT2_11; % Calculate shading factor
G2_11 1=1000; % Unshaded part irradiance

G2_11 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh') will be equal to
the STC parameters:

ifG2_11 1==G_ref && T ==T_ref

Iph_nsh2_11 = Iph_ref;

Rs_nsh2_11 =Rs_ref;

Rsh_nsh2_11 = Rsh_ref;

Is_nsh2_11 =Is_ref;

n_nsh2_11 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_11 = ((34.0109*Rs_ref*(1-(G2_11_1/G_ref))*3)-(22.9749*Rs_ref*(1-

(G2_11 1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_11 1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_11 = (12.4389*Rsh_ref*(1-(G2_11_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G2_11 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_11_1/G_ref)))+Rsh_ref;

n_nsh2_11 = (-0.2230*n_ref*(1-(G2_11_1/G_ref))"3)+(0.3643*n_ref*(1-

(G2_11 1/G_ref))"2)+(0.1670*n_ref*(1-(G2_11_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_11 = ((10.3994*Is_ref*(1-(G2_11_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_11_1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/k)*(L/T_ref-1/T)));
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Iph_nsh2_11 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G2_11_1/G_ref)));
end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_11>0

Rs2_11 = (34.0109*Rs_nsh2_11*Alfa2_11"3)-
(22.9749*Rs_nsh2_11*Alfa2_11"2)+(6.6189*Rs_nsh2_11*Alfa2_11)+Rs_nsh2_11;

Rsh2_11 = (12.4389*Rsh_nsh2_11*Alfa2_113)-
(8.6252*Rsh_nsh2_11*Alfa2_11"2)+(3.3490*Rsh_nsh2_11*Alfa2_11)+Rsh_nsh2_11,;

n2_11 = (-0.2230*n_nsh2_11*Alfa2_11"3) + (0.3643*n_nsh2_11*Alfa2_1172)+
(0.1670*n_nsh2_11*Alfa2_11)+n_nsh2_11;

Is2_11 =(10.3994*Is_nsh2_11*Alfa2_11"2)+(0.6450*Is_nsh2_11*Alfa2_11)+Is_nsh2_11;
Iph2_11 = Iph_nsh2_11*(1-Alfa2_11);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_11=Rs _nsh2_11;

Rsh2_11 = Rsh_nsh2 11,

Iph2_11 = Iph_nsh2_11;

n2_11= n_nsh2_11;

Is2_11 =1Is_nsh2_11,

end

Sh_per2_12 = 0; % Shading percentage

AT2_ 12 =0.0015; % Total cell area

A2 12 2 =(AT2_12*Sh_per2_12)/100; % Shaded area
Alfa2_12 = A2 12 2/AT2_12; % Calculate shading factor
G2_12 1 =1000; % Unshaded part irradiance

G2_12 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh') will be equal to
the STC parameters:

ifG2_12 1==G_ref && T ==T_ref

Iph_nsh2_12 = Iph_ref;

Rs_nsh2_12 =Rs_ref;

Rsh_nsh2_12 = Rsh_ref;

Is_nsh2_12 =Is_ref;

n_nsh2_12 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_12 = ((34.0109*Rs_ref*(1-(G2_12_1/G_ref))*3)-(22.9749*Rs_ref*(1-
(G2_12_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_12_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_12 = (12.4389*Rsh_ref*(1-(G2_12_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_12_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_12_1/G_ref)))+Rsh_ref;

n_nsh2_12 = (-0.2230*n_ref*(1-(G2_12_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_12_1/G_ref))"2)+(0.1670*n_ref*(1-(G2_12_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));
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Is_nsh2_12 = ((10.3994*Is_ref*(1-(G2_12_1/G_ref))"*2)+(0.6450*Is_ref*(1-
(G2_12_1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(L/T_ref-1/T)));
Iph_nsh2_12 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_12_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_12>0

Rs2_12 = (34.0109*Rs_nsh2_12*Alfa2_12/3)-
(22.9749*Rs_nsh2_12*Alfa2_12"2)+(6.6189*Rs_nsh2_12*Alfa2_12)+Rs_nsh2_12;

Rsh2_12 = (12.4389*Rsh_nsh2_12*Alfa2_12"3)-
(8.6252*Rsh_nsh2_12*Alfa2_12"2)+(3.3490*Rsh_nsh2_12*Alfa2_12)+Rsh_nsh2_12;

n2_12 = (-0.2230*n_nsh2_12*Alfa2_12"3) + (0.3643*n_nsh2_12*Alfa2_1272)+
(0.1670*n_nsh2_12*Alfa2_12)+n_nsh2_12;

Is2_12 =(10.3994*Is_nsh2_12*Alfa2_12"2)+(0.6450*1s_nsh2_12*Alfa2_12)+Is nsh2_12;
Iph2_12 = Iph_nsh2_12*(1-Alfa2_12);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_12 =Rs_nsh2_12;

Rsh2_12 = Rsh_nsh2_12;

Iph2_12 = Iph_nsh2_12;

n2_12 = n_nsh2_12;

Is2_12 =s_nsh2_12;

end

Sh_per2_13 = 0; % Shading percentage

AT2_ 13 =0.0015; % Total cell area

A2 13 2 =(AT2_13*Sh_per2_13)/100; % Shaded area
Alfa2_13 = A2 13 2/AT2_13; % Calculate shading factor
G2_13 1 =1000; % Unshaded part irradiance

G2_13_2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh") will be equal to
the STC parameters:

ifG2 13 1==G ref && T ==T _ref

Iph_nsh2_13 = Iph_ref;

Rs_nsh2_13 =Rs_ref;

Rsh_nsh2_13 = Rsh_ref;

Is_nsh2_13 = Is_ref;

n_nsh2_13 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_13 = ((34.0109*Rs_ref*(1-(G2_13_1/G_ref))*3)-(22.9749*Rs_ref*(1-

(G2_13 1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_13_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_13 = (12.4389*Rsh_ref*(1-(G2_13_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G2_13 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_13_1/G_ref)))+Rsh_ref;

n_nsh2_13 = (-0.2230*n_ref*(1-(G2_13_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_13_1/G_ref))"2)+(0.1670*n_ref*(1-(G2_13_1/G_ref)))+n_ref;
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Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nsh2_13 = ((10.3994*Is_ref*(1-(G2_13_1/G_ref))*2)+(0.6450*Is_ref*(1-
(G2_13_1/G_ref)))+Is_ref)*((T/T_ref) 3*exp((Eg/k)*(L/T_ref-1/T)));
Iph_nsh2_13 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_13_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_13>0

Rs2_13 = (34.0109*Rs_nsh2_13*Alfa2_13"3)-
(22.9749*Rs_nsh2_13*Alfa2_13"2)+(6.6189*Rs_nsh2_13*Alfa2_13)+Rs_nsh2_13;

Rsh2_13 = (12.4389*Rsh_nsh2_13*Alfa2_13"3)-
(8.6252*Rsh_nsh2_13*Alfa2_13"2)+(3.3490*Rsh_nsh2_13*Alfa2_13)+Rsh_nsh2_13;

n2_13 = (-0.2230*n_nsh2_13*Alfa2_13"3) + (0.3643*n_nsh2_13*Alfa2_13"2)+
(0.1670*n_nsh2_13*Alfa2_13)+n_nsh2_13;

Is2_13 =(10.3994*Is_nsh2_13*Alfa2_13"2)+(0.6450*Is_nsh2_13*Alfa2_13)+Is_nsh2_13;
Iph2_13 = Iph_nsh2_13*(1-Alfa2_13);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_13 =Rs_nsh2_13;

Rsh2_13 = Rsh_nsh2_13;

Iph2_13 = Iph_nsh2_13;

n2_13 = n_nsh2_13;

Is2_13 =Is_nsh2_13;

end

Sh_per2_14 = 0; % Shading percentage

AT2_ 14 =0.0015; % Total cell area

A2_14 2 = (AT2_14*Sh_per2_14)/100; % Shaded area
Alfa2_14 = A2_14 2/AT2_14; % Calculate shading factor
G2_14 1 =1000; % Unshaded part irradiance

G2_14 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2 14 1==G ref && T==T_ref

Iph_nsh2_14 = Iph_ref;

Rs_nsh2_14 =Rs_ref;

Rsh_nsh2_14 = Rsh_ref;

Is_nsh2_14 = Is_ref;

n_nsh2_14 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_14 = ((34.0109*Rs_ref*(1-(G2_14_1/G_ref))*3)-(22.9749*Rs_ref*(1-

(G2_14 1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_14_1/G_ref)))+Rs_ref)*(T/T_ref);

Rsh_nsh2_14 = (12.4389*Rsh_ref*(1-(G2_14_1/G_ref))"3)-(8.6252*Rsh_ref*(1-

(G2_14 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_14_1/G_ref)))+Rsh_ref;
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n_nsh2_14 = (-0.2230*n_ref*(1-(G2_14 1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_14_1/G_ref))"2)+(0.1670*n_ref*(1-(G2_14_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_14 = ((10.3994*Is_ref*(1-(G2_14_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_14_1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/k)*(L/T_ref-1/T)));
Iph_nsh2_14 = (Iph_ref+(Ki*(T-T_ref)))*(1-(1-(G2_14_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_14>0

Rs2_14 = (34.0109*Rs_nsh2_14*Alfa2_14"3)-
(22.9749*Rs_nsh2_14*Alfa2_1472)+(6.6189*Rs_nsh2_14*Alfa2_14)+Rs_nsh2_14;

Rsh2_14 = (12.4389*Rsh_nsh2_14*Alfa2_14"3)-
(8.6252*Rsh_nsh2_14*Alfa2_14"2)+(3.3490*Rsh_nsh2_14*Alfa2_14)+Rsh_nsh2_14;

n2_14 = (-0.2230*n_nsh2_14*Alfa2_14"3) + (0.3643*n_nsh2_14*Alfa2_14"2)+
(0.1670*n_nsh2_14*Alfa2_14)+n_nsh2_14;

Is2_14 = (10.3994*Is_nsh2_14*Alfa2_14"2)+(0.6450*1s_nsh2_14*Alfa2_14)+Is_nsh2_14;
Iph2_14 = Iph_nsh2_14*(1-Alfa2_14);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_14 = Rs_nsh2_14;

Rsh2_14 = Rsh_nsh2_14;

Iph2_14 = Iph_nsh2_14;

n2_14 = n_nsh2_14;

Is2_14 =1s_nsh2_14;

end

Sh_per2_15 = 0; % Shading percentage
AT2_15=0.0015; % Total cell area

A2_15 2 = (AT2_15*Sh_per2_15)/100; % Shaded area
Alfa2_15=A2_15 2/AT2_15; % Calculate shading factor
G2_15_1 =1000; % Unshaded part irradiance

G2_15_2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2 15 1==G ref && T ==T _ref

Iph_nsh2_15 = Iph_ref;

Rs_nsh2_15 = Rs_ref;

Rsh_nsh2_15 = Rsh_ref;

Is_nsh2_15 = Is_ref;

n_nsh2_15 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_15 = ((34.0109*Rs_ref*(1-(G2_15_1/G_ref))*3)-(22.9749*Rs_ref*(1-
(G2_15_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_15_1/G_ref)))+Rs_ref)*(T/T_ref);
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Rsh_nsh2_15 = (12.4389*Rsh_ref*(1-(G2_15 1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_15 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_15_1/G_ref)))+Rsh_ref;
n_nsh2_15 = (-0.2230*n_ref*(1-(G2_15_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_15 1/G_ref))*2)+(0.1670*n_ref*(1-(G2_15_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_15 = ((10.3994*Is_ref*(1-(G2_15_1/G_ref))*2)+(0.6450*Is_ref*(1-
(G2_15_1/G_ref)))+Is_ref)*((T/T_ref)*3*exp((Eg/k)*(L/T_ref-1/T)));
Iph_nsh2_15 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G2_15_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_15>0

Rs2_15 = (34.0109*Rs_nsh2_15*Alfa2_15"3)-
(22.9749*Rs_nsh2_15*Alfa2_15"2)+(6.6189*Rs_nsh2_15*Alfa2_15)+Rs_nsh2_15;

Rsh2_15 = (12.4389*Rsh_nsh2_15*Alfa2_15"3)-
(8.6252*Rsh_nsh2_15*Alfa2_15"2)+(3.3490*Rsh_nsh2_15*Alfa2_15)+Rsh_nsh2_15;

n2_15 = (-0.2230*n_nsh2_15*Alfa2_15"3) + (0.3643*n_nsh2_15*Alfa2_15"2)+
(0.1670*n_nsh2_15*Alfa2_15)+n_nsh2_15;

Is2_15 = (10.3994*1s_nsh2_15*Alfa2_15"2)+(0.6450*Is_nsh2_15*Alfa2_15)+Is_nsh2_15;
Iph2_15 = Iph_nsh2_15*(1-Alfa2_15);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_15 = Rs_nsh2_15;

Rsh2_15 = Rsh_nsh2_15;

Iph2_15 = Iph_nsh2_15;

n2_15= n_nsh2_15;

Is2_15=1s_nsh2_15;

end

Sh_per2_16 = 0; % Shading percentage

AT2_16 =0.0015; % Total cell area

A2_16_2 = (AT2_16*Sh_per2_16)/100; % Shaded area
Alfa2_16 = A2_16_2/AT2_16; % Calculate shading factor
G2_16_1 = 1000; % Unshaded part irradiance

G2_16_2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh’) will be equal to
the STC parameters:

ifG2_16 1==G_ref && T ==T_ref

Iph_nsh2_16 = Iph_ref;

Rs_nsh2_16 = Rs_ref;

Rsh_nsh2_16 = Rsh_ref;

Is_nsh2_16 = Is_ref;

n_nsh2_16 = n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else
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Rs_nsh2_16 = ((34.0109*Rs_ref*(1-(G2_16_1/G_ref))"3)-(22.9749*Rs_ref*(1-
(G2_16_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_16_1/G_ref)))+Rs_ref)*(T/T_ref);
Rsh_nsh2_16 = (12.4389*Rsh_ref*(1-(G2_16_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_16_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_16_1/G_ref)))+Rsh_ref;
n_nsh2_16 = (-0.2230*n_ref*(1-(G2_16_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_16_1/G_ref))"2)+(0.1670*n_ref*(1-(G2_16_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T_ref));

Is_nsh2_16 = ((10.3994*Is_ref*(1-(G2_16_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_16_1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(L/T_ref-1/T)));
Iph_nsh2_16 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G2_16_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_16>0

Rs2_16 = (34.0109*Rs_nsh2_16*Alfa2_16"3)-
(22.9749*Rs_nsh2_16*Alfa2_16"2)+(6.6189*Rs_nsh2_16*Alfa2_16)+Rs_nsh2_16;

Rsh2_16 = (12.4389*Rsh_nsh2_16*Alfa2_16"3)-
(8.6252*Rsh_nsh2_16*Alfa2_16"2)+(3.3490*Rsh_nsh2_16*Alfa2_16)+Rsh_nsh2_16;

n2_16 = (-0.2230*n_nsh2_16*Alfa2_16"3) + (0.3643*n_nsh2_16*Alfa2_16"2)+
(0.1670*n_nsh2_16*Alfa2_16)+n_nsh2_16;

Is2_16 = (10.3994*Is_nsh2_16*Alfa2_16"2)+(0.6450*Is_nsh2_16*Alfa2_16)+Is_nsh2_16;
Iph2_16 = Iph_nsh2_16*(1-Alfa2_16);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_16 = Rs_nsh2_16;

Rsh2_16 = Rsh_nsh2_16;

Iph2_16 = Iph_nsh2_16;

n2_16 = n_nsh2_16;

Is2_16 = Is_nsh2_16;

end

Sh_per2_17 =0; % Shading percentage

AT2_17 =0.0015; % Total cell area

A2_17_2 = (AT2_17*Sh_per2_17)/100; % Shaded area
Alfa2_17 = A2_17_2/AT2_17; % Calculate shading factor
G2_17_1=1000; % Unshaded part irradiance

G2_17_2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh') will be equal to
the STC parameters:

ifG2_17 1==G_ref && T ==T_ref

Iph_nsh2_17 = Iph_ref;

Rs_nsh2_17 = Rs_ref;

Rsh_nsh2_17 = Rsh_ref;

Is_nsh2_17 =Is_ref;

n_nsh2_17 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:
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else

Rs_nsh2_17 = ((34.0109*Rs_ref*(1-(G2_17_1/G_ref))*3)-(22.9749*Rs_ref*(1-
(G2_17_1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_17_1/G_ref)))+Rs_ref)*(T/T_ref);
Rsh_nsh2_17 = (12.4389*Rsh_ref*(1-(G2_17_1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_17_1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_17_1/G_ref)))+Rsh_ref;
n_nsh2_17 = (-0.2230*n_ref*(1-(G2_17_1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_17_1/G_ref))"2)+(0.1670*n_ref*(1-(G2_17_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nsh2_17 = ((10.3994*Is_ref*(1-(G2_17_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_17_1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(L/T_ref-1/T)));
Iph_nsh2_17 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G2_17_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_17>0

Rs2_17 = (34.0109*Rs_nsh2_17*Alfa2_17"3)-
(22.9749*Rs_nsh2_17*Alfa2_17"2)+(6.6189*Rs_nsh2_17*Alfa2_17)+Rs_nsh2_17;

Rsh2_17 = (12.4389*Rsh_nsh2_17*Alfa2_17/3)-
(8.6252*Rsh_nsh2_17*Alfa2_17"2)+(3.3490*Rsh_nsh2_17*Alfa2_17)+Rsh_nsh2_17;

n2_17 = (-0.2230*n_nsh2_17*Alfa2_17"3) + (0.3643*n_nsh2_17*Alfa2_17"2)+
(0.1670*n_nsh2_17*Alfa2_17)+n_nsh2_17;

Is2_17 =(10.3994*Is_nsh2_17*Alfa2_17"2)+(0.6450*Is_nsh2_17*Alfa2_17)+Is_nsh2_17;
Iph2_17 = Iph_nsh2_17*(1-Alfa2_17);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_17 =Rs_nsh2_17;

Rsh2_17 = Rsh_nsh2_17;

Iph2_17 = Iph_nsh2_17;

n2_17 = n_nsh2_17;

Is2_17 =Is_nsh2_17;

end

Sh_per2_18 = 0; % Shading percentage

AT2_18 =0.0015; % Total cell area

A2_18 2 = (AT2_18*Sh_per2_18)/100; % Shaded area
Alfa2_18 = A2_18 2/AT2_18; % Calculate shading factor
G2_18 1 =1000; % Unshaded part irradiance

G2_18 2 =0; % Shaded part irradiance

% If the cell is working under STC, parameters under no shading (with sub-script 'nsh') will be equal to
the STC parameters:

ifG2_18 1==G_ref && T ==T_ref

Iph_nsh2_18 = Iph_ref;

Rs_nsh2_18 = Rs_ref;

Rsh_nsh2_18 = Rsh_ref;

Is_nsh2_18 = Is_ref;

n_nsh2_18 =n_ref;

% If the cell is not working under STC, adapt the STC parameters to the actual irradiance and temperature
in order to determine the parameters under no shading. All parameters equations are included here. If
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some parameters are required to be set fixed with irradiance and temperature, they should be made equal
to their values under STC:

else

Rs_nsh2_18 = ((34.0109*Rs_ref*(1-(G2_18_1/G_ref))*3)-(22.9749*Rs_ref*(1-
(G2_18 1/G_ref))"2)+(6.6189*Rs_ref*(1-(G2_18_1/G_ref)))+Rs_ref)*(T/T_ref);
Rsh_nsh2_18 = (12.4389*Rsh_ref*(1-(G2_18 1/G_ref))"3)-(8.6252*Rsh_ref*(1-
(G2_18 1/G_ref))"2)+(3.3490*Rsh_ref*(1-(G2_18 1/G_ref)))+Rsh_ref;
n_nsh2_18 = (-0.2230*n_ref*(1-(G2_18_ 1/G_ref))"3)+(0.3643*n_ref*(1-
(G2_18 1/G_ref))*2)+(0.1670*n_ref*(1-(G2_18_1/G_ref)))+n_ref;

Eg = Eg_ref*(1-0.0002677*(T-T _ref));

Is_nsh2_18 = ((10.3994*Is_ref*(1-(G2_18_1/G_ref))"2)+(0.6450*Is_ref*(1-
(G2_18 1/G_ref)))+Is_ref)*((T/T_ref)"3*exp((Eg/K)*(L/T_ref-1/T)));
Iph_nsh2_18 = (Iph_ref+(Ki*(T-T _ref)))*(1-(1-(G2_18_1/G_ref)));

end

% If the cell is shaded, calculate the variations of the parameters with shading. All parameters equations
are included here. If some parameters are required to be set fixed with shading, they should be made
equal to their values under no shading:

if Alfa2_18>0

Rs2_18 = (34.0109*Rs_nsh2_18*Alfa2_18"3)-
(22.9749*Rs_nsh2_18*Alfa2_18"2)+(6.6189*Rs_nsh2_18*Alfa2_18)+Rs_nsh2_18;

Rsh2_18 = (12.4389*Rsh_nsh2_18*Alfa2_18"3)-
(8.6252*Rsh_nsh2_18*Alfa2_18"2)+(3.3490*Rsh_nsh2_18*Alfa2_18)+Rsh_nsh2_18;

n2_18 = (-0.2230*n_nsh2_18*Alfa2_18"3) + (0.3643*n_nsh2_18*Alfa2_18"2)+
(0.1670*n_nsh2_18*Alfa2_18)+n_nsh2_18;

Is2_18 = (10.3994*Is_nsh2_18*Alfa2_18"2)+(0.6450*Is_nsh2_18*Alfa2_18)+Is_nsh2_18;
Iph2_18 = Iph_nsh2_18*(1-Alfa2_18);

% If the cell is not shaded, the cell parameters will be equal to the parameters under no shading:
else

Rs2_18 = Rs_nsh2_18;

Rsh2_18 = Rsh_nsh2_18;

Iph2_18 = Iph_nsh2_18;

n2_18 = n_nsh2_18;

Is2_18 =Is_nsh2_18;

end

Alfal = (Alfal_1 + Alfal_2 + Alfal_3 + Alfal_4 + Alfal_5 + Alfal_6 + Alfal_7 + Alfal_8 + Alfal_9 +
Alfal_10 + Alfal_11 + Alfal_12 + Alfal_13 + Alfal_14+Alfal_15+Alfal_16+Alfal_17+Alfal_18)/18;
Alfa2 = (Alfa2_1 + Alfa2_2 + Alfa2_3 + Alfa2_4 + Alfa2_5 + Alfa2_6 + Alfa2_7 + Alfa2_8 + Alfa2_9 +
Alfa2_10 + Alfa2_11 + Alfa2_12 + Alfa2_13 + Alfa2_14+Alfa2_15+Alfa2_16+Alfa2_17+Alfa2_18)/18;

V1_1 = ones(1,length(l));
V1_2 = ones(1,length(l));
V1_3 = ones(1,length(l));
V1_4 = ones(1,length(l));
V1_5 = ones(1,length(l));
V1 _6 = ones(1,length(l));
V1 _7 = ones(1,length(l));
V1 _8 = ones(1,length(l));
V1 9 = ones(1,length(l));
V1 10 = ones(1,length(l));
V1 11 = ones(1,length(l));
V1_12 = ones(1,length(l));
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V1 13 =ones(1,length(l));
V1_14 = ones(1,length(l));
V1_15 = ones(1,length(l));
V1_16 = ones(1,length(l));
V1_17 = ones(1,length(l));
V1_18 = ones(1,length(l));

V2_1 = ones(1,length(1));
V2_2 = ones(1,length(1));
V2_3 = ones(1,length(1));
V2_4 = ones(1,length(1));
V2_5 = ones(1,length(l));
V2_6 = ones(1,length(1));
V2_7 = ones(1,length(1));
V2_8 = ones(1,length(l));
V2_9 = ones(1,length(l));
V2_10 = ones(1,length(l));
V2_11 = ones(1,length(l));
V2_12 = ones(1,length(l));
V2_13 = ones(1,length(l));
V2_14 = ones(1,length(l));
V2_15 = ones(1,length(l));
V2_16 = ones(1,length(l));
V2_17 = ones(1,length(l));
V2_18 = ones(1,length(l));

forj=1":size(l,2)

% Calculating the voltage produced by cell 1_1:
if 1(j) <= Iph1_1 % If the cell operates in the direct bias
f(§) = Iph1_1-1s1_1*(exp((V1_1()+I()*Rs1_1)/(Vth*nl_1))-1)-(V1_1(j)+I(j)*Rs1_1)/Rshl_1-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_1-1s1_1*(exp((V1_1()+I()*Rs1_1)/(Vth*nl_1))-1)-(V1_1(j)+I(j)*Rs1_1)/Rshl_1-1(j);
dif_f(j) =- 1/Rsh1_1 - (Is1_1*exp((V1_1(j) + I1(j)*Rs1_1)/(Vth*nl_1)))/(Vth*nl_1);
Ve(i) = VI_1()-((FG))/(dif_f()));
V1_1(j) = Ve(i);
end
else % If the cell operates in the reverse bias
V1 1(j) = (-(1(j)-1ph1_1)*Rsh1_1)-(I1(j)*Rs1_1);
end

% Calculating the voltage produced by cell 1_2:
if 1(j) <= Iph1l_2 % If the cell operates in the direct bias
f(j) = Iph1_2-1s1_2*(exp((V1_2(j)+I()*Rs1_2)/(Vth*nl_2))-1)-(V1_2(j)+I(j)*Rsl_2)/Rshl_2-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_2-1s1_2*(exp((V1_2(j)+I(j)*Rs1_2)/(Vth*nl_2))-1)-(V1_2(j)+I(j)*Rs1_2)/Rshl_2-1(j);
dif_f(j) =- 1/Rshl_2 - (Is1_2*exp((V1_2(j) + 1(j)*Rsl_2)/(Vth*nl_2)))/(Vth*nl 2);
V(i) = V1_2()-((FG))/(dif_f()));
V1_2(j) = Ve(j);
end
else % If the cell operates in the reverse bias
V1_2(j) = (-(1(j)-1ph1_2)*Rsh1_2)-(I1(j)*Rsl_2);
end

% Calculating the voltage produced by cell 1_3:
if 1(j) <= Iph1_3 % If the cell operates in the direct bias
f(j) = Iph1_3-1s1_3*(exp((V1_3(j)+1(j)*Rs1_3)/(Vth*nl_3))-1)-(V1_3(j)+1(j)*Rsl_3)/Rshl_3-I(j);
while (abs(f(j))>0.000000001)
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f() = Iph1_3-1s1_3*(exp((V1_3(j)+1()*Rs1_3)/(Vth*n1_3))-1)-(V1_3(j)+I(j)*Rsl_3)/Rsh1_3-1(j);
dif_f(j) = - 1/Rsh1_3 - (Is1_3*exp((V1_3(j) + 1(j)*Rs1_3)/(Vth*nl_3)))/(Vth*nl_3);
Ve(j) = V1_3()-((F1)/(dif_f()));
V1_3(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V1_3(j) = (-(1(j)-1ph1_3)*Rsh1_3)-(1(j)*Rs1_3);
end

% Calculating the voltage produced by cell 1_4:
if 1(j) <= Iph1_4 % If the cell operates in the direct bias
f(j) = Iph1_4-1s1_4*(exp((V1_4()+I()*Rs1_4)/(Vth*nl_4))-1)-(V1_4(j)+I(j)*Rs1_4)/Rshl_4-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iphl_4-1s1_4*(exp((V1_4(j)+I(j)*Rsl_4)/(Vth*nl_4))-1)-(V1_4(j)+1(j)*Rsl_4)/Rshl_4-1(j);
dif_f(j) =- 1/Rshl_4 - (Is1_4*exp((V1_4(j) + 1(j)*Rsl_4)/(Vth*nl_4)))/(Vth*nl_4);
Ve(j) = V1_4())-((FG))/(dif_f()));
V1_4(3) = Vc(j);
end
else % If the cell operates in the reverse bias
V1 4(j) = (-(1()-1ph1_4)*Rsh1_4)-(1(j)*Rs1_4);
end

% Calculating the voltage produced by cell 1_5:
if 1(j) <= Iph1_5 % If the cell operates in the direct bias
f(j) = Iph1_5-1s1_5*(exp((V1_5()+1(j)*Rs1_5)/(Vth*nl_5))-1)-(V1_5(j)+1(j)*Rsl_5)/Rshl_5-I(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1l_5-1s1_5*(exp((V1_5()+1(j)*Rs1_5)/(Vth*nl_5))-1)-(V1_5(j)+I(j)*Rsl_5)/Rshl_5-I(j);
dif f(j) =- 1/Rshl 5 - (Is1_5*exp((V1_5() + I1(j)*Rs1_5)/(Vth*n1_5)))/(Vth*nl_5);
V(i) = V1_5()-((FG))/(dif_f()));
V1_5(j) = Ve(j);
end
else % If the cell operates in the reverse bias
V1 5() = (-(1()-1ph1_5)*Rsh1_5)-(I(j)*Rs1_5);
end

% Calculating the voltage produced by cell 1_6:
if 1(j) <= Iph1_6 % If the cell operates in the direct bias
f(j) = Iph1_6-1s1_6*(exp((V1_6(j)+I(j)*Rs1_6)/(Vth*nl_6))-1)-(V1_6(j)+I(j)*Rs1_6)/Rshl_6-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_6-1s1_6*(exp((V1_6(j)+I(j)*Rs1_6)/(Vth*nl_6))-1)-(V1_6(j)+I(j)*Rs1_6)/Rshl_6-1(j);
dif_f(j) =- 1/Rshl_6 - (Is1_6*exp((V1_6(j) + I(j)*Rsl_6)/(Vth*nl_6)))/(Vth*nl_6);
V(i) = V1_6())-((f())/(dif_f(3)));
V1_6(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V1_6(j) = (-(1(j)-1ph1_6)*Rsh1_6)-(I1(j)*Rs1_6);
end

% Calculating the voltage produced by cell 1_7:
if 1(j) <= Iph1_7 % If the cell operates in the direct bias
f(j) = Iph1_7-Is1_7*(exp((V1_7(j)+1()*Rs1_7)/(Vth*n1_7))-1)-(V1_7(j)+I(j)*Rs1_7)/Rsh1_7-I(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_7-Is1_7*(exp((V1_7(j)+1()*Rs1_7)/(Vth*n1_7))-1)-(V1_7(j)+I(j)*Rs1_7)/Rsh1_7-I(j);
dif_f(j) =- 1/Rsh1_7 - (Is1_7*exp((V1_7(j) + 1(j)*Rs1_7)/(Vth*nl_7)))/(Vth*nl_7);
Ve(j) = V1_7(j)-((fG))/(dif_f()));
V1_7(j) = Vc());
end
else % If the cell operates in the reverse bias
V1 _7() = (-(1(j)-1ph1_7)*Rsh1_7)-(1(j)*Rs1_7);
end
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% Calculating the voltage produced by cell 1_8:
if 1(j) <= Iph1_8 % If the cell operates in the direct bias
f(j) = Iph1_8-1s1_8*(exp((V1_8(j)+I(j)*Rs1_8)/(Vth*nl_8))-1)-(V1_8(j)+I(j)*Rs1_8)/Rshl_8-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_8-1s1_8*(exp((V1_8(j)+I(j)*Rs1_8)/(Vth*nl_8))-1)-(V1_8(j)+I(j)*Rs1_8)/Rshl_8-1(j);
dif_f(j) = - 1/Rsh1_8 - (Is1_8*exp((V1_8(j) + I(j)*Rs1_8)/(Vth*n1_8)))/(Vth*nl_8);
Ve(j) = V1_8())-((FG))/(dif_f(5)));
V1_8(j) = Ve(j);
end
else % If the cell operates in the reverse bias
V1_8(j) = (-(1(G)-Iph1_8)*Rsh1_8)-(I(j)*Rs1_8);
end

% Calculating the voltage produced by cell 1_9:
if 1(j) <= Iph1_9 % If the cell operates in the direct bias
f(§) = Iph1_9-1s1_9*(exp((V1_9(j)+I()*Rs1_9)/(Vth*nl_9))-1)-(V1_9(j)+I(j)*Rs1_9)/Rsh1_9-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_9-1s1_9*(exp((V1_9(j)+I(j)*Rs1_9)/(Vth*n1l_9))-1)-(V1_9(j)+I(j)*Rs1_9)/Rsh1_9-1(j);
dif_f(j) = - 1/Rsh1_9 - (Is1_9*exp((V1_9(j) + 1(j)*Rs1_9)/(Vth*nl1_9)))/(Vth*n1_9);
Ve(j) = VI _9()-((FA)/(dif_f(1)));
V1_9() = Ve();
end
else % If the cell operates in the reverse bias
V1_9() = (-(1(j)-1ph1_9)*Rsh1_9)-(1(j)*Rs1_9);
end

% Calculating the voltage produced by cell 1_10:
if 1(j) <= Iph1_10 % If the cell operates in the direct bias
f(j) = Iph1_10-1s1_10*(exp((V1_10(j)+I(j)*Rs1_10)/(Vth*n1_10))-1)-
(V1_10(3j)+1(j)*Rs1_10)/Rsh1_10-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_10-Is1_10*(exp((V1_10(j)+I(j)*Rs1_10)/(Vth*nl_10))-1)-
(V1_10(3j)+1(j)*Rs1_10)/Rsh1_10-1(j);
dif_f(j) = - 1/Rsh1_10 - (Is1_10*exp((V1_10(j) + 1(j)*Rs1_10)/(Vth*n1_10)))/(Vth*n1_10);
Ve(j) = V1_10(3)-((FG)/(dif_f(3)));
V1_10(j) = Vc());
end
else % If the cell operates in the reverse bias
V1_10(j) = (-(1(j)-Iph1_10)*Rsh1_10)-(I(j)*Rs1_10);
end

% Calculating the voltage produced by cell 1_11:
if 1(j) <= Iph1_11 % If the cell operates in the direct bias
f(j) = Iph1_11-1s1_11*(exp((V1_11(j)+I(j)*Rs1_11)/(Vth*nl_11))-1)-
(V1_11(j)+1(j)*Rs1_11)/Rsh1_11-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_11-1s1_11*(exp((V1_11(j)+I(j)*Rs1l_11)/(Vth*nl 11))-1)-
(V1_11(j)+1(j)*Rs1_11)/Rsh1_11-1(j);
dif f(j)=- 1/Rshl_11 - (Is1_11*exp((V1_11(j) + I(j)*Rs1_11)/(Vth*nl_11)))/(Vth*nl 11);
Ve(j) = VI_113)-((FG))/(dif _f(1)));
V1_11(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V1 _11(j) = (-(1(G)-1ph1_11)*Rsh1_11)-(1(j)*Rs1_11);
end

% Calculating the voltage produced by cell 1_12:
if 1(j) <= Iph1_12 % If the cell operates in the direct bias
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f(j) = Iph1_12-1s1_12*(exp((V1_12(j)+1(j)*Rs1l_12)/(Vth*nl_12))-1)-
(V1_12(j)+I(j)*Rs1_12)/Rsh1_12-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_12-1s1_12*(exp((V1_12(j)+I(j)*Rs1l_12)/(Vth*nl_12))-1)-
(V1_12(j)+I(j)*Rs1_12)/Rsh1_12-1(j);
dif f(j) =- 1/Rsh1_12 - (Is1_12*exp((V1_12(j) + I(j)*Rs1_12)/(Vth*nl_12)))/(Vth*nl_12);
Ve(j) = V1_12()-((FG))/(dif_f(3)));
V1_12(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V1 12(j) = (-(1(G)-1ph1_12)*Rshl_12)-(I(j)*Rsl_12);
end

% Calculating the voltage produced by cell 1_13:
if 1(j) <= Iph1_13 % If the cell operates in the direct bias
f(§) = Iph1_13-1s1_13*(exp((V1_13(j)+I(j)*Rs1_13)/(Vth*nl_13))-1)-
(V1_13(j)+1(j)*Rs1_13)/Rsh1_13-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_13-1s1_13*(exp((V1_13(j)+I(j)*Rs1l_13)/(Vth*nl 13))-1)-
(V1_13(j)+1(j)*Rs1_13)/Rsh1_13-1(j);
dif_f(j) = - 1/Rsh1_13 - (Is1_13*exp((V1_13(j) + I(j)*Rs1_13)/(Vth*n1_13)))/(Vth*nl_13);
Ve(j) = VI_13()-((FG))/(dif_f(1)));
V1_13(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V1_13(j) = (-(1(j)-1ph1_13)*Rsh1_13)-(I(j)*Rs1_13);
end

% Calculating the voltage produced by cell 1_14:
if 1(j) <= Iph1_14 % If the cell operates in the direct bias
f(j) = lph1_14-1s1_14*(exp((V1_14(j)+1(j)*Rs1_14)/(Vth*nl_14))-1)-
(V1_14(j)+1(j)*Rs1_14)/Rsh1_14-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_14-1s1_14*(exp((V1_14(j)+1(j)*Rs1_14)/(Vth*nl_14))-1)-
(V1_14(j)+1(j)*Rs1_14)/Rsh1_14-1(j);
dif_f(j) = - 1/Rsh1_14 - (Is1_14*exp((V1_14(j) + I1(j)*Rs1_14)/(Vth*n1_14)))/(Vth*nl_14);
Ve(j) = VI_14()-((FG))/(dif_f()));
V1_14(j) = Vc());
end
else % If the cell operates in the reverse bias
V1_14(j) = (-(1(j)-Iph1_14)*Rsh1_14)-(I(j)*Rs1_14);
end

% Calculating the voltage produced by cell 1_15:
if 1(j) <= Iph1_15 % If the cell operates in the direct bias
f(j) = Iph1_15-1s1_15*(exp((V1_15(j)+I(j)*Rs1_15)/(Vth*nl_15))-1)-
(V1_15(j)+1(j)*Rs1_15)/Rsh1_15-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_15-1s1_15*(exp((V1_15(j)+I(j)*Rs1_15)/(Vth*nl_15))-1)-
(V1_15()+1(j)*Rs1_15)/Rsh1_15-1(j);
dif f(j) =- 1/Rsh1_15- (Is1_15%exp((V1 _15(j) + I(j)*Rs1_15)/(Vth*nl_15)))/(Vth*n1l_15);
Ve(j) = VI_153)-((FG))/(dif _f(1)));
V1 _15(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V1_15(j) = (-(1(j)-1ph1_15)*Rsh1_15)-(1(j)*Rs1_15);
end

% Calculating the voltage produced by cell 1_16:
if 1(j) <= Iph1_16 % If the cell operates in the direct bias

259



Appendix E

f(j) = Iph1_16-1s1_16*(exp((V1_16(j)+!1(j)*Rs1l_16)/(Vth*nl_16))-1)-
(V1_16(j)+1(j)*Rs1_16)/Rsh1_16-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_16-Is1_16*(exp((V1_16(j)+I(j)*Rs1_16)/(Vth*nl_16))-1)-
(V1_16(j)+1(j)*Rs1_16)/Rsh1_16-1(j);
dif_f(j) =- 1/Rsh1_16 - (Is1_16*exp((V1_16(j) + 1(j)*Rs1_16)/(Vth*nl_16)))/(Vth*nl_16);
Ve(j) = V1_16()-((FG))/(dif_f(3)));
V1 _16(j) = Vc());
end
else % If the cell operates in the reverse bias
V1 _16(j) = (-(1(G)-1ph1_16)*Rshl_16)-(I(j)*Rsl_16);
end

% Calculating the voltage produced by cell 1_17:
if 1(j) <= Iph1_17 % If the cell operates in the direct bias
f(j) = Iph1_17-1s1_17*(exp((V1_17(j)+1(j)*Rs1l_17)/(Vth*nl_17))-1)-
(V1_17(j)+1(j)*Rs1_17)/Rsh1_17-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_17-1s1_17*(exp((V1_17(j)+I(j)*Rs1l_17)/(Vth*nl _17))-1)-
(V1_17()+1(j)*Rs1_17)/Rsh1_17-1(j);
dif_f(j) = - 1/Rsh1_17 - (Is1_17*exp((V1_17(j) + I1(j)*Rs1_17)/(Vth*n1_17)))/(Vth*nl_17);
Ve(j) = VI_17()-((F))/(dif_f(1)));
V1_17(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V1_17(j) = (-(1(G)-1ph1_17)*Rsh1_17)-(1(j)*Rs1_17);
end

% Calculating the voltage produced by cell 1_18:
if 1(j) <= Iph1_18 % If the cell operates in the direct bias
f(j) = Iph1_18-1s1_18*(exp((V1_18(j)+I(j)*Rs1_18)/(Vth*n1_18))-1)-
(V1_18(j)+1(j)*Rs1_18)/Rsh1_18-I(j);
while (abs(f(j))>0.000000001)
f(j) = Iph1_18-1s1_18*(exp((V1_18(j)+I(j)*Rs1_18)/(Vth*n1_18))-1)-
(V1_18(j)+1(j)*Rs1_18)/Rsh1_18-I(j);
dif_f(j) = - 1/Rsh1_18 - (Is1_18*exp((V1_18(j) + I(j)*Rs1_18)/(Vth*n1_18)))/(Vth*nl_18);
Ve(j) = V1_18())-((FG))/(dif_f()));
V1_18(j) = Vc());
end
else % If the cell operates in the reverse bias
V1_18(j) = (-(1(j)-1ph1_18)*Rsh1_18)-(I(j)*Rs1_18);
end

% Calculating the voltage produced by cell 2_1:
if 1(j) <= Iph2_1 % If the cell operates in the direct bias
f(j) = Iph2_1-1s2_1*(exp((V2_1(j)+1()*Rs2_1)/(Vth*n2_1))-1)-(V2_1(j)+I(j)*Rs2_1)/Rsh2_1-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_1-1s2_1*(exp((V2_1(j)+1(j)*Rs2_1)/(Vth*n2_1))-1)-(V2_1(j)+I(j)*Rs2_1)/Rsh2_1-1(j);
dif_f(j) =- 1/Rsh2_1 - (Is2_1*exp((V2_1(j) + 1(j)*Rs2_1)/(Vth*n2_1)))/(Vth*n2_1);
Ve(j) = V2_1()-((FA))/(dif_f(7)));
V2_1(j) = Ve(j);
end
else % If the cell operates in the reverse bias
V2_1(j) = (-(1(j)-1ph2_1)*Rsh2_1)-(1(j)*Rs2_1);
end

% Calculating the voltage produced by cell 2_2:

if 1(j) <= Iph2_2 % If the cell operates in the direct bias
f(j) = Iph2_2-1s2_2*(exp((V2_2(j)+1(j)*Rs2_2)/(Vth*n2_2))-1)-(V2_2(j)+I(j)*Rs2_2)/Rsh2_2-1(j);
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while (abs(f(j))>0.000000001)
f(§) = Iph2_2-1s2_2*(exp((V2_2(j)+1(j)*Rs2_2)/(Vth*n2_2))-1)-(V2_2(j)+1(j)*Rs2_2)/Rsh2_2-1(j);
dif_f(j) = - 1/Rsh2_2 - (Is2_2*exp((V2_2(j) + 1(j)*Rs2_2)/(Vth*n2_2)))/(Vth*n2_2);
Ve(j) = V2_2())-((F1)/(dif_f(3)));
V2_2(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_2(j) = (-(1(G)-Iph2_2)*Rsh2_2)-(1(j)*Rs2_2);
end

% Calculating the voltage produced by cell 2_3:
if 1(j) <= Iph2_3 % If the cell operates in the direct bias
f(§) = Iph2_3-1s2_3*(exp((V2_3(j)+1(j)*Rs2_3)/(Vth*n2_3))-1)-(V2_3(j)+I(j)*Rs2_3)/Rsh2_3-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_3-1s2_3*(exp((V2_3(j)+1(j)*Rs2_3)/(Vth*n2_3))-1)-(V2_3(j)+I(j)*Rs2_3)/Rsh2_3-I(j);
dif_f(j) =- 1/Rsh2_3 - (I1s2_3*exp((V2_3(j) + 1(j)*Rs2_3)/(Vth*n2_3)))/(Vth*n2_3);
Ve(j) = V2_3(j)-((FG))/(dif_f()));
V2_3(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_3(j) = (-(1(g)-1ph2_3)*Rsh2_3)-(I1(j)*Rs2_3);
end

% Calculating the voltage produced by cell 2_4:
if 1(j) <= Iph2_4 % If the cell operates in the direct bias
f(j) = Iph2_4-1s2_4*(exp((V2_4(j)+1(j)*Rs2_4)/(Vth*n2_4))-1)-(V2_4(j)+1(j)*Rs2_4)/Rsh2_4-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_4-1s2_4*(exp((V2_4(j)+1(j)*Rs2_4)/(Vth*n2_4))-1)-(V2_4(j)+1(j)*Rs2_4)/Rsh2_4-1(j);
dif_f(j) = - 1/Rsh2_4 - (I1s2_4*exp((V2_4(j) + 1(j)*Rs2_4)/(Vth*n2_4)))/(Vth*n2_4);
Ve(j) = V2_A(3)-((F0)/(dif_f()));
V2_A4(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_4(j) = (-(1()-1ph2_4)*Rsh2_4)-(1(j)*Rs2_4);
end

% Calculating the voltage produced by cell 2_5:
if 1(j) <= Iph2_5 % If the cell operates in the direct bias
f(j) = Iph2_5-1s2_5*(exp((V2_5(j)+1(j)*Rs2_5)/(Vth*n2_5))-1)-(V2_5(j)+I(j)*Rs2_5)/Rsh2_5-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_5-1s2_5*(exp((V2_5(j)+1(j)*Rs2_5)/(Vth*n2_5))-1)-(V2_5(j)+1(j)*Rs2_5)/Rsh2_5-1(j);
dif_f(j) = - 1/Rsh2_5 - (Is2_5*exp((V2_5(j) + 1(j)*Rs2_5)/(Vth*n2_5)))/(Vth*n2_5);
Ve(j) = V2_5())-((FG))/(dif _f(})));
V2_5(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_5(j) = (-(1(j)-1ph2_5)*Rsh2_5)-(1(j)*Rs2_5);
end

% Calculating the voltage produced by cell 2_6:
if 1(j) <= Iph2_6 % If the cell operates in the direct bias
f(j) = Iph2_6-1s2_6*(exp((V2_6(j)+1(j)*Rs2_6)/(Vth*n2_6))-1)-(V2_6(j)+I(j)*Rs2_6)/Rsh2_6-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_6-1s2_6*(exp((V2_6(j)+1(j)*Rs2_6)/(Vth*n2_6))-1)-(V2_6(j)+I(j)*Rs2_6)/Rsh2_6-I(j);
dif_f(j) = - 1/Rsh2_6 - (Is2_6*exp((V2_6(j) + 1(j)*Rs2_6)/(Vth*n2_6)))/(Vth*n2_6);
Ve(j) = V2_6()-((F1))/(dif_f()));
V2_6(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_6(j) = (-(1(j)-Iph2_6)*Rsh2_6)-(I(j)*Rs2_6);
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end

% Calculating the voltage produced by cell 2_7:
if 1(j) <= Iph2_7 % If the cell operates in the direct bias
f(§) = Iph2_7-1s2_7*(exp((V2_7(j)+1()*Rs2_7)/(Vth*n2_7))-1)-(V2_7(j)+1(j)*Rs2_7)/Rsh2_7-1(j);
while (abs(f(j))>0.000000001)
f(§) = Iph2_7-1s2_7*(exp((V2_7(j)+1()*Rs2_7)/(Vth*n2_7))-1)-(V2_7(j)+1(j)*Rs2_7)/Rsh2_7-1(j);
dif_f(j) = - 1/Rsh2_7 - (Is2_7*exp((V2_7(j) + 1(j)*Rs2_7)/(Vth*n2_7)))/(Vth*n2_7);
Ve(j) = V2_7())-((FG))/(dif_f(5)));
Vv2_17() = Ve(j);
end
else % If the cell operates in the reverse bias
V2_7(j) = (-(1G)-Iph2_7)*Rsh2_7)-(1(j)*Rs2_7);
end

% Calculating the voltage produced by cell 2_8:
if 1(j) <= Iph2_8 % If the cell operates in the direct bias
f(j) = Iph2_8-1s2_8*(exp((V2_8(j)+1(j)*Rs2_8)/(Vth*n2_8))-1)-(V2_8(j)+I(j)*Rs2_8)/Rsh2_8-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_8-1s2_8*(exp((V2_8(j)+1(j)*Rs2_8)/(Vth*n2_8))-1)-(V2_8(j)+I(j)*Rs2_8)/Rsh2_8-1(j);
dif_f(j) = - 1/Rsh2_8 - (Is2_8*exp((V2_8(j) + 1(j)*Rs2_8)/(Vth*n2_8)))/(Vth*n2_8);
Ve(j) = V2_8()-((FA)/(dif_f(1)));
V2_8(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_8(j) = (-(1(j)-1ph2_8)*Rsh2_8)-(1(j)*Rs2_8);
end

% Calculating the voltage produced by cell 2_9:
if 1(j) <= Iph2_9 % If the cell operates in the direct bias
f(j) = Iph2_9-1s2_9*(exp((V2_9(j)+I(j)*Rs2_9)/(Vth*n2_9))-1)-(V2_9(j)+I(j)*Rs2_9)/Rsh2_9-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_9-1s2_9*(exp((V2_9(j)+1(j)*Rs2_9)/(Vth*n2_9))-1)-(V2_9(j)+I(j)*Rs2_9)/Rsh2_9-1(j);
dif_f(j) = - 1/Rsh2_9 - (Is2_9*exp((V2_9(j) + 1(j)*Rs2_9)/(Vth*n2_9)))/(Vth*n2_9);
ve(j) = V2_9()-((FG))/(dif _f(})));
V2_9(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_9(j) = (-(1(j)-Iph2_9)*Rsh2_9)-(1(j)*Rs2_9);
end

% Calculating the voltage produced by cell 2_10:
if 1(j) <= Iph2_10 % If the cell operates in the direct bias
f(j) = Iph2_10-1s2_10*(exp((\V2_10(j)+I(j)*Rs2_10)/(Vth*n2_10))-1)-
(V2_10(j)+1(j)*Rs2_10)/Rsh2_10-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_10-1s2_10*(exp((V2_10(j)+I(j)*Rs2_10)/(Vth*n2_10))-1)-
(V2_10(j)+1(j)*Rs2_10)/Rsh2_10-1(j);
dif_f(j) = - 1/Rsh2_10 - (Is2_10*exp((V2_10(j) + I(j)*Rs2_10)/(Vth*n2_10)))/(Vth*n2_10);
Ve(j) = V2_10()-((FG))/(dif_f(3)));
V2_10(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_10(j) = (-(1(j)-1ph2_10)*Rsh2_10)-(1(j)*Rs2_10);
end

% Calculating the voltage produced by cell 2_11:
if 1(j) <= Iph2_11 % If the cell operates in the direct bias
f(j) = Iph2_11-1s2_11*(exp((V2_11(j)+I(j)*Rs2_11)/(Vth*n2_11))-1)-
(V2_11(j)+1(j)*Rs2_11)/Rsh2_11-1(j);
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while (abs(f(j))>0.000000001)
f(j) = Iph2_11-1s2_11*(exp((V2_11(j)+I(j)*Rs2_11)/(Vth*n2_11))-1)-
(V2_11(j)+1(j)*Rs2_11)/Rsh2_11-1(j);
dif_f(j) =- 1/Rsh2_11 - (I1s2_11*exp((V2_11(j) + I(j)*Rs2_11)/(Vth*n2_11)))/(Vth*n2_11);
Ve(j) = V2_11(3)-((FG))/(dif_f())));
V2_11(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_11(j) = (-(1(G)-1ph2_11)*Rsh2_11)-(1(j)*Rs2_11);
end

% Calculating the voltage produced by cell 2_12:
if 1(j) <= Iph2_12 % If the cell operates in the direct bias
f(j) = Iph2_12-1s2_12*(exp((V2_12(j)+1(j)*Rs2_12)/(Vth*n2_12))-1)-
(V2_12(j)+1(j)*Rs2_12)/Rsh2_12-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_12-1s2_12*(exp((V2_12(j)+1(j)*Rs2_12)/(Vth*n2_12))-1)-
(V2_12(j)+1(j)*Rs2_12)/Rsh2_12-1(j);
dif_f(j) =- 1/Rsh2_12 - (Is2_12*exp((V2_12(j) + I(j)*Rs2_12)/(Vth*n2_12)))/(Vth*n2_12);
Ve(j) = V2_12(j)-((FG))/(dif_f(7)));
V2_12(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_12(j) = (-(1(G)-1ph2_12)*Rsh2_12)-(1(j)*Rs2_12);
end

% Calculating the voltage produced by cell 2_13:
if 1(j) <= Iph2_13 % If the cell operates in the direct bias
f(j) = Iph2_13-1s2_13*(exp((V2_13(j)+I(j)*Rs2_13)/(Vth*n2_13))-1)-
(V2_13(j)+1(j)*Rs2_13)/Rsh2_13-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_13-1s2_13*(exp((V2_13(j)+I(j)*Rs2_13)/(Vth*n2_13))-1)-
(V2_13(j)+1(j)*Rs2_13)/Rsh2_13-1(j);
dif_f(j) = - 1/Rsh2_13 - (Is2_13*exp((V2_13(j) + 1(j)*Rs2_13)/(Vth*n2_13)))/(Vth*n2_13);
Ve(j) = V2_13()-((FA)/(dif_f(3)));
V2_13(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_13(j) = (-(1(j)-1ph2_13)*Rsh2_13)-(I(j)*Rs2_13);
end

% Calculating the voltage produced by cell 2_14:
if 1(j) <= Iph2_14 % If the cell operates in the direct bias
f(j) = Iph2_14-1s2_14*(exp((V2_14(j)+1(j)*Rs2_14)/(Vth*n2_14))-1)-
(V2_14(j)+1(j)*Rs2_14)/Rsh2_14-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_14-1s2_14*(exp((V2_14(j)+1(j)*Rs2_14)/(Vth*n2_14))-1)-
(V2_14(j)+1(j)*Rs2_14)/Rsh2_14-1(j);
dif_f(j) = - 1/Rsh2_14 - (I1s2_14*exp((V2_14(j) + 1(j)*Rs2_14)/(Vth*n2_14)))/(Vth*n2_14);
Ve(j) = V2_14()-((FG))/(dif_f())));
V2_14(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_14(j) = (-(1(j)-1ph2_14)*Rsh2_14)-(1(j)*Rs2_14);
end

% Calculating the voltage produced by cell 2_15:
if 1(j) <= Iph2_15 % If the cell operates in the direct bias
f(j) = Iph2_15-1s2_15*(exp((V2_15(j)+I(j)*Rs2_15)/(Vth*n2_15))-1)-
(V2_15(j)+1(j)*Rs2_15)/Rsh2_15-1(j);
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while (abs(f(j))>0.000000001)
f(j) = Iph2_15-1s2_15*(exp((V2_15(j)+I(j)*Rs2_15)/(Vth*n2_15))-1)-
(V2_15(j)+1(j)*Rs2_15)/Rsh2_15-1(j);
dif_f(j) =- 1/Rsh2_15 - (I1s2_15*exp((V2_15(j) + 1(j)*Rs2_15)/(Vth*n2_15)))/(Vth*n2_15);
Ve(j) = V2_15()-((FG))/(dif_f(3)));
V2_15(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_15(j) = (-(1(G)-1ph2_15)*Rsh2_15)-(1(j)*Rs2_15);
end

% Calculating the voltage produced by cell 2_16:
if 1(j) <= Iph2_16 % If the cell operates in the direct bias
f(j) = Iph2_16-1s2_16*(exp((V2_16(j)+1(j)*Rs2_16)/(Vth*n2_16))-1)-
(V2_16(j)+1(j)*Rs2_16)/Rsh2_16-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_16-1s2_16*(exp((V2_16(j)+I(j)*Rs2_16)/(Vth*n2_16))-1)-
(V2_16(j)+1(j)*Rs2_16)/Rsh2_16-1(j);
dif_f(j) = - 1/Rsh2_16 - (Is2_16*exp((V2_16(j) + 1(j)*Rs2_16)/(Vth*n2_16)))/(Vth*n2_16);
Ve(j) = V2_16())-((FG))/(dif_f()));
V2_16(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_16(j) = (-(1(G)-1ph2_16)*Rsh2_16)-(1(j)*Rs2_16);
end

% Calculating the voltage produced by cell 2_17:
if 1(j) <= Iph2_17 % If the cell operates in the direct bias
f(j) = Iph2_17-1s2_17*(exp((V2_17(j)+1(j)*Rs2_17)/(Vth*n2_17))-1)-
(V2_17(j)+1(j)*Rs2_17)/Rsh2_17-1(j);
while (abs(f(j))>0.000000001)
f(j) = 1ph2_17-1s2_17*(exp((V2_17(j)+1(j)*Rs2_17)/(Vth*n2_17))-1)-
(V2_17(j)+1(j)*Rs2_17)/Rsh2_17-1(j);
dif_f(j) = - 1/Rsh2_17 - (Is2_17*exp((V2_17(j) + 1(j)*Rs2_17)/(Vth*n2_17)))/(Vth*n2_17);
Ve(j) = V2_17()-((FA)/(dif_f(3)));
V2_17(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_17(j) = (-(1(j)-1ph2_17)*Rsh2_17)-(1(j)*Rs2_17);
end

% Calculating the voltage produced by cell 2_18:
if 1(j) <= Iph2_18 % If the cell operates in the direct bias
f(j) = Iph2_18-1s2_18*(exp((\V2_18(j)+I(j)*Rs2_18)/(Vth*n2_18))-1)-
(V2_18(j)+1(j)*Rs2_18)/Rsh2_18-1(j);
while (abs(f(j))>0.000000001)
f(j) = Iph2_18-1s2_18*(exp((\VV2_18(j)+I(j)*Rs2_18)/(Vth*n2_18))-1)-
(V2_18(j)+1(j)*Rs2_18)/Rsh2_18-1(j);
dif_f(j) = - 1/Rsh2_18 - (Is2_18*exp((V2_18(j) + I(j)*Rs2_18)/(Vth*n2_18)))/(Vth*n2_18);
Ve(j) = V2_18())-((FG))/(dif_f())));
V2_18(j) = Vc(j);
end
else % If the cell operates in the reverse bias
V2_18(j) = (-(1(j)-1ph2_18)*Rsh2_18)-(I1(j)*Rs2_18);
end
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Vstl=V1 1+V1 2+V1 3+V1 4+V15+VL 6+VL 7+VL 8+VL 9+VL 10+V1 11+
V1 12 +V1 13+V1 14+ V1 15+ V1 16+ V1 17+ V1_18;
Vs2=V2 1+V2 2+V2 3+V2 4+V2 5+V2 6+V2 7+V2 8+V2 9+V2 10+V2 11+
V2 12 +V2 13+ V2 14+ V2 15+ V2 16+ V2_17 + V2_18:;

Vmo = ones(1,length(l)); % Initialise module total voltage

if (BP_Diodes == 0) || (Alfal == Alfa2) % If the module is not equipped with bypass diodes, if there is no
shading or if both cell-strings are equally shaded
Vmo = Vstl + Vst2;

else % If the module is equipped with bypass diodes and there is shading

% Determine Iph of cell-strings:
Iphl_vec=[lphl_1,Iphl_2,Iph1_3,Iph1_4,Iph1_5,Iph1l_6,Iphl_7,Iph1_8,Iph1_9,Iph1_10,Iph1_11,Iphl_1
2,Iph1_13,Iph1_14,Iph1_15,Iph1_16,Iphl_17,Iphl_18];
Iph2_vec=[lph2_1,Iph2_2,Iph2_3,Iph2_4,Iph2_5,Iph2_6,Iph2_7,Iph2_8,Iph2_9,Iph2_10,Iph2_11,Iph2_1
2,Iph2_13,Iph2_14,1ph2_15,Iph2_16,Iph2_17,Iph2_18];

Iphl = min(lphl_vec);

Iph2 = min(Iph2_vec);

% Calculate module voltage considering partial shading and conduction of bypass diodes using a
piecewise approach:
if (Alfal > Alfa2) % If cell-string 1 is shaded
I_inf = Iph1; % The inflection current, which is the minimum Iph
forj=1":size(l,2)
if (1(G) >=0) && (I(j) <= I_inf)
Vmo (j) = Vstl(j) + Vst2(j);
elseif 1(j) > 1_inf
if Vstl(j) >=-VD
Vmo (j) = Vstl(j) + Vst2(j);
else
Vmo(j) = Vst2(j) + (-VD);
end
end
end
end
if (Alfa2 > Alfal) % If cell-string 2 is shaded
I_inf = Iph2; % The inflection current, which is the minimum Iph
for j=1:size(l,2)
if (1) >=0) && (1(j) <= L_inf)
Vmo (j) = Vstl(j) + Vst2(j);
elseif I1(j) > L_inf
if Vst2(j) >=-VD
Vmo(j) = Vstl(j) + Vst2(j);
else
Vmo(j) = Vstl(j) + (-VD);
end
end
end

figure (1)
plot(V_exp,l_exp, 'o','LineWidth',2, ‘color’, 'K")
hold on
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plot (Vmo, I, -, 'LineWidth',2, 'color’, 'R")
title (‘Experimental vs modelled 1-V curve');
xlabel('Voltage (V)";

ylabel('Current (A)");

grid on

legend (‘Experimental data’, 'Model’)

Pe = V_exp.*I_exp; % Experimental power
Pc = Vmo.*I; % Calculated power

figure (2)

plot(V_exp,Pe, '0','LineWidth',2, 'color’, 'K")
hold on

plot (Vmo, Pc, -, 'LineWidth',2, 'color’, 'R")
title (‘Experimental vs modelled P-V curve');
xlabel('Voltage (V)";

ylabel('Power (W)");

grid on

legend (‘Experimental data’, 'Model’)
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Appendix F: Assessment of the Influence of Measurement
Error and Shading Object Placement Error on the PV
Module Model

This appendix presents an assessment of the proposed PV module modelling approach
accuracy considering the £RSD of R, shown by the error bars in Figure 5.3 (b) and
considering the error of Ry, due to placing the shading object within £0.2 mm (refer to
Section 5.5.3).
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Appendix Figure F.1. Assessing the influence of shading object placement error (0.2 mm)
and relative standard deviation of the shunt resistance on the improvement in modelling
accuracy of the 10 W PV module under shading of a single cell with different percentages (case
1to 4): (a) I-V curves and (b) P-V curves. (The experimental data is not included here to avoid
crowd of plots. The term “This work™ is the proposed modelling approach that takes into
account the variations of photo-generated current and shunt resistance with shading).
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Appendix Figure F.2. Assessing the influence of shading object placement error (0.2 mm)
and relative standard deviation of the shunt resistance on the improvement in modelling
accuracy of the 10 W PV module when shading two cells in string-2 (case 5): (a) I-V curves and
(b) P-V curves. (The experimental data is not included here to avoid crowd of plots. The term
“This work” is the proposed modelling approach that takes into account the variations of photo-

generated current and shunt resistance with shading).
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Appendix Figure F.3. Assessing the influence of shading object placement error (0.2 mm)
and relative standard deviation of the shunt resistance on the improvement in modelling
accuracy of the 10 W PV module when shading four cells in string-2 (case 6): (a) I-V curves
and (b) P-V curves. (The experimental data is not included here to avoid crowd of plots. The
term “This work™ is the proposed modelling approach that takes into account the variations of

photo-generated current and shunt resistance with shading).
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