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Abstract

As the fight against anthropogenic global warming increases, photovoltaic (PV) systems, which
are a type of renewable energy, are increasingly being considered. In order to use PV systems, it
is necessary to develop methods to optimize their configuration, that is, the optimal number of PV
modules and inverters. The objectives are to examine the optimization of PVs subject to not only
the operational constraints but also the failure and repair events of PV inverters up to 100 kW,
while minimizing the effective levelized cost of energy. To achieve this, using Markov modelling,
a new energy price model that considers the current prices of the PV inverters is developed as part
of a new optimization framework. A case study considering six real PV inverters is developed to
show the effectiveness of the framework. In addition, real data from a reference PV station in
Germany is used to calculate the average hours per day that a panel generates its rated power to
consider the geographical location, temperature and number of sunny days in the given region.
Unlike previous work, local and global optimal solutions are found using PV inverters in the range
of 15 kW to 100 kW. Therefore, the new findings of this study will be considered in the future, for

example, when considering the failure and repair events of PV modules.
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Zusammenfassung

Im Rahmen des Kampfes gegen die anthropogene Erderwdrmung werden zunehmend
Photovoltaikanlagen (PV-Anlagen) in Betracht gezogen, welche zu den erneuerbaren Energien
zdahlen. Um PV-Anlagen nutzen zu konnen, miissen Methoden zur Optimierung ihrer
Konfiguration, d. h. der optimalen Anzahl von PV-Modulen und Wechselrichtern, entwickelt
werden. Ziel dieser Arbeit ist es, die Optimierung von PV-Anlagen zu untersuchen, wobei nicht
nur die betrieblichen Randbedingungen, sondern auch die Ausfall- und Reparaturereignisse von
PV-Wechselrichtern bis zu 100 kW beriicksichtigt werden, um dabei die effektiven
Stromgestehungskosten zu minimieren. Um dies zu erreichen, wird ein neues Energiepreismodell
entwickelt, das die aktuellen Preise der PV-Wechselrichter, sowie die Markoff-Modellierung als
Teil eines neuen Optimierungsrahmens beriicksichtigt. Anhand einer Fallstudie unter
Beriicksichtigung von sechs realen PV-Wechselrichtern wird die Wirksamkeit des Rahmens
aufgezeigt. Auflerdem werden reale Daten einer Referenz-PV-Anlage in Deutschland verwendet,
um die durchschnittlichen Stunden pro Tag zu berechnen, in denen ein Modul seine Nennleistung
erzeugt. Dazu werden die geografische Lage, die Temperatur und die Anzahl der Sonnentage in
der jeweiligen Region beriicksichtigt. Im Gegensatz zu fritheren Arbeiten werden lokal und global
optimale Losungen mit PV-Wechselrichtern im Bereich von 15 kW bis 100 kW gefunden. Daher
konnen die neuen Erkenntnisse dieser Studie in Zukunft beispielsweise bei der Betrachtung von

Ausfall- und Reparaturereignissen von PV-Modulen beriicksichtigt werden.
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Resumen

Ante la creciente lucha contra el calentamiento global antropogénico, los sistemas fotovoltaicos,
que son un tipo de energia renovable, estan siendo cada vez mas considerados. Para usar sistemas
fotovoltaicos, es necesario desarrollar métodos para optimizar su configuracion, es decir, el
numero optimo de modulos e inversores fotovoltaicos. Los objetivos de esta tesis son examinar la
optimizacion de los sistemas fotovoltaicos sujetos, no solo a las restricciones operativas, sino
también a los eventos de falla y reparacion de los inversores fotovoltaicos de hasta 100 kW,
mientras se minimiza el costo efectivo nivelado de la energia. Para lograrlo, empleando el modelo
de Markov, se desarrolla un nuevo modelo del precio de la energia que considera los costos
actuales de los inversores fotovoltaicos como parte de un nuevo esquema de optimizacion. Se
desarrolla un caso de estudio considerando seis inversores fotovoltaicos reales para mostrar la
efectividad del esquema. Asimismo, se utilizan datos reales de una estacion fotovoltaica de
referencia en Alemania para calcular el promedio de horas al dia en que un panel genera su
potencia nominal teniendo en cuenta la ubicacion geografica, la temperatura y el nimero de dias
soleados de la region. A diferencia de trabajos anteriores, se encuentran soluciones locales y
globales optimas empleando inversores fotovoltaicos en el rango de 15 kW a 100 kW. Por lo tanto,
los nuevos hallazgos de este estudio se tomardn en cuenta en el futuro, por ejemplo, cuando se

contemplen los eventos de falla y reparacion de los modulos fotovoltaicos.
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Chapter 1: Introduction

1.1 Problem Statement and Motivation

Renewable energy systems, such as photovoltaic (PV) technologies, are increasingly being
considered as an alternative solution to the actual energy demand. Due to the current situation with
world pollution and the lack of conventional fuels, governments around the world are passing laws
that encourage companies to invest in PV systems [1]. Figure 1 shows the increase in Gigawatt
(GW) capacity of PV installations over the next 5 years due to the Inflation Reduction Act (IRA)
in the U.S. [1].

A PV station or PV plant consists of basically two parts: 1) PV panels that produce direct
current (DC), and 2) PV inverters that convert direct current to alternating current (AC). The type
of PV inverters and the way of interconnection has a great effect on the characteristics of the PV
station in terms of efficiency, investment cost, reliability of power generation [2]. The PV station
can have different topologies, that is, depending on the number of panels and PV inverters. The
PV station are classified into four basic groups depending on how the PV modules are

interconnected to the PV inverters [2].

Figure 1: Capacity of PV installations (GW) due to the Inflation Reduction Act (IRA).



The levelized cost of energy (LCOE) is the price that the energy generated must have to
balance with the total cost of the plant during its lifetime. The LCOE is also used to make
economical comparisons of renewable energy plants with other types of power systems [3].
Furthermore, the effective levelized cost of energy (ELCOE) is presented as a new price modelling
that improves the conventional LCOE and includes evaluations of the economic availability of the
power plant [2].

Another design method that is considered to evaluate the reliability of PV inverters is
Markov modelling [2] [4] [5]. This method evaluates the probabilities of occurrence of PV inverter
failure and repair events through state transitions. The stochastic transitional probability matrix
(STPM) represents all the transition possibilities in the Markov model. Another consideration in
the evaluation of PV station availability is the calculation of the not supplied expected energy
(NSEE). The NSEE depends on the size of the PV plant, the Markov model and weather
characteristics such as the sunshine time in the region.

In this work, a new optimal design method will be developed using both Markov and
energy price modelling of a real PV station with an installed peak power equal to 86-kilowatt peak
(kWp). The data (four samples per hour for one year, that is, 35,040 sample) of the injected energy

from that station is made available.

1.2 Contributions and Master’s Thesis Structure

The contributions of this Master’s Thesis can be summarized as follows:

e Based on [2], a new method is developed to determine the time that PV panels generate
power during a year, so that the effects of the geographical location, temperature and
number of sunny days in the region can be considered.

e A new price model is developed in order to consider current prices of PV inverters in 2022.

e A framework combining both Markov and the new price model is introduced to find the
optimal design of a PV station.

e Real data of 6 sizes of PV inverters are used in the design process and the results are

compared with previous works to show the effects of the new energy price modelling.



Chapter 2 gives a short review of conventional and sustainable energy sources. Since the
main focus in this work is on presenting a method for the optimal design of a PV station, a detail
review of the configurations is given for such PV systems. In addition, the Markov and energy
price modelling as a method used for designing an optimal PV station is reviewed. Finally, the
operational constraints of the PV components are presented.

In Chapter 3 the proposed optimal method in the design of the PV station is developed by
evaluating the reliability of the plant with Markov and the new energy price modelling.

Chapter 4 shows the summary of the results obtained using the new design method. The
most important parameters are analysed and compared with different scenarios. A discussion is
made on the basis of the results.

Finally, final conclusions and future work that remains to be investigated in this project are

presented in Chapter 5.

1.3 Software for Optimization

The problem in this work is formulated as a mixed integer nonlinear optimal design problem, in
which not only operational constraints, but also design constraints have to be satisfied. The model
equations developed in this work are implemented as an optimization framework. The numerical
computations and the solution algorithms are implemented in MATLAB R2021b [6], where sub-

codes for energy price and Markov modelling are given in the appendix.



Chapter 2: State of the Art

2.1 Sustainable Energy

The term sustainable energy, unlike other types of more polluting and expensive
conventional energy, is a form of energy that is obtained through natural and inexhaustible sources
and is called renewable energy sources, that is, as through the sun, rain, the movement of water
such as rivers and seas, etc. An energy is sustainable if current energy needs are satisfied without
compromising future generations [7].

In [8] the global energy problem is presented as a consequence of the use of conventional
energy sources that produce more greenhouse gas emissions and also the problem of energy access.
Conventional or non-renewable energy sources are those that are of limited quantity in nature and
are grouped into two categories according to their extraction, fossil fuels and nuclear power.

Fossil fuels are materials containing hydrocarbons (carbon and hydrogen) formed naturally
in the earth's crust from the remains of dead animals and plants, which are extracted and burned
for fuel to produce energy. The main types of fossil fuels are coal, crude oil and natural gas, and
are some of the most important natural resources that we use every day [9]. However, the use of
fossil fuels produces a large amount of carbon dioxide (CO2) emissions each year, which is harmful
to the environment. Figure 2 shows the global fossil CO2 emissions in 2021 where despite a 5.4%
drop in emissions in 2020 due to COVID-19, in 2021 CO; emissions increased again by
almost 5% [10].

Figure 2: Global fossil CO2 emissions in 2021.



Nuclear power is also a form of energy obtained through atomic reactions to produce
electrical, thermal and mechanical energy. In the European Union, one third of the electrical energy
is produced by nuclear power plants [11]. However, the cost of installing and maintaining a nuclear
power plant is becoming increasingly expensive and there is also a high risk of contamination in
the event of an accident. Similar to fossil fuels, nuclear energy produces high levels of CO2
emissions [12].

Renewable energy sources are playing an increasingly important role in power generation
and, despite the challenges of supply chain shortages caused by the pandemic, new additions in
renewable capacity increased by more than 45% in 2019 and the trend is estimated to continue in
the coming years [13]. Figure 3 shows the net renewable capacity additions from 2011 to 2022,
where the increase in capacity is expected to be almost 280 Gigawatt (GW) in 2022 [13].

Figure 3: Net renewable capacity additions, 2011-2022.

Around 257 GW were added worldwide in 2021, increasing the stock of renewable power
by 9.1% compared to the previous year [14]. The main renewable energy sources are: hydropower,
solar energy, wind power, geothermal and bioenergy. Hydropower is the renewable source with
the largest energy capacity, producing around 1360 GW in 2021 which represents an addition of
25 GW with respect to 2020. However, solar and wind power have higher year-over-year increases
in renewable additions. Solar energy alone accounted for more than half in renewable additions

with 133 GW in 2021 and wind power with 93 GW [14].



Solar energy systems use radiant light and heat from the sun to generate electric energy or
electricity [15]. The main solar energy technologies are PV systems, solar heating, concentrated
solar power (CSP) and artificial photosynthesis [16]. PV systems convert sunlight into electricity
by using semiconductor materials through the photovoltaic effect. For this, PV panels are used to
generate light into electric energy and PV inverters that transform the energy produced by the
panels into usable energy [15]. Solar heating accumulates heat by absorbing sunlight through
energy collectors, which are devices for heating water or air [17]. CPS systems use a mirror
configuration to concentrate the light from the sun into a receiver and convert it into heat, then the
heat can be used to drive a turbine to generate electricity or use the heat for industrial processes
[18]. Artificial photosynthesis technology consists of imitating the natural effect of photosynthesis,
in which sunlight is captured and this energy is used to chemically convert water and carbon
dioxide into fuels [16].

Wind power, as mentioned above, is another type of renewable energy with more additions
y and consists of harnessing the air flow to run wind turbines to generate electricity [14].
Worldwide, about 1,700 Terawatt (TW) were generated in 2021, representing approximately 2%
of the world's energy [14].

Geothermal energy is thermal energy found in the earth's crust and originated from the
formation of the planet and the radioactive decay of materials [19]. The heat is used to produce
electricity or also for use in steam boilers. Around 15 GW has been generated globally by
2021 [14].

Bioenergy is a source of energy obtained by burning biomass fuel. Biomass comes from
organic residues such as plants and animals. Fossil fuels also come from organic residues; however,
the difference with biomass is that it takes carbon from the atmosphere as it grows and gives back
what is burned, making it a sustainable form of energy, while fossil fuels require many years of
decomposition to be used [20].

In summary, renewable systems are becoming more relevant today as alternative sources
of energy and at increasingly lower installation costs. Figure 4 shows the trend of the levelized
cost of energy (LCOE) of renewable systems since 2010 to 2019 and PV systems presented the

largest decline in LCOE as we increased capacity [12].



Figure 4: The trend of the LCOE of renewable systems since 2010 to 2019.

2.2 Photovoltaic Systems

In this work, we focus on the design of PV systems. Therefore, we will review the technical
characteristics, applications and methods in the design of a photovoltaic station. PV systems are
composed of two main components: 1) PV panels, and 2) PV inverters or converters.

A PV panel is composed of PV modules, which contain hundreds of solar cells. Solar cells
are electronic devices that essentially convert solar energy of sunlight into electrical energy and
are composed of the same principles as semiconductors such as diodes and transistors [15].
Conventional PV panels are configured from serial interconnected subgrouping of cells, which
include hundreds of PN junctions connected in parallel. When sunlight is present, an electrostatic
field is produced at the PN junction of the PV module by the impinging photons that create a
potential difference between 0.5 and 0.6 Volts (V) and a current of several amperes (A) [15].



PV panels generate DC power from sunlight, but do not store electricity, so energy can be stored
in batteries if required. An array of PV panels voltages may vary within 300 to 1000 V and currents
within 5 to 10 A in a PV system installation [15].

According to their technology, there are three main categories of PV modules:
monocrystalline, polycrystalline and thin-film-based materials. Both monocrystalline and
polycrystalline PV modules are based on crystalline silicon semiconductor. However, the main
difference between these two technologies is the type of silicon solar cell they use. Monocrystalline
PV modules have solar cells made from a single crystal of silicon, while polycrystalline ones are
made from many silicon fragments melted together [21]. In terms of efficiency, monocrystalline
PV modules are more efficient than polycrystalline PV modules because monocrystalline PV
modules are cut from a single silicon crystal, which allows electricity to pass easily through the
module. Nevertheless, the difference in efficiency between both is not so high and polycrystalline
modules have lower cost because the manufacturing process is less complex than monocrystalline
modules that need more care and control [15] [21].

Thin-film PV modules are characterized by very fine and thin layers that make it flexible.
They can have different sizes and not standardized measures as PV modules made of silicon,
however, they have a much lower efficiency than the two previous mentioned. Unlike crystalline
PV modules that use silicon, thin-film PV modules are made from different materials such as
Cadmium telluride, Amorphous silicon and Copper indium gallium selenide [15] [22]. Figure 5

shows a monocrystalline, a polycrystalline and thin-film PV modules [23].

Figure 5: Types of PV modules: (a) Monocrystalline, (b) Polycrystalline, (¢c) Thin-film.



The other main component in PV systems are the PV inverters. In addition, other
complementary components are necessary for the system to work properly, such as:
interconnection (i/c) transformer and cable, production and utility meter, and storage battery
systems [15] [24]. The transformer is an electrical device responsible for splitting the output
voltage of PV inverters and can operate as a step-up or step-down transformer according to the
characteristics of the electric grid. As for harmonics, PV inverters typical harmonic content is
below 1%, which has almost no impact on the system and with an appropriate regulation of PV
inverters, a clear definition of transformer failures can be obtained. [25]. The production meter is
a device that measures the amount of energy in kilowatt-hour (kWh) produced by the PV system.
A kWh is a measure of how much energy is using per hour. The utility meter is a device that
measures the consumption of energy in kWh associated to residential houses, buildings or plants.
Storage battery systems store the energy produced by the PV panels and, as explained below, are
connected depending on the type of PV inverter systems [15].

This work focuses on the effects of PV inverters for the design of a PV station. As explained
above, PV panels generate direct current that can only be used to some devices. However,
residential and industrial devices need alternating current. Therefore, PV inverters are components
that convert DC power into AC power. In general, PV inverter systems are classified in two
categories: stand-alone or grid independent and grid-connected or utility-interactive [15].

Stand-alone PV inverter systems works without a utility grid and are usually connected to
battery banks, which provide the DC power. The inverters must be sized to meet the AC demand
load requirements, and PV modules are sized to provide adequate charge to support the battery
system.

In grid-connected PV systems, inverters are designed to operate in parallel with the
electrical utility grid systems. In this, PV modules provide DC power, which is directly connected
to the inverters. The AC power produced by the inverters is directly used by the load or, in case of
excess power, will synchronously feed the grid system. AC power is directly proportional to the
photovoltaic DC source [15]. Alternatively, the PV inverters in a bimodal PV system include
specific electronic circuits that allow them to operate in either grid connected or stand-alone mode
with a backup system. However, for large PV systems the design with these features is complicated

in such as anti-islanding protection, which protects the inverters in case of accidents such as power
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outages, and maximum power point tracking (MPPT) [15]. Figure 6, Figure 7 and Figure 8 show

examples of stand-alone and grid-connected PV systems and bimodal respectively [26].

Figure 6: Stand-alone PV system.

Figure 7: Grid-connected PV system.

Figure 8: Bimodal PV system.
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PV systems can be classified into three groups according to the type of project or
application: Residential, commercial and utility-scale PV systems. Residential PV systems are the
smallest of the three projects and, in terms of size, usually consist of 15 to 20 PV modules ranging
from 1 to 10 kW [27]. They are typically installed on the roofs of houses. Figure 9 shows an
installation of a residential PV system [27]. Commercial PV systems are considered large PV
systems and are generally installed on the ground or, occasionally, on the surface of the water
(lakes or sea). In terms of size, commercial PV systems consist of an average of 400 PV modules
from 10 kW installed size upwards [27]. The definition of a utility-scale PV system is typically
determined by size. According to the Solar Energy Industries Association [28], a utility scale
project is if the system capacity is from 1 MW upwards; however, for National Renewable Energy
Laboratory [29] it is if the system capacity is over 5 MW. Although their definitions may vary, the
main objective remains the same: to connect to the grid and sell the generated electricity to the

local utility [30] [31]. Figure 10 and show a commercial and Utility-scale PV system [32] [33].

Figure 9: Residential PV system.

Figure 10: Commercial PV system.
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Figure 11: Utility-scale PV system.

In this thesis, we will focus on the design of a PV station and consider the following
features: A large PV grid-connected station (PVGCS) up to 100 kW, polycrystalline based PV
modules, in-depth analysis of PV inverters and their interconnections as the main component of
the PV station and, the effects of PV inverter types in terms of investment cost, efficiency and
reliability in power generation and power loss. Therefore, the characteristics, methods and

operational constraints for the optimal design of PV stations are presented.

2.3 Modelling of a Photovoltaic Station

In [34] and [24], methods to determine the optimal characteristics such as the number of
PV panels and PV inverters of the PVGCS are presented. For this purpose, Figure 12 shows the
block diagram of a generalized PV station [24]. Several PV inverters are used to interconnect the
DC output voltage of the PV modules with the AC requirements of the power grid. The total
number of PV modules is determined by the size, characteristics and total number of PV inverters

(n,) and n, is defined by the maximum capacity allowed by the PV station. An array of PV panels,
which we call a PV set, consists of the number of PV panels connected in parallel (7,), where

each PV panel is composed of a number of PV modules connected in series (n,). A PV set is
connected to the DC input of each DC/AC PV inverter.

PV inverters typically have an integrated MPPT system in order to extract the maximum
available power from the PV power sources [34]. In addition, PV inverters have surge protection

devices (SPD) that protects PV system against direct lighting strokes limiting transient overvoltage
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and diverting current waves to earth. The AC output power generated is injected into the electric

grid at the point of common coupling (PCC) through an i/c transformer and cable, respectively [24].

Figure 12: Block diagram of a generalized PV station.

2.4 Optimal Design Methods for Photovoltaic Stations

The effects of tilt and orientation of the PV set on the PV station is investigated in [35].

Figure 13 shows the arrangement of a PV set, where N, is the number of rows or PV panels n_ of
aPVset, L, and L,, are the length and width of each PV module, respectively [34]. B (°) is
the PV modules tilt angle (0°<B <90°), W, and H, are the width of the area and the maximum
height of a PV module tilted at an angle equal to °, respectively. Finally, W, and H, are the

width of the area occupied and the maximum height of each PV set, respectively.
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Figure 13: Arrangement of PV set.

Using the technical data of commercial PV modules and considering worldwide estimations
of the optimal tilt angles of PV panels in [36], the parameters in the PV set can be calculated and
are given by [34]

W,=L,,cosp (1
W, =W,N, )
, and
H =L,,sinf 3)
H,=HN, “4)

Figure 14 and Figure 15 show the arrangement of PV sets in blocks and the arrangement
and orientation of PV sets in the available installation area, respectively [24] [34]. The adjacent
PV sets are installed with an adequate distance between them in order to avoid the mutual shading
of the PV panels. The distance required between adjacent blocks F, is determined as a design
variable of the PV station [34]. Taking as a reference in [36] [24], the PV sets are considered to be
oriented towards the southern side of the available installation area. However, this may change
depending on the available installation location in the design of a PV station. The length of the

southern side of the actual installation area D, is constrained to be less than the southern

dimension of the total available installation area DIM, ( D, <DIM, ). Similarly, the western
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dimension of the actual installation area D, is less than the western dimension of the total

available installation area DIM, (D, <DIM, ).

Figure 14: Arrangement of PV sets in blocks.

Figure 15: Arrangement and orientation of PV sets in the available installation area.
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In [2], an economical design for utility-scale PV stations with optimal availability is
presented. First, PV stations are categorized according to their type of topology or structure. Figure
16 shows the basic topologies used in the implementation of PV stations. These topologies
represent four structures: Centralized, string, multistring and AC modular [2].

In the centralized topology the PV modules are connected in series to form a branch with a
specific voltage level. Then, the series branches are connected in parallel to generate the rated
power of the PV station and the generated power is injected to the grid using a single high-power
DC/AC PV inverter. The first stage of the PV inverter DC/DC is used to perform MPPT via
adjusting the PV operating voltage as explained above. Centralized topology is cost-effective
because it uses a single PV inverter; however, its efficiency and reliability decrease as the rated
power of the PV plant increases [2].

The string topology divides the PV system into subsystems with independent strings of PV
modules connected in series. Each subsystem has a DC/DC converter for the MPPT followed by
a DC/AC inverter connected to the grid. Independent MPPT modules improve the captured power

efficiency of the PV station; however, it imposes a high investment cost [2].

Figure 16: Basic topologies for PV stations: (a) Centralized, (b) string, (¢) multistring, and
(d) AC modular.
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Similar to the string topology, the multistring topology use independent DC/AC grid-
connected PV inverters. However, each inverter is linked with more than one PV string with
DC/DC converters. This topology is energy efficient because it uses independent MPPT units and
it is more cost effective than the string topology [2].

In an AC modular topology, each PV module has a low-power DC/AC PV microinverter,
and PV panels are connected via an ac link. Since it uses one MPPT unit per PV module, this
topology is very efficient and reliable; however, it is not cost-effective for large PV stations, but
can be a great option for small PV projects [2].

The reliability of a PV station requires an estimation of the energy that is not supplied in
the PV system and is a function of the total number of PV panels and inverters, the connections
and the reliability characteristics of the components. Therefore, two main parameters for reliability
assessment are presented. The mean time between failures (MTBF), which is the total operating
time divided by the number of failures, and mean time to repair (MTTR), which represents the
average repair time of a failed component. Based on these parameters, the failure rate 4 and repair

rate y are defined as [2] [37].

1
gl 5
MTBF )
_ 3 ©)
H MTTR

The failure and repair rate of the components can be assumed constant values due to the
fact that, during the lifetime of the system, components fail randomly through a uniform
distribution. Furthermore, the experimental and field studies indicate that, in a PV energy system,
the failures dominantly occur in power electronic interfaces. Studies and statistical data show that
the reliability of the PV system depends mainly on the number of PV inverters and their
interconnection structure. The Markov modelling, which is explained in the next chapter, is

presented as a method for determining the failure and repair probabilities of PV components.
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In [2], the cost algorithms for the selection of the best energy price option in terms of
availability and profitability are presented. The economic design is based on consideration of the
current prices of the PV system components and also the current investment and operating costs.

The conventional LCOE, as previously mentioned, is the energy parameter that indicates
how much is the cost per energy consumed, in energy theory the unit is, for example, dollar per
kilowatt-hour ($/kWh) and it is defined as [2]

LCOE 2 Total life cycle cost of the plant

(7

Generated energy over its physical lifetime

where, the total cost of the plant includes the initial, maintenance and repair during the life cycle
of the power plant. The generated energy is simply the expected generated energy assuming rated
power over the physical lifetime of the plant. The detailed calculation of the LCOE is given by [2]

Ci _Ctr +C _Crv
LCOE = z

(®)

tot

Here, C, is the initial investment cost, which includes costs of facilities, land, cabling, and
planning. C,. is the depreciation tax benefit, C, is the total annual cost, C,, is the benefit related

to the system residual value, and E,

.. 1s the total generated energy over the physical lifetime of the
PV power plant.

In [3], the trend of LCOE variations for various types of power plants is presented.
However, this algorithm to calculate the LCOE is used for centralized topology plants with
minimum installation cost. Likewise, it can be used as a cost comparison tool with plants of
different topology and configuration. Therefore, a modification of LCOE is introduced in the
design of a PV station with optimal availability. This is the effective levelized cost of energy

(ELCOE) and in general is given by

ELCOE = Total‘effectlve cost ©)
Total effective generated energy

where, the total effective cost considers not only the costs mentioned above, but also the estimated
cost of maintenance and repair or replacement of the PV inverters during the lifetime of the PV
plant, using the probabilities and state transitions of the Markov model [2]. The total effective

energy generated considers the previous estimation as well.
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A cost function of PV inverters in the range from 0.7 up to 250 kW is presented, in order to
determine the optimal size of PV inverters for PV power plants in the range of 0.1 to 100 MW is
also presented. The results of these methods are based on assuming, for the case study, parameters
such as, for example, the time per day that the PV panels generate energy, which in many cases,

directly affect the ELCOE values.

2.5 Operational Constraints

In the design, certain technical and operational constraints of the PV station components
must be considered. From this, calculations can be performed to demonstrate the proposed

algorithms. The technical and operational characteristics of the PV modules and inverters are listed

below.

For the optimal design method calculations, we use PV modules from Eco Green Energy

Company [38]. Model: EOS POLY 330W-350W 72 Cells.

ELECTRICAL DATA AT STC*

Power output (Pmax) 330 W 335 W 340 W 345 W 350 W
Power tolerance 0~+5W 0~+5W 0~+5 W 0~+5 W 0~+5W
Module efficiency 17.01% 17.27% 17.52% 17.78% 18.04%
Module efficiency 3793V 38.15V 3842V 38.68V 3893V
Maximum power current (Imp) 8.70 A 8. 78 A 8.85 A 892 A 8.99 A
Open circuit voltage (Voc) 46.11V 46.32 V 46.58 V 46.85V 47.12V
Short circuit current (Isc) 9.10 A 9.16 A 9.23 A 931 A 938 A
*Standard Test Conditions: Irradiance: 1 000 W / m? « Cell temperature: 25°C « AM: 1.5
Table 1: PV module electrical data at Standard Test Conditions.
ELECTRICAL DATA AT NMOT*
Power output (Pmax) 24413 W | 24783 W | 251.53 W | 25523 W | 25892 W
Maximum power voltage (Vmp) 3503V 3523V 3548V 3572V 3596 V
Maximum power current (Imp) 6.96 A 7.02 A 7.08 A 7.14 A 7.19 A
Open circuit voltage (Voc) 4280V 43.00 V 4324V 4349V 43.74V
Short circuit current (Isc) 739 A 7.44 A 749 A 7.56 A 7.61 A

*Nominal Operating Cell Temperature: Irradiance: 800 W / m? « Ambient temperature: 20°C

* AM: 1.5 » Wind speed: 1 m/s

Table 2: PV module electrical data at Nominal Operating Cell Temperature.
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MECHANICAL CHARACTERISTICS

Cell type Polycrystalline (156.75x156.75mm)

Number of cells 72

Dimensions 1956x992x40mm

Weight 22.8 kg

Glass 3.2 mm tempered glass, High transmission (>94%), Anti-Reflective Coating
Frame Anodized aluminium alloy

Junction box IP68 rated (3 by pass diodes)

Cable 4mm?2, 900mm (+) 900mm (-); Length can be customized
Connector MC4 or MC4 compatible

Max front load (e.g.: snow) | 5400 Pa

Max back load (e.g.: wind) |2400 Pa

Table 3: PV module mechanical characteristics.

For PV inverters, Huawei brand inverters are considered. In this work, the following PV
inverter models are considered: SUN2000-12-20KTL-M2 [39], SUN2000-30-40KTL-M3 [40],
SUN2000-(50KTL, 60KTL, 65KTL)-MO [41] and SUN2000-100KTL-M1 [42].

The characteristics of a PV inverter model SUN2000-100KTL-M1 are described:

TECHNICAL SPECIFICATION: SUN2000-100KTL-M1 [42]
EFFICIENCY:

Max. efficiency 98.8% @480 V, 98.6% @380 V /400 V
European efficiency | 98.6% @480 V, 98.4% @380 V /400 V

Table 4: Huawei 100 kW PV inverter efficiency specifications.

INPUT:
Max. Input Voltage 1,100 V
Max. Current per MPPT 26 A
Max. Short Circuit Current per MPPT 40 A
Start Voltage 200V
MPPT Operating Voltage Range 200V ~ 1,000 V
Nominal Input Voltage 720 V @480 Vac, 600 V @400 Vac, 570 V @380 Vac
Number of MPP trackers 10
Max. input number per MPP tracker 2

Table 5: Huawei 100 kW PV inverter input specifications.
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OUTPUT:

Nominal AC Active Power 100,000 W

Max. AC Apparent Power 110,000VA

i\é[s:(Pfl()l Active Power 110,000 W

Nominal Output Voltage 480 V/ 400 V/ 380 V, 3W+(N)+PE

Rated AC Grid Frequency 50 Hz/ 60 Hz

Nominal Output Current 1203 A @480V, 1444 A @400V, 152.0 A @380V

Max. Output Current 133.7 A @480 V, 160.4 A @400 V, 168.8 A @380 V

Adjustable Power Factor Range 0.8 leading... 0.8 lagging

Max. Total Harmonic Distortion <3%

Table 6: Huawei 100 kW PV inverter output specifications.

GENERAL DATA:

Dimensions (W x H x D) 1,035 x 700 x 365 mm

Weight (with mounting plate) 90 kg

Operating Temperature Range -25°C ~ 60°C

Cooling Method Smart Air Cooling

Max. Operating Altitude without Derating 4,000 m

Relative Humidity 0~ 100%

DC Connector StaubliMC4

AC Connector Waterproof Connector + OT/DT Terminal

Protection Degree 1P66

Topology Transformerless

Nighttime Power Consumption <35W

Table 7: Huawei 100 kW PV inverter general data.

In this case, the Huawei 100 kW PV inverter features 10 MPP trackers, where each MPP
tracker supports up to two signal inputs, in order to get the maximum power from the PV station.
Figure 17 shows the circuit diagram of Huawei 100 kW PV inverter interconnection, where it can
be seen that SPD protection against return current from lightning strikes is embedded in both the

input and output of the PV inverter. Figure 18 represents a Huawei 100 kW PV inverter [42].



Figure 17: Circuit diagram of Huawei 100 kW PV inverter interconnection.

Figure 18: Huawei 100 kW PV inverter.

22
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Chapter 3: Optimal Design Method

3.1 Markov Modelling

The Markov modelling is a technique that can be applied to systems with random behavior
that vary discretely or continuously with respect to time and space [37]. This discrete or continuous
variation is known as a stochastic model. A stochastic process [43] has non-deterministic behavior
and the subsequent states are determined by predictions and by random elements. Solar powered
systems are characterized by a stochastic behavior due to the intermittent solar radiation, and
therefore, there is a huge challenge to develop smart algorithms, methods and tools to quantify
their reliability [5].

The Markov model, also called Markov chains, consists of a sequence of possible events
where each future transition depends only on the current state and not on previous states. In
addition, the process must be stationary or homogeneous for the Markov approach to be applicable,
that means that behavior of the system must be the same at all points of time. In the case of system
reliability evaluation, the space is represented as discrete functions and is composed of discrete
and identifiable states [37].

Figure 19 represents a two-state example A and B of the Markov chain, where each number
on the arrow represents the probability of changing from one state to another state [37]. Consider
the first-time interval and assume the system is initially in state A. The probability of changing
state to B is 0.8, while the probability of remaining in the same state is 0.2. The sum of these
probabilities, remaining in or moving out of a state, must be unity. Similarly, if the current state 1s

B, the probability of changing to state A and remaining in the same state is 0.3 and 0.7, respectively.

08
0.2 C > 0.7
03

Figure 19: Example of two-state Markov chain.
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Figure 20 represents the behavior of the system using the tree diagram [37]. This figure
assumes that the system starts at state A, shows the states after each time interval or step and
considers up to 4 such time intervals. The probability of continuing on any branch of this tree can
be assessed by multiplying the appropriate probabilities of each step of this branch. The probability
of being in a certain state of the system after a certain number of time intervals is then evaluated
by summing the probabilities of the branches leading to that state after the number of time intervals
considered. If these branch probabilities leading to state 1 are summed, the probability of residing
in state 1 after 4-time intervals is 43/128, while a similar sum would show that the equivalent

probability of residing in state 2 is 85/128 [37] [44].

Figure 20: Tree diagram of two-state system.



25

Figure 21: Markov model states and transitions of a PV system.

For our case, in the Markov model in a PV System, the total number of states is n, +1,
where 7, is the number of PV inverters of a PV Station. Figure 21 shows Markov model states and
transitions of a PV system with »n, inverters [2].

Figure 22 represents a two-state (7, =1) system transient behavior or time-dependent

values of the state probabilities. As the number of time intervals (NTIs) on the x-axis increases,
the y-axis probability state values tend to be constant and is characteristic of systems satisfying
the conditions of the Markov model. This steady state is called the limit state or time-independent
of the state probabilities. In this example, the system is assumed to start in the state 1 (as in Figure
21, all inverters are operational) and its behavior is evaluated as time increases. The state 2 or at
zero time (all inverters are failed) is known as the initial conditions and in most reliability

evaluations these conditions are known [37]. Similarly, Figure 23 shows a five-state (n, =4)

system transient behavior, where the sum of the probabilities in the steady state is one.
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Figure 22: two-state system transient behavior.
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Figure 23: Five-state system transient behavior.

The Stochastic transitional probability matrix (STPM) is used to evaluate reliability. To do
this, it is necessary to obtain a matrix which represents the probabilities of making a transition
from one state to another in a time interval [37]. If we consider, as an example, the two-state system

in Figure 19, the transitions are represented by the following matrix P
b, B, 172 172
P= = (10)
P, P, 1/4 3/4

where, F, is the probability of making the transition to state j after a time interval given, that it

was in state i at the beginning of the time interval [37].
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3.2 Energy Price Modelling
This section introduces a price model based on [2]. In [2], the following formula was used
to estimate the cost of a PV inverter as
C/(x)=a, +a,x—a, x> +a,x’ 1D
where x is the size of the inverter in kW and C(x) is in U.S. dollars (USD) ($) and ¢, = 660,
a, =480, a, =0.55, a, =0.0005 . For practical calculation purposes, this work does not consider

price changes or adjustments for inflation over time.
In this work, the current price trend for commercial PV inverters [45] [46] [47] and the
formula presented in [2] are used to develop a new price model to the PV inverters up to

X, =100 kW . Figure 24 shows the flow diagram of this model. According to the above equation,

the price per 1 kW of PV inverter in 2012 is equal to $1140.

Figure 24: New energy price model flow diagram.
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Based on commercial data, we consider the price per kW of PV inverters in 2022 to be 4 times
lower than 10 years ago. In contrast to the model in [2], in this new model we consider two

calculation factors. The first factor ¢, is the difference between current and 2012 prices per kW.
The second factor ¢, is assumed to be equal to 3 to simulate the fall in component prices and the

increase in efficiency [47]. We consider an initial price factor of 1kW PV inverter equal to $600
in the cost estimation when x = 1, that is, in the centralized topology. Therefore, the new energy

price model in 2022 C,(x) is given by

C,(x) = C,(x) —[cl—'x] (12)

cZ
In addition, an initial cost factor of the inverters at the current time is considered.
Figure 25 shows the trend of the cost of inverters with respect to their size, where the price has
changed significantly in 10 years according to the current commercial data. In 2022, the cost of 1

kW inverter is lower than in 2012 based on the new pricing model in the proposed method.

50
40 -
7
2012
//
Ve
;Q:SO’ ///
7
2 7
S 20! ad
2022

0 25 50 75 100

Figure 25: Cost of PV inverters versus inverter size.
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3.3 Proposed Optimal Design Method

The following proposed optimal design method is used for the design up to 100 kW large
PV station. Figure 26 represents the real data of the injected energy is available from a reference
PV station in Langewiesen, Germany and is available from the Department of Automation

Engineering, Technical University of Ilmenau.

Figure 26: The real data of the injected energy is available from a reference PV station in
Langewiesen, Germany.

Important features of the actual data are presented:

e The installed peak power of PV panels P,

ot

is equal to 86 kWp.

e Four samples per hour for one year, that is, 35,040 samples.

e The real sum of the PV modules generated in a year P, is 73,713 kWh
e The ideal sum of the PV modules generated in a year P, , is 749,295 kWh

e The maximum power generated is 68 kW

The average hours per day that a PV module generates its rated power can be defined as [2]
A TGEY
365-P

tot

h (13)
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where TGEY is the total amount of generated energy in a year in kWh. However, in [2] the value
of h is equal to 6 h based on a geographical location. Therefore, in this work we calculated the

TGEY based on the available data as

TGEYzIGEY-PVfacmr (14)
where /GEY is the ideal amount of generated energy in a year in kWh which is calculated as
IGEY =P, N,N, (15)

Here, N, =365 is the number of days per year and N, =24 is the number of hours per day, while

PV

factor

is defined as

PV, = —r (16)

Using the real data, we have PV

Jfactor

=0.098 ~0.1. This gives ~=2.4 h and it is lower than the

value given in [2].
Now, assuming that x is the optimal PV inverter size in kW to be calculated for a power

plant with P, rated power, then the required number of inverters n, is shown in the

P
n,(x)= {ﬂ—; (17)
x

where the ceiling function [z] rounds up the value of z to the nearest integer.

following equation

The initial cost of PV inverters includes the procurement cost of inverters plus the
transportation/installation costs, this is estimated to be 20% of the acquisition cost of the inverters.
Then the initial cost described is given by

C

i(inv) = 1'2ni (X)CZ (X) (18)
Using the commercial technical data of the PV modules and inverters we can calculate the

minimum number of modules 7 that are connected in series in each PV string and is

s.min

. |4 Ve
n. - =min| floor| =2 | floor| —==2% 19
S.min [ﬂ (VPV j ﬂ [Voc.max j} ( )

given by [24]
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where, V, ., Vo, V, and V. are the PV inverter DC input maximum MPP voltage, the

DC.max oc.max
rated voltage of PV panels in a PV power plant, PV inverter maximum permissible DC input
voltage and PV module maximum open-circuit voltage, respectively.

The number of inverters connected in series and in parallel is considered in the following

equations,
n. =ceil V.
v, (20)
7!
ni
nP = ﬂoor ns.min (21)
P PV

where, V_and P,, are the DC-side voltage of the PV inverter and the rated power of a PV module,

respectively. For the calculation of the number of PV modules in parallel, the floor function |z] is

considered where this rounds down the value of z to the nearest integer. The latter is in order to

avoid problems with the limit values indicated in the data sheet of the PV system components.
The maximum power that each PV inverter can receive is given by,

B () =V ()0 (DK, (22)

where, P

max

Vv, I arethe maximum power, voltage and current of a PV set, respectively, and

max > ~ max

k, is the efficiency factor due to the losses of the PV modules and the system connections.

Based on [2], the failure rate A and repair rate x are calculated to determine the effect of

the inverter size on the operation of the PV plant. The failure rate is based on the failure rate of the
high-power electronic switches and in the case of a PV system, the switches are the most sensitive

components of the inverter. The standard form of 4 for power electronic switches [48] is given

by,

(23)

Fai
//l:/lb.ﬂA'ﬂE'ﬁQ'ﬂT‘: allures}

10° hours
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where, 4, , 7,, 7, , 7, and 7, are the base failure rate, application factor, the operation
environment factor, the quality factor and the temperature factor, respectively. Converting the time
of each failure to years we get that 10° hours =114 years . Using the information in [48] and [49],
the base failure rate 4, is usually expressed by a model, relating the influence of electrical and
temperature stresses on the device. Therefore, 4, =0.012 failures per 114 years for a transistor
type switch. For PV inverter size x > 250 W and based on the rating of the switch, 7, =10. The
environmental factor 7, =1 for PV inverters which are often installed on the ground. The quality

factor implies the effect of device packaging and considering the worst scenario, that means a

transistor with plastic package, 7, =8. The temperature factor is related with the effect of the

transistor junction temperature 7, on the failure rate and is calculated by,

A—
7, =exp| ~1925| ——— —— 24
r p[ [@+273 szj 9

and T, is given by,

T,=T,+P

AW (25)
where T,, P, and joa is the maximum ambient temperature in °C, the inverter power loss and
the thermal resistance between the junction and ambient, respectively. Based on information in [2],
[48] and [50], 7, =55°C, joa =52.6°C/W and P,

loss

= (1 —77)x , where 77 is the efficiency of the

PV power system and it is calculated by 7 =7 7,, where 7, is the efficiency of cabling which is

about 98% and 7, the efficiency of the inverters and its interconnection with PV panels which is

about 97%.
According to the above data we have the following equation,
Fail
AMlay=2, 7, 7,7, S (26)
114 years

where A(Ta) is calculated with the above values in the worst-case scenario in order to obtain the

optimum failure factor. Then replacing in the main equation to determine A, , we obtain,
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27)

P ATa)-r, {Failures}

114 1 - year

To determine the repair rate, the estimated days for repair or maintenance the inverters are
classified into five groups according to the size of the PV inverter [2]. Table 8 shows the inverter

repair time data.

Inverter Size | T, = MTTR
(kW) (days)

x <20 1
20<x <50 iy
50<x<75 21
75 <x <100 35

x>100 40

Table 8: PV inverter repair time data.
T, is the same as MTTR and represents the time in days it takes to repair the PV inverter. In the

case of the small-size inverters up to 20 kW we assume that these components are easy to repair
or replace as plug and play, therefore such repairs can be done by technicians in less than a day.
For larger inverters above 100 kW, these are installed as high-power stations. Therefore, the time
to repair each inverter is longer and requires qualified specialists and engineers. According to the
data shown in the Table 8 the repair rate of PV inverters is given by,

AL L[ Repair } (28)

T,| 1- year

Using the Markov model described above, the stochastic transitional probability matrix A4 is

calculated and shown below [2],

1-nA nA 0 0 0 |
Y7, l1—pu—(n-DA (n,-DA 0 0
e 0 U l—pu—(n,-2)4 (n,—2)A 0
0 0 U 1—pu—(n,-3)A :
: : : : A
0 0 0 0 oo 1=y (29)
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Where for example, the off-diagonal entity a, is equal to the transition from the state i to state ;.
The entities on the diagonal a, is equal to 1-5,, where b, is the sum of the exit transitions of

state i. The first element ¢, =1-n,A and the last element a, , =1-u of the matrix represents,

R My

respectively, the transition to the same state.
Furthermore, the operating probabilities of the PV system are determined to estimate the
system availability. A method for calculating these probabilities is presented in [2] and [4]. Based

on this method, if p, is the probability of being in state &, then the state probability vector P is

obtained as
P=PA4 (30)

where

P=[p p, Py Py - Py Puu) (31)

The values obtained for different numbers of PV inverters are shown below. They are
observed so that the Markov model rule is satisfied, where the sum of the values in each row is

equal to unity.

(32)

n;=1

[0.8362 0.1638
~10.0286 0.9714

0.8394 0.1606 0
A =/0.1429 0.7768 0.0803 (33)
0  0.1429 0.8571

0.8593 0.1407 0 0
~10.1429 0.7633  0.0938 0 (34)
Lo 0.1429 0.8102 0.0469

0 0 0.1429 0.8571




n;=4 -

[0.8396 0.1604 0
0.1429 0.7368 0.1203
0 0.1429 0.7769

0
0
0.0802

0
0
0

0
0

0
0
0

[0.8302 0.1698

0
0

[0.8305 0.1695 0
0.5000 0.3644 0.1356 0
0 0.5000 0.3983 0.1017 0

0.1429 0.8170 0.0401

0
0

0.1429 0.8571 |

0
0

oS O O

0 0.5000 0.4322 0.0678 0

0 0
0 0

0

0.5000 0.3585 0.1415

0.5000

0

0
0

0.4661

0

0.0339
0.5000 0.5000 |

n;=6

0

0.5000 0.3868 0.1132

0

0.5000 0.4151

0
0
0.0849

oOPF_ O

0

0

0.5000 0.4434 0.0566

S O©O O O

0
0 0
0

0

0
0

0.5000 0.4717

S O O O

0
0.0283

0

0.5000 0.5000 |

35

(35)

(36)

(37)

An important fact to know for the optimal design is the calculation of the not-supplied
expected energy NSEE, which represents the energy that is expected not to be supplied by the

system due to component failures or other operational factors. The value of NSEE, associated

with the state &, in which k—1 inverters are out of service and is given by [2],
NSEE, =(k—1)-x-%-T, (38)

To calculate the NSEE, the probability of being in state & is assumed to be p, which is

determined from the vector P and is defined by,

n;+1 n;+1

NSEE=> p,NSEE, =Y p, (k-1)-x-h-T, (39)
k=1 k=1

where k ranges from k =2 for the centralized topology to & =n, +1 for the other topologies.
The ELCOE, index as the core of the proposed design algorithm is calculated as
follows [2]
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Ct(inv)
ELCOE, =—— (40)
Ey(eﬂ‘)

where C,,,, and E, . are total inverter cost during the lifetime of the PV energy system and the

amount of effective generated energy in a year, respectively. C,,,,,

is defined by

Cr(inv) = C[(inv) + C N (4 1)

r(inv)

where C

r(inv)

represents the estimation of repair or replacement costs of inverters in a year

in USD/year and N is the lifetime of the PV system in years. C

r(inv)

is determined by

n;+1

Y= ; . ((k ~)rr+wT, ) (42)

where p, is calculated on the Markov method, 7, =(k—1)MTTR represents the downtime of

the (k —1) faulty PV inverters, w is the wage for skilled workers during the downtime and 77 is

the repair cost of the inverters and is given by the following table [2]:

Inverter Size Repair Cost (r7)
(kW) (% of the inverter price)
x<20 20
20<x <50 20
50<x<75 18
75<x<100 18
x>100 15

Table 9: Inverter repair cost data.

The amount of effective generated energy in a year of the PV plant is given by the

following equation

n;+1

Ey o) ZZth(n,- +1-k)(365-T, x (43)
k=1

where state probabilities, interconnection efficiency, repair time and PV inverter size are

considered.

The flowchart shown in Figure 27 summarizes the proposed optimal design method.



Figure 27: Flowchart for optimal design.
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Chapter 4: Results

4.1 System Description

In order to determine the optimal design of a PV station, six cases with six different sizes
of real PV inverters were performed which are: n, =1, n, =2, n,=3, n,=4, n,=5and n,=6;
that is, for 100 kW, 50 kW, 30 kW, 25 kW, 20 kW and 15 kW, respectively. The above operating
constraints have been considered and for all cases the peak power of the PV station is 86 kWp.

Figure 28 shows the configuration of a PV station with #, =1 and a PV inverter size equal to

100 kW. The input values of the PV inverter are: V.. . =93432V K I =98.89 A and

C.max DC.max

P.. =85kWp.
Figure 29 shows the configuration of a PV station with n, =5 and each PV inverter is of size equal
to 20 kW. The input values of each PV inverter are: V. . =93432V, I,. ~=17.98 A and

P =16.46 kWp.

Figure 28: Configuration of a PV station with n, =1.



Figure 29: Configuration of a PV station with n, =5.
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4.2 Results and Discussion

Table 10 and Table 11 presents the results obtained by calculating different PV station
configurations according to the type and number of PV inverters. It is seen that when the inverter
size increases, the failure and repair rate of PV inverters increases and decreases, respectively. In
addition, NSEE increases as fewer inverters are used, this is because the failure probabilities are
higher when there are fewer transition states in the Markov model for reliability assessment.

The analysis and comparison of ELCOE considering different costs and locations is presented

below.
x C(x) 2012 | C(x) 2022
i [kW] [USD] [USD] & £ s "
1 100 43660 15160 0.2032 0.0286 24 11
2 50 233475 9100 0.0803 0.1429 24 6
3 30 14578.5 6030 0.0469 0.1429 24 4
4 25 12324.1 5200 0.0401 0.1429 24 3
5 20 10044 4344 0.0339 0.5000 24 3
6 15 7737.94 3463 0.0283 0.5000 24 2
Table 10: Summary of PV station results (1).
h=24 h=6

ELCOE ELCOE ELCOE ELCOE

n; x AR 2012 2022 2012 2022
! [kW] [KWh/1-day]

[$/kWh] [$/kWh] [$/kWh] [$/kWh]
1 100 7363.60 16.35 7.83 6.54 3.13
2 50 727.67 2.21 0.94 0.88 0.37
3 30 516.48 1.85 0.85 0.74 0.34
4 25 582.53 1.93 0.92 0.77 0.47
5 20 38.99 0.91 0.39 0.36 0.15
6 15 30.25 0.91 0.41 0.36 0.16

Table 11: Summary of PV station results (2).
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Figure 30 shows the inverter size as a function of the number of inverters. It is clear that the inverter

size decays exponentially with the number of inverters in order to, at least, match the maximum
required power of the PV station, that is, 86 kWp. For example, at 77, =3 we have 3 x 30 kW =

90 kW > 86 kWp. The used set of PV inverters in this work are based on the available commercial
sizes [39] [40] [41] [42].

100 . . . ‘
95 :
90 |
85t |
80 :
751 |
70t |
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60 |
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45 | ]
40 | |
351 ]
30t |
25+ ]
20 ]
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10 |
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O 1 I 1 1

1 2 3 4 5 6

1

Inverter Size (kW)

Figure 30: The inverter size as a function of the number of inverters.
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The failure rate (1) as a function of the inverter size is shown in Figure 31. As shown above, 4
depends on many factors. The values of A are calculated based on [2]. Here, the highest value of
A is almost 0.2 for the highest inverter size. This is because higher inverter power losses will lead
to higher temperature, and consequently, to higher failure rate as shown in the mathematical

equations above.

025 T T T T T T T T T T T T T T T T T T T

0.2 P

0.15

0.1

0.05 1

1 1

1 1 1 1 1 1
OO LOULOWO
T ANNMOO

0

45 +

Inverter Size (kW

Figure 31: Failure rate (A ) as a function of the inverter size.
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Similarly, Figure 32 shows the repair rate () as a function of the inverter size. As explained
above, u depends directly on the size of the inverter. The values of x have been calculated and

adapted from [2] in order to avoid inconsistencies in the calculation of the states of the Markov

model. In this case, the lowest value of x that is below 0.1 belongs to the highest value of the

inverter size. This is because the mean time to repair (MTTR) is longer for higher inverter sizes.

09r 1
0.8 1

0.6+ 1
2 05¢
0.4r
03¢
0.2
0.1r

0 L 1
OOV OWLOoLWw
T ANANOMOM

oLVOoOWOoWw
< <O W0 OO

Inverter Size (kW)

Figure 32: Repair rate () as a function of the inverter size.
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Figure 33 shows the NSEE as a function of the inverter size. It can be seen that when the inverter
size is large, there is more energy not supplied to the plant. In general, NSEE depends directly on
the state probabilities in the Markov model, the size of the inverter and the average time the
modules generate power during a year, as shown above. For example, the values of NSEE are
almost the same for the inverters with 15 and 20 kW and they increase to almost the same values
for the inverters with 25 and 30 kW. This is because the sizes are near to each other. Therefore,
the is a big difference between the values for the inverters with 50 and 100 kW. The reason for the
highest value at 100 kW is because of using only one large inverter. In this case, if it fails, there

will be no generated electricity during the whole failure period in comparison to the other cases.

8000 T T T T T T T T T T T T T T T T T T T

7000

Figure 33: NSEE as a function of the inverter size.
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Figure 34 shows ELCOE as a function of the number of inverters considering the prices in 2022.

h =2.4 as calculated in the previous chapter with real data from a PV station. In comparison to
Figure 33, we found two interesting points. The first point at n; = 3, where a local optimal solution
is found. The second point at n; = 5, where a global optimal solution is found in the given search
domain. This is because the ELCOE depends not only on the probabilities as in the case of NSEE,
but also on the costs of the inverters and their corresponding maintenance and repair cost. Note
that the difference between the solutions at n; = 5 and n; = 6 is not so high, 0.39 and 0.41 USD,

respectively.
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Figure 34: ELCOE as a function of the number of inverters considering the prices in 2022.
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Figure 35 shows ELCOE as a function of the number of inverters considering the prices in 2012.

h=2.4 as calculated in the previous chapter with real data from a PV station. In this case, the
same trend is obtained where the local minimum and global minimum are at n; =3 and n; = 5,
respectively. However, for each case ELCOE values of almost double are obtained according to
the results in Figure 34. This is due to the fact that the price of PV inverters was higher 10 years
ago. Also, the technology was lower, leading to a higher probability of component failure and an
increase in NSEE. For example, the solutions at n; = 3 and n; = 5 are 1.85 and 0.91 USD,

respectively.

10

ELCOE (USD/k

O =2 NWHAOILO N O©

Figure 35: ELCOE as a function of the number of inverters considering the prices in 2012.
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Figure 36 shows ELCOE as a function of the number of inverters considering the prices in 2012
and & =6 as presented in [2]. This analysis shows the same trend as in the previous case, where
the local minimum and global minimum are at n; = 3 and n; = 5, respectively. However, the effect
of the value of / on the result is evident. Lower ELCOE values of almost half are obtained with
respect to Figure 35. This is because, greater average sunshine time, higher is the energy produced

by the PV modules and, therefore, higher efficiency for the PV plant.

w &~ (@]

ELCOE (USD/kWh)
N

U
Figure 36: ELCOE as a function of the number of inverters considering the prices in 2012

and h=6.
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Figure 37 shows ELCOE as a function of the number of inverters considering the prices in 2022

and & =6 as presented in [2]. Similar to Figure 36, the trend is the same, only that in addition,

with current PV inverter prices and with longer sunshine time, the optimal ELCOE value is below

0.2 USD/kWh for PV stations with n; = 5.
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Figure 37: ELCOE as a function of the number of inverters considering the prices in 2022

and /=6
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Chapter 5: Conclusions and Future Work

5.1 Conclusions

In this thesis, we address the problem of energy due the use of conventional sources with
a study based on renewable sources such as PV systems. One of the contributions of this master’s
thesis is to obtain, based on previous studies, a new method to calculate the variables of interest
that have a direct effect on the design of a PV station. For this purpose, current and real data of the
components that compose a PV system are considered.

Since the main objective is to obtain an optimal design of a PV station, it was necessary to
first make calculations of the existing methods and adapt them to the current conditions. Then we
studied the behavior of the main component of the PV system: PV inverters. Using the Markov
model, an estimation of how the PV system behaves through time is made. A new energy price
model is also developed that considers the current costs of the PV inverters. The combination of
both methods, the use of real data from a reference PV station and current commercial data makes
the difference with respect to previous works.

From an experimental point of view, the main contribution lies in the comparison within
different PV station configurations, both in terms of geographical location and the change in PV
inverter costs. The results show that the method obtains better results and converges to an optimal

solution in terms of ELCOE for PV stations up to 100 kW.

5.2 Future Work

In this thesis, we focus on the evaluation of PV inverters as the main role in the optimal
design of a PV station. However, new findings for this study can be considered in the future, such
as, for example, contemplating the behavior of PV modules or power transformers to estimate the
lifetime of the system and cost-effectiveness. Future work concerns deeper analysis of particular
components and new proposals to try different methods to motivate companies in new schemes on

sustainable energy generation.
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Appendix I: MATLAB Code

I.1 Sub-Code 1: Energy Price Modelling

cl 1kw_inv = 1140; % Cost of 1 kW inverter in 2012
c2_1kw_inv = c1_1kw_inv / 4; % Cost of 1 kW inverter in 2022
c3_1lkw_inv = 600; % Initial cost factor of 1 kW inverter in 2022

c_factor_1
c_factor_2

cl _1kw_inv - c2_1kw_inv;
3;

X_max = 100;
Cl = zeros(1,x_max);
C2 = zeros(1,x_max);
X = 1l:x_max;

for i = 1:x_max

if i==1
C1(i) = c1_1kw _inv * i;
C2(i) = c2_1kw_inv * i + c3_1kw_inv;
else
Cl(i) = 660 + 480 * i - ©.55 * i”2 + 0.0005 * i~3;
C2(i) = C1(i) - (c_factor 1 * i/c_factor_2);
end

end
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I.2 Sub-Code 2: Markov Modelling

ni = 5; % The required number of inverters

lambda = 0.0339; % 0.0339 failure/l-year --> For example: lambda = 0.0001142
failures/hr (1 failure/year)

Mu = 0.5; % 0.5 repair/l-year --> For example: Mu = 0.125
restoration/hour

% A: Stochastic transitional probability matrix of ni+l x ni+l
A = zeros(ni+l,ni+l);

for i=1:(ni+1)
for j=1:(ni+l)
if i==1 && j==1
A(i,j)= 1 - ni*lambda;
end
if (i==j) && (i~=1) && (j~=1) && (i~=(ni+1l)) && (j~=(ni+l))
A(i,j)= 1-Mu-(ni-(j-1))*lambda;
end
if i==(j-1)
A(i,j)= (ni-(j-2))*1lambda;
end
if i==(j+1)
A(i,j)= Mu;
end
if i==ni+l && j==ni+l
A(i,j)=1 - Mu;
end
end
end



