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Abstract. The study presents selected elements of a design method for
renewable energy system based on photovoltaic technology. The main
problems involved in the so called 500kW photovoltaic farm are discussed.
Examples of a few general concepts of photovoltaic farm systems are
presented. Exemplary criteria for the concept selection are proposed. The
main components to be used in a photovoltaic farm are presented, and some
stages of the photovoltaic farm design are characterized.

1 Introduction
The beginning of photovoltaic technology dates back to 1839, when A. E. Becquerela
observed the impact of light on electrical properties of materials. In the next years,
photovoltaic technology was significantly developed. In 1918 J. Czochralski innvented a
method for obtaining metal monocrystals which contributed to development of photovoltaic
cells based on silicon monocrystal technology. The first photovoltaic modules taking
advantage of this technology were created in 1954. Their efficiency was 4.5%. Nowadays,
the standard efficiency of photovoltaic panels of crystalline silicon based photovoltaic panels
is 12-18%. At the beginning of the 2000s people started to pay special attention to the
ecological issues including environment protection and air pollution reduction. Along with
the development of people’s awareness of the impact of industry and fossil fuel exploitation
on the environment, numerous actions have been taken to stop devastation of the earth and
its atmosphere. Development of renewable energy is one of the sustainability rules. Thus, in
Poland and in Europe, numerous renewable energy systems have been created. In Poland, in
2019, the energy from renewable sources accounted for 12.18% percent of the total gross
domestic energy consumption. The biggest share was on the part of solid biofuels (65.56%),
liquid biofuels (10.36%) and wind farms(13.72%) [3].
The study deals with the problems connected with the rules of a photovoltaic system
design. Photovoltaic farms are technical objects whose purpose is to produce electrical
energy from the sun radiation.
Efficient use of such systems requires application of adequate operation strategies.
Diagnostic processes are a significant group of operation and maintenance processes for
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machines and many other devices [4-7]. To provide photovoltaic systems with the possibility
of electrical energy effective production, many maintenance, diagnostic and monitoring
operations are needed.
Hence, appropriate design of this type of systems is an important issue both in terms of
ecology, economy and technology.
Appropriate design of a photovoltaic system requires, among others, selection of a
suitable location, appropriate elements and protection systems which are necessary for
efficient operation and maintenance of the photovoltaic farm equipment. The article deals
with the problems associated with a design of 500kW photovoltaic farm.
Design of energy systems involves analyses of not only economic aspects including its
construction, operation and maintenance costs but also the issues of safety, reliability,
availability, etc.An energy system can be treated as a complex operation and maintenance
system which uses technical objects such as: devices for power production and power
transformation, transmission lines and others.
Operational efficiency o electrical power systems and technical objects used in these
systems can be analyzed like other public service systems in economic and technological
terms [7-9].
Assessment, analysis and prognosis of reliability and efficiency of photovoltaic systems
is connected with mathematical modeling of operation and maintenance of technical objects
of the same class [11-14].
Due to random character of technical object state changes, modeling of operation and
maintenance processes is commonly performed with the use of stochastic processes [9, 1316].
A natural model of the operation and maintenance process is random process X(t) with a
finite number of S space states and a set of R+ parameters (subset of real numbers 0).
Markov and semi Markov process theory are used for mathematical modeling of operation
and maintenance processes of many technical objects[10, 13-18].
In the area of technical sciences, stationary and homogeneous Markov processes are used,
among others, for construction of reliability models of inventory systems, spare part stock
management risk and modeling of the processes of technical object state changes.[10, 13].
Markov models are used, among others, for determination of an optimal number of
backup objects [15]. In this area of optimization, an objective function in the form of
minimization of the costs involved in application of a backup system and downtimes is most
commonly used as well as the method for analysis of costs and benefits associated with the
use of the backup objects.
Currently, attempts are undertaken to increase the share of electrical energy in the so
called energy mix as an alternative to other energy forms. Electric cars are the examples
whose one of aims is to replace petroleum with electrical energy as a new form of fuel. At
the present stage of technological development, electrical vehicles are burdened with one
significant disadvantage, that is, relatively short distance that an electric car can cover (fully
charged) as compared to gas powered vehicles. Therefore, experiments connected with
production of self-charging vehicles using photovoltaic panels are being carried out. It needs
to be noted that tests on application of the so called biofuels and mixtures of diesel fuel with
bio additives as alternatives to fossil fuels are still being conducted [17, 18].
For determination of the values and performance of technical and economic assessment
of technical objects used in complex operation and maintenance systems including
photovoltaic ones, it is necessary to acquire and process data on the system operation and
maintenance. For this purpose, it is necessary to conduct tests in a real technical object [4, 710, 12, 19-23].
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2 Design assumptions
Design of a photovoltaic system is a multi-stage process which requires from the designer to
use his/her knowledge and apply an efficient
Design of a photovoltaic system is a multi-stage process which requires from the designer to
use his/her knowledge and apply an efficient method of design and selection of its elements.
Formalized procedures need to be used in each phase of the design. Selection of each
significant element of the photovoltaic farm should be substantively justified. This kind of
system needs to be provided with safety and protection devices, and the conditions of safe
operation of its elements are found to be crucial. It is necessary to prepare respective technical
documentation.
Below, there are the accepted initial assumptions of the design.
It is assumed that the analyzed photovoltaic system will be connected to the power grid.
The rated power is 500 kW. The estimated size of the construction area should be from15
000 m2 to 45 000 m2,depending on the method of photovoltaic panel spatial arrangement.
Photovoltaic panels should be south – facing and fixed in a stationary manner. The racking
and tracking systems must be set in concrete foundations. The minimal distance of
photovoltaic panels from the earth surface is from 1.00 to1.25 meters [24, 25].

3 Concepts of the design solutions
Three photovoltaic farm design concepts have been proposed. They are called concept A, B
and C, respectively. These concepts differ mainly in the power of photovoltaic panels, the
number of inverters and the photovoltaic panel installation manner.
3.1 Concept A
Concept A assumes that a photovoltaic farm consists of 2000 photovoltaic panels of 250 W
power, 500kW central inverter and a direct current switchboard. Photovoltaic panels of such
power are widely used and offered by different photovoltaic firms. This solution includes
connected in series photovoltaic panels which enables chain connection of photovoltaic
panels. In this type of connection, the voltage in each switchboard is equal to the voltage of
a single chain (the sum of voltages of all photovoltaic panels of the chain), the value of current
supplied to each switchboard is equal to the sum of all currents of photovoltaic panels in
chains connected to the switchboard (the current flowing in a chain is equal to the current of
a single photovoltaic panel). On the inverter input, however, the voltage value is equal to the
voltage of a single switchboard, the current is equal to the sum of currents of each of the
connected switchboards. Foundations of the photovoltaic farm elements are set in the ground
and covered with concrete. Photovoltaic panels are mounted on metal racks, at the height
from1 do 1.1 meters above the surface. Electrical cables are placed in the ground at the depth
from 0.2 to 0.3 meters from the ground freezing zone. The estimated area of the photovoltaic
farm is 20 500 m2 with a margin of -5% and +15% where the minimal length of the side must
be 190 meters [24, 25].
According to concept A, the photovoltaic system is divided into 8 segments. Each
segment includes one eighth of all photovoltaic panel chains and a direct current switchboard.
Each switchboard is connected to the inverter and the inverter to the power grid. The
arrangement of a photovoltaic system according to concept A is presented in figure 1.
A scheme of a single segment of photovoltaic farm according to concept A is shown in
figure 2.
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Fig. 1. Block scheme of photovoltaic farm according to concept A (own study).

Fig. 2. Scheme of a single segment of a photovoltaic farm according to concept A (own study).
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3.2 Concept B
According to concept B, a photovoltaic farm consists of 1667 300W photovoltaic panels, five
100 kW inverters and direct current switchboards. This solution involves a parallel
connection of photovoltaic panels, thus reducing the number of photovoltaic panels in the
system and increasing the power of a single panel which causes a decrease in the photovoltaic
system voltage. The power of 300W is one of the higher power values of standard
photovoltaic modules. Due to such a connection, the voltage that occurs in each electric
switchboard is equal to the voltage of a single panel, and the value of current supplied to each
switchboard is be equal to the sum of all currents of photovoltaic panels connected to the
switchboard. However, the value of voltage at the input of each inverter is equal to the voltage
of a single switchboard, and the value of current is equal to the sum of currents of each
connected electric switchboard. The foundations of the photovoltaic farm elements are set in
the ground and reinforced with concrete. Photovoltaic panels are installed on metal racks in
two rows, at the height from 1.0 to 1.1 meters above the surface. Electrical cables are placed
on the ground, at the depth from 0.2 to 0.3 meters from the ground freezing zone. The
estimated area of the photovoltaic farm is 28 500 m2 with a margin -10% and +10% where
the minimal length of the side must be 50 meters [24, 25].

Fig. 3. Block scheme of photovoltaic farm according to concept B (own study).

According to concept B, the photovoltaic system is divided into 5 segments. Each
segment contains 333 or 334 photovoltaic panels, 4 direct current switchboards and an
inverter. 83 or 84 photovoltaic panels are connected to each switchboard. Each switchboard
is connected to an inverter and the inverters to the power grid. Arrangement of the
photovoltaic farm according to concept B is presented in figure 3. A scheme of a single
segment according to B concept is shown in figure 4.
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Fig. 4. Scheme of a single segment of a photovoltaic farm according to concept B (own study).

3.3 Concept C
According to concept C, a photovoltaic farm consists of 1252 400W photovoltaic panels, 250
tracking systems, 250 2 kW inverters and an alternative current switchboard. In this solution,
the voltage on the inverters is equal to the voltage of a single photovoltaic panel, and the
flowing current is equal to the sum of currents of the photovoltaic panels connected to the
inverter. The voltage supplied to the switchboard is equal to the voltage on the inverter and
the current flowing to the switchboards is equal to the sum of currents supplied to the
inverters. The power of 400 W is one of the highest values of standard photovoltaic module
models. Since the photovoltaic panels are installed on a tracking system, their power should
be as high as possible to reduce the number of photovoltaic panels in the system, and
subsequently, the number of tracking systems to be required. Foundations of the photovoltaic
farm elements are set on the ground and covered with concrete. The electrical cables are
placed in the ground, at the depth from 0.2 to 0.3 meters from the ground freezing zone. The
estimated area of the photovoltaic farm is 43 000 m2 with a margin -5% and +5% where the
minimal length of the side must be 150 meters [24, 25].
According to concept C, the photovoltaic system is divided into 5 segments. Each
segment consists of 50 sets and 1 alternating current switchboard. Each set includes 4
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photovoltaic panels, 1 tracking system and 1 inverter. 50 sets will be connected to each
switchboard, and 4 photovoltaic panels is connected to each inverter. Each switchboard is
connected to the power grid. The arrangement of C concept photovoltaic farm is presented
in figure 5. The scheme of a single set of the photovoltaic farm according to concept C is
shown in figure 6.

Fig. 5.Block scheme of photovoltaic system according to concept C (own study).
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Fig 6. Scheme of a single set of a photovoltaic farm according to concept C(own study).

4 Selection of elements to be used in the photovoltaic system
The next step of the design process is selection of one of the developed concepts to provide
the basis for further analysis. In order to choose a concept and match the elements, a set of
criteria for assessment of the analyzed solutions was developed. Weights were assigned to
the criteria. Both the assignment of weights to the criteria and the assessment were performed
by a group of experts.
According to a multi-criteria analysis, concept A was found to be the best to satisfy the
accepted criteria, therefore, it was chosen for further consideration. The assessment involved,
among others, such criteria as: photovoltaic panel power, the method for connection of
photovoltaic modules, the number of switchboards, the number of inverters, occurrence of
tracking systems, the operation and maintenance issues, installation, the impact of external
factors, initial estimation of financial and other inputs.
The next step involved choosing a photovoltaic panel. For this purpose, several models
of photovoltaic panels were analyzed. The analysis covered the values of the panel major
characteristics, which were evaluated according to the developed system of criteria. The
analyzed characteristics included both electric and mechanical parameters of the photovoltaic
panel. The value of voltage, current, power, efficiency and temperature coefficients are
significant parameters of photovoltaic panels. Moreover, the values of geometric features of
photovoltaic panels were analyzed as well as their mass, number of links, and the connection
method and the number of side diodes. When choosing photovoltaic panels, one should take
into consideration the manufacturer and the warranty period.
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It was Senersum SSM92A-250 photovoltaic panel that was accepted for further analysis.
The next element to be chosen for the designed photovoltaic farm system is an inverter.
It was chosen according to an earlier developed procedure, that is, analogically to the above
described method of choosing photovoltaic panels. The major electrical parameters of the
inverter to be analyzed are the values of power, efficiency and minimal and maximal current
at the input. Other parameters to be analyzed are the dimensions of the inverter sides, its mass
and the number of input connections. When choosing an inverter, it is recommended to take
into consideration the manufacturer and the scope of the operational temperature.
The inverter power should not be smaller than 70% and or higher than 120% of the power
of the whole photovoltaic farm [25].
Inverter of SMA company, S.C.-500CP-US model was accepted for further analysis.
In the analyzed design concept, photovoltaic panels are connected to each other in chains.
To determine the number of photovoltaic panels, appropriate calculations need to be
performed. Based on the calculations, it was found that the system would consist of 145
photovoltaic panel chains including 12 photovoltaic panels and 20 photovoltaic panel chains
consisting of 13 photovoltaic panels. The calculated current generated from all photovoltaic
panel chains is smaller than the maximal input current of the selected inverter [24].
Work [24] shows calculations that should be used for choice of particular elements of the
designed system and characteristics of the designed photovoltaic panel elements.

5 Conclusions
The study presents selected elements of the method for design of a renewable energy
system,on the basis of photovoltaic technology. The basic issues concerning selected aspects
of the design of the so called 500 kW photovoltaic farm have been discussed.
The idea of the procedure developed for choosing the best photovoltaic farm design and
selection of the most important elements to be used in it has been presented. A system of
assessment criteria with weights assigned to them is an element of this procedure.
A large photovoltaic system often consists of thousands of parts, starting with
photovoltaic panels and finishing with fuses and electrical cables. The bigger the number of
elements the higher the risk of its damage which can cause disruption of the system operation
or deterioration of its efficiency. Hence, it seems advisable to use models of the operation
and maintenance processes for this type of system including the stage of design.
Elements of photovoltaic systems undergo constant modernization. The development of
photovoltaic technology is very dynamic. Therefore, design of such systems requires
predicting value changes of the system element characteristics in terms of technological
progress and environmental changes, including formal-legal regulations on this kind of
investments, which may be of great importance for economic efficiency of the undertaking.
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