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The aim of the thesis is to make energy yield comparison of optimal single axis tracking 

system and fixed mounting PV system. The work investigates the relevance of single axis 

solar tracking and establishes the most suitable PV system for a high latitude location. 

Several PV system types were described, evaluated and compared in terms of performance, 

land usage and costs. The impacts of solar tracker limitations and clouds on performance 

were considered. Components for possible system configurations were suggested. 

Performance calculation tool was created and tested with numerical searches. 
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Symbols and abbreviations 

Symbols 

α – ground slope; 

bs – incident spectral photon flux density; 

b – backtracking coefficient; 

c – speed of light in vacuum; 

d – interval between the modules; 

E – photon energy; 

hp – Planck constant; 

ID – direct irradiance intensity;  

IG – global irradiance intensity;  

IGCDATav – averaged real received irradiance for green campus DAT system; 

IR – received solar irradiance; 

IRreal – real received solar irradiance; 

IR.DAT – received irradiance for DAT system; 

IR.r.TSAT – real received irradiance for TSAT system; 

IR.TSAT – received irradiance for TSAT system; 

𝐼𝑆𝐶  – short circuit current; 

Iload, Is, IPV, Id, Ic, Ip – currents of the equivalent circuit of a PV cell; 

Jmp – maximum power current density; 

Jsc – short circuit current density; 

La – atmosphere path length; 

Lz – zenith path length; 

npan – number of panels; 

Pin – power of the incident light; 
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Pinst – instantaneous power; 

Pm – maximum power point power; 

q – elementary charge; 

Span – total cell area of one panel; 

𝑈𝑂𝐶 – open circuit voltage; 

Voc – open circuit voltage; 

w – module width; 

𝑠 – solar azimuth angle; 

𝑝 – panel surface azimuth angle; 

β – angle between the horizontal line and the sun beam; 

𝛾 – backtracking algorithm angle derived from the triangle; 


𝑎
 – axis tilt angle; 


𝑠
 – solar elevation angle;  


𝑝
 – panel surface tilt angle; 


𝑃𝐴

 – panel on-axis tilt angle; 

δ – zenith angle; 

η – solar cell conversion efficiency; 

ηBOS – balance of system efficiency; 

 – incidence angle; 

λ – wavelength; 

φOM – optimal tracking angle during the morning time; 

φOA – optimal tracking angle during the afternoon;  
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Abbreviations 

AC – alternating current; 

AM – air mass; 

BLDC – brushless direct current motor; 

CCD – charge coupled device; 

CdTe – cadmium telluride; 

CIGS – copper indium gallium selenide; 

CLI – cloudiness index; 

CMOS – complementary metal oxide semiconductor; 

CSP – concentrated solar power; 

DAT – dual-axis tracker; 

DC – direct current; 

DHI – diffuse horizontal irradiance; 

DNI – direct normal irradiance; 

EMI – electromagnetic interference; 

EU – European Union; 

FF – field factor; 

GCR – ground coverage ratio; 

GHI – global horizontal irradiance; 

HCPV – high-concentration photovoltaics; 

HSAT – horizontal single axis tracker; 

HTSAT – horizontal tilted-module single axis tracker; 

IEC – International Electrotechnical Commission; 

IGBT – insulated gate bipolar transistor; 



8 
 

LDR – light dependent resistor; 

MOSFET – metal oxide semiconductor field effect transistor;  

MPP – maximum power point; 

NASA – National Aeronautics and Space Administration; 

NPC – neutral point clamped; 

NREL – National Renewable Energy Laboratory; 

PC – personal computer; 

PDV – panel direction vector; 

PLC – programmable logic controller; 

PMDC – permanent magnet direct current motor; 

PV – photovoltaic; 

QE – quantum efficiency; 

SCADA – supervisory control and data acquisition; 

SF6 – sulfur hexafluoride; 

SPV – sun position vector; 

SR – spectral response; 

TSAT – tilted single axis tracker; 

TSO – transmission system operator; 

VSAT – vertical single axis tracker; 

WIC – weather impact coefficient;  
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1 OVERVIEW OF PV TECHNOLOGY 

1.1 Meaning of solar energy in modern world 

History of solar cells begins from the 19th century. Since then, through years of discoveries 

and inventions they became suitable for more and more applications as their efficiency 

improved and manufacturing costs reduced. The growth of the semiconductor industry in 

1950s facilitated solar cell development resulting in the invention of the first silicon solar 

cell in 1954 by D.M. Chapin, C.S. Fuller and G.L. Pearson. At that time, its record 6% 

efficiency was about 15 times higher compared to the previous solar cell designs [22]. 

However, in 1950-60s the space industry remained the main application area for solar cells 

due to their high manufacturing costs. Later, the oil crisis in 1970s, ecological concerns, new 

materials, manufacturing process improvements and better power electronics have made 

harvesting solar energy quite attractive means of terrestrial electricity generation.  

Nowadays, solar photovoltaics (PV) is one of the main renewable energy sources. Flexibility 

of current PV technologies allows to design solar power generation systems for many uses 

and perform installation on various surfaces, be it walls or rooftops of buildings, ground 

surfaces, floating surfaces on the water as in the Figure 1, vehicles or satellites in space. This 

also gives solar PV systems wide power scale, which can be from relatively affordable off-

grid or on-grid systems for individual homes to multi-megawatt industrial solar power plants. 

PV systems can operate silently and provide power in areas where grid connection is 

unavailable. Figure 2 shows that in EU solar power had the second highest new capacity 

installation rate in 2015. In that year, 8.5 GW of solar power were added to the EU total 

capacity, which was 28,948.7 MW. [23] 

  

Figure 1 A 6338 kWp floating solar power plant in Walton-on-Thames, Surrey, UK, 

[25] and Solar Impulse 2 zero-fuel aircraft [65], which flies on solar power from the 

integrated panels and has circumnavigated the Earth in 40,000 km around the world trip. 
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Figure 2 New power capacity installations in EU during the year 2015 [23] 

Figure 3 shows the cumulative capacity of installed solar power in top 15 countries in the 

world and in some Nordic countries for 2015.  

 

Figure 3 Total installed PV capacity per country in 2015 [24] 

Fossil fuels pollute the environment and do not belong to the renewable energy class, which 

means that they are going to run out. Nuclear power is potentially dangerous in certain 

circumstances. Hydropower is renewable but requires large water resources. Together with 

other renewable energy sources, solar power can help to save the environment on the planet 

where the energy demand has been increasing for decades and is going to do so. 
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1.2 Solar spectrum and properties of sunlight 

Solar irradiance represents the power of solar radiation that hits a surface per a part of its 

area. It is measured in W/m2 in SI units and can be calculated integrating an appropriate solar 

spectrum. Solar irradiation is an integral of solar irradiance over a certain time frame, thus 

its unit can be Wh/m2. The resultant radiation incident on solar panels can be represented 

comprised of the direct radiation from the sun, the radiation reflected from the surrounding 

surfaces and the diffused radiation, which is mainly caused by clouds and other atmospheric 

phenomena. Figure 4 shows solar irradiation distribution across the globe.  

When the atoms of helium and hydrogen are combined in the thermonuclear fusion reaction 

on the sun, huge amount of energy is released. This energy is carried in the form of 

electromagnetic waves of various wavelengths. Combined, they form the solar spectrum, 

which can be approximated with a black body of the temperature close to the sun surface 

temperature. The solar spectrum distribution changes when it passes through the air mass 

(AM) in the atmosphere mainly due to absorption and scattering. Some gases, water vapor 

and solid particles in the air can absorb the energy of certain wavelengths of the solar 

spectrum. For instance, ozone absorbs high energy ultraviolet radiation. The distribution 

change is dependent on the path length of the sun beams through the atmosphere. 

Consequently, the resulting spectrum differs for various locations and for the time of the 

day. The time of the year also has an impact due to variations in solar activity and changing 

distance between the sun and the Earth throughout the seasons. Average annual solar 

irradiance received by the outer atmosphere is about 1,367 W/m2 ± 3% [10]. 

 

Figure 4 Global solar irradiation map by DNI Solar Map © 2016 Solargis [20] 
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Figure 7 shows the monthly variation. A number of spectrums for generic locations has been 

standardized. They are described with the air mass coefficient, which is suffixed in their 

name and represents the sunlight energy decrease in the atmosphere 

   𝐴𝑀 =
𝐿𝑎
𝐿𝑧
≈

1

cos(𝛿)
=

1

cos(90 − 
𝑠
)
=

1

sin(
𝑠
)
 , (1) 

where 𝐿𝑎 and 𝐿𝑧 are the actual atmosphere path length and the zenith atmosphere path length 

respectively, δ ands are solar zenith and elevation angles respectively. Together with the 

azimuth angle, these angles are enough to describe the sun position and are shown in Figure 

5. Equation (1) has limited accuracy because it does not take into account the curvature of 

the Earth. More accurate formula from Fritz Kasten and Andrew T. Young [15] is 

   𝐴𝑀 =
1

cos(z) + 0.50572(96.07995 − z)−1.6364
 . (2) 

The extraterrestrial zero-atmosphere AM0 spectrum is applied to solar panels for space 

applications and its integrated power density is 1366.1 W/m2 [19]. A terrestrial spectrum can 

be computed from the AM0 with such software as SMARTS [18]. The most commonly used 

spectrum for terrestrial applications is AM1.5, which corresponds to 48.2 degree zenith angle 

and is suitable for mid latitudes. It has two versions: AM1.5D and AM1.5G. The AM1.5D 

has an integrated power density of 900 W/m2 and is used for concentrator photovoltaics as 

it includes only the direct normal irradiance (DNI) component. The AM1.5G represents the 

distribution of global horizontal irradiance (GHI), which combines direct normal irradiance 

and diffuse horizontal irradiance (DHI) together. The AM1.5G spectrum has an integrated 

power density of 1000 W/m2 and is suitable for the most of non-concentrating applications 

where the panels face large portion of the sky. These spectrums have peak intensities in the 

visible wavelength range. 

  

Figure 5 AM coefficients [17]; Solar elevation angle 
𝑠
, solar azimuth angle 𝑠, 

panel surface tilt angle
𝑝
, panel surface azimuth angle 𝑝 and incidence angle  [16] 
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Some other wavelength ranges are highly absorbed in the atmosphere resulting in noticeable 

drops in the solar spectrum curves, which are shown in Figure 6. 

 

Figure 6 Air mass solar spectrums [19] 

The sun travels from east to west on arch trajectory every day. Ideally, the visible part of it 

would contain 180 degrees, but in real conditions it is less due to landscape features and 

daytime shadows. This trajectory changes throughout a year. Typically, during the winter 

the elevation angle is lower than in the summer. However, outer atmosphere irradiance 

values are the highest during the winter due to their dependence on the distance between the 

Sun and the Earth. These seasonal variations in sun behaviour are shown in Figure 7. 

   

Figure 7 Sun paths for a specific location during the summer and the winter [27] 

and solar irradiance received by the outer atmosphere [10] 

The intensity of the direct sunlight component can be calculated with the following formula 

   𝐼𝐷 = 1.353 · 0.7
𝐴𝑀0.678  , (3) 

where 1.353 is in kW/m2. A more accurate formula from pveducation.org [47] is 
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   𝐼𝐷 = 1.353 · ((1 − 𝑎ℎ𝑠)0.7
𝐴𝑀0.678 + 𝑎ℎ𝑠) , 

(4) 

where ℎ𝑠 is the altitude above mean sea level in kilometers and 𝑎 = 0.14. Provided that the 

diffuse irradiation component is approximately 10 times smaller than the direct on clear 

days, the intensity of global irradiance can be estimated as 

   𝐼𝐺 = 1.1 · 𝐼𝐷 . 
(5) 

It was established that light has discrete nature and consists of particles called photons, each 

of which has the following energy 

   𝐸 =
ℎ𝑃𝑐

𝜆
 , 

(6) 

where ℎ𝑃 is the Planck constant, c is the speed of light in vacuum and 𝜆 is the photon 

wavelength. Photons with energies below the band gap energy of a solar cell material do not 

contribute to the electricity generation process within it, so band gap energies of solar cell 

materials put a physical limit on the efficiencies of various solar cell types. 
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1.3 Operational principles and main parameters of a solar cell 

A solar cell (PV cell) represents a semiconductor device that transforms the energy of the 

incident light into electrical energy with photovoltaic effect, which includes the following 

processes: light absorption, creation of the electron-hole pairs, separation of the charge 

carriers by type and then extracting the electrons to an external circuit. Typically, the n-part 

of the semiconductor is negatively charged with excess electrons, meanwhile the p-part is 

positively charged with holes, which are created by the absent electrons in the valence band. 

Due to this, electric field is formed across the junction. When an incident photon hits the 

semiconductor, it passes its energy to an atom in the n-part and dislodges an electron from 

it. As a result, the electron becomes free and starts moving under the influence of the induced 

electric field to the positively charged p-part through the connected load creating electric 

current flow. Once the electron reaches the p-part, it recombines with a hole recovering the 

electrical neutrality. Thus, a solar cell needs to be exposed to light in order to keep this 

current generation process going. Due to heat losses and limited cell efficiency, only a small 

part of solar spectrum energy is converted into electricity. 

Main parameters of a PV cell include its short circuit current 𝐼𝑠𝑐, open circuit voltage 𝑈𝑜𝑐, 

quantum efficiency (QE), field factor (FF), solar cell conversion efficiency η and spectral 

response (SR) of a solar cell. A solar cell and its performance can be represented with an 

equivalent circuit and with I-V curves respectively. Figure 8 shows an example of both. The 

I-V curves show that the open circuit voltage, which is the highest voltage that can be 

produced by the solar cell, corresponds to zero current. Similarly, the maximum current that 

can be drawn from the cell with its terminals shorted represents the short circuit current. For 

an ideal PV cell, this current equals to the photocurrent of the cell. Depending on the 

irradiation, the temperature and other conditions, the cell operates on a certain curve, for 

each of which there is a maximum power point (MPP) 𝑃𝑚. Field factor represents the ratio 

between this power and the product of the open circuit voltage and the short circuit current 

[11] 

    𝐹𝐹 =
𝑃𝑚
𝑉𝑜𝑐𝐼𝑠𝑐

 . (7) 

It indicates the similarity of I-V curve shape to a rectangle, which describes the behavior of 

ideal solar cells.  
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Figure 8 Equivalent circuit of a PV cell [13] and I-V curves [11] 

The current supplied to the load connected to the terminals is 

  𝐼𝑙𝑜𝑎𝑑 = 𝐼𝑠 = 𝐼𝑃𝑉 − 𝐼𝑑 − 𝐼𝑐 − 𝐼𝑝 , (8) 

where 𝐼𝑃𝑉 is the generated photovoltaic current, which is proportional to the solar irradiance, 

ID, IC and IP are the currents flowing through the diode, the capacitance and the parallel 

resistance. According to Asma Meskani, Ali Haddi and Mohamed Becherif [13], the 

capacitance of a PV cell is variable and dependent on its voltage. The series resistance 𝑅𝑠 

takes into account the resistance of the contacts and of the semiconductor. The parallel 

resistance 𝑅𝑝 (also known as shunt resistance) describes leakage currents. Solar cell 

conversion efficiency can be defined as the ratio between the maximum output power 𝑃𝑚 

and the power of the incident light 𝑃𝑖𝑛 [12] 

    η =  
𝑃𝑚
𝑃𝑖𝑛

=
𝐽𝑚𝑝𝑉𝑚𝑝

𝑃𝑖𝑛
=
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
 , (9) 

where Jmp and Jsc are the maximum power current density and the short circuit current 

density respectively. Quantum efficiency represents the probability that one incident photon 

makes one electron flow to an external circuit. Integrating of the product of quantum 

efficiency and the incident spectral photon flux density 𝑏𝑠 over photon energy E gives the 

short circuit photocurrent density 

    𝐽𝑆𝐶 = 𝑞∫𝑏𝑠 (𝐸)𝑄𝐸(𝐸)𝑑𝐸 , (10) 

where q is the elementary charge. Spectral response of a solar cell represents the dependence 

of the ratio of the produced photocurrent to the incident light power on wavelength. 

According to pvpmc.sandia.gov [14], spectral response can be related to quantum efficiency 

as follows 

   
𝑆𝑅 =

𝑞𝜆

ℎ𝑐
 𝑄𝐸. 

 
(11) 

 



17 
 

1.4 Main types of solar panels 

A Solar panel (also known as a solar module) represent a sealed assembly of series connected 

solar cells. The interconnection can be made with tabbing wires. A number of cells connected 

in series has a bypass diode connected in antiparallel to prevent possible cell failures or 

shading from blocking the operation of the whole panel because when shaded, the cells act 

as diodes blocking the current produced by non-shaded cells and can heat up consuming the 

generated power. Besides, the voltage on shaded cells can lead to the perforation of their 

junction and damage them. Assembled solar panels have multi-layer so-called “sandwich” 

structure, where the cells are placed between the front glass or other transparent material and 

the backing sheet, which can be made of glass or stiff plastic. The cells themselves are fragile 

and external impacts such as mechanical forces, atmospheric precipitates, birds and moisture 

can cause mechanical damage of the PV cells or corrode their metal grid structures. The 

multilayer structure provides protection from such impacts. The panels are enclosed with an 

aluminum frame for mounting purposes. Several electrically connected solar panels form a 

solar array. Figure 9 illustrates that. The number of modules in the strings of the array and 

the number of the strings in parallel can be set according to required output voltage and 

current.  

  

Figure 9 Solar cell, solar panel, solar array [1] and section view of a solar panel [5] 

There are many types of solar panels and nowadays the biggest market share is taken by the 

panels based on silicon compounds. Panel efficiency depends on the used material, its purity 

and also determines space efficiency. The balance between panel efficiency, cost efficiency 

and space efficiency varies in different application areas. For instance, in space applications 

the available area is quite limited and the most valuable parameters are the efficiency of the 

panels and their lifetime, but in some terrestrial residential systems it may be reasonable to 

use less efficient and more space taking thin-film panels instead of multi-junction panels or 

crystalline silicon panels to get the same electricity production level with less cost 

investment. In case of building a solar power plant, the price of the land and additional 

mounting support structures is also to be considered. Figure 10 shows efficiency of some 
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current and perspective PV cell technologies according to NREL by January 17 2017 [2]. 

The efficiency of a whole panel is lower than the efficiency of the single solar cells within 

it. 

Crystalline silicon panels subdivide into monocrystalline (single crystal) panels and 

polycrystalline (multicrystalline) panels. Monocrystalline modules are comprised of the cells 

made from the silicon wafers produced from a single silicon crystal ingot, which is usually 

grown using Czochralski process. In order to increase the solar collection area on the 

module, silicon pieces are cut out from the cylindrical ingot or from the wafers to 

manufacture more optimally shaped cells. Forming the pseudo square shape leads to silicon 

waste during the production. Texturized wafers are more suitable for solar cell applications 

since compared to polished wafers, they absorb the light better because unlike the flat 

surface, the textured surface, such as a pyramid surface, can also absorb the reflections it 

creates. Compared to polycrystalline silicon panels, monocrystalline silicon panels have 

higher efficiency, better low light performance, slightly higher heat tolerance and are more 

expensive [3]. The production of polycrystalline silicon cells is more simple and cheap since 

it wastes less silicon and does not include a process of single crystal growth, instead of which 

purified silicon is casted into a cuboid mold. 

 

Figure 10 Efficiency rates of different solar cells by type [2] 

Once the wafer is made, further production of a crystalline silicon cell involves printing the 

grid electrical contact pattern, which consists of thin horizontal gridlines (also known as 
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fingers) and vertical bus bars, adding anti-reflective coating, adding the rear contact and 

finally, encapsulating the cell. Figure 11 shows the main parts of such assembly. Some 

manufacturers try to design the front contacts in such a way that they would block as less 

light as possible. In case of bifacial solar cells, the contact grid is printed at both sides of the 

wafer. This design requires the module structure to be transparent on both sides and allows 

absorbing reflected on the rear side of the module sunlight. It can also be used in vertical 

module installations. 

  

Figure 11 Basic crystalline silicon cell [6] and current collection paths [4] 

Thin film solar panels are made deposing thin layers of semiconductors on substrates such 

as glass or metal foil. A thin film solar cell typically takes the entire length of the module 

and is around 5 to 10 mm wide [8]. Due to such cell dimensions, thin film panels are much 

less likely to have complete shading of a cell within them provided that the panels are 

installed with optimal orientation. As a result, performance suffers less when shading occurs. 

Compared to crystalline silicon panels, thin film panels have lower efficiency and degrade 

faster. However, they are also lighter, less sensitive to shading and have lower temperature 

coefficient, which results to lower impact of temperature change on their performance [7]. 

In addition, thin film panels tend to have better low light performance because their spectral 

response is more favorable to short light wavelengths, which in average are more prevalent 

in diffused light conditions. Thin film solar panels have more esthetic uniform look and can 

be made flexible or/and transparent, so their application area covers the fields where these 

factors are important. For instance, it is possible to design windows with embedded thin film 

cells. Thin film panel production is cheaper and at industrial scale more cost efficient and 

that results in lower prices of the modules. The main subtypes of thin film panels are copper 

indium gallium selenide (CIGS) panels, cadmium telluride (CdTe) panels and amorphous 

silicon panels.  
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In multi-junction solar panels, the solar cells are made of multiple layers of transparent 

photovoltaic semiconductor materials put on top of each other forming several p-n junctions. 

Each layer works better with a specific part of solar spectrum. As a result, multi-junction 

cells have better coverage of solar spectrum and the highest efficiency. Figure 12 shows an 

example of a multi-junction solar cell. The maximum power point of such cells has lower 

current and higher voltage leading to lower resistive losses, which are proportional to the 

current squared. 

 

Figure 12 Multi-junction solar cell structure and irradiance usable for its sub-cells [11] 

[9] 

Multi-junction solar cells are quite expensive, so they are used mostly in panels for space 

applications, in dual axis tracking systems with high-concentration photovoltaics (HCPV) 

modules, which contain optics with Fresnel lenses to increase the intensity of incident 

sunlight at the cells, and in other HCPV installations. In such systems, the multi-junction 

cells can be equipped with heat sinks or active cooling in order to prevent heat damage from 

concentrated sunlight or improve the performance. Figure 13 shows an example. 
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Figure 13 Components of a HCPV module [26] 

 

1.5 Main types of solar photovoltaic installations 

Solal PV power systems can be grouped by their type, scale and grid connectivity. They can 

be comprised of fixed-mounted panel arrays or of solar trackers, which can follow the sun 

position on either one or two axes, include battery banks or have no energy storages, have 

an on-grid configuration, which supplies the generated power to the grid, or operate 

autonomously as off-grid systems. 

In fixed installations, the panels have no degrees of freedom and are mounted at optimum 

tilt angles and orientation. Fixed installations have no moving parts and have the highest 

overall simplicity. This results in lower maintenance and components costs and makes the 

installation easier. Also, such systems can be building-integrated, which means they can be 

deployed on rooftops or be mounted on walls as a part of facades. However, they are the 

least space efficient and single axis tracking systems can be installed on roofs as well. 

Tracking systems boost the power output by minimizing the angle of incidence , which is 

the angle between a normal to the panel surface n and the incident sunlight rays. The direct 

component of solar radiation carries the biggest part of the sunlight energy on clear days. As 

the cosine of the angle of incidence decreases, the amount of energy extracted from the direct 

beams reduces. The reflectance of silicon surfaces increases with the angle of incidence. 

Dual axis solar tracking systems minimize this angle for both of its projections and provide 
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the highest electrical output per square meter but also contain the highest number of 

components and are the most expensive. More details on the components of tracking systems 

will be given in the chapter 3. 

Single axis tracking systems can provide an attractive compromise between fixed 

installations and dual axis solar trackers. Single axis solar trackers can be classified by the 

axis position, which can be vertical, horizontal or tilted with respect to the installation 

surface. In addition, solar panels can be mounted on the axes with a tilt angle. In the power 

plants comprised of horizontal single axis trackers (HSAT), the axes of the trackers are 

usually positioned on the north-south line and are parallel to each other rotating the mounted 

panels from east to west. At high latitude positions, vertical single axis trackers (VSAT) and 

horizontal single axis trackers with tilted modules (HTSAT) can perform better than regular 

HSATs. A polar single axis tracker (PSAT) represents a tilted single axis tracker (TSAT) 

that has its axis on the north-south line inclined at the angle equal to the latitude of the 

installation [28]. Some designs of single axis solar trackers are shown on Figure 14. 

According to AE Solar Energy [34], in the United States single axis tracking systems can 

provide around 24 % generation gain over fixed installations incrementing the overall system 

cost penalty only about 3.3 %. That results in the $0.15 higher per watt price compared to 

the $0.40 per watt in case of the fixed installation. Dual axis tracking systems can provide 

about 38 % generation gain over fixed installations, but they increase the overall system cost 

by 13.3 %, since the dual axis tracking has $0.60 higher per watt price compared to fixed 

   

  

Figure 14 From left to right: HSAT [30], carousel VSAT on a rooftop [32], HTSAT 

[31], TSAT [29] and TSAT on a rooftop [33] 
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mounting. Predictions were made that as the average module efficiency increases and the 

average module cost per watt drops, the cost penalty for dual axis systems is going to grow 

in the future, while the cost penalty for single axis systems is going to decline making them 

even more attractive for the stakeholders, who are not likely to choose paying the additional 

difference in the per watt price to get the additional generation gain of dual axis tracking 

systems over single axis systems. Figure 15 shows the European Commission’s estimate of 

the energy gain improvement from operating a single axis tracking system with respect to a 

fixed PV installation at optimal tilt angles shown in Figure 16. 
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Figure 15 Single axis tracking system generation gain over a fixed system installed at 

the optimum tilt angle [21] 

 

  

Figure 16 The optimum inclination angles [21] 
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2 INTRODUCTION TO TRACKING METHODS AND COMPONENT 

TECHNOLOGIES 

2.1 General solar tracking principles 

The main objective of solar tracking methods is to increase the energy production of PV 

systems. In addition, the requirements for solar tracking often include returning the trackers 

to the original position after the sunset, incorporating protection against overheating and 

such atmospheric phenomena as wind gusts or hailstorms by diverting the tracker. Solar 

tracking methods can be classified to be active or passive. HCPV systems require very high 

precision tracking, but the power output of non-concentrated modules is less sensitive to 

misalignment with the sun and allows wider tolerances. Table 1 shows the relationship 

between the incidence angle and the direct power loss (1-cos)  

Table 1. Power loss due to incidence angle increase 

, deg 0 1 3 8 15 23.4 30 45 60 75 

Losses, % 0 0.015 0.14 1 3.4 8.2 13.4 29 50 74 

In passive tracking, no electrical drives are used. Instead, passive tracking systems 

typically employ interconnected tanks filled with liquefied gases such as Freon. The tanks 

are mounted on the axis at different positions and are equipped with sun shields. As a result, 

they are exposed to unequal sunlight conditions and heat up to different temperatures 

resulting in the proportional gas expansion, which drives the hydraulic actuator system to 

achieve equal pressure in the tanks. The advantage of such systems is their simplicity. They 

do not require any power to function, electrical motors, sun position sensors, limit switches, 

microcontrollers or cabling. However, they may stop working at low temperatures and have 

low efficiency [28]. 

Active solar trackers use electrical drives and gears to position the mounted solar panels to 

the sun. In closed-loop systems, the sun position is measured with electro-optical light 

sensors, which are capable of measuring the incident sunlight angle on two axis as well as 

the radiation level. It is also possible to use auxiliary bifacial solar cells instead. In open-

loop systems, the sun position is calculated with formulas and mathematical algorithms 

based on the location data, date and time. Due to the feedback absence, open-loop controllers 

do not observe the output of the system and thus are unable to correct errors and may not 

compensate disturbances in the system. As a result, open-loop systems occasionally have 

lower performance than closed-loop systems but are also simpler and generally cost less. 
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Closed-loop systems can achieve tracking accuracy up to a few milliradians in clear weather 

conditions [41]. Hybrid systems are closed-loop systems that can operate in the open-loop 

mode if necessary, for instance, during bad weather conditions when sun sensors fail to 

determine the sun position. A review of various open-loop, closed-loop and hybrid active 

tracking systems is presented in [37]. The combination of the closed-loop and open-loop 

approaches allows the system to function properly when the feedback signal is weak or 

distorted and at the same time it cancels the impact of inaccuracies during installation and 

calibration. 

Solar trackers can be equipped with GPS receivers to obtain location coordinates and keep 

accurate time, which is necessary for some backtracking algorithms to function properly. In 

tracking PV installations, different rows of solar trackers can shadow each other depending 

on their tracking angles and ground coverage ratio (GCR), which increases as the rows are 

spaced closer. The most intense shading occurs at low solar elevation angles in early 

mornings and late afternoons. Backtracking is a technique that increases the generation 

minimizing such mutual shading. Rather than just always rotating the axes to the angles that 

minimize the incidence angles with the sun, backtracking algorithms pick the most optimal 

rotation angles that keep the self-shading below a certain set threshold. Figure 17 shows an 

example of a backtracking algorithm in action. The generation improvement from the 

shading mitigation outweighs the relatively small loss due to the increased angle of 

incidence. The higher the GCR, the higher the backtracking generation gain is.  

 

Figure 17 Tracking angles with and without backtracking [39] 

The backtracking algorithm proposed for HSAT in [49] can be used in sloping fields 

allowing to minimize the groundwork at the site during the solar system installation. It can 

be expressed with the following backtracking coefficient 
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   𝑏 =
𝑑𝑠𝑖𝑛(𝛽 − 𝛼)

𝑤
 , (12) 

where d is the interval between the modules, w is the module width, α is the ground slope 

and β is the angle between the horizontal line and the sun beam line as shown in Figure 18. 

 

Figure 18 Measurements of solar arrays in HSAT [49] 

Mutual array shading occurs when the backtracking coefficient is less than 1. Otherwise, no 

self-shading takes place and backtracking becomes unnecessary. The optimal tracking angle 

that eliminates the mutual shading is then 

   𝜑𝑂𝑀 = 180 − 𝛾 − 𝛽 + 𝛼,              when              𝛽 < 0 (13) 

during the morning time and 

   𝜑𝑂𝐴 = 𝛾 − 𝛽 + 𝛼,                          when              𝛽 > 0 (14) 

during the afternoon time, where the angle 𝛾 can be derived from the triangle [49] 

   {
sin(𝛽 − 𝛼) =

𝑤

ℎ

sin (𝛾) =
𝑑

ℎ

    ⇨     𝛾 = arcsin (𝑏). (15) 

Tracking systems can also implement anti-snowing algorithms, which temporarily turn the 

axes to a position that causes the snow that has covered the modules to slide down. 

 

2.2 Inverters for solar photovoltaic systems 

Since solar cells produce direct current (DC), inverters are necessary to transform it to the 

alternating current (AC) of suitable frequency. The DC magnitude and the cell voltage 

depend on the sunlight conditions and vary as they change. Solar inverters transform the 

varying power from solar panels into a power with constant amplitude of the sinusoidal 

voltage. Usually, solar inverters employ self-commutated voltage-type topologies with 
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either a transformer or DC boost converters to achieve the required output voltage amplitude. 

A solar inverter can have one-phase or three-phase AC output. Three phase inverters are 

used in high power applications where the usage of single phase inverters would cause phase 

asymmetry in the grid voltage. Solar inverters are required to perform maximum power point 

tracking, so they have to be capable of controlling both the current and the voltage of the 

panels.  

Off-grid systems have no point of common coupling with the utility grid, include battery 

banks as energy storage and operate autonomously. They can include other power sources 

such as diesel generators for backup and are used mostly in areas where connection to a 

power line is quite difficult or unavailable. On-grid systems are capable of supplying the 

generated solar power to the utility grid and have no energy storages, with the addition of 

which they can be upgraded to hybrid systems. Such systems can operate in both off-grid 

and on-grid modes and can charge the batteries from the utility grid as well. Grid-tied solar 

inverters have to precisely match the phase, the frequency and the amplitude of the voltage 

waveform in the utility grid they are connected to. In addition, they are required to have 

islanding detection and stop supplying the solar power to the utility grid if the power in the 

latter has been interrupted. After the disconnection from the utility grid, the inverters can 

still provide power to a microgrid. This case can be considered as intentional islanding. On-

grid or hybrid PV systems can reduce the power consumed from the utility grid when the 

generation level is lower than the power demand and supply the excess generated power to 

the utility grid when it is higher. In both cases, there are net-metering benefits.  

Depending on the scale of the PV installation, an appropriate inverter type should be 

selected. The main types of solar inverters include central inverters, string inverters and 

micro inverters. Inverter efficiency and maintenance cost are important for PV system 

design. 

String inverters have a number of independent MPP trackers for a number of connected 

strings, in which solar panels are connected in series. The panels in a string should be 

exposed to the same sunlight conditions. It is important to avoid shading of single panels 

within a string and position all the modules on the same plane. The power output of each 

panel in a string is limited by the panel with the lowest output in the string. For instance, if 

just one panel in a string has been shaded or covered with dust or snow, the panel mismatch 

will occur and the string inverter will have to adjust the maximum power point of the string 

for this panel and the output of all the rest non-shaded panels in the string will drop to that 
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of the shaded panel. The solutions for this problem can be smart string installation design in 

solar arrays and the addition of power optimizers, which enable monitoring and MPP-

tracking at the panel-level. Smart solar modules have integrated power optimizers. 

Micro inverters are designed to control the output of a single panel and are usually panel-

integrated being mounted on the back of a panel, so panels with micro inverters have AC 

output. Just as string inverters with power optimizers, micro inverters distribute MPP 

tracking to panel-level significantly improving shade performance of the whole PV system 

and allowing to install the panels in different directions. Typically, micro inverters are used 

in very small residential installations and have power rating from 50 to 400 W [36]. For 

larger installations, a PV system with a string inverter and power optimizers is likely to be 

more cost efficient because the per watt cost of such system decreases with installation size. 

Central inverters have one power input and the highest power rating up to 1 MW. They are 

typically used in large industrial solar power plants based on the centralized PV plant 

concept, in which a small number of very powerful inverters is preferred. In such systems, a 

large number of strings is connected in parallel at a DC combiner box to form a single input 

for a central inverter, which performs collective MPP tracking. Thus, all the strings 

connected to a central inverter operate at the same power point. It is also possible to build 

power plants with bigger number of string inverters instead of a few central inverters. This 

leads to the decentralized plant architecture approach, in which monitoring and MPP 

tracking are performed at string-level resulting in lower impact of panel mismatches on the 

power yield of the entire PV plant. In addition, if a string inverter breaks down or undergoes 

maintenance, less power will be lost than if a central inverter stops working. In the 

centralized architecture it is preferable to use panels with the same specifications in different 

strings to minimize the panel mismatch. The decentralized approach allows different 

modules in the strings connected to different MPP trackers. String inverters are easier to 

replace, are more compact and weight less, so they do not require a concrete foundation for 

installation and have lower transportation costs. The centralized architecture is likely to have 

lower installation cost if the total plant capacity exceeds 350 kW [35].  

The electrical circuitry of inverters needs to be protected from dust, water and other harmful 

environmental impacts, so inverters of appropriate IP ratings should be selected to ensure 

the desired life time of a PV system. 
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Although the main purpose of solar inverters is converting DC to AC, they often have 

additional functionality. Many units have liquid crystal displays and buttons for on-site 

monitoring and control as well as network communication ports such as RS485 or radio links 

such as Wi-Fi for remote monitoring and control. Some models have integrated string fuses, 

surge protection, DC breakers, AC breakers, LC and electromagnetic interference (EMI) 

filters, thermal protection against overheating, residual current leakage protection and 

insulation monitoring. As a result, such inverters can reduce the number of necessary 

components required to build a PV installation. 

Solar inverters use high efficiency topologies with IGBT or MOSFET switches. Typically, 

variations of the H-bridge and of the neutral point clamped (NPC) topologies are employed. 

Figure 19 shows examples of H-bridge based topologies. 

      

Figure 19 H5 and HERIC inverter topologies [36] 

In the H5 topology patented by SMA the extra switch-diode pair marked S5/D5 is added to 

a conventional H-bridge. The HERIC topology patented by Sunways represents a 

conventional H-bridge with the two additional switch-diode pairs marked S+/D-. These two 

topologies have similar performance. During the zero voltage state, both block the reactive 

power flow between the filtering capacitor and the output inductances and isolate the solar 

panels from the grid. This results in increased efficiency and no high frequency content in 

the panel voltage against the ground respectively. Three phase inverters are usually 

comprised of three independent single phase inverters. Figure 20 shows main control 

functions of solar inverters.  
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Figure 20 Control levels of a solar inverter with DC boost converter [36] 

The absence of galvanic isolation losses in transformless topologies results in the 1–2% 

efficiency increase over topologies with low frequency output transformers and high 

frequency transformer topologies with DC boost converters. In general, transformless 

inverters also have smaller sizes and weight less. Inverters with galvanic isolation are 

generally recommended for rear contact crystalline silicon panels and for thin-film panels 

[46]. More details and topologies for solar inverters can be found in [36]. 

Optimal inverter sizing depends on the solar installation design. Typically, the ratio between 

the rated input DC power of the inverter and the peak array DC power is from 0.8 to 1.2. 

Small power ratio provides lower costs but can result in curtailing power spikes unexpected 

by irradiance profiles or in incompatibility with the grid code for supplying reactive power. 

The maximum allowable DC input voltage of the inverter must be higher than the total solar 

array open circuit voltage at the lowest ambient temperature and the inverter must be able to 

follow the MPP at several daytime temperatures [43]. 

 

2.3 Main components of solar tracking plants 

Closed-loop systems require the highest number of components, which require power to 

operate and may need maintenance. The power consumption of tracking systems is far less 

than the generation gain they provide unless the system is very small, in which case tracking 

is not recommended due to the relatively high cost and the auxiliary energy consumption. 

Solar trackers can be self-powered with battery backups. During solar project design, 

components of appropriate IP ratings should be selected. The main components of tracking 

systems are introduced below. 
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Sun position sensors can be based on photosensitive elements such as light dependent 

resistors (LDRs or photoresistors), photodiodes or image sensors of CCD (charge coupled 

device) or CMOS (complementary metal oxide semiconductor) types. Image sensors have 

lower sampling rate and require image processing, but they can detect the sun image on 

overcast days [40]. Some design examples are shown in Figure 21. In each design, the 

illumination of the elements is made dependent on the angle of incidence. In case of LDRs, 

their resistivity is proportional to the illumination on them and thus the angle of incidence 

can be measured electrically. Four-quadrant sensors can measure 2 projections of the 

incidence angle. 

 

Figure 21 Possible sun position sensor designs [37, 39] 

Pyranometers can measure solar irradiance from any direction. They allow the performance 

ratio of the plant to be calculated comparing the incoming power of solar irradiation to the 

generated electric power. Monitoring the performance ratio helps to detect soiling, shading, 

panel degradation and other issues. The main types of pyranometers are thermopile 

pyranometers and semiconductor pyranometers. Thermopile pyranometers are the most 

accurate. Their spectral response is more or less equally sensitive to the wavelengths ranging 

from 300 nm to 2800 nm [44]. 

The choice of support structures depends on the topographic conditions of the site, 

particularly on the soil properties in case of ground installations. Various mounting designs 

are available for water surfaces, ground installations and building integration on flat roofs, 

pitched roofs and vertical walls. The main approaches for on-shore mounting are when the 

support structures penetrate the installation surface to secure the solar arrays, when they use 

weights instead or the combination of both. For instance, mounting supports can use ground 

screws, driven piles, bolted steel baseplates, be embedded in poured into the ground concrete 

foundations, in precast concrete bases put on the ground or in concrete slabs. Solar panels in 

adjustable fixed racks have no degrees of freedom, but in such racks the module angles can 
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be changed manually allowing the mounted arrays to be adapted to seasonal changes of sun 

elevation angle. In TSAT systems, telescopic poles can be employed to allow the adjustment 

of the axis tilt angles and to accommodate the trackers to sloped sites. Support structures are 

typically designed to provide sufficient tolerance against wind loads with minimum use of 

metal, which is usually steel or aluminum.  

Wind loads rise exponentially with altitude above the ground and are dependent on the axis 

rotation angles. Wind data is often obtained from anemometers installed at the site or from 

a weather station to control the wind loads and keep them below dangerous levels. If the 

wind is too strong for safe operation, the solar arrays are rotated to a safe position, which in 

case of HSAT is when the modules are parallel to the site surface. Solar trackers are usually 

equipped with cup anemometers. Wind tunnels can be used to estimate the behavior of 

tracking systems in windy conditions. 

Processing units for executing sun tracking algorithms and tracker movement coordination 

can be industrial programmable logic controllers (PLCs), personal computers (PCs) and 

embedded custom control devices based on microcontrollers. 

Inclinometers and potentiometers can be employed as axis rotation angle feedback sensors. 

According to J. Shingleton [42], potentiometers can give the resolution of about 0.35 

degrees. Compared to them, inclinometers are more reliable and can have the resolution of 

0.09 degrees. Alternatively, a combination of encoders and limit switches can be employed. 

Usually, the cost of single axis tracking installations goes down when more panels are 

controlled with a single electrical drive. Such arrangements can be achieved with installing 

more solar panels on the axes by either making the axes longer increasing the width of the 

controlled arrays or with increasing the height of the arrays. However, this approach is 

suitable and space efficient mostly for systems with horizontal axis. In addition, maximum 

allowed series voltage limits the number of modules in a row. A common alternative 

approach suitable for more types of single axis systems is mechanically linking a number of 

rows together with a single actuator (see the TSAT in Figure 14). It is possible to build such 

configurations with linear pushrods, chains, steel wire ropes or hydraulic lines. However, 

hydraulic lines are an expensive solution that has possible leakage issues and needs feedback 

and servo-valves for each row [42]. Linear pushrods may require articulated joints or ground 

works if the terrain is not flat enough. Possible fault situation is the disconnection of the 

actuator from one or more rows. It can result in uncontrollable spinning of the affected solar 
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arrays under the influence of wind loads. Some trackers have protection features against this. 

Also, tracking angles are within a limited range. 

Solar cables are specially designed for use in photovoltaic applications. They are weather 

resistant, have wide temperature range and have extra tolerance against ultraviolet radiation. 

The IEC 62548 and UL4703 standards specify the requirements for such cables. Usually, 

solar panels are interconnected with single conductor cables that have double insulation and 

mounted plug and socket IP67-protected connectors. 

String fuses for overcurrent protection and DC disconnects or DC switches can be installed 

in DC combiner boxes. Fuse overheating can lead to nuisance tripping, so the boxes should 

be placed in a shadow if necessary. DC circuit breakers should be installed between solar 

arrays and inverters to perform the disconnection in fault conditions such as when the fault 

current is less than the trigger current of the fuses.  

Typically, solar inverters supply about 300-450 V. Depending on the available grid, this 

voltage may need to be transformed to the appropriate level with a number of transformers 

in order to connect the PV system to the grid complying the transmission system operator 

(TSO) requirements. An auxiliary transformer may be required for proving the PV system 

with the power required for its operation from the grid. Although, PV systems can be self-

powered and have battery backups for tracking. Transformers should satisfy IEC 60076 and 

can be either of a dry-type with air ventilation or have mineral or vegetable dielectric oil 

filling for heat transfer and cooling of the submersed windings and cores. Fluid-filled 

transformers are a potential fire hazard and require to be mounted outdoors with additional 

safety measures and a basin to catch possible oil leakages. Usually, transformers are installed 

in pad-mounted metal cabinets with underground cables, in fenced enclosures with overhead 

cables or indoors. Substations can be built for large solar installations to accommodate 

transformers, switchgear, metering and supervisory control and data acquisition (SCADA) 

systems and other equipment. Figure 22 shows an example of a layout of power-carrying 

components in a PV plant.  
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Figure 22 Central inverter plant: 1 – fuses, 2 – DC isolator, 3 – surge protection 

device, 4 – low voltage switchgear, 5 – medium voltage switchgear [45]. 

Panel manufacturers typically specify maximum allowed string voltage and maximum series 

fuse rating for their modules. The maximum voltage is also limited by the cross section of 

the DC cables that interconnect the panels, by the inverter rating and by local electric codes 

and regulations. 

The main components of PV systems are grounded for safety and protection against 

lightning, surge and EMI. The ground connection can be performed at panel frames, support 

racks, array junction boxes, DC disconnects and inverters. The AC and DC sides should be 

grounded to the same rod or to separate interconnected ground rods.  

Motors with good speed controllability are usually preferred in electrical drives for PV 

tracking systems. DC motors have wide speed range and are easy to control, so brushed 

permanent magnet DC motors (PMDC) or brushless DC motors (BLDC) can be employed. 

BLDC motors require less maintenance than DC motors with brushes, which wear out. 

However, properly manufactured and maintained brushed PMDC motors can reach long 

lifetimes. Alternatively, stepper motors or variable frequency drives can be used in some 

cases. Electrical drives for solar trackers can include servomotors, slewing drives, threaded 

spindles and planetary gears. 

  



36 
 

3 DESIGN AND ANALYSIS OF PHOTOVOLTAIC SYSTEMS 

In this chapter, the performance of the four types of single axis tracking systems is estimated 

and compared to the one of a fixed system and of a dual-axis tracker (DAT) system. The 

angles in the fixed-mounted system and in the tracking systems are tuned to produce the 

highest energy output for the summer solstice day, which is the day with the longest daylight 

duration and the highest solar noon sun elevation angle in a year. The power production 

curves retain the shape of the received global irradiance curves, but only the latter are 

independent of the system size and thus are selected as a more convenient performance 

measure. After adjusting all angles in the systems, a comparison is made for a spring day, an 

early summer day, a calendar midsummer day, a late summer day and a fall day.  

 

3.1 Calculation principle  

The method for PV system energy production estimation used in this analysis is based on 

finding the dot product of unit vectors that define the position of the sun and of the solar 

panels. Exceptions are the DAT system, in which the dot product is assumed to be always 

equal to 1 to represent ideal dual axis tracking, and the HTSAT system, which is calculated 

using a different approach. With exception to the TSAT system, both unit vectors are 

calculated in the same i-j-k coordinate system that is tied to East and North as shown in 

Figure 23. The calculations are performed in a Microsoft Excel spreadsheet. 

 

Figure 23 Coordinate system 
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The panel direction vector (PDV) is normal to the active surface of the solar panel as shown 

in Figure 5 and is defined individually for each type of a solar PV system. The sun position 

vector (SPV) is defined as follows 

 𝑆𝑃𝑉 = 𝑠𝑖𝑛
𝑠
· 𝑖 −  𝑐𝑜𝑠

𝑠
· 𝑠𝑖𝑛(−𝑠) · 𝑗 +  𝑐𝑜𝑠𝑠 · 𝑐𝑜𝑠(−𝑠) · 𝑘 . (16) 

The dot product (DP) is calculated as 

 𝐷𝑃 = 𝑆𝑃𝑉𝑖 · 𝑃𝐷𝑉𝑖 + 𝑆𝑃𝑉𝑗 · 𝑃𝐷𝑉𝑗 + 𝑆𝑃𝑉𝑘 · 𝑃𝐷𝑉𝑘 , (17) 

where SPVi, SPVj, SPVk, PDVi, PDVj and PDVk are the projection components of the unit 

vectors to the i-j-k coordinate system. 

First, the solar angle data for a specific date and location is obtained from sunearthtools.com 

[48]. Then, the air mass is calculated using the equation (2). Next, the direct irradiance 

intensity is computed from the equation (4), where the altitude is obtained from 

daftlogic.com [50]. After that, the equation (5) is assumed to be valid for the location and is 

used for the global irradiance intensity calculation. Next, the irradiance received by the solar 

panels is calculated as 

 𝐼𝑅 = 𝐼𝐺 · 𝐷𝑃 (18) 

and then, the instantaneous power generation is computed as   

 𝑃𝑖𝑛𝑠𝑡 = 𝐼𝑅 · 𝑆𝑝𝑎𝑛 · 𝑛𝑝𝑎𝑛 · 𝜂𝐵𝑂𝑆 , (19) 

where 𝑆𝑝𝑎𝑛, 𝑛𝑝𝑎𝑛 and  𝜂𝐵𝑂𝑆 are the total cell area of one panel, the number of panels and 

the balance of system (BOS) efficiency and  𝜂𝐵𝑂𝑆 includes losses in all components of a PV 

system and can be expressed as 

 𝜂𝐵𝑂𝑆 = 𝜂𝑝𝑎𝑛 · 𝜂𝑖𝑛𝑣 · 𝜂𝑡𝑓 · 𝜂𝑐𝑎𝑏𝑙𝑖𝑛𝑔 · 𝜂𝑜𝑡ℎ𝑒𝑟  , (20) 

where 𝜂𝑝𝑎𝑛, 𝜂𝑖𝑛𝑣 , 𝜂𝑡𝑓 , 𝜂𝑐𝑎𝑏𝑙𝑖𝑛𝑔 and 𝜂𝑜𝑡ℎ𝑒𝑟 are the efficiencies of the selected solar panels, 

inverters, transformers, cables and other components. Finally, the amount of electricity 

generated per each hour is calculated and then all the hourly generation is summed to get the 

total daily energy production in kilowatt hours.  

 In case of a fixed installation, the panel direction vector is 

 𝑃𝐷𝑉𝑓𝑖𝑥𝑒𝑑 = 𝑐𝑜𝑠𝑝 · 𝑖 + 𝑠𝑖𝑛𝑝𝑠𝑖𝑛𝑝 · 𝑗 − 𝑠𝑖𝑛𝑝𝑐𝑜𝑠𝑝 · 𝑘 . (21) 

In case of tracking systems, the panel direction vector is dependent on the axis rotation angle 

φ, which is also named tracking angle and can be determined as 



38 
 

 𝜑𝐻 = 𝑆𝐶𝑇𝐴 · |arctan (
𝑆𝑃𝑉𝑗

𝑆𝑃𝑉𝑖
)| (22) 

for HSAT and HTSAT systems, where SCTA is the tracking angle sign coefficient 

 {
𝑆𝐶𝑇𝐴 = 1, 𝑤ℎ𝑒𝑛            0 ≤ 𝑠 ≤ 180
𝑆𝐶𝑇𝐴 = −1, 𝑤ℎ𝑒𝑛      180 < 𝑠 < 360

 (23) 

and 

 𝜑𝑉 = 180 − 𝑠  (24) 

for the VSAT system. The panel direction vectors for HSAT, HTSAT and VSAT systems 

are expressed as 

 𝑃𝐷𝑉𝐻 = 𝑐𝑜𝑠𝜑𝐻 · 𝑖 + 𝑠𝑖𝑛𝜑𝐻𝑠𝑖𝑛𝑝 · 𝑗 − 𝑠𝑖𝑛𝜑𝐻𝑐𝑜𝑠𝑝 · 𝑘, (25) 

 𝑃𝐷𝑉𝑉 = 𝑐𝑜𝑠𝑃𝐴 · 𝑖 + 𝑠𝑖𝑛𝑃𝐴𝑠𝑖𝑛𝜑𝑉 · 𝑗 − 𝑠𝑖𝑛𝑃𝐴𝑐𝑜𝑠𝜑𝑉 · 𝑘, (26) 

where γPA is the panel on-axis tilt, which is the angle that the solar panels make with the 

rotation axis. The sun position vector for the TSAT system is defined in a new unit vector 

coordinate system, in which the k axis coincides with the axis of rotation tilted at the axis 

tilt angle γa and the j axis remains in the same position as shown in Figure 24. 

 

Figure 24 Secondary coordinate system (in red) 

After applying coordinate system transformation based on the method by L. Narvarte and E. 

Lorenzo [51], the sun position vector can be defined in the auxiliary coordinate system as  

𝑆𝑃𝑉𝑇 = √(𝑠𝑖𝑛𝑠)
2
+ (𝑐𝑜𝑠

𝑠
· 𝑐𝑜𝑠(−𝑠))

2

𝑠𝑖𝑛 (𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑠𝑖𝑛

𝑠

𝑐𝑜𝑠
𝑠
· 𝑐𝑜𝑠(−𝑠)

) − γ𝑎) · 𝑖 

−  𝑐𝑜𝑠
𝑠
· 𝑠𝑖𝑛(−𝑠) · 𝑗 + 

√(𝑠𝑖𝑛
𝑠
)
2
+ (𝑐𝑜𝑠

𝑠
· 𝑐𝑜𝑠(−𝑠))

2

𝑐𝑜𝑠 (𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑠𝑖𝑛𝑠

𝑐𝑜𝑠𝑠·𝑐𝑜𝑠(−𝑠)
) − γ𝑎)  · 𝑘   (27) 


𝑎
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The axis rotation angle for the TSAT system can be expressed as 

 𝜑𝑇 = 𝑆𝐶𝑇𝐴 · |arctan (
𝑆𝑃𝑉𝑇𝑗

𝑆𝑃𝑉𝑇𝑖
)|. (28) 

Adding saturation to this tracking law improves the performance of the TSAT system. If the 

next calculated value of the axis rotation angle φT(n+1) is greater than the current value φT(n), 

the saturation is considered to be required. The axis rotation law with saturation can be 

expressed as 

 {
𝜑𝑇𝑠𝑎𝑡 = 𝜑𝑇𝑥, when         𝜑𝑇(𝑛+1)  > 𝜑𝑇(𝑛)  

𝜑𝑇𝑠𝑎𝑡 = 𝜑𝑇 , when           𝜑𝑇(𝑛+1)  ≤  𝜑𝑇(𝑛)
, (29) 

where φTx is the appropriate extremum axis rotation angle 

 {
𝜑𝑇𝑥 = 𝜑𝑇𝑚𝑎𝑥        𝑤ℎ𝑒𝑛            0 ≤ 𝑠 ≤ 180
𝜑𝑇𝑥 = 𝜑𝑇𝑚𝑖𝑛        𝑤ℎ𝑒𝑛      180 < 𝑠 < 360

, (30) 

where φTmax and φTmin are the maximum and the minimum axis rotation angles in the 

calculation respectively. The panel direction vector for the TSAT system is 

 𝑃𝐷𝑉𝑇 = 𝑐𝑜𝑠𝜑𝑇𝑠𝑎𝑡 · 𝑖 + 𝑠𝑖𝑛𝜑𝑇𝑠𝑎𝑡𝑠𝑖𝑛𝑝 · 𝑗 − 𝑠𝑖𝑛𝜑𝑇𝑠𝑎𝑡𝑐𝑜𝑠𝑝 · 𝑘. (31) 

The dot product for the TSAT system is then calculated substituting SPV with SPVT and 

PDV with PDVT in the equation (17). The dot product for HSAT and HTSAT systems is 

computed substituting PDV with PDVH and for the VSAT system substituting PDV with 

PDVV. Similarly, for the fixed installation the PDV is substituted with PDVfixed. 

The fidelities of the equations (22), (24) and (28) were estimated with numerical searches 

for the tracking angles that correspond to the highest dot product values. The discrepancies 

in total daily electricity generation were in the range from 0.001 to 0.05 percent. 

The received global irradiance for the HTSAT system is calculated through computing the 

incidence angle 

  = 𝑎𝑟𝑐𝑡𝑎𝑛

(

 
𝑐𝑜𝑠

𝑠
· 𝑐𝑜𝑠(−𝑠)

√(𝑐𝑜𝑠
𝑠
· 𝑠𝑖𝑛(−𝑠))

2

+ (𝑠𝑖𝑛
𝑠
)
2

)

 + 𝛾𝑃𝐴 (32) 

 𝐼𝑅 = 𝐼𝐺 · 𝑐𝑜𝑠 (33) 

The next calculation steps for this system are the same as for the others.  
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3.2 Location review 

In order to facilitate optimal PV system component selection, the site location should be 

analyzed first. The airport located in Lappeenranta, Finland, was proposed as the location 

for the case study. Figure 25 shows irradiation data for the city obtained from BlueSol 

software [66] with the NASA data source selected. Optimal panel tilt angle for fixed 

installations and axis position for single axis tracking systems depend on the sun trajectories 

for the given location, in particular on the elevation angle. Solstice angles are the minimum 

and the maximum solar noon sun elevation angles in a year. They mark the days with the 

longest and the shortest daylight duration. During summers, locations with latitudes above 

60° such as Lappeenranta have long daylight times, which are beneficial for solar power 

generation. According to the data obtained from sunearthtools.com [48], in 2017 summer 

and winter solstice for Lappeenranta occur on June 21 and December 21 at 52.39° and 5.52° 

elevation angles respectively corresponding to 19:17:56 and 05:30:53 daylight durations 

respectively. Annual elevation angle variation for the city is shown on Figure 26, where the 

sun trajectories for solstice months are represented with separate curves and each of all the 

rest curves represent sun trajectories for two months. 

 

Figure 25 Average solar radiation levels for Lappeenranta, Finland 
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Figure 26 Elevation angles and solstice for Lappeenranta, Finland, in 2017 [48] 

The solar spectrum for the location at the solar noon on the summer solstice day computed 

with the solar spectrum calculator from pvlighthouse.com.au [52] is shown in Figure 27. 

The IEC standard parameters for the AM1.5G spectrum were used in the calculation and the 

collector surface was set to be flat on the ground. The obtained air mass coefficient is 1.26, 

which corresponds to the 37.62 degree zenith angle and matches with the result from the 

calculation spreadsheet.  

 

Figure 27 Solar spectrum for the airport in Lappeenranta, Finland [52] 
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3.3 Performance estimation of ideal photovoltaic systems 

The parameters of the systems are listed in Table 2 below, where the axis azimuth is 

measured in the same direction as the panel surface azimuth. For instance, 90 degrees 

corresponds to an axis that exactly coincides with the North-South direction. 

Table 2. Applicable parameters of the PV systems 

 System type 

Fixed HSAT HTSAT TSAT VSAT DAT 

Panel tilt angle, ° 22 n/a n/a n/a n/a n/a 

Panel surface azimuth angle, ° 0 n/a n/a n/a n/a n/a 

Axis azimuth angle, ° n/a 90 90 90 n/a n/a 

Axis tilt angle, ° n/a n/a n/a 30 n/a n/a 

Panel on-axis tilt angle, ° n/a n/a 11 n/a 55 n/a 

Altitude, m 102 

Latitude 61.0475727 

Longitude 28.1512642 

 

The solar tracking is assumed to be ideal to show the best theoretically possible performance 

of the PV systems. The following assumptions are made: the weather is clear and no clouds 

are present, tracking angles are not limited, no shading occurs and no backtracking is 

performed. The days selected for the calculations are: April 20, 2017 (spring day); June 1, 

2017 (early summer day); June 21, 2017 (summer solstice day); July 16, 2017 (calendar 

midsummer day); August 31, 2017 (late summer day); October 10, 2017 (fall day).  

Figure 28 shows the behavior of the six types of solar PV systems for the chosen location on 

the summer solstice day. The corresponding axis rotation angles for HSAT, HTSAT, TSAT 

and VSAT systems are shown in Figure 29. It can be observed that the TSAT system is 

indeed capable of delivering performance that is close to the one of the DAT system, 

especially around the solar noon time. The VSAT system also provides performance similar 

to the dual axis tracking. The HSAT system performance suffers from the incidence angle 

increase resulting in noticeable received irradiance drop at solar noon. If the peak electricity 

consumption hours are around solar noon, this system may not be the most optimal choice 

due to this drawback. In the HTSAT system, this phenomenon is mitigated.  
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Figure 28 Received global irradiance on the summer solstice day 

 

 

Figure 29 Axis rotation angles on the summer solstice day 

However, both the HSAT and the HTSAT systems still significantly boost the overall energy 

production compared to the fixed system. In addition, they have high space efficiency, so if 

the peak system performance is not of the primary concern, these systems are to be 

considered. Figures 30 - 34 illustrate how performance of each solar PV systems type is 

affected as the seasons change. Table 3 contains corresponding irradiation values for each 

of the figures and for Figure 28.  
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Figure 30 Received global irradiance on the spring day 

 

 

Figure 31 Received global irradiance on the early summer day 

 

 

Figure 32 Received global irradiance on the calendar midsummer day 
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Figure 33 Received global irradiance on the late summer day 

 

Figure 34 Received global irradiance on the fall day 

Table 3. Received global irradiation by system type 

 
Fixed HSAT 

N-S 

HTSAT 

N-S 

TSAT 

N-S 

VSAT DAT 

Summer solstice 

day, kWh/m2 

8.13 12.46 12.69 13.28 13.39 13.82 

Spring day, 

kWh/m2 

6.35 8.84 9.54 10.25 10.29 10.52 

Early summer 

day, kWh/m2 

7.94 12.05 12.36 12.97 13 13.4 

Calendar 

midsummer day, 

kWh/m2 

7.82 11.8 12.15 12.76 12.78 13.14 

Late summer 

day, kWh/m2 

5.83 7.86 8.61 9.35 9.48 9.67 

Fall day, 

kWh/m2 

3.18 3.49 4.25 4.91 5.46 5.77 
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The VSAT system demonstrates the highest and the most consistent performance among all 

of the single axis tracking systems. However, the space efficiency of this system type is 

similar to the one of the DAT system and is inferior to the space efficiencies of HSAT, 

HTSAT and TSAT systems. In addition, VSAT systems often require concrete foundations, 

so it is reasonable to consider the other types of single axis solar tracking systems or a DAT 

system as well. Figure 34 shows that the HSAT system does not offer any significant 

advantage over the fixed system on the fall day. The HTSAT system performs better than 

the HSAT system in all cases and has the same high space efficiency properties. The TSAT 

system does not allow building as long rows as can be built with HSAT or HTSAT systems, 

but the performance of this system is mostly on the same level with the VSAT system and 

is not compromised in any way compared to the fixed system. These properties make the 

TSAT system seem to be a reasonable compromise for the selected location. The VSAT 

system seems to be an attractive alternative solution due to its performance advantages.  
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3.4 Component selection and land usage evaluation 

For the purpose of this study, TSAT, VSAT and fixed PV system types were selected for 

further performance investigation and comparison. The proposed size of each system is 100 

kWp. A few products from some of the largest solar industry suppliers were considered as 

examples of possible key configuration components of the systems. The solar panels and 

some of their specifications measured at standard test conditions (AM1.5, 1000 W/m2, 25°C) 

are listed in Table 4. In subchapter 3.3, ideal tracking performance was evaluated. Since a 

real commercial solar tracker system has limited range for axis rotation angle and can also 

have little or no adjustment possibilities for panel on-axis tilt and axis tilt angles, these 

limitations must be considered to make accurate performance estimation of real PV systems 

such as the ones listed in Table 5. The panel tilt angle in fixed installations is also dependent 

on a particular support structure and those that allow setting the optimal tilt angle can be 

considered. For instance, Gildemeister SunCarrier Fixed allows panel tilt angles from 20 to 

30 degrees [62] and thus can be selected for the chosen location. In addition to electricity 

generation price per kilowatt, energy density is quite important when choosing optimal 

modules for tracking PV systems. In this paper, it is assumed that selecting panels with high 

efficiency is the most cost-effective option for building a tracking system since it minimizes 

the number of individual solar trackers required to achieve the rated total peak power of the 

installation. For this reason, the SunPower modules were selected as the primary basis for 

further calculations for all the considered PV system types. 
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Table 4. Specifications of solar panels 

Module 

series 

SunPower: SPR-

E20-435-COM; 

(SPR-E19-410-

COM) [55] 

SunPower: 

SPR-E20-327; 

(SPR-E19-320) 

[56] 

Trina Solar: 

TALLMAX M 

PLUS-DE14A(II) 

[53] 

Trina Solar: 

TALLMAX-

PE14A [54] 

Type Monocrystalline 

silicon 

Monocrystalline 

silicon 

Monocrystalline 

silicon 

Polycrystalline 

silicon 

Peak 

power, W 

435; 

(410) 

327; 

(320) 

335; 340; 345; 

350; 355; 360; 365 

320; 325; 330; 

335 

Efficiency, 

% 

20.3; 

(19.7) 

20.4; 

(19.9) 

17.3; 17.5; 17,8; 

18; 18.3; 18.5; 

18.8 

16.5; 16.8; 17; 

17.3 

 

Number of 

cells 

128 96 72 72 

Module 

dimensions, 

mm 

2067 × 1046 × 46 1558 × 1046 × 

46 

1956 × 992 × 40 1956 × 992 × 

40 

 

More information such as short circuit currents, open circuit voltages, MPP currents and 

MPP voltages as well as other details can be found in the referenced datasheets.  
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Table 5. Examples of commercial tracking PV systems available on the market 

 SunPower T20 

[58] 

Gildemeister 

SunCarrier 22 

[57] 

Helioslite 1.5 

axis HLPV [59] 

Gildemeister 

SunCarrier 260 

[60] 

Installation 

type 

TSAT TSAT TSAT with 

additional 

degrees of 

freedom 

VSAT 

Axis rotation 

angle range, ° 

± 45 ± 45 ± 52 220 

Panel on-axis 

tilt, ° 

n/a n/a n/a 30 

Axis tilt, ° 20 from 10 to 20 from 10 to 30 n/a 

Module 

capacity 

9 128-cell or 12 

96-cell 

SunPower 

modules 

13 panels on 

21.34 m2 surface 

10 panels with 

60 or 72 cells  

22.10 × 11.20 m  

surface 

(247.52 m2) 

Drive type Electric linear 

actuator linking 

up to 48 units 

Electrohydrauli

c drive coupled 

via a push rod 

linking up to 11 

units 

Electric linear 

actuator 

Electric motor 

with break 

function and a 

three-stage 

planetary gear 

Wind speed 

tolerance, 

km/h 

177 for 3-

second gust 

144 with  peak 

velocity 

pressure 1 

kN/m2 

175 for 3-

second gust; 

110 for 10 

minute average 

128.9 [61] 

Foundation 

options 

Pre-cast 

concrete 

Concrete; 

screw-in 

unspecified Concrete 

Dimensions, 

m 

9.7 × 2.1 × 4.4 11 × 2 × 4 5 × 4 × 4 12 (foundation 

diameter) 
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The system size of 100 kWp requires 230 SunPower SPR-E20-435-COM modules and 26 

SunPower T20 trackers to mount them. One of them would not be fully equipped with 

panels, so the total number of modules should be increased to 234 so that each tracker has 

3.915 kWp of power. This makes the total peak power of the whole PV installation be 101.79 

kWp. Each tracker occupies (9.7 · 2.1 = 20.37) m2 of space, so all the trackers would take 

at least 529.62 m2 of space when the ground coverage ratio equals to 1. A lower GCR value 

requires more space but is necessary for optimal operation. SunPower specifies the GCR 

range for T20 to be from 0.20 to 0.24 [58]. Thus, the whole TSAT system needs at least 

2648.1 m2 of space when the ground coverage ratio is 0.2. A SunPower T20 system is 

depicted at the bottom of Figure 14 on the left. The VSAT and the fixed systems by 

Gildemeister are shown in Figure 35. 

 

Figure 35 SunCarrier 260 [63] and SunCarrier Fixed [64] systems 

A Gildemeister SunCarrier 260 tracker can carry up to 105 SunPower SPR-E20-435-

COM modules, which give 45.675 kWp of power when combined. Alternatively, it can be 

equipped with 147 SunPower SPR-E20-327 modules resulting in 48.069 kWp power. In this 

case, two such trackers can provide the total power of 96.138 kWp, which is the closest to 

100 kWp value possible with this system. Each SunCarrier 260 tracker needs 

(22.1 · 22.1 = 488.41) m2 of space, so the two of them require at least 976.82 m2 of space 

when the GCR equals to 1. As expected, the VSAT system demonstrates inferior space 

efficiency. However, independent electrical drives in each of these trackers allow more 

broad range for GCR, so it can be possible for these VSATs to operate within the space that 

the T20 system requires if the GCR for the SunCarrier 260 system is set higher, but at GCR 

equal to 0.2 this system takes 4884.1 m2 of space. 

According to Gildemeister [60], one SunCarrier Fixed structure can provide mounting area 

up to 260 m2, which is enough to accommodate 120 SPR-E20-435-COM modules with total 

power 52.2 kWp or 159 SPR-E20-327 modules with 51.993 kWp. The 100 kWp system size 

goal can be reached with 306 SPR-E20-327 or 230 SPR-E20-435-COM modules. Assuming 



51 
 

each support structure has a 39 × 4 array with 156 SPR-E20-327 panels mounted, two such 

structures can provide total power 102.024 kWp. Thus, the dimensions of each array are 

(1.046 · 39 ×  1.558 · 4 = 40.794 ×  6.232) meters. Consequently, each of them takes at 

least (40.794 · 6.232 · 𝑐𝑜𝑠(22) = 235.72) m2 of space, so the two fixed mounting 

structures occupy the area no less than 471.44 m2 when the ground coverage ratio equals to 

1. Unlike tracking systems, fixed installations cannot combat self-shading with 

backtracking, so it can be necessary to arrange the solar arrays in such way that the mutual 

shading is minimized to a certain extent at certain sun positions. The space available at the 

location allows installing the two fixed mounting structures in one row with GCR close to 

1. As a result, mutual shading can be eliminated with the single-row system disposition.  

The results of the analysis in this subchapter are gathered in the Table 6. 

Table 6. Possible configurations of photovoltaic systems for the location 

 Gildemeister 

SunCarrier Fixed 

SunPower T20 Gildemeister 

SunCarrier 260 

Type Fixed mounting 

structure 

TSAT VSAT 

Modules SunPower SPR-E20-

327 

SunPower SPR-

E20-435-COM 

SunPower SPR-

E20-327 

Number of modules for 

one unit 

156 9 147 

Peak power for one 

unit, kWp 

51.012 3.915 48.069 

Units required 2 26 2 

Total peak power for 

the system, kWp 

102.024 101.79 96.138 

Minimum total 

installation space, m2 

471.44 529.62 976.82 

Optimal ground 

coverage ratio range 

Unspecified, for 

single-row 

configuration any 

range up to 

1 is assumed 

From 0.20 to 

0.24 

Unspecified, 

assumed flexible 

Selected ground 

coverage ratio 

1 0.2 0.2 

Optimal total 

installation space, m2 

471.44 2648.1 4884.1 
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3.5 Performance estimation of commercial photovoltaic systems  

Figures 36 - 38 illustrate how TSAT and VSAT systems that have angular parameters 

identical to the ones of T20 and of SunCarrier 260 tracking systems respectively would 

perform in the selected location when no shading effects and no backtracking are present 

and the sky is clear. A SunPower T0 HSAT system, which has the same axis rotation range 

as the one of T20, and an ideal DAT, which represents all global irradiance that can be 

received, were added for comparison. The axis azimuth for both the TSAT and the HSAT 

systems is 90 degrees. The fixed installation has 22 degree panel tilt and zero panel surface 

azimuth. The TSAT and the VSAT systems demonstrate similar overall performance. 

However, the TSAT system receives the highest amount of global irradiation and 

consequently provides the largest generation improvement over the fixed system. A VSAT 

system such as Gildemeister SunCarrier 260 needs the on-axis tilt angle no less than 34 

degrees to outperform a TSAT system similar to SunPower T20 on this day. 

 

Figure 36 Received global irradiance by system type for the summer solstice day of 

2017 

  



53 
 

 

Figure 37 Received portions of total global irradiation by system type for the summer 

solstice day of 2017 

Nevertheless, earlier it was established that various types of single axis tracking systems 

with ideal parameters respond differently to the change of seasons, so the received irradiation 

for each 15th day of each month of 2016 was calculated with the parameters of the 

commercial systems so that the most suitable system can be selected. The results are shown 

in Figure 39. 

 

Figure 38 Additional production from solar tracking compared to fixed installation 

for the summer solstice day of 2017 
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Figure 39 Received global irradiation by system for 2016 

The TSAT system outperforms the VSAT system in all months except January, February, 

November and December. These months have relatively short daylight durations and thus 

their contribution to the annual energy production is relatively small. In addition, the 

snowfalls inherent to the location are likely to create snow cover on the solar panels reducing 

this contribution even further. Combined with the superior space efficiency, the performance 

of the TSAT system makes it seem to be the most optimal choice for the location. 
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3.6 Annual energy production calculation 

Since weather conditions have quite significant influence on the real performance of PV 

systems, meteorological data is often employed in calculations of annual energy production 

and generation forecasts to obtain more accurate results. Cloudiness data for the chosen 

location was measured with 10-minute interval using a ceilometer from June 21, 2014 to 

June 21, 2017 by Finnish meteorological institute in Lepola, Lappeenranta. The sky was 

divided into 8 parts and a cloudiness index (CLI), which describes how much of the sky is 

covered with clouds, was recorded. The index has an integer scale from 0 to 8 defined as 

follows: 0 – 1 is clear sky, 2 – 4 is fairly clear sky, 3 – 6 is partly cloudy, 5 – 7 is fairly 

cloudy and 7 – 8 is cloudy. In addition, value 9 was assigned when the cloudiness could not 

be measured due to heavy snow or thick fog. In this study, this value is considered as 8. The 

weather impact can be estimated comparing the results obtained using the calculation 

approach presented in the subchapter 3.1 with energy production data of real photovoltaic 

systems in the area. The difference can be described with the weather impact coefficient 

(WIC) 

 𝑊𝐼𝐶 =
𝐼𝑅𝑟𝑒𝑎𝑙

𝐼𝑅
= 𝑓(𝐶𝐿𝐼), (34) 

where IRreal is the real received solar irradiance. After WIC and CLI sets of values are 

acquired and matched, a function that correlates them for a specific period of time can be 

obtained to reproduce the behavior of real PV systems in changing weather conditions for 

the area. The carport PV installation and the DAT PV system in LUT green campus were 

selected as sources of generation reference values. The energy production data for 2016 was 

extracted from the LUT green campus database with the same interval and time zone. Since 

operating directly with 10 min interval data for each day of the year is a relatively time-

consuming task, the weather data was divided by months and then averaged for each one 

with retaining the same time interval. As a result, an average day in a month calculated from 

all days in the month was obtained for each month of the weather data. Compared to weather 

data, solar data patterns change gradually and do not fluctuate, so it was assumed that the 

15th day of a month can represent the average solar behavior in the month and thus be suitable 

for the IR calculation. Since the daily IRreal data calculated from the green campus energy 

production data is weather-dependent, it was averaged for each month in the same way as 

the weather data. The energy production data obtained from the green campus database 

represents instantaneous power generation numbers in Watts. Such data is not system-
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independent as it is influenced by BOS efficiencies and other component parameters inherent 

to certain PV systems, so IRreal was calculated to exclude those parameters as 

 𝐼𝑅𝑟𝑒𝑎𝑙 =
𝑃𝑖𝑛𝑠𝑡

𝑆𝑝𝑎𝑛 · 𝑛𝑝𝑎𝑛 · 𝜂𝐵𝑂𝑆
 (35) 

The expression (34) can be employed to estimate real system behavior for any day of any 

month either using the cloudiness function for that month with cloudiness data for that day 

and calculated IR values for that day or directly using WIC values for that month with 

calculated IR values for that day. Since the green campus generation data is used in the 

calculation of WIC values, they are already influenced by various phenomena including 

cloudiness, snow cover during the winter and more. Thus, they can be employed to reproduce 

realistic system behavior for the location. Further calculations in this work are based on the 

approach with WIC values. 

The specifications of the green campus PV systems are presented in Table 7. The following 

assumptions were made: the BOS efficiencies can be estimated multiplying the European 

inverter efficiency by the panel efficiency; the DAT system inverter has the same efficiency 

as the carport inverters; the TWY250M660 has the same total cell area as the other modules. 

All the data was matched for the GMT 0 time zone with no daylight saving time. 
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Table 7. Specifications of the reference PV systems 

Installation Carport Dual axis tracker 

Panels Tianwei TW250P60-FA 

(polycrystalline silicon) 

Tianwei TWY250M660 

(monocrystalline silicon) 

Tianwei TW230P60-FA2 

(polycrystalline silicon) 

Panel number 396 poly Si panels 

36 mono Si panels 

432 panels in total 

22 poly Si panels 

Panel efficiency 15.37 % poly Si panels 

15.3 % mono Si panels 

15.3642 % in weighted average 

14.14 % 

Dimensions of a 

single panel 

1640 × 992 × 40 mm 1640 × 992 × 40 mm 

Area of a single panel 1.62688 m2 1.62688 m2 

Total peak power 99 kWp poly Si panels 

9 kWp mono Si panels 

108 kWp in total 

5 kWp 

Inverter ABB PVS300-TL-8000W-2 unknown 

Inverter rated power 8 kW unknown 

Inverter efficiency 96.6 % unknown 

Inverter number 12 unknown 

BOS efficiency 14.841785 % 13.65924 % 

 

The annual energy production of the commercial PV systems for 2016 was calculated as a 

sum of all monthly energy productions of the year. Each monthly energy production was 

calculated multiplying the daily energy production of the 15th day of the month by the 

number of days in the month. Since there was no TSAT system at the green campus, the real 

received irradiance for such system was predicted as 

 𝐼𝑅.𝑟.𝑇𝑆𝐴𝑇 = 𝐼𝐺𝐶𝐷𝐴𝑇𝑎𝑣 ·
𝐼𝑅.𝑇𝑆𝐴𝑇
𝐼𝑅.𝐷𝐴𝑇

 (36) 

where IGCDATav is the averaged real received irradiance for the DAT system located in the 

green campus calculated from the measured data, IR.TSAT and IR.DAT are the received irradiance 
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for TSAT and DAT systems respectively calculated from astronomical data using the 

calculation approach described earlier. The following assumptions are made during the 

calculation: all PV systems have 19 % BOS efficiency, the fixed system has 312 SPR-E20-

327 modules with total power 102.024 kWp, the TSAT system has 234 SPR-E20-435-COM 

modules with total power 101.79 kWp. The results are presented in Table 8 below. 

Table 8. Annual energy production of PV systems 
 

SunCarrier Fixed system T20 TSAT system 

Daily 

generation 

estimate, kWh 

Monthly 

generation 

estimate, MWh 

Daily 

generation 

estimate, kWh 

Monthly 

generation 

estimate, MWh 

January 0.07 0 11.87 0.37 

February 0.33 0.01 45.52 1.32 

March 12.35 0.38 266.64 8.27 

April 290.49 8.71 390.52 11.72 

May 465.67 14.44 681.34 21.12 

June 432.77 12.98 577.99 17.34 

July 328.08 10.17 424.06 13.15 

August 278.93 8.65 361.36 11.2 

September 193.71 5.81 256.02 7.68 

October 62.66 1.94 88.26 2.74 

November 1.38 0.04 6.22 0.19 

December 0.3 0.01 2.76 0.09 

Total AEP, 

MWh 

63.15 95.17 

 

The calculations indicate that a TSAT system such as SunPower T20 can provide 50.7 

percent annual generation gain with respect to a fixed system for the location. The gain can 

be increased further with a TSAT system that allows setting the axis tilt angle closer to the 

ideal value, which is 30 degrees for the location, and has wider range for the axis rotation 

angle. 

 

3.7 Cost assessment 

According to FinSolar [67], in 2016 average on-grid system installation price in Finland 

including panels, inverters, mounting and wiring ranged from 1050 to 1350 €/kWp for the 

system sizes from 10 to 250 kWp. Thus, in case of a 100 kWp system its installation price 

can be assumed to be around 125000 €. However, the article does not distinct PV system 

types, so this price is assumed to be valid for the fixed system. Extra components in tracking 
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systems increase their installation costs. According to ERPI [69], the average capital cost of 

single axis tracking systems in the United States is about 9-15 % higher than the one of fixed-

mounted systems. Assuming the same relation is valid for EU, installation cost for the TSAT 

system can be around 143750 €, which is 18750 € extra compared to the fixed system. 

FinSolar suggested that at the moment construction of large solar power plants in Finland 

may not be profitable and that PV systems should be sized in such a way that a large portion 

of generated electricity is consumed at the site so that the PV power supplied to the grid 

remains as small as possible. In this case, financial return should be achieved by minimizing 

the grid power consumption. Corporate and institutional customers purchase electricity from 

the grid for about 0.09 €/kWh [67]. Compared to the fixed installation, the TSAT system 

annually produces extra 32.018316 MWh, which is worth 2881.65 € at that rate. 

According to 2016 NREL data [68], operation and maintenance costs of a 100 kWp fixed 

PV system are around 19 $/kWp, which is about 16 €/kWp. Thus, maintenance for the 100 

kWp fixed system can cost about 1600 € per year. Figure 40 shows that if crystalline silicon 

panels are used, operation and maintenance cost for single axis tracking systems is about 7 

percent higher than the one of fixed systems. Thus, annual maintenance costs for the TSAT 

system can be around 1712 €, which is 112 € more than for the fixed system. 

If the assumptions above are valid, the annual benefit of the TSAT system with the 

maintenance cost subtracted is 2769.65 €, so at least 7 years are required to cover the higher 

installation cost. 

 

Figure 40 Operation and maintenance costs by technology for 10 MW plants in 2015 

[69] 
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4 CONCLUSIONS 

The conducted performance analysis of the PV systems has established that a TSAT system 

is the most suitable single axis tracking system type for the location with high latitude.  

Compared to a same-sized fixed system, its annual energy production was estimated to be 

50.7 % greater. The basic cost assessment has shown that single axis tracking in the location 

can become economically beneficial in about 7 years after the installation. 

This work also describes fundamentals of photovoltaic technologies and compares other 

solar tracking system types in terms of performance. Some component configuration 

examples were made and evaluated. The described calculation algorithm was implemented 

in a spreadsheet and can be employed to determine the most suitable PV system types for 

other locations as well. LUT green campus energy production data for 2016 was used in the 

calculations and a method for solar irradiance estimation through cloudiness data was 

proposed. 

If this work is to be continued, the accuracy of the performance analysis can be improved 

with considering self-shading effects in solar tracking and integration of a backtracking 

algorithm into the calculation approach. Some cost-related assumptions were made during 

system component selection, so market analysis can be conducted to eliminate them and 

ensure optimal system configuration selection, which can include inverters and all other 

required components. Component layouts and system models can be created in PV software. 

Several assumptions were made during the cost assessment, so more thorough financial 

analysis can be performed as well and parameters such as levelized cost of electricity can be 

calculated. A fixed-mounting system configuration with thin-film modules can be evaluated. 
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