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Resumo 
A Energia Solar pode ser aproveitada de variadíssimas maneiras, desde colectores solares para 

aquecimento de fluidos, passando por painéis fotovoltaicos que geram eletricidade e culminando nos colectores 

PVT (Photovoltaic Thermal Collectors), que consistem basicamente numa solução híbrida. Nos últimos anos, tem-

se apostado numa tecnologia solar emergente: os concentradores solares, usados para reflectir e focar a radiação 

nas células fotovoltaicas e assim aumentar a potência produzida. 

Neste trabalho, pretende-se em primeiro lugar estudar as células solares, analisando o seu comportamento 

para diferentes fatores ambientais: irradiância, temperatura e sombreamento. Seguidamente, parte-se para a 

construção de um painel fotovoltaico com o intuito de testar a capacidade de concentração de um reflector 

triangular. Este painel permite fazer um estudo para diferentes inclinações e aberturas, as quais influenciam a 

potência gerada pelas células solares.  

Para as mesmas dimensões que o painel construído, uma análise é feita através de um software destinado 

a simular a trajetória de raios solares: o SolTrace. Neste programa, o reflector triangular é testado para várias 

inclinações, aberturas, latitudes e dias, permitindo concluir em que condições é colectada a maior potência nas 

células solares.  

Finalmente, os resultados obtidos computacionalmente são comparados com os experimentais no que diz 

respeito à potência gerada e colectada pelo painel solar. Estes mostram que o reflector triangular tem potencial 

porque, com uma grande simplicidade de construção, permite obter potências maiores que o parabólico, para certas 

condições. Para além disto, possibilita a ocorrência do fenómeno de concentração nas células solares. 
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Abstract 
Solar Energy can be used in various ways: there are solar collectors to heat water and air, photovoltaic 

panels that produce electricity and PVT collectors (Photovoltaic Thermal Collectors), which are basically a hybrid 

solution. Over recent years, much attention has been focused on an emerging solar technology: solar concentrators, 

used to reflect and focus radiation on photovoltaic cells and thus improve the power produced. 

In this work, firstly, it is intended to make a study of photovoltaic cells, analyzing the behavior for 

different environmental factors: irradiance, temperature and shading. Next, a concencentrating photovoltaic panel 

is constructed with the aim of testing the concentration ability of triangular reflector. This panel allows the study 

for different tilts and apertures, which are two factors that influence the power generated by solar cells.   

For the same dimensions than the panel constructed, an analysis is made using a software intended to 

simulate solar ray’s trajectory: SolTrace. This software allows to design and study triangular reflector for different 

tilts, apertures, latitudes and days and conclude about in which conditions it is collected the highest power in solar 

cells.  

Finally, computationally results are compared with the experimental with respect to power generated and 

collected by solar panel. They show that triangular reflector has potential because, with great simplicity of 

construction, allows higher powers than parabolic, for certain conditions. Furthermore, it allows the phenomenon 

of concentrarion on solar cells. 
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1.Introduction 
Currently, there are several energy sources that are used to realize a wide range of everyday tasks and 

which are indispensable in our lives. These are fossil fuels like oil, natural gas and coal, and renewable energies, 

namely biomass, wind, hydro and solar energies, among others. 

 Fossil fuels are the predominant energy source. Nevertheless, they bring many disadvantages: they have 

high cost, are non-renewable and cause the increase of greenhouse gases, this in an age where effects of climate 

changes are becoming increasingly obvious. Hence, it is desirable to find ways to respond to these disadvantages.  

 In this context, Renewable Energies arise as an excellent alternative to fossil fuels for being inexhaustible 

at human scale and for having an almost null environmental impact, which is crucial in a sustainable level. In the 

case of Solar Energy, it has become increasingly preponderant over the years, being used to produce electricity 

and heat and having a huge number of applications, since transports until industry, passing through residential and 

service levels. The devices used to convert Solar Energy into heat are solar collectors, while photovoltaic panels 

are used to convert this energy into electricity. More recently, studies have been done about a relatively new solar 

technology: Photovoltaic/Thermal collector (PVT collector), which transforms Solar Energy into electricity and 

heat, being, therefore, a hybrid of solar collector and photovoltaic panel. It is about this new way of utilization of 

Solar Energy that focuses the current work, more specifically, the evaluation of the electric part of concentrating 

PVT collectors with triangular shape geometry, which currently requires a complex analysis to improve its 

performance. The structure of the panel under study has as inspiration concentrating PVT collectors of Solarus 

AB, a swedish small and medium enterprise whose mission is “the development, production and marketing of 

concentrated solar technology to the world market” [1].  

 

1.1. Motivation  

Solarus AB develops concentrating PVT collectors. The main product of this company, as seen in the left 

image of figure 1.1, is composed by receivers, which have solar cells on the upper and bottom sides. In order to 

reflect and focus the radiation on the bottom side, a concentrator with a shape very similar to a parable is used, as 

shown in the right image of figure 1.1. 

 

 

 

 

 

 

Figure 1.1: Concentrating PVT collector of Solarus AB. An image of the product (left) and  

main components (right) [1][2].  
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In this work, a different concentrator for this collector is studied: a triangular shape concentrator. It is 

simpler, easily built and avoids the use of molds, being therefore an economic solution. Figure 1.2 shows this 

purposal, where two reflective surfaces are connected in one of the edges, forming a triangle.  

 

  

Figure 1.2: Reflector with triangular shape geometry. 

 

Second, solar cells, the main constituents of photovoltaic panels, can convert the available solar energy 

into electricity. If they had 100% efficiency, Solar Energy would be one of the main energies used, because the 

energy that is radiated by the sun onto the surface of the Earth exceeds the global consumption of energy in a year. 

However, solar cell efficiency is well below the desired, where the most common cells – monocrystalline cells – 

have an efficiency close to 20% [3]. Furthermore, solar cells, in general, have a relatively high cost, which 

originates a big investment in photovoltaic panels. Hence, a lot of research and analysis must be done to improve 

the efficiency and reduce the cost of this technology.  

Solar technologies behavior depends largely on the environmental conditions, like temperature and solar 

irradiance. Power produced by these technologies do not change linearly with these factors, mainly in photovoltaic 

panels, which makes the optimization analysis very complex [4].  

There is another factor that affects solar cells: shading. Shading is the lack of irradiance in some spots of 

the photovoltaic panel. This phenomenon is a problem because it reduces the power produced by solar cells, at 

some cases, to zero. Find ways to mitigate its effects and monetize the production are an objective.  

Power generated by photovoltaic panels changes, for example, with its tilt and sun’s position. 

Furthermore, reflectors can be used with this technology, which involves studying solar ray’s trajectory in order 

to concentrate the most energy possible into solar cells. Therefore, analyze solar ray’s trajectory and the 

characteristics that optimize the power generated by the panel, like its tilt and aperture, is important. 

In conclusion, studies are being done to potentialize solar technologies and this work pretends to continue 

that study, which culminates in an inexpensive solution: photovoltaic panel with triangular shape reflector. 
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1.2. Solution/Objectives 

There are some objectives that must be fulfilled in this thesis. 

The first and main objective of this dissertation concerns the development of an appropriate design of a 

concentrating photovoltaic thermal collector with a triangular shape reflector. The aim is to optimize the efficiency 

and, therefore, the power on the receiver (solar cells) without cost penalties to the global system. Due to the 

complexity of these devices, the focus of current work is the electric analysis, being the thermal one out of the 

scope of this thesis.  

To optimize the efficiency and the power collected on the receiver of the panel, it is necessary to analyze 

photovoltaic cells. The second objective is to study the behavior of solar cells under different environmental 

conditions: irradiance and temperature.  

The third objective consists of analyze the effects of shading on a solar module, which implies to study 

its impact into different groups of cells and mechanisms that mitigate this phenomenon.  

The forth objective includes the implementation of a computational model capable of characterize a solar 

cell with good approach to reality.  

 Finally, the fifth and last objective concerns the development of a computer simulation capable of verify 

the solar rays trajectory in the solar panel, allowing to observe its distribution for several conditions: different 

hours, days, latitudes, tilts and apertures of the panel. Furthermore, it is intended to make a comparison between 

the triangular shape reflector under analysis and other reflectors. 

 

1.3. Thesis Outline 

This document starts with an Introduction, where it is done a contextualization of the theme and are stated 

the main advantages of Solar Energy, what can be made to improve its utilization and the proposal of this thesis, 

as previously shown.   

Then, Second Chapter consists of the State of the Art, where it is profiled mainly photovoltaic panel, but 

also Solar and PVT Collectors. Here, we state how these technologies work, describe the constituents and types 

that are being studied and developed and explore their main characteristics and properties.  

Third Chapter is about the main proposal of this work: a concentrating photovoltaic panel with a triangular 

shape reflector, where it is described its design, characteristics, potentialities and materials used in its construction. 

Forth Chapter brings a theoretical study and a computational evaluation that helps to understand the rays 

trajectory and power collected by triangular shape photovoltaic panel, for different tilts, days of the year and 

latitudes. In the end, a comparison is made with another reflector. 

Fifth Chapter consists of the experimental evaluation of the proposal. Here, we first describe the 

experiments conducted to study the behavior of solar cells under different environmental conditions, the impacts 
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of shading and the mechanisms used to mitigate its effect. Then, triangular shape photovoltaic panel is tested and 

results are compared with the results obtained using the software SolTrace. 

Finally, chapter six summarizes the main achievements, conclusions and analyzes at which point this 

work can be improved in the future.  
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2.State of the Art  
In this chapter, the main objective is to give the necessary knowledge to understand this work. We start 

by solar radiation and what it consists of. Next, we carefully explore the photovoltaic panel, focusing on its main 

constituent – the solar cell. It is explained how it works, stated the main types and analyzed the several properties. 

Then, we present solar collector, where a description is made about its operation and the principal existing 

technologies.  Finally, we profile PVT collector, with emphasis on its working principle and on different types that 

are being studied and developed around the world.  

 

2.1. Solar Radiation 

Solar Radiation is the electromagnetic energy coming from the Sun. Through radiation, light energy 

travels by variations of electro and magnetic fields and reaches the Earth as visible, infrared and ultraviolet rays 

[5][6]. Visible radiation comprehends the wavelength range between 400 and 700 nm, and it is the portion of 

radiation absorbed by silicon photovoltaic panels [7].  

The amount of energy contained in the radiation that strikes a unit surface over a specified period of time 

is called irradiation, Htot, and it is expressed in Wh/m2. The power of the radiation that is incident on the surface is 

denominated irradiance, Gtot, and its SI unit is W/m2 [8].  

Due to the reflection and absorption of radiation that occur in the atmosphere, only a part of it reaches the 

Earth’s surface. This radiation can be divided into direct, diffuse and reflected, as seen in Fig.2.1. Direct radiation 

travels in a straight path directly from the Sun, without any modification inside the atmosphere; diffuse radiation 

is received indirectly as a result of scattering due to clouds, fog or other substances in the atmosphere, as well as 

from the buildings and other surrounding objects; finally, we have the radiation reflected in non atmospherical 

elements, like Earth’s surface and vegetation, which can also be called Albedo [5].  

 

Figure 2.1: Solar radiation and its components: Direct, Diffuse and Reflected, adapted from [5]. 
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2.2. Movement of the Sun  

Earth has a rotating movement, in other words, does a spin around itself, which is done anticlockwise, 

from west to east, with a duration of 24 hours. This originates the succession of days and nights in different parts 

of the world and an apparent movement of the sun from east to west, seen from Earth’s surface. Furthermore, Earth 

has a translation movement, that is to say, an orbit around the sun. Its duration is 365 days, 5 hours and 48 minutes. 

Therefore, the way and intensity with which solar rays reach the Earth’s surface depend on the day of the year and 

on the point in the world. For example, at June 21, solar rays focus perpendicularly on tropic of cancer, situated in 

23º27’30, at north hemisphere. In that day and hemisphere, it occurs the summer solstice, with the longest day of 

the year, and the winter solstice in the south hemisphere, with the longest night. The reverse happens in December 

21: it is summer solstice in south hemisphere and winter solstice in north hemisphere. Therefore, power collected 

and produced by solar panels depends on hour, day and point of the Earth (latitude and longitude) [9].  

 

2.3. Solar Geometry 

In the studies about Solar Energy it is convenient to adopt the Earth’s referential, which means that it is 

considered that Sun moves around the Earth.  

The position of Sun at a certain instant and in relation to a specific location is defined by two coordinates: 

• Solar altitude angle αS, which is the angle between the line passing through the Sun and the 

horizontal plane; 

• Solar azimuth angle γ, which is the angle between the horizontal projection of solar rays and 

direction north-south in the horizontal plane [10].  

However, there are other relevant angles which influence the power produced by solar panels. One of 

these is solar incidence angle, θi, which is the angle between solar rays and the normal to tilted surface. There is 

another solar incidence angle, also called solar zenith angle, which is defined by θi_T = 90º - αS and corresponds to 

the angle between solar rays and the normal to the center of Earth surface (zenith).  Finally, it must be considered 

the tilt of the panel in relation to horizontal plane, defined by β, which is very important in the power produced by 

photovoltaic panels and, therefore, a special attention is given to it along this work [5]. All these angles are 

represented in Figure 2.2. 

 

2.4. Photovoltaic Panel 

A photovoltaic panel is a device capable of transform the light energy, namely solar, into electricity. The 

main components are photovoltaic solar cells which organized in series and/or parallel allow to generate relatively 

high electrical powers. In addition to solar cells, a photovoltaic system can have other components like batteries 

to energy storage, inverters to do the conversion of direct current generated by the cells to alternate current and 

charge regulators. 
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Figure 2.2: Solar angles in a tilted surface, adapted from [5]. 

 

 

2.4.1. Photovoltaic Cell 

A photovoltaic cell, Figure 2.3, is a device which owes its name to the junction of words “photo”, which 

express the notion of light, with “voltaic”, an adjective related to electrical current. This means that a photovoltaic 

cell is capable of convert light energy coming from any light source directly into electricity. This device can be 

used as electricity generator or also as luminous intensity sensor. 

Solar cells are constituted by semiconductor materials like silicon (Si) or gallium arsenide (GaAs) and in 

most cases, are based on P-N junctions. 

 

2.4.1.1. Semiconductors  

Semiconductors are crystalline solids whose designation is because they have electric conductivity 

between conductive and insulating materials. In the case of conductors, the conductivity stands at between 105 to 

108 S/m, and with respect to insulators, the conductivity is around 10-16 to 10-7 S/m.  

There are two types of semiconductors: intrinsic and extrinsic. Intrinsic semiconductors are pure 

materials, which means that they have in its composition just atoms of basic elements. With respect to extrinsic 

semiconductors, they receive impurities which cause a high increase of conductivity.  The concentration of these 

impurities is, in general, extremely low, usually smaller than 0,0001%.  
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Figure 2.3: Monocrystalline solar cell used in experimental tests. 

 

Conductivity in semiconductors is due to two types of charge carriers: electrons, which have negative 

charge, and holes, with positive charge [11][12].  

 

2.4.1.2. P-N junctions 

A junction is always associated with a heterogeneity, in other words, it is not entirely uniform. There are 

two types of junctions: homojunction and heterojunction. A homojunction is characterized by identical materials 

in both sides of the metallurgical junction, although they differ slightly in terms of concentration and/or type of 

impurities. With respect to heterojunction, this is a junction of two different materials at a single crystal.  

Further, junctions can be classified in relation to replacement impurities on both sides. If the impurities 

are of the same type they are designated as isotype, while if they are of different types are known as anotype. A P-

N junction, Figure 2.4, is an anotype homojunction and receives donor impurities in one side and acceptor 

impurities on the other side. On the side that receives donor impurities, electrons are donated to semiconductor 

and it is called N-type semiconductor. On the other hand, acceptor impurities contribute with excess holes giving 

rise to a P-type semiconductor. Therefore, this material gets a typical voltage-current characteristic, which is the 

basis of all semiconductor elements [13][14].  

 

Figure 2.4: PN Junction [14].  
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2.4.2. Photovoltaic Effect 

Photovoltaic effect is the process that explains the conversion of light energy incident on a photovoltaic 

cell into electricity. In other words, a current is generated due to the incidence of photons, which are light 

beams/packages of electromagnetic radiation that can be absorbed by solar cells. When the incoming light has a 

proper wavelength, the energy of photons is transferred to the electrons which jump to a higher level of energy, 

known as conduction band. At the same time, holes are originated and dropped on the valence band, creating 

charge carriers – electron-hole pairs.  

In its normal condition, electrons form connections with nearby atoms, and so are fixed. However, in the 

excited state of conduction band, these electrons are free to move on the material. Since a photovoltaic cell is 

composed by semiconductor materials of N and P types that form a P-N junction, an electrical field is originated 

and is due to it that electrons and holes move in opposite directions. Electrons move to N-side while holes created 

move to P-side, being this process responsible for the generation of an electrical current in the cell, as seen in 

Figure 2.5 [14].   

 

Figure 2.5: Illustrative image of the photovoltaic effect [33].  

 

2.4.3. Diode 

A solar cell has a behavior similar to diode. A diode is one of the simplest electronic devices. It is a 

semiconductor whose structure consists mainly of a P-N junction formed in just one crystal, typically silicon but 

can also be germanium. This device presents two terminals: a positive, denominated anode, and a negative, which 

is called cathode. Diode is an active electronic device, which means that it needs a power supply to perform their 

functions, and non-linear, being used in a large variety of circuits. It is unidirectional, which means current only 

flows from anode to cathode, but the current flow is controlled by voltage applied at its terminals. This device has 

three working zones, for instance:  
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 Direct polarization zone (Forward bias): when the voltage across the diode is positive this 

device is “on” and the current can run through. The voltage should be higher than the forward 

voltage (VF) in order to reach a significant value of current. 

 Reverse polarization zone (Reverse bias): when the voltage across the diode is smaller than 0 

and greater than VBR. In this mode, current flow is (mostly) blocked, and the diode is “off”.   

 Disruption zone (Breakdown): when the voltage across the diode is smaller than -VBR. In this 

mode, a big quantity of current will be able to flow in the reverse direction, from cathode to 

anode [15][16].  

 

Diode voltage-current characteristic and the different working zones are shown in Fig.2.6. 

 

Figure 2.6: Diode I-V characteristic and working zones [17]. 

 

The equation that characterizes diode is the following one:  

 𝐼𝑑 =  𝐼𝑠. (𝑒
𝑉𝑑

𝑛∙𝑉𝑇 − 1) (2.1) 

Where 𝐼𝑠 is the reverse saturation current; 𝑉𝑑 is the diode voltage; n is diode ideality factor (factor that depends of 

the material: 1  n  2); and 𝑉𝑇 is the thermal voltage, which is equal to: 

 𝑉𝑇 =  
𝑘 𝑇

𝑞
 (2.2) 

Where k is the Boltzmann constant (1,38x10-23 J/K); T is the cell temperature, in Kelvin (273+T(ºC)) and q is the 

electron charge (1,6x10-19 C) [18][19].  
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2.4.4. I-V Characteristic of solar cell 

As previously stated, a solar cell has a behavior like diode. Concerning the current that flows through the 

cell, for the ideal case, the equation is given by:  

 𝐼𝑐𝑒𝑙𝑙 = 𝐼𝑃𝑉 −  𝐼𝑠. (𝑒
𝑉𝑑

𝑛∙𝑉𝑇 − 1) (2.3) 

Where IPV is the current generated by light energy. This means that current generated by solar cell, Icell, is equivalent 

to current generated by light, IPV, subtracted by the current of diode, Id. 

 The previous equation shows a dependency between current and voltage of the solar cell: I-V 

characteristic. Knowing the electrical I-V characteristic of a solar cell is very important in determining the device’s 

output performance and solar efficiency.  It has an exponential behavior and when the cell is in the dark, it is rather 

similar to diode’s characteristic in the first quadrant, Figure 2.6, while if exists illumination, there is an extra 

current - 𝐼𝑃𝑉 (or 𝐼𝐿 in the figure). Figure 2.7 shows voltage-current characteristics for these two conditions 

(illumination and dark) [20][21].  

 

Figure 2.7: I-V Characteristic of solar cell for illumination and dark conditions [21]. 

  

Typically, I-V characteristic respects (2.3), which means the characteristic for illumination conditions of 

Figure 2.7 is inverted. In other words, it has a similar behavior to the characteristic present in Figure 2.8 (this 

figure also includes P-V characteristic).  
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Figure 2.8: I-V and P-V Characteristics of solar cell for illumination conditions [22]. 

 

As can be seen in the previous figure, there are different parameters that characterize solar cell:  

  Isc: Short-circuit current. It is the greatest value of current generated by the cell. It is produced 

in short circuit conditions: voltage = 0 V; 

 VOC: Open circuit voltage. Corresponds to the voltage drop across the cell when the photocurrent 

Iph passes through it and the generated current I is equal to 0 A. In other words, it is the maximum 

voltage that the array provides when the terminals are not connected to any load [23];  

 Impp: Current obtained when PV cell is operating at maximum power point. This power 

corresponds to maximum power that cell can reach, for certain conditions of irradiance and 

temperature. 

 Vmpp: Voltage obtained when PV cell is operating at maximum power point.  

 

There are other important parameters that characterize solar cell and are fundamental for testing, 

designing, calibrating, maintaining and controlling PV systems. One of those parameters is Fill Factor, which 

shows how close a I-V characteristic is of a square shape. This parameter is determined by the following 

expression:    

 𝐹𝐹 =
𝐼𝑚𝑝𝑝𝑉𝑚𝑝𝑝

𝐼𝑠𝑐𝑉𝑂𝐶
 (2.4) 

This means that fill factor is the relationship between the maximum power that the array can provide 

under normal operating conditions and the product of the open-circuit voltage times the short-circuit current. Fill 

factor value gives an idea of the quality of the array and the closer it is to unity, the more power the array can 

provide. Typical values are between 0,7 and 0,8 [23]. In Figure 2.9, it is possible to see a demonstration of this 

parameter. 
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Figure 2.9: Illustrative image of Fill Factor, adapted from [34]. 

 

 Another relevant parameter in characterizing the solar cell is efficiency, 𝜂. The efficiency of a 

photovoltaic array is the ratio between the maximum electrical power that the array can produce compared to the 

amount of solar irradiance hitting the array, as can be seen in (2.5). 

 𝜂 =
𝐼𝑚𝑝𝑝𝑉𝑚𝑝𝑝

𝐺 ∗ 𝐴𝐶 ∗ 𝑁
 (2.5) 

Where 𝐺 represents solar irradiance (W/m2), 𝐴𝐶  the area of solar cell (m2) and N the number of cells [8].  

Theoretically, the I-V characteristic of a solar cell is determined by changing the voltage applied to the 

cell in progressive steps from zero to infinite resistance. In practice, to obtain this curve are used, at least, 6 distinct 

methods. These methods consist of using a variable resistor, capacitive load, electronic load, bipolar power 

amplifier, four-quadrant power supply or a DC to DC converter. A comparison between these 6 methods can be 

seen in Table 2.1 [24].  

Table 2.1: Comparison between 6 methods used to determine I-V characteristics of solar cells. 

 

 
Flexibility Modularity Fidelity 

Fast 

Response 

Direct 

Display 
Cost 

Variable Resistor Medium Medium Medium Low No Low 

Capacitive Load Low Low Medium Low No High 

Electronic Load High High Medium Medium Yes High 

Bipolar Power 

Amplifier 

High High High Medium Yes High 

4-Quadrant Power 

Supply 
Low Low High High Yes High 

DC-DC Converter High High High High Yes Low 
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2.4.5. Models used to represent solar cells 

A solar cell can be characterized by different models. Between most known stand out “3 parameters and 

1 diode”, “one diode and 5 parameters” and “two diodes and 7 parameters” models.  

2.4.5.1. 3 parameters and 1 diode model  

In order to obtain solar cell parameters explained in chapter 2.2.4, like Imp, ISC, Vmp, Voc, FF and 𝜂, it was 

studied the “3 parameters and 1 diode model”. This method takes into consideration factors that influence the 

behavior of solar cells, namely temperature and irradiance. According to R.Castro [8], in first place, 3 parameters 

are determined:  

▪ Ideality factor m; 

▪ Short-circuit current ISC; 

▪ Reverse saturation current IS.  

 

The ideality factor m is obtained with values of the parameters for standard test conditions (STC). STC 

means the following: 

▪ Irradiance 𝐺𝑟
 = 1000 W/m2; 

▪ Cell temperature 𝜃𝑟 = 25ºC; 

The expression used can be seen in (2.6). 

 
𝑚 =   

𝑉𝑚𝑝
𝑟 − 𝑉𝑐𝑎

𝑟

𝑉𝑇
𝑟 ∙ log (1 − (

𝐼𝑚𝑝
𝑟

𝐼𝑆𝐶
𝑟 ))

 
(2.6) 

 Then, in order to obtain short circuit current ISC for certain conditions of irradiance, we use equation 2.7. 

 
𝐼𝑆𝐶 =  𝐼𝑆𝐶

𝑟
𝐺

𝐺𝑟
 (2.7) 

 Finally, reverse saturation current IS is obtained by (2.8). 

                   𝐼𝑠 =  𝐼𝑠
𝑟 . (

𝑇

𝑇𝑟)
3

𝑒
𝜀

𝑚′
(

1

𝑉𝑇
𝑟 −

1

𝑉𝑇
)
  (2.8) 

Where 𝜀 is the gap band (1.12 eV for silicon) and m’ is the ideality factor m divided by the number of 

cells. Moreover, 𝐼𝑠
𝑟
 is the value for standard test conditions: 

 𝐼𝑠
𝑟 =  

𝐼𝑠𝑐
𝑟

𝑒
𝑉𝑜𝑐

𝑟

𝑚∙𝑉𝑇
𝑟

− 1

 (2.9) 

Then, 𝐼𝑚𝑝 and 𝑉𝑚𝑝 are calculated using a Gauss-Seidel algorithm, according to (2.10) and (2.11). 
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 𝐼𝑚𝑝 =  𝐼𝑆𝐶 −  𝐼0 (𝑒
𝑉𝑚𝑝
𝑚𝑉𝑇 − 1) (2.10) 

 

 𝑉𝑚𝑝 =  𝑚 𝑉𝑇  𝑙𝑛 (

𝐼𝑆𝐶

𝐼𝑆
+ 1

𝑉𝑚𝑝

𝑚 𝑉𝑇
+ 1

) (2.11) 

With this information, FF and 𝜂 are easily determined by equations 2.4 and 2.5, respectively, while VOC 

is obtained by (2.12).  

 𝑉𝑂𝐶 =  𝑚 𝑉𝑇  𝑙𝑛 (
𝐼𝑆𝐶

𝐼𝑆
+ 1) (2.12) 

As can be seen, this is a very simple method to obtain the parameters of solar cells. Therefore, it was 

chosen to make a comparison with experimental results. In this work, “3 parameters and 1 diode model” was 

implemented with the help of software MATLAB [66]. 

 

2.4.5.2. One diode and 5 parameters model 

The equivalent electric circuit of a solar cell concerning “one diode and 5 parameters model” is shown in 

Fig.2.10. 

 

Figure 2.10: Electrical equivalent circuit of a solar cell – 1-diode and 5 parameters model [25]. 

 

 As can be seen in the previous figure, the equivalent circuit of a photovoltaic cell in this model includes 

a current originated by illumination, represented by IPV, in parallel with one diode (ID) and a parallel or shunt 

resistance (Rsh or Rp), which are connected in series with the series resistance (RS). Current (I) and Voltage (V) at 

the terminals of the cell are also represented. 

By Kirchhoff’s current law, we have the following equality:  
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 𝐼𝑃𝑉 =  𝐼𝐷 +  𝐼𝑠ℎ + 𝐼 (2.13) 

 Where I is the current that flows at the terminals of the cell, Icell. In relation to 𝐼𝑠ℎ, by Kirchhoff’s voltage 

law, we have:   

 𝐼𝑠ℎ ∙  𝑅𝑠ℎ =  𝑉 +  𝐼 ∙ 𝑅𝑠  ⇒   𝐼𝑠ℎ =  
𝑉 +  𝐼 ∙ 𝑅𝑠

𝑅𝑠ℎ
 (2.14) 

Therefore, it is possible to represent I by the following expression: 

 𝐼 =  𝐼𝑃𝑉 −  𝐼𝑠. (𝑒
𝑞(𝑉+𝐼∙𝑅𝑠)

𝑛∙𝐾∙𝑇 − 1) −  
𝑉 +  𝐼 ∙ 𝑅𝑠

𝑅𝑠ℎ
 (2.15) 

In summary, the 5 parameters that characterize the operation of a solar cell are current generated by 

illumination (Ipv), the reverse saturation current (Is), diode ideality factor (n), series resistance (Rs) and shunt 

resistance (Rsh).  

 

2.4.5.3. Two-diode and 7 parameters model  

“Two-diode and 7 parameters model” is very similar to “one diode and 5 parameters”. However, it is 

more complex and normally leads to more accurate results. The equivalent electric circuit is shown in Figure 2.11.  

 

Figure 2.11: Electrical equivalent circuit of a solar cell – 2-diode and 7 parameters model [26]. 

  

 The equation that represents the current that flows at terminals of the cell, 𝐼, for this model is the following 

one: 

 𝐼 =  𝐼𝑃𝑉 − 𝐼𝑠1. (𝑒
𝑞(𝑉+𝐼∙𝑅𝑠)

𝑛1∙𝐾∙𝑇 − 1) −  𝐼𝑠2. (𝑒
𝑞(𝑉+𝐼∙𝑅𝑠)

𝑛2∙𝐾∙𝑇 − 1) −  
𝑉 +  𝐼 ∙ 𝑅𝑠

𝑅𝑝
 (2.16) 
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The 7 parameters which characterize solar cell are the current generated by illumination (Ipv), reverse 

saturation currents (Is1 and Is2), ideality diode factors (n1 and n2), series resistance (Rs) and shunt resistance (Rsh or 

Rp) [27] [28].  

 

2.4.6. Main factors which influence the behavior of solar cells 

 

2.4.6.1. Variation with temperature 

 The behavior of solar cells depends very much on its temperature. This means that voltage, current and 

therefore the power produced by the cell are influenced by this factor. Concerning I-V and P-V characteristics, the 

variations are considerable and can be seen in Figure 2.12.  

 

(a) 

 

 (b) 

Figure 2.12: I-V (a) and P-V (b) characteristics of solar cell, for different temperatures [29]. 
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It should be noted that the short circuit current remains almost constant for any temperature, while open 

circuit voltage is greater for lower temperatures of the cell. However, different solar cells respond in different ways 

to temperature changes.   

In relation to power-voltage characteristic, it can also be seen that power reaches greater values for smaller 

temperatures of the cell. To identify with more detail the variation of maximum power with temperature, it is used 

the PMPP temperature coefficient, - 𝛾. This coefficient indicates the percentage of change of maximum power by 

each degree above 25ºC. For example, if a solar panel has a PMPP temperature coefficient of -0.50%, this means 

that for each degree above 25ºC the maximum power is reduced by 0.50%.  

Furthermore, there are some currents that depend upon temperature, like reverse saturation current, 𝐼𝑠, as 

seen in (2.8). With 𝐼𝑠, we can calculate the current that passes throught the cell, using expression 2.17, which 

shows how solar cell current depends on temperature.  

 

 𝐼𝑐𝑒𝑙𝑙 =  𝐼𝑠𝑐
𝑟 − 𝐼𝑠 (𝑒

𝑉
𝑛𝑉𝑇 − 1) (2.6) 

 

2.4.6.2. Variation with irradiance  

 Another factor that changes the behavior of photovoltaic cell is irradiance. If this factor increases, the 

value of currents also raises and consequently short-circuit current. The expression which relates short-circuit 

current with irradiance is shown in (2.7). 

In relation to open-circuit voltage, this also increases slightly with the increase of irradiance, as can be 

seen by Figure 2.13, that shows I-V and P-V characteristics. Relatively to power-voltage characteristic, it can be 

highlighted the increase of maximum power point for higher values of irradiance [29].   

Another parameter which changes with irradiance is efficiency, as seen in (2.5). 

 

 

(a) 



19 
 

 

(b) 

 

2.4.7. Solar cell types 

Solar cells can be classified in generations: first generation or crystalline cells, second generation or thin 

films and third generation or multijunction cells. 

 

2.4.7.1. First generation cells 

First generation cells are fabricated by wafers of semiconductors like crystalline silicon or gallium 

arsenide. Representing about 85% of global market, crystalline silicon cells are the most used nowadays and can 

be mono or polycrystalline. Monocrystalline silicon, as shown in the left image of Figure 2.14, consists of a 

continuous crystal, reaching efficiencies of 25% in laboratory and 16% in operation. With respect to 

polycrystalline, it has small crystals with different orientations and efficiencies from 11 to 15%, thus obtaining 

18% in laboratory.  

In relation to gallium arsenide, which can be seen in Figure 2.12, at right, this achieve efficiencies in the 

order of 30% in laboratory. However, its cost is very high, which explains that presently they have low use [27]. 

These cells have as advantages their performances as well as their high stability and as disadvantages their rigidity 

and the fact of require a lot of energy in production [30].   

 

2.4.7.2. Second generation cells 

Second generation cells result of the growing of thin films in semiconductors, Figure 2.15. Its utilization 

brings the big advantage of reducing the quantity of materials needed to produce cells and, therefore, the 

manufacturing costs. Furthermore, these cells have low mass and flexibility, which implies less support material  

Figure 2.13: I-V (a) and P-V(b) characteristics of solar cell, for different irradiances [29]. 
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Figure 2.14: Monocrystalline cell, at left [31] and Gallium arsenide photovoltaic cell, at right [32]. 

   

and an easy installation of photovoltaic panels.  However, solar cells of this type register very low efficiencies, in 

the order of of 10%, in addition to have a shorter service life. Some examples of cells with this technology are 

amorphous silicon cells (a-Si), which are the non-crystalline forms of silicon; cadmium telluride (CdTe), material 

with high absorption but with elevated indices of toxicity; and copper-indium-gallium selenides (CIGS), that also 

have great properties of absorption, apart from being stable when are subject to light incidence [27][33].  

 

 

Figure 2.15: Thin films [34]. 

 

2.4.7.3. Third generation cells 

Third generation include several types of cells. In first place, there are solar cells that use organic materials 

(OPV), as seen in Figure 2.16, which have pigments as electron donors and acceptors instead of a P-N junction. 

The efficiency is around 7/8 %. In addition to these, there are multijunction solar cells with high 

performance, but they have a huge production cost, which make them almost impossible of being commercialized. 

Despite their lack of conversion efficiency, third generation cells have a simple and fast production, a use of 

materials with mechanical flexibility, reduced weight and possibility of semitransparency. Therefore, these cells 

have a huge potential to be the photovoltaic technology in the future [35].  
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Figure 2.16: Organic solar cell [36]. 

 

2.4.8. Types and applications of photovoltaic panels 

Photovoltaic systems are constructed and applied in different ways. They can be mounted on the roof, be 

part of integrated systems in buildings or compose power stations on a large scale. There are also photovoltaic 

panels of concentration, which reflect and concentrate the solar radiation on photovoltaic cells, being this the type 

of the current work. Furthermore, photovoltaic panels have many different applications like rural electrification, 

autonomous systems (for example, pocket calculators, parking meters, traffic lights and phones), transports and 

telecommunications.  

 

2.4.8.1. Concentrating Photovoltaics (CPV) 

Concentrating photovoltaics are devices that use lenses or mirrors to reflect and focus solar radiation onto 

photovoltaic cells. By concentrating sunlight onto a small area, concentrating photovoltaics have huge advantages, 

namely: 

1. Less photovoltaic material required to capture the same sunlight as non-concentrating PV; 

2. Replace photovoltaic cells or modules by concentrating optics, which are more economically 

affordable;  

3. Due to smaller space requirements, the use of high-efficiency but expensive multi-junction cells is 

economically viable. 

CPV modules can be classified into low concentration (having concentrations of up to 10 times, which 

means that the intensity of the light that hits the photovoltaic material is until 10 times the intensity without 

concentration), medium concentration (between 10 and 100 times) and high concentration (more than 100 times).  
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There are several types of concentrating photovoltaic systems. The simplest type consists of flat reflectors 

which redirect the radiation onto photovoltaic modules, as seen in the left image of Figure 2.17. They are referred 

to as low concentration optical systems and are usually made from monocrystalline silicon cells. A second type of 

concentrator technology consists of use parabolic mirrors, as shown in the right image of Figure 2.17. They reflect 

the incident radiation onto the focus that can be punctual or linear and are composed by metallic structures with 

mirrors in glass and aluminium. Finally, there is a third type of optics which uses lenses. In most of the cases, they 

are based on Fresnel configuration to achieve short focal length and large aperture. They redirect and focus the 

light onto photovoltaic cells and usually use secondary optics to obtain a uniform distribution of radiation and a 

high concentration on the cells [37].  

Concentrating photovoltaics can reach electrical efficiencies higher than 25% [38]. The current work is 

based on this technology, where a triangular shape reflector is used to focus the solar radiation onto solar cells.  

 

  

Figure 2.17: Optical systems with low concentration (left) [37] and with parabolic mirrors (right) [39]. 

 

 

2.4.8.2. Building Integrated Photovoltaics (BIPV) 

Building Integrated Photovoltaics, Figure 2.18, consists of a group of materials and photovoltaic cells 

that are applied in several parts of the building, like roof and facade, representing in several cases the main source 

of electrical energy. It brings as huge advantage the possibility of reducing materials and work that could be used 

to construct the building zone where the panels are installed, bringing financial returns faster than conventional 

way. Hence, this system is one of the segments with more growth in the topic of photovoltaic panels. The 3 

principal types of BIPV products are photovoltaic panels with crystalline silicon, which can be applied on the 

roofs; solar modules with thin films of amorphous silicon, installed on walls and transparent skylights; and solar 

panels with double glass and squared cells inside [40].  
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Figure 2.18: Facade-integrated PV system [41]. 

 

2.4.8.3. Photovoltaic systems with Tracking  

Tracking is a mechanism used in photovoltaic modules or panels capable of changing their orientation 

throughout the day, according to the path of the sun, and with the objective of maximize the energy production. In 

fact, this increase of energy in the installation is originated by minimizing the angle of incidence between the panel 

and the incoming light. The use of tracking can increase electricity production by around 40% in relation to panels 

at a fixed angle.  

Trackers are classified in terms of number of axis: single-axis and dual-axis solar trackers. Single-axis 

solar trackers rotate in one axis, in a single direction, moving back and forth, and include rotations like horizontal, 

vertical and tilted. Relatively to dual-axis trackers, they follow the sun vertically and horizontally and are used to 

orient a mirror and redirect sunlight along a fixed axis towards a stationary receiver.  

There are several methods of driving solar trackers. First, a controller that responds to the sun’s direction 

is used with motors to command the solar panel movement, as seen in Figure 2.19. Second, a compressed gas fluid 

driven to one side or the other is used to move passive trackers. Finally, a chronological tracker counteracts the 

Earth’s rotation by turning the opposite direction [42].  

 

Figure 2.19: Solar panel with Tracking [43]. 
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2.4.9. Shading  

Shading in a photovoltaic panel consists of shadows or absence of light originated by outside objects 

which impacts the power generated by the panel. Depending on the technology used, a shadow does not need to 

cover the totality of the panel to affect all solar modules, being enough one shaded cell to increase the power 

losses, reduce to zero the output of photovoltaic system and damage the system. The shading sources can be trees, 

clouds, buildings or dust on the panel. Strategies and technologies used to handle and mitigate shading effects are 

stated below.  

 

2.4.9.1. Bypass diodes 

One of the main technologies used by photovoltaic panels to mitigate shading effects involves the use of 

electronic devices, namely bypass diodes.  

Photovoltaic cells can be associated in series or in parallel. When associated in series, it may happen the 

case of they behave as charge for the rest of the cells, where there is the risk of negative voltage applied at the 

terminals be higher than the absolute value of “breakdown” voltage. This leads to a higher power dissipated in the 

cell, giving rise to a warming that can damage it. In the origin of this warming can be the shading. In order to 

resolve this problem are used bypass diodes, which are connected in anti-parallel to the terminals of N cells. These 

diodes, in case of shading, become directly polarized, allowing current to flow through it and shaded cells to not 

behave as charge for the other cells. It should be noted that bypass diodes shall be capable of conduct the electric 

current generated by series association and its conduction threshold voltage must be as small as possible. If shading 

does not exist, diodes stay reversely polarized and there is not current flow through them. In Figure 2.20, it is 

possible to observe the behavior of bypass diodes as well as the current flow (symbolized by green arrows) to 

normal and shading conditions. 

 

Figure 2.20: Diode bypass behavior for normal operation of solar panel and with shading. Current is 

symbolized by green arrows [44]. 
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 There are two types of connection of bypass diodes: interlaced and not interlaced. The conventional 

connection (not interlaced) consists of connecting each bypass diode in parallel with only one group of cells, 

avoiding that they dissipate, individually, a huge quantity of power, since reverse voltage of the module stays 

limited. In relation to interlaced diodes, each of them is placed in parallel with two groups of cells connected in 

series. Illustrations of the two connections can be seen in Figure 2.21.  

 

            

Figure 2.21: Connection of bypass diodes to the groups of cells. On the left, the traditional connection (not 

interlaced diodes). On the right, the connection with interlaced diodes [44].  

  

 The effects of shading on I-V and P-V characteristics are shown in Figures 2.22 and 2.23. In a summarized 

manner, it is possible to verify a reduction of current and power on I-V and P-V characteristics, respectively, in 

the case where there is shading and the bypass diodes are disconnected (blue line in Figure 2.23). When bypass 

diodes are connected, we can see the appearance of one step in the I-V characteristic and of one peak of power in 

the P-V characteristic (black line in Figure 2.23).  

 

Figure 2.22: I-V (left) and P-V (right) characteristics of solar cells without shading [5].  
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Figure 2.23: I-V (left) and P-V (right) characteristics of solar cells with partial shading. In blue line, the 

configuration has bypass diodes disconnected; in black line, the configuration has bypass diodes connected. 

Adapted from [5]. 

   

2.4.9.2. Blocking diodes 

Other devices capable of minimize the effects of shading and in that way protect photovoltaic panels 

against overheating and power losses of the system are blocking diodes. These electronic components are 

connected in series with branches (groups of cells) distributed in parallel at the solar panel (which are constituted 

by photovoltaic modules connected in series). They are used to protect those groups of cells against reverse 

currents coming from other branches, which are generated by a voltage difference created by shading. Without 

blocking diodes, those currents would flow through the shaded branch, which has the lower voltage because it 

works as charge. However, blocking diodes can bring inconveniences to the photovoltaic system because with a 

high voltage drop (depending on the diode) there are power losses in the system that can be higher than power 

losses avoided with shading [44].  

 

2.5. Solar Collectors 

2.5.1. Solar collector constituents  

A solar collector is a device which transforms solar radiation into heat, trough water or air. The main 

constituents are essentially: the absorption plate, tubes, covering, structure of protection and a reservoir. 

Tubes enable the circulation of the fluid, which is normally water or air. They can be constituted by 

materials like copper or aluminium because of its big conductivity. The covering is made of a transparent material, 

mainly glass, which allows the entrance of radiation and denies that some reflected radiation exits the collector, 

creating a “greenhouse effect” and storing the thermal energy inside. The absorption plate is normally constituted 

by metal and has black color with the aim of allowing a better absorption of radiation. In a solar collector, it is 

fundamental to have a structure to store all components and protect them of adverse atmospheric conditions. 

Furthermore, an insulation material can be used with the objective of reduce losses by conduction and convection. 

Finally, a thermal reservoir, which is basically a cylinder of copper or inox, is also necessary to store water. 
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2.5.2. Operating principle of a solar collector 

The way how solar collector works is very simple. First, the transparent covering allows the entry of 

radiation, which is absorbed by the absorption plate. This plate is in contact with tubes through which the fluid 

flows. The tubes receive, by conduction, the heat originated by the plate. In this way, there is a warming of the 

fluid inside the collector. The circulation of the fluid can be made by two mechanisms: one of them consists of 

thermosiphon and the other of forced circulation using a pump. Thermosiphon or natural circulation occurs due to 

a warming of the fluid. The latter is inside the collector and becomes less dense than the fluid in the reservoir, 

which causes the circulation of hot fluid to the reservoir, and the cold fluid, denser, in direction of the collector. 

This system is possible due to the important detail of reservoir be on top of collector, otherwise the circulation 

would not be implemented.  

 

2.5.3. Types of solar collectors  

There are several types of solar collectors: with parallel tubes and serpentines, compound and cylindrical 

parabolic concentrators, concentration towers, among others. Some of these types are explained in this subchapter.  

 

2.5.3.1. Compound parabolic concentrators (CPC) 

Compound parabolic concentrator, Figure 2.24, is a system designed to collect and concentrate the light 

onto the collector in an efficient way. It is a vacuum hot-tube collector, non-tracing concentrated and is called a 

“non-imaging” concentrator since the output has no relation to the image of the sun, according to F.Reis [45]. It is 

constituted by two parabolic reflectors which, for a certain angle, achieves an optimal concentration. In this way, 

the efficiency of absorption of diffuse radiation is bigger relatively to conventional collectors and the thermal 

losses are smaller. Hence, it is possible to have an absorber with less area and obtain higher temperatures with 

better efficiency. This collector has an thermal efficiency of above 60% and can heat the fluid until an average 

temperature around 150ºC.  

 

Figure 2.24: XCPC solar collector, a type of compound parabolic concentrator [46].  
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2.5.3.2. Cylindrical parabolic concentrators “Trough”  

Cylindrical parabolic concentrators “Trough”, Figure 2.25, are constituted by a “mirror-like” curved 

surface with parabolic shape, which has the function of route the sun’s rays to an absorption tube. In this tube, a 

fluid is heated by natural convection and circulates with the help of an auxiliary pump until it reaches the heat 

exchanger, where the water inside the reservoir is heated.  

Having the shape of a parable is an advantage because there is a single focal point where the incident 

light is collected, in this case, the absorption plate. In this way, the concentration ratio of the collector is maximized 

and the efficiency is higher. 

These types of collectors have the disadvantage of not capturing the diffuse radiation, something that can 

be mitigated with solar tracking. Cylindrical parabolic concentrators can obtain temperatures above 300ºC for 

good efficiencies [47].  

 

 

Figure 2.25: Parabolic “Trough” collector [48]. 

 

 

2.5.3.3. Parabolic concentrators “Dish Collectors” 

There is another concentrator with a parabolic shape, called “Dish Collector”, which has a shape very 

similar to a big satellite, as shown in Figure 2.26. It is constituted by a surface, deposited in plastic or glass, which 

reflects the radiation to a smaller surface – Focus – located in the focal point. The reflected surfaces are very 

economic and have big durability. They can be made by silver, glass or aluminium, where the radiation reflected 

is about 92%, depending, for example, on the thickness of the mirrors. The thermal receiver can have several tubes 

with cooling liquids like hydrogen or helium used to heat exchange.  

These collectors have a huge concentration ratio and, because of that, great efficiencies to convert solar 

to thermal energy. They can heat the fluid until an average temperature about 750ºC for normal cases and, for high 

efficiencies, it is possible to obtain a fluid with a temperature of 1000ºC [49].  
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Figure 2.26: Parabolic concentrator “Dish Collector” [50]. 

 

2.5.3.4. Evacuated collectors  

Evacuated collectors, Figure 2.27, are formed by several transparent tubes of glass placed in parallel, in 

which absorption tubes covered with a selective layer are inserted. These tubes can be added or removed depending 

on the target temperature of the hot water. Like other collectors, solar radiation crosses the transparent cover and 

the absorption system transmits heat to the thermal fluid. In these concentrators, the air between tubes is removed 

creating vacuum, which implies an elimination of convection and conduction losses.  

There are evacuated collectors which have tubes with a capacity of 19 liters each one, avoiding a storage 

reservoir, and others with reflectors placed behind the tubes which helps to focus the light. These collectors can 

obtain temperatures between 80 and 150ºC for water and have higher values of efficiency than simple plan 

collectors, mainly because they can capture direct and diffuse radiation, which combined with the fact that vacuum 

minimizes heat losses make these collectors extremely useful in zones where the weather is not favorable [49][51].  

 

Figure 2.27: Evacuated collectors [52]. 

 

2.6. PVT Collector 

Photovoltaic Thermal Collector (or PVT hybrid) is a device capable of convert solar radiation into 

electrical and thermal energy. This means that PVT collector works both as solar collector, where there is the 

warming of a fluid originated by solar energy, and as photovoltaic panel, where electricity is generated. This 

combination is very helpful because PV cells have higher efficiency when operating at low temperatures, and with 
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fluid channels behind the receiver, it is possible to cool down solar cells and heat the fluid, simultaneously. 

Moreover, according to Gomes et. al [53], there are other advantages of PVT collectors, namely:  

▪ The life time of PV cells is longer, mainly because of the cooling applied into the cells. 

▪ For the same area produced, PVT collectors use more economically viable materials than thermal and 

PV panels.  

▪ A PVT collector occupies a smaller area than PV and thermal collector because it is two technologies in 

only one product.  

 

There are many types of PVT hybrids, like PVT concentrators (CPVT), PVT air collectors and PVT liquid 

collectors. These devices are being developed with great enthusiasm around the world. Solarus shares this 

enthusiasm and has an innovative product, a CPVT collector with Maximum Reflector Concentration (MaReCo) 

geometry, which is also stated in the current subchapter. 

 

2.6.1. Liquid based PVT collectors 

Liquid based PVT collectors are the most traditional PVT collectors. In these systems, a working fluid is 

used and the most common are water, water/air, glycol, mineral oil and most recently refrigerants. The working 

fluid is carried through conductive-metal pipes or plates fitted in the back of a PV module. In this way, the heat 

originated by PV cells is conducted through metal-pipes and absorbed by the fluid in cases where this one has 

lower temperatures than PV cells. The heat vanishes or can be transferred through working fluid to a thermal 

storage and be applied to different applications. Figure 2.28 shows the operating principle of Liquid based PVT 

collectors [54]. 

 

Figure 2.28: Operation of a Liquid based PVT collector [54]. 

 

According to R.Daghigh et al [55], there are different types of Liquid based PVT collectors, like PVT 

water collectors, PVT refrigerant and PVT hybrid water/air collectors. Each type has different applications like 

space heating and cooling, water heating (domestic and/or industrial), water distillation and drying. A scheme that 

shows the different types and applications of PVT liquid based collectors is given in Figure 2.29.   
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Figure 2.29: Different types and applications of PVT liquid collectors [55]. 

 

2.6.2. Air based PVT collectors  

The most common air based PVT collectors, Figure 2.30, consist of a hollow, conductive and metal 

structure with photovoltaic cells inside. In addition to solar cells, the materials that constitute this device are 

essentially glass cover to enable the entry of radiation; an absorber plate; fins and an insulator, which helps to 

retain the heat.  

 

Figure 2.30: Double-pass PVT air heater with fins [56].  

 

In these systems, the air is the working fluid. In first place, it enters nearby solar panel, where it is used 

to refresh, and it is warmed due to the heat originated by solar cells. Then, the air passes through a blower and an 

auxiliary heater and arrives to a drying chamber. In the end, this fluid can be used to space heating or rise and be 
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removed from the top of the structure, without utilization. Figure 2.31 illustrates the working principle of air based 

PVT collectors.  

 

Figure 2.31: Operation of an Air based PVT collector [54]. 

 

Air based PVT collectors have as advantage in relation to liquid PVT collectors the fact of being 

constituted by materials with lower cost and complexity: essentially, a metal enclosure and a PV panel. As 

disadvantage, the transfer of energy to air is less efficient than liquid based collectors. 

 

2.6.3. Concentrating PVT (CPVT) 

As we have already seen at previously subchapters, concentrating systems are used in photovoltaic panels 

and solar collectors. However, they can also be used at PVT collectors, being called PVT concentrators. In fact, 

there is a huge potential in using these two technologies together because, if on one hand, concentrators allow to 

increase the power collected on the panel, on the other hand, cooling the receiver with a fluid that simultaneously 

transports the collected heat avoids the risk of high temperatures, which allows an increase of the electrical 

efficiency of photovoltaic cells in relation to a conventional PVT Collector. As in photovoltaics and solar 

collectors, PVT concentrators use lenses and mirrors to reflect and concentrate the sunlight into solar cells, and 

they can collect about 75% of the suns power directly incident upon them and transform it into heat and electricity. 

The products of Solarus AB, like MaReCo, consist of this technology,  

 

2.6.4. Collector with Maximum Reflector Concentration (MaReCo) 

geometry 

The MaReCo consists basically of a collector with heavily truncated asymmetric reflector, a flat receiver 

and a trough with a single absorber fin that runs along it. The principal objective of this system is to minimize the 

absorber area, more expensive, replacing by economic reflectors and thus reducing the heat losses and improving 
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the annual performance of the collector. The MaReCo can be considered an asymmetrical CPC with bi-facial 

absorbers, designed for high latitudes and extended in the east-west direction.  

 

According to left image of Figure 2.32, the CPVT collector of Solarus has top and back receivers, an 

aperture that is covered by glass, a concentrator and a frame. Furthermore, MaReCo is divided in three sections: 

   

▪ Section A: Lower parabolic reflector. It is the zone between points 1 and 2. 

▪ Section B: Circular reflector. It is the zone between points 2 and 3. 

▪ Section C: Upper parabolic reflector. It is the zone between points 3 and 4 [1][2].  

  

 

 

Figure 2.32: Design of MaReCo and its main components (left) and a real image of Solarus CPVT collector 

(right). Adapted from [1] and [2]. 

 

 According to right image of Figure 2.32, it is possible to note the presence of liquid channels. These 

components are located between top and bottom solar cells and they are used to conduct the fluid, occurring its 

warming and the cooling of solar cells, at the same time, which is a great advantage because solar cells have higher 

efficiencies and a longest life time when exposed to lower temperatures. Figure 2.33 shows these channels with 

more detail. 

 

 

Figure 2.33: Liquid channels on Solarus CPVT collector. Adapted from [2]. 
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3.Triangular Shape Photovoltaic Panel 

(TSPP)  
In this chapter, we describe the proposal of this work – Triangular Shape Geometry in a Photovoltaic 

Panel. First, we depict the receiver, which is the component that supports the main constituent of the proposal: 

solar cells. Then, we profile the two types of reflectors used to concentrate the radiation on the cells: aluminium 

and aluminium foil. After, we show the stand used for the reflector and, in conclusion, we present the final product. 

 

3.1. Receiver 

The receiver is the component where solar cells are positioned. In total, there are eight cells in the receiver: 

four cells connected in series in the bottom part and four cells in series above.  

Solar cells used to implement the photovoltaic panel with triangular shape geometry have the datasheet 

shown in Table 3.1. As can be seen, TSPP is constituted by monocrystalline silicon solar cells.  Each cell can reach 

a maximum power of 200 mW, a short circuit current of 433 mA and an open circuit voltage of 0.59V, for standard 

test conditions. It has an area of 34.96 cm2 and a weight of 9.23 g. An image of one of these cells is shown in 

Figure 3.1.  

 

Table 3.1: Datasheet of solar cells used in TSPP. 

Nominal Voltage or Voltage at maximum Power, Vmp: 0.5V 

Nominal Current or Current at maximum Power, Imp: 400mA 

Maximum Power (Pmp): 200mW 

Open Circuit Voltage, Voc: 0.59V 

Short Circuit Current, Isc:  433mA 

Area: 34.96 cm2  

Weight: 9.23g 

Operation temperature: -20 to 80ºC 

Cell Type: Monocrystalline silicon 

Company: Conrad Electronic 

 

 

Figure 3.1: Monocrystalline silicon solar cell used in TSPP. 
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In the receiver, as shown in Figure 3.2, there are also four bypass diodes, with the model 1N4007. These 

devices are used to protect photovoltaic cells from shading and each one is connected in antiparallel with two cells. 

The material used to make the receiver is transparent acrylic, with length of 10 cm and width of 50 cm. The area 

occupied by the 4 solar cells is 136.5 cm2, which corresponds to 7.5cm x 18.2cm. 

 

Figure 3.2: TSPP receiver. 

 

3.2. Reflector and Panel Stand 

The reflector used to concentrate the radiation into solar cells has a very simple geometry. As could be 

seen in Figure 1.2., it is made of two rectangular sections connected in one of the edges, forming a triangle. 

Therefore, we have triangular shape geometry in a photovoltaic panel, which is the main proposal of this work. 

Along this Master Thesis, different prototypes were done and two types of reflectors were used and 

analyzed, one made of aluminium foil and another of simple aluminium.  

 

3.2.1. Aluminium foil 

Aluminum foil has a high ability to reflect solar radiation. Its light reflectance is affected by factors like 

roughness, purity and heat ray’s wavelength. With the decrease of surface roughness and increase of the purity 

and ray’s wavelength of the aluminum foil, the reflection of light increases. In visible wavelength range (400-700 

nm), the reflectivity has values between 70% and 80%, and in infrared wavelength spectrum (700nm-1mm), the 

aluminium foil can reach reflectivities around 75% - 100%.  

Because of its relatively high reflectivity and low price, aluminium foil was used to reflect light rays to 

solar cells. An example of the reflector used can be seen in Figure 3.3. It has 2 sections, each one with a length of 

51cm and width of 27,5cm. 
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Figure 3.3: Reflector made of aluminium foil used in experiments. 

 

3.2.2. Aluminium 

The reflection of light in aluminium is affected by the same factors than aluminium foil, like purity and 

solar ray’s wavelength. It has a reflectivity between 90 and 92,6% considering the visible spectrum light, and 

between 86,8 and 100% in infrared wavelength range [57].  

 Aluminium was chosen to make a comparison with reflectors of Solarus AB, being the material used to 

construct the reflectors of this company. Moreover, there are other reasons, related with the properties of this 

material, namely:  

• High reflectivity; 

• Low-cost; 

• Easily clean; 

• Acceptable durability; 

• Lightweight. 

The aluminium reflector used in the final form of TSPP is shown in Figure 3.4. Each section has a length 

of 50 cm and width of 25 cm.  

  

Figure 3.4: Reflector made of aluminium used in experiments. 
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3.2.3. Panel Stand 

As can be seen in Figure 3.4, the reflector made in aluminium is supported by a structure – a panel stand 

– which has some features like: 

• Regulation of the aperture of the panel; 

• Regulation of the tilt. 

Aperture and tilt have high influence in the trajectory of sun’s rays inside the panel, which occurs due to 

successive reflections caused by aluminium. In Figure 3.5, it is possible to see the structure and how we make to 

regulate these two factors. Aperture is related to the angle between the line which passes through one of the 

boundaries of the reflector and the normal to the center of Earth surface (zenith), while the tilt of the panel is in 

relation to horizontal plane, as seen in chapter 2. The panel stand is made essentially of wooden slats and wing 

nuts to regulate the aperture, and of one iron rod and wing nuts to control the tilt of the panel. The concentration 

of energy on solar cells is very sensitive to aperture and tilt and the panel stand constructed is very useful to analyze 

how the power produced changes with these two factors. 

 

 

Figure 3.5: Panel stand used to change the aperture and tilt of the panel. 

 

In conclusion, Figure 3.6 shows TSPP with all its components: solar cells, receiver, reflector and panel 

stand. At standard test conditions, this panel should be capable of produce a maximum power around 1,6 W (0,8 

W in each part of the receiver). Furthermore, it should be noted that the receiver is located at the same place that 

the Solarus AB CPVT collector.   
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Figure 3.6: Triangular shape photovoltaic panel, with regulated aperture and tilt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 
 

4.Triangular Shape Photovoltaic Panel – 

Theoretical Study and Computational 

Evaluation 
In this chapter, we do an evaluation of the potential of Triangular Shape Photovoltaic Panel. The main 

objectives are: 

• Simulate the trajectory of solar rays inside the TSPP, for different hours and days of the year, 

latitudes, apertures and tilts. 

• Determine the power in the receiver, either in top and bottom sides, for the same factors stated 

before. 

• Compare the power collected with other reflectors.    

 

For that purpose, we first make a theoretical study of the ray transmission and power concentrated in the 

receiver and then, we execute computational tests to determine the power concentrated on TSPP using the software 

SolTrace.  

 

4.1. Theoretical Analysis   

4.1.1. Ray Theory  

 

According to “Ray Theory”, in homogeneous media, light rays are straight lines. When they reach a 

surface, they are called incident beam, and the angle that these rays do with the axis perpendicular to the surface -

the normal - is called angle of incidence. With the same angle in relation to the normal axis, we obtain the reflected 

rays, this considering the ideal reflection law, which indicates that the angle of incidence of solar rays in relation 

to normal axis to the plan in which rays hit (𝜃𝑖) is equal to the reflection angle between these rays and the normal 

axis to the plan (𝜃𝑟). Therefore, as shown in Fig.4.1, we have the following equality: 

 𝜃𝑖 =  𝜃𝑟 (4.1) 

In addition, when a ray travels across a boundary between two materials with different refractive indices, 

𝑛𝑖 and 𝑛𝑡, it is transmitted (or refracted), changing its direction. The angle of refraction 𝜃𝑡 is related to the angle 

of incidence 𝜃𝑖 by Snell-Descartes law: 

 𝑛𝑖𝑠𝑖𝑛 𝜃𝑖 =  𝑛𝑡𝑠𝑖𝑛 𝜃𝑡 (4.2) 

 

Reflection and refraction of solar rays are calculated in SolTrace considering these laws and Fresnel 

equations, which describe the light behavior when it is moving between two different indices of refraction. 
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Figure 4.1: The law of Reflection [58]. 

 

 Fresnel equations are the following: 

 𝑡𝑠 =  
2 𝑛𝑖𝑐𝑜𝑠 𝜃𝑖

𝑛𝑖𝑐𝑜𝑠 𝜃𝑖 +  𝑛𝑡𝑐𝑜𝑠 𝜃𝑡
 (4.3) 

 𝑟𝑠 =  
𝑛𝑖𝑐𝑜𝑠 𝜃𝑖 −  𝑛𝑡𝑐𝑜𝑠 𝜃𝑡

𝑛𝑖𝑐𝑜𝑠 𝜃𝑖 +  𝑛𝑡𝜃𝑡
 (4.4) 

 𝑡𝑝 =  
2 𝑛𝑖𝑐𝑜𝑠 𝜃𝑖

𝑛𝑖𝑐𝑜𝑠 𝜃𝑡 +  𝑛𝑡𝑐𝑜𝑠 𝜃𝑖
 (4.5) 

 𝑟𝑝 =  
𝑛𝑡𝑐𝑜𝑠 𝜃𝑖 −  𝑛𝑖𝑐𝑜𝑠 𝜃𝑡

𝑛𝑖𝑐𝑜𝑠 𝜃𝑡 +  𝑛𝑡𝑐𝑜𝑠 𝜃𝑖
 (4.6) 

 

 Where 𝑡𝑠 is the amplitude transmission coefficient for s polarization, 𝑟𝑠 is the amplitude reflection 

coefficient for s polarization, 𝑡𝑝 is the amplitude transmission coefficient for p polarization and  𝑟𝑝 is the amplitude 

reflection coefficient for p polarization. Therefore, Fresnel equations give information about the amplitude 

coefficients for transmission and reflection at the interface between two transparent homogenous media. 

In conclusion, when radiation strikes a surface, part of it is absorbed, another is reflected, and the 

remaining part, if any, is transmitted, as seen in Fig.4.2. The fraction of irradiation absorbed by the surface is called 

absorptivity, the fraction reflected is called reflectivity and the fraction transmitted is called transmissivity. In this 

Master Thesis, we consider aluminium with a reflectivity of 0.9, transmissivity of 0 (because it is opaque), and 

therefore an absorptivity of 0.1. [59] 
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Figure 4.2: Behavior of light [59]. 

 

4.1.2. Power collected in the top and bottom sides of the receiver  

The power incident on the solar panel, Pincident, is related to the area corresponding to the total number of 

solar rays which are passing in the solar panel aperture, Aaperture_panel, and to the existing irradiance at a certain 

moment, G. It is calculated by the multiplication of these two parameters: 

 𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒_𝑝𝑎𝑛𝑒𝑙 ⋅ 𝐺 (4.7) 

 Concerning the power in the upper and bottom parts of the receiver, it is a fraction of the incident power 

and depends of the total number of rays that reach the surfaces. For example, the power in the bottom part of the 

receiver is proportional to the number of rays that reach its surface, Nbottom, and the power in the upper part is 

proportional to Nup. In other words, we have: 

 𝑃𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 ⋅
𝑁𝑏𝑜𝑡𝑡𝑜𝑚

𝑁𝑡𝑜𝑡𝑎𝑙
= 𝑃𝑟𝑎𝑦 ⋅ 𝑁𝑏𝑜𝑡𝑡𝑜𝑚 (4.8) 

 𝑃𝑢𝑝 = 𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 ⋅
𝑁𝑢𝑝

𝑁𝑡𝑜𝑡𝑎𝑙
= 𝑃𝑟𝑎𝑦 ⋅ 𝑁𝑢𝑝 (4.9) 

Analyzing the equations, one can realize that by dividing the power incident in the panel by the total 

number of rays that cross the aperture, we obtain the power per ray, Pray. Therefore, the power that reaches the 

receiver is equal to the power per ray multiplied by the number of rays that reach the receiver on bottom and upper 

parts [5]. 

 

4.2. Computational Evaluation 

4.2.1. SolTrace 

The computational evaluation of the trajectory of solar rays and power received on the panel was done 

with the help of SolTrace.  
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SolTrace is a software tool developed at National Renewable Energy Laboratory (NREL) to model 

concentrating solar power optical systems and analyze their performance. This includes optical geometries as a 

series of stages composed of optical elements that possess an extensive variety of available attributes including 

shape, contour and optical quality. 

The code utilizes a ray-tracing methodology (Spencer and Murty, 1962).  The user selects a given number 

of rays to be traced. Each ray is traced through the system while encountering various optical interactions.  Some 

of these interactions are probabilistic in nature (e.g. selection of sun angle from sun angular intensity distribution) 

while others are deterministic (e.g. calculation of ray intersection with an analytically described surface and 

resultant redirection) [60].  

 

4.2.2. Ray Tracing 

As previously seen, in SolTrace, the handling of reflection and refraction at surface interfaces is calculated 

using the well-known Fresnel equations. At any given ray intersection with a refractive surface, SolTrace first 

determines the side (front or back) and uses the associated optical properties for further interactions at that 

intersection. For refractive optics, only the transmissivity and the real component of the refraction indices are 

relevant and considered in SolTrace. For reflective optics, one element is sufficient to model a mirror since no 

transmission is allowed, and that element is reflectivity. 

 

  First, in SolTrace tracing, a ray is absorbed or not by comparing a random number to the transmittance 

value from the optical properties. If the ray is absorbed, SolTrace moves on to the next ray.  If the ray is not 

absorbed, the reflection factors for both parallel and perpendicular polarization are calculated. These are based on 

the ideal surface slope plus any slope errors associated with the surface (either front or back).  The two values are 

averaged to determine the possible reflected fraction.  A random number (0-1) is generated to determine whether 

the ray is reflected or transmitted. If the calculated reflectance is smaller than this random number the ray is 

reflected at the specular angle.  If greater the ray is transmitted.   

 

 

4.2.3. Panel Design 

TSPP is designed in SolTrace with maximum similarity to reality, not only in geometry, but also in optical 

properties and dimensions.  

 First, the two parties of the reflector are designed with 25cm width and 50cm length – the same 

dimensions than TSPP built for the experimental tests. These two rectangles are arranged in a way that originates 

a union between these two edges (one of each part of the reflector), forming, for example, an angle of 45º with the 

perpendicular to surface, which corresponds to as seen in Figure 4.3. 
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Figure 4.3: Computation of panel aperture. Edges 1-3 and 2-3 symbolize the two parties of the reflector. 

 

 In order to change this angle (or aperture) in SolTrace, we need to calculate the distance from the vertexes 

1 or 2 to the perpendicular (x) and use the value in “element coordinates”: 

 

𝑠𝑖𝑛(45º) =  
𝑥

25
 ⇒  𝑥 = 17,68 𝑐𝑚 

 

 Second, we design the receiver. The area considered for this component corresponds to the area of solar 

cells (7,5x18,2cm), because it is the area where energy is produced. The TSPP designed in SolTrace can be seen 

in Figure 4.4. It should be clarified that each coordinate axis of the graph of Figure 4.4 points to different directions: 

z-axis points due north, the y-axis points towards zenith and x-axis points due west. 

 

Third, we have also interest in changing the tilt of the panel, because the power generated depends on this 

factor. To do so, in SolTrace, it is necessary to appeal to “Aim Point coordinates”, which will allow to define the 

tilt of the panel according to the coordinates in Figure 4.4 and to the following equation: 

 𝑧 = −𝑦 ∙ 𝑡𝑔𝜃 (4.10) 

Therefore, for example, to define a tilt of 30º, the y coordinate will have a value of 1 and z coordinate a 

value of -0.5774, where: 

  

𝜃 = 𝑡𝑔−1 (−
𝑧

𝑦
) =  𝑡𝑔−1(0.5774) = 30º 

 

Finally, concerning the optical properties of materials, it is considered a reflectivity and transmissivity of 

0 to the receiver (total absorption) and 0,90 and 0 to the reflector, respectively, because the last one is made of 

aluminium, as previously seen. 

In Figure 4.5, it is shown the disposal of photovoltaic panel for different tilts, which was done using 

(4.10). We can see that, in SolTrace, this angle is measured between two arrows: a blue one which points to zenith 

and a pink one which is the normal to the panel. This figure is a more transparent representation than Figure 4.4 

because TSPP is positioned in a referential equal to reality. In this particular case, TSPP was tested to Lisbon, in 

summer solstice and at 12h (local time). Obviously, yellow lines represent solar rays. 
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Figure 4.4: Triangular reflector designed in SolTrace, with a tilt of 90º (left) and 0º (right). Adapted from [60] 

  

 

 

         (a)                                                                         (b) 

 

           (c)                         (d) 

Figure 4.5: Disposal of TSPP for different tilts. (a): 0º; (b): 30º; (c): 50º; (d): 90º. Adapted from [60] 
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4.2.4. Test Conditions 

With SolTrace, it is possible to change parameters related to sun positioning and with big influence on 

the power collected, like latitude, the day of the year, solar hour, “Sun Shape Profile” and DNI (direct normal 

irradiance). All these parameters are variable and will be used to do tests with different conditions. It was neglected 

the existence of meteorological aspects, like clouds and rain. To determine the correct irradiance, we appeal to 

MeteoTécnico and Pveducation [61][62]. 

In order to evaluate triangular shape photovoltaic panel in SolTrace, upper, bottom and total powers on 

the receiver are calculated, for the following conditions and situations: 

1. Different tilts of the panel; 

2. Different hours of the day; 

3. Different months and same tilt; 

4. Different months and different tilts; 

5. Different latitudes; 

6. Different aperture;  

7. Different reflector; 

 

 

4.2.5. Results for different tilts of the panel 

Tests begin with the calculation of the power for different tilts of the panel, keeping the hour of the day, 

choosing summer and winter solstices, an aperture of 45º and the latitudes of Lisbon (IST) and Gavle (Solarus). 

All constant parameters can be seen in Table 4.1.  

Table 4.1: Parameters used in SolTrace to test different tilts of the panel. 

 Local 

Time 

[h] 

Solar Time 

(Summer) [h] 

Solar Time 

(Winter) [h] 

Latitude 

[º] 

Aperture 

[º] 

Irradiance 

Summer 

[W/m2] 

Irradiance 

Winter 

[W/m2] 

Lisbon 12 10.306 11.420 38.72 45 1080 830 

Gavle 12 11.114 12.172 60.67 45 1000 130 

  

              It must be referred that upper and bottom powers on the receiver were calculated according to subchapter 

4.1.2. This means that, with SolTrace, we obtain the number of rays that hit both parts of the receiver, as well as 

the power per ray. Then, with those values, we determine the maximum powers collected for a certain day. In 

Table 4.2, just to exemplify, we can observe y and z coordinates used to obtain a certain tilt, the number of rays 

and upper, bottom and total powers, for Lisbon, in June 21. The graphics of variations of collected powers for the 

same parameters, different tilts and for winter and summer solstices are shown in Figure 4.6 and Figure 4.7, for 

Lisbon and Gavle, respectively. We can see that, in the summer solstice, the optimal tilt is around 40º in Lisbon, 

with a maximum total collected power of 27,64 W, and 50º in Gavle, with approximately 26,6 W. To obtain the 

maximum reflected power (bottom part of the receiver), the optimal tilt is around 50º in Lisbon and 70º in Gavle. 

In relation to winter months, the biggest values of power are obtained for 90º, both for Lisbon and Gavle. Gavle is 

a city with very long days at summer and with few hours of sun at winter. Therefore, the power and energy 

collected in winter is very small, as can be seen in Figure 4.7. 
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Table 4.2: Determination of maximum Upper, Bottom and Total powers collected in the receiver of TSPP, for 

Lisbon, in June 21. 

Tilt 

[º] 

y z DNI 

[W/m2] 

Nupper Nbottom Power 

per ray 

Upper 

Power 

[W] 

Bottom 

Power [W] 

Total 

Power 

[W] 

0 1 0 1080 7616 208 17,04 12,98 0,35 13,33 

10 1 -0,1763 1080 7569 4936 17,42 13,19 8,60 21,78 

20 1 -0,364 1080 7680 7163 17,49 13,43 12,52 25,95 

30 1 -0,5774 1080 7914 8329 16,78 13,28 13,98 27,26 

40 1 -0,8391 1080 7777 9920 15,62 12,15 15,49 27,64 

50 0,8391 -1 1080 7793 11444 14,04 10,94 16,07 27,01 

60 0,5774 -1 1080 7524 5031 12,58 9,47 6,33 15,80 

70 0,364 -1 1080 6044 10 12,47 7,54 0,01 7,55 

80 0,1763 -1 1080 4375 13 12,03 5,26 0,02 5,28 

90 0 -1 1080 2699 17 11,34 3,06 0,02 3,08 

Note: It is necessary to divide Power by 10000 in order to convert cm2 (used in SolTrace) to m2 (related to irradiance). Therefore, for example, 

for a tilt of 0º, we obtain 13,3 W instead of 133000 W.  

 

Figure 4.6: Maximum power collected on the receiver, for different tilts and in the summer and winter solstices, 

in Lisbon. 

 

Figure 4.7: Maximum power collected on the receiver, for different tilts and in the summer and winter solstices, 

in Gavle. 

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

Power in Lisbon

Tilt [º]

P
o
w

e
r 

[W
]

 

 
Upper - June

Bottom - June

Total - June

Upper - Dec

Bottom - Dec

Total - Dec

0 10 20 30 40 50 60 70 80 90
0

5

10

15

20

25

Power in Gavle

Tilt [º]

P
o
w

e
r 

[W
]

 

 

Upper - June

Bottom - June

Total - June

Upper - Dec

Bottom - Dec

Total - Dec



49 
 

It is also shown that there are tilts where the power of the bottom part of the receiver is higher than the 

upper part, which means the upper power is smaller than power achieved with reflected rays. 

In Figure 4.8, we can see the solar rays collected in Lisbon, for the optimal tilt at June (image in left) and 

December (image in right). We observe that the solar angle altitude is high at June (approximately 74º, according 

to [63]) and therefore the number of rays collected is big for a tilt of 40º. On the other hand, at December, the solar 

angle altitude is small (around 27º), which implies that the power collected is high for a tilt of 90º, as seen at the 

image in right of Figure 4.8. These two cases have something in common: the optimal tilt is achieved subtracting 

an angle between 110º and 120º by solar angle altitude. Comparing the two images, we can observe that the number 

of rays collected in the bottom part is smaller at June, but the power collected is higher than December, which is 

due to another factor: irradiance. Just for curiosity, comparing the tilt of 90º in June (Figure 4.5 - d) and December 

(right image of Figure 4.8), we can see why the power collected is higher in December: it is because the altitude 

angle and therefore, the number of rays collected in the bottom part of the receiver. 

 

  

Figure 4.8: Ray's Trajectory for a tilt of 40º, at June (left) and a tilt of 90º at December (right), in 

Lisbon. Aperture = 45º. [60] 

 

4.2.6. Results for different hours of the day and same tilt 

In this second test, it was calculated the power for different hours, only for Lisbon and keeping the optimal 

tilt of the panel, which is 40º for this city. The parameters used in SolTrace can be seen in Table 4.3. 

Table 4.3: Parameters used in SolTrace to test different hours of the day. 

Tilt [º] Latitude [º] Aperture [º] 

40º 38.43 45 
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In Figure 4.9, we can verify that the highest power is obtained for a solar hour equal to 12h, both in 

summer and winter solstices. In summer solstice, power collected in the bottom part of the receiver is higher than 

upper part, but the same does not happen in winter solstice, where the power in bottom part is much smaller. 

 

Figure 4.9: Power collected on the receiver, for different solar hours and in the summer and winter solstices. 

 

4.2.7. Results for different months and same tilt 

In this third test, it was determined the power for different months. The process was repeated once every 

30 days, starting in the twentieth day of the year and keeping the optimal tilts of 40º for Lisbon and 50º for Gavle, 

with the conditions stated in Table 4.4.  

Table 4.4: Parameters used in SolTrace to test different months and same tilt. 

 Local Time [h] Tilt [º] Latitude [º] Aperture [º] 

Lisbon 12 40 38.72 45 

Gavle 12 50 60.67 45 

 

 We can verify in Fig.4.10 that, for tilts of 40º (Lisbon) and 50º (Gavle), TSPP has much higher values of 

power for the summer months (May, June, July and August), decreasing considerably between the months of 

October to February. This shows that solar altitude angle decreases along the year and therefore, another tilt must 

be used. It is also possible to see that the power collected in Lisbon is higher than in Gavle, during the whole year.  
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Figure 4.10: Power collected on the receiver, for different months and same tilt. 

4.2.8. Results for different months and different tilts  

In this forth test, we calculate again the power for different months, but this time for different tilts of the 

panel and only for Lisbon, with the conditions stated in Table 4.5. 

Table 4.5: Parameters used in SolTrace to test different months and different tilts. 

Local Time [h] Latitude [º] Longitude [º] Aperture [º] 

12 38.43 -9,14 45 
 

By observing Figure 4.11, we can see that, in summer months, for an aperture of 45º, TSPP reaches higher 

values of power for tilts equal or smaller than 50º; in winter months, we have the reverse situation. In relation to 

collected energy, it seems to reach the optimal value for 50º because the power is bigger during more months of 

the year. 

 

Figure 4.11: Total power collected on the receiver, for different tilts and months.  
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4.2.9. Results for different latitudes 

In this fifth test, power was calculated for different latitudes. Two days were tested: June and December 

21. Hour, longitude and aperture remained constant, as seen in Table 4.6. 

Table 4.6: Parameters used in SolTrace to test different latitudes and a tilt of 40º. 

Day of the 

year 

Solar Time 

[h] 

Local Time 

[h] 

Longitude 

[º] 

Aperture 

[º] 

Irradiance  

[W/m2] 

173 10,362 12 -9,14 45 1080 

355 11,420 12 -9,14 45 830 

 

Two tilts were used: 10º and 40º. In Figure 4.12, we can see that, in summer solstice, for a tilt equal to 

40º, the power collected in the bottom part of the receiver is bigger than the upper part for latitudes of 30, 40 and 

50º, and the reverse happens for the remaining latitudes. The maximum power in the bottom part of the receiver is 

reached for a latitude of 30º (15,93 W), and in the upper part for a latitude of 60º (13,74 W). In the south 

hemisphere, for latitudes smaller than -20º, power reaches values around 0 W. 

Next, power was calculated again for different latitudes, but in this case for a tilt of 10º. We can see in 

Figure 4.12 a very similar variation of power with latitude than the case of 40º. However, the maximum power 

was achieved in a different latitude: 10º. We can therefore conclude that, when we change the tilt of reflector, there 

is a shift in the curve of power-latitude. Moreover, for a certain value of tilt, the maximum total power is achieved 

for a latitude with the same value, in the summer solstice. 

 

Figure 4.12: Maximum power collected on the receiver, in the summer solstice, for different latitudes and tilts of 

40º and 10º.  

 

In the winter solstice, the total power collected in function of latitude is different. According to Figure 

4.13, when we need to know the tilt to obtain the maximum total power for a certain latitude, we just add 50º to 

the latter value. Therefore, for a latitude of 40º, the optimal tilt is 90º, whereas for a latitude of -40º, the best tilt is 

10º. 
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Figure 4.13: Maximum power collected on the receiver, in the winter solstice, for different latitudes and tilts of 

90º and 10º. 

 

4.2.10. Results for different apertures 

The aperture of triangular reflector is one of the variables that affects the power collected by TSPP. 

Therefore, another aperture was tested: 17.5º, which corresponds to a distance x (from Figure 4.3) equal to 7,5 cm 

(the width of the receiver). According to Figure 4.14, for an aperture of 17.5º, in Lisbon, the power along the year 

is different in relation to an aperture of 45º, this considering a tilt of 40º, which is the optimal tilt for both cases. 

There are high variations of power along the year, in contrast to 45º in which the power is more regular (it has a 

maximum power at June, decreasing after that until reach its minimum at December). This can be due successive 

reflections that exist in TSPP with this aperture, which makes him very sensitive to certain ranges of solar altitude 

angle. In fact, in April and August, where the solar altitude angle is approximately the same (around 63º), TSPP 

reaches minimum values, while in February and October (with an altitude angle around 40º) and in June (75º), 

TSPP reaches maximum values. As can be seen in the left image of Figure 4.15, at October, TSPP has a great 

power collected on the bottom part of the receiver. On the other hand, at April, a few number of rays is collected 

on the bottom part, as shown in the image in right of Figure 4.15.  

 

Figure 4.14: Powers collected on the receiver, in Lisbon, for apertures of 45º and 17.5º, in different months. 
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Figure 4.15: Solar rays collected on TSPP for October (left) and April (right), in Lisbon. [60] 

 

4.2.11. Comparison with a different reflector 

In order to know the potentialities of triangular reflector, it is also necessary to compare its performance 

with other types of reflectors. Therefore, a parabolic concentrator was simulated in SolTrace, where the receiver 

has the same dimensions and position but the area of the reflector is half of the area of triangular concentrator (one 

section of 25x50cm). We know that the receiver is not in the focal point, but it is intended to do a comparison with 

triangular reflector in the same conditions, and that includes the position of the receiver. Parabolic reflector is 

shown in Figure 4.16.  

 

Figure 4.16: Parabolic reflector used in SolTrace, with a tilt of 10º. [60] 

 

As can be seen in Figure 4.17, for June 21, in Lisbon, comparing with a triangular reflector whose aperture 

is equivalent to 45º, the power collected in the upper part of the receiver is equal in both cases, which is predictable 

because it does not depend on reflector. In relation to bottom part, parabolic reflector has better performances until 

a tilt around 13º, but after that angle, triangular reflector reaches higher powers.  
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Figure 4.17: Maximum power collected on upper and bottom parts of the receiver, for parabolic and triangular 

reflectors, in June 21. Area of parabolic reflector = 25x50 cm 

 

In December 21, Figure 4.18, the case is different: until a tilt of 60º, parabolic reflector reaches much 

greater values of power than triangular reflector.  

 

Figure 4.18: Maximum power collected on upper and bottom parts of the receiver, for parabolic and triangular 

reflectors, in December 21. Area of parabolic reflector = 25x50 cm 

 

Finally, in Figure 4.19, we can see a comparison for different months, using the best tilts of parabolic 

reflector (10º) and triangular reflector (40º). We conclude that the total power generated by triangular reflector is 

higher than parabolic reflector between March and September, when the area of aluminium in the first case is the 

double of the second.    
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Figure 4.19: Powers collected on the receiver, for triangular and parabolic reflectors, in different months. Area 

of parabolic reflector = 25x50 cm. 

 

Next, it is intended to do a comparison between these two concentrators, when they have the same area 

of aluminium. By observing Figure 4.20, we can see that the total power collected by triangular reflector is greater 

than parabolic during approximately 4 months of the year. This shows the potential of triangular reflector because, 

with great simplicity, it allows to obtain higher powers than the parabolic, for certain times of the year. 

 

 

Figure 4.20: Powers collected on the receiver, for triangular and parabolic reflectors, in different months. Area 

of parabolic reflector = 50x100 cm 

 

 

 

 

 

2 4 6 8 10 12
0

5

10

15

20

25

30
Power for different months

Month

P
o
w

e
r 

[w
]

 

 

2 4 6 8 10 12
0

5

10

15

20

25

30
Power for different months

Month

P
o
w

e
r 

[w
]

 

 

Parabolic - Upper

Parabolic - Bottom

Triangular - Upper

Triangular - Bottom

Parabolic - Total

Triangular - Total

2 4 6 8 10 12
0

5

10

15

20

25

30

35
Power for different months

Month

P
o
w

e
r 

[w
]

 

 

Parabolic - Upper

Parabolic - Bottom

Triangular - Upper

Triangular - Bottom

2 4 6 8 10 12
0

5

10

15

20

25

30

35
Power for different months

Month

P
o
w

e
r 

[w
]

 

 

Parabolic - Total

Triangular - Total



57 
 

5.Triangular Shape Photovoltaic Panel –     

Experimental Evaluation 
In this chapter, the potential of our proposal will be analyzed through experimental tests. We start by a 

computational model of solar cells based in “one diode and 5 parameters model” and its comparison with 

experimental results. Next, we study solar cells, individually and associated with other cells, for different 

conditions of irradiance and temperature, in the laboratory and outdoors. Then, shading is studied and bypass 

diodes are used to analyze if it is possible to mitigate the effects of this phenomenon. Next, we investigate the 

behavior of solar cells at the presence of a simple triangular reflector, where it is intended to understand the 

potential of this type of reflector. At the end, we test the triangular shape photovoltaic panel explained in chapter 

3 and make a comparison with results obtained with SolTrace.    

 

5.1. Behavior of solar cells in dark conditions 

In this first experiment, parameters of solar cells are determined using “one diode and 5 parameters 

model”, which are, as seen in subchapter 2.4.5.2: reverse saturation current (Is), series resistance (Rs), parallel 

resistance (Rp), ideality factor (n) and current generated by illumination (Ipv). It should be noted that parameters 

are determined according to a I-V characteristic in dark conditions, which is commonly used to analyze the electric 

characteristics of solar cells and determine the parameters without needing a light source.  Therefore, the current 

𝐼𝑃𝑉 is equal to zero. “3 parameters and 1 diode model” is not possible in dark conditions because the short circuit 

current is null and this is the reason why it was excluded. The software “2/3-Diode Fit” of Stephan Suckow [64] 

is used to determine the solar cells parameters, according to pairs of values of voltage and current, while the 

software PSPICE [65] is used to apply those parameters and verify if the obtained I-V characteristic is near to the 

reality.   

 

5.1.1. Experimental Activity 

In order to obtain the I-V characteristic of the solar cell under analysis, currents were measured for 

different voltages. Solar cell was covered with the aim of doing tests in dark conditions. The materials used are 

basically: 

▪ 1 Power Source: BK Precision Triple output DC Power Supply 1672; 

▪ 2 Multimeters (1 ammeter and 1 voltmeter):  Center 120 RS-232; 

▪ 1 Solar cell; 

▪ 1 Resistor of 27 ohm; 

 

A voltmeter was placed in parallel with the cell in order to measure the voltage at its terminals, whereas 

an ammeter was connected in series, to measure the current. In addition to these devices, we have a voltage source 

and a resistor also placed in series with the solar cell. The electronic schematic and the assembly can be seen in 

Figure 5.1. 
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Figure 5.1: Electronic schematic of the circuit (above) and experimental assembly of the experiment performed 

(below). 

  

 With the help of the power source, the voltage was increased gradually at the terminals of the solar cell, 

and the different values of current were measured. Several pairs of values of current and voltage were obtained, 

which formed the dark I-V characteristic. In the experiments, several cells were study and the dark I-V 

characteristics of two of them (in this case, cells 25 and 34) are shown in Figure 5.2.  
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Figure 5.2: IV Characteristics obtained experimentally for cells 25 and 34. 

 

 With this experiment, it was possible to verify that each cell has its own behavior, in other words, the I-

V characteristic differs from cell to cell, even if they have the same Datasheet. 

 

5.1.2. Determination of solar cell parameters with the program “2/3-Diode 

Fit” of Stephan Suckow 

The “2/3-Diode Fit” software, developed by Stephan Suckow [64], is a very useful tool to estimate the 

parameters of a solar cell. It is based on 1, 2 and 3 diode models of a photovoltaic cell. 

Summarizing the operation, first it is necessary to introduce the groups of values of measured voltages 

and currents, with which the program makes a graph. Then, it is necessary to consider the several functionalities 

and characteristics of the program and select the right choice, for example: dark or illuminated I-V curve, solar 

cell area, radiation and parameters to determine. Finally, the software performs a “fit” to estimate the parameters 

that best describe the operation of the solar cell. 

The parameters obtained for the two solar cells studied are shown in table 5.1.  

 

Table 5.1: Parameters obtained with the program "2/3 - Diode Fit", for cells 25 and 34. 

 Cell 25 Cell 34 

I01[A] 9,55E-10 3,78E-11 

Rs [Ohm] 0,051761 0,11681 

Rsh [Ohm] 288,7872 141,439 

n1 1,26724 1,06232 
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5.1.3. Determination of I-V characteristic using PSpice 

PSpice (Personal Computer Simulation Program with Integrated Circuit Emphasis) is a very useful tool 

in the simulation of electronic circuits. With this software, it is thus intended to obtain the I-V curve of solar cells. 

The electronic circuit used is shown in Figure 5.3. 

 

Figure 5.3: Circuit used in Pspice to study one solar cell, in this case, cell 25. 

 

 The circuit of the figure is similar to the equivalent circuit of a solar cell. It is possible to observe a voltage 

(Vcell) that is variable with the aim of observe the current for several values of voltage. 

 In relation to solar cell parameters, parallel resistance (Rsh) is represented directly in the circuit, while 

the others, like Is, Rs and n, are changed in diode model. These parameters are shown in Fig. 5.4. 

 

  

Figure 5.4: Diode model applied in the solar cell in study. 

  

 In order to obtain a better analysis of the method used to estimate the parameters, the experiment is made 

also with 2 solar cells in series. The electronic circuit can be seen in Figure 5.5. 

Parameters Value 

IS[A] 9,55E-10 

Rs [Ohm] 0,051761 

n 1,26724 

IKF 94,81 

XTI 3 

EG 1,12 

CJO 51,17E-12 

M 2762 

TT 4,761E-6 

VJ 3905 

FC 5 

ISR 100E-12 
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Figure 5.5: Circuit used in Pspice for the study of two solar cells in series. 

 

5.1.4. Comparison and results analysis 

After determining voltage and current values experimentally and with PSpice, a comparison and analysis 

was made in order to understand the real effectiveness of the model.  The experimental and PSpice values and the 

relative error between them, for one solar cell, are shown in Table 5.2.   

Table 5.2: Relative error between currents obtained experimentally and with Pspice for solar cell 25. 

Voltage 

[V] 

Experimental 

current [mA] 

Pspice 

current 

[mA] 

Relative 

error (%) 

0,400 1,568 1,546 1,38 

0,439 2,258 2,045 9,46 

0,498 5,822 4,983 14,40 

0,523 10,61 8,79 17,14 

0,546 19,81 15,89 19,74 

0,553 23,73 18,91 20,32 

0,561 29,69 23,71 20,17 

0,569 36,92 29,79 19,29 

0,577 46,43 37,12 20,10 

0,584 55,87 44,32 20,68 

0,590 65,55 52,26 20,28 

0,599 83,23 67,31 19,14 

0,603 91,68 75,19 17,98 

 

 The relative error, although not being perfect, is relatively small, having a maximum value of 20,68% 

and average value of 17,36%. In fact, by looking to Figure 5.6, it is possible to observe that the dark I-V 

characteristics are not so different. 

Next, experimental and PSpice values were obtained for two solar cells in series. By observing Table 5.3 

and Figure 5.7, we can see that the relative error has reduced comparatively to the case with one solar cell, having 

an average value of 8,96%.  
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Figure 5.6: Dark I-V characteristic of solar cell 25, obtained experimentally and with Pspice. 

 

Table 5.3: Relative error between currents obtained experimentally and with Pspice for two solar cells in series. 

Voltage [V] Experimental 

current [mA] 

 Pspice 

current 

[mA] 

Relative 

error [%] 

0,34 0,73 0,79 9,18 

0,61 1,74 1,50 13,79 

0,99 6,97 5,52 20,80 

1,07 14,16 12,59 11,11 

1,11 22,86 21,10 7,69 

1,15 37,86 35,91 5,17 

1,17 47,40 45,80 3,37 

1,19 57,10 55,29 3,15 

1,20 64,90 63,51 2,15 

1,21 72,90 72,21 0,95 

1,23 82,60 82,90 0,36 

1,24 92,70 94,49 1,94 

1,25 99,90 109,91 10,01 

1,27 110,90 125,89 13,52 

 

 

Figure 5.7: Dark I-V characteristic of 2 solar cells in series, obtained experimentally and with Pspice. 
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 After finishing this experiment, we can conclude that the method used leads to reasonable results. The 

parameters obtained are between typical values, where, for example, the ideality factor n has a value between 1 

and 2; the reverse saturation current has a wide range (in the order of 10-14 until 10-6); series resistance has typical 

values in the order of mΩ and shunt resistance of hundreds of Ohms, as shown in Table 5.1. 

However, there are some limitations related to measurement of dark I-V characteristic. We know that, in 

dark conditions, the current flows in an opposite direction and the paths are different in relation to the cases in 

which solar cells are exposed to illumination. This change in the current path causes a lower series resistance in 

dark condition measurements. Furthermore, if we want to represent a I-V curve under illumination, we have some 

obstacles, namely, in representing irradiance on PSpice, that must be made by using a current source. Therefore, 

PSpice is not so convenient to represent solar cells and “3 parameters and 1 diode model” [8], with Matlab, is used 

in some of the following experiments, because this model is simpler and suitable to represent illuminated I-V 

curves. 

 

5.2. Behavior of solar cells for different conditions of irradiance, 

temperature and shading 

The objective of this experiment consists of determine the I-V and P-V characteristics and the parameters 

of solar cells, individually, with two and four cells in series, as well as to observe and analyze its behavior for 

different irradiances, temperatures and shading conditions. For that purpose, current and voltage were measured, 

in the laboratory and outdoors.  

5.2.1. List of materials and characteristics 

To perform this experiment, the devices used were the following: 

▪ 3 multimeters (1 ammeter and 2 voltmeters):  Center 120 RS-232; 

▪ 2 modules for the study of solar cells; 

▪ Temperature sensors: Center 306 Data Logger Thermometer; 

▪ Solar irradiance meter: RS Pro ISM 400; 

▪ 1 incandescent lamp of 60 W; 

▪ 2 variable resistors - rheostats; 

 

    

Figure 5.8: Temperature sensor (left) and solar irradiance meter (right) used in experimental activity. 
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The module used for the study of solar cells is constituted by two of these components and 1 bypass diode 

to protect them. It has terminals in both cells and on the diode so that can be possible to study cells individually, 

in series and for situations with and without bypass diode. This module is shown in the left image of Figure 5.9, 

whereas the corresponding electronic schematic can be seen in the right. Note that in the image of the left, the 

terminals of bypass diode are not in the same position than in the electronic schematic. Therefore, attention must 

be taken in the connection of the cables. 

 

 

      

Figure 5.9: Two solar cells module used in experimental activity (left) and corresponding electronic schematic 

(right).  

 

5.2.2. Methodology  

The method used to determine the I-V characteristic of solar cells was the one with a variable resistor, 

Table 2.1, because it is a simple and economic way to obtain the desired results. The resistance was varied in steps 

from small to high values (theoretically, it should change from zero to infinity) measuring the corresponding values 

of current and voltage to determine the curve from short circuit current to open circuit voltage. This method can 

only be used for low-power modules since high power resistor are impractical [21].  

 

5.2.2.1. Laboratory 

 The experimental activity in laboratory consisted of using a lamp as light source, which should focus on 

the cells. The distance of the lamp in relation to the cells was successively changed, which corresponds to different 

irradiances and temperatures. In order to determine the irradiance for different distances, two methods were used: 

 

1. Solar irradiance meter – Figure 5.8 (right). 
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2. Spherical distribution assumption: it is assumed that the quantity of energy emitted, per second, by 

the lamp of 60W, is distributed in a uniform way around the lamp, in a disposition equal to a spherical 

surface. Therefore, irradiance or radiation intensity is equal to: 

 
𝐺 =  

𝑃𝑜𝑤𝑒𝑟

𝐴𝑟𝑒𝑎
=  

𝑃

𝜋 𝑟2
=  

60

𝜋 𝑟2
 

(5.1) 

Where r is the distance between solar cell and the lamp. 

Solar cells are connected in series with two variable resistances (rheostats) and an ammeter. There are 

also two voltmeters in parallel with solar cells. An image of the experiment can be seen in Fig.5.10. 

 

 

Figure 5.10: Experimental setup used for experimental tests (left) and corresponding electronic schematic 

(right). 

 

5.2.2.2. Outdoors 

The outdoor activity consisted of make some measurements of voltage and current, for different hours of 

the day, which corresponds to different irradiances and temperatures. Here, irradiances were obtained using solar 

irradiance meter. The experimental setup was equal to laboratory tests, Fig.5.10. 

  

 According to these conditions, the following cases were studied in this experiment: 

1. Just one cell connected; 

2. Two cells connected in series; 

3. Two cells connected in series - Effects of shading; 

4. Four cells connected in series - Effects of shading and bypass diodes. 
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5.2.3. Results 

5.2.3.1. Results for 1 cell 

  

The I-V and P-V characteristics of one solar cell, for different conditions of irradiance and temperature, 

were determined as shown in Figure 5.11 and Figure 5.12, respectively. Three tests were made in laboratory (49, 

72 and 128 W/m2 and 28, 29 and 31 ºC). It is possible to observe the typical I-V and P-V characteristics of a solar 

cell with illumination and an increase of current and power with irradiance, which agrees with the theoretically 

expected in Figure 2.13. 

 

Figure 5.11: I-V characteristic of solar cell 25, for five different irradiances and temperatures. 

 

 

Figure 5.12: P-V characteristic of solar cell 25, for five different irradiances and temperatures. 

 

In order to compare experimental results with analytical methods and estimate solar cell parameters for 

other irradiances without needing to do new experiments, it was used “3 parameters and 1 diode model”. Therefore, 
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the different parameters of solar cell were calculated, both using experimental results, as seen in Table 5.4, and 

with “3 parameters and 1 diode model”, as shown in Table 5.5. 

 The electrical efficiencies obtained for cell 25 are close to the expected. For standard test conditions and 

using (2.5), the efficiency is 5,72%, and the values obtained in experiments are less than 1% (irradiance obtained 

with the first method) and below 3,5% (for an irradiance equal to 128 W/m2, measured with solar irradiance meter). 

However, these values are far from the electrical efficiency expected of a monocrystalline cell: around 15%, which 

is due to the dispersion of radiation in the experiments performed.  

The second method used to obtain irradiance (spherical distribution assumption) resulted in very small 

efficiencies. Therefore, in the remainder of this report, the values of irradiance considered are the ones determined 

with solar irradiance meter, which leads to more accurate results. 

Table 5.4: Parameters obtained experimentally for solar cell 25, for different irradiances and temperatures.  

G1 [W/m2] 49 72 128 

G2 [W/m2] 175 332 477 

𝜽𝒄𝒆𝒍𝒍 [ºC] 28 29 31 

ISC [mA] 12,5 22,3 40,6 

VOC [mV] 504 519 526 

Imp [mA] 10,2 18,9 35,7 

Vmp [mV] 410 428 439 

Pmp [mW] 4,2 8,1 15,7 

FF [%] 66,4 70,4 72,1 

𝜼𝟏 [%] 2,4 3,2 3,5 

𝜼𝟐 [%] 0,7 0,7 0,9 

 

Table 5.5: Parameters obtained for solar cell 25, for different irradiances and temperatures and with “3 

parameters and 1 diode model”.  

G1 [W/m2] 49 72 128 406 987 

𝜽𝒄𝒆𝒍𝒍 [ºC] 28 29 31 40 45 

m 1,36 1,36 1,36 1,36 1,36 

IS [nA] 28,8 32,3 40,56 109,2 185,0 

ISC [mA] 21,2 31,2 55,4 175,8 427,4 

VOC [mV] 478,8 488,0 502,9 525 547 

Imp [mA] 19,5 28,6 51,0 162 394,7 

Vmp [mV] 390,5 399,2 412,6 431,3 450,7 

Pmp [mW] 7,6 11,4 21,0 69,87 177,9 

FF [%] 74,9 75,1 75,5 75,7 76,2 

𝜼𝟏 [%] 4,4 4,5 4,7 4,9 5,2 
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Comparing the values obtained experimentally with “3 parameters and 1 diode model”, we can see that 

parameters Isc, Imp, Pmp, FF and 𝜂 are lower in the first case, and voltages Vmp and Voc are higher. The difference 

between two cases is not significative. For example, for 128 W/m2, Voc obtained was 526 mV in experimental tests 

and 502,9 mV with “3 parameters and 1 diode model”, which corresponds to a relative error of 4,4%; in relation 

to efficiency, in the first case was 3,5 % and in the second case 4,7 %, having a relative error of 25,5%. The 

differences can be a consequence of meteorological conditions and measurements of irradiance and temperature 

in the experimental activity, which are impossible to determine precisely, whereas “3 parameters and 1 diode 

model” is an ideal case. However, this method can be applied to have a general idea of the parameters. 

In conclusion, for higher values of irradiance, all the parameters are also higher. The parameters FF and 

𝜂 had a small increase.  

 

 

5.2.3.2. Results for 2 cells connected in series 

The I-V and P-V characteristics for two solar cells connected in series and in function of irradiance and 

temperature were obtained and can be seen, respectively, in Figure 5.13 and Figure 5.14. Three tests were made at 

laboratory (49, 72 and 128 W/m2; 28, 29 and 32 ºC) and two tests outdoors (406 and 987 W/m2; 40 and 45ºC)  

 

 

Figure 5.13: I-V characteristic for 2 cells in series and for five different irradiances and temperatures. The 

image in right is a zoom of the left one. 
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Figure 5.14: P-V characteristic for 2 cells in series and for five different irradiances and temperatures. The 

image in right is a zoom of the left one. 

 

The parameters of solar cells are shown in Table 5.6. Comparing the values of parameters obtained with 

the case of only 1 solar cell, we can realize that currents Imp and Isc almost maintained its value, whereas voltages 

Vmp and Voc have duplicated. This is justified by series configuration, in which final voltage is equal to the sum of 

voltages of each cell, and current is almost equal to the smallest current. Therefore, the values of efficiency and 

fill factor are practically the same for 1 and 2 cells in series and Pmp is almost the double. Relatively to the variation 

of open circuit voltage (Voc), efficiency and fill factor, for two cells, the normal tendency is to increase with 

irradiance, however, that does not happen from 406 W/m2 until 987 W/m2. An explanation for the succeed can be 

the influence of temperature, whose increase causes a reduction of open circuit voltage, as seen in Figure 2.12. 

 

Table 5.6: Parameters obtained for two solar cells, for different irradiances and temperatures. 

G [W/m2] 49 72 128 406 987 

𝜽𝒄𝒆𝒍𝒍 [ºC] 28 29 32 40 45 

ISC [mA] 11,6 22,9 39,6 177,0 401,1 

VOC [mV] 986 1031 1047 1101 1075 

Imp [mA] 8,3 18,5 31,3 159,1 350,2 

Vmp [mV] 705 805 890 914,9 916,1 

Pmp [mW] 5,8 

 

14,9 27,9 145,6 330,2 

FF [%] 51,1 63,1 67,2 74,7 74,4 

𝜼 [%] 1,7 3,0 3,1 5,1 4,7 
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5.2.3.3. Results for 2 cells connected in series – Effects of shading 

In the present subchapter, it is intended to see the effects of shading for 2 solar cells connected in series. 

In order to see these effects, I-V and P-V characteristics were determined for 0, 25 and 50% shading. Figure 5.15 

exemplifies these situations: in the case of 25% shading, half of a cell is shaded, while for 50% shading an entire 

cell is submitted to shading conditions.  

            

Figure 5.15: 2 solar cells with 25% shading (left) and 50% shading (right). 

 

In Figure 5.16, we can see I-V and P-V characteristics for the three different situations. As expected, with 

the increase of shading, the shape of the curves becomes increasingly different, apart from the reduction of the 

values of current, voltage and power. Theoretically, there is a variation of the values of series (RS) and shunt (RSH) 

resistances, which correspond, respectively, to ohmic and leakage currents losses, according to C.F.Fernandes et 

al [67]. It is convenient that RS be the smallest possible and RSH the highest. When there is no shading, RS has a 

small value and RSH has a high value. For 25% shading, these resistances have moderate values. Finally, for 50% 

shading, RS is high and RSH is small, which shows that ohmic and leakage currents losses are elevated and prove 

the negative effects of shading.    

 

Figure 5.16: I-V and P-V Characteristics for 2 cells in series, with irradiance of 49 W/m2.  
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In fact, as seen in Table 5.7, we can observe a reduction of the values of all parameters, including FF that 

is used to show how close a I-V characteristic is of a square shape and efficiency. That reduction is higher from 

25% shading to 50% shading than from the case without shading to 25% shading. In the following subchapter, we 

can see a mitigation of that reduction.  

 

Table 5.7: Parameters determined for 3 cases: 1 – Without shading; 2 - 25% shading; 3 – 50% shading. 

 1 2 3 

G [W/m2] 49 49 49 

𝜽𝒄𝒆𝒍𝒍 [ºC] 28 27,9 28,6 

ISC [mA] 11,56 10,75 5,5 

VOC [mV] 986 962 612 

Imp [mA] 8,26 5,87 2,6 

Vmp [mV] 705 627 320 

Pmp [mW] 5,82 3,68 0,83 

FF [%] 51,09 35,59 24,72 

𝜼 [%] 1,70 1,08 0,24 

 

 

5.2.3.4. Results for 4 cells connected in series - Effects of shading and bypass diode 

In order to mitigate the reduction of power in solar cells with shading conditions, it was tested the 

operation of bypass diodes. For that purpose, 4 solar cells were disposed in series and two groups of two cells were 

made, where each group was connected to one bypass diode. Applying shading in solar cells, it is therefore possible 

to verify the effects of bypass diodes, namely if they would improve or not the performance of a group of cells for 

the mentioned conditions. By performance we say the current and power generated for different values of voltages 

and the values of the parameters, like efficiency.   

 In first experiment, tests were performed always for the same distance to the lamp, in other words, for the 

same irradiance (46 W/m2). In Figure 5.17 and Figure 5.18, we can see I-V and P-V characteristics for 4 solar cells 

without shading, with 25% shading and with and without bypass diodes. This percentage of shading consists of 

one solar cell entirelly shaded.  
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Figure 5.17: I-V Characteristic of 4 solar cells in series, for 25% shading and with and without bypass. The 

irradiance was 46 W/m2. 

 

 

Figure 5.18: P-V Characteristic of 4 solar cells in series, for shading conditions and with and without bypass 

diodes. The irradiance was 46 W/m2. The image in right is a zoom of the left one. 

 

 As can be observed in the previous figures, for small values of voltage (until 400 mV approximately), the 

values of current are bigger in the case with bypass diode. For higher values, the two cases are practically the 

same. It is possible to see one step in I-V characteristic, as expected by the case with partial shading and bypass 

diodes connected, as seen in Figure 2.23.  

Next, I-V and P-V characteristic and parameters of the cells are determined for 0%, 25%, 50% and 75% 

of shading, with and without bypass. By observing Figure 5.19, solar cells can reach much higher values of current 

for the case without shading. According to Table 5.8, maximum power is 400,76 mW without shading and 29,38 

mW with 25% shading, which is a significant difference. In relation to efficiency, the value is 3,3 % in the first 

case and 0,3 % in the second.  
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Figure 5.19: I-V Characteristic of 4 solar cells in series, for different shading conditions and with and without 

bypass diodes. 

´ 

Table 5.8: Parameters obtained for four solar cells in series, with and without bypass diode, for 0, 25, 50 and 

75% shading. In blue background, the parameters were determined with “3 parameters and 1 diode model”. 

  Without 

Shading 

25% 

Shading 

with Bypass 

25% 

Shading 

without 

Bypass 

50% 

Shading 

with 

Bypass 

50% 

Shading 

without 

Bypass 

75% 

Shading 

with 

Bypass 

75% 

Shading 

without 

Bypass 

G[W/m2] 879,5 850 850 700 700 580 580 

𝜽𝒄𝒆𝒍𝒍[ºC] 56 54 53 49 47 47 43 

ISC [mA] 380,8 54 23 48 21 12,35 12,35 

VOC[mV] 2156 2129 2084 2077 2085 2077 1995 

Imp [mA] 233 19,4 19,2 16,87 10,94 7,29 7,41 

Vmp[mV] 1720 1526 1530 1731 1983 1602 1472 

Pmp[mW] 400,76 29,60 29,38 29,20 21,69 11,68 10,91 

FF [%] 48,81 25,75 61,29 29,29 50 45,49 44,27 

𝜼 [%] 3,3 0,3 0,3 0,3 0,2 0,1 0,1 

   

In Figure 5.20, we can realize that bypass diodes enable to obtain higher currents and powers, mainly for 

small values of voltage (until 500 mV in this case), which validates what was previously observed. Efficiency 

seems to not be affected by bypass diodes, as seen in Table 5.8. We must to refer that, with the increase of 

irradiance, it becomes more difficult to determine short circuit current, maximum power current and maximum 

power voltage. Therefore, for greater values, it is necessary to use several rheostats in parallel to support higher 

values of current. However, we know the behavior of the I-V and P-V curves, where, for small voltages, short 

circuit current will stabilize for values near 50 mA and power will decrease to 0 mW (because the voltage decreases 

to 0V), giving rise to two peaks of power, as theoretically expected.  
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Figure 5.20: I-V (left) and P-V (right) characteristics of 4 solar cells in series, for different shading conditions 

and with and without bypass diodes. I-V and P-V characteristics are a zoom of previous figure. 

 

 

5.3. Behavior of solar cells at the presence of a triangular 

reflector: first prototype 

The objective of this experimental activity consists of study the I-V and P-V characteristics, as well as 

the different parameters that characterize solar cells, like efficiency, at the presence of a triangular reflector. For 

that matter, different tests were taken, in laboratory and outdoors, with different conditions of irradiance and 

temperature. For the same conditions of these last variables, the results for solar cells in the upper part of the 

receiver are compared with results for solar cells at the presence of a reflector. 

 

5.3.1. Laboratory experiment 

5.3.1.1. Methodology 

At the current experimental activity, it is used a lamp as light source whose distance to solar cells is 

changed in both vertical and horizontal. Experimental setup is equal to previous experiments, as seen in Figure 

5.10. 

This experimental activity involves two phases. The first one is to compare I-V and P-V characteristics 

for situations with and without triangular reflector in order to conclude if it is beneficial. The second phase consists 

of observe triangular reflector effects for different positions of light source. 
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Figure 5.22: 2nd situation of test of triangular reflector. Image of left: without reflector; Image of right: 

with reflector. 

5.3.1.2. Comparison of cases with and without triangular reflector 

This experiment intends to test a fundamental element of this Master Thesis: triangular reflector. For that 

purpose, in first place it is built a reflector in paperboard covered with aluminium paper, which can be seen in 

Figure 5.21. 

  

Figure 5.21: Triangular reflector used in experiments. 

 

The reflector test in laboratory consists of set the irradiance and make some measurements for different 

disposals of the cells, with and without reflector, for comparative effects. In this first situation, a lamp, solar cells 

and reflector are arranged as shown in Fig.5.22.  

 

 

 

 

 

 

 

             The I-V and P-V characteristics for two solar cells, with and without reflector, can be seen in Figure 5.23. 

We can observe that there is a relevant difference between the curves, reaching higher values in the case with 

reflector, even with roughness, which means that a big quantity of rays is reflected to the cells. Observing Table 

5.9, we realize that all parameters increase from the case without triangular reflector to the case with reflector. For 

example, short-circuit current is higher in this last case, having a value around 41,0 mA, in contrast with the case 

without reflector, which equals 21,3 mA. Moreover, from the case without reflector to the case with reflector, the 

efficiency of the panel increases from 1,9 to 5,4 %, which is a very significant value. 
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Figure 5.23: I-V Characteristic for two solar cells with and without reflector. 

Table 5.9: Parameters obtained for two solar cells, with and without reflector. 

 Without reflector With reflector 

G [W/m2] 70 70 

ISC [mA] 21,3  41,0 

VOC [mV] 1012 1054 

Imp [mA] 11,5 31,7 

Vmp [mV] 795 838 

Pmp [mW] 9,1 26,5 

FF [%] 42,3 61,4 

𝜼 [%] 1,9 5,4 

 

5.3.1.3. Triangular reflector test, for different altitude angles of the light source 

At this stage, triangular reflector is tested with aluminium paper in a less rough state. Four experiments 

are performed, with different conditions concerning temperature of the cells, irradiance, shading and distances 

from lamp to the panel, as posted in Table 5.10. The average temperature is 23ºC and the average irradiance is 35 

W/m2. 

In Figure 5.24, we can observe that the biggest values of current and consequently of power are reached 

in the second experiment, which is the case where the light source is closer to the reflector and solar cells. Solar 

cell parameters have also higher values in this situation, reaching an efficiency of 2,1 %, as seen in Table 5.11. 

Furthermore, it is also shown the effect of shading and bypass diode in the experiments third and fourth. In fact, 

by observing the I-V characteristic in Figure 5.25, it is possible to observe a step derived from bypass diodes, as 

theoretically expected by Figure 2.23. It is also interesting to note that the activation of bypass diodes results in 

multiple possible maximum power points, as shown by P-V characteristic in Figure 5.25, where it is possible to 

observe two peaks of power: a global maximum, where the solar cells operate at a higher current and lower voltage, 

and a local maximum, where the cells operate at a lower current and higher voltage.  
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Table 5.10: Conditions of 4 laboratory experiments performed to test a simple triangular reflector. 

 Average 

temperature [ºC] 

Distance from 

lamp to the panel 

– horizontal [cm] 

Distance from 

lamp to the 

panel – 

vertical [cm] 

G 

[W/m2] 

Shading 

First experiment 21,9 6 35 24 No 

Second experiment 24,4 6 30 48 No 

Third experiment 23,3 10 38 28 No 

Fourth experiment 22,7 10 38 28 Yes-50% 

 

 

Figure 5.24: I-V and P-V Characteristics for the 4 experiments performed. 

 

Figure 5.25: I-V and P-V curves for Fourth Experiment, which evidences the effectiveness of bypass diodes. 
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Table 5.11: Parameters obtained for four solar cells, for 4 different experiments. 

 1st Experiment 2nd Experiment 3rd Experiment 4th Experiment  

G [W/m2] 24 48 28 28 

𝜽𝒄𝒆𝒍𝒍[ºC] 21,9 24,4 23,3 22,7 

ISC [mA] 5,0 12 6,9 5,2 

VOC [mV] 1846 2017 1906 1452 

Imp [mA] 3,5 8,9 4,7 3,3 

Vmp [mV] 1423 1586 1471 250 

Pmp [mW] 5,0 14,2 7,0 0,8 

FF [%] 53,5 58,7 53,0 10,9 

𝜼  [%] 1,5 2,1 1,8 0,2 

  

5.3.2. Experiment performed outdoors  

The outdoor test of the triangular reflector consists of doing four experiments for different conditions 

concerning temperature of the cells, irradiance, cloudiness and with and without reflector, as posted in Table 5.12. 

In this case, the use of triangular reflector consists of using it under four solar cells, which are face down, similar 

to the reflector in Figure 3.. In relation to the test without reflector, it is made simply with solar cells modules 

shown in Figure 5.9. Basically, first and second experiments aim to compare the results for the cases with and 

without triangular reflector, for clean sky, whereas third and fourth experiments intends to understand triangular 

reflector effects for cloudy conditions.  

Table 5.12: Conditions of 4 outdoor experiments performed to test a simple triangular reflector. 

 Average 

temperature [ºC] 

G [W/m2] Triangular 

reflector 

Cloudy 

First experiment 28,9 550 Yes No 

Second experiment 38,2 550 No No 

Third experiment 23,3 200 Yes Yes 

Forth experiment 22,2 149 No Yes 

 

We can see in Figure 5.26 that the cases without reflector (second and fourth experiments) have higher 

values of current than the cases with reflector. Furthermore, according to Table 5.13, solar cell parameters have 

much higher values in these cases. For example, for an irradiance of 550 W/m2, Pmp is equal to 251,33 mW in the 

case with direct radiation (second experiment) and 37,25 mW in the case with reflector (first experiment). 

Moreover, in this last case, highest efficiency was 0,48%, and without reflector the highest efficiency was 3,27%. 

This difference happens since, without reflector, solar cells are face upward and receive direct radiation from the 

sun, which does not happen with reflector, where solar cells are face down. The ratio of efficiencies between 

second and first experiment is 6,81 and between fourth and third is 3,88. Therefore, the intention is to reduce this 

ratio.  
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Figure 5.26: I-V (left) and P-V (right) characteristics for the 4 experiments performed. The 2 images below are a 

zoom of the images above. 

 

Table 5.13: Parameters obtained in the 4 experiments, with 4 cells in series. 

 1st Experiment 2nd Experiment 3rd Experiment 4th Experiment 

G [W/m2] 550 550 200 149 

𝜽𝒄𝒆𝒍𝒍[ºC] 28,9 38,2 23,3 22,2 

ISC [mA] 25,43 - 7,896 19,63 

VOC [mV] 2101 2248 2075 2122 

Imp [mA] 20,8 154 5,99 15,82 

Vmp [mV] 1791 1632 1599 1737 

Pmp [mW] 37,25 251,33 9,578 27,48 

FF [%] 69,72 49,91 58,46 65,97 

𝜼 [%] 0,48 3,27 0,34 1,32 
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5.4. Testing triangular shape photovoltaic panel 

The objective of this experimental activity consists of study the TSPP proposed in chapter 3, determining 

the different parameters which characterize solar cells, like efficiency and maximum power, Pmp. It is intended to 

analyze the behavior of TSPP with tilt of 30º and aperture of 45º, throughout the day and for a reflector made of 

aluminium. I-V and P-V characteristics and the power produced by the cells were measured throughout the day 

26th July, for both upper and bottom parts of the panel, and the results are compared with SolTrace. 

 Beginning with materials used in experiments, they are the following: 

▪ 2 multimeters (1 ammeter and 1 voltmeter):  Center 120 RS-232; 

▪ Temperature sensors: Center 306 Data Logger Thermometer; 

▪ Solar irradiance meter: RS Pro ISM 400; 

▪ 2 variable resistors - rheostats; 

▪ TSPP. 

Concerning experimental setup, it is equal to previous experiments, but in this case triangular shape 

photovoltaic panel is connected in series with one variable resistor and an ammeter, and a voltmeter is placed in 

parallel with the solar cells, as shown in Figure 5.27. 

 

Figure 5.27: Experimental setup used to determine the power collected in TSPP. 

 

5.4.1. Determination of solar cell parameters 

Twelve measurements were made in this experiment. The hour of the day, part of the receiver measured, 

as well as the conditions of irradiance and temperature of the cells are stated in Table 5.14. 
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Table 5.14: Conditions of the 12 measurements made to test TSPP. 

 Hour Part of the receiver Irradiance [W/m2] Temperature  

of the cells [ºC] 

1st Measurement 11h10 Bottom 932 43,4 

2nd Measurement 11h05 Upper 858 35,8 

3rd Measurement 12h10 Bottom 980 39,5 

4th Measurement 12h05 Upper 980 39 

5th Measurement 13h40 Bottom 940 56 

6th Measurement 13h35 Upper 940 43,8 

7th Measurement 15h25 Bottom 907 48 

8th Measurement 15h30 Upper 907 55 

9th Measurement 16h10 Bottom 850 52,2 

10thMeasurement 16h05 Upper 850 49,5 

11thMeasurement 17h10 Bottom 738 46,8 

12th Measurement 17h05 Upper 738 46,8 

 

The I-V and P-V characteristics were obtained throughout the day and some of these are shown in Figure 

5.28. Solar cell parameters, like Pmp and 𝜂, could also be determined, as seen in Table 5.15. It is possible to see 

differences between upper and bottom parts of the receiver. We had, for example, an efficiency of 4,02% in the 

upper part and 1,64% in the bottom part, for an irradiance of 850 W/m2. This corresponds to a ratio of 2,45 between 

upper and bottom parts, which is a lower value comparing with the reflector made of aluminium paper (3,88 in the 

lower case). In relation to maximum powers, the highest value obtained in the upper part of the panel was 633,8 

mW, for an irradiance of 940 W/m2 and temperature of 56ºC, whereas in the bottom part the highest value achieved 

was 358,3 mW, for an irradiance of 980 W/m2 and temperature of the cells of 39ºC. The average maximum power 

throughout the day is 491,4 mW in the upper part and 243,7 mW in the bottom, and the efficiencies are respectively 

equal to 3,96 and 1,92 %. 

 

 

Figure 5.28: I-V and P-V characteristics throughout the day 26th July, for tilt equal to 30º and aperture of 45º. 
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Table 5.15: Parameters obtained for the 12 measurements made to test TSPP.  

 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 12th 

G[W/m2] 932 858 980 980 940 940 907 907 850 850 738 738 

𝜽𝒄𝒆𝒍𝒍[ºC] 35,8 43,4 39 39,5 43,8 56 55 48 49,5 52,2 46,8 46,8 

VOC[mV] 2166 2231 2159 2203 2107 2174 2151 2165 2107 2176 2129 2196 

Imp [mA] 81,9 205 186,6 309,7 276,4 393,4 134,6 364,3 101,3 250,5 79,5 157 

Vmp[mV] 1939 2070 1920 1800 1293 1611 1962 1478 1926 1907 1615 2017 

Pmp[mW] 158,8 424,4 358,3 557,4 357,4 633,8 264,1 538,4 195,1 477,7 128,4 316,7 

𝜼  [%] 1,22 3,54 2,61 4,07 2,72 4,82 2,08 4,25 1,64 4,02 1,24 3,07 

 

5.4.2. Comparison between experimental and SolTrace results 

Next, it was intended to do a comparison between experimental results and SolTrace. Therefore, 

maximum power for each hour was compared with the power collected obtained with SolTrace, in same conditions 

(tilt = 30º; aperture = 45º; 26th July; day 207; Lisbon: longitude = -9.13º and latitude = 38.72º). The area considered 

for the receiver to make experimental and SolTrace tests was the same and is equal to 139,84 cm2, that corresponds 

to the area of 4 solar cells connected in series. The results are shown in Figure 5.29 and Figure 5.30. 

 

Figure 5.29: Maximum Power generated in TSPP, throughout the day, by Experimental tests. 

 

Figure 5.30: Power collected in TSPP, throughout the day, by SolTrace tests. 
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We can observe that power obtained with SolTrace has a different range of values than experimental tests. 

This is because powers are not the same: first one corresponds to the power collected in the receiver and the second 

to the electric power generated by solar cells. In order to make a better comparison between these two powers, 

they were normalised to the highest value and experimental power is divided by efficiency, as seen in Figure 5.31. 

 

 

Figure 5.31: Normalised experimental and SolTrace powers in TSPP. 

 

It is possible to note that, in almost all cases, the expected SolTrace powers (symbolized by circles) are 

inside the experimental region (region between broken lines). The power curves have a maximum around 13h30 

in both situations. The higher difference in the values is in 11h and 17h, which happens mainly due to the ideal 

case of SolTrace, by contrast with experimental tests. Furthermore, in SolTrace, weather conditions are not 

considered.  

These results give credibility to the methodology used in SolTrace and experimental tests.  
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6. Conclusion 
In this chapter, we start by announce the main conclusions of this Master Thesis: if there is or not an 

agreement between theoretical and experimental results, the problems faced and what was discovered about solar 

cells behavior and the potential of a triangular shape reflector.  

Moreover, we make some suggestions about what can be done to continue the study of a photovoltaic 

panel with triangular shape geometry. 

  

6.1. Critical Resume 

Solar cells were studied, step by step, until obtain the triangular shape photovoltaic panel. Therefore, 

overall conclusions were achieved not only about the main proposal but also before its construction. 

First, the method used to obtain I-V and P-V characteristics consisted of using a variable resistor, which 

is simple, economic and reliable. For small irradiances, this method worked very well and it was possible to 

determine the characteristics like expected theoretically. For greater values, it is necessary to use several rheostats 

in parallel to support higher values of current. 

Second, solar cells parameters changed as expected theoretically. Short circuit current and maximum 

power increase with irradiance. In relation to open circuit voltage (VOC), FF and 𝜂, the normal tendency is to 

increase with this factor, but it does not happen from 406 W/m2 until 987 W/m2, mainly due to the temperature of 

solar cell. For 2 and 4 solar cells in series, it was possible to conclude that Imp and ISC do not increase with the 

number of cells, in contrast with Vmp and VOC that correspond approximately to the number of cells times the 

voltage of each one. Electrical efficiency practically did not change with the number of cells. In fact, electrical 

efficiencies obtained for 1, 2 and 4 cells in series are close to the expected: between 1,86 and 5,20 %. However, 

these values are far from the electrical efficiency of a monocrystalline silicon cell: around 15%.  

Third, it was observed the shading effects on solar cells. For example, for two solar cells in series, there 

was a reduction of current and voltage for an increase of shading from 0% to 25% and 50%. When there is no 

shading, RS has a small value and RSH a high value. For 25% shading, these resistances have moderate values. 

Finally, for 50% shading, RS is high and RSH is small, which shows that ohmic and leakage currents losses are 

elevated and prove the negative effects of shading. 

Fourth, we could observe the advantages of bypass diodes in case of shading. When solar cells are not 

shaded, bypass diode is off, but when some cells have shading, the voltage across the diode is positive, this device 

is “on” and the current can run through. We conclude that these devices go into operation for voltages of solar 

cells around 400 mV, which results in higher currents in the case with bypass diode and two peaks of power in P-

V characteristic, as expected theoretically. For values of shading of 75%, these devices practically do not have 

influence in the power produced because the shaded area is too high. 

Fifth, it was analysed the triangular reflector for two different materials: aluminium and aluminium paper. 

We could observe better results in triangular reflector with aluminium, where the efficiency ratio between upper 
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and bottom powers of the receiver is 2,45 against 3,88 (in the best case) of the reflector made of aluminium paper. 

This is an evidence of the difference of reflectivities between these two materials (around 80 % in aluminium paper 

and approximately 91% in aluminium). To improve reflectivity and consequently the power collected in the bottom 

part of the receiver, it could be used another material with better reflectivity like tinplate. However, aluminium 

was chosen because it has high reflectivity, reduced cost, acceptable durability, is lightweight and easily cleaned.  

 Sixth, we could conclude that some factors affect the efficiency and consequently the power generated 

by solar cells: solar altitude angle, tilt and aperture of the reflector. Therefore, it was constructed the main proposal 

of this thesis: triangular shape photovoltaic panel (TSPP). With this panel, it was possible to change freely the tilt 

and aperture and study the power produced for different values of these two factors.  

Seventh, some conclusions about a triangular shape geometry were made using SolTrace. The results show 

that power collected by TSPP depends largely upon solar angle altitude and tilt. In Lisbon, for an aperture of 45º, 

solar angle altitude is high at June (approximately 74º) and therefore the number of rays collected is high for a tilt 

of 40º. On the other hand, at December, the solar angle altitude is small (around 27º), which implies that the 

optimal tilt is 90º. These two cases have something in common: the optimal tilt is achieved subtracting 

approximately 115º by solar angle altitude. In addition, although the number of rays collected in the bottom part 

be smaller at June in relation to December, the power collected is higher for the first case, which is due to another 

factor: irradiance. 

Relatively to the power collected during the year, it is higher in Lisbon in relation to Gavle, this considering 

an aperture of 45º and the tilt for maximum power in summer solstice, which is 40º in Lisbon and 50º in Gavle. 

However, in Lisbon, energy collected during the year is greater for 50º. Next, in respect of latitude, we can 

conclude that triangular shape photovoltaic panel reaches its maximum value for a tilt equal to the value of latitude, 

in the summer solstice, while in the winter solstice, to obtain the optimal tilt we must add 50º to the value of 

latitude; for near values, power collected in the bottom part of the receiver is higher than the upper power.  

Moreover, comparing triangular reflector with a parabolic reflector, in Lisbon, it is possible to conclude that the 

first one reaches higher values of power than the second one for certain months of the year. This shows the potential 

of triangular reflector because, with great simplicity, it allows to obtain higher powers than the parabolic, for 

certain times of the year. 

Finally, experimental tests validate some of SolTrace results. Upper powers for different hours of the day 

have similar curves. Bottom powers are different, which happens mainly due to the ideal case of SolTrace, by 

contrast with experimental tests. In fact, at SolTrace, weather conditions are not considered. Furthermore, a slight 

shading and a non-uniform distribution of solar radiation originated by reflector may have occurred, 

experimentally, on the bottom part of the receiver, which causes a reduction of power generated. To finish, ratios 

between experimental and SolTrace powers have shown an agreement with electrical efficiencies. This agreement 

makes sense because efficiency is equal to the electric power generated by solar cells (experimental power) divided 

by the power collected in the receiver (SolTrace power). 

 

 

http://www.linguee.pt/ingles-portugues/traducao/approximately.html
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6.2. Future work 

In the future, it would be interesting to study triangular shape photovoltaic panel with respect to the 

following topics: 

▪ Analyze other materials to reflect and collect solar energy, like tinplate and silver, in order to 

improve the power generated by the panel; 

▪ Test different apertures of triangular shape reflector, experimentally and in SolTrace, understanding 

what is the aperture that originates the maximum power;  

▪ Test TSPP for other latitudes and days to prove the results obtained with SolTrace; 

▪ Compare triangular reflector with other reflectors apart from parabolic, like MaReCo of Solarus, 

with respect to the power collected for different tilts and months; 

▪ Analyze triangular reflector not only to generate electricity but also to heat water, transforming it in 

a PVT collector; 

▪ Expand the triangular shape photovoltaic panel, concerning the dimensions of reflector and number 

of cells, and determine the generated power; 
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Appendix I 
The Specifications of Solar irradiance meter, RS Pro ISM 400, are given below. 

Display LCD display, 4 digit LCD reading 

 

Range 
2000 W/m2 

634 Btu / (ft2 x h) 

 

Resolution 
0.1 W/m2 

0.1 Btu / (ft2 x h) 

Spectral response 400-1100nm 

 

Accuracy 
Typically, within ±10 W/m2 [±3 Btu / (ft2 x h)] or ±5%, whichever is greater in 

sunlight; Additional temperature induced error ±0.38 W/m2/℃ 

[±0.12 Btu / (ft2 x h)/℃] from 25℃ 

Angular accuracy Cosine corrected <5% for angles < 60° 

Drift < ±2% per year 

Calibration User recalibration available 

Over-Input Display shows “OL” 

Sampling Rate 4 times/sec 

Battery 4 pcs size AAA 

Battery Life Approx. 100 hours 

Operating Temp and 

Humidity 

0℃ to 50℃ (32℉ to 122℉) below 80%RH 

Storage Temp and 

Humidity 

-10℃ to 60℃ below 70%RH 

Weight Approx. 158g 

Dimension 110(L) × 64 (W) × 34(H) mm 

Accessories Included Operation Manual, 4 pcs size AAA 
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Appendix II 
The Specifications of multimeters, Center 120 RS-232, are given below. 

 

General Specifications 

 

Display: 3¾       digital (4000 count) display 

Sample Rate: 2 times/sec for digital reading; 

                             20 times/sec for analog bar indication 

Safety:  IEC1010 1000V CATIII 

Auto Power 30 minutes 

Battery Type:     9V, NEDA 1604, IEC 6F22, JIS 006P 

Battery Life: 100 hours typical (alkaline) 

Size:    198 x 86 x 38mm (7.8" x 3.4" x 1.5") With holster: 209 x 94 x 48mm (8.2” x  3.7” x 1.9”)  

Weight:  Approx.430g With Holster: Approx.600g 

 

 

Electrical Specifications 

Function Range Resolution   Accuracy 

DCV 400mV 0.1mV  

±(0.3%rdg+2dgt) 
4V 0.001V 

40V 0.01V 
400V 0.1V 

1000V 1V ± 0.5%rdg+2dgt) 

ACV 400mV 0.1mV  

±(0.5%rdg+5dgt) 
4V 0.001V 

40V 0.01V 

400V 0.1V 

750V 1V +(0.8%rdg+5dgt) 

DCA 400µA 0.1µA  

±(0.8%rdg+2dgt) 4000µA 1µA 

40mA 0.01mA 

400mA 0.1mA 

10A 0.01A ±(1.0%rdg+2dgt) 

ACA 400µA 0.1µA  

±(1%rdg+5dgt) 4000µA 1µA 

40mA 0.01mA 

400mA 0.1mA 

10A 0.01A ±(1.2%rdg+5dgt) 

Ohms 400Ω 0.1Ω  

 

±(0.6%rdg+2dgt) 
4KΩ 1Ω 

40KΩ 10Ω 

400KΩ 100Ω 

4MΩ 1KΩ 

40MΩ 10KΩ ±(1.0%rdg+3dgt) 

 4nF 1PF  
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Capacitance 40nF 10pF  

 

 

±(1.9%rdg+20dgt) 

400nF 100pF 

4uF 1nF 

40uF 10nF 

400uF 100nF 

4mF 1uF 

40mF 10uF 

Hz 

VA-Hz 

4KHz 1Hz  

±(0.05%rdg+1dgt) 

VA-Hz Max. 

to 1 MHz 

40KHz 10Hz 

400KHz 100Hz 

4MHz 1KHz 

40MHz 10KHz 

RPM 40KRPM 0.01KRPM ±(0.05%rdg+1dgt) 

400KRPM 0.1KRPM 

4MRPM 1KRPM 

40MRPM 10KRPH 

400MRPM 100KRPM 

TEMP -50°C ~ 1000°C 1°C 1%rdg+2°C 

-58°F ~ 1832°F 1°F 1%rdg+4°F 

-M- -M- Test Current: 0.6mA 

•»)) •»)) Active Sound Level: 40 
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Appendix III 
The Specifications of temperature sensors, Center 306 Data Logger Thermometers, are given below. 

 

Numerical Display: 4 digital Liquid Crystal Display 

Measurement Range: -200°C ~ 1370°C -328°F ~ 2498°F 

Resolution: -200°C~ 200°C: 0.1°C; 200°C ~1370°C: 1°C 

      -200°F~ 200°F: 0.1°F; else 1°F 

Input Protection at Thermocouple Input: 60V DC, or 24Vrms AC 

Environmental: 

Operating Temperature and Humidity: 0°C ~50°C (32°F ~ 122°F); 0 ~ 80% RH 

Storage Temperature and Humidity: -10°C to 60°C (14°F ~ 140°F); 0 ~ 80% RH 

Altitude up to 2000 meters. 

 

Accuracy: at (23 ± 5°C) 

 

 

Note: The basic accuracy specification does not include the error of the probe.  

Temperature Coefficient: 

For ambient temperatures from 0°C ~ 18°C and 28°C 

~ 50°C, for each °C ambient below 18°C or above 

28°C add the following tolerance into the accuracy 

spec. 

 0.01% of reading + 0.03°C 

(0.01% of reading + 0.06°F) 

 

Range Accuracy 

-200°C ~ 200°C ± (0.2% reading + 1°C) 

200°C ~ 400°C ± (0.5% reading + 1°C) 

400°C~1370°C ± (0.2% reading + 1°C) 

-328°F ~ -200°F ± (0.5% reading + 2°F) 

-200°F ~ 200°F ± (0.2% reading + 2°F) 

200°F ~ 2498°F ± (0.3% reading + 2°F) 
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Sample Rate: 1.25 times per second 

Dimensions (LxWxH): 7.2”x2.5”x1.1” (184x64x30 mm) 

Weight: 7.4 oz. (210g); approximate 

Power Requirement: 9 Volt Battery 

Battery Life: Approx. 100hrs with alkaline battery 

AC Adapter: 9VDC ±15% 100mA 

Plug Diameter: 3.5mm×1.35mm 

Option: AC Adapter 
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Appendix IV 
The Specifications of Power Source, BK Precision Triple output DC Power Supply 1672, are given below. 

 

Model 1672 1673 

Output Parameters 

Number of Outputs Three (two variable and one fixed) 

Range 
0 to 32 VDC / 0 to 3 A (variable) 

and 5 V / 3 A (fixed) 
0 to 32 VDC / 0 to 6 A (variable) 

and 5 V / 3 A (fixed) 

Constant Voltage Mode (variable outputs) 

Line Regulation <0.01% + 5 mV 

Load Regulation <0.2% + 10 mV <0.55% + 10 mV 

Ripple & Noise <1 mVrms 
<1 mVrms (independent/master) 

<4 mVrms (slave) 

Constant Current Mode (variable outputs) 

Line Regulation <0.2% + 5 mA 

Load Regulation <0.2% + 8 mA 0.4% + 8 mA 

Ripple & Noise <3 mArms 

Tracking Operation 

Slave Tracking Error < 0.5%+3 digits of the master 

5V Fixed Output 

Voltage Accuracy 5 V ± 0.25 V 

Ripple & Noise <1 mVrms 

Display 

Voltage 3 digits 0.56” Green LED 

Current 3 digits 0.56” Red LED 

Accuracy <0.1% + 3 digits 

General 

AC Input 115/230 V ± 10%, 50/60 Hz ± 10% 

Operating Temperature 50 °F to 104 °F (10 °C to 40 °C) 

Humidity 90% R.H. 

Temperature Coefficient <300PPM / C° (voltage and current) 

Dimensions (W x H x D) 9” x 6.7” x 12.2” (230 x 170 x 310 mm) 

Weight 12.6 lbs (5.7 kg) 19.8 lbs (9.0 kg) 

Two-Year Warranty 

Included Accessories Power cord, instruction manual, two pairs of test leads 

Note: All specifications apply to the unit after a temperature stabilization time of 15 minutes over the ambient temperature range of 25º C ± 5º C 
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Appendix V  
The Specifications of diode 1N4007 are given below.  

Absolute Maximum Ratings                                                           

Stresses exceeding the absolute maximum ratings may damage the device. The device may not function or be 

operable above the recommended operating conditions and stressing the parts to these levels is not 

recommended. In addition, extended exposure to stresses above the recommended operating conditions may 

affect device reliability. The absolute maximum ratings are stress ratings only. Values are at TA = 25°C unless 

otherwise noted. 
 

 
Symbol 

 
Parameter 

Value  
Unit 1N 

4001 

1N 

4002 

1N 

4003 

1N 

4004 

1N 

4005 

1N 

4006 

1N 

4007 

VRRM Peak Repetitive Reverse Voltage 50 100 200 400 600 800 1000 V 

IF(AV) Average Rectified Forward Current 

.375 " Lead Length at TA = 75 C 
1.0 A 

IFSM Non-Repetitive Peak Forward Surge Current 

8.3 ms Single Half-Sine-Wave 
30 A 

I2t Rating for Fusing (t < 8.3 ms) 3.7 A2sec 

TSTG Storage Temperature Range -55 to +175 ºC 

TJ Operating Junction Temperature -55 to +175 ºC 

 

Thermal Characteristics 

Values are at TA = 25°C unless otherwise noted. 

 

Electrical Characteristics 

Values are at TA = 25°C unless otherwise noted. 

 

Symbol Parameter Value Unit 

PD Power Dissipation 3.0 W 

RJA Thermal Resistance, Junction-to-Ambient 50  C/W 

Symbol Parameter Conditions Value Unit 

VF Forward Voltage IF = 1.0 A 1.1 V 

Irr 
Maximum Full Load Reverse Current, 

Full Cycle 
TA = 75C 30 A 

IR Reverse Current at Rated VR 
TA = 25C 5.0 

A 
TA = 100C 50 

CT Total Capacitance VR = 4.0 V, f = 1.0 MHz 15 pF 
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Appendix VI  
 The values used to represent TSPP in SolTrace are given in the image and tables below.  

 

Element Coordinates 

Part of the panel X-

Coord. 

Y-

Coord. 

Z-

Coord. 

X-

AimPt. 

Y-

AimPt. 

Z-

AimPt. 

Z-

Rot 

Upper part of the 

receiver 

-5 0 8.94 -5 0 20 0 

Bottom part of the 

receiver 

-5 0 8.93 -5 0 20 0 

Reflector 1 0 0 0 1 0 1 0 

Reflector 2 17.68 0 0 16.68 0 1 0 

 

Aperture, Surface and Interaction 

Part of the panel Aperture Surface Interaction 

Upper part of the receiver r-7.5,18.2,0,0,0,0,0,0 f-0,0,0,0,0,0,0,0 Reflection 

Bottom part of the receiver r-7.5,18.2,0,0,0,0,0,0 f-0,0,0,0,0,0,0,0 Reflection 

Reflector 1 r-25,50,0,0,0,0,0,0 f-0,0,0,0,0,0,0,0 Reflection 

Reflector 2 r-25,50,0,0,0,0,0,0 f-0,0,0,0,0,0,0,0 Reflection 
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