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The demand for energy has increased as it is expected that the demand for energy in
the world will grow by 41% during the next 20 years. environmental problems and
energy crises are increasing day after day. Renewable energy is one of the best
solutions for this problem, many countries around the world developed their ability
in order to benefit from renewable sources to fill the shortage of energy. Photovoltaic
energy is one of the Renewables emerging. The demand for solar PV energy is
expanding significantly and may become the most competitive choice in many
countries. As a result of the rising of conventional fuels utilized in the generation of
energy, utilized of conventional fuels generation of energy leads to gas emissions
like as (carbon dioxide, Nitrogen oxide, and Sulphur oxide), which cause damage to
the atmosphere. One of the advantages of photovoltaic energy is that it is
environmentally friendly, there are no outputs from the energy production process
compared to gases from the energy production process by traditional fuels, energy



production by photovoltaic energy is not accompanied by noise, the absence of
mechanical movement led to a decrease in the cost of operating and maintaining
Photovoltaic systems. The life span of Photovoltaic systems is between 25-30 years.
The increase in R&D (research and Development) in the sector of Photovoltaic
energy and the technological development taking place in this sector contributed
significantly to the decrease in the prices of its components, which led to its
widespread use in the domestic, industrial, and agricultural fields. Iraq suffers from a
great shortage of electrical energy. During the past five years, the Iraqi Government
started serious steps to produce electrical energy using renewable energies

specifically electrical energy generation from solar photovoltaics.

In this thesis, a 100 MW —capacity Photovoltaic station was designed in the city of
Mosul using PVSYST simulation software. The annual global horizontal irradiation
rate for the site is 1825. The tilt angle of the solar panels was calculated for each of
the year's months, and since the system to be installed is a fixed system. The
simulation program determined the optimal Tilt angle. Several photovoltaic panels
were calculated (total Panels needed), and the No. of panels in the series, and the No.
of panels in the parallel string were calculated, the appropriate inverter was selected
for the system, the collector box was also selected, the DC cables sections area are

calculated also the AC cables sections area are calculated.

The annual Energy for PV array determined by the PVSYST it is equal to 181136
MWh also The Annual Energy exported to the grid is equal to 178352 MWh, also

yield factor performance ratio, and capacity ratio are determined.

Key Words : On Grid Photovoltaic Plant, Tilt Angle PV Module, Central
Inverter, Capacity Ratio, Performance Ratio, Yield Factor.
Science Code : 90544



OZET

Yiiksek Lisans Tezi

MUSUL'DA FV SISTEM KULLANARAK GUNES FOTOVOLTAIK
SANTRALI TASARLANMASI

Omer Rafea Tawfeeq ALDABBAGH

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Elektrik ve Elektronik Miihendisligi Anabilim Dah

Tez Danismani:
Do¢. Dr. Muhammet Tahir GUNESER
Ocak 2023, 137 sayfa

Oniimiizdeki 20 y1lda diinyadaki enerji talebinin % 41 oraninda artmas1 beklentisi ile
birlikte ¢evre sorunlart ve enerji temin krizleri de giinden giine artmaktadir.
Yenilenebilir enerji teknolojileri bu asamada en iyi ¢dziim yoOntemlerinden birisi
olarak iilkelerin enerji acigim1 kapatmasina bir firsat olarak goriilmektedir.
Fotovoltaik enerji, yenilenebilir enerji yontemlerinden kendisine talebin 6nemli
Olctide genisledigi ve birgok tilkeye rekabetci olma firsati sunan teknoloji olarak 6ne
¢ikmaktadir. Enerji tiretiminde kullanilan konvansiyonel fosil yakitlarin atmosfere
zarar veren (karbon dioksit, Azot oksit ve kiikiirt oksit) gaz emisyonlarina yol agtig1
bilinmektedir. Bu sebeple, fotovoltaik enerjinin ¢evre dostu olmasi, geleneksel
yakitlarla enerji iiretim siirecinden ¢ikan gazlara kiyasla enerji liretim siirecinde
higbir zararli ¢ikt1 olmamasi, enerji liretimine giiriiltii eslik etmiyor olmasi, mekanik
enerji hareketinin olmamasi, isletme ve bakim maliyetinde diisiise neden olmasi

onemli avantajlar olarak goriilmektedir. Fotovoltaik sistemlerin émrii 25-30 yil
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arasinda oldugu hesaplanmaktadir. Fotovoltaik enerji sektoriinde Ar-Ge (arastirma ve
gelistirme) artis1 ve bu sektorde meydana gelen teknolojik gelisme, bilesenlerinin
fiyatlarinin diismesine 6nemli 6l¢iide katkida bulunmus, bu da evsel, endiistriyel ve

tarimsal alanlarda yaygin olarak kullanilmasina yol agmustir.

Giiniimiizde Irak, bilyiik bir enerji arz1 darbogazi sikintis1 ¢ekmektedir. Gegtigimiz
bes y1l boyunca Irak Hiikiimeti, yenilenebilir enerjileri, 6zellikle Fotovoltaik Giines

enerjisi yontemi ile elektrik tiretimi i¢in ciddi adimlar atmaktadir.

Bu tezde, Musul sehrinde PVSYST simiilasyon yazilimi kullanilarak 100 MW
kapasiteli bir Fotovoltaik Giines Enerji Santrali tasarlanmistir. Musul sehrinin yillik
global yatay giineslenme orani 1825'tir. Kurulacak sistem sabit montaj bir sistem
oldugundan giines panellerinin e8im agis1 yilin her ayr gozetilerek optimize
edilmistir. Simiilasyon programi yardimiyla optimum egim agis1 belirlenmistir.
Ihtiya¢ duyulan fotovoltaik panel sayis1 hesaplanirken, seri baglanan panel sayisi1 ve
ayni1 eviriciye baglanan panel dizisi sayisi da belirlenmistir. Tasarlanan sistem igin en
uygun evirici ve toplayict kutusu belirlenmistir. Ayrica kullanilacak DC kablo ve AC
kablo icin optimum kesit alan1 hesaplanmistir PVSYST tarafindan belirlenen
fotovoltaik dizi sistemi ile tasarlanan Giines Enerjisi Santralinin yillik enerji tiretimi
181136 MWh olarak hesaplanmistir. Bu miktarin 178352 MWh’l sebekeye
verilebilecegi belirlendiginden systemin verim faktorii performans oranmi ve kapasite

orani da belirlenmistir.

Anahtar Kelimeler : Sebeke iizerinde Fotovoltaik tesis, Egim agisi, PV modiili,
Merkezi Inverter, Kapasite orani, Performans orani, Verim
faktorii.

Bilim Kodu 1 90544
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PART 1

INTRODUCTION

At the beginning of this century, the demand for energy has increased as it is
expected that the demand for energy in the world will grow by 41% during the next
20 years, environmental problems and energy crises are increased day after day,
Renewable energy is one of the best solutions for this problem many countries
around the world developed their ability in order to benefits from the renewable
sources to fill the shortage of energy, reduce greenhouses gas emissions, increase the
employment, ensure the energy security and improve the energy efficiency. The sun
Is one of the largest abundant sources of renewable energy currently known, it is free
and inexhaustible. Fossil fuel sources are being used to produce the majority of
electrical energy. As a result of the development in the various field of life, this was
accompanied by a large consumption of energy. Because of the increase in the price
of traditional fuels used in energy production. With the rise in global temperatures
and global warming accompanying energy production .it has become necessary to
search for renewable energy sources that do not affect the climate and one of these
sources is solar photovoltaic energy PV [1, 2]. When compared to the 24 terawatt of
power that humans typically consume annually, the 233 pet watts of sunlight that

reaches the earth's surface are abundant amount [3].
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Figure 1.1. Renewable and non-renewable resources during 10 years with power
generation capacity [4].
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The photovoltaic energy sector witnessed a significant expansion during the previous
years due to the increase in demand for energy in various sectors including
residential, commercial, and industrial sectors. On the other hand, the rise in carbon
dioxide emissions and climate changes taking place in the world prompted a rise in
demand for renewable energies to compensate for the shortage in global energy
supplies. as shown in Figure 1.2. The production of electrical energy expanding by
photovoltaic energy for ten years 2010-2020.
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Figure 1.2. Electrical energy expanding by photovoltaic(2010-2020) [4].
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Figure 1.3. Employment of each renewable sector [4] .

As it shows the amount of the annual solar photovoltaic energy for each year and the
amount of energy added for every year, in comparison with Figure 1.4 which shows
the amount of solar energy produced globally by photovoltaic panels until 2019. the
production reached 627 GW worldwide for the year 2019, while the amount of
global energy generated by Photovoltaic panels for the year 2020 is approximately
760 GW worldwide where the increase in the added energy globally amounted to
approximately 133 GW. And here we should be noted that the added capacities of
photovoltaic energy were during the period of the corona pandemic (COVID-19).

Gigawatts
700

627 627 wo

600 = Gigawatts Total
512

500 e — |
I Annual additions
409 i
400 +102 [l ol m Previous year's
capacity
306
300 oy — | ] | | | B
228
200 178 < | | ] | | | B

A\
= R
100 101 e=al | ’

2009 2010 20Mm 2012 2013 2014 2015 2016 2017 2018 2019

Figure 1.4. Electrical energy expanding by photovoltaic(2009-2019) [4].



Despite the restrictions imposed during the corona pandemic and requests to stay at
home. This caused an increase in the demand for energy. the epidemic also caused
delays in shipments and delivery of equipment's used in the solar energy industry
such as panels, inverters, and other auxiliary devices. Despite these obstacles, there
are many countries that have achieved great success by adding capacities in
photovoltaic energy and achieving growth in PV power markets. And among these
countries, United States of America witnessed significant expansions in the field of

photovoltaic energy during 2019-2020 as shown in Figure 1.5.
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Figure 1.5. Top 10 countries for capacity added during 2020 [4].

The demand for solar PV energy is expanding significantly and may become the
most competitive choice in many countries whether for domestic use or commercial,
industrial and even in agriculture applications. large scale utility projects have begun
to be widely applies. many countries have contributed to this energy by increasing
their capacities of solar photovoltaic energy which has led to an increase in global

growth.

There are many countries that have sufficient operation capacities to cover
approximately 5% of their electricity needs by solar photovoltaic energy and among
these countries are, Japan at 8.5%, Italy 9.4%, Chile 9.8%, Australia 9.9% and

Germany 10.5%. There are many countries that have achieved good growth in the



field of solar photovoltaic energy including Spain, the United Kingdom, India, and
UAE (United Arab Emirates) [4] as illustrated in Figure 1.6.
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Figure 1.6. The Capacity of Global Photovoltaic generation according the country
and regions, 2010-2020 [4].

Iraq suffers from a great shortage of electrical energy. Citizen is supplied with
electrical energy at a rate of 15 hours/day this supply rate is not fixed. this quantity
decreases in summer and winter season .as this quantity decrease to reach
approximately to 10 hours/day. while the average supply hour increases during the

full and spring season to reach approximately 20 hour/day or more.

The electricity generated in Irag depending on Gas power stations we can consider it
as a base load It is using Petroleum gas fuel which contributes 50 % of generated
power. the steam power stations contribute 28% of generated power using heavy oil
fuel, diesel power stations contribute 15% of generated power using gas oil fuel, and
the hydro-electrical power stations involved 7% of Generated power. Figure 1.7
show the quantity of electrical energy from different types of electrical stations,
while Figure 1.8. Show the distribution of electrical energy produced by different
electrical stations and the shear of each governorate from generation [5].
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Figure 1.7. The quantity of the electrical energy from different types electrical
stations [5].
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Figure 1.8. Different electrical stations and shear of each governorate from
generation [5].

Most of the oil producing countries, including Iragq have not adopted the use of solar
energy to generate electrical energy to meet their requirements for electrical energy.

the main reason for this is the availability of oil in these countries as well as the low



values of extracting the oil from the earth, and lack of encouraging incentives for
solar energy and renewable energies, and these countries don’t take into
consideration the damages caused using fossil fuel to produce their electrical energy

needs on the environment.

During the past five years, the Iragi Government started serious steps to produce
electrical energy using renewable energies specifically the production of electrical
energy from solar photovoltaic. the ministry of electrical and renewable energies
announced a project for the establishment of solar photovoltaic plants in all Iraqi

cities and the capacities of these plants ranged from 80-100 MW.

One of the most important factors that increased steps toward solar energy in Iraq is
the rise in global oil prices and the high cost of extracting it from the earth as well as
the sources of fossil fuels is heading towards extinction after the period of time and
the other main reason is the climate change which comes as a result of the use of

fossil fuel, which lead to global warming and increase in carbon dioxide emissions.



PART 2

LITERATURE REVIEW

In the recent years. The demand of energy is increased, without energy the humanity
can not continue. Photovoltaic energy is one of the renewable energy sources, which
witnessed a large growth during the previous years. Photovoltaic energy and other
renewable energies (wind energy, hydraulic energy, etc.) can fill the gap in energy
demand, Photovoltaic energy an environmentally friendly and not caused any
pollution or Coz emissions. This expansion in the use of photovoltaic energy led to
an increase in the studies related to photovoltaic power generation and the
identification of factors and parameters that effected directly or indirectly on PV
system's performance. The previous helps us to enhance the PV system's energy

output during it is lifetime.

Some of the studies introduced the performance evaluation of a 10MW photovoltaic
power plant, the annual rate of the temperature of the site is 27.3C° and with an
excellent solar radiance rate of 4.94 kwh/m2/day. The study calculated the various
kinds of power losses (temperature, grid connecting, etc.) [6]. While the other study
analysed the performance of a 100kW grid-connected PV system by using
Polycrystalline silicon PV modules. They find that the system's yearly performance
percentage is about 80%. The system generates 165.38 MWh/year and the magnitude
of net energy exported to the grid is 161 MWh /year [7]. Other researchers going to
design a PV system to meet the request of electricity in the department of
engineering to reduce the electrical energy bill .they find that the engineering faculty
consumed about 96 MWh annually .they designed a photovoltaic system with a
capacity of 65.7 kW the system production will be 97.02 MWh/year and this amount
will cover the energy demand for engineering faculty and the capital cost of this

system is 177.000 USD and the period to pay back the money will be during 5.5



years, this system will reduce about 85 ton of greenhouse gas emissions every year

[8].

Other researchers used the pvsyst software to design a grid-connected PV system for
Modon Mohan Malaviya University of technology in India. the system losses and
system output determined .and from pvsyst. The software they determined the
optimal size of PV modules and the optimal number grid inverters. It is the optimal
solution to provide the university by electrical energy. the PV system produces about
901 MWhl/year [9]. The researcher designed and simulated a solar photovoltaic
system with the capacity of 30 kW by using pvsyst software their site was artificial
lack at Indonesia according to the weather conditions and Indonesia’s climate. The
researcher used in simulation different amounts of PV orientations Tilt angles
(0°,5°,10°,20°,30° and used a previous types of PV modules Si-mono and Si-poly
with different energy capacities and based on analyses they chose Si-mono PV
panels with energy capacity 310 W, with orientation tilt angle 5° [10]. Another study
refers to the important factors affecting the designing of the solar PV systems
according to the amount of energy coming from the sun per square meter, the energy
that falls on a unit area in unit time, and the ambient temperature, all these factors
presented an important point in PV system designing [11]. The researchers indicate
that the choice of the site of the solar power plant is very important, noticed that
there is no wildlife in the area of the power plant site, there is no health risks the
solar power plant will not cause a health hazard and it is environment friendly and
finally, there are no historical and archaeological places in the solar power plant site

or area [12].

The other researcher refers to the use of the string inverter as better for large systems
instead of microgrid inverters which are suitable for residential applications to reduce

the risk of underperformance [13].

Some studies refer to one of the factors effecting on the PV system’s performance it
is potential induced degradation (PID), which can be define as a Potential difference
of a few hundred volts between the solar cell of a module and module structure can

occur [14] . This voltage difference leads to leakage current strolling between the



solar cell and module structure [15]. When PID occurs the PV system will loss 20%
from it is efficiency and lead to reduce PV module's performance and dependability
[16]. Some studies refer to the temperature and humidity that can be affected
negatively of photovoltaic system performance that runs in high DC voltages [17].
Other study shows the methods can be detected the PID also refer to the tried to
treatment the PV panels by a layer of Phosphorus Silicate glass (PSG) to reduce the
effect of PID process by coating the glass to prohibit the entering the Sodium ions in

the solar encapsulation of the panel [18].

While other studies refer to the non-repeatedly programmed maintenance incorrect
installation and aging effect all these factors can be accelerated the damage of the
photovoltaic elements system and lead to Arc faults. Arc faults lead to fire hazards to
the PV system and for multi-systems utility-scale, commercial and residential .to
avoid the fire hazard the arc faults should be discovered in early time [19]. In the
combiner box and re-combiner box, the possibility of arc faults is pointed out
because it is common for measurements to be taken at this equipment while operators
check the performance of the array or PV system [20]. The other studies refer to the
main three types of electrical arc faults that happen in photovoltaic systems. series
arc, parallel arc, and grounding arc and these faults because of insulation breakdown
or connector misconduct [21]. Other study shows the necessary conditions for PID
occurrence which include cell level, module level, system level and environmental

factors (humidity, temperature) [22].

Another study shows Hot spots are high temperature areas affecting a part of the
solar module and lead to a reduction in the energy generated and acceleration
spoiling in the material a rounding damaged area. It is seldom stable most of the time
it is intensity increases until leads to complete failure in the PV performance. The hot
spots detected by the infrared thermography technique, hot spot led to irreversible
damage to the photovoltaic modules and lead to a decrease in the energy of the PV

system and the performance [23].

While there is another study that proposed a new method to detect the hot spots
method utilized Avrtificial Intelligent (Al), this method can be detected the hot spot,

with an accuracy of about 82.25% and using two parameters, string voltage and
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string current [24]. The hot spots lead to reduce PV module lifetime. The short
circuit current of the impacted cell lowers below the operational current of the entire
system, wasting the power produced by other cells as heat. The formation of hotspots
causes voltage losses during operation at the affected PV module [25]. Another
study proposes a detection method. This technique depends on equivalent DC
impedance (EDCI), which has valuable characteristics for hot spot identification, in
the panel's strings. Several straightforward current sensorsand resistive voltage
dividers are used to measure the equivalent DC impedance of the strings of
the PV panel. there are two-state relay is used to open circuit the hot spotted line
after detection [26].

Other recent works include the effect of Partial shading (PS) which is a recurrent
phenomenon that takes place when some cells in the PV module or PV array are
shaded by trees, bird litter, buildings, and passing clouds or any external object [27].
The performance of the PV cells is affected if all it is cells are not received equally
illuminated [28]. We can classify the partial shading into two types: dynamic shading
and static shading, the first one is a result of the moving clouds above the PV array.
The static shading is a result of the impact of the PV string each other during the
sunshine. The effect of the dynamic shading signification to the large-scale PV
system. While the sun light will have reduced because of shading. The performance
and the efficiency will reduce too. The problem in the shading states, that the PV cell
will have based reversed and the losses will have appeared as a temperature [29]. A
30% the reduction in the performance of the cell can be observed because of the total
shadow of just a single PV cell [30]. To treat the increase of the temperature which
caused a hot spot because of shading the common solution is using by-pass diodes.
The by-bass diode will behave as an open circuit, when shading is occurring the
current will be mismatched and the by-pass diode will behave as a close circuit and
the current pass through it. Usually, the PV module which contains 72 or 60 cells
having 3 by-pass diodes [31]. The shading phenomenon effects the I-V curve and P-
V curve of the PV cell. The researchers explain that there is possible to detect the
effects of shading on the PV cell. The detection method depends on a comparison
between I-V curves produced under shading circumstances with those produced in

the regular operating circumstances [32]. In the large-scale grid connected PV power
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plants and even in the small PV systems. The effect of shading is very important and
plays a vital role many researchers did not indicate the shadow that occurred by the
PV string panels each other and did not refer to the distance between inter-rows [33-
37].

The previous studies include another factor that impacted the performance of the PV
system, the accumulation of soiling, and natural dust on the upper roof of PV
modules leading to a significant retro gradation of the PV efficiency. The studies
show that dust has an impact on the modules' performance in a desert climate. The
outdoor experiments reveal that when the dust increased the soiling losses increased
[38].

While another study shows that the output power of PV modules that are kept
dirty(unclean) for more than six months, especially in arid areas, decreases by up to
50% [39]. Another study was carried out to determine the soiling losses in hot-day
desert climate conditions. The study companies between four power plants in two
locations rural and urban and used three various installation types (roof top-fixed tilt,
ground mount-fixed tilt, and 1-axis tracking). The soiling losses in rural surroundings
are more than the soiling losses in urban surroundings for the same PV system and
the rooftop-mounted have soiling losses less than ground mounted, and they found
that the light rainfall cleaning is about 61% effective compared to the manual
cleaning. it is economical option for plants owners [40]. Development and research
in PV systems focused on their studies on the efficient operation strategies, sizing,
and design of these systems. A significant portion of the loss in glass normal
transmittance. strongly based on synchronism of the dust accumulation density with
the orientation of the PV modules face in terms of the predominant wind direction
and PV module tilt angle [41]. Another study indicated that the electrical energy
produced through the PV unit decreased due to the accumulation of dust on the unit.
To know the decrease in the energy produced, a long-term economic analysis was
conducted to assess the amount of energy decrease due to the accumulation of dust
and to predict system efficiency and maintenance costs [42]. Another study
determined the pollution rate of PV units for the purpose of developing a protocol to

measure pollution in PV units that operate with a two-axis tracking system for
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countries located on the surface of the Mediterranean [43]. Another study refers to
characterizing and the negative affecting of the dust on the performance mode of the
PV module's surface. The research investigates the effect of accumulation of 13
different samples (clay, cement, coarse sand, salt, wood dust, stone dust, loam soil,
charcoal, bird droppings, laterite, carpet dust, ash, and sandy soil) The study shows
that the deposition(on PV module surface) of coal powder causes a significant
deterioration in the performance of the photovoltaic unit by 98% due to its effect on
light transmittance, while the effect of salt powder deposition on the performance of

the photovoltaic unit was 7% [44].

Another study concluded that varying the tilt angle (during winter and summer)
would enhance the photovoltaic system's performance and increase the amount of
energy generated [45]. Another study indicates that using the manual system to
change the tilt angle for each month leads to an increase in energy production
compared to fixed systems, but it is expensive. The use of tracking systems leads to
an increase in the productivity of the PV unit, but it is expensive in terms of
operation and maintenance [46]. Another study compared a photovoltaic system that
uses a two-axis tracking system that moves at a tilt angle between 13° - 61°
throughout the year, and a fixed system with a tilt angle of 14°. The results of the
study showed that the rating daily gain of solar radiation was 29.5 %, for the tracking
system which led to an increase in the amount of energy produced by 34.5 %

compared to a fixed system for the same site [47].

Another study refers to the amount of yield gain increases in the case of using
tracking systems by 15-35% or more compared to fixed systems, as well as saves
space in the lands used [48]. According to another study classified sun trackers in
accordance with their operating principles in to three kinds: the first is passive, these
systems are characterized by devoid of electrical motors and controllers circuits,
simple and, their accuracy is constrained. The second kind is microprocessor relies
on software to determine the sun's location at every moment in time and to operate
motors. These systems are usually utilized in large projects where one controller
tracks several arrays because of their high cost. The third types are electro-optically

trackers. The basic theory of working relies on the properly oriented illumination
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differences of two photo resistors. The motor is controlled by an electrical circuit
until the resistance of the two photo resistors is equal. this sort of tracker is
amazingly accurate so that installation should be very exact [49]. Another study that
compared two systems, one fixed and the other tracking the sun, and both systems
with the same capacity found that the energy produced from PV units that use a
tracking system increases by 33% more than the energy produced from units that use
a fixed system [50]. According to another study, the average amount of energy
obtained by a solar panel in a single-track system is 1.35 times larger than the
average amount of energy obtained by the same panel in a stationary system, while
the average amount of energy obtained in a two-axis tracking system is 1.04 times
larger than the average amount of energy obtained by the same panel in a one axial
tracking system [51]. The energy payback time was determined by another
investigation. It took two to five years to complete the investigation. The study's
findings demonstrated that grid-connected photovoltaic systems can achieve an
energy payback of 6 to 15 times over the duration of a 30-year lifespan [52]. Another
study compared the energy produced from three systems: a two-axis tracking system,
a single axis tracking system, and a fixed system for the same location. The energy
produced from the systems was (38334, 37567, 33082) respectively Mwh per annum
[53].

Another study, the researchers chose a mono crystalline photovoltaic panel, the panel
was simulated by a pvsyst software, and the output power was measured. Then the
temperature was changed (increasing the temperature) and the output power was
measured. The researchers concluded that by increasing the temperature, the output
power of the panel decreases, and this decrease negatively affects the efficiency of
the panel [54]. Another study indicated to when the air temperature rises and the
solar radiation increases, that leads to the temperature of the PV module will
increase. The temperature of the PV module decreases with the increase in air speed.
The PV module temperature may reach 50-65 Co (In the summer, at 12:00 noon).
When the irradiation is very strong. the voltage and the output power decreased when
cell temperature increased, While the cell current increased when cell temperature

increased [55].
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The inverter is an electrical device it converts DC/AC energy it is a higher
performance device, But the inverter efficiency never reaches 100%, inverters
operate at their best efficiency between 85 to 96 percent for rated power near to
nominal rating. The overall number of losses for a single-phase inverter might range

from 8 to 20 percent of the energy produced [56].

Another previous study included the effect of losses and capacity of the inverter on
the performance of large photovoltaic stations. The study compared three types of
central, string, and micro inverters. The results of the study showed that the central
inverters produce (generate) the highest amount of energy and have the least number
of losses. While string inverters produce modest amounts of energy and incurring
moderate losses. micro inverters produce(generate) less quantity of energy and have
caused more losses. The unit cost (one-watt generation cost) of central inverters is
0.31USD/W, string inverters are 0.406 USD/W, and micro inverters are 0.829
USD/W. The increase in inverter capacity led to a lower the unit production cost.
The use of high-capacity inverters has a positive impact on improving the
performance of large-scale stations [57].

Another study indicated that there are several options (methods) for connecting the
PV array to the inverter. It compared these options (methods). The first method is to
connect (link) all the PV arrays to the inverter, while the other two methods include
connecting the portion (link) of the PV array to each DC level of the inverter and
whether the connection is using a DC / DC converter or without it. The study
concluded that in the case of the first connection, the voltages in all photovoltaic
units(modules) are forced to be similar, as photovoltaic units that suffer from a lack
of similarity and inaccuracy in orientation (for units that use tracking systems), as
well as those that suffer from shading problem, will affect units that do not suffer
from these problems. In the other two cases, the voltage control will be independent
for each part of the matrix connected to a level of the inverter, and as a result, there
will be higher accuracy in the event of a mismatch in the system (reaching the
optimum operating point) that the use of DC / DC Between the inverter and the

photovoltaic array enables the inverter to work at a constant and equal voltage for
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each input of the inverter inputs. Although it reduces efficiency and raises the cost
[58].

Another study shows that the choice of equipment for a PV power plant is important
in deciding how much the return rate of investment costs and maintenance, and
operation costs should be calculated too. And it is shown in PV power plants there
are two types of inverters that should be installed central and string inverters. The
study compared the two types of inverters. The string inverter has many MPPT
trackers, the system which includes the string inverter has much flexibility. Due to
the string inverter's small capacity, when one (string inverter) fails, it has little
impact on the overall performance of the entire solar power plant. In contrast to the
central inverter, whose failure leads to a significant impact on the PV power station.
The study shows that the cost of AC cable and equipment is greater when using
string inverters to model and that the cost of DC cable and equipment is higher when
used in central inverters [59]. Another study refers to galvanic Isolation which is one
of the essential PV system specifications. It is safety reasons for some national codes
in which the PV unit is linked to the low voltage distribution grid. The PV topology
must be properly designed to meet this need because galvanic isolation prevents it
from being standardized, a low- or high-frequency transformer is used to accomplish
this. Additionally, the study refers to the codes and standards that appeared as a
result of PV applications expanding. To provide a secure, high-quality, and
consistent functioning The standard codes are continuously by international and
national committees and governments to a safe high quality and normalized
operation. The (IEC)(CENELEC), (IEEE)often define these international standards,
Governments base their local rules on international norms while also taking into
consideration regional characteristics like environment, grid layout, and the
proportion of renewable energy to installed electricity. If the national codes are
accepted by the international commissions, they can become an international

standard such as German standards codes [60].

Another research refers to the lighting protection for the PV power plants. Lighting
protection is a very important protection in the PV system, especially in the regions

which classified as having the highest occurrence of lighting activities. Lighting
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protection is essential for PV systems from power generation losses and damage. the
researcher shows according to the IEC 61173 standard which recommended to use
surge protection devices (SPD) for PV system installation which is classified under
IEC 62305 and IEC 61727 standards. The performance of the PV power plants will
have decreased because of the Shadow which is a result of the installation of an
external lighting protection system. when increasing the number of the lighting pole
will increase the shadow on the top surface of the PV array. The study compared two
lighting systems of lighting PV protection, the first one is, the air terminal lighting
pole, and the second is the early streamer emitter lighting pole. The study results
were that the air termination lighting pole is unsuitable for PV plants especially a
crystalline and thin film [61]. another Previous study shows that the PV systems are
installed under three divisions. The solar farm, residential, and commercial buildings.
the residential and commercial sectors are installing PV systems on their roofs. There
are many parameters, and factors that should be considered when a lighting
protection system is designed. they classified the protection as internal and external

lighting protection systems [62].

Another study refers to that PV systems are almost often situated outside or on
rooftops, which raises the chances of lightning strikes. As a result, this would have
an impact on both the economical side and the amount of power generated. system
designers alike need to keep this in mind. Lightning protection in PV systems is
highly significant and practically necessary to prevent flaws and equipment damage
that result in severe impacts. The researchers' findings show that the position of the
PV mounting system's grounding leg significantly affects how current is distributed
under a non-isolated LPS (lighting protection system) [63]. Another study refers to,
because of solar panels are installed in open and large areas they are usually exposed
to the lighting strike. the strong electromagnetic field which is a result of the lighting
strike which generates an induced extremely high voltage for underline cables.
inverters and DC lines and the other requirement. In this study, the researcher
modeled a lighting protection system by using a virtual surge test lab (VSTL)
simulation and investigating the lighting effect on a large-scale solar power plant.
They found that a properly designed lighting protection system can significantly

reduce the induced voltage to an acceptable range and this can save the DC lines, the
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frames, and PV panels from both indirect and direct lighting effects. And they found
the relation between the induced voltage which is a result of the lighting effect is
increased with an increase in soil resistivity. hence, the solar power's location should

be chosen at swampy or wetland because of low earth-resistance [64].

Another study indicated that studying the impact of losses in photovoltaic systems
contributes to finding the appropriate size of cables that contribute to reducing the
total cost of these systems. The study concluded that the cables used in the system
must be within the voltage drop values and thermal limits [65]. Another study refers
to PV system designers knowing that the voltage drop leads to system losses and this
loss can be avoided by increasing the cable sizing and this will lead to an increase in
the system cost. they tried to keep the voltage drop below 1.5% due to standers [66].
Another study focused on studying the impact of temperature on the DC cable and
finding a solution to it to improve performance and predict generation. The study
was conducted by installing DC cables in an arid region and semi-arid regions (the
temperature ranges between 35-40 or more degrees Celsius). The study found a
voltage drop reduce by 12 % to 18%. The study concluded that when choosing the
appropriate DC cable size, it can save 2400 kwWh - 5700 kWh annually, as well as
reduce CO2 emissions by 1200 Kg - 3000 Kg annually. By using the suitable size of
DC cable, cable losses may be reduced to around 1%, which results in a 1.8 to 2.4
times increase in energy generated. All these elements contribute to system balance
and lower levelized cost of energy (LCOE) costs [67].

Another study refers to the several simulation programs. This simulation software is
utilized in a feasibility study, sizing, of PV systems. and optimization of economical
and technical analysis to avoid poor reliability, over size, and high installation cost
[68]. Another study makes a comparison between SAM and PV syst software
simulation, SAM program is designed to evaluate the performance and economics of
PV systems. This software's advantages include ease of use, and the ability to
manually add specific inverters and modules. The disadvantages of this software.
Three-dimensional shadow creation is not offered by this program; no weather
information is provided for any other global locations (just locations in the program).

The pvsyst software simulation analysis the performance and financial estimation of
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PV systems. the characteristics of this program it is having large databases of PV
system components and weather information are two of this system's features. has
the capacity to spot flaws in system design using a loss diagram; findings contain
many simulation variables. The limitations of this software include the inability to
perform shadow analysis and the inability to enlarge the program screen to see all
parameters. According to the study's findings, pvsyst is more accurate and durable
than ASM [69]. Another study refers to another software, HOMER. It is utilized for
sensitivity analysis, technical analysis, and financial analysis. calculates the quantity
and potential combinations of a list of several technologies [70].

Another research involved floating Photovoltaic systems. This kind of system float
on the surface of irrigation canals, dam reservoirs, toiling ponds, and quarry lakes.
floating PV systems witnessed a high expansion worldwide. Because of the low
temperature of the water which cools the PV panels the electrically generated power
is high than the system installed on land. Because of the floating system installed on
the water surface. The land can be used for other purposes this type of PV systems is
less obtrusive since they are generally hidden from public view a floating PV system
helps to create fish-spawning environments and control algae [71]. Because of the
numerous advantages of floating systems, it has attracted a wide attention, as a new
power generation system. This kind of system can reduce water evaporation [72].
Another study refers to the types of floating PV installation is including two types:
The canal top and offshore floating PV power plants. the research concluded
Although the support structure for floating PV plants might cost up to 25% of the
total project expenses, this sum is frequently less than what it would cost to obtain

and prepare a similar piece of land [73].

Another study refers to the efficiency of PV installations effecting by the
accumulation of dust specially in the desert areas and industrial areas, Regular
cleaning of the PV panels is necessary to reduce this affection. Traditional cleaning
can create cracks on the surface of PV panels because of harsh brushing, and manual
cleaning consumes time and energy. The researchers developed a variety of
techniques for the PV panels to self-clean coating, mechanical, and

electrostatic techniques These techniques can clean PV panels with little energy and
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costs [74]. Another study shows that after 45 days of cleaning with non-pressurized
water, a PV panel's efficiency will reduce to 50%. To solve this defect by using a
minimum amount of energy and water. they found the efficiency of PV stayed the
same when cleaning with a combination of cationic and anionic surfactants utilized
[75]. Researchers have designed a model capable of cleaning the surfaces of the
panels in the photovoltaic system. This device consists of a sensor unit, a cloud
interface, and a robot equipped with a brush, and the cloud interface is used to
control and monitor the robot that moves along the photovoltaic panels (array) back
and forth. The researchers programmed the device to automatically clean, the sensor
unit senses the level of dirt. The researchers concluded that the device is able to clean
the system from the accumulated dust in a timely manner before the efficiency of the
system is affected by the accumulation of dust on it. The system is applicable to big
solar installations [76].

In another study, photovoltaic energy technologies (the three generations) were
compared. The study concluded that the first generation, which is known for its high
efficiency and low production costs, dominates the market, while the second
generation (thin film), which is known for its lower costs of materials and
manufacturing but is less developed than the first generation and has recently seen a
decline in Market share, is also known for its lower costs of materials and
manufacturing. Despite the third generation's great efficiency, light weight, and low
price, it has not received extensive commercial marketing. [77]. While another study
the researcher compared between types of PV system modules, the study found: That
monocrystalline possesses a high level of efficiency, it is ideal for commercial
applications has a high-power output, is less affected by extreme heat, is space-
efficient, and has a long lifespan. It has a 2025 percent efficiency, but the costs are
high, the production process is cumbersome, and it requires a lot of labor. The
second type of solar cell, known as polycrystalline, is less costly, less effective,
sensitive to high temperatures, has a short life, and is not a space-saving solution. Its
efficiency ranges from 15 to 20 percent. the thin film is adaptable easy to
manufacture, much less expensive, and less affected by extreme heat, it is efficiency
between 7 to 10 percent, a much shorter lifespan, within a few months of installation,

the effectiveness of these cells declines by roughly 20%, they take up a lot of space
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and much less efficient [78]. Another study shows that greenhouse gases are
produced during the production of electricity (traditional methods), but no gases are
emitted during the generation of electricity using renewable sources of energy. The
studies showed that photovoltaic systems require primary energy to manufacture the
system's components before they can produce electricity. These gases are emitted by
this energy. Moreover, by analyzing the various stages of these systems' component
life cycles. The study concluded: Thin-film modules(panels) use less energy during
manufacturing stages have a quicker energy payback time and emit less greenhouse
gases, but their efficiency level is low. that while crystalline modules have good
conversion efficiency, they also have very high substantial greenhouse gas emissions

and energy requirements for energy payback [79].
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PART 3
THE SOLAR ENERGY
3.1. SOLAR ENERGY INTRODUCTION

In the last decade generation of electricity by using sunlight has been resurgent
exponentially all over the world. Either by concentrating solar power (indirectly) or
photovoltaic (directly). Humans can benefit from 2500 terawatts of energy that
comes from the sun to the earth's surface this amount of free and clean energy can be
technically accessible by using solar technologies. Solar technologies these days are

no longer expensive [80].

Figure 3.1. Photovoltaic (PV) solar power generation. Sudair /Saudi Arabia [81].
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Figure 3.2. Concentrated solar power project. Nur Energie/Tunisia [82].

3.1.1. The Sun

The sun is the central star from our solar system. The separation distance between the
sun and the planet earth is 1.496 x10 * m (the astronomic unit, AU). The volume is
approximately 13x 10° that of Earth. The diameter of the sun is 1392x10° km. The
mass of the sun is 1.993 x10 27 kg. It contributes to 99.68% of the solar system's
overall mass. The pressure at the center is over one million atmospheres, 15x10° K
temperature at the center, and 6000 K at the surface. The radiation of energy is equal
to 38x10% W and the energy that the Earth receives is 1.7x10'8 W [83].

core
radiative zone Subsurface flows

convection zone

Photosphere
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Coronal Hole :
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/

Corona

Figure 3.3. The sun schematic structure [84].
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The sun star is completely made of gases. Sun has constants of an admixture of
gases, hydrogen(H>) is a larger portion (75%), Helium (He) 23%, and 2% other [85].
In the center of the sun, the pressure-temperature conditions are suitable, so nuclear
fusion can happen. In the fusion reaction, which occurs in the sun and melts
hydrogen into helium under a high temperature (15 x10° K), the results of this
process the mass loss convert into energy which can be represented by Einstein's

formula as shown in the following equation [83].
E = mc? (3.1)
Where:

E= The energy.
m= The mass.

c= The speed of the light.

From equation (3.1). every second 650 x10° t, of hydrogen, is transformed into 646 x
108 of helium each second. The difference between the two values is turned into
energy. The sun radiates energy (4 million tons per second) away from it uniformly
across all directions [86]. This is in good accordance with the Blackbody radiation

equation for Plank as shown:

2mhe? 173 , (3.2)
———— (w/m? /unit wave length )

eATabsq — 1

w,; =

Where:

h=6.63 x10** (constant of Planck).
q =1.38 x10% joules per kelvin (Boltzmann's constant).
A= The wavelength.

Tans= Absolute temperature.
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From the previous relation can be determine the sun's surface energy density yields.
the separation distance between the sun and the planet earth is 1.469x10' m
(approximately 1.5x10'* m), The intensity of radiation that leaves the sun is
comparatively constant intensity. The solar constant Gsc, it is the solar intensity of
radiation that travelled through the distance 1.5x10' m to the earth, it is equal to
1367 W/m?,

The energy emitted from the sun can be divided into radiation for a material
consisting of electrons and protons, which emanate from the sun and travels at a
speed of 500 meters per second. It must be considered that the percentage of these
electrically charged particles that reach the Earth is a few percentages. The second
type of energy emitted is Electromagnetic radiation, which is emitted mainly by the
photosphere. These radiations include both long and short-wave frequencies. If
losses are ignored, the solar radiation flux density Ms, which is obtained from
Stefan-Boltzmann's constant temperature with photons and degree of emission,
decreases with the square of traveling distance. The Ms can be determined at the Esc
of the earth's atmosphere by:

5 M D2 (3.3)
e T[(ZLES)Z

Where:

Ds=sun's diameter.
Ms= sun's radiation flux density.

Les = The separation between earth planet and sun

As a result of the movement of the earth around the sun (during a whole year) in its
elliptical orbit, this movement leads to the occurrence of seasonal changes, resulting
in the fluctuation of radiation occurring (during seasonal changes) at the earth’s

atmosphere rim [86].

25



3.1.2. Solar Radiation

The sun light is a form of electromagnetic radiation, And the light we see is a simple
form of the total energy emitted by the sun. The visible light that we see is a little
subset of the electromagnetic spectrum. the solar spectrum's wavelength, which
ranges from 0.25 to 4.5 um. The wavelength range between 0.25 to 0.30 um is near
to ultraviolet, and the part between 0.7-4.5 um is near infrared. the visible light
between (0.3 -0.7) um [87].
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Figure 3.4. The Electromagnetic spectrum [88].

3.1.3. The Interaction of Solar Radiation with Atmosphere

A large proportion of sun light (solar irradiation) that inters the planet suffers from a
series of absorption and diffusion in the atmosphere. Clouds reflect Solar radiation
20%, atmosphere components reflect 6%, and the earth reflects 4%. The quantity of
solar radiation reflected outside the earth is estimated at about 30%, and the earth's
surface absorbs 50% of the solar radiation either directly or diffused [8]. Diffusion
process happens when the solar radiation changes his direction through the sky
without energy transfer and energy losses, while the Absorption process is happening
solar radiation converts it to other energy forms, in many instances, it is converting
to heat. throughout that operation the global radiation Gq as a result of the operation
of multiplying the transmission factor 7 ¢ and the solar constant Gsc as shown in the

equation [89].
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Gg = GSC TG (34)
Where:
Gy =Global radiation

T =Transmission factor

Gsc =solar constant

Figure 3.5. The sun light from the sun to earth through earth atmosphere [11].

3.1.4. Definition of Solar Radiation Parameters

Determining the real solar radiation for any specific site is very important subject for
PV systems. There are some parameters by which we can describe the specific site of
sun and time for any given point in the world. Some of these parameters are

explained below:
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e Any site on the earth's surface can be described from two angles, latitude (®)
and longitude ().

e Latitude ®: It can be characterized as the angular site, south or north of the
equator, it falls within the range; -90° < 0 < 90°. altitude is zero at the equator,
it is positive at the locations between the northern pole and equator, and it is
negative at the locations between southern pols and the equator. (90°< @ <-
90°).

e Prime Meridian is the meridian passing through Greenwich and it is the one
chosen longitude, longitudes are measured from zero to 180° east of the prime

meridian and 180° west (or -180°).

North Pole

90’
South Pole Prime Meridian v

Figure 3.6. Geographical coordinates on earth [91].

e Solar Declination angle o: it is the angle which formed between the equator's
plane and a line drawn from the sun's center to the center of the earth. The days
of the year determines the amount of it. at the northern of the equator and the
sun is directly overhead the angle's amount positive, At the southern of equator
and the sun position overhead the value of this angle is negative, it is a value
between the range more or equal (-23.45°) and less or equal (23.45°). The

relation below using to calculate the solar declination angle [92].

. [360 (3.5)
§ = 23.45sin [ﬁ (Naay — 81)]
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Where :

0 = angle of solar declination.
N gay = The day number (during the year) , where day 1 is January 1%tand day 365 is

December 31°,
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Latitude 23.45° N\
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Equator — S _:‘L:fﬁ ) March 21
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Figure 3.7. Solar Declination angle [92].

Tropic of Cancer

Table 3.1. Each month's first day [92].

Month Each month's first Day(Nday)
January 1
Fibruary 32
March 60
April 91
May 121
June 152
Julay 182
Augest 213
Septemper 244

Octoper 274
November 305
Decemper 335
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e Azimuth angle ¢s: It is the compass direction from which the sun light is
coming. When the sun sets in the west of the south, it has a positive value;
when it rises in the east of the south, it has a negative value (sunrise). It
depends on the day number,the latitude, and the most essential factor is the
time of day. Azmuth angle uses true south as it is reference. in the southern
Hemisphere Azmuth angle is measured relative to north (because of the sun is

directly on the north ). The following relation can find the azimuth angle [92] :

cosd sinw (3.6)

sin pg = cos B

Where:

¢s = Azimuth angle
& = angle of solar declination..
® = Angle of the hour.

B = angle of altitude.

sunset

Figure 3.8. The altitude angle and it is azimuth angle [92].

e Altitude angle (B): It is the angle formed by the local horizon and the sun.
when the sun just setting or rising it is at zero degrees, it is value at 90° degrees
When the sun site overhead directly. It is depending on the day number, the

latitude, and the most essential factor is the time of the day. The following
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relations can be used to determine the solar altitude angle for any given

location and time [92].

sinff = sinLsin§ + cosL cosd cosw (3.7)
And:
B=90°—L+6 (3.8)
Where:

L= The site's latitude.

e Tilt Angle: It's the angle in which the sun's ray will be perpendicular to the PV
panel (Module) at the noon, it can have presented by the following relation
[92]:

Tilt angle a = 90° — B (3.9)

e Solar Hour angle (®) is the number of rotational degrees (number of degrees)
required by the earth until the sun will be directly overhead at the local
meridian. The sun is directly above the sun's meridian, a particular line of
longitude. The angle hour is the variation (difference) of the local meridian and
the meridian of the sun, When the sun is directly overhead, it is zero, but before
and after local solar noon, it has a negative value and positive value
respectively. The earth rotates 15°h or 360° in 24 h. The hour angle can be

calculated by using the formula below [92]:

(o]

15 3.10
Hour angle (w) = (hour (3.10)

) .(hours before solar noon)
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Table 3.2. The relationship between the hour angle and time.

Hour angle in degrees(m) Solar time
90° Six hours following solar noon
75° Five hours following solar noon
60° Four hours following solar noon
45° Three hours following solar noon
30° Two hours following solar noon
15° One hours following solar noon

0° Sun overhead (solar noon)

-15° One hour before to solar noon
-30° Two hours before solar noon
-45° Three hours before solar noon
-60° Four hours before solar noon
-75° Five hours before solar noon

-90° Six hours before solar noon
3.1.5. Solar Radiation Types
There are three different forms of solar radiation:

1. Diffuse solar radiation (Ggq): it can be defended as the ray directly reaching a
specific location on the earth it can represent by light scatted by the dust
particles and clouds in the atmosphere. this kind of radiation includes the
albedo which is the reflected light from the ground or things like buildings and
trees.

2. Direct (beam)solar radiation (Gp): it can be defined as the ray incident on a
specific location on the surface of the earth after reaches from the sun in a
straight path

3. Global solar radiation (Gg): It can be represented by the sum of diffusion and
direct(beam) radiation in the horizontal plane .it can be represented by the

following relation [86].
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Gy = Gp + Gy (3.11)

When calculating the total solar radiation, it must be taken into consideration that the
direct radiation and diffuse radiation, have varying mean angles when they hit the
receiving surface, and whose proportion is susceptible to seasonal and daily changes.
when sky is pure the direct radiation is greatest, but when the clouds block the sun
light the diffuse radiation is dominate, and the albedo is usually low; but it is
extremely valuable in the sites which witnessed fallen snow, because of strong
reflections [86, 87].

Diffuse

f Collector

Figure 3.9. Light from the sun through the earth atmosphere [92].

3.2. PHOTOVOLTAIC SYSTEM

3.2.1. Photovoltaic Cell

[iad] Free
electron
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Figure 3.10. Doped silicon [93].

33



A photovoltaic (PV) cell is essentially a type of P-N junction that has been designed
to convert sunlight into electricity. It is converting sunlight to energy but does not
store it. It is a thin wafer of silicon surmounted by a tiny grid of metallic fingers that
form one of it is contacts. the pure silicon change it is electrical properties when it is
exposed to lighting or heating and it can be gradually converting it from an isolator
state to a conductor state, to do that the silicon is doped with a very small amount of
impurity atoms. boron or phosphorus is used in this process to get a P-N junction.
Silicon has four valence electrons able to establish bonds with near atoms, boron has
three valence electrons and phosphorus has five valance electrons. When the silicon
is doped with phosphorus this process supplies an abundance of free electrons which
are known as majority carriers and leaves behind here a few amounts of holes which
is a result of the thermal generation of the electron-hole pairs, which are known as
minority carriers. At the end of this operation, the N-type or negative-type material is
created it is a reasonably good conductor. The same scenario is occurring when
silicon doped with boron in this process supplies an abundance of the hole which is
called majority carriers, and a few electrons known as minority carriers. at the end of
this operation, P-type or positive type of material is created also, it is a reasonably
good conductor. In this state there are two types of materials are created, n-type
which has a large number of surplus electrons (N layer), and p-type material which
has a large number of surplus holes (P layer). A p-n junction forms by joining p-type
and n-type materials together. in the connection region between n-type and p-type
materials. The free electrons in the n-type begin to diffuse and move towards (p-
layer), because of this moving a negative charge layer or region is established behind
the free electrons on the n-side. On the other side (p-type). The holds began diffusing
and moving towards the n-side, as a result of this moving a negative charge layer is
established behind holes which leave n-side .as a result of this an electrical field is
created through the P-N junction, this field is known as depletion layer or region,
which resist further diffusion of charges. The junction permits current to flow in one

direction by applying a voltage from an external source (behave as a diode [87, 93].
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Figure 3.11. The P-N junction [87].

Interaction of photons falls from the light of the sun with the atoms in the PV cell
produces an electron-hole, ‘in both the n-region and p-region. The interior electric
field separates the extra electrons from the holes (resulting from photon absorption
by portion of the material) and pushes them in opposing directions in regard to one
another. In a semiconductor material, the energy gap between the conduction band
and valance band is minimum electrons can facilely travel to the conduction when
they gain enough energy from an external source (sunlight, luminous radiation, or

heating), and this process is known as the photovoltaic effect [93].
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Figure 3.12. Creating the electron-hole pair by effect of photons [92].
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The strong electric field prevents the electrons from turning around after they have
left the depletion region (work as diode) and prevent it's return in the reverse
direction. When the junction relates to the external conductor, a closed loop (circuit)
Is formed .in this circuit the current flow from the layer having high potential (N-
layer) to the layer having lower potential (P-layer) the amount of generated current
depending on the amount of the light(sunlight)that the cell exposed, this current

known as photon current (Ipn) [93].
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Figure 3.13. The photovoltaic cell working principle [92].

3.2.2 The Equivalent Circuit of Photovoltaic Cell (Solar Cell)

Understanding how a solar cell's electrical system operates requires to making an
equivalent electrical module based on readily study able and analyzed known
electrical components. The ideal solar cell module can represent by an electrical
current source and diode; However, in practical terms, there is no ideal solar cell.
Therefore, resistors are placed in the parallel and series as a simulation of reality as
illustrated in Figure 3.14 [92].

36



+oV

Ag f‘!

Va

| lg 1 +;P
= " f A 4 % Rp
|

'y

=]

Figure 3.14. Equivalent circuit for photovoltaic [92].

It is simple to understand how series resistance works physically since it displays the

current flow in the circuit that is provided by the contacts, fingers, bus bars, and the
cell's bulk semiconductor material. The designer of the PV cell keeps the series
resistance value as small as possible the amount of Rs can be represented by the
relation below [87].

0.01V,, (3.12)
ISC

R, <
The shunt resistance is more enigmatic, due to the non-ideal nature of the p-n

junction, the amount of R, can be represented by the relation below [87].

100 V. (3.13)

>
Isc

p

The solar cell is handled as a normal diode in case of the absence of sunlight. a diode
current (lg) is produced and flows through an external circuit when a PV cell is
connected to it. Without the sunlight, the solar produces no voltage or current. When
charge carriers traveled gradually from the semiconductor to the electrical conductor,
leakage current and voltage drop began to occur. The output current on the terminal
of the circuit shown in Figure 3.14 can be determined by subtracting I, and Iq from

Iph.
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The parallel resistance R, describes the leakage current, and the voltage drop has
described by the series resistance Rs and The flattening of the solar cell's 1-V
characteristic curve is illustrated by the combination of parallel resistance and series

resistance. [94].

PV equivalent equation circuit in the standard form can be represented
mathematically in the following relation. by using the diode Shockley equation and
Kirchhoff current low (KCL) [92].

de (V+IRg) V+IR 314
I:Iph_ld_lpzlph_lo{e( quodA)—l}_< - S) ( )

p

Where:

Iph= photon current.

lo=saturation current.

l¢= diode current.

g =Boltzmann constant.

Ip =shunt current.

Qe =electron charge.

Rs= The PV cell's series resistance.
Tmod= Module temperature.

Rp= The PV cell's parallel resistance.

A=ideality factor.

3.2.3. The Solar Cell's Current and Voltage Characteristics (I-V) and

Parameters

The curve of the I-V characteristics is shown in Figure (3.16). when sunlight falls on
the solar cell or module surface, the terminals of the cell or module will produce an
open-circuit voltage (VOC) when they are not connected to a load, but there is no
current flowing(1=0). When the two terminals (positive, negative) of the cell or
module are connecting (the PV module is not harmed by that) in this case, Isc short

38



circuit current will flow (Isc=Ipn); but there is no output voltage, and it value equal to
zero. In the two instances, no power was generated (no power at the ends of the 1-V
curve) [92].

The open circuit voltage can be calculated by using the below formula [83].

T. I .
Voc = 4 mod In (p—h+ 1) (3.15)

e

Where:

g =Boltzmann constant.
Tmod = module temperature.
ge = electron charge.

Iph =Photon current.

lo = saturation current.

By using the below relation can be find the photon current in the cell [83].

Iph = qeG (LN+W+LP) (316)
Where:

Ion= photon current.

ge = electron charge.

LnLp= the minority-carrier diffusion length for electronics and holds.
G= uniform generation rate.

W=The depletion region's width.
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Figure 3.15. PV module in (open circuit ,short circuit ,and when connected to a load)
states [92].

The 1-V curve also shows the amount of power generated when the voltage is
produced and the current flow in the case of the actual load is connected as shown in
Figure (3.16). when the current (Impp) and voltage(Vmpp) are multiplied, when they
reach their maximum value, it produces the point (MPP) on the I-V curve near the
knee. Fill Factor is another parameter often used to describe cell or module
performance it is a ratio that measures how much power there is at the maximum
power point divided by the product of the short circuit current(lsc) and the open
circuit voltage (Voc). The fill factor can be represented mathematically by the

flowing relation [92].

Power at the maximum power point (3.17)

Fill factor (f.f) =

VOC ISC

Where power (MPP) represented in relation.

Power at the maximum power point (Pmpp) (3.18)
= ImppVmpp
So the

Fill factor (f.f) = mpp Vg (3.19)

VOC ISC
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Figure 3.16. I-V characteristics curve[92].

Conversion efficiency is known as the proportion of power that is measured at the
maximum power point divided by the incident light power (input power) it is

represented by the below relation.

Pmpp — Impp Vmpp — IchOCf' f (320)
Pincident(input power) Amod Ga Amod Ga

nCOTl

Where:

Amod=The area of the PV module or cell(m?).

Ga= The ambient irradiation (W/m?).

Because of the changing in the value of insolation and the temperature of the PV cell
is not stable around the day hour. The V-I curve is changing and it is affected by
these changes. with a view to allowing fair comparison of one solar cell or module to
another. There are now recognized (STC)standard test conditions. Performance
parameters (Isc, Voc, Vmpp, Impp, @nd conversion efficiency)of the PV module are

consistently mentioned by their manufacturers in their datasheets under (STC) and
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(NOCT) Normal operating cell temperature. cell temperature, not ambient
temperature, it can represent mathematically by using the below formula [92].

NOCT — 20° (3.21)
Teen = Togmp + T .G

Where:

Tamb= Ambient temperature.

G=Solar radiation.

Table 3.3. Test conditions reference [92].

Test condition Solar radiation Temperature C°  Air mass
STC 1000 W/m? 25° 15
NOTC 800 W/m?, wind speed 1 m/s 20° 1.5

3.2.4. Insolation and Temperature Impact on the I-V Curve

The performance of a solar cell or module is significantly influenced by temperature
and insolation. Whereas the 1-V curve is a function of the performance of the cells or
modules, Figure 3.17. Shows the impact of irradiation on the 1-V curve, when
irradiation decreases, the short circuit current will decrease proportionally, while the
open circuit voltage (Voc)also decreased (small effect); But it does so in a

logarithmic method, resulting in little variations in Voc [93].
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Figure 3.17. The I-V characteristics curve's relation to radiation [87].

When solar cell /module temperature rises. The short circuit current (Isc) increases
only slightly, while the open circuit voltage (Voc) is significantly reduced. The
performance of the module is better on clear, cold days than on hot days [92]. Figure
3.17. shows how the maximum power point (MPP) changes on the I-V curve as the
maximum power Pmpp value decreases, shifting it downward and to the left., when

solar cells suffering to lower radiation or high temperature.
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Figure 3.18. The I-V characteristics curve's relation to temperature [87].

Conversion efficiency is not affected by the decreasing of irradiation or increasing of
temperature directly, which mean that the conversion efficiency is the same both on
clear, cold as well as cloudy or hot day. Therefore, the smaller power generated with
a cloudy sky or cold day can be referred no drop in efficiency but reduced protection
of current and voltage because of lower solar irradiation or high temperature. The
efficiency of the PV module is a vital point in choosing the PV module to be used, it
is affected by temperature. The formula below shows the relation between the

efficiency and temperature of the PV module [95].

1- ﬁpv(Tamb_Tref) (322)
Npv = Nref * 100

Where:

N ref= Module efficiency at STC.
B pv = Temperature coefficient of module (%/C°).
Trer =Reference temperature.

Tamb =Ambient temperature.
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Table 3.4. The characteristics of PV modules for various standard technologies [95].

PV module type NOCT (C°) B ov(%/C°) 1 ref (%0)
Poly silicon 45 0.4 13
Mono silicon 45 0.4 11
CdTe 46 0.24 7
CIS 47 0.26 7.5
Amorphous 50 0.11 5
silicon

3.2.5. Photovoltaic Terminologies Definition

1. Solar cell: It is the smaller unit in the PV system. It is a p-n junction device
made from thin wafer silicon, has a high sensitivity to light, and is capable to
convert sunlight to electric current directly. This device is surrounded by a
front and back electrically conductive cover, only one solar cell produces
roughly 0.5 volts and could provide power between 1-1.5 watts.

2. PV module several solar cell units are connected in series and arranged parallel
in rows (parallel link).to obtain suitable power. The multiple modules are
connecting solar cells (in series and parallel) to the increased output voltage
and current.

3. PV panel: The most fundamental part of a solar power system is the PV panel.
It describes a collection of modules that have been packaged or pre-wired off-
site. The panel size is Identified According to the designer’s desire.

4. PV array: It describes a collection of panels interconnected with each other for
a particular function. the photovoltaic generator has more than one set of PV

array which is called sub-array [92].
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Figure 3.19. The PV cell can be combined to be PV module, panel and PV array [93].
3.2.6. Types of Photovoltaic Cell and Modules

Photovoltaic modules /cell are one of the components of the PV system modules that
comes in different configures of material, efficiency, cost, and size. PV modules' task
is to convert solar energy into electrical energy (in the form of direct current DC).

There are various kinds of module materials and technologies used like:
3.2.6.1. Technology Based on Crystalline Silicon

The solar cell is composed of (single junction) one layer of high absorbing material
or multi-junction (utilizes wvarious physical configurations). crystalline silicon

subdivided into monocrystalline cell and multi (poly)crystalline silicon cell [77].

e Monocrystalline solar cells/modules are manufactured of high purity, a single,
uniform, thin silicon crystal. It is distinguished by it is hexagonal form and
dark crystal appearance. It has an efficiency of 20 to 25 percent (rate of
efficiency is high), high output, less effect by high temperature, space-efficient,
long-life span, highly suitable for commercial application, the expensive

manufacturing process is slow [78].
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Figure 3.20. Mono crystalline module [93].

e Polycrystalline solar cells/ modules are manufactured of multi-grains of silicon
crystals. Its appearance is a brilliant blue and has distinct squares.
Polycrystalline modules are the most prevalent ones on the market. They
account for 70 percent of all the world's PV modules used. It has an efficiency
of 15-20% less efficiency, less expensive, shorter life duration, sensitivity to
high temperatures, and is not space efficient [78].
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Figure 3.21. Poly crystalline module [93].

3.2.6.2. Thin Film Technology

In this technology thin layers of PV material are layered on a foundation like plastic,
metal, or glass to produce modules. Less than 1% of the silicon used in the
production of crystalline modules is contained in the finished product, thin film
efficiency of 7-10%. It is flexible, because of the economies of scale the price is
much lower, easy to produce, high temperature has less of an impact on the modules,
is much less efficient, they occupy a lot of space, during the first few months after
installation the efficiency of these cell drops by roughly 20%, much shorter life, less
than 1% of the silicon used to make crystalline modules is contained in the finished
product. [78]. This technology is divided into Amorphous silicon PV cell(a-si) and
non-silicon-based PV cell (polycrystalline technology) which are subdivided

according to the material used as [77]:
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o Solar cells are made of cadmium telluride (cdTe).
o Gallium Arsenide (GaAs).

o Solar cells are made of copper indium gallium diselenide (CIGS).

Multi-junction technology and Silicon cells in the form of strings or ribbons are two

other promising PV cell technologies. [92].

Figure 3.22. Thin film technology [93].

3.2.7. Series and Parallel Module Configuration

To increase the voltage, it is possible to connect modules in series, to increase the
current It is possible to connect modules in parallel. From the Figure 3.23. Module in
case of series connection can be presenting by adding I-V curves along the voltage
axis. Adding together each individual module yields the total voltage at any given

current (which flows through each of the modules) [92].
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Figure 3.23. Series Module Configuration [13].

In a parallel connection, each module has the same voltage and the overall current
equals the sum of currents. The I-V curve of a parallel combination at any voltage
given is Adding together each individual module yields the total current as shown in
Figure 3.24 [92].

3 modules
| I 1 A

2 modul
- modules I b I
E * Vv
- 1‘ +
)
(@]

1 module

. . o
VOLTAGE

Figure 3.24. Parallel Module Configuration [92].

When a lot of power is required, the array will normally be made up of several series

and parallel modules. in this case, the adding together every one of modules I-V
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curves yield the total 1-V curves. combining modules in series and parallel can be

wired in two ways [92]:

e The modules in a series could be arranged as strings and connected the strings
in parallel (modules in series that are linked in parallel) as shown in Figure
3.25.

—
< 10

s e

Figure 3.25. The strings wired in parallel [92].

e The parallel modules may be connected first (one unit), then could be
connected in series as Figure 3.26.

—
R
‘—Lg

Figure 3.26. Modules in parallel that are linked in series [92].
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Adding together each individual module's 1-V curves vyields the total 1-V curves,
which, in both cases, it is similar when everything is operating properly. When a
whole string is off (unavailable)for any circumstance. The array may continue to
provide the required voltage to the load; but the current will be reduced, which
differs when a parallel set of modules is withdrawn from the service (that is the

reason to choose the connecting of strings in parallel form) [92].

CURRENT
|
|
-

VOLTAGE

Figure 3.27. Typical I-V curves of a series/parallel module combination [92].

3.3. INVERTERS OF PV SYSTEMS

The inverter is the most important device for converting DC electricity (direct
current) supplied by a photovoltaic array into AC power delivered to the grid.
Inverters are used Advanced electronics to generate alternating current power (AC)
at the suitable frequency and voltage which correspond with the grid supply [87].
Figure 3.28. Shows the inverter has three phases. The optimum switches for the
circuit can be chosen based on the required power and voltage. to create a square
wave voltage by turning on and off (S1 S4, S3 S6, S5 S2) at the required AC
frequency (inverter output). It is a simple control strategy, but it contains high
harmonic voltages and currents. To adjust load voltage control and lessen harmonic
distortion, pulse width modulation PWM (high frequency) techniques can be used.
When magnetic fields are irregular, harmonic content can cause overheating and

affecting on the overall operation [97].

52



‘/”—II

53 55 % L1

Cl—

34\ sa\

c2

0
—

> 44
P A |

Figure 3.28. Three Phase Full Bridge Inverter [96].

Inverter devices should be having the ability to control with PV array's power output
under a variety of sunlight circumstances. To enhance the generation of energy, most
often utilized the Maximum Power Point Tracking (MPPT). The inverter can convert
DC to AC with an efficiency of up to 98 percent, while efficiency drops significantly
when it is run at a power level that is less than roughly 25 percent of its maximum
rating [87].

The efficiency refers to the proportion of available solar energy that is converted and
supplied to the electric grid. inverters typically have an overall efficiency of 92 to 98
percent. Inverters usually spend about 4 to 8 percent of the energy they convert
during the conversion process [97]. inverter efficiency can be represented in the

following formula [98].

__ Pacoutput (223)

Nivcerter = P
DC input

The conversion efficiency is not constant and is affected by the Dc power input,
operating voltage, and environmental factors such as temperature and irradiance.

Inverters can be classified according to the size and topologies as:

e Central inverters: This type of inverter is used for large-scale PV plants
whose sizing rate is between 100kW-1MW or more. as shown in Figure 3.29.
the central topology connects thousands of photovoltaic panels (PV panels) to

one inverter. PV panels are connected to form PV arrays. Each array has
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hundreds of parallel strings connecting to it (by combiner box) and each string
is consisting of hundreds of PV panels connecting in series, so as to provide a
high string voltage (H.V) string. Central inverters are known for reliability and
ease of installation, but a drawback is that each string's maximum power point
tracking (MPPT) is absent. And the second drawback is increased mismatch
losses (losses occur when several modules with different characteristics are
utilized in the same array). This might lead to troubles with arrays which that
have different tilts, different orientation angles, suffer shading or have various
module kinds [99].

D
Al

&

Figure 3.29. Central Inverter [2].

These types of inverters are typically 3-Phase and could contain a grid transformer
(grid frequency transformer). It is including galvanic isolation from the grid.
Sometimes need a national electrical grid is connected [99]. master-slave
configuration of central inverters is sometimes utilized when irradiance is low, some
inverters shut down enabling the remaining inverters to function close to ideal
loading. when the irradiance is high all inverters share to load. Acting one time only
the needed number of inverters are operational. the design life can be increased since

the running time is divided equally across the inverters [99].
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e String inverters: One string of modules is connected by these inverters as
shown in Figure 3.30. The power range of string inverters is between 1-3 kW
[87]. MPPT is offered at the string level, with each string independently of the
others it is important When modules can't be arranged in the same orientation,
modules with a variety of characteristics are utilized, or if there a shading

problems occurs.

1

Figure 3.30. String Inverter [2].

This type of inverter is usually a single phase. the advantage of string inverters,
firstly non-specialist workers can service and replace the unit. Secondly, having a
spare string inverter on hand is practical. This makes it simple to deal with
unanticipated scenarios, such as inverter failure. In contrast, a large central inverters
failure along the repair period might lead to considerable yield losses before it can be
replaced [99].

The converter efficiency in string inverters is high (up to 97.8%) because the string

inverter is placed near the string module which leads to reducing the DC cabling

used to connect. The string inverter has a high component's cost [60].
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inverters can either be transformerless or use a transformer to set up the voltage as
shown in Figure 3.31. the PV-generated voltage must be more than the AC side
(grid) voltage in the case of transformerless string inverters, or DC to DC setup
converters must be utilized. the advantages of the transformerless inverters are High
efficiency, lower weight, smaller size, and low cost; but on the other hand, additional
safety equipment such as DC sensitive earth leakage circuit breaker must be utilized
and the live part should always be protected. The installation as a whole should be
protected with IEC protection (class Il), as inverters without transformers can
produce more electromagnetic interference [99].

PV string — Grid Grid
ac ()
I E| % | D)
2T el | LF
do isolation
S | .
=R 1| 7 —0 A7
s v + dc } (9, T 8%
Joiessns mu ac _@ HF isolation
HF isolation

Figure 3.31. Srting inverters and multi-string inverters with/without transformer [60].

e Multi-String Inverters: This inverter can take in power from several module
strings having varied peak power, orientations, and perhaps shading, making
every string operate at its own maximum power point (MPP) [8]. The power
range of multi-string inverters is between 10-450 kW [60]. As shown in Figure
3.32. Each string has a DC-to-DC converter installed for MPP tracking and
power combination to a DC bus. For a single string of Photovoltaic systems,
multi-string inverters have the optimal MPP tracking. When PV strings of
different orientations and different rates of power are combined, in this case,

the multi-string inverter comes in useful [97].
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Figure 3.32. Multiple-String Inverter [2].

e Micro-Inverters (Module integrated inverters): Micro inverters as shown in
Figure 3.33. Are complete PV system units made up of PV panels, inverters,
and other elements. Micro-inverters are fully functional, environmentally
friendly units. resulting in an inverter device that can independently provide
AC power that is compatible with the grid. Micro inverters make system design
easier by enabling any number or group of units to connect to the grid directly
[97].

D D
A A
??

Figure 3.33. Micro-Inverters [2].
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There are four topologies used in connection PV systems. Central, string, multi-
string, module integrated. inverters that are used on this topology are given the name
of the topology that is being used. Table 3.5. Shown the comparison between the

inverter types [2].

Table 3.5. Comparison between the inverters types [2].

Central  String  Multi-string Module

integrated
General  Robustness H L M V.L
Characte Reliability L H M V.H
ris-tics  MPPT tracking L H M V.H
Flexibility L H M V.H
Power  Switching H L M V.L
Losses  Mismatching H L L V.L
DC power losses H L M V.L
AC power looses L M M H
Power  Voltage balance L M L L
Quality DC voltage V.H M H V.L
variation
AC voltage L H H V.H
variation
cost Dc cables H L M V.L
Installation cost M H M V.H
Maintenance L M H V.H
AC cables H M M H

e AC collection grid topologies.

The grid for collecting AC (LSPPPs) can be divided into three systems.
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1. Radial collection

The radial collecting system is shown in Figure 3.34. includes many Photovoltaic
generators coupled to a single feeder, resulting in a single string. The majority of
(LSPPPs) use this topology. The advantages of this topology are simplest and
cheapest. The drawback of this topology is low reliability and that means it is less

attractive in the case of (LSPPPs).

LS HY

DC bus

GRID

W AC bus

S
MY |7)

Figure 3.34. Radial collection [2].

2. Ring Collection

The ring collecting topology is utilized to increase the large-scale Photovoltaic power
plant's reliability This connection is the same as radial in design, but it contains an
additional feeder on the other side of the string. as shown in Figure 3.35. If one of the
PV generators fails, The PV generators on the other side of the feeder will continue
to supply power to the large-scale Photovoltaic power plants. The disadvantages are
the difficulty of installation and cost. In the case of several inverters are

interconnected to the transformers' L.V side. In this arrangement, if one of the
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inverters fails only a small part of power in the large — scale Photovoltaic power
plants Is lost (less than 1 percent of the power generated) .5% is the reduction in

power generation, in the case of any transformer station is lost [2].
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Figure 3.35. Ring collection.(a) first case. (b) second case [2].

3. Star Collection

In this configuration, one Photovoltaic generator is coupled to the main collector. As
shown in Figure 3.36. The main collector is often located in the center (Middle)of an
(LSPPP) to decrease cable distance and to have the same losses between
Photovoltaic generators. The advantage of this configuration is the higher reliability
than other previous configurations. The disadvantages are represented by each
Photovoltaic generator has it is own feeder, which raised the overall cost. the main
collector can be divided into two busbar and each group of Photovoltaic generators

coupled to this sub-bus bar as illustrated in Figure 3.36 b [2].
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Figure 3.36. Star collection [2].

3.4. COMBINER BOX (COMBINER JUNCTION)

The combiner box is one of the Photovoltaic system components as shown in Figure
3.37. The individual strings (series connected) constituting an array are parallel
arranged through the combiner box [99]. The combiner box is a device between the
Photovoltaic array and the inverter. It may contain protective and isolation
equipment such as the main DC isolator switch (This makes it possible to easily
accessible isolate the PV array from the inverter) and it may be containing surge
protection (against lighting). The combiner box also includes the fuses [8]. In the
case of the combiner box not containing the protective and isolation equipment (DC)
the protection unit should be added for the PV system [87].
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Figure 3.37. Combiner box [93].

3.5. DC AND AC CABLING

PV systems that are grid-connected required both DC-AC wiring to interconnect the
different components. DC and AC cabling are not interchangeable since they are

designed for the electrical properties of their respective forms of electricity [100].

3.5.1. DC Cables

The Dc cable used in the PV systems can be divided into:

e PV module cables: These cables are normally pre-connected to the PV module.
The string is formed by connecting several PV modules arranged in series.

e PV string cables: These kinds of cables are used to connect a string of modules
to the Photovoltaic string combiner box.

e PV sub-array cables: this type of cable is used utilized to interconnect the PV
array combiner box with the PV string combiner box, it is used in a large PV
system.

o Inverter DC cables: These types of cable are connected the PV Array to the DC

side of the inverter (used from the combiner box to the inverter dc side) [100].
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3.5.2. AC Cables

The AC cables are utilized to connect the inverter (AC side) to the grid [26]. Cabling
for AC systems should be constructed so that electricity from the inverters can be
delivered to the transformers in a safe with a cost-effective method. Conductors
should be scaled to account for operational currents and short-circuit currents (Isc).

The AC cables must meet the following specification [99, 100]:

e The cable needs to meet the highest estimated voltage rating.

e Conductors need to be the suitable size to prevent voltage drop outside of the
permitted limits and to maintain equipment performance.

e Insulated, cable durability rating, and temperature in relation to the
environment where it will be placed.

e Cables must conform to appropriate IEC standards.

Generally, when sizing the cables in the PV systems, there are three criteria must be
followed [99]:

e The voltage rating of the cable.
e The current carrying capacity (CCC).

e The minimization of cable losses (CSA).

3.5.3. Managing Cables

Specialized cable trays or cable ties are utilized to route and tie over-ground
cables, such as module and string cables, to the mounting structure. Cables need to
be shielded from Direct sunlight, standing water, and sharping corners and edges of
the support structure. It's best if they're as brief as possible [99]. Cable management
can be reduced significantly the effect of lighting risk and electromagnetic fields.
Figure 3.38. Shows cables lay methods [101].
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Figure 3.38. Cables lay methods (a) [101].
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Figure 3.39. Cables lay methods (b) [101].

Figure 3.40. Cables lay methods (c) [101].

Figure 3.41. Cables lay methods (d) [101].
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Table 3.6. Cable configuration and the effect of lighting ,electromagnetic field and

cost [101].
Cable configuration Risk of Electromagnetic field Cabling cost
Lighting
a High stronger low
b low strong lowest
C lower weak higher
d lowest weaker high

3.6. TYPES OF PHOTOVOLTAIC SYSTEMS

Advances in the field of photovoltaic systems and use in various applications.
Photovoltaic systems have been classified depending on component configurations,
functional needs, and operational factors. [97]. PV systems can be classified into
[83]:

e Grid-connected solar PV system.
e Stand-alone solar PV system.

e PV-Hybrid systems.

3.6.1. Grid —Connected System

In this system inverters converts DC energy generated by a PV array or module into
AC electricity and connected them to the grid. These Types of systems don’t
required batteries since they are connected to the grid, which functions as a buffer,
allowing an excess of PV electricity to be transfer to the grid, while the grid also

provides electricity to the houses when PV power output is inadequate [83].

The safety merit in all grid-connected Photovoltaic systems and it guarantees that the
photovoltaic system does not activate and feedback into the utility grid while the grid
is offline (in the event of a grid failure, or maintenance situation) [97]. The inverter is
linked to the Distribution board in small systems, such as those placed in residential
houses, where the PV-generated power is delivered into the electrical grid or to AC
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devices in the house. In (LSSPPs) all the PV electricity generated is delivered directly
to the grid [83].

AC Load

Solar PV Power Distribution
Module Conditioning Panel
~ Unit
(inverter)

Grid
Figure 3.42. Grid —connected system block diagram [97].

Net metering is an important element of a grid-connected system. The
fundamental distinction between stand-alone system and grid-connected
systems are inverters. with a view to supplying excess energy to the grid.
The inverter must be capable of line frequency synchronization. Net meters
can record power generated or consumed in an exclusive summing manner
[97]. Figure 3.43 shows a grid-connected Photovoltaic system. Utility firms
that supply and install net meters are utility companies that offer grid-
connection service systems .Net metered Photovoltaic power facilities are
subsidized by state or municipal governments and are subject to certain

contractual agreements [97].

(] ) [ | | (N (Y [N | ([
(] (N [ | | [N | | | |
(N (N (N | | [N | | | |
(I (N [N | | D (N (N | | D (N N | | N I
(N (N (N | | [N | | | |
(] [ [ | | (N [ | ([ (
(N (N [ | | [N | | (N [ | |
(] ) (N | | (X[ [ | [ |

I I IP'\u" podules I

| |

Imnverter

-
?

Cristribution board
Loads

~

-+

Electricity grid

Figure 3.43. Shows grid-connected Photovoltaic system [83].
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3.6.2. Stand-Alone System

Stand-alone systems depend on solar power. These systems can be represented as PV
modules and a load (AC or DC load) or they might include energy storage batteries
[83]. In the case of the DC of Photovoltaic array or modules are straightly linked to
the DC load, in this state it is called a direct-coupled system as shown in Figure 3.44.
And the load just runs during sunlight hours, in this case, there are no batteries (no
electrical energy storage) this kind of stand-alone can be used in agriculture
applications [97].

Solar PV __
Module DC / AC Load J

Figure 3.44. Block Diagram of direct coupled stand-alone system [97].

PV Modules

L

I @ I| Water reservoir
Water pump

Figure 3.45. Stand-alone system in agriculture applications [83].

The stand-alone system with batteries is the same as the system without batteries, but
in the case of the system containing batteries, we need to add some components such
as a battery charger controller, which switches off the PV modules when batteries are
full and may switch the load to protect the battery from discharge below a certain

limit. Batteries must have sufficient capacity to remain the energy generated during
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the day so that they may use at night and during bad weather [83, 97]. Figure 3.45.

Shows stand-alone system.

I PV Modules

Charge controller @
7. 29

Inrerter Loads

| |l

Batteries

i

Figure 3.46. Stand-alone system [83].
A Battery bank is responsible for 20-30% of power losses because of the heat

generated during operation (must be considered). Many factors can be affected in
Stand-alone systems with a battery backup performance, such as a suitable location

for batteries racks and room ventilation [83, 97].

Solar PV Array ‘Charge DC Load
' Controller

!

A 4

AC Load

Figure 3.47. Stand-alone system with batteries backup Block Diagram [97].

3.6.3. Hybrid Systems

Hybrid systems combine PV modules with a backup source of power such as Diesel,

Gas generators, Wind turbines, and Biomass (every other form of energy, whether
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renewable or not) [97]. Typically, the size of the PV generator would be selected to
match the base load needs, and the backup resource would only be used when
necessary. This system not only provides all the PV in terms of cheap maintenance
and operation, but it also assures a reliable source [97]. To make the various
techniques of power generating more efficiency [83].

DC Load
v
Diesel Generator / Wind Turbine AC Load
Generator / Grid Supply ’ ©

Figure 3.48. Hybrid system Block Diagram [97].

Solar PV
Array

Charge
Controller

F 3

1)

3.7. TYPES OF SOLAR TRACKER IN PV SYSTEMS

The location of the sun varies during the day, year, and season. To maximize the
amount of energy produced by PV panels, they must be rotated accordingly. If PV
panels are exposed to the sun for longer periods of time, more electricity is produced
because more sunlight is received. It enhances the efficiency of the system while
minimizing its size and total cost [102].
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!

Horizontal single axis tracker (HSAT)

Vertical single axis tracker (VSAT)

Tilted single axis tracker (TSAT)

Polar single axis tracker (PSAT)

Tip tilt dual axis tracker (TTDAT)

Azimuth-altitude dual axis tracker (AADAT)

Figure 3.49. Block diagram of solar tracker types [102].

3.7.1. Fixed Mount Solar System

PV panels are faced south at a fixed tilt angle (local latitude). During the
day(sunlight), PV panels are still unable to change position, to obtain the best result
(output energy), their angular position might be changed during the year. (According

to the season). Fixed surface solar systems are commonly used in domestic, small-

scale commercial PV systems, and solar geysers [102, 103].

Figure 3.50. Fixed orientation [104].
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3.7.2. Single Axis Tracking System

The sun is tracked in a single path by this system [102]. Which is often direction east
to west. During the day, the sun rises in the east and sets in the west. In such
techniques, the panel follows (moves in synch) the sun's path, attempting to maintain
a perpendicular angle to the sun's rays. PV panels are faced south with an appropriate
angle. In this system, it’s impossible to keep(panels) perpendicularly to the sun's rays
all the time [103]. This type of solar tracker system can be implemented in various

configurations [102]:

o Vertical single-axis tracker (VSAT).

¢ Horizontal single-axis tracker (HSAT).

e Polar aligned single-axis tracker (PSAT).
o Tilted single-axis tracker (TSAT).

Because this system moves in a single direction, it requires less operation and hence
consumes less energy. Furthermore, because of its simplicity, it is durable, requiring
little maintenance. On the other hand, because it is not properly aligned with the
sun's rays, it harvests less energy and hence has low efficiency. Its toughness makes
it ideal for PV power plants [102].

Figure 3.51. Vertical single axis tracker (VSAT) [104].
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Figure 3.52. Horizontal single axis tracker system(HSAT) [104].

3.7.3. Dual Axis Solar Tracking System

The panels in this system can rotate in both left-right (east-west) directions, and up-
down (north-south) directions, in this system the surfaces receive the greatest sunrays
because they are always moving to stay perpendicular to the path of the sun's
radiation. [103]. Such a system takes into consideration the sun's path's daily and
seasonal fluctuations, exposing the PV panels to the maximum amount of solar
radiation for maximum energy harvesting. This type of solar tracker system can be

implemented in two configurations [102]:

o Tip-tilt dual-axis trackers (TTDAT).
¢ Azimuth-altitude dual-axis trackers (AADAT).

Figure 3.53. Dual-Axis Solar Tracker [104].
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PART 4

DESIGNING 1MW PV POWER PLANT

4.1. INTRODUCTION

Designing an LSPPPs requires a high level of technical expertise and experience.
The most significant design objective for most LSPPP is to reduce the levelized cost
of energy (LCOE). Establishing a balance between equipment price and quality is
essential. Engineering decisions need to be “informed” and "considered"”, else, a
designed system chosen to save money now might result in higher future
expenditures and revenue loss owing to high maintenance requirements and poor
performance. Reduced system losses can improve the performance of a solar PV
power plant. Reducing total loss enhances annual energy yield and hence income,
while it may raise the plant's cost in some circumstances. Furthermore, Efforts to
decrease one form of loss could clash with attempts to decrease another form of loss.
The station designer's expertise is important to reach compromises that contribute to
a plant that operates well at a low cost. Computer simulation software (such as pvsyst
software) may be utilized to assist in the designing of the plant. Algorithms for
describing the astronomical sun movement during the year at each point on the planet
(Earth), These programs are included charting that shows the sun's height and
azimuth angle. that, combined with module inter-row spacing information, could be
utilized to compute shading and model yearly energy losses related to different tilt

angles, orientation, and row spacing combinations.

42. SITE LOCATION OF PHOTOVOLTAIC POWER PLANT AND
LOCATION COORDINATES

Choosing a suitable location is an important step in establishing a sustainable
Photovoltaic plant. The absence of definition guidelines for choosing a location.
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The constraints and effect of the location on the cost of power generated must be
considered during the site selection process. there are some points that should take
into account when selecting the site such as Local climate, Solar resources, Available
area, Land use, Accessibility, Topography, land use policy or zoning/ Local
regulations, Water availability, Grid connection, financial incentives, Geopolitical
risks, and Geotechnical conditions. GIS mapping technologies can help in site
selection by visually displaying restrictions, allowing various constraints to be
considered for a single site, and determining the overall land area accessible for
establishment [99].

Figure 4.1. PV power plant location By Google map.

The photovoltaic station project is in the northern of region Republic Iraqg, the
geographical coordinates 36° 20'N, 43° 10 E and sea level altitude 329 m. The site of

the PV solar power plant is located northwest of Mosul city,45Km and the coordinate
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of the solar plant is 36° .62" North latitude and 42°. 78 E! |ongitude. The annual
average temperature is about of 20.6C° and the location receives 1825 kW per square
meter of solar radiation on average per year. Table 4.1 shows the Meteo data for the

site.

Meteo tables and graphs

Meteo File

Source |Mebeonorm 8.0 (1985-2000), Sat=100%

eographical site included
Site name |‘.¢\yn Tamr

¢

Latitude 36.6215°N Longitude 42, 78087 E Altitude 329m Time zone 3.0

Figure 4.2. Meteonorm 8.0 weather database.

Table 4.1. Monthly values of Meteonorm8.0 (1985-2000), Sat=100% database.

Interval GlobHor Diff Hor T-amb  Wind Velocity
beginning kWh per kWh per m?per C° meter per
m?per month month second

January 78.8 33.8 6.8 3.6
February 92.0 40.7 8.7 3.6
March 138.3 63.9 13.3 3.7
April 170.5 76.1 17.6 35
May 196.4 87.9 24.5 3.5
June 233.3 73.4 31.0 4.0
July 232.2 74.3 35.0 3.6
August 212.1 67.3 34.2 3.3
September 177.2 45.7 29.0 3.3
October 128.6 48.0 23.1 3.1
November 99.60 32.4 141 3.1
December 75.0 28.3 8.9 3.5
Year 1825.0 671.7 20.6 35
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Figure 4.3. Solar Path at Site (latitude 36.620N,longtude 42.78 Eo,altitude329m).

4.3. SOLAR POWER PLANT TILT ANGLE

For each site, there is a perfect tilt angle that increases the overall amount of

irradiation received annually. The theoretical optimal tilt angle for fixed tilt grid-

connected power plants may be calculated using the site's latitude. There are some

factors that should be considered when we want to adjustment of the tilt angle

calculation such as:

Soiling: Soiling losses are reduced at higher tilt degrees. At higher tilt angles,
Snow slides off more easily and panels are cleaned more effectively by the
natural flow of rainwater.

Shading: Modules with a higher angle of tilt provide more shade to modules
behind them. And that leads to an increase in the yield energy, to reduce the
effect of shading the inter-row distance between the PV modules should be
calculated carefully and reduce the tilt angle.

Distribution of seasonal irradiation: In the case of one season predominates in
the yearly production of the solar resource, adjusting the tilt angle to cover the

loss may be beneficial. The advantage of this approach may be analyzed using
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simulation software. The tilt angle can be determined by using the equations
explained in part Three (3.5), (3.8) (3.9).

. [360 (3.5)
6 = 23.45sin [ﬁ (Ngay — 81)]
p=90°—L+§ (3.6)
Tilt angle « = 90° — B (3.7)

Where:

&= Solar declination angle.

L=Is the latitude of the site=36.62 N°.

B= Altitude angle.

a=Tilt angle.

N d¢ay=The day number (during the year) , where day 1 is January 1% and day 365 is

December 31°%,

Table 4.2. Tilt angle , Solar declination angle, Altitude angle at each month's first

day.

Month Nday Day Solar declation Altitude angle  Tilt angle (o
numbers for angle (d) @B )
each month's

first day
January 1 -21.1° 32.2° 57.8°
firuary 32 -16.4° 63.9° 45.1°
March 60 -7° 64.3° 43.7°
April 91 3.98° 57.2° 32.8°
May 121 14° 67.3° 22.7°
June 152 21.8° 75.1° 14.8°
July 182 22.9° 76.2° 13.8°
Augest 213 16.4° 69.7° 20.3°
Septemper 244 7° 60.3° 29.7°
October 274 -3.5° 49.8° 40.2°
Novemper 305 -8.4° 44.9° 45.1°
December 335 -21.1° 32.2° 57.8°
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From Table (4.3) can evaluate the optimal tilt angle for PV plant depending on the
mathematical calculations for tilt angle the value obtained in July month is the
smallest angle for summer reason while the largest tilt angle we obtained it in the
winter was in December by using pvsyst. The software can be determining the
optimal Tilt angle with respect to the yearly irradiation yield, summer seasonal, and
winter seasonal, respectively for different tilt angle values (15°, 20°, 25° 30°,35°,
40°,45°, and 50°).

Field type | Fixed Tilted Plane ~
Field et . "
‘el paramete Tilt 15° Azimuth 0°
Plane tilt [15.0 =
Azimuth 0.0 =
West . East
South
—Quick optimization
—Optimization with respect to oy ]
‘Yearly irradiation yield
1.2 T T 1.2 T T T T T
| - Summer |
1.0 g 1.0 .
—Summer meteo yield [
084, = - 0.8 -
Transposition Factor FT 111 ranspos.= L.
I [Lossfopt. = 0.0% -
Loss With Respect To Optimum 0.0% a 1 o | 1 | | |
] 30 &0 [0 90 -60 -30 a 30 60 90
Global on collector plane 2026 kWh/m2 Piane tilt Fiane orientation

Figure 4.4. The optimal Tilt angle at value of 150 with respect to the summer
season (April-September).
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Field type |Fixed Tilted Plane

Field parameters———— . .
pa Tilt 57° Azimuth 0°
Plane tilt - a
Azimuth e
West Cast
South
—Quick optimizati
—Optimization with respect to 0
O Yearly irradiation yield
) Summer (Apr-Sep) 1.2 T T 1.2, T T T T T
H Winter
1.0 //_’__\ 1.0l .
—Winter meteoyield ——— [
- 0.8, TTE 4 .8 3
Transposition Factor FT 1.09 IE IS =
I |Loss/op 0% 3
Loss With Respect To Optimum 0.0% o | o | | | | |
o 30 60 [0 80 -B0 -30 a 30 &0 90
Global on collector plane 1983 kWh/m= Blane filt Piane orientabion

Figure 4.5. The optimal Tilt angle at value of 570 with respect to the winter season
(October -March).

Field type |Fixed Tilted Flane

—Field parameters——— Tilt 35° Azimuth 0°

Plane tilt 3 z
Azimuth i z

West East
South
—Quick optimizatic
—Optimization with respect to 0
) Summer (Apr-Sep) 1.2 T r r r
O Winter (Oct-Mar)
1.0 .
—Yearly meteo yield
0.8Hm, T 0.8 .
Transposition Factor FT 116 ranspos.= L
| Loss/opt, = 0.0%
Loss With Respect To Optimum 0.0% 0 T | 0 | | | | |
0 30 60 50 90 B0 -30 0 30 60 90
Global on collector plane 2119 kWh{m?2 Plane tilt Fiane orientation

Figure 4.6. The optimal Tilt angle at value of 350 with respect to the yearly
irradiation yield.
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Table 4.3. Compression between different tilt angle values with respect of yearly
irradiation yield, summer season, and winter season.

Tilt Azimut Optimi Transpos Losses with Global Energy

angle h zation ition respect to energy on injected
with factor optimum % collector into
respect FT plane Grid
with KWh/m? MWh
15° 0° Yearly 11.1 -4.4 2026 1713.7
15° 0° Summer 11.1 0.0 2026 1040.3
15° 0° Winter 11.1 -8.5 2026 673.4
20° 0° Yearly 1.13 -2.4 2068 1747.8
20° 0° Summer 1.13 0.0 2069 1039.2
20° 0° Winter 1.13 -6.5 2068 708.6
25° 0° Yearly 1.15 -1.0 2097 1771.7
25° 0° Summer 1.15 -0.4 2098 1032.9
25° 0° Winter 1.15 -4.8 2098 738.8
30° 0° Yearly 1.16 -0.2 2114 1785.5
30° 0° Summer 1.16 -1.2 2114 1021.1
30° 0° Winter 1.16 -3.4 2114 764.4
35° 0° Yearly 1.16 0.0 2119 1789
35° 0° Summer 1.16 -2.2 2118 1004.2
35° 0° Winter 1.16 -2.2 2118 784.8
40° 0° Yearly 1.16 -0.4 2110 1782.1
40° 0° Summer 1.16 -3.6 2110 981.7
40° 0° Winter 1.16 -1.2 2110 800.4
45° 0° Yearly 1.14 -1.5 2087 1765
45° 0° Summer 1.14 -5.2 2088 954.1
45° 0° Winter 1.14 -0.5 2088 810.9
50° 0° Yearly 1.12 -3.1 2052 1737.8
50° 0° Summer 1.13 -7.1 2053 921.3
50° 0° Winter 1.13 -0.1 2053 816.5

From the Figures (4.4), (4.5), (4.6), And Table 4.2. Above can be estimated the
optimal Tilt angle with respect to the yearly irradiation yield. since the PV system is

fixed, the value of tilt angle is 35°.

4.4. PV MODULES SUPPORT STRUCTURE SYSTEM DESIGN

The solar panel's support structures are designed according to the steel section

structural standard. To ensure an effective anticorrosive coating on the structure, a

coating with a hot-dip galvanization technique is used to treat the surface. A 45 m/s
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wind speed can the structure withstand it because of stainless steel(bolts) fasteners
that secure it [106].

7.5m

Figure 4.7. PV module support structure.

4.5. INTER-ROW SPACING

The shade is considered the biggest enemy of photovoltaic stations. The shade leads
to the damage of photovoltaic panels (fixed shade) and reduces the energy produced
from the photovoltaic system. It is not possible to reduce the shade between the
panels. To zero, especially at the beginning and end of the day. Calculating the
distance between the panels helps reduce the used cables, as well as reduce ohmic
losses, and determine the area of the photovoltaic station. From the equation below

the distance between inter-row spacing calculated [107].

d sina (4.1
=cosa +
Lod tan ¢
tane =90° -0 — L (4.2)
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Where:

d= inter row distance.

Lmod= length of PV modules.

a = tilt angle.

d = ecliptic angle=23.5°.

L =geographical latitude.

Now from Equation (4.2).

tan e = 90° — 23.5% — 36.6° = 29.9° Approximatelly 30°

From Equation (4.1).

sin35°
4.188 tan 30°
d =7.5 m the inter row spacing.

< %\/ |

o —f

Figure 4.8. Inter-row modules distance of array [107].

4.6. ELECTRICAL DESIGNING

Electrical designing including all the electrical equipment for the electrical system.

PV panels, inverters, combiner box cables Dc cables, Ac cables, and set up

transformers.
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4.6.1. PV Modules Sizing

PV modules are very important components in the PV system. The PV modules
should be chosen under IEC standards. The life of good quality modules which have
IEC certification is more than 25 years. In the field, the lifetime of crystalline
modules has been proven between 25-30 years [99]. Table 4.3 shows and describes

some of these standards.

Table 4.4. IEC standards Descriptions[99].

Test

IEC 61215

IEC 61730

IEC 60364-4-41

IEC 61701

To increase the voltage, modules are connected in series and to increase the current,
modules (strings) are connected in parallel (by using the combiner box) as a result of
the connection of the PV modules in series and parallel together we will get a PV
array configuration. Appling the following relationship, we can determine the total
number of PV modules needed for the system. [108].

The capacity of the PV plant in watt (4.3)

No.of PV modules needed in the system = The capacity of single PV panale in watt
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No.of PV modules needed for project =

1000000

160 - 2173.9 approximatelly 2174

While the No. of modules for project in pvsyst are equal to 2176 (We will depend on

this value in our calculations) as Figure 4.9 illustrates.

—Design the array

Mod. in series 17

—MNumber of modules and strings

7

between 17 and 20

Mb. strings 123 only possibility 128
Overload loss 0.0 % -
Showe sizin
Priom ratio 1.00 D 2 | 9
Nb. modules 2176 Area 4730 m?

Figure 4.9. No.of PV modules for project(1 MW) by using pvsyst .

Table 4.5. PV Module characteristic Data Sheet.

Module

LR4-72HPH-460M

Manufacture

Longi Solar /2021

Electrical characteristic at STC :1.5 AM, 1000w/m?,25° C.

Maximum Power (Pmaxw) 460 w
Short circuit current (Isc) 11.73 A
Open circuit voltage (Voc) 49.7V
Current at Maximum Power (Imppa)  10.98 A
Voltage at Maximum Power (Vmppv)  41.9V
Module Efficiency (%) 21.2

Dimension

2094 x1098x35 mm

Electrical characteristic at NOCT:1.5 AM ,800 w/m?,20° C.

Maximum Power (Pmaxw) 3435W

Sort circuit current (Isc/a) 9.48 A

Open circuit voltage (Vocw) 46.6 V
Current at Maximum Power (impp/a) 8.80 A
Voltage at Maximum Power (V mppv)  39.0 V
Operation Parameters

Operation Temperature -40° C ~+85°C
Maximum System Voltage DC 1500V
Maximum series Fuse Rating 20A
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~Select the PV module

Avaiable Now | Fiter | AIPVmodes v Approx, nesded modules 2174
Longi Solar W %0Wp3W  Smono LRATZHPH4OMGE Since 2021 Manufacturer 2021 (), Open
se optimizer
Sizing voltages : Vmpp (60°C) 36.0V
Voo (-0%C) 5491
Select the inverter —

Figure 4.10. PV module select by pvsyst.

Now we will be finding the minimum and maximum PV string in the system

theoretically and then finds it by using the pvsyst software.

e The Maximum No. Of The PV Modules in the series (string).

The total number of modules in a string is determined by V (vax, inv, bc), Which is the

inverter's maximum DC input voltage to which the string will be connected. This

voltage should not be exceeded under any circumstances. When the limit is

exceeded, the inverter's operating lifetime is reduced, or the equipment is rendered

unusable. The open-circuit voltage in the location's coldest daytime temps is the

highest module voltage that can occur during operation [99]. From the following

relations, we can find it [108].

Vinod(max) = Voc * [1 + {(Tamb(min) - TSTC) *

100

Max inverter input(Viny inp max)

(4.4)

(4.5)

The max No. of the PV modules in the =

Where:

Vmod (max)

Vmod(max) = Maximum module voltage predicted (at the site high temperature).

Tambmin) = Ambient low temperature of site.

Tstc = Temperature at standard test conditions.
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V inv,inp,max =Maximum inverter input voltage.

Tec = Temperature coefficient of maximum power (Pmax).

From equation (4.4), (4.5).

100

Vinod(max) = 49.7 * [1 + {(6.5 — 25) }] =529V

1100
The max No . of the PV modules in the string = 59 = 20.7 approximately 20

So, the maximum No. of module /string are equal to 20 modules.

VocmopuLg)at coldest module operating temperature * N g s¢ring max (4.6)

< Vinv,inp,max.

N sstring, max =Max No.of the PV modules in series string.

So, from equation (4.6)

52.9 * 20 < 1100.

1058 < 1100 it is acceptable value within limits.

e The Minimum Number of The PV Modules in The Series String. it is necessary
to maintain system voltage within a range of the inverter's maximum power
point (MPP), to dictate the minimum number of modules. The system will
underperform, If the string voltage is lower than the minimum MPP inverter
voltage. In the worst-case scenario, the inverter may shut down. in the
circumstances when the module's maximum operating temperature, the lowest

expected module voltage occurs [99].

Tpc 4.7
Vmod(min) = Vmpp * [1 + {(Tamb(max) + Thom — TSTC) * ﬁ}]
Min inverter input(Vigy . 4.8
The min No. of the PV modules in the = P ( mv'mp'mm) (48)
Vmod(min)
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Where:

Vmod(min)= Mini module voltage predicted (at the site high temperature).
Tambmax) = Ambient high temperature of site.

Tnom = Nominal operation cell temperature.

V inv,inp,min =Minimum inverter input voltage.

From equation (4.7), (4.8).

=419 |1 45 — 25) x ———1| = 33.
Vmod(max) 9 % [ + {(35 + 5 5)6*00100 }] 33.8V
The min No. of the PV modules in the = 338" 17.7 approximately 17

So, the minimum No. of module /strings in series are equal to 17 modules.

Vmpp(MopuLE) at highest module operating temperature * N string min ~ (4.9)
> Vinv,inp,min.
So, from equation (4.9)
52.9*%17 > 600.
899.3 > 600 it is acceptable value within limits.
'DS-IQII theauuy
—MNumber of modules and strings— | Operating conditions
7 ) Vmpp (50°C) 511V
- Vmpp (20°C) 3V
Mod. inseries |17 between 17 and 20 Voc (-10°C) 934 y
e 128 G only possiity 128 Plane irradiance 1000 W/m?2 Max. in data ®s1C
Overload loss 0.0 % = Impp (STC) 1435 A Max. operating power 915 kw
R —— . | = Showsizing 19| (STC)  1501A (5t 1000 W/m? and 50°C)
Nb. modules 2176  Area 4730 m? Isc (at5TC) 1501 A Array nom. Power (5TC) 1001 kWp

Figure 4.11. The Number of Maximum and Minimum modules (series) by pvsyst.

e The maximum PV array current and the maximum inverter current, determine
the maximum number of parallel strings that can be utilized in a PV array. In
general, this limit shouldn't be exceeded because it is lead to yield loss
and accelerates inverter aging [99].
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The No. of modules in the series connection equal to 17 modules. So,

The voltage in the series string (4.10)

= No of module in series * Vo¢ o moduie
Vin sreies string = 17 * 49.7 = 845 v the value within inverter range inputs

The current of a series string is equal to 11.73(lsc for a module). Now, we will find
the number of parallel strings N paratiel strings. The maximum Dc current for the inverter
is equal to 1710 A in the datasheet. the lsting max IS the same value as Isc which is

equal to 11.73 A (series modules connection).
From the relation (4.11).

Iiny_max pc (4.12)

Number of parallel string(Nparauiel strings) = T
string max

1710
Nparallel strings = 173 145.7 approximately 145 parallel strings

By dividing this value on the No. of input of the selective inverter (8 inputs)

We will get the No. of parallel strings for each input of inverter.

145
No. of parallel strings for each input of inverter = r

= 18.1approximately 18
Now,
No. of parallel strings for each input of inverter * I = 18 x 11.73 = 211.14 A
By multiplying this current value by 8 (input of inverter) we will get a total input Dc

current for inverter which equal to 1689.1 this value is very near the maximum Dc
current for inverter 1710 A, (1689<1710).
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211.14 * 8 = 1689.14 it within limits but it is high value

The exact total No. of Parallel strings can be determined by dividing the total No. of
PV module of the system (from equation 4.1), To the total No. of the Modules in a

series string.as shown in the following relation.

No. of Parallel strings(Nparaiiel strings) (4.12)
Total No.of PV modules for the system

~ Total No.of modules in sreies string(Nseries string)

_ 2176

No. of Parallel strings(Npamllel Smngs) =17 = 128 parallel strings

Now we will find the No. parallel strings for each inverter input (8 inputs).

128

No. parallel strings for each inverter = r

= 16 Parallel strings per inverter input

The Maximum inverter DC current can be found by multiplying the No. of Parallel
strings by the current (the current of series string) for each string then multiply the

result by the number of inputs (8 inputs) of inverters shown below:

Maximum inverter DC current ( I;;, maxpc) = 16 * 11.73 = 187.68 A
Maximum inverter DC current ( I;;, maxpc) = 187.68 * 8

= 15014 A
1501.4 A It is an acceptable value and < 1710 A Maximum inverter DC current in

the Datasheet. The Figure 4.16. Shows the Number of Parallel strings in the pvsyst

software it is like our calculation.
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Array Voltage Sizing
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[ x\l\.'-'.“;. Amax OE finct o em‘&e:‘_:
[ \\ Iy lmge DC
2000 - . —
[ T
L L
E [ B P ]
A - g g =t 1
= 1000 = = i s
[ L e
500 |- e .
i T=6C
foci-10°C]
gl 1 - Ly .
400 300 600 FOO 800 800 1000 1100 1200
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Figure 4.12. Array voltage sizing in case of the parallel strings is 128 string.

Power sizing: Inverter output distribution
100000 r r T T T T T T
Array Energy at MPFP

S0000 |-

S0000 |-

40000 |-

Fnergy [lWh

20000 -

o L 1 1 1
a 200 400 a0 800
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1200

Figure 4.13. Power sizing inverter output distribution in case of the parallel strings is
128 string.
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Figure 4.14. Array voltage sizing in case of the parallel strings is 145 string.
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Power sizing: Inverter output distribution

120000 . | : | : | : | . | .
—— Array Energy at MPP % :
100000 Array Energy with power limitation EE ]
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Figure 4.15. Power sizing inverter output distribution in case of the parallel strings is

145 string.
—Design the array
—MNumber of modules and strings——— | Operating conditions
0 Vmpp (50°C) 611
— A Vmpp (20°C) 713 v
Mod. in series - [Dbetween 17and 20 Voc (-10°C) 934 y
, &t 128 | 95 ibili o )
LT + Dol posshiity 128 @ Plane iradiance 1000 W/m?2 ) Max. in data ®s1C
ekl 0.0 % = Impp (5TC) 1435 A Max. operating power 915 kW
T 100 {= Show sizing | 0 Isc (STC) 1501 A (at 1000 W/m2 and 50°C)
Nb. modules 2176 Area 4730 m? Iec(at5TC) 1501 A Array nom. Power (STC) 1001 kwp

Figure 4.16. Shows the Number of Parallel strings in the pvsyst .
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® pv module: Longi Solar, LR4-72HPH 460 M G2

Close  Print  Export Format Help
PV module: Longi Sclar, LR4-72 HPH 460 M G2
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Figure 4.17. The current-voltage characteristics curve at different irradiation values
for PV module by pvsyst.

Py module: Longi Solar, LR4-72 HPH 460 M G2

Close Print  Export Format Help

PV module: Longi Solar, LR4-72 HPH 460 M G2
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4 —— Cellstemp. =10°C, Pmpp = 4821 W
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Figure 4.18. The -current-voltage characteristics curve at incident Irradiation
1000W/m2 for PV module by pvsyst.
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™ pPv module: Longi Solar, LR4-72 HPH 460 M G2

Close  Print Export  Format Help

PV module: Longi Solar, LR4-T2 HPH 460 M G2
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Figure 4.19. Power-Voltage characteristics curve at incident Irradiation.=1000W/m2

for PV module by pvsyst.

Table 4.6. Central inverter data sheet.

Module

ABB Central inverter

Type designation

PVS800-57-1000kW-C

Input Side (DC)

Max DC Voltage (U max (oc)) 1100 V
DC Voltage Range, mpp(Ubc,mpp) 600-850 V
Number of Protected DC Inputs 8- 20 (+/-)
Max Dc Current (imax (oc)) 1710 A
Output Side (AC)

Max Output Power 1200 W
Nominal Power (Pn(ac)) 1000 W
Nominal AC Current (Inac)) 1445 A
Power at cos¢ 950 kW
Output Frequency 50/60 Hz
Nominal Output Voltage (Unac)) 400 V
Efficiency 98.8 %
Dimension (Depth/Width/Height), 708/3630/2130 mm
mm(D,W,H)
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4.6.2. Inverter Sizing

It is difficult to come up with a generally applicable optimum inverter sizing When

selecting an inverter. Solar resource and Module tilt angle are important to project

parameters. The optimal sizing of the inverter is Depending on the characteristics of

the plant design. The inverter sizing range for most plants will fall within the

guidelines set by [99]:

1.2 > Power ratio > 0.8

(4.13)

The term "power ratio” is used to describe the relationship between the maximum

DC input power of the inverter and the maximum power of the PV generator (array,

string, or strings) being taken into consideration at STC.

P( Inverter DC rated)

Power ratio =
P(PV peak)

P( Inverter AC rated)

P( Inverter DC rated) — 0 )
100%

Power inverter DC rated can be find from equation (4.15).

1000 kW
P(imverter Dc rated) = T% = 10204 kW

Power ratio can be found by using equation (4.14).

Py peaky = 460 * 17 + 16 * 8 = 1000.96 kW,

1020.4 kW

(4.14)

(4.15)

Power ratio = —————— = 1.09 it is acceptable value within limits.

1000.96 kW

From equation (4.13) The Power ratio is :
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0.8<1.09<12

From this acceptable result we choose the inverter for our system as shown in Table
4.5.

—Select the inverter -
r
Available Mow | Qutput voltage 400 V Tri S0Hz 60 Hz
[ az8 | |1o00kw 600-850v TL  50/60Hz PYSB0D-57-1000kW-C Since 2013 ~]
Mb. of inverters = Operating voltage: 600-850 V  Global Inverter's power 1000 kiWac
Input maximum voltage: 1100 V
Figure 4.20. Shows the PV plant inverter in the pvsyst.
Main parameters | Effidency curve  Additional parameters  Qutput parameters  Sizes and Technology  Commercial data
Model [pvsa00-57-1000kw-C | Manufacturer [ABB |
File name [azB_PvS300_57_1000kw_C.OND | Data source |Manufacturer 2016 |
0 Original PVsyst database Prod. Since 2013
—Input side (DC PV field)} —Output side (AC grid)

requency

M s0H:z
M e0H:z

Minimum MPP Voltage v O Monophasad

Min, Voltage for PNom @® Triphased
O Biphased

Manimum Input Current 15014 | A

Nominal MPP Voltage 2 v

Grid voltage v
Maximum HPF Voltage v Nominal AC Power kva
v

Absolut: PV Volta
& max. oltage 1100 Maximum AC Power 1200 kv
Default

Nominal AC t A
 Threshold w D 0 omina CUrren: 1445 D
Maximum AC current A 0O

Contractual spedfications, without
real physical meaning

Nominal PV Power 1000 3]
Maimum PV Pawer kw0 Effidency defined for 3 voltages

Maximum PV Current O

—Efficiency
Required
Maximum efficiency 98.80% 0

-~

=

Figure 4.21. The main parameters of ABB PVS800-57-1000kWC in the pvsyst.
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Main parameters | Efficdency curve | Additional parameters Output parameters  Sizes and Technology Commerdial

Description ABB, PVS800-57-1000kW-C

—Input voltage Automatic profile -

O High voltage ) Builds profile from given efficiendes
Max. effidenc

) Medium voltage ¥

W
® Low voltage v @ EURO =fficiency

) CEC efficiency

—Display d Units———
@ Efficdency=f (P In) Show behaviour at O w
O Effidency= f (P Out) and CasPhi=
!
O PoOut=Ff(PIn) == Effective PNom limit 1000 kW @ iw
o i I T T T T T T T T T T T ]
100

0
a0

Efficiency [%]

70
soll —_— 800V, T°C = 50°C, CosPhi = 1.00 ]
EFf. for U = B850 V
50 EFf. for U = 750 V ]
40 EFF. for U = 600V ]
30 o L L L L L L
o= 200 200 600 800 1000 1200 1400

P in (DC) kW]

Figure 4.22. PVS800-57-1000kWC inverter efficiency curve in pvsyst.

Main parameters Efficiency curve  Additional parameters | Output parameters | Sizes and Technology Commerdial data

Description ABB, PVSB00-57-1000kW-C
— Power factor —Maximum AC Power f{temperature) ———
(2] MNom. AC Power 1000 kvA up to T
Cos (phi) min {0,200 Allows overpower

Tan (phi) max Cos (phi) max |0

[o-as4 ] Max. AC Power 1200 kvA at =C

minal AC Power definition—————— High temperature limitation

® Apparent power [kVA] power limit #1 S00.0 | kwac  at °C
j i A
O Active Power [iW] Power limit abs. kWac  at *C

—Temperature evaluation for limits———

In the simulation, by default the inverter 1400 T T T T T T T T T T T
temperature is the external ambient - P - 1200 KvA
temperature (outdoor installation). 1200 e . —
This strategy can be modified in the project 000 - - - LT Fnom = 1000 kA -
area, "Energy Management”™ {Inverter = s
Temperature page) :IE f:Tolv] .
= |
g 600 E
=
= |
4001 —
2001 —
v} [ L L ; L
20 30 40 50 &0 7O =]

Temperature [FCJ]

Figure 4.23. The out parameters and (Maximum AC power with Temperature curve)
in pvsyst .
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4.6.3. Combiner Box Sizing

Combiner boxes are required where an array's individual strings are organized and
joined in parallel before being connected to the inverter through the main DC cables.
Combiner boxes include isolation and protection devices such as load break switches
(disconnects) and string fuses. A DC main switch device should be accordance with
IEC 60364-7-712, and it must be capable of carrying 125 % of the PV array's short

circuit current at STC. (125%*N wmod, parattet * | Mod, sc, stc) [94].

current follow through the DC cable from the combiner box to the inverter input (4.16)

=125% =N parallel strigs * I'Moq ,Sc ,STC

According to the parameters the value of the current follows through the DC cable

from the combiner box to the inverter input is

1.25 %16 * 11.73 = 234.6 A it is within limits
Rated total current

> current follow through the DC cable from the combiner box to the inverter

2404 > 234.6A

IEC 60269 states that gR fuses linked in series in the string's negative and
positive poles are to be utilized to safeguard the string cables from reverse currents
which, due to the disadvantages of blocking diodes, have totally supplanted them as a
method of preventing reverse currents. To calculate the fuse nominal current in
compliance with IEC 60269 standards, the formula shown below is usually applied.
[94].

Istring scsTc = I nominal fuse = Istring SCSTC (4-17)

It is also advised that the.

Inominal fuse = 125% Inominal string (4-18)
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So, the | nominal fuse fOr €ach string can be determined:

Inominai fuse = 1.25 % 11.73 = 14.6 the suitable fuse used in the system is 15 A

The string fuse must operate within the string fuse limits. Generally, string fuse

rating is determined using the relation below [99].

String fuse voltage rating = Vocsrcy * Ns string * 1.15  (4.19)
Where:

N = Number of Modules (in series string).
Now we will find the string fuse voltage rating.

String fuse voltage rating = 49.7 * 17 * 1.15 =971.6 V

Table 4.7. Combiner box specification.

Module

Input

Max No. of Input String 20

No. of Protection Fuse 40

Max Current per input (A) 12 A

Available Fuses (15A/30A) Standards
(32A,30A,25A,20A,16A,15A,12A,10A)

Type of Fuses 10x85mm, gPV fuses,30kA

Cable inlet (n.4 cables entry diameter :6 - 10 mm for
each gland) M40 cable glands

Max DC Voltage 1500 V dc

Inlet connections Direct connection to fuse holders or
distribution bar, wiring gauge 1.5 to 16 mm?

Output

Cable outlet Up to 2 pairs of M50 cable glands (cable
diameter :27 — 35 mm?

Rated total Current (A) 240

Dc switch disconnected rating (A) 400

Outlet Connections Direct connection on copper plates, wiring

gauge up to 20 x 240 mm? per pole

General Information

Operating Temperature Range ~ -20°C - +55°C
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Relative Humidity 0t095%

Protection Rating IP65

Max Altitude 2000 m.a.s.|

Size (mm) 320X1000x750 (DxWxH)

Electrical shock protection Class Il equipment

Grounding connection M20cable gland (cable dimiter:7 to 13 mm,

wiring gauge 2.5 — 35 mm?)

4.6.4. Sizing and Designing Cables in PV System

After choosing the size of the inverter in the PV system. The single-line diagram and
the PV plant scheme has drawn by AutoCAD software as shown in figures 4.23,
4.24,4.25. every 17 modules are first connected in series, then in parallel. through the
junction box (combiner box) this series and parallel strings are connected to a

combiner box with cables of different length and size.

~][Top][20 Wireframe]

132KV STEP LR
TRANSFORER

Figure 4.24. 1MW Photovoltaic station Single line Diagram by Autocad.
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Figure 4.25. Series and parallel PV modules with combiner boxes from(1-4) Single
line diagram.
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Figure 4.26. Series and parallel PV modules with combiner boxes from(5-8).
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Generally, when sizing the cables in the PV systems, there are three criteria must be
followed [99].

e The voltage rated of the cable.
e The current carrying capacity(ccc).

e The minimization of cable losses (CSA).
4.6.4.1. The Voltage Rated of the Cable

Designers of PV system plants take in the account that the voltage maximum rated.
This voltage should not have excessed 1000V since the standard cable could only
withstand a voltage of this value. The PV system nominal voltage should be between
the range of 450 -1000 V, that mean there is no problems will be appear in this
system. Since the several cables are installed outside in the large PV plants there are
along strings, so that the voltage resistance of the cable should take in the account
[94].

4.6.4.2. The Current Carrying Capacity

Each PV system's string cable should be capable of carrying all the possible current
sources in the system. The over current protection limits are the value (amount) of
the current capacity of passing safely through the various protection of the system.
The CCC of a string should consider any over current in the system. In the case of
the over-current protection will be installed, the CCC should be as following relation
[100].

CCC = Rating of the string over current protection (4.20)

In the case of the string overcurrent protection will not be installed the CCC can be

represented by the following relation.

CCC = I + (1.25 * Iyop,sc) * (Nparauet strings — 1) (4.21)
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4.6.4.3. Minimization of the Cable Losses

Sizing the cables of a large PV plant should take into account the voltage drop in the
cables of the system to reduce the cables losses as much as possible by choosing the
suitable cross-section area of the cables. According to the standards the voltage drop
through the cables should be less than 3%, for the system which contains string
cables and array cables this proportion should be divided into the string and array
cables, So the total voltage drop value should not exceed the value 3%, That means
the voltage drop accepted value for each type of this cables should not exceed 1%.

4.6.5. Calculation the DC and AC Cable Size of the System

4.6.5.1. Sizing The DC Cables

In this section, the DC cable size for string and array will determine, according to the

relations below [94].

AVY% 2 % LDC Cable * NParallelstrings * IString,Mpp,STC (4-22)
0 =
AS * NSeries,MOD * VMpp,MOD,STC *Ocy
AVY% 2 * LDC cable * IString,Mpp,STC (4-23)
0 =
As * Nseries, mop * Vmpp,Mop,sTc * Ocu
Where:

AV =Voltage drops value of DC cables for (string /array).
As= Cross section area of the cable.

Loc canie = length of DC Cable (string/array).

N paraitel string =NO0.0f parallel string in the PV system.

I string, Mpp, stc = Max power point current of string at STC.

N series, mop = NO. of PV modules in series.

o = conductivity of copper which equal to 56 mQ™*.mm™2,

V Mpp, MoD, stc = Maximum power point voltage of PV module at STC.
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Formula (4.22) used for Array cables and (4.23) equation used for string cables. We
will have assumed the cross-section area value of the cable and then we will find the
voltage drop and create a comparison between the results that we get, and the
acceptable voltage drop value, which should be equal to or less than 3% (AV %
<3%). We will use DC copper cables (with different lengths). From the Figure 4.28.
And the Equation (4.23) we will calculate the Negative Dc cable and the Positive DC

cables for a series string for sectors (A, B, ....to Q)

e IR i i

T camwecae
" Gomeara AT

— S Any 0F Foikii) mal: TT 7V ik awTasincin o

T MW Fhalvolale Fowar Flant

Figure 4.29. 1 MW Photovoltaic Power Plant Designing By AutoCAD.
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inter-row
distanca

p— PV Array (34 muodules ) sach 17 PY modulss connscted in asries

1 MW Photovoltaic Power Plant

0. 4/11kv stop up
 Inverter  trapsformer

T CombherBox No5&6
— Combiner Box No. 7856

Figure 4.31. The PV parallel strings connections of 1MW Photovoltaic Power Plant
by AutoCAD .
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Figure 4.32. The PV parallel strings connections with the combiner Boxes with
inverter of LMW Photovoltaic Power Plant by AutoCAD .

o A
AV = 2 % LDC Cable * IString,Mpp,STC
As * Nseries Mop * Vmpp,Mop,sTc * Ocu
AVY% = 2% 282m = 10.984 _ 159
T 10mm=* 17 419V «56mQ-L.mm—=2 0
e A'

AV 2% 264.4% 10.984 Ly
T 10mm+* 17 419V *56mQ-L.mm=2

In the same way, we will calculate the other PV sector's voltage drop. We use a

Cable cross-section area of 10mm?2.

e B~
AV=1.4%.

106



B +
AV=13 %.
C,
AV=1.3 %.
c™.
AV=1.2%.
D-.
AV=1.2%.
D*.
AV=1.1%.
(=
AV=1.1%.
E™.
AV=1 %.
F
AV=1 %.
F.
AV=10.97 %.

In sector G of PV Modules, we change the Cable cross section area to 6mm?
G-

AV=1.6 %.

G".

AV=1.4%.
H-.

AV= 1.4 %.

H*.

AV=1.2 %.
I -

AV=1.2 %.

I+,

AV=1.1 %.
J.

AV=1.1 %.

J*.
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AV=0.7 %.

In sector K of PV Modules, we change the Cable cross section area to 4 mm?
K-.

AV=1.4%.

K*.

AV=1.2 %.
L.

AV=1.2 %.

L*.

AV=0.97 %.
M-,

AV=0.97 %.

M*.

AV=10.74 %.

In sector N of PV Modules, we change the Cable cross section area to 2.5

mm?2.

AV=1.1 %.
N*.
AV=10.78 %.
In sector O of PV Modules, we change the Cable cross section area to 1.5
mm?.
O -
AV=1.3 %.
o*
AV=0.66 %.
In sector Q of PV Modules, we change the Cable cross section area to 1.5
mm?2.
Q -
AV=0.99 %.
Q™
AV=10.02 %.
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Now from equation (4.22) and Figure 4.31. we will find the Cable cross-section area
for the Array cable (Array 1, 2,3, to... ,8).

2 % LDC Cable * NParallelstrings * IString,Mpp,STC
AV% =

As * Nseries mop * Vmpp,Mop,sTc * Ocu

For Array No.1&2.

AV = 2% 45m=x* 16 * 1098 A4 _ 150
T 25mm2 x 17+419V *56mQ-Lt.mm=2 "

For Array No.3&4.

AV = 2*% 33m=* 16 * 10.98 4 — 11y
T 25mm2 x 17+419V *56mQ-L.mm=2 O

For Array N0.5&6.

AV = 2* 29m =+ 16 * 10.98 A _ 15
®T16mm? * 17+419V *56mQ-Lt.mm=2

For Array No.7&8.

AV = 2*x 40m=* 16 * 10.98 4 _ 140
T 25mm2 x 17+419V *56mQ-L.mm=2 O

DC cables must be chosen under standards of IEC and have the ability to work at
high/low-temperature degree (-55to 125C°) wide temperature range, having animal-
resistant mechanical characteristics, stretching, bending, and compression, multi-core
steel wire armoured cables suitable for main DC cables are, which are typically

utilized in exposed or underground lines.
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4.6.5.2. Sizing the AC Cables

In this section, the AC cables size will determine, according to the relations below
[94].

\/§ * LAC Cable * Ilnverter Ac * COS(P (4-24)

As * VInverter AC * Ocy

AV% =

Where:

AV =Voltage drops value of AC cables.
Lac cable = The AC cable’s length

I Inverter ac = The Inverter AC current.
Cos¢ = Inverter power factor.

As= Cross section area for AC Cable.
V inverter Ac= AC voltage inverter.

o = conductivity of copper which equal to 56 mQ*mm-2,

Like the DC sizing cables, We will assume the cross-section area value of the cable
and then we will find the voltage drop, which should be equal to or less than 3% (AV
% <3%).

From Figure 4.31. and equation (4.24). We will find the Voltage drop AV % for AC
cable, we will estimate the cross-section area and find the voltage drop.

V3 x8m x1445 A * 0.95

AVY% = C0mmZ » 400V * S5m0 mm—=2 — 1.6 % It is acceptable value

So, the cross-section area of the AC Cable =50 mm?.

When AC cables are chosen, we must consider. The conductor should be capable of

passing both the operational and Isc current safely, Cable needs to be rated for the
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maximum voltage allowed, Choosing the right No. of cores (single or multiple), and

made sure the insulation is adequate for the installation environment [99].

4.6.6. DC Switching

To ensure protection and isolation, a solar PV system's DC sector contains switches.

This section covers DC circuit breakers (CBs), disconnects, and DC switches [99].

4.6.6.1. DC Circuit Breakers (CB)

In the case of a fault, string fuses/MCBs cannot be depended upon to disconnect the
power. This is because PV modules are current-limiting components with Isc that are
only slightly greater than the nominal current. (Because the fault current is smaller
than the trigger current, the fuse will not blow or the MCB will not trip). As a result,
most PV regulations and rules recommend placing main DC CBs between the PV
array fields and the grid-connected inverters. DC CBs are included with some
inverter model types. Installation of additional CBs may therefore be unnecessary
[99].

4.6.6.2. DC Switches/Disconnects

Installing switching devices in PV array junction boxes is required by good design
practice. DC switches enable complete PV arrays to be manually electrically isolated,
which is necessary for maintenance and installation operations. The specifications for

DC switches must be met conditions.

e Has the ability to break when fully loaded.

e Appropriate (Rated) for the system’s maximum current and voltage predicted.
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PART 5

SIMULATION AND RESULTS

5.1. THE RESULTS OF DESIGNING A 1MW PV POWER PLANT

The results were obtained it from pvsyst. Software simulation for 1Mw Photovoltaic
power plant which designed by this software, the plant contains from 2176 PV
module (si-mono 460 wp), The No. of photovoltaic modules linked in series are 17
Module (series strings) and the total number of parallel strings for the system is 128
strings (each string has 16 PV module connected in parallel) the parallel strings
connected to a central inverter(1000kw) have 8 inputs to produce 1Mw.

The result obtained from pvsyst, shown in table (5.1) that the average annual ambient
temperature for the site is 20.60 C* and the average annual Horizontal global
irradiation value is equal to 1825 kW/m? and this is a good value, also the Global
incident irradiation in the plant is equal to 2099.5 kWh/m?.

Table 5.1. The main result of LMW PV power plant by pvsyst according weather
parameters.

Month  T.amp C° Horizontal Global Horizonta Effective global,

global incident | Diffuse correspond for

Irradiation inplant Irradiatio IAM and

KW/m? KWh/m? n shading

kWh/m? kWh/m?
January 6.84 78.8 126.9 33.79 125.5
February 8.68 92.0 128.8 40.72 127.4
March 13.27 138.3 167.0 63.89 164.4
April 17.62 170.5 181.8 16.07 178.5
May 24.51 196.4 187.9 87.92 184.0
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June 30.99 233.3 211.8 73.42 207.2

July 35.02 232.2 215.9 74.27 211.4
August 34.19 212.1 218.4 67.31 214.4
September 29.00 177.2 211.0 45.70 207.5
October 23.12 128.6 176.0 47.96 173.9
November 14.25 90.6 145.4 32.35 143.8
December 8.91 75.0 128.6 38.31 127.4
Year 20.60 1825.0 2099.5 671.71 2065.3
Where:

Tamb: Ambient temperature.

Glob Inc: Global incident in plane.

DiffHor: Horizontal diffuse irradiation.

GlobEff: Effective Global, correspond for IAM and shadings.

GlobHor: Horizontal global irradiation.

Table 5.2. The main result of 1MW PV power plant by pv sys according Technical

parameters.
P.R ratio E Array MWh E Gria MWh

January 0.929 120 118

February 0.915 120 117.9
March 0.894 151 149.4
April 0.874 161.5 158.9
May 0.847 161.9 159.3
June 0.84 174.6 172.0
July 0.788 172.9 170.3
August 0.788 174.8 172.3
September 0.811 173.7 171.2
October 0.857 153.2 150.9
November 0.895 132.4 130.3
December 0.919 120.4 118.3
Year 0.851 1817 1789

Where:

E array: Effective energy at the array's output.
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PR: Performance Ratio.

E cria: Energy exported to grid.

Table (5.2) shows other important parameters resulting from the simulation this
parameter is the annual Performance ratio (P.R%), annual Effective energy at the
array's output, and the annual Energy exported to the grid. (0.851, 1817 MWh, 1789
MWh) respectively.

The performance ratio can be defined as the ratio of the exporting AC yield to the
theoretical production of the system, the theoretical yield that the system would
generate if modules converted received irradiation into useful energy at their rated

capacity [99].

AC Yield(kWh) x 1 (kW/ m?) (5.1)

= 0,
P.R DC installed capacity(kWh) = (Plane of Array irradiation(kWh/ m?2) 100%

Performance Ratio PR

12 T T T T T T T T T
i Il = Ferformance Ratio (YF/ Yr) : 0.851 ]
1.0F 3
0.9
0.8
0.7

0.6

0.5

wfonmanee Batio PR
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0.4

0.3

0.2

0.1
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Performance Ratio PR R

Figure 5.1. The Performance ratio of IMW PV Power Plant by pvsyst.
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Result of the simulation is shown in table 5.2. We can find the yield factor of the PV
system (Ys). which is referred to as the system’s final yield of useful energy per day

to the nominal power. unit is (kWh/kWp/day) [105].

EArray (5-2)

Yf =
Pnominal at STC
Where:

Yt = The yield factor.

P nominal array at sTs = Nominal power array at Standard test condition (from pvsyst

simulation as shown in Figure 5.2).

_ 1817 MWh.year™!

Y, = = 1815 MWh
U 1.001 MW, /MWp/year

Operating conditions

Vmpp (50°C) 611 ¥

Vmpp (20°C) 713 W

Voc (-10°C) 934 v
Flane irradiance 1000 W /m?2 Max. in data ® s1C
Impp (STC) 1435 A Max. operating power 915 kW
Isc (STC) 1501 A (st 1000 W/m? and 50°C)
Isc (atSTC) 1501 A Array nom. Power (STC) 1001 kWwp

Figure 5.2. Nominal power array at Standard test condition.

From the (5.2) Table, we can find the capacity factor of a PV plant is a ratio of the
energy generated by the station for a year to the installed capacity (Nominal Power)
in case it had operate for the whole year [99]. In another word, it can be determined

by dividing the yield factor by the day hours multiplied by the days of the year.

Energy generated per annum (MWh)  Y¢ (5.3)
Installed Capacity (kWp) * 24 %365 8760

Capacity Ratio % =
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15
Capacity Ratio % = 3760 20.7 % It is a good value

The value of the capacity factor ranges from 12-24 % (for PV plants of a fixed tilt). It

is depending on the plant's performance ratio and solar resource.

R“——-__iiz_jjmz Global horizontal irradiation
r///]\ +15.0% Global incident in coll. plane
s -1 8% LAN] factor on global
2065 kWhim™ * 4730 m™ coll. Effective irradiation on collectors
efficiency af 5TC = 21.29% PV conversion
2072 AMWh Array nominal energy (at STC effic.)
[~ 0.0% PV Inss due fo imediance fewvel
kﬁ"‘ -9.2% PV loss due fo femperaiure
#0.4% Modwe qualiy loss
tl,. -2.91% Mismaich loss, modwles and sinngs
L -1.1% Chmic wirnng loss
1828 AMWR Array virtual energy at MPP
“».. -1.5% Inwerier Loss dunng operation (efficiency)
[~ 0.0% Inwverier Loss ower nominal inv. power
[+ 0.0% Inwerfer Loss duwe fo max. input cument
[ 0.0% tnverier Loss over nominal inv. woliage
[ 0.0% Inwverter Loss due fo power threshold
-0 6% Inwverier Loss due fo volisge threshold
[ 0.0% Night consumpiion
1789 AWh BAvailable Energy at Inverter Cutput
1789 AR Energy injected into grid

—_—

Figure 5.3. Losses diagram of 1 MW PV power plant by pvsyst.
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Normalized Production and Loss Factors: Nominal power 1001 kWp

1 | 1 | 1 | 1 1 1
12k Le: Collection Loss (PV-array losses) 13.5% i
Ls: System Loss (inverter, ...) 13%

YF: Produced useful energy (inverter outpet) 851 %
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Figure 5.4. Nominal power for 1001kWp .

Normalized productions (per installed kWp): Nominal power 1001 kWp

10 T T T T T T T T T T T
| Lc: Collection Loss (FV-array losses) (.78 kWhkWpiday
Ls: System Loss (inverter, ...} 0.08 KWhkWp/day
8- ¥f: Produced useful energy (inverter ouiput) 4.9 kWh/&Wpiday n
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Figure 5.5. Nominal power for 1001kWp (per installed kWP).

5.2. THE RESULTS OF DESIGNING A100 MW PV POWER PLANT

The results were obtained from PVSYST Software simulation for 100Mw
Photovoltaic power plant which designed by this software, the plant contains from
217600 PV module (si-mono 460 wp), The No. of Photovoltaic modules linked in

117



series 17 Module (series strings) and the system's total No. of parallel strings are
12800 strings (each string has 16 PV modules connected in parallel) the parallel
strings are connected to a 100-unit of a central inverter (the capacity of each unit is
1000kW each unit has 8 inputs to produce 1IMW).

The result obtained from pvsyst, shown in Table (5.3) that the average annual
ambient temperature for the site is 20.60 C® and the average annual Horizontal

global irradiation value is equal to 1825 kW/m? year, and this is a good value.

Table 5.3. The main result of 100MW PV power plant by pvsyst according weather

parameters.
Month Temp. Horizontal Global Horizontal Effective global,
Amb global incident Diffuse correspond for
c° Irradiation inplant Irradiation IAM and
KW/m? kWh/m? kWh/m? shading
KWh/m?
January 6.84 78.8 126.9 33.79 125.5
February 8.68 92.0 128.8 40.72 127.4
March 13.27 138.3 167.0 63.89 164.4
April 17.62 170.5 181.8 16.07 178.5
May 24.51 196.4 187.9 87.92 184.0
June 30.99 233.3 211.8 73.42 207.2
July 35.02 232.2 215.9 74.27 211.4
August 34.19 212.1 218.4 67.31 214.4
September 29.00 177.2 211.0 45.70 207.5
October 23.12 128.6 176.0 47.96 173.9
November 14.25 90.6 145.4 32.35 143.8
December 8.91 75.0 128.6 38.31 127.4
Year 20.60 1825.0 2099.5 671.71 2065.3
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Table 5.4. The main result of 200MW PV power plant by pv sys according Technical

parameters.
P.R ratio E Array MWh E cris MWh
January 0.927 11970 11774
February 0.913 11969 11764
March 0.892 15149 14907
April 0.872 16109 15858
May 0.845 16142 15888
June 0.809 17394 17140
July 0.785 17207 16955
August 0.784 17399 17151
September 0.808 17303 17058
October 0.854 15276 15052
November 0.893 13209 13001
December 0.917 12009 11806
Year 0.849 181136 178352

Table 5.4. shows other important parameters resulting from the simulation this
parameter is the annual Performance ratio (P.R%), annual effective energy at the
array's output, and the annual energy exported to the grid. (0.849, 181136 MWh,
1178352 MWh) respectively.

Performance Ratio PR

1.2 T T T T T T

E Wl ~=: F=rformance Ratio (¥F/ ¥r) - 0.849
11

1.0F .
osf
oaf
07k

0.6F

Paformumce Fatio PR

o.sf
0.af
o3f
o2k

o1F

0.0k
Jan Feb Mar Apr May Jun Jul Aug Sep Ot Nowv Dec

Performance Ratio PR e

Figure 5.6. The Performance ratio of 100MW PV Power Plant by pvsyst.

119



Operating conditions

Vmpp (60°C) 611 W

Vmpp (20°C) 713 v

Voc (-10°C) 934 v
Plane irradiance  1000W /m?2 Max. in data ® sT1C
Impp (STC) 143434 A Max. operating power 91503 kW
Isc (STC) 150144 A (at 1000 W/m? and 50°C)
Isc (at 5TC) 150144 A Array nom. Power (STC) 100096 kWWp

Figure 5.7. Nominal power array at Standard test condition (100 MW PV Plant).

The result of the simulation is shown in the table5.2. We can find the yield factor of
the PV system (Y¥). which is referred to as the system's final yield of useful energy

per day to the nominal power. unit is (KWh/kW,/day).

EArray (5'2)

Yf =
Pnominal at STC

P nominal array at sTs = Nominal power array at Standard test condition (from pv sys

simulation as shown in Figure 5.7).

v = 181136 MWh.year™!
T 100.096MW,

— MWh

= 1809.6 /MWp/year
From (5.4) Table We can find the capacity factor of a PV plant is a ratio of the
energy generated by the station for a year to the installed capacity (Nominal Power)
in case it had operate for a whole year [99]. in other words, it can be determined by
dividing the yield factor by the day hours multiplied by the days of the year.

Energy generated per annum (MWh)  Yf (5.3)
Installed Capacity (MWp) = 24 * 365 8760

Capacity Ratio % =

809.6
8760

Capacity Ratio % = = 20.6 % It is a good value
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The value of the capacity factor ranges from 12-24 % (for PV plants of a fixed tilt). It

is depending on the plant's performance ratio and solar resources.

Loss diagram
1825 kWhim? Global horizontal irradiation
+15.0% Global incident in coll. plane
-1.63% |AM factor on global
2065 kWhim® * 472569 m* coll. Effective irradiation on collectors
efficiency at 5TC = 21.21% PY conversion
207193 MWh Array nominal energy (at STC effic.)
N -0.01% PV loss due to irradiance level
4.19% PV loss due to temperature
+0.3T% Module quality loss
-210% Mismatch loss, modules and strings
-1.37% Ohmic wiring loss
182331 MWh Array virtual energy at MPP
3 -1.51% Inverter Loss during operation (efficiency)
M 0.00% Inverter Loss over nominal inv. power
M 0.00% Inverter Loss due to max. input current
M 0.00% Inverter Loss over nominal inv. voltage
L'ﬁ 0.00% Inverter Loss due to power threshold
"‘i D6T% Inverter Loss due to voltage threshold
M -0.02% Might consumption
178352 MWh Available Energy at Inverter Output
178352 MWh Energy injected into grid

Figure 5.8. Losses diagram of 100 MW PV power plant by pvsyst.
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Figure 5.9. Nominal power for 1001MW,,
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Normalized productions (per installed kWp): Nominal power 100.1 MWp

10 | | | | | | | | |
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Figure 5.10. Nominal power for 1001MW,. (Per installed kW5p).
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PART 6

DISCUSSION

Results from research are presented in chapters (4,5) which are discussed in this
chapter. The site of the Photovoltaic power plant (1MW) was selected taking into
account that the site is far away from the demographic population (soiling pollution),
and the water source is available (to clean the PV modules surface) and the national
grid is available. The geographical data of the site is obtained by pvsyst simulation
software (Meteonorm 8.0) it appears that the average annual horizontal irradiation is
equal to 1825 kW/m? and the Global incident irradiation in the plant is equal to
2099.5 kwh/m? (it is a good value).

The tilt angle of the PV plant was selected by pvsyst simulation software. the
optimum tilt angle for the summer season is 15° and for the winter season is 50°,
since the PV plant is designed as a fixed tilt angle, the optimum fixed tilt angle for all
seasons is 35° (as appears in the pvsyst simulation software) and the azimuth is 0°

(Transformation factor is 1.16 and the losses are 0 % when the tilt angle is 35°).

The distance between the PV module strings (inter-row spacing) is calculated
depending on the equations (4.1) (4.2). The optimal distance is equal to 7.5m to

avoid the inter-row shading.

The No. of photovoltaic modules needed in the system is calculated by using
equation (4.3) the theoretical calculation. appears that the No. of Photovoltaic
modules are 2174, But pvsyst simulation software appears the wholly No. of
Photovoltaic is equal to 2176. The two values are acceptable (designing depending

on the pvsyst values).
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The maximum and the minimum PV modules in the series strings are calculated by
the equations (4.4), (4.5), (4.6), (4.7), (4.8), (4.9). The theoretical result is identical to

the pvsyst simulation software results.

The system parallel strings No. are calculated theoretically by using the equation
(4.11). The results appear that the system parallel strings No. are 145 strings (each
string has consisted of 18 Photovoltaic modules connected in parallel). it is within
the limits range but it is a high value about inverter DC current (1689.1A) will be
near the maximum inverter value (1710 A) by using the equation (4.12) in order to
determine the suitable No. of parallel string in the system. results appear that the
suitable number of parallel strings is 128 strings each string contain from 16
Photovoltaic modules linked in parallel. in this case value of inverter DC current is
varying suitable value (1501.1A) Figure (4.15) shows the total number of the string

in the system by using pvsyst simulation software.

The inverter power ratio determined to select the optimal size of inverter to installed
in the system. by using the equations (4.13), (4.14), (4.15) to find the inverter power
ratio (1.2>Power Ratio >0.8) the value of the inverter ratio for this system is equal to
(1.09) it is within limits of choosing value. The figure (4.19) shows the selected

inverter by pvsyst simulation software.

The combiner boxes used in the system are selected under IEC standards. The
average total current flow through the combiner box is equal to 234.6 A it is within
limits (234.6 A> 240 A) according to the relation (4.16).

The nominal current of the fuse that uses in the parallel string is determined by using
the equation (4.17) also the rated voltage flow through string cables is determined it
is equal to 971. V.

The cross-section area of the cables used in the design is determined by using
equations (4.22), and (4.23). the cables calculations by assuming the cross-section
area of the cable (array/ string) and determining the voltage drop (AV%) the total

voltage drop of the string cables and the main cables should be less than 3%, if the
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voltage drop is more than 3% then the cross-section area of the cable must be
changed by the high size of the cable . Also, in the same way the AC cable size is

determined, but by using the relation (4.24).

The pvsyst simulation software results (Tables 5.1-5.2) appears that the annual
horizontal irradiation is 1825 kW/m?, performance ratio is 0.851, The annual output
of array effective energy is equal to 1817 MW/h, the annual exported energy to grid
is equal to 1789 MW/h, the PV losses due to the temperature is -9.2%., mismatch
losses( modules and strings)is -2.1%, the ohmic wiring loss is -1.1 %, the inverter
losses during operation (efficiency)-1.5 %, the yield factor (Yf) of the system is
determined by using the relation (5.2) Yt is equal to 1815MWh/MWpl/year. the
capacity ratio is determined by using the relation (5.3) the capacity ratio is equal to
20.7% which is a good value for PV plant of fixed tilt.

The pvsyst simulation software results (For 100MW PV Power Plant) appear that the
annual horizontal irradiation is 1825 kW/m?2, performance ratio 0.849, the annual
output of array effective energy is equal to 181136 MW/h, the annual exported
energy to grid is equal to 178352 MW/h, the PV losses due to the temperature are -
9.2%, mismatch losses (modules and strings) are -2.1%, the ohmic wiring loss is -1.1
%, the inverter losses during operation (efficiency)-1.5 %, and the yield factor (Y¥) of
the system is determined by using the relation (5.2) Y is equal to 1815
MWh/MW,l/year. the capacity ratio is determined by using the relation (5.3) the

capacity ratio is equal to 20.7% which is a good value for PV plant of fixed tilt.
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PART 7

CONCLUSION

This thesis refers to the essential points that must consider when designing large-
scale Photovoltaic plants. This point includes choosing the Photovoltaic plant site,
choosing the optimal tilt angle (for PV modules), choosing the Photovoltaic plant
elements like Photovoltaic modules (PV panels), Combiner Boxes, Inverters, DC
with AC cables, also how collects this component to establish a PV system. All these
points followed in this thesis. Also with help of pvsyst software simulation, the
annual global irradiation of the site is determined, and the optimal tilt angle of
Photovoltaic modules of the system in the site was achieved, No. of PV modules
needed in the Photovoltaic station were determined, Also the number of inverters
needed in the Photovoltaic station was calculated, the number of combiner boxes
needed in the PV system was determined, the Length of DC and AC cables and the
cross-section area of cables needed in the system was determined.

The annual energy generated from the PV arrays of the PV power plant was
determined and the exported energy to the grid was calculated. The performance

ratio, yield factor, and capacity factor of the system were determined in this research.
All the aims of the study were accomplished and thoroughly covered in chapters four

and five, we may thus infer that the research work's aims and objectives have been

met.
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