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Abstract

The share of grid-connected PV systems has increased in the global electricity
production due to the moving towards utilization of renewable energy to decelerate
the climate change. By designing the PV systems properly, it is possible to achieve
savings from the implementation of the system.
This thesis is commissioned by Ampner Oy and it concentrates to optimize utilityscale PV plant design for three-phase Ampner ACET M series string inverters. The
thesis aims to determine the cost-effective PV system while considering technical
restrictions set for grid-connected PV systems so that the energy injected to the grid
still maximizes.
The optimization focused on to find the more cost-effective solution from the
two system architectures implemented with string inverters, distributed structure
and centralized structure called as virtual central. In addition, the optimization
determined the optimal powerblock size, that is the amount of inverters connected
to single transformer. The thesis dealt with an imaginary PV system installation
in Portugal Centro region for illustrating the analysis. The work compared the
profitability of the systems first as a cost per power unit, of which after the comparison
was expanded also to investigate profitability as a cost per energy unit, due to the
habit where PV systems sell the energy, not power. PVsyst simulation tool was used
for PV system designs was used to determine the energy yield of the systems. The
simulation tool was used also to find the most optimal ratio for oversizing the PV
array over the power of the inverter.
It was found that the best system architecture is achieved by distributing the
inverters over the PV field. Furthermore, the optimal powerblock size was found
to be 10 or 11 inverters, 3 or 3.3 MW, depending if the cost per power unit or cost
per energy unit was investigated. In the sensitivity analysis, it was noticed that the
profitability of the system can be still improved with several methods by decreasing
cabling of the system. Also, the optimal amount for oversizing the PV array over
the inverter power was found between 1.3 and 1.4. Beyond, the oversizing losses and
increased cabling losses decreased the profitability of oversizing. The tool for PV
system design and optimization were implemented during the thesis for Ampner Oy
in case of generating similar studies for the future projects.
Keywords grid-connected photovoltaic system, PV system design, solar energy, solar

inverter, virtual central, DC/AC ratio
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Verkkoonkytkettyjen aurinkosähköjärjestelmien osuus on kasvanut merkittävälle
tasolle globaalissa sähköntuotannossa uusiutuvien energiamuotojen suosimisen myötä ilmastonmuutoksen hidastamiseksi. Oikeanlaisella järjestelmämitoituksella on
mahdollista saavuttaa suuria säästöjä aurinkosähköjärjestelmän toteutuksessa.
Tämä diplomityö on tehty Ampner Oy:n toimeksiantona optimoimaan verkkoonkytkettyjen suuritehoisten aurinkovoimaloiden järjestelmämitoitusta Ampner
ACET M sarjan paneeliketjuvaihtosuuntaajille. Tavoitteena oli määrittää kustannustehokas aurinkosähköjärjestelmä huomioiden PV järjestelmämitoitukselle asetetut
rajoitteet siten, että järjestelmän verkkoon syötetty energia maksimoituu.
Optimointi keskittyi selvittämään kustannustehokkaammaan ratkaisun kahdesta
paneeliketjuvaihtosuuntajilla toteutetusta järjestelmäarkkitehtuurista: keskitetystä
virtuaalikeskusinvertteristä ja hajautetusta rakenteesta. Sen lisäksi optimointi selvitti
optimaalisimman teholohkon koon eli yhteen muuntajaan kytkettävien invertterien
määrän. Havainnollisuuden vuoksi, työ käsitteli kuvitteellista aurinkosähköjärjestelmän asennusta Keski-Portugalin alueella. Työssä verrattiin järjestelmien kannattavuutta aluksi kustannusta tehoyksikköä kohden, minkä jälkeen tutkimusta laajennettiin kustannusta energiayksikköä kohden. Energiansaannin simuloimiseen käytettiin
PV mitoituksissa yleisesti käytettävää PVsyst simulaatiotyökalua. Simulointityökalua
käytettiin myös optimaalisen paneeliston ylimitoituksen löytämisessä.
Työssä havaittiin parhaaksi järjestelmäsuunnitteluksi invertterien hajauttaminen.
Lisäksi työssä löydettiin optimaaliseksi lohkokooksi 10 tai 11 invertteriä, riippuen
verrataanko kustannusta teho- vai energiayksikköön. Tehossa kyseinen lohkokoko
tarkoittaa noin 3 tai 3.3 MW:tä. Työn herkkyystarkastelussa löytyi useita tekijöitä,
joilla järjestelmää voidaan parantaa entisestään. Paneeliston ylimitoitukselle invertterin tehoon nähden löytyi myös selvä raja-arvo, joka asettui välille 1.3 ja 1.4. Tämän
jälkeen ylimitoituksesta aiheutuvat teholeikkaukset sekä kasvanut kaapelihäviö laskee ylimitoituksen kannattavuutta. Laskentatyökalu PV järjestelmien suunniteluun
sekä optimointiin kehitettiin työn yhteydessä Ampner Oy:lle, jotta vastaavanlaisia
tutkimuksia on mahdollista toteuttaa myös tulevaisuuden projekteihin.
Avainsanat verkkoonkytketty aurinkosähköjärjestelmä, aurinkosähköjärjestelmän

mitoitus, aurinkosähkö, aurinkoinvertteri, virtuaalinen keskusinvertteri,
aurinkosähköjärjestelmän ylimitoitus
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Symbols and abbreviations
Symbols
α
cos(ϕ)
γ
γIsc
γV
∆V
∆v
ηinv
ρ
ϕ

tilt angle
power factor
temperature coefficient of a conducting material
current temperature coefficient
voltage temperature coefficient
voltage drop
voltage drop %
efficiency
resistivity
phase angle

a
Acable
B
ce
Ei
FF
I
Icable
Imax_ocpr
Impp
Ip
Is
Isc
l
n
Np
Ns
P
PAC
PACloss
PDC
PDCloss
Pk
Pload
Pmax
R
R0
RAC
S
Sins

transformer turns ratio
cable cross section
economical profit from oversizing
Energy price
Annual energy production
fill factor
current
investment cost of the cable
maximum series fuse rating of PV module
maximum power point current
current in primary winding of transformer
current in secondary winding of transformer
short circuit current
cable length
module quantity
transformer primary winding turns
transformer secondary winding turns
power
AC power
AC loss
DC power
DC loss
lost power during downtime
transformer load losses
maximum power
resistance
conductor resistance
AC resistance of a cable
apparent power
solar irradiance
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Si
SRi
Ta
Tc
TN OCT
TST C
tn
to
V
Vmpp
Voc
Vp
Vs
VST C
vh
vki
X

single transformer share of total load
transformer rated power
ambient temperature
cell temperature
nominal operating cell temperature
standard test conditions temperature (25◦ C)
downtime per year
PV system operating time
voltage
maximum power point voltage
open circuit voltage
transformer primary winding terminal voltage
transformer secondary winding terminal voltage
voltage at standard test conditions
voltage drop of parallel connected transformers
single transformer short circuit impedance
reactance

Operators
∑n
i

summatation over index i
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Abbreviations
AC
APAC
a-Si
BoS
CdTe
CIGS
CIS
CrSi
DC
DC/AC ratio
HV
IEC
IEEE
IGBT
I-V curve
LCOE
LV
m.a.s.l.
MEA
MOSFET
MPP
MPPT
MV
PCC
PR
PV
PWM
SCADA
STC
THD
Wp

alternating current
Asia and Pacific
amorphous silicon
balance of the system
cadmium telluride
copper indium gallium diselenide
copper indium diselenide
crystalline silicon
direct current
PV array peak power over inverters nominal power
high voltage
International Electrotechnical Commission
Institute of Electrical and Electronic Engineers
insulated-gate bipolar transistor
current-voltage curve
low cost of energy
low voltage
meters above sea level
Middle East and Africa
metal-oxide-semiconductor field-effect transistor
maximum power point
maximum power point tracking, maximum power point tracker
medium voltage
point of common coupling
performance ratio
photovoltaic
pulse-width modulation
supervisory control and data acquisition
standard test conditions
total harmonic distortion
watt-peak
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1

Introduction

Renewable energy sources have become a crucial factor in electricity production due
to the increasing energy demand and targets to reduce greenhouse gases. The past
few years have shown that decreasing costs of solar panels and the tariffs granted
for solar power have greatly increased the electricity generation capacity of installed
solar power used for electricity generation. Solar energy has become one of the
most promising methods in electricity generation by using photovoltaic (PV) power
plants where solar radiation is converted into electricity with semiconductors. Since,
2008, this installed solar PV capacity has increased from 15.8 GW to 509.3 GW
by the end of 2018 [1]. Some of the capacity is used in stand-alone or off-the-grid
solutions meaning that the generation is not connected to the grid, but used only for
application such as electrifying cabins or separate parts of the electricity networks
called micro-grids. However, most of the capacity is connected to the distribution
grid or transmission grid where it serves much more people and applications.
The grid-connected PV power system is a system that generates electricity from
the solar radiation and feeds it to the electricity network. The basic concept of the
PV system is simple; PV modules convert the solar radiation into the direct current
(DC), after which the DC power is transferred to the solar inverter by means of cables.
The solar inverter is responsible to convert the direct current into the alternating
current (AC) that can be fed into the grid. After the power conversion, the voltage
is typically adjusted with a transformer to match the grid voltage level.
The grid-connected PV system consist of many different component but the most
important one is the solar inverter that makes possible to feed electricity into the grid.
The inverter can be called as a brain of the system because of its ability to monitor
the grid and react in fault scenarios in the grid. It can also match the frequency and
amplitude of generated electricity to correspond grid values. The solar inverters used
in large-scale electricity production are divided into two categories according to their
output power: central inverters and string inverters. Central inverters have higher
rated output power meaning that they can convert power from multiple parallel
connected PV strings. The PV system topology is clear when there is only few large
inverters but in case of inverter failure, a great amount of power is lost during the
maintenance. Physically smaller string inverters can control one or several parallel
connected PV strings but the commissioning and installation are more agile.
Although the principle of the PV system seems to be simple, there are multiple
different components and system architectures offered by companies working in the
field that makes the designing more complex. Also, increasing output power of string
inverters has created a whole new topology, a virtual central inverter, which means
that multiple string inverters are centralized into an one large inverter achieving one
centralized point of communication. According to the author’s knowledge, there is
no public research available if the centralized solution is better than the traditional
string inverter solution where the inverters are distributed over the PV field. Finding
the best solution for designated PV system can be achieved by choosing appropriate
components and comparing a different system topologies.
The PV system design starts from the desired target power, after which solar
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modules, cables, inverters and other system components are chosen correspondingly
considering the local grid codes and rules, and other desirable design criteria. Ideal
system design can bring huge savings for the system owner. This thesis aims to design
the most optimal grid-connected utility-scale PV system solution for string inverters
considering International Electrotechnical Commission (IEC) technical constraints
and cost. The optimization takes into account both centralized and distributed string
inverter topologies. The PV system power output and cost is highly effected by the
installation location and its weather data; therefore it is impossible to present the one
and only solution for all purposes. The goal is to present an example optimization
for the system, which can be followed for other projects.
Portugal Centro region has been chosen for the installation location due to the
increasing solar markets in Portugal [2]. The thesis is commissioned by Ampner
Oy, and therefore Ampner ACET M 300 PV string inverter has been chosen for
the optimization purposes. Optimization concentrates to finding the most suitable
powerblock size and system structure where costs stay reasonable while fulfilling all
technical restrictions. By connecting these cost-effective powerblocks parallel, it is
possible to create all kinds of solutions for desirable PV system capacities. This thesis
concentrates only on grid-connected PV electricity generating systems, therefore
stand-alone systems, concentrated solar power plant as well as solar thermal energy
have been excluded.
Cost per watt is a good unit to measure the cost-effectiveness of the PV system
but the study is investigated also to concern cost per energy unit comparison because
the PV system is selling its energy, not the power. After the most cost-effective PV
design have been found for the PV system, the energy that is injected to the grid
is determined over lifetime by simulating the case with PVsyst simulation software.
The software uses satellite data for the solar irradiation and temperature for specific
location, and by exploiting that, it is possible to determine the actual energy yield
of the PV system. The simulation software is used also for determining the most
optimal oversizing ratio for the PV system. Yet there are only few studies about the
DC/AC ratios of the PV system but energy yield analysis bounded with the cost
analysis, it can be achieved more realistic picture of the economical DC/AC ratio.
Chapter 2 contains a literature-based background on the grid-connected PV
system including basic operating principle, structure options and main components.
Chapter 2 elucidates also grid codes, which are the base for PV system designing
and shortly discusses the state of present and future solar markets. In Chapter
3, the actual PV system design is introduced by means of designing of 1 MW PV
system. Focus is on the PV array and cables, which are the most important factors
from the design point of view. Fourth chapter concentrates on finding optimal PV
system solution by using Ampner ACET M string inverters. Fifth chapter contains a
sensitivity analysis that presents how different factors effect to the optimal solution.
In the sixth chapter, the PV system is simulated with PVsyst to find out the actual
energy output and investigate the profitability of the system as cost per energy unit.
The chapter also includes the optimization of the DC/AC ratio for powerblock of six
inverters. Finally, Chapter 7 concludes the thesis.
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2

Principles and markets of grid-connected
photovoltaic systems

A grid-connected photovoltaic power system is a power generating unit, which converts
solar radiation into an electricity while feeding it to the grid. This chapter introduces
the fundamentals of photovoltaic power systems starting from electricity generation.
After that, other system components are introduced. Chapter continues by presenting
the PV system concept including two different system architectures compared in
this thesis. The chapter ends to discussion about present solar markets and their
restrictions.

2.1

PV module

PV module is the most important component of the system due to its ability to
convert solar radiation into electricity. It is also the most expensive cost in PV system.
This chapter discusses the basic principle of the conversion and the structure of the
PV module. In addition, the chapter concentrates to discuss about the commercial
PV modules as well as their electrical performance.
2.1.1

Photovoltaic effect in solar cell

The photovoltaic effect is a process where solar radiation is converted into electricity.
Solar radiation is composed of quanta of electromagnetic energy called photons. When
photons hit the surface of the semiconductor, they are absorbed by semiconducting
materials. Absorption happens only for photons whose energy is higher than band
gap value of the cell material. This process generates an electron-hole pairs in the
semiconductor and creates current over external load. The square of the current
multiplied by the resistance of the circuit is the power which is generated into
electricity. [3]
Photovoltaic effect is based on the characteristics of semiconductors. Solar cell is
a semiconductor which is made by p-type silicon layer and the n-type silicon layer.
In n-type layer there is an excessive number of electrons and in p-type electron-holes.
When these layers are placed side by side inside a solar cell, the electrons move into
the electron-holes from n-type layer creating a region depleted of any moving charges
called depletion zone. Free charge coming to depletion zone is driven back to its
side of the junction that corresponds its charge, away from the depletion zone. The
negative charge of the extra electron of the acceptor and the positive charge of the
donor extra proton tend to keep the depletion zone swept clean of free charges once
the zone has been formed. A free charge requires extra energy to overcome the forces
from the donor or acceptor atoms to be able to cross the zone. The junction therefore
acts like a barrier, blocking any charge flow across the barrier and maintaining the
electric potential between layers. Photovoltaic effect and formation of depletion zone
is illustrated in Figure 1. [4]
When solar cell is loaded with an external load, electric field inside a solar cell
causes electric potential over the load which causes the current flow through it.
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Figure 1: Solar cell with n-type and p-type layers with a close-up view of the depletion
zone around the junction between the layers. [4]
Individual solar cell generates relatively small voltage and current why they are
usually connected in series and mounted in a support structure of frame into so-called
solar panels (or PV modules) in photovoltaic applications. [5]
There is a theoretical limit called Shockley-Queisser limit which determines the
maximum solar conversion efficiency of 33 % for single-junction PV cell. The sunlight
contains an entire spectrum of radiation but a common single-junction PV cell can
produce electricity only from red and infrared light. A high-efficiency solar cell can
contain multiple p-n junctions that are tuned to collect a specific region of a solar
spectrum. These solar cells can achieve even 34 % efficiency. [6]
2.1.2

PV module structure

Solar modules are formed from solar cells connected in series and parallel. They use
solar radiation to generate electricity through photovoltaic effect. There are multiple
different PV cell technologies used worldwide of which crystalline silicon (CrSi) solar
cells are the most commonly used. Crystalline silicon solar cells are dived into two
groups, mono-crystalline and poly-CrSi silicon solar cells. Mono CrSi is produced
by slicing wafers from a high-purity single crystal ingot and it can achieve efficiency
of 14–20 %. Poly CrSi is made by block casting molten silicon and it can achieve
efficiency of 13–15 %. Majority of the solar installations are built with poly CrSi
cells due to easier manufacturing and minor cost. [5]
Thin film solar cells have become more common among the PV module technology
due to increasing efficiency. A thin film solar cell is made by laying thin layer of
semiconducting material on a surface made from glass or resin. Most common
semiconductor materials are amorphous silicon (a-Si), cadmium telluride (CdTe)
and copper indium (gallium) diselenide (CIS or CIGS). Thin film modules are well
suited for high volume manufacturing since they are less expensive than crystalline
solar cells and can still achieve efficiency between 6-9 %. Interest for thin film panels
has increased research towards achieving better efficiencies and best result is 20.1 %

15

recorded in laboratory conditions. [5]
On the top of basic construction of PV module, there is a tough transparent glass
that let the solar radiation pass while protecting the PV cells. Under the glass, PV
module has an anti-reflecting coating which reduces losses caused by reflection. The
anti-reflectiveness of coating can be improved by using nano-grating structures such
as pyramid-shaped or corrugated surface. The coating is the main actor in increasing
the efficiency of modules. Solar cells are located under the coating converting sun
light into the electricity. The package sits on a tough backing plate. [7]
Metallic conducting strips are provided on both side of the p-n junction to collect
the current. These contacts collect electrons produced in the cell and allow current
flow through the circuits. If there is too much space between the strips, the cell
is less efficient. Also, if the surface covered by the strips is too large, the cell will
receive less sunlight and produce less power. Most of the module manufacturers are
using screen printing technology, where the metal is simply printed onto the cell.
This is commonly applied for solar modules which have efficiency of 12–15 %. [5]

Figure 2: Basic construction of PV module includes cover glass, anti-reflective coating,
PV cells, current collecting metallic conducting strips and backing plate. [6]
Module junction boxes are less advanced, though still important component of
a PV module. They are usually pre-installed on the backside of the module and
their purpose is to house the bypass diodes and provide an easy way to link modules
together. There are multiple designs for module junction boxes that aim to simplify
and shorten the wiring within the module. Generally, PV module companies work
out junction box contracts during manufacturing. [7]
Approximately 80 percent of PV modules are equipped with a frame made of
aluminum profiles which increase the lifetime of modules while protecting fragile
glass edges. Frames facilitates also the installation and are used for the fastening on
the mounting system. The frames are clamped afterwards on the frameless module
using silicon or rubber seal. Thin-film modules are often provided without frames.
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This module type has a metal profile glued to its rear glass which prevents bending
and breaking of the module by distributing the surface load. [7]
In recent years, the PV modules have evolved to collect the solar radiation from
the front and rear side of the PV modules. These modules typically consists of CrSi
solar cells embedded in ethylene acetate. The basic principle of bifacial modules is
to boost energy yield of the single module saving the area required for PV modules.
The rear side collects the additional scattered and reflected solar radiation which
why the production of the module usually increases 10 to 50 %. The voltage of the
modules remains constant but the current increases. The higher current levels must
be considered in cable and protection selection. [8]
2.1.3

Electric performance

Electric performance of the PV modules is the most important factor when designing
the PV array for the PV system. PV modules consists of multiple PV cells that are
interconnected in order to achieve greater power. There are two possible connection:
in series or in parallel. Series connection increases the voltage of the PV module as
Figure 3 shows, and the parallel connection increases the current as illustrated in
Figure 4. PV cells in most modules are connected in series of 60 or 72 to achieve
greater voltage but the parallel connection is also used to increase the power output
and reduce the impacts of shading. Same interconnection principle works also for
entire PV modules into the PV arrays. PV array design is discussed further in
Chapter 3. [7]

Figure 3: Series connection of PV cells increases the PV module voltage. [7]
When choosing the PV module for the PV plant, the datasheets of the modules
give information about the module characteristics and specifications. PV panel
datasheet gives information of module characteristics such as its type, efficiency,
open circuit voltage Voc , short circuit current Isc , maximum power point voltage
Vmpp , maximum power point current Impp and temperature coefficients. All electrical
values are given at standard test conditions (STC) which is a set of criteria that PV
module is tested at. Since voltage and current are changing based on temperature
and irradiation, all PV modules are tested under the same conditions. [5]
It is common way to represent the features of PV module graphically as a currentvoltage (I-V) curve. A PV module will always operate along this curve. From the
graph it is also possible to find key features such as open circuit voltage and short
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Figure 4: Parallel connection of PV cells increases the PV module current. [7]

Figure 5: I-V and power curve of a PV module. [5]
circuit current of the module. When a power curve is placed side of I-V curve, it can
be seen how maximum power point is formed as illustrated in Figure 5. Power curve
is typically used to find maximum power point. Maximum power point can be also
calculated by Formulas 1 and 2.
FF =

Vmpp Impp
Voc Isc

Pmax = Vmpp Impp = F F Voc Isc

(1)
(2)

where FF is the fill factor, Vmpp is voltage at maximum power point, Impp is current
at maximum power point, Voc is open circuit voltage and Isc is short circuit current.
For CrSi solar cells, the fill factor is usually around 0.75-0.85. [7]
Solar irradiation varies during the course of the day. PV module current is directly
dependent upon the irradiance which means that by reducing the irradiance by half,
also the current decreases by half. As the current, MPP voltage changes also during
the irradiation changes. The change in voltage is higher in lower irradation levels.
However, the relation of MPP voltage and open circuit voltage stays the same when
irradiation changes. This dependence is shown in Figure 6. [7]
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Figure 6: PV module I-V curves with varying irradiation and constant temperature.
[7]
Due to the high solar irradiation, cell temperature increases compared to ambient
temperature. The radiation effect to the cell temperature can be calculated as
Tc = Ta +

TN OCT − 20◦ C
Sins
800W/m2

(3)

where Tc is a cell temperature, Ta is a ambient temperature, TNOCT is nominal
operating cell temperature from the module datasheet and Sins is the solar insolation.
TNOCT is usually around 45◦ C, which results that at noon if solar irradiation is
approximately 1000 W/m2 , the cell temperature can be over 30◦ C higher than the
ambient temperature. [9] However, in realistic operating conditions wind cooling
effect can decrease cell temperature and increase the actual output of the PV modules.
[10]
Voltage output of the PV module is affected most of all by the module temperature.
As it can be seen in Figure 7, module maximum power point changes in function of
temperature due to changes in module voltage. In module datasheets, the module
Vmpp is given at standard test conditions where temperature is chosen to be 25◦ C.
Datasheet also offers temperature coefficient, percent per degree, for both, voltage
and current. The current hardly changes as a function of module temperature but
with values given in a datasheet, it is possible to calculate a new Vmpp at specific
temperature using Formula
V = VST C + [γV (T − TST C )]

(4)

where V is voltage at the specified temperature, VSTC is voltage at STC, γ V is
voltage temperature coefficient in V/◦ C and T is cell temperature at the specified
temperature. [5]
2.1.4

Commercial PV module types for utility-scale systems

As said in Chapter 2.1.2, there are two main module types: CrSi modules and thin
film modules. Even if the CrSi modules have higher conversion efficiency, thin film
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Figure 7: PV module I-V curve at different temperatures and constant irradiation.
[5]
modules have also evolved for high-power applications. The power of utility-scale PV
modules is generally high due to aim to decrease the required area. The maximum
power varies between 300 Wp and 450 Wp depending on manufacturer and model
but the models near the lower limit are cheaper and thus more common. [7] [11] [12]
The size and other physical properties of the module types are often similar.
However, electrical characteristics varies. Voltage of the thin film modules are often
much higher than the voltage of CrSi modules. Correspondingly the current of the
thin film module is much smaller. This lead to different PV system design due to
the restricting maximum voltage level of the systems. [11] [12]
Maximum voltage level of the PV module describe how many modules can be
connected in series. In recent years the PV modules have been evolved so that the
maximum voltage level has been increased from 600 V to 1000 V and new generation
PV modules support already 1500 V system voltage level. Higher system voltage
increases the cost of single components but makes the overall system cost lower.
Cable need decreases due to higher system level voltage enables more PV modules
connected in series. Also, current level at the DC side decreases, which leads for
example to smaller and cheaper conductor sizes. [13]
It is known that the module type affects to the system design. Lower current
level and higher voltage level of the thin film modules are generating much more
shorter PV strings. That lead to different system architecture and design criteria [7].
As said in Chapter 2.1.2, CrSi modules covers majority of the solar installations, and
therefore they are used further in the thesis.

2.2

System main components

Grid-connected PV plant constitutes of many different components, of which the
most essentials among the PV modules are DC combiner boxes, inverters, protection
switches, transformers and power cables. This chapter discusses about these different
components of the system.
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2.2.1

Solar inverter

DC/AC converter, or solar inverter, divides the PV system into a DC side and
AC side while working as a brains of the PV power plant. The main function of
solar inverter is to convert direct current generated by PV modules into alternating
current, which can be fed into the grid. The amplitude of the output voltage is
regulated to correspond the grid line voltage and output frequency of the voltage
the standard power line frequency. DC to AC conversion is based on high frequency
power-switching devices, using pulse-width modulation (PWM) principle to enable a
good reproduction of a sinusoidal wave.
The present inverters are self-commutated meaning that bridge circuit is made
from semiconductor elements that can be turned on and off. The most common
elements for building the bridge circuit are insulated-gate bipolar transistors (IGBT)
or metal-oxide-semiconductor field-effect transistors (MOSFET). Generally, all PV
plant intended solar inverters are PWM inverters that can produce AC voltages of
variable magnitude and frequency. The PWM inverters produce much pure output
voltage than formerly used square wave inverters.
Inverter conversion efficiency describes the losses arised by converting DC to AC.
In inverter, these losses are mainly conversion losses caused by the power switching
devices and other components, and own consumption used for management and
communication. Conversion efficiency can be calculated by using Formula
ηinv =

PAC
VAC IAC cos(ϕ)
=
PDC
VDC IDC

(5)

where PAC is the output power, PDC is the input power and cos(ϕ) is the power
factor of the inverter. [7]
The intelligence of inverters comes from their functions. PV inverters use maximum power point tracking (MPPT) to ensure that the PV arrays, PV strings or even
separate PV modules are operating at their maximum power point (MPP) and hence
producing maximum DC power for the inverter. They also record the operating data
and signal it to plant operator. [7] Inverters have many grid supporting functions.
An inverter is able to monitor the state of grid and control and limit its active and
reactive power. The inverter has inbuilt active and passive protection features which
ensure that inverter disconnects from the grid and shuts itself in case of system
failure. [5]
Solar inverters are divided into a three different categories: central inverters,
string inverters and micro inverters (or module inverters). Micro inverter is rated
to handle the power of a single PV module. They are rarely used in utility-scale
solar power plants due to the high cost per watt. This thesis focuses to find the most
cost-effective PV system solution for utility-scale, and therefore this type of inverters
are excluded. [5]
String inverters, or multi-string inverters are physically larger than micro inverters
and can handle the power of one or multiple PV module strings. They are capable to
convert more power per unit inexpensively and provide high yield due to the efficient
MPPT. [5] String inverters are generally used in PV system with input power below
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11 MWp but the system power has increased while string inverter power has become
larger. [14]
Central inverters are physically the largest of the three inverter types and can
convert the most power per unit. They are very similar to the string inverters
connected to multiple PV module strings. Central inverters are used in large utilityscale solar farms because of their low cost per watt.
In addition of division into the three main types of solar inverters, commercial
inverters can be different in many ways depending on the instance:
• inverter rated capacity
• available number of inputs
• inverter and PV array interface
• inverter and grid interface
• communication and signalling interface.
Inverter rated capacity presents the amount of power that the inverter can feed to
the grid. That is one of the most important characteristic from the PV system design
point of view achieving cost-effective systems. Number of inputs tells how many
PV strings can be connected to the inverter at the same time. That is essential
information for the PV system design, and thus the inverter input quantity should
be correctly designed for achieving desirable result. Interfaces between the PV array
and the inverter, as well as grid and the inverter, are crucial when designing the
inverter.
As said, the output power of the inverter is one of the most important characteristic
of the inverter. The inverter output power is dependent from the ambient temperature.
When inverter reaches high temperatures, its power starts to decrease gradually. This
is called power limitation, or derating, of the inverter. Derating protects sensitive
semiconductor inverter components from overheating. Inverters have limitation curve
that illustrates the power output relation to rated power as a function of temperature.
[15] The output power of the inverter as a function of the ambient temperature varies
between inverter types, but generally there are few points that determine the powers
in specific temperatures and the curve is decreasing linearly between the points. The
power limitation curve of Ampner ACET M inverter is illustrated in Figure 8 [16].
The inverter power follows the curve when inverter is installed less or equal than
1000 meters above sea level (m.a.s.l.). The ventilation of the inverters is not that
efficient in higher altitudes due to thinner air, and therefore components of the
inverter may heat. However, the ambient temperature in higher altitudes is usually
lower than the ambient temperature in lower elevation.
Ampner ACET M 300 PV is used as a reference inverter in this thesis. The inverter
is shown in Figure 9 The string inverter series Ampner ACET M 300 PV, has been
designed for utility-scale plants and has the highest rated power in the world at the
moment. Inverter has been developed by Ampner, which is a Finnish industrial
services company that offers products and services for connecting energy sources to
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Figure 8: Maximum power curve of Ampner ACET M string inverter as a function of
ambient temperature. [16]
the grid as well as industrial testing systems. ACET M 300 PV is designed to provide
lower levelized cost of energy (LCOE). Other highlights of the inverter among other
things are:
• designed for 1500 V systems
• power ratings from 260 kW to 333 kW
• multiple DC inputs (24-48 string / 1-4 combiner inputs)
• operating ambient temperature range from -40◦ C to 60◦ C
• installation altitude up to 4000 m
• transformerless design

Figure 9: Ampner ACETM 300 PV string inverter. [16]
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PV plant structure can vary a lot depending which type of solar inverter is used,
and in which condition the solar inverter is installed. [5] This thesis concentrates to
find the most optimal PV system design for Ampner ACET M string inverter, and
therefore the following chapters mainly discuss about advantages and disadvantages
of different solutions designed with string inverters. [16]
2.2.2

DC combiner box

The role of DC combiner boxes in PV system is to bring the output of multiple PV
module strings together to get current increase to appropriate level for the inverter
input. This is often essential due to the limited number of DC inputs of the solar
inverter as well. In residential systems, which usually have only few PV strings,
combiner boxes are not used. Combiner boxes are concentrating to larger, centralized
architectures where one central or multiple string inverters are located near the
medium voltage (MV) transformer. [5]
DC combiner box contains input overcurrent protection fuse assemblies for multiple
PV strings. Inside the combiner box, PV strings are combined onto a single main
output that connects the box to the inverter. Besides combining PV strings, combiner
box can also house several components of the PV system such as DC disconnector,
surge protection devices or string monitoring and communication hardware. Figure
10 illustrates the components inside the combiner box and also visualize the main
purpose of the combiner box. Positive and negative strings are separated into their
own blocks and they are combined into two larger positive and negative cables as
the output of the combiner box. [17]

Figure 10: PV combiner box can house many components beside combining PV
strings. [18]
DC combiner boxes are recommended to mount that side of the PV module racks
that they are most of the time in the shadow, as the solar irradiation can increase
internal temperature and reducing combiner box reliability and life. Reliability can
also be increased by choosing a combiner box whose internal air volume and surface
are larger. This help box to tolerate better air circulation and cooling of internal
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components. Combiner boxes do not typically need any maintenance after proper
installation. Periodical inspection of leaks and loose connections ensures that the
combiner boxes withstand over life cycle of a PV power plant. [17]
2.2.3

Power cables

DC cabling covers all PV system cables from PV modules to the inverter. In system
designs where DC combiner boxes are used, DC cabling refers both string cable and
DC main cable. It is important to select cable that meets the output current and
output voltage of the PV array and minimizes the voltage drop and losses. The
voltage drop rises with increasing current and decreasing conductor size. The most
national grid codes specify a maximum allowed voltage drop in the power cables.
The voltage drop in DC cables can be calculated as
∆VDC = 2

ρl

I
(6)
Acable
where ρ is resistivity of the cable material, l is length of the cable, Acable is crosssectional area of the cable and I is current flowing through the cable. Multiplying
factor of two refers to positive and negative conductors in a DC circuit. Usually,
power cables are made from stranded aluminum or copper conductors and therefore
resistivity should be chosen accordingly. Voltage drop in percent can be calculated as
∆VDC
100%
(7)
V
where ∆vDC is voltage drop and V is voltage level. [5]
Cables are sized according to the current flowing through it and the voltage drop
and losses are based on the chosen conductor size. The conductor losses can be
calculated as
∆v =

PDCloss = 2

ρl

I2

(8)
Acable
where variables represents the same that were explained in Formula 6
PV module manufacturers have equipped the module rear side with module
junction box and modules are connected to each other with plug and socket connection.
This is commonly used habit that reduce installing time and make it easier. The
first and the last modules of the PV string must be connected to a combiner box or
a inverter with separate PV string cables. Typical solar cable sizes available include:
2.5 mm2 , 4 mm2 and 6 mm2 . Majority of installations can be executed with these
cable sizes due to their low-cost and capability to conduct the current of a PV module.
[5]
In some installations where inverters are located close to the PV panels, string
cable can be the only DC cable required. In these situations, AC cabling often
increases due to the distance between inverter and MV transformer. When combiner
boxes are used in installations, the bigger size of cable must be chosen between the
box and the inverter due to higher current level flowing in the conductors. Cable
sizing principles are discussed in Chapter 3.
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AC cabling covers all PV system cables after the inverter to the point of common
coupling (PCC), which locates between the utility grid and a PV power plant. The
sizing principle works similar with AC and DC cables, the current-carrying capacity
of the cable should not be exceeded and the losses and voltage drop should be
minimized. The cable loss for three-phase feed can be calculated by Formula 9.
ρl

I2
(9)
Acable
where I is current and RAC is resistance. Cable impedance is an important factor
when calculating voltage drop for the cable. The voltage drops in three-phase feed
can be calculated by Formula 10.
PACloss = 3I 2 RAC = 3

∆VAC = I(RAC cosϕ + Xsinϕ)

(10)

where I is current, RAC is resistance, X is reactance and ϕ is phase angle between
current and voltage.
In cable choosing process, it is important to minimize voltage drop and losses,
but it is more crucial to ensure that the PV cable is rated for the maximum system
output and choose cables which are sufficiently large to conduct the current. If the
current level exceeds the cable current-carrying capacity (ampacity), it will overheat,
which can damage the circuit components. The ampacity of a cable is greatly affected
by the installation conditions and material properties. Cable sizing is covered by
local rules and standards and varies a lot between countries. [5]
There are also other important factors when choosing the power cables for PV
installations. Power cables must withstand environmental stress such as humidity,
temperature, wind, snow and ultraviolet radiation in addition of fulfilling electrical
requirements. The cables should be routed so that mechanical damage is not possible.
There are appropriate solar cables in the market that ensure that the cable is
designed for harsh conditions. Typical power cables designed for solar installations
are relatively flexible providing an easy installation. [5]
2.2.4

MV Transformer

Transformer is an electrical device in three-phase system that transforms and adjusts
voltages between two or more circuits using electromagnetic induction. It also
provides galvanic isolation between the power plant and the grid. Voltage level at
the inverter output terminals is relatively small and therefore transformer is used
to increase the voltage level corresponding to grid voltage. Voltage and current are
transformed according to transformers turns ratio. [19] The turns ratio is defined
as the ratio of turns of wire in primary to the number of turns of wire in secondary
winding
Np
Vp
Is
a=
=
=
(11)
Ns
Vs
Ip
where Vp is the primary-terminal voltage, Vs is the secondary-terminal voltage, Ip
corresponds primary current, Is is the secondary current, Np represent primary turns,
Ns represents secondary turns. [20]
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Three-phase transformer has three sets of primary and secondary windings. Each
transformer winding has an electrical resistance which produce electrical losses, which
can be calculated by Formula 12.
Pload = RI 2

(12)

where I is the current and R is the resistance of the winding. Load losses are directly
proportional to the current at the winding. [20]
MV transformers are often connected in parallel in PV systems. It is important to
ensure that all transformers have the same interconnection type and none have rated
power difference more than 33 %. Usually turns ratios and short circuit impedances
of the transformers are equal for proper and safe function. The transferred power for
n number of parallel connected transformers can be calculated as
S=

n
∑
i=1

Si = vh

n
∑

SRi
i=1 vki

(13)

where Si is transformer i share of the total load, SRi is transformer i rated power,
vh represents common voltage drop of parallel connected transformers compared to
design voltage and vki is transformer i relative short circuit impedance. [19]
Voltage adjustment is a common function of a transformer which is done with
tap-changers that control the transform ratio of the transformer. Variable turn
ratios can be selected in discrete steps by connecting to several access points known
as taps usually along the primary winding. High-power transformers use on-load
tap-changing which enables the change of the transform ratio while transformer is
loaded. The common adjustment range is commonly ±15 % of the nominal voltage.
Low-power transformers are equipped more common with off-load tap-changers which
enables the voltage adjustment only when transformer is not operating. [19]
Besides voltage adjustment, transformer also moves the phase angle between the
primary and secondary windings. The phase angle shift is constant and is usually
announced in the transformer nameplate. Number 1 corresponds to 30-degree phase
shift, which means that if the nameplate has a value 5, the secondary winding lags
150-degree the primary. [19]
When choosing a transformer for the power system, it is important to select the
correct power rating and voltage rating both the primary side and the secondary
side. Other important characteristics are among other things: rated frequency,
interconnection type, cooling type and installation conditions. [19]
2.2.5

Protection equipment

In a PV system, a system protection is mostly determined by the current, fault
current and the local grid codes and rules. There are multiple different component
that can be used for creating proper protection for the system. Usually the grid owner
requires only MV side protection to protect the grid but usually the low voltage (LV)
side of the plant is also protected.
MV side isolation is commonly implemented with switchgears. A switchgear is
composed of electrical disconnectors, circuit breakers and fuses to control, protect
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and isolate electrical equipment. There are multiple different switchgears available
for utility-scale solar plants that may have very different topologies, and therefore it
is important to choose a proper switchgear to fulfill local rules. There can be separate
switchgears in both LV and MV side of the transformer. The LV side switchgear
include own fuses for each inverters and can also include isolator with earthing switch.
The PV system has two main disconnectors that can be part of the switchgears, the
one that disconnects PV arrays from inverter and the one that disconnects inverter
from the grid. Disconnectors work as switching devices when there is no current
through it. They ensure safe maintenance of the system for example during inverter
failures. It is common that each string or combiner box can be also isolated separately
with disconnector switches. [5]
Fuse is a protection device that prevents excessive current, which could damage
components or overheat conductors, to flow to the circuit. Inside the fuse, there is a
metal wire that melt and isolates the circuit when the current level flowing through
it exceeds its current rating. When the metal wire has been melted, fuse has to be
replaced to resume operation. [5]
Circuit breakers isolate the PV system automatically from the grid if an overload
or short circuit occurs. Unlike fuses, circuit breakers can be reset to resume normal
operation. Automatic circuit breakers are often used for creating an AC isolation.
[7] It is possible that lightning and surge protection is required for the PV system as
well. System protection should be designed always according to local grid codes and
rules. [5]
2.2.6

Battery storage

Battery energy storage systems (BESS) is an essential component of a pure standalone PV system to provide flexibility to produce electricity at times when there
is no available solar irradiation. In the recent years, BESS has also become more
common in grid-connected PV systems due to falling battery prices. Including BESS
in the PV system, it is possible to achieve more economical operation of the PV
system and enhance the reliability of the electrical network. The main advantage of
BESS in grid-connected PV systems is the storing the power that is usually clipped
due to the oversizing of the PV array. This is illustrated in Figure 11. [21] [22]
In Figure 11 the green color illustrates the energy that is saved in the batteries,
and the blue areas between the orange and grey curves are the moments where the
battery is discharged to keep the system output constant.
There are also other benefits in addition of higher energy yield. PV system has
an intermittent power output because of variation in solar irradiation. The power
variation causes voltage and frequency issues in the grid without any regulation. The
power output can be smoothened with energy storage by charging the battery at
sudden solar power increases and discharging the battery at solar power decreases.
By means of BESS, the PV system can regulate its own power quality to desirable
level for the grid. [22]
The battery storage can be configured also for the weak grids where it should
not be discharge below a given threshold during normal operation. This method
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Figure 11: Battery energy storage can save the additional energy from the noon and
discharge the storage when there is no solar radiation to get constant power output
for the PV system. [22]
provides a reliable power supply also during outages. In this kind of operation, the
battery must be sized correctly for achieving a desirable level of profitability. [23]
The higher capacity batteries are greatly expensive and may not bring any more
benefit for the system if compared to smaller ones. However, having as large battery
as possible, the power supply of the system can be set to constant.
Battery energy storage for PV systems are designed to withstand over the PV
plant lifetime. However, it depends on many factors such as shell life, cycle life,
number of cycles per day, depth of discharge and warranty. Relatively uncertain
revenue stream and finite life cycles of the batteries are making project financing
difficult. [24]
There are also different options to implement the energy storage for PV system.
BESS can be located either DC or AC side of the PV system. In both cases, separate
converter is usually required. At the AC side, AC power is stored into the batteries
through the AC/DC converter. At the DC side, DC/DC converters are used to
match the voltage level to correspond the battery voltage level. [21]
Battery energy storage systems are highly relevant in PV plant optimization.
However, optimizing energy storage included PV plant is complex and is affected by
many different factors. The economic benefits depend on the application, the size of
the system, control system and the operating cost. [25] This thesis focuses to find
the most cost-effective solution of PV plant solution without BESS. Profitability
analysis including BESS requires further study, and is therefore excluded from this
thesis.
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2.3

Grid-connected PV system concept

One of the most controversial concern in PV system design is the best system
architecture. Different architectures require different components and may have
benefits over another, and thus it is known that by designing the system properly,
savings can be achieved in the implementation phase. This chapter introduces
two most common system architectures: distributed architecture and centralized
architecture, that is commonly called as virtual central.
2.3.1

Distributed solution

The string inverters introduced in Chapter 2.2.1 allow a distributed architecture
for solar plants. One inverter of smaller power can optimize its power better than
a large unit connected with thousands of PV modules due to the less amount of
strings per MPPT. String inverters are commonly used in smaller projects due to
the large amount of units required for large plant. [14] They are usually located close
to PV arrays, which reduces the amount of DC cabling but increases the AC cabling
between the inverters and the transformer. Plant design implemented with string
inverters without combiner boxes can be seen in Figure 12.

Figure 12: Single-line diagram of a grid-connected PV plant without DC combiner
boxes. [7]
The string inverters can outperform the larger centralized architectures due to
smaller amount of PV strings per MPPT. It means that the string inverter solution
can achieve higher energy yield, and thus higher energy output than the centralized
systems. The benefit gained from multiple MPP trackers decreases when there is
less solar radiation available. In addition, the cost per watt of string inverters may
be a little higher than the cost of central inverters. [26]
An advantage of string inverter is fast maintenance. There are usually spare
inverters and kits at the site and in the case of failure, new inverter is replaced rapidly
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and cheaply. Lost power during the failure of the inverter is slight but because of
the great amount of units, the frequency of failures is higher compared to central
inverters. [26]
String inverters can be used also as a centralized solution called virtual central.
The virtual central is the packaging solution where many string inverters are combined
together to work as a central inverter. In this architecture, string inverters are installed
close to the transformer and PV strings are routed through combiner boxes that are
used to combine small cables into larger ones. The method reduces cabling and civil
work, and makes the system structure less complex. This kind of solution is said
to be future solutions that combines the best of both, string and central inverter.
Flexibility of the string inverters and single centralized communication interface
create user-friendly PV systems designs. [27] [27] [28]
2.3.2

Centralized solution

Centralized PV systems are usually provided with central inverters that centralize
the power production into one place. DC combiner boxes connect the PV strings
together as a single outputs and connect them to the inverter. Central inverters are
connected with multiple DC combiner boxes meaning that the area required for the
inverter and components connected to it can be very large. This increase DC cabling
cost of the PV system depending of the inverter power. On the other hand, MV
transformer can be mounted next to the inverter reducing AC connection cabling.
This is illustrated in Figure 13.

Figure 13: Single-line diagram of a grid-connected PV plant with DC combiner boxes.
[7]
Central inverter can provide the most optimized cost per watt as a result of fewer
units at the site. However, in case of inverter failure, a large amount power is lost.
Maintenance of central inverters is complex and requires technical expertise which
often leads to additional cost due to the personnel training. The estimation of the
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differences in the amount of power lost at interruptions in different inverter solutions
is complex. [14] [26] The main focus of this thesis is on string inverters, and therefore
the centalized solution discussed further in the thesis refers to the virtual central
solution.

2.4

Grid codes for renewable energy

The purpose of the grid codes is to ensure desirable power quality in the grid. They
allocate responsibilities between grid owner and power generating units for safe and
functioning network. Grid codes list the minimum requirements that generators must
support and what structural features and technical functions power plants must have
in case of connecting it to the grid. The base for the requirements is provide not only
reliable but also economic power generating plant. Increasing amount of distributed
renewable energy production has been driven the grid codes to become stricter for
maintaining the grid stability. [29]
Grid faults can be caused for example by variation in frequency or in voltage.
Main requirement of the grid codes for distributed generation is supporting the grid to
get through these faults. Requirements in grid codes varies for different size of power
generating units and interconnection voltage levels. The most relevant international
bodies that are updating and developing the requirements and standards for solar
power generation are IEEE (Institute of Electrical and Electronic Engineers) in the
US and IEC (International Electrotechnical Commission). Generally, countries have
still their own specific limits for distributed generation. Most of the country grid
codes include the factors such as:
• frequency area of operation
• voltage area of operation
• active power adjustment
• reactive power adjustment
• fault ride through (FRT) capability.
Grid codes have also other requirements for ensuring the power quality in the
grid. These are limits for total harmonic distortion (THD), flickering and voltage
imbalance. The most of the grid code requirements are managed by the inverter,
and thus grid requirements are having a big impact on the design and performance
of the inverters. Also, transformer can be used for to lower the voltage as discussed
in Chapter 2.2.4. The plant designer can choose how the requirements are taken into
account if the whole PV system is still designed so that it fulfills local grid code and
rules. [29]
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2.5

Photovoltaic system markets and trends

This chapter discusses shortly about the solar markets by looking the current situation
and forecasts for all solar generation and separately for PV generation. PV system
price build-up is also presented.
2.5.1

Installed capacity of grid-connected PV system

Solar is the fastest growing power generation source while it is adding more capacity
than all renewables combined. The reason for the increasing capacity is, among other
reasons, the steep cost reduction curve. Today, the generation cost is even lower
than new nuclear or coal plants. The solar capacity installed within a year has been
increased exponentially to the year 2017 as it can be seen in Figure 14, but between
2017 and 2018 there has been modestly 4 % increase. [1]

Figure 14: Evolution of global annual solar PV installed capacity. [1]
Figure 15 illustrates the fact that even if the annual installed solar capacity
has been decreased in 2018, the total solar PV installed capacity is still increasing
exponentially. Figures 14 and 15 both show that Europe, America, Asia-Pacific
(APAC), China and Middle East and Africa (MEA) are increasing their installed
solar capacity. Based on historical data, the cumulative installed solar capacity is
predicted to become over two times bigger, 1290 GW by the end of 2023 meaning a
significant potential in the field. The prediction is based on average of low and high
increasing scenarios. [1]
Installed solar capacity covers all types of solar power generation including centralized solar power and solar thermal energy systems. The capacity additions of
solar PV remained flat in 2018 but the generation increased still 31 %. That means
that the PV is also well on track to reach the Sustainable Development Scenario level
by 2030, which means that the generation from PV to increase 16 % annually. [30]
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Figure 15: Cumulative installed PV capacity globally. [1]
2.5.2

System price build-up

There is not much information or historical data available about price build-up of
the utility-scale PV systems due to the confidentiality between the customer and the
system integrator at PV projects. In addition, the component costs and the system
cost are highly dependent of the system design and the installation location. It is
still known that the modules are dominating the system cost, but the share may
differ. In Figure 16 the cost of the utility-scale PV system in United States (US)
in 2015 is illustrated. Development costs are about one fifth of the total cost and
the engineering, procurement and construction share the rest. The largest costs are
built, after development and modules, from inverter, racking materials, Installation
and balance of the system (BoS) meaning the cabling and protection. At the same
time, these are the factors that can be affected by optimizing the design. [31]
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Figure 16: Price build-up of the utility-scale PV system in United States. [31]
2.5.3

Solar markets in Portugal

The PV system installation location for the price investigation and optimization
should be thoroughly thought in order to the increase the benefit of the thesis.
This optimization concentrates to the PV plant built in Portugal. The Portuguese
government tendered 1.4 GW of solar generation capacity that would be installed
already by the end of 2020. Developers in the Portuguese tender could present two
kinds of offer: one with a fixed price below 45 EUR/MWh or one with a changing
tariff that includes a requirement to pay compensation to the electricity system,
depending on the spot market power prices. Successful projects could achieve 15-year
power supply deal. The tender for the projects is already done in August 2019 for
the 2020 installations but the government plans to increase the capacity up to 7 GW
by the end of 2030. [32]
The country has reinforced the distribution grid to avoid congestions in system
branches for making opportunities to increase solar power capacity [2]. Portugal
has installed already 700 MW of solar capacity, mostly on residential and rooftop
applications. Now country wants to increase its solar capacity to 1.5 GW at the
end of 2020 and 7 GW at the end of 2030. The high increase in the capacity means
that utility-scale solar parks are increasing. [32] Portugal is chosen as a reference
installation location for this thesis due to its potential caused by the future investment
in solar energy, and the average temperature conditions.
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3

Design of a photovoltaic power system

This chapter discusses the sizing of a PV system in respect of technical constraints by
designing an example PV system for Ampner ACET M series string inverters presented
in chapter 2.2.1 aiming to power of 1 MW. The PV system design is straightforward
explain through the model design due to the multiple variable factors in PV system
design. However, the optimization tool created for Chapter 4 is needed if the design
process is wanted to make fast and more reliable for other projects.
The model design in this section is including the PV system technical design and
choosing of the proper components. The design considers both structure options,
distributed and centralized. It is important to notice that the design is not yet the
optimized solution of a PV system. For finding the most optimal solution, cost
analysis is also required beside tending of fulfilling technical constraints. Chapter 4
investigates the optimization issue in detail.
The most important thing in PV system design is the PV array design, where the
maximum amount of PV modules in single string is calculated to match the voltage
levels of the inverter. Also, the suitable amount of parallel connected PV strings are
chosen to achieve desirable amount of solar power. After the PV array design, the
cables are chosen correspondingly based on their ampacity ratings, voltage drops
and losses. Furthermore, protection and MV transformer sizing are discussed shortly
as well as the structure of the MV level in PV systems.

3.1

PV array design

PV design can be started from PV array design, which covers things such as how
many PV modules are interconnected in series and in parallel. As discussed in
Chapter 2, temperature and solar irradiation are two main factors that effect to
PV module behavior. Weather data such as average ambient temperatures and
solar irradiation level are based on the location where PV system is built. Usually,
these initial values for the design are taken from data bases where location historical
weather data is collected. In this model, typical values for Portugal are used:
• Ambient minimum temperature: 0◦ C
• Ambient maximum temperature: 40◦ C
• Minimum solar irradiation level: 0 W/m2
• Maximum solar irradiation level: 1000 W/m2 .
End user often requires other constraints such as system output power, inverter
quantity, system voltage level or specific PV module manufacturer and module output
power. In this model, it is assumed that the customer has chosen the target AC
power to be 1 MW. The string inverter is rated for 1500 V systems, and therefore
that determines the system voltage level in the design. PV module Canadian Solar
CS6U-340P is chosen to be used for the design [33]. For simplification, it is assumed
that the grid code allows full active power feed without limitation or reactive power
compensation capability.
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3.1.1

PV string sizing

As presented in Chapter 2, the cell temperature greatly effect to the PV module
performance. In PV array design it is essential to calculate its minimum and maximum
output voltages over the year to ensure that they sit within the required operating
voltage range of the inverter. The module maximum voltage is present at minimum
cell temperature and minimum voltage is present at maximum cell temperature.
Module cell temperatures at ambient temperature range can be calculated by using
Formula 3 introduced in Chapter 2.1.3.
43◦ C − 20◦ C
Tc = 40 C +
1000 W/m2 = 68.75◦ C
2
800 W/m
◦

Tc = 0◦ C +

43◦ C − 20◦ C
0 W/m2 = 0◦ C
800 W/m2

(14)
(15)

For calculating the maximum voltage at minimum cell temperature, it is necessary
to know module open circuit voltage at STC and temperature coefficient of Voc .
These values are presented in the module datasheet. Values for chosen module can be
found as an annex of the thesis, 45.9 V and -0.29 %/◦ C or -0.13311 V/◦ C. Maximum
voltage at minimum cell temperature can be calculated using Formula 4
V0◦ C = 45.9 V + [−0.13311

V
◦C

(0◦ C − 25◦ C)] = 49.23 V

(16)

A temperature coefficient is given only for open-circuit voltage, and therefore it
must be approximate for maximum power voltage from the maximum power temperature coefficient. Maximum power point voltage Vmpp is 37.6 V and temperature
coefficient of Pmax is -0.38 %/◦ C or -0.14288 V/◦ C.
V68.75◦ C = 37.6 V + [−0.14288

V
◦C

(68.75◦ C − 25◦ C)] = 31.35 V

(17)

These maximum and minimum voltages are used to calculate how many modules
can be interconnected in each string (n). In this designing phase, it is reasonable to
leave some margins for both voltage range ends.
n=

V68.75◦ C
Vmpp,min

(18)

Ampner ACET M string inverter series includes four different models that each has
its own minimum operating input voltage resulting four different options. These
quantities based on minimum operating input voltage are listed in Table 1. [16]
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Table 1: Minimum possible module quantity connected in series in the model case.
[16]
model
1560
1563
1566
1569

min Vmpp (V) module quantity (n)
850
28
893
29
935
30
978
32

Maximum number of modules in string can be calculated accordingly. Inverter
models share the maximum operating input voltage resulting a common maximum
module number.
n=

V0◦ C
Vmpp,max

(19)

Formula 19 results 30 modules. As stated in Table 19 With model 1569, maximum
and minimum module quantities in series bring up a conflict where minimum module
quantity is greater than maximum module quantity. Wide temperature range and
narrow inverter MPP range causes the problem, and therefore it is essential to choose
a less power model with wider MPP range. The aim of the optimization was to
minimize the amount of required inverters, and thus it is recommended to use the
model that has highest rated power to achieve more beneficial system. Four inverters
is needed to achieve the power of 1 MW. These two factors determines the inverter
model to 1566 and leading to module quantity in string to 30. The voltage can vary
between 940 V to 1477 V.
3.1.2

PV array power

In previous years when PV system cost was much higher, PV design was made
so that the energy yield per PV module were tried to maximize. Now, with the
decrease of the cost of the PV modules, the design trend has changed in direction of
optimizing other fixed cost by considering not the maximum yield but an optimal
balance between annual production performance and economic impact. By optimizing
system DC/AC ratio, the system can improve its overall technical and economical
effectiveness and optimize their LCOE. [34]
The DC/AC ratio, known as oversizing ratio, is the ratio between PV array
nameplate power rating at STC and the inverter rated AC output nominal power.
The hardest thing for the PV plant designers is to find optimal DC/AC ratio from
the economical point of view, considering all technical and economical parameters of
the system as well as technical features and constraints of the inverter. There is not
exact DC/AC ratio that would guarantee the best LCOE in every circumstances due
to site specificities. [34]
Economical benefit from the oversizing comes from the additional power achieved
from the mornings and evenings. As it can be seen from the picture 17, higher
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installed PV module capacity produce more power over the day. An inverter cannot
convert excessive amount of electricity at the noon, and therefore this power is lost
due to inverter clipping. However, high rated PV array produce more electricity
earlier in the mornings and later after the noon. With properly chosen DC/AC ratio,
the additional power achieved from the morning and afternoon can be higher than
lost power around the noon. At the same time, the predictableness of the output of a
PV system increases due to the inverter power clipping during the day. In addition,
the changes in solar irradiation during the year drive the oversizing ratio higher due
to the lower irradation at winter times. [34]

Figure 17: Additional power through oversizing can be higher than power that is
lost from clipping. [34]
Oversizing of PV array is essential due to other things as well. There is going to
be unavoidable losses caused by dirt and temperature as well as known losses such
as cable losses between the PV array and the inverter meaning that full rated array
power is unlikely to reach the inverter. [5] Oversizing should be considered because
of degradation of the PV module power during the years as well. This is usually
from 0.3 to 1 % per year. This means that PV array power can decrease up to 25 %
during its 25 years period of operation. [34] [35]
In Ampner ACETM PV 300 datasheet, it is recommended to overload the inverter
at most 150 % of its rated power when the short circuit current of the PV array is
maximum 700 A [16]. Traditional ratios that are used in projects are within range
1.0 to 1.50 but ratios outside the range can be used as well if the short circuit rating
is not exceeded. [34] For this design the ratio of 1.3 is chosen because it is within
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and fairly middle in the range. DC/AC ratio and its effect to the system cost are
investigated further during the optimization in Chapter 4.
Ampner ACETM 300 PV 1560 is rated 288 kVA at 40◦ C [16]. This means that
PV array connected to single inverter must be rated to 374.4 kWp for achieving 1.3
DC/AC ratio. A string power of 10.2 kWp can be obtained by multiplying together
module power of 340 Wp and module quantity in one string 30 pieces. Maximum
amount of parallel connected PV strings can be achieved by dividing target PV array
power with one string power. As a result, 36.7 strings is needed for reaching the
target and this should be rounded to the next integer resulting 37 parallel connected
strings. These parallel connected strings produce 377.4 kWp, which adjusts the
DC/AC ratio a little above 1.3.

3.2

Cable sizing

In the cable sizing phase, cables are sized to withstand the current from the PV
modules without excessive voltage drops. There are two DC cable types in PV
system depending if combiner boxes are used or not. String cables can be directly
connected to the inverter by using only single DC cable type. If the combiner boxes
are used, small string cables are combined into larger DC cables with DC combiner
boxes as discussed in Chapter 2.2.2. This structure decreases the amount of DC
cable but increases the cross section of cables due to higher current level. Sizing
process considers both system architecture options.
3.2.1

PV string cable

PV string cable can be chosen after the maximum short circuit current of the
PV module is determined. The short circuit current is affected by the ambient
temperature and it can be calculate by Formula 20.
Imax = Isc + [γIsc (Tmax − TST C )]

(20)

where Isc is the short circuit current of the module, γ Isc is current temperature
coefficient in A/◦ C, TSTC is maximum cell temperature and TSTC is STC temperature.
Short circuit current of 9.83 A can be obtained as a result when inserting known
values to Formula 20.
The maximum number of string inputs of Ampner ACETM 300 PV is 48, which is
sufficient for designed 37 string cables [16]. Maximum short circuit current rating of
the inverter is 700 A, resulting 14.6 A short circuit current rating In for each input
[16]. For the rated current must be apply that
In > 1.5Isc

(21)

In < 2.4Isc

(22)

In ≤ Imax_ocpr

(23)
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where Isc is module short circuit current and Imax_ocpr the maximum series fuse rating
of the module. [36] It can be stated that the system protection has been properly
provided when inserting values into Formulas 21, 22 and 23.
Common method for installing PV cables is bunching several PV strings and
install them to trenches or bury them into the ground. The ampacity of power cable
is influenced by the ambient temperature, the installation method and bunching with
other cables. Most of the PV cables can withstand up to 60◦ C temperature without
derating, but burying and increasing number of single-core cables in a bunch can
lower the ampacity of cable. Each factor has its own reduction factor how much they
are lowering the ampacity. Overall derating factor can be obtained by multiplying
each of the reduction factors. [7]
Prysmian group TECSUN(PV) has been selected for the PV string cable installation. Ampacities for single cable free on a surface at 60◦ C temperature and
resistances at 20◦ C temperature have been listed in Table 2. These table values
already consider derating factors for temperature and installation method but the
cable catalog itself does not editorialise ampacity reduction when bunching cables.
If six PV strings are considered in one bunch on a surface, the reduction factor can
be assumed as 0.57 [37]. By multiplying ampacities of the table with this derating
factor, it is noticed that each cross section ampacity rating is enough for the design
current 15 A.
Table 2: PV cable technical data for different cross sections. [38]
cross section (mm2 ) 2.5
4
ampacity (A)
39
52
resistance (Ω/km)
8.21 5.09

6
67
3.39

Another common structure option is to connect string cables through combiner
boxes to the inverter. Maximum string input for combiner boxes in e.g. ABB
catalogue is 32 [39], which result that at least two combiner boxes are needed per
inverter. 37 PV strings divided for two combiner boxes leads to configuration where
19 strings are connected to the first and 18 strings connected to the second combiner
box. The input fuses of combiner box are rated for 15 A, which is higher than the
design current in the distributed solution, and therefore resulting to same acceptable
conclusion.
3.2.2

Main DC cable

Main DC cable is needed if PV string cables are connected to the inverter by using
DC combiner boxes. For cable sizing, the current that goes from combiner boxes to
the inverter must be determined. The maximum output current of the combiner box
can be obtained by multiplying maximum number of PV strings connected to the
combiner box with maximum current of PV string. The combiner box with greater
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number of connected PV strings produces higher output current 187 A, and therefore
that is used for sizing purposes.
By dividing the output current with derating factors it is possible to calculate
design current for DC cables. In this design, positive and negative power cables are
buried separately in the 20◦ C dry gravel or clay. Installation method and temperature
of the soil give both derating factors for the ampacity. Installation method in 20◦ C
soil gives 0.95 and soil composition gives 0.85. Design current can be obtained by
dividing combiner box output current with product of derating factors. Therefore,
the main DC cables should be sized to withstand 232 A current. [37]
Prysmian TECSUN(PV) cables provide DC main cables as well, and thus it is
obvious choice to continue cable sizing process by using them. When correction
factors have already been taken into account, it can be seen that 50 mm2 cross
section can carry the desirable current. For comparison, couple more cross sections
have been chosen for further inspection.
Table 3: Main DC cable technical data for different cross sections. [38]
cross section (mm2 )
ampacity (A)
resistance (Ω/km)

3.2.3

50
70
95
276
347
416
0.393 0.277 0.210

AC cable

AC cable design current can be calculated by using inverter output current. The
current from PV array is higher than inverter ouput current but the inverter can
limit its output so that the maximum current limit does not exceed. Prysmian
AXMK-PLUS four core cable has been chosen for the design and its technical data
is presented in Table 4. DC resistances are announced in 20◦ C and AC resistances
in 70◦ C temperature [40].
Table 4: AC connection cable technical data for different cross sections. [40]
cross section (mm2 )
95
120
150
ampacity (A)
285
325
370
phase DC resistance (Ω/km) 0.193 0.153 0.124
phase AC resistance (Ω/km) 0.23 0.19 0.15
phase inductance (mH/km)
0.24 0.23 0.23
capacitance (µF/km)
0.75 0.80 0.80
The inverter has a maximum phase current of 279 A in 30◦ C. The cable sizing
can be provided considering that limit due to the unpredictable behaviour of the
ambient temperature. The AC cable is installed in same conditions than the main
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DC cable giving the same derating factor 0.8075. However, Prysmian catalogue
announces ampacities already for cables installed in ground, and therefore inverter
maximum phase current can be directly compared to the table values neglecting the
derating factor [40].
Each phase current can be separately conducted to the transformer by using
single-core cables. Easier and more cost-effective solution is to use multicore cables
as in this model. Therefore only one, larger cable is needed to conduct all phase
currents and the neutral wire. As it can be seen in Table 4, all cables are suitable to
conduct phase currents from inverter to transformer.
3.2.4

Voltage drop and loss calculation

After it has been ensured that the cables withstand the current from PV arrays,
voltage drop and losses are determined. For calculating voltage drop and losses, it is
essential to know cable lengths. In this model, cable lengths for single circuits are
approximated as in Table 5.
Table 5: PV system single circuit lengths.
approximated circuit lengths (m)
DC combiner box
No
Yes
string cable
60
60
DC main cable
40
AC cable
20 + 10 0 + 10

The approximation considers that the same amount of string cable is used in a
single circuit in the both design. Only one multicore AC cable is used in output of
the inverters. DC main cable is required double amount due to the negative and
positive poles. In addition, 10 meters AC cable is assumed in transformer connection
at the MW station. The model uses constant mean lengths for the cables ignoring
the natural cable length variation caused by physical installation restrictions of
the PV plant. Improvement of the approximation is discussed in detail during the
optimization in Chapter 4.
Single circuit cable lengths should be used when calculating voltage drops by
using Formula 6. The DC side voltage drops are calculated as a proportion of
inverter maximum voltage of the MPP range, which is 1200 V in 40◦ C. Voltage
drops in percents are presented in Table 6. DC main cable is neglected in distributed
solution. Voltage drops are caused by cable resistances and current flowing through
the cables. The voltage drop is higher with smaller cables due to inversely proportional
behaviour of cable cross section and the voltage drop. Also in smaller cross section
cable configurations, the voltage drop stays in reasonable level as well.
For calculating the system total cable losses using Formula 8, it is required to
know the total cable need for the system. All four inverters have 37 PV strings.
Therefore, the amount of string cable increases respectively. Two DC combiner boxes
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Table 6: PV system voltage drops in DC cables.
cross section (mm2 )
distributed solution
string cable DC main cable
voltage drop (%)
2.5
50
0.4
4
50
0.3
6
50
0.2
2.5
70
0.4
4
70
0.3
6
70
0.2
2.5
95
0.4
4
95
0.3
6
95
0.2

centralized solution
voltage drop (%)
0.7
0.5
0.4
0.6
0.4
0.3
0.6
0.4
0.3

are used per inverter resulting increase in DC main cable as well. The total amounts
of cables are listed in Table 7.
Table 7: Required cable amount in PV system.
total system cable (m)
DC combiner box No
Yes
string cable
8880 8880
DC main cable
320
AC cable
120
40

Prysmian provides cable resistances at 20◦ C temperature in their catalogue.
String cable were laid on a surface in bunch of six cables so that resistances should
be convert to correspond the ambient temperature. Resistance R at a temperature
T can be calculate by using Formula 24.
R = R0 [1 + γ(T − Ta )]

(24)

where R0 is conductor resistance at temperature Ta and γ is a temperature coefficient
of a conducting material. TECSUN(PV) cables are made from copper, and therefore
copper temperature coefficient of 0.0039 1/◦ C should be used in calculation. [38] [41]
AC resistances of the AC cables are rated for 70◦ C, which may be realistic
temperature in the ground in hot environment. Resistances of buried main DC cable
must be obtained at 70◦ C by using Formula 24. The cable losses are determined for
several different cable configurations in Table 8 by using Formula 9.
The cable losses are inversely proportional to cross section of the cable. This can
be concluded also in Table 8 where the losses are smaller when cable cross sections
are larger. The table presents that by choosing cables properly, it is possible to
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Table 8: PV system cable losses before MV transformer.
cross section (mm2 )
string cable DC main cable AC cable
2.5
50
95
4
50
95
6
50
95
2.5
70
95
4
70
95
6
70
95
2.5
95
95
4
95
95
6
95
95
2.5
50
120
4
50
120
6
50
120
2.5
70
120
4
70
120
6
70
120
2.5
95
120
4
95
120
6
95
120
2.5
50
150
4
50
150
6
50
150
2.5
70
150
4
70
150
6
70
150
2.5
95
150
4
95
150
6
95
150

distributed solution
power loss (kW)
14.0
11.2
9.6
14.0
11.2
9.6
14.0
11.2
9.6
12.9
10.0
8.5
12.9
10.0
8.5
12.9
10.0
8.5
11.8
8.9
7.3
11.8
8.9
7.3
11.8
8.9
7.3

centralized solution
power loss (kW)
14.7
11.8
10.3
13.2
10.4
8.8
12.4
9.5
7.9
14.3
11.5
9.9
12.9
10.0
8.4
12.0
9.1
7.6
14.0
11.1
9.5
12.5
9.6
8.0
11.7
8.8
7.2

achieve same level losses in both solutions. String cabling causes the biggest cable
losses in the system due to the small cross section of the cables. If cross section is
increased, the losses decrease due to smaller resistance. Even if the amount of string
cabling is large, the current level is relatively small, which causes low string cable
losses when large enough cross section is chosen.
By looking only Table 8, it would be beneficial to choose the largest cables
to achieve the smallest losses and the most power could be delivered to the PCC.
However, larger cables are more expensive and harder to install due to the stiffness.
That is why it would be better to choose smaller cables that still limit the losses
in reasonable level. Four inverters produce maximum 1152 kW, and thus all of the
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Table 9: PV system voltage drops in AC cables.
cross section (mm2 ) distributed solution
AC cable
voltage drop (%)
95
1.2
120
1.0
150
0.8

centralized solution
voltage drop (%)
0.4
0.3
0.2

Table 10: PV system active power losses in AC cables.
cross section (mm2 ) distributed solution
AC cable
power loss (kW)
95
2.1
120
1.8
150
1.4

centralized solution
power loss (kW)
0.7
0.6
0.5

cable configurations can still reach the target power at PCC after the losses. The
selection can be done only by based on the cable prices because the ampacity ratings
were investigated already earlier in this chapter.
One of the design targets was that inverter can feed full active power to the grid
and neglect the reactive power compensation. Therefore, cos(ϕ) is 1 and voltage drop
in AC connection cables can be obtained by using Formula 10. Voltage drops for the
AC connection cables are presented in Table 9. In distributed solution, larger AC
cable length produces higher voltage drops in AC connection cables. Active power
losses are also higher in distributed system. This is presented in Table 10.

3.3

Protection

Protection system ensures the safe operation of the PV power system. Not only grid
failures but natural threats such as lightning, flooding and strong winds all can also
damage the system causing system failures. National grid codes require many kinds
of protections for distributed generation. Common requirements are over-current
protection, lightning and surge protection and a means of disconnection.
PV system includes always over-current protection. It can be separate set of
protection devices or integrated in solar inverters. Both DC and AC side protection
are designed so that the overload currents and short circuits do not damage system
components and cables. The size of a over-current protection is determined by the
device used for over-current protection and the maximum current that can be safely
passed through the system components. PV module is a current-limited device and
the maximum current it can produce is Isc . The maximum short circuit current from
PV array is a sum of parallel connected PV strings multiplied with short circuit
current. The maximum short circuit current determines the protection device, of
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which must have larger short circuit breaking capacity than the maximum short
circuit current.
There is a limit for a fault-current to pass in either direction of a PV module
without damaging it called maximum series fuse rating or reverse current rating. For
the CS6U-340P the rating is 15 A [33]. When one PV string is faulted, others may
feed their current to the faulty string. If that current level exceeds the reverse current
rating, the modules in faulty string may be damaged. This is more common in PV
arrays where multiple strings are connected in parallel. To prevent this occuring,
string fuses or miniature circuit breakers should be used.
To determine whether fault-current protection is needed, it is essential to know
short circuit current rating of the PV array and the modules maximum series fuse
rating. This means that in a systems of more than four strings, fuses are almost
always used. Protection is usually provided with input fuses that are integrated
to DC combiner boxes or inverters. Fuses should be fitted for both negative and
positive string cable. Fuses must be rated 15 % greater than PV string open-circuit
voltage and have tripping current of less than twice of string short circuit current.
More specific requirements can be included in grid codes and national regulations.
Lightning and surge protection requirements are usually included in grid codes.
Surge arresters are needed when PV array has a rated capacity greater than 500 W
or the array feeds supply to critical loads. String inverters always create greater PV
arrays than 500 W, and therefore surge arrestors are already found in commercial
PV inverters. Grounding (or earthing) system of PV plant provides a grounding for
lightning protection and it also provides a path to fault-currents to flow.
Array current protection is necessary in grid-connected systems to disconnect
PV array from the inverter for safe maintenance. The disconnect (or isolator) must
be designed for direct current at the DC side to ensure the safe use. The switch is
usually located close to the inverter and requires locking to make sure that unwanted
reconnection is not possible.

3.4

MV transformer sizing

When choosing the transformer for power system, the two main actors are winding
voltage levels and power. The primary winding voltage is determined by the inverter
output 0.66 kV and secondary winding voltage is the medium voltage level of the
grid. In this example 21 kV is chosen for the medium voltage level. Transformer
should be sized according to maximum power produced by inverters. Four inverters
are connected to single transformer and together they produce maximum power of
1152 kVA. The kVA rating of the transformer shall match or be slightly larger than
the kVA rating of the PV system inverters. However, transformer should have not
been oversized excessively due to the increasing impedance. In this case, 1.2 MVA
step-up transformer is selected.
In grid-connected PV plants, transformer frequency should be corresponding
the distribution grid frequency, which in most of the countries is 50 or 60 Hz. It
is also essential that the transformer is designed for outdoor purposes, otherwise
additional housing must be purchased. Many transformer manufacturers have separate
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transformer series for solar power plant purposes. These transformers are already
designed for harsh weather conditions.
Turn ratio of transformer adjust the secondary winding voltage to 21 kV. By
using Equation 11, it is possible to calculate the transformer output phase current of
7.92 A. This current should be used as a design current for MV cables leaving from
the medium voltage transformer.

3.5

MV cable

MV cable connects the PV power system directly to the distribution network or
through high voltage (HV) transformer to the transmission network. MV cable
length is dependent on the of the size of the PV system, location of the MV and
HV transformers and distribution network structure. PV system should be able to
handle the voltage drop and losses that are caused also in the MV cables. Therefore,
the length between the MV transformer and the grid should be minimized.
Locating the MV transformer in the middle of the PV system is in most cases
more beneficial because otherwise the DC and LV AC distribution inside the system
increase. It is easier and more cost-effective to bring couple MV cables from the
middle of the system to the PCC than bring every other cable to the border of the
PV system. This causes that the MV cables are buried in the ground in the most
cases. Like other cable design currents, also MV cable should consider the safety
factor caused by the installation method. MV transformer output current is 7.92 A
and the design current increases to 9.81 A. The design current is relatively small
due to the small power output of the PV system, which means that ampacity rating
of the MV cable should not be high.

3.6

MV level structure

PV power system can be connected directly to the distribution network or to the
transmission network by using HV transformer. This type of small power plant would
be better to connect to the medium voltage grid for achieving more beneficial system.
However, in larger PV power systems, multiple powerblocks can be connected in
series and parallel. Medium voltage level structure is important part of the PV
system. Correct way of interconnection of powerblocks may decrease costs caused by
system failures by increasing investment cost.
Powerblocks can be connected in series with correct type of switchgears. The
interconnection can be worthwhile due to the less amount of MV cabling of the large
PV system. However, the interconnection of powerblocks leads to the increase of
total current in MV cables, which leads to the larger cables. Interconnection of three
powerblocks is illustrated in Figure 18. The MV cable connects the MV transformers
and is outlined in yellow in the figure. This is common type of connection when
there are only few powerblocks connected in series. However, if there happens a
fault in the closest powerblock of the PCC, the system loses all production that
powerblocks behind the faulted one are generating. Therefore, it is sometimes more
beneficial to increase the investment cost and build the backup line from the end
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of the powerblock chain. This is outlined in red in Figure 18, and it connects the
transformers to the PCC also from the top of the transformer chain. If powerblock is
faulted in chain, switchgear isolates it and the others will continue their production.

Figure 18: Powerblocks can be connected in series and parallel to build cost-effective
system.
If there are multiple powerblocks interconnected together, the system output power
increases so that the system is better to be connected directly to the transmission
grid. To connect the PV system into the transmission grid, HV transformer is needed
to step up the voltage to appropriate level. As in sizing of MV transformer, same
requirements must apply with HV transformer. This time, primary winding voltage
must corresponds the medium voltage level and the secondary winding high voltage
level of the network. HV transformer power should be rated according to the PV
plant power connected to it. If there is more than one powerblock connected to HV
transformer, the transferred power and the transformer rating should be calculated
by using Equation 13. Transformer should be also designed to withstand the grid
frequency.
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4

Optimal powerblock size for string inverters

This section discusses about finding the optimal solution for the PV system by
illustrating how the optimization tool was implemented and automated. The most
cost-effective PV plant design can be achieved only by determining the most costeffective powerblock size and structure. After the optimal powerblock size is known,
PV systems of different capacities can be designed by using these powerblocks. The
powerblock size for centralized and distributed structure solutions are compared for
powerblock size up to 30 inverters. It is known that the site conditions and the
installation location effect to the system price, and therefore it is possible that the
optimal solutions found in this chapter, are not the most optimal for every sites.
Therefore, only approach towards finding the most optimal solution in Portugal
is presented in this chapter, but the actual optimization was automated by using
Microsoft Excel spreadsheet software. The automation of the optimization is required
in case of finding optimal design for different locations in the future.

4.1

Approach to the model

There are several factors that determine the cost-effectiveness of the PV system.
Some of these factors generate variation in profitability between either powerblock
sizes or system structures and some factors increase the cost linearly as a function of
powerblock size. PV modules are good example of this kind of factor: twice as powerful
powerblock needs approximately twice as much PV modules as well. The variation
in cost-effectiveness curves is generated by the costs that changes non-linearly as a
function of the powerblock size. Because of these variation generating factors, it can
be assumed that the most cost-effective powerblock size and system design can be
found. The most important factors that effect non-linearly to profitability of the
powerblock size are:
• main DC cabling costs
• AC cabling costs
• logistic costs
• transformer costs
• RMU costs
• civil work.
In addition of non-linearity in cost of system components, the difference between
two system structures comes from the required component quantities. The necessity
of combiner boxes and cable lengths varies between two structures. Therefore, it can
be assumed that the differences highlight when the system size and non-linearity in
cost increase.
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4.1.1

Unit prices of the system components

The optimal system design is highly dependent of component prices and civil work
cost. The component prices have been gathered in addition of Ampner’s knowledge,
from multiple component suppliers and also approximations from Energy Authority
of Finland. Due to the confidentiality, names of the companies that are used as a
source for cost information are excluded from the thesis. Some of the prices had to be
extrapolated and interpolated from the received information. In practice, component
suppliers are always tendered for the project and the unit prices may vary according
the order quantity. Therefore, the price build-up may also change according to the
PV system power. In the optimization process, the unit prices are equal for each
system size from 300 kW to 10 MW.
Cost of many system component follows the same kind curve as Figure 19
illustrates. The smaller components are highly expensive compared to larger ones.
Anyhow, the component costs of the largest systems are more higher than the
component cost of average size systems. Therefore, the different components are
creating cost nadirs at different system sizes, which together creates the cost nadir for
the whole system size. It can be assumed that the nadir will take a place somewhere
in the middle of the powerblock size curve.

Figure 19: The transformer cost behaviour creates nadirs at different system sizes.
There are couple cost segments excluded from the thesis such as civil work,
logistics and monitoring. These have all impacts in the cost-effectiveness of the PV
system. However, these are excluded due to the uncertainties in costs or quantities.
The effects of these excluded factors to the optimal solution are discussed further in
Chapter 5.2.5.
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4.1.2

PV module configuration

As discussed in Chapter 2.1, the PV string length can differ based on the I-V curve
of the module at the specific temperature and so the configuration of the whole
PV array can be different by choosing a different module. However, this is more
the consequence than a cause when PV modules are tendered for the system. The
optimization uses example PV module for the utility-scale projects Jinko Solar
JKM330PP-72-V. The CrSi module has an output power of 330 Wp, which places
in the general power output range. In sensitivity analysis in Chapter 5, the it is
investigated further how the profitability of the system changes when using different
PV modules. [11]
Ambient temperature of the installation location is needed for the PV array
sizing. Portugal has been chosen for the installation location due to its promising
investments in solar energy in the future as discussed in Chapter 2. Over half of the
1.4 GW capacity brewed in Portugal will be designed in central-northern Portugal
Centro region [32]. By looking weather data of this area, the required weather and
installation data for the design can be obtained. The optimization does not take
a stand the exact location of the PV plant, but the necessary information for the
design can be reached from the coarse approximation of the location, Portugal,
Centro region. Several weather data of the region were investigated, and the average
temperature range 0 to 40◦ C was chosen for the optimization purposes. The elevation
of the installation was assumed to be less than 1000 meters.
4.1.3

Inverter selection

Conventionally in the inverter sizing, if the voltage range of the PV string is wider
than the MPP voltage range of the inverter, a less powerful inverter should be used.
The MPP voltage range can be increased by decreasing the inverter power. However,
the PV array voltage is dependent from the temperature, and therefore it changes
constantly. The inverter starts it operation when the PV array voltage reaches the
MPP voltage range. The time difference between reaching the actual operational
limit from transgressive voltage in the mornings can be vanishingly small and so can
be the power lost during the time difference as well. The same thing can happen
also in days when the inverter is operating in upper limit of the temperature range.
Therefore, it is possible that the more powerful inverter can collect higher energy
yield during the year, even if there are some occasional moments during the day
when the inverter is not operating. The voltage curve and time required for the
changing voltage vary between different conditions, and thus the profitability must
be calculated project-specific for the location.
In this optimization, the PV array voltage is wider than the MPP voltage range
of the most powerful Ampner ACETM model [16]. However, the model is being used
in basis of the two factors. It is assumed that the mean amount of the additional
power achieved during the day because of the higher power of the inverter is greater
than the lost power during the mornings and evenings. In addition the average
temperature limits were estimations from the databases, and therefore they may not
be precise. The voltage ranges and limits are listed in Table 11. Minimum voltages
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were calculated in adjusted cell temperature 71.25◦ C. It is beneficial to use the
inverter model of the highest power to achieve the most cost-effective system design.
At 40◦ C temperature, maximum output power of the inverter is 300 kVA.
Table 11: Voltage characteristics of the inverter and the PV array in the site conditions.
inverter upper Voc limit
inverter lower Vmpp limit
PV string maximum Voc
PV string maximum Vmpp
PV string minimum Voc
PV string minimum Vmpp

1500
978
1513
1219
1212
977

V
V
V
V
V
V

It is assumed that the PV systems from 300 kW to 10 MW are connected in
MV network. PV system design must follow local grid codes. There is no Portugalspecific grid code available in public, so the optimization considers the Spanish grid
code [42]. There are no specific design limits in the grid code, even if there are
multiple operational limits for undervoltage, reactive power compensation and fault
ride through. However, there is no requirement to feed full power while injecting a
certain amount of reactive power to the grid with the specific voltage. Therefore, the
inverter is responsible of the requirements and they should not be considered in the
PV system design. The effects of the grid code requirements to the most optimal
system design are discussed in the sensitivity analysis in Chapter 5.
In the optimization, the inverter power should not be limited due to the assumptions and requirements of the grid code. However, the reactive power must be
generated to compensate the impedances of the MV transformer and power cables.
The reactive power requirement reduces the inverter cos ϕ to 0.998 and active power
to 299 kVA.
The PV array sizing is done according to the method presented in Chapter 3.1
after the inverter model is chosen. Preparing for the aging and degradation of the
PV modules is done by oversizing the PV array 1.3 times larger than the inverter
power at maximum temperature. The optimization end up using 30 modules in series
and 40 strings connected in parallel to single inverter by following the calculation
method presented in Chapter 3.1.
4.1.4

String cable approximation

String cable is essential component of the system that connects PV strings to the
combiner boxes or directly to the inverters. If all PV arrays are similar, a single PV
array connected to the combiner box or inverter contains always the same amount of
string cable. Therefore, it can be assumed that if the PV system power is doubled,
also the amount of string cable is doubled.
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The string cabling does not effect to the cost-effectiveness between different
powerblock sizes but it has a big impact to the total cost of the system and it should
be minimized. The amount of the string cable decreases when more modules are
connected in a single PV string due to the increasing number of PV strings. The
amount that cabling decreases depends on the PV modules, PV array power, string
lengths and module installation layout. Figure 20 illustrates the difference between
string cable lengths and module quantity in a PV string.

Figure 20: String cabling increases if the number of series connected PV modules in
string decreases.
String cable need increases linearly when the powerblock size increases. As said,
even if it does not create variety in profitability between different system sizes, it
is still significant factor what comes to cost-effectiveness of the PV system. The
string cable amount were approximated with the calculations that were based on the
PV module size, the number of modules per string and the space between other PV
strings. String dimensions for vertically installed PV modules must be calculated
separately. The physical string length can be obtained by adding the width of the
connection plate of the mounting structure between two PV modules to the width
of the module and multiply the length of the structure with the number of the PV
modules in string. The width of the string can be determined by multiplying the
length of the module with cosine of the tilt angle and adding space that prevents
module shadowing for both sides of the string. In this optimization, PV modules are
arranged vertically and the tilt angle is fixed to 15◦ . It is important to notice that
the length and width of the PV module are opposite if the modules are installed
horizontally.
After PV string dimensions are calculated, they must be relocated so that the
amount of string cabling is the smallest possible. This can be done so that the
inverter or combiner box is assumed to be installed at the end of first PV string.
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After that, PV string is placed next to it or behind it depending on the length and
width of the building PV array. Figure 21 illustrates the string cabling calculation
and shows that the length of the both, positive (red) and negative (blue) conductors
are increasing when the string is set further from the inverter. If only couple PV
strings are needed, they are most likely set to the first row due to the smaller distance
between the string and the inverter or the combiner box. However, when the string
amount increases, the cabling to the next row is shorter than adding a new string in
the same row.

Figure 21: Required amount of string cable can be approximated using the PV string
dimensions. Red and blue line illustrate the positive and negative cables of a DC
system.
The calculation method leads to asymmetrical PV array where first row contains
the most of the strings, the next much less and so on. For smaller powerblocks this
is suitable order but for larger powerblocks it complicates the multiple PV array
layout. Because of that, strings should be evenly divided to form rectangular PV
array so that it contains multiple parallel PV strings in one to three rows depending
the most cost-effective solution. The string cabling increases a little compared to the
most optional solution but not significantly.
The different module layout can save the total string cabling. Modules can be
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installed to racks independently either horizontally or vertically. In addition, some
racks allows the several horizontal or vertical modules to be connected on top of
each other. Different layouts save string cable while reduce the shadowing preventing
area required between the strings. However, the shadow that is cast by the modules
is highly dependent of the location and ground shape, and can be determined only
by looking the solar irradiation curve of installation site during the year. In the
optimization, the single vertical module layout is used.
4.1.5

DC main cable and LV AC cable calculation

DC main and AC cabling increase exponentially when the cables from the PV arrays
are jointed to the MV transformer. The exponential increase of cabling is caused
by the physical restrictions of the site because the next PV array connected to the
transformer is always located a one PV array further than the previous one. Layouts
of the whole PV arrays connected to the transformer were approximated as PV string
layouts before. In Figure 22 can be seen that the PV arrays are located around
the transformer to shorten the distance between inverters and transformer in the
distributed solution. In centralized solutions, inverters are replaced by combiner
boxes and PV array sizes are calculated according to their channel quantities.

Figure 22: PV arrays circle the MV transformer to avoid excessive cabling.

4.1.6

Cable selection

After the cable lengths are determined, the cable size must be chosen accordingly.
Same Prysmian cables are chosen for the optimization than were used in the model
design in Chapter 3. However, the optimization considers much more cable sizes due
to the different size powerblocks. The optimization tool has been created so that the
cable type and manufacturer can be easily changed for the future projects.
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The optimization tool takes into account four different topics: ampacity rating
and its safety factor, voltage drop, investment cost and cost of the losses. The cable
size selection starts by defining technically suitable cables where the ampacity rating
of the cable does not exceed and voltage drop stay within the defined limits. The
voltage drop is ignored in this optimization because it is impossible to select any cable
for higher powerblocks due to the very long circuits. However, for smaller powerblocks
that are most likely more cost-effective solutions, the voltage drop limitation is a
good method to improve system efficiency.
The second step in the selection is the cost calculation. Because the amounts
of the different cablings are approximated, also the investment cost of the cable
can be approximated. In addition, the losses and therefore the cost that is lost for
cable losses can be determined for fixed cost per watt price. The most optimal cable
would be the one where the combined cost will be the lowest. As the result of the
optimization, the smallest possible cable is not chosen due to the high cabling losses.
4.1.7

MV station

The transformer detailed specifications depends of the transformer chosen. Therefore,
approximations of the impedances and losses are used for the optimization purposes.
The impedance of the transformer is approximated to be 6 % and real losses 1 % of
its rated power for all system sizes. Losses of LV and MV switchgears were neglected.
There are multiple different protection devices for the PV system for both, LV
and MV sides as discussed in Chapter 2.2.5. The LV protection design include
enclosure, switch fuses and fuses. The price is approximated by combining the prices
of independent components. The price for MV switchgear is inquired from several
companies. The optimization would not need the specific protection equipment, but
only the approximation of the price.
4.1.8

Connection of powerblocks

As discussed in Chapter 3.6, providing a backup for the chained powerblocks can
greatly increase the cost-effectiveness of the whole PV system. The benefit for the
backup can be calculated as a sum of scenarios where all powerblocks get faulted
during the year and the power behind them is lost.
Icable < ce to

m
∑
n=1

tn

n
∑

Pk

(25)

k=1

where Icable is the investment cost for the backup cable, sum of Pk is the amount of
power that cannot be feeded into PCC in energy units, tn is the downtime per year,
to is the estimated operating time for the PV system and ce is the cost per kilowatt
hour. The downtime per year can be calculated from the statistical failing data of
the system components and it can be assumed as equal for each powerblocks. For
three series connected powerblocks, Formula 25 can be expressed as
Icable < ce to (t1 P1 + t2 (P1 + P2 ) + t3 (P1 + P2 + P3 ))

(26)
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The thesis concentrates PV systems using one transformer between 0.3 - 10 MW
so that further investigation of the backup is excluded from the thesis. However,
the estimation of profitability should be considered in cases where multiple MV
transformers are connected in parallel. In the optimization, a constant MV cable
length of 1000 m is used for grid connection and the PCC is assumed to be in MV
level.

4.2

Optimization results

The structure of the PV system built with string inverters depends of many things as
it is discovered in Chapter 3. This model used certain initial values to approximate
the profitability of the structures and powerblock sizes. Initial values used for the
comparison of up to 30 inverter powerblocks were determined and explained in
Chapter 4.1, and this section presents results and component quantities of different
powerblock sizes and structures. Chapter discusses about the solutions individually
and then compares them. It is important to notice that the results, and therefore
the structure comparison are valid only for the designated example project.
4.2.1

Distributed solution

In distributed architecture of the PV system, there is no DC cable used if the string
cabling is ignored. Instead of that, the inverters are located close to the PV arrays
and module strings are connected directly to the inverters. Therefore AC cables are
connecting inverters to the MV transformer. In PV system design, the PV array
design is the crucial factor, that may lead to poor designs and excessive costs. As
a result of the optimization, Table 12 presents the number of PV modules and PV
strings, as well as the amounts of cabling in distributed system architecture.
Table 12 shows the linearity between the PV modules and the powerblock size.
The reason why module quantity do not increase exactly linearly when the powerblock
size is increased is the discreteness of DC power. The DC side power can be increased
or decreased only by changing string quantity of the inverter because the quantity of
PV modules is already fixed and different string lengths would change the current
flows in PV array. Therefore, even if the DC/AC ratio is fixed to be 1.3, the
optimization tool finds the closest possible string amount that still provides the
desired oversizing ratio.
Table 12 also presents how large factor in PV system the cabling is. The cabling
increases exponentially and already in powerblocks of three inverters, the string
cabling is over 10 km. The amount of AC cabling increases a little slower than
the string cabling but the exponential increase is also visible from the Table 12.
The slower increase is caused by the smaller amount of inverters than PV strings.
However, the main thing that Table 12 is presenting is that the cabling, and therefore
the civil work for the cable installation, is one of the largest cost in PV system that
can be affected with the proper PV system design.
Table 13 instead of presenting quantities of the components, presents the DC and
AC powers of the systems. The AC is presented for both, the powerblock without
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Table 12: PV array characteristics and cable lengths for different powerblock sizes in
distributed solution.
inverter PV module PV string
quantity
quantity
quantity
1
1200
40
2
2370
79
3
3570
119
4
4740
158
5
5910
197
6
7110
237
7
8280
276
8
9480
316
9
10650
355
10
11820
394
11
13020
434
12
14190
473
13
15390
513
14
16560
552
15
17730
591
16
18930
631
17
20100
670
18
21300
710
19
22470
749
20
23640
788
21
24840
828
22
26010
867
23
27210
907
24
28380
946
25
29550
985
26
30750
1025
27
31920
1064
28
33120
1104
29
34290
1143
30
35460
1182

string cable
(m)
4237
8474
12711
16947
21184
25421
29658
33895
38132
42369
46605
50842
55079
59316
63553
67790
72027
76263
80500
84737
88974
93211
97448
101685
105921
110158
114395
118632
122869
127106

AC cable
(m)
10
20
109
198
287
375
543
711
879
1046
1293
1540
1786
2033
2358
2684
3009
3335
3739
4143
4548
4952
5435
5918
6401
6885
7447
8009
8571
9133

losses and at the PCC where the losses of the system are also considered. Also, the
losses are listed in Table 13.
DC power increases corresponding the module quantities presented in Table 12.
AC power is the inverters power at specified temperature operating at specified power
factor. The inverter power is multiplied by the quantity of the inverters in each
powerblocks. The power delivered to PCC is the actual power that the system is
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Table 13: Power characteristics for different powerblock sizes in distributed solution.
inverter DC power
quantity
(kWp)
1
396
2
782
3
1178
4
1564
5
1950
6
2346
7
2732
8
3128
9
3515
10
3901
11
4297
12
4683
13
5079
14
5465
15
5851
16
6247
17
6633
18
7029
19
7415
20
7801
21
8197
22
8583
23
8979
24
9365
25
9752
26
10148
27
10534
28
10930
29
11316
30
11702

AC power of the powerblock
(kW)
299
599
898
1197
1497
1796
2095
2395
2694
2993
3293
3592
3891
4191
4490
4789
5089
5388
5687
5987
6286
6585
6885
7184
7483
7783
8082
8381
8681
8980

losses
(kW)
5
11
17
24
31
39
47
56
65
73
84
94
105
115
127
136
147
159
172
182
195
208
222
236
250
265
281
295
311
327

power delivered
to PCC (kW)
294
588
880
1173
1465
1757
2048
2339
2629
2920
3209
3498
3787
4075
4363
4654
4941
5229
5515
5805
6091
6377
6662
6948
7233
7518
7801
8086
8369
8653

feeding to the grid. It is the inverter power reduced by the losses. Losses in Table 13
represent transformer and cable losses. Transformer losses are assumed to increase
linearly, but it can be noticed that the losses of the system increase exponentially
due to the increasing cabling.
Combination of power delivered to PCC and cost of the system generates the
cost-effectiveness curve, where it is possible to define the nadir that presents the
most profitable solution. For the distributed system the cost-effectiveness curve is
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Figure 23: Cost-effectiveness curve of the distributed architecture of the PV system.
illustrated in Figure 23. It can be seen that the curve is a parabola, which has the
nadir around the powerblock of 10 inverters.
The smallest powerblock sizes are not so cost-effective due to high component costs
and low power as illustrated in Figure 19. However, already five inverter powerblocks
start to be profitable to design and implement. The profitability between different
powerblock sizes is quite marginal between the range of 5 to 15 inverters but the
cost-effectiveness is clearly decreasing after that. The higher cost for power of the
larger powerblocks is cause from the increased system cabling.
The most optimal solution is the point where the cost divided with the power
delivered to PCC is the lowest. That point is the nadir of the cost-effectiveness
curve, which means that decreasing or increasing inverters makes the solution less
profitable. For this model, with the initial values chosen for the design, the nadir is
being located at the point of 10 inverters powerblock. That means slightly less than
3 MW at the PCC. As said, the difference between powerblock sizes between 5 to
15 inverters is quite marginal so that it can be assumed that the excluded factors
from the system design could change the location of the nadir in the curve. The
sensitivity analysis in Chapter 5 discusses the possible impacts of the factors that
the optimization neglected.
After the optimal powerblock size and PV system structure are known, it is
important to know how the cost of the system has been consists of. The precise
investigation can lead to the situation where the system can be designed even more
profitable. Figure 24 represents the price build-up chart illustrating the shares of the
cost of different segments.
As can be noticed, the chart does not include PV modules, which would easily
rule the largest share of the pie chart. In addition, civil work, administrative costs,
logistics and monitoring are excluded from the graph, as they have been excluded
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Figure 24: Price build-up of the most cost-effective powerblock size of the distributed
architecture.
from the optimization. Therefore, the chart must be interpreted with caution. The
price build-up chart presents that the inverters takes the largest segment from the
system cost after exclusion of some factors. In fact, the whole grid-connecting unit
including inverters, transformer and protection devices is generating the highest
cost of the system. The cost of these components can be effected only by a proper
tendering in the design phase of the system. However, there are things that can be
done to reduce the cost of the system. The cabling takes approximately one fifth of
the total cost, and that can be effected by optimizing the amount of cabling. The
method for the cable length approximation were discussed earlier, and the sensitivity
analysis in Chapter 5 covers different scenarios how the cable length varies in different
PV system designs.
4.2.2

Virtual central

In centralized structure of the PV system, the AC cable is used only to connect
the centralized inverters to the MV transformer. Instead, PV strings are routed
to the inverters through the combiner boxes to increase the current and decrease
the cabling. As in previous Chapter 4.2.1 with the distributed architecture, Table
14 presents the number of PV modules and PV strings, as well as the amounts of
cabling in centralized system architecture.
Virtual central architecture of the PV system requires one additional initial value
for the design, which is the channel quantity of the combiner boxes. Most of the
combiner box manufacturers offer boxes up to 32 channels as discussed in Chapter 2,
which still would lead to two pieces in this optimization model due to the required
40 strings per inverter. Thus, the optimization uses combiner boxes that have 24
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channels which means that by using two boxes, it is possible to achieve same string
amount per inverter than in distributed architecture. The effects of the number of
channels are discussed further in the sensitivity analysis in chapter 5.
Table 14: PV array characteristics and cable lengths for different powerblock sizes in
virtual central solution.
inverter
quantity
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

PV module PV string
quantity
quantity
1200
40
2370
79
3570
119
4740
158
5910
197
7110
237
8280
276
9480
316
10650
355
11820
394
13020
434
14190
473
15390
513
16560
552
17730
591
18930
631
20100
670
21300
710
22470
749
23640
788
24840
828
26010
867
27210
907
28380
946
29550
985
30750
1025
31920
1064
33120
1104
34290
1143
35460
1182

string cable
(m)
3578
7157
10735
14314
17892
21471
25049
28628
32206
35785
39363
42941
46520
50098
53677
57255
60834
64412
67991
71569
75147
78726
82304
85883
89461
93040
96618
100197
103775
107354

DC cable
(m)
40
80
435
791
1146
1502
2173
2844
3515
4185
5172
6158
7145
8131
9433
10735
12036
13338
14956
16573
18190
19807
21740
23673
25606
27538
29787
32035
34283
36531

By looking Table 14 it can be concluded that the PV module and string quantities
do not differ from distributed architecture. The PV module and string quantities
increase almost linearly as they increase in the other structure. However, the amount
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of the both cablings change. The string cabling and DC cabling increase exponentially
in centralized systems as well. The differences between two architectures of the
system are discussed in the comparison section in Chapter 4.2.3.
Table 15 presents the energy yield of the system for the first year and for the
whole period of operation. As with the distributed solution, the output energy of the
system does not increase linearly due to the exponentially increased cabling losses.
Therefore, it can be assumed that the energy injected to the grid per inverter is the
highest in smallest possible powerblock. In Table 15 it can be seen that one inverter
can feed 294 kW to the grid but 30 inverters only 8692 kW meaning slightly less
than 290 kW per inverter.
The cost-effectiveness curve in Figure 25 illustrates that the profitability of the
powerblock of the single inverter is not the most desirable solution for the design,
even if the injected energy is the highest per inverter. From the graph can be stated
that the curve is very similar than before with the distributed solution. First four
powerblock sizes are not so profitable but the sizes between 5 to 15 inverters creates
solutions where the cost per watt is becoming already quite low. The difference
between the cost-effectiveness of the sizes differs only by marginal. Higher powerblock
sizes become less efficient solutions due to their increased DC cabling costs.

Figure 25: Cost-effectiveness curve of the centralized architecture of the PV system.
The price build-up chart in Figure 26 is presenting how the system cost is built. As
in distributed solution, the chart neglects the PV modules, civil work, administrative
costs, logistics and monitoring.
The chart in Figure 26 proves what is already known. The DC distribution is
taking over a large share of the total cost of the system. The AC connection cable
has only a small portion of the chart. The station is therefore one fourth of the total
cost and inverters are covering a majority of the costs as it covered in distributed
architecture as well. The differences and similarities between these two systems, and
their cost-effectiveness curves and price build-up charts, are discussed in Chapter
4.2.3.
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Table 15: Power characteristics for different powerblock sizes in virtual central
solution.
inverter DC power
quantity
(kWp)
1
396
2
782
3
1178
4
1564
5
1950
6
2346
7
2732
8
3128
9
3515
10
3901
11
4297
12
4683
13
5079
14
5465
15
5851
16
6247
17
6633
18
7029
19
7415
20
7801
21
8197
22
8583
23
8979
24
9365
25
9752
26
10148
27
10534
28
10930
29
11316
30
11702

4.2.3

AC power of the powerblock
(kW)
299
599
898
1197
1497
1796
2095
2395
2694
2993
3293
3592
3891
4191
4490
4789
5089
5388
5687
5987
6286
6585
6885
7184
7483
7783
8082
8381
8681
8980

losses
(kW)
5
11
17
23
30
37
44
52
60
69
78
87
96
106
117
123
134
144
156
163
175
186
198
210
222
235
248
260
274
288

power delivered
to PCC (kW)
294
588
881
1174
1467
1759
2051
2342
2634
2925
3215
3505
3795
4085
4373
4666
4955
5244
5532
5823
6111
6399
6686
6974
7261
7548
7834
8121
8407
8692

Structure comparison

In this chapter, the profitability and component quantity differences are compared
between these two architectures of the PV system. The PV module quantities, as well
as PV string quantities, are equal between the two system architectures. However,
the centralized architecture makes the actual PV array more beneficial due to the
decreased string cabling as can be noticed in Tables 12 and 14. Decreased string
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Figure 26: Price build-up of the most cost-effective powerblock size of the centralized
architecture.
cabling would save civil work, but due the unpredictable working hours, it is neglected
at this point. The amount of string cabling that the centralized architecture saves
is approximately 300 m to 6300 m for powerblock sizes between 5 to 15. As stated
in Chapter 2.3 where differences between two system architectures were discussed,
the reduction of the string cabling is caused by the several point of string cabling
instead of one in the PV array due to the usage of combiner boxes.
However, what centralized solution saves in string cabling, it loses in the DC
cabling. Two combiner boxes were used per inverter in this optimization. Both boxes
have a positive and a negative conductor between them and the inverters at the MV
station. Therefore, there are four DC cables between the PV array of the single
inverter and the inverter itself. In AC solution, this can be provided with a single,
more expensive multicore AC cable, and so save from the total cabling. Because of
the exponential increase of cabling, the one cable versus four cables becomes the
main factor in profitability of the system.
The single-core string cable is cheaper and its installation cost is much less than
larger powercables. Therefore, it does not matter much how much string cable is
saved in centralized system due to the dominant role of the DC and AC cable to the
MV station. However, this installation considered two combiner boxes per inverter
due to the limited number of channels in combiner boxes in the present markets. If
a single combiner box could be used with the desirable number of channels, that
would reduce the DC cabling by a half while making the string cabling equal to
the distributed architecture. At the same time, AC cabling can be provided by
connecting a cable per phase if there is no multicore cable available. In that kind
of situation, the cabling can increase higher in distributed architecture. However,
there should be plenty of cable selection in the markets, and commonly inverters are
connected to the transformers by using a single AC cable.
By looking Tables 13 and 15 that list the behaviour of the powers in PV system for
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different powerblock sizes, it is noticed that the DC side power, as well as the inverter
output power is equal in each system. Instead of that, the powers delivered to PCC
differ between the system architectures. That is the result from the differences in
the cabling architectures. The amounts of the DC and AC cabling differs. However,
even if the DC cabling is higher and the cost is much more, the amount is not the
dominant factor when investigating how much power is delivered to PCC. Instead of
that, the cable characteristics will provide lower losses in centralized system. The
optimization finds the large DC cables, cross section of 240 mm2 , more suitable for
the centralized architecture, and larger cables have smaller impedances as Formula
8 proves. In the distributed architecture, the optimization uses smaller AC cables,
cross section of 95 mm2 that have higher impedance leading to higher losses, even if
the circuit is smaller.
However, the losses stay reasonable and the difference between these two architectures is 39 kW at its maximum, and only 4 kW at the nadir of the cost-effectiveness
curve. Due to the slight difference of the injected power, it can be assumed that the
amount of the losses is not the dominant factor in the cost-effectiveness curve. Instead
of that, the increased cabling can highly effect to the profitability of the system.
Figure 27 is combining the profitability curves of the two PV system architectures
and Figure 28 presents the close-up between 5 and 15 inverter powerblocks.

Figure 27: Cost-effectiveness curve comparison.
Figure 27 illustrates the curves that present the cost-effectiveness of the systems.
Figure 27 presents that the distributed solution is always more cost-effective than
the centralized one. In this optimization, the nadir of the both curves occur at the
same powerblock size. It cannot be assumed that the nadirs take the same place in
every optimization and design.
The most cost-effective solution founded in this optimization is the powerblock of
10 inverters in distributed architecture. However, the optimization ignores multiple
factors as discussed in Chapter 4.1, and therefore it is presumable that the difference
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Figure 28: Close up figure from graph 27 between powerblocks of 5 and 15 inverters.
in profitability between the system architectures weights much less in the total system
where the excluded factors are considered.
The price build-up charts present that the MV station and the inverters are
covering the majority of the system costs now when the PV array costs are neglected.
Therefore, by providing the power station design that aims to lowest possible LCOE,
it is possible to achieve great savings. In addition, by routing the cables so that the
amount of cabling is minimized, it the cost of the system can be decreased and the
system architecture can be simplified.
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5

Sensitivity analysis

A sensitivity analysis is required to investigate the validity of the optimization, and to
determine the factors that would effect to the profitability of the systems further. The
sensitivity analysis can be divided into two different sections; operating conditions
analysis and system component analysis. The operating conditions analysis will
investigate how ambient temperature effect to the founded solution and how stricter
grid code requirements will change the nadir in cost-effectiveness curve. PV systems
are complex structures containing a lot of components that are all behaving differently
in different conditions. The system component analysis will cover things such as
how different component choices and their prices effect to the solution. Only the
factors that are doubted to have the highest impacts to the cost-effective solution
are investigated here.

5.1
5.1.1

Operating conditions analysis
Regional location

The regional location of the PV installation have impacts on both, operating conditions and system components. The availability in components location-specific varies,
as varies the cost level of the components and the civil work. However, even larger
impact of the regional location is in the actual PV system performance. Energy yield
and temperature range vary a lot depending especially the latitude of the installation.
Therefore, it can be assumed that for example in the northern regions where there is
no that much solar radiation available during the year, the PV systems may have a
lower profitability if compared to installations near the equator.
As stated in chapter 2.2.1, temperature and installation altitude effect to the
optimized PV system solution because there are less ventilation in higher altitudes
due to the thinner air. Inverter power is decreasing when the temperature increases.
Ampner ACETM has its maximum power when it is operating below 30◦ C. The
nominal power can be achieved at 40◦ C and zero power at 60◦ C due to the power
limitation caused by the high ambient temperature. The changing power in different
ambient temperatures will affect to the cost-effectiveness of the solution. The ambient
temperature used in optimization should correspond the real temperature of the
installation location accurately to reduce the uncertainty of the optimization. In the
optimization, historical weather data were collected from multiple online sources to
combine one trustworthy temperature range. [16]
5.1.2

Grid requirements

The optimization set the PCC to the medium voltage level in Chapter 4.1.8, and
there was no specified requirements to product full power while feeding reactive
power to the grid. Therefore, the system was designed for the cos ϕ of 1 and the PCC
at the MV level. It is still known that the grid requirements can change the system
design and its profitability. Therefore it can be investigated how the cost-effectiveness
curves are changing if the requirements change.
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The power production of the inverter can be limited if the voltage limit of the
electricity network branch is exceeding. If there is undervoltage requirements, the
inverter voltage and power are limited and the cost per watt of the system is increased.
The profitability of the system also suffers if there is cos ϕ requirement for the inverter
to feed reactive power into the network and support the grid. However, if there is no
much available sunlight, the inverter has also capacity to support the grid. Therefore,
it can be only stated that the requirements generate always higher cost per watt than
solutions where the grid code does not require power limitation or reactive power
capability while the system is operating at its full power.
Changing the connection from the MV to HV grid will lead to the situation where
the PV system must be included with the HV transformer. As it was illustrated in the
graph in Figure 19, transformer prices varies greatly as a function of its power. The
curve would probably look very similar with the HV transformer in lower powerblock
sizes, since there are only few HV transformers with small power available in markets.
Instead of creating nadir, the curve would probably decrease during the analysis
interval when the transformer size and power are becoming more typical for HV
transformers. Therefore, it can be assumed that the nadir would move rightwards in
the cost-effectiveness curve in Figure 19.
The PV system systems need proper cables for the HV connection as well. The
voltage is high, which leads to the very low current. Therefore, only small cross
section cables are needed for the connection. That does not increase the system
cost significantly, and most of all, does not create variation between the systems, or
system sizes.

5.2

System component analysis

Many of the components of the PV systems are required for the proper operation of
the system and if the tendering is neglected, the system designer cannot effect the
cost-effectiveness of the system by choosing the components for example transformer
and protection switchgears. However, there are also components that change the
PV system layout and change the profitability of the plant. Properly chosen PV
modules, mounting structures, combiner boxes and inverters can change the PV
system topology so that the required area, civil work, logistic and cabling costs
decrease. In this chapter, the effect of factors that has an impact to the system
design is discussed.
5.2.1

Power density of the PV module

Most of the area required for PV system is covered with PV modules as discussed
in Chapter 2.1 so it is obvious that the highest cost of the PV system comes from
the PV modules. Thus it is assumed that the end user may achieve huge savings
by tendering multiple module suppliers. There are plenty utility-scale PV module
manufacturers, and by looking their supplies, it can be noticed that the typical power
output range of CrSi PV modules has increased over 300 to slightly over 400 Wp.
The module high power is partly achieved by increasing the physical size of the
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module but higher-power modules also use more advanced technology to increase
the efficiency. Therefore they may be more expensive than lower-power modules.
However, their power density is much higher which may compensate the additional
cost of PV modules in somewhere else.
The high power density of PV modules lead to physically smaller PV system.
Smaller, equally powerful, PV system will require less land to purchase by the
customer. It also saves a share of the civil work. Even if the cost per watt-peak
may be higher in powerful modules, the quantity of the modules in PV system
decreases. The reduction of the modules effects to the PV string layout and the
installation work. PV string layout becomes more simple and the amount of the
cabling decreases. Figures 29 and 30 illustrate how the string cabling and DC main
cabling changes when three different PV modules from Jinko Solar: JKM300M-60-V,
JKM330PP-72-V and JKM400M-72L-V. Three different modules have all different
I-V curve and therefore the number of modules connected in series varies. The
quantity of the PV modules and strings also varies due to the changing power. The
actual values are given in Table 16 for single inverter at the optimization temperature
and conditions. [11] [43] [44]

Figure 29: Module with higher output power may save string cabling in the PV
system.
It can be noticed in Figures 29 and 30 that the solution with the module of
highest power density requires least cabling. The other two modules approximately
share the PV array size and the amount of cabling, even if the PV string layout is
completely different. Therefore, it cannot be assumed that the cabling decreases only
by increasing the power density of the PV module.
For calculating benefit originated from the high power density of the PV module,
a real tendering should be executed. The cost of the cabling that could saved due to
more expensive PV modules having higher power density could profitable in some
cases. However, this depends highly on the project and project-specific investigation
must be executed.
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Figure 30: High-power density of the module can effect decreasingly to the required
area of the PV array, and thus decrease the AC cabling, and hence also DC cabling
in centralized architecture.
Table 16: PV array characteristics for three different PV modules. [11] [43] [44]
PV module
JKM300M-60-V JKM330PP-72-V JKM400M-72L-V
module power (Wp)
300
330
400
module qty
1332
1209
986
module qty in string
36
31
29
string qty
37
39
34
module area (m2 )
1.64
1.94
1.98
power density (Wp/m2 )
182.9
170.1
202.0
PV array area (ha)
0.48
0.47
0.39

5.2.2

The module mounting structure

The power density of the whole PV system can be increased with the proper PV
module layout. In the optimization, the mounting structure where single module
string can fit is assumed. However, the module layout configuration have an impact
to the PV system cost-effectiveness. There are multiple mounting structures available
that allows the installation where PV modules are installed one on top of the another.
These racks may be more expensive and more complex to install. However, these PV
module mounting structures provide more dense installation of the PV modules, even
if the space between mounting structures must be increased to avoid shading. When
the same amount of PV modules can be installed in smaller area, the civil work, land
purchasing and system cabling decrease. The system cabling also decreases due to
the different cabling method between simple and complex mounting structures. This
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is illustrated in Figure 31, where the blue lines present the connection cables of the
grey module junction boxes and the red line is the required string cable. Figure 31
presents the series connection of six PV modules. It can be notice that if the string
length increases, the difference in the amount of string cabling increases even more.

Figure 31: Different PV module mounting structures can save cabling cost of the PV
system.
The price of the special mounting structures is assumed higher, and without
the real tendering it cannot be stated is it better to save from the string cabling
or mounting structures. It is known that string cable is inexpensive but with the
additional civil work and decreased PV array area, the cost may become significant.
If the special mounting structures are neglected, the string cabling can be affected
by other means as well. It can be assumed that the string cabling could increase in the
situations where the strings are mounted horizontally due to the increased physical
length of the PV string. However, in this layout, the space between other strings
is reduced due to the smaller required area for shadowing. The actual distance for
shadowing should be determined before estimating the profitability of the horizontally
mounted PV modules, and thus the scenario is excluded from the analysis.
5.2.3

Channel quantity of the combiner boxes

In centralized solution, combiner box channel quantity may be crucial factor to
determine the system structure and cost. Multiple combiner boxes cost more and
they increase the main DC cabling from combiner boxes to inverter. However, using
multiple combiner boxes reduces the necessity to combine all PV strings at the same
point in PV field. Therefore the amount of the string cable can be greatly decreased.
Figures 32 and 33 illustrate the relation between the combiner box quantity and the
amount of DC main and string cabling.
It can be seen in Figure 32 that the DC main cabling increases exponentially as
a function of increasing powerblock size. Two combiner boxes double, three boxes
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Figure 32: Multiple DC combiner boxes increase the DC main cabling.

Figure 33: Multiple DC combiner boxes decrease the string cabling.
triple and four boxes quadruple the DC main cabling. In smaller powerblock sizes,
the change in amount of cabling is minor, but in larger powerblock sizes the effect
highlights.
The amount of string cable behaves differently when number of combiner boxes
is increased as can be seen in Figure 33. The difference in cabling amount between
usage of one and two combiner boxes is significant. The option where two combiner
boxes are used over one, saves approximately 27 % of string cabling. This is achieved
only by connecting PV strings of the inverter, not only one, but two different points
in the PV field. The effect is already a little slighter, 20.8 %, when comparing the
options where two and three combiner boxes are used, and even less, 20.6 %, when
comparing options with three and four junction boxes. Therefore, it can be assumed
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that it could beneficial to use more than one combiner box to save cabling, but the
profitability decreases after a certain combiner box quantity.
The number of the combiner boxes bringing the most savings can be determined
through cost calculation. After the cable amounts are known, the benefit of using
multiple combiner boxes can be calculated by using cable and combiner box cost
data. The amount of string cable is much higher than amount of DC main cable
in PV system. Therefore, the amount of string cable saved due to the additional
combiner boxes could be assumed as the dominant factor when considering the
cost-effectiveness. Figure 34 and its close-up Figure 35 illustrate the cost-effective
solution.

Figure 34: The benefit of multiple combiner boxes varies as a function of increasing
powerblock size.

Figure 35: Close-up of Figure 34 for the range of 1 to 10 inverters.
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The cost data of the cables and combiner boxes together with the calculation
methods of the research result choosing one combiner box to achieve the most optimal
design. Even if the amount of the string cabling decreased when moved from one
combiner box design to multiple combiner box design, the higher cost of the DC cable
makes the solutions still less profitable. Now, the profitability calculation neglects
the civil work required for the cable laying and installation. Therefore, it is possible
that the decreased string cabling could bring the bigger savings for the end user at
some powerblock sizes.
5.2.4

Cabling cost analysis

It is worth to investigate when the centralized architecture becomes more profitable
solution to be used in design. This chapter investigates how much the DC cable
price should decrease to achieve the intersection of the cost-effectiveness curves at
the range of 5 to 15 inverter powerblock where the differences in cost-effectiveness
are only marginal. The intersection is illustrated in Figure 36.

Figure 36: Decreasing DC main cable cost creates the intersection of the curves and
makes the centralized architecture more profitable.
The price of the DC cable must be decreased to the decimal of the original price.
It is very improbable that the DC cable cost would decrease this much. However,
through the increase of the AC cable price together with the lower DC cable price, it
is possible that the centralized architecture becomes more profitable design solution.
It is good to be aware that the cable price can be the factor that determines the
profitability between these two system architectures.
5.2.5

Excluded factors of the optimization

As stated beginning of the optimization in Chapter 4.1.1, there are a few things that
has been excluded from the optimization due to the uncertainties or the small effect
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to the conclusion. Monitoring is less expensive and less complex in the centralized
solution due to the saving of the SCADA interfaces. However, the monitoring is
only a small portion of the whole system cost, and therefore it is neglected from the
optimization. It is still important to understand that there are multiple monitoring
solutions available for the PV systems which may bring savings and user-friendliness
for the end user.
Civil work is excluded from the optimization due the uncertainty of the estimated
working hours as discussed in Chapter 4.1.1. In additon, the civil work cost would
vary based on the installation location. The civil work would affect to the price
build-up but not much to the best solution due the need despite the system size.
However, the cabling increases exponentially when the powerblock size increases.
Therefore, it can be assumed that civil work cost favours the smaller powerblock sizes.
On the other hand, there could be slightly smaller prices for larger projects. Including
the civil work to the optimization, data of PV systems of different sizes should be
collected. Because of the lack of data, the optimization neglected administrative cost
as well.
The other cause that was excluded from the optimization were logistic costs.
Because of the lack of real tendering of the component suppliers it is impossible to
obtain prices for delivery of different components even if the installation location is
known. The logistic cost is highly dependent of the component sizes and amounts.
Usually components are shipped in sea containers after tendering. However, the
optimization tries to find the most optimized powerblock size between 300 kW and
10 MW. That results tendering of many different component amounts and custom
deliveries. For example, larger transformers may be rare and expensive requiring a
special shipment. It can also be possible that some larger PV system components
are impossible to deliver to the installation sites.
Larger powerblocks are also troublesome because more inverters are connected
to the single MV transformer. Increasing amount of inverters connected in LV side
decreases the effective impedance of the transformer. Small effective impedance makes
the PV system more vulnerable due to the stability issues. However, this depends of
the impedance of the transformer and control system adjustment of the inverters.
Because of the possibly high logistic costs and decreasing effective impedance and
the marginal difference between reasonable and optimal size powerblocks in results,
it can be assumed that the real optimized powerblock size can be found already
somewhere between 5 to 15 inverter powerblocks in these optimization parameters.
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6

The simulated energy output of the optimized
PV system

The power of the PV system does not necessarily correspond the actual energy
production of the system as the energy output is dependent of the losses of the
system and the PV system production is highly correlated by the solar irradiation of
the system. That is the reason why PV power plants are tendered based on cost per
energy unit. Therefore anterior cost per watt study is not sufficient as it stands to
determine the most cost-effective powerblock size or the system structure. In this
chapter, the actual energy outputs of the PV systems designed in the previous chapter
are investigated by simulating them with the PVsyst simulation tool. The simulation
tool illustrates the energy output for the years of operation while considering among
other things system losses, actual radiation and degradation of the PV array. Chapter
also deepens to the oversizing of the PV system by simulating the energy production
with different DC/AC ratios to determine the benefit that can be achieved through
oversizing.

6.1

Performance ratio of the PV system

The performance ratio (PR) is one of the most important factor when evaluating the
efficiency of the PV system. The performance ratio is the ratio of the actual energy
produced at the site compared to the amount energy could have been generated based
on available solar energy at the effective conversion area of the PV array. Simply
put, the performance ratio informs the ratio of the actual and theoretically possible
energy outputs. [45]
The higher the performance ratio of the PV system is, the more efficient it is.
Due to the unavoidable losses of the PV system, 100 % PR is only the theoretical
limit. High-performance PV systems can achieve over 80 % performance ratios. The
optimum analysis period for the ratio is one year. [45] The performance ratio of the
PV system decreases over the lifetime of the system due to the basic degradation and
increasing mismatch of the PV modules. Because of the degradation of the modules,
the system performance ratio decreases as well.

6.2

The optimal solution based on energy production

The energy yield and performance ratio are highly location related. Thus, it is
impossible to announce the actual profitability of the system without investigating
solar irradiation maps for the specfic location. The energy production of the PV
system is studied using PVsyst simulation software. PVsyst uses meteorological
data for the location by using an interpolation method of the Meteonorm software
that provides monthly meteorological data for any location on the earth. PVsyst
integrated data is collected from the years 1991 - 2010.
By looking the PVsyst meteodata, the 40◦ C temperature has been preserved for
the minimum Vmpp design. However, 30◦ C temperature has been chosen for the
usual operating temperature under 1000 W/m. The temperature limits are the same
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for each system size, and thus chosen initial values do not bring any variety for the
cost-effectiveness.
The similar PV system configurations are built separately in PVsyst to achieve
corresponding energy production for the systems. In addition of PV design, the
simulation tool requires multiple initial values which are gathered either from anterior
optimization or approximation. For example, cable losses are acquired from the
cable selection done in Chapter 4.1.6 but the reflection factor called albedo is only
approximated to be 0.2 to correspond installation on dry soil. However, from the
optimization point of view, multiple factors have no impact to the most optimal
solution due to the similar effect in every solution. Therefore, possibly imprecise
approximations do not harm to the optimization process. Self-consumption of the
system and transformer losses are also excluded from the simulation.
Due to the annually decreasing performance ratio, also energy production decreases. Therefore, the total energy injected to the grid is not the same than energy
production in the first year multiplied by the operation time of the system. The
degradation factor of an individual PV module is assumed to be -0.28 % and mismatch
degradation factor -0.03 %. By the end of 25th year of operation, the PV array has
degradated 19.6 %, which is still within the specified warranty.
The characteristics of the PV systems were simulated for powerblocks of 1, 6, 11,
16, 21, 26 and 30 inverters separately, and rest powerblock sizes were interpolated
from the simulated results. The simulation data is presented for distributed solution
in Table 17 and for centralized solution in 18. Tables present cabling losses, energy
production at year one and at 25 years of operation, and performance ratio at year
one and at year 25 for each powerblock sizes.
Comparing Tables 17 and 18 it can be noticed that the energy that is injected
to the grid increases when the PV system increases. That is obvious result from
additional power generating components. Anyway, the injected power of 30 inverter
powerblock is not ten times higher than injected power of 3 inverter powerblock, but
slightly less. That is a result of an exponential increase in cabling of the PV system,
and further exponential increase in system losses.
The energy yield is generally better in centralized solution due to the lower cabling
losses. The average performance ratio of the PV system over the years of operation
can be calculated as an average of first and last years ratio. For all powerblocks, the
average performance ratio is slightly under 80 %, which means that the PV system
is well designed as discussed in Chapter 6.1. However, the simulation neglected
the transformer losses and self-consumption, so it can be assumed that the actual
performance ratio should be a little lower. Nevertheless, as it was stated above
in Chapter 6.2, those factors have similar impact to all powerblock sizes and both
solutions, and thus do not change the place of nadirs in the cost-effectiveness graph
illustrated in Figure 37.
The curves are quite similar than they were in Figure 27 where the cost per
watt has been investigated. The nadir is around 11 inverter powerblock, and the
distributed solution is more profitable in each powerblock size. However, there is
variation in centralized solution curve, and in this study, the centralized architecture
becomes slightly more competitive solution against distributed architecture due to
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Table 17: Simulated statistics of the optimized distributed PV system designs.
inverter
quantity
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

cabling losses
losses (%)
0.65
0.67
0.84
0.93
0.99
1.04
1.14
1.22
1.28
1.34
1.43
1.51
1,58
1.64
1.72
1.72
1.78
1.84
1.92
1.92
1.99
2.04
2.12
2.17
2.23
2.29
2.36
2.41
2.47
2.53

energy production
(MWh/year) (MWh/25 years)
603
13816
1197
27387
1790
40958
2383
54530
2976
68101
3569
81672
4160
95177
4750
108682
5341
122187
5931
135692
6522
149197
7111
162663
7700
176129
8288
189594
8877
203060
9466
216526
10053
229949
10640
243373
11227
256796
11814
270220
12401
283643
12986
297007
13571
310371
14155
323735
14740
337099
15324
350463
15905
363730
16485
376997
17066
390264
17646
403531

performance ratio
year 1 year 25
0.874
0.720
0.874
0.720
0.873
0.720
0.873
0.719
0.872
0.719
0.872
0.719
0.872
0.719
0.871
0.718
0.871
0.718
0.871
0.717
0.870
0.717
0.870
0.717
0.870
0.716
0.869
0.716
0.869
0.715
0.869
0.715
0.869
0.715
0.869
0.715
0.868
0.714
0.868
0.714
0.868
0.714
0.868
0.714
0.867
0.714
0.867
0.713
0.866
0.713
0.866
0.713
0.866
0.713
0.866
0.713
0.865
0.712
0.865
0.712

the lower losses and higher energy production during the time of operation. Anyway,
the scale of the graph is small, and the differences in cost and energy production
between powerblock sizes are slight so that it is assumed that the differences between
the powerblock sizes are not that great than it looks in Figure 27. It can be concluded
that the suitable powerblock size is approximately the same no matter if comparing
cost per watt or cost per energy unit.
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Table 18: Simulated statistics of the optimized centralized PV system designs.
inverter
quantity
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

6.3

cabling losses
losses (%)
0.65
0.65
0.77
0.84
0.89
0.93
1.01
1.08
1.13
1.18
1.25
1.31
1.37
1.42
1.48
1.46
1.52
1.56
1.62
1.62
1.67
1.71
1.77
1.81
1.86
1.90
1.96
2.00
2.04
2.09

energy production
(MWh/year) (MWh/25 years)
603
13816
1197
27378
1790
40940
2384
54503
2978
68065
3572
81628
4163
95175
4754
108723
5345
122270
5937
135817
6528
149365
7118
162857
7708
176349
8298
189841
8888
203333
9478
216826
10067
230304
10657
243782
11246
257260
11836
270738
12425
284216
13012
297639
13599
311061
14186
324484
14773
337906
15360
351329
15943
364661
16527
377993
17110
391325
17693
404658

performance ratio
year 1 year 25
0.874
0.720
0.874
0.720
0.874
0.720
0.873
0.719
0.873
0.719
0.873
0.719
0.873
0.719
0.872
0.719
0.872
0.718
0.871
0.718
0.871
0.718
0.871
0.718
0.871
0.717
0.870
0.717
0.870
0.716
0.870
0.716
0.870
0.716
0.870
0.716
0.869
0.716
0.869
0.716
0.869
0.716
0.869
0.716
0.869
0.716
0.868
0.715
0.868
0.715
0.868
0.715
0.868
0.715
0.868
0.715
0.867
0.714
0.867
0.714

The impacts of the DC/AC ratio on the system costeffectiveness

Increasing DC/AC ratio makes the PV system more expensive and generates higher
cost per watt than in lower ratios. However, cost per watt is not the valid unit in
cases where DC/AC ratio is increased. The energy produced by PV power plants
tends to be sold for energy, not power. Instead of aiming low cost per watt, the design
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Figure 37: Cost per energy unit as a function of the powerblock size.
should aim only to increase the cost per energy unit maximizing the performance
ratio of the system. Nevertheless, the cost per watt is very similar unit than cost per
energy unit and optimization of cost per watt of the system until some point will
give very similar results than cost per energy unit.
The effect of the DC/AC ratio is studied by simulating powerblock of six inverters
in PVsyst. Table 19 illustrates the energy production, overload losses and performance
ratio of the PV system for different DC/AC ratios for the first year operation and
also the energy production for the estimated operation time.
Increasing DC/AC ratio affects positively to the power injected to the grid. The
performance ratio informs the ratio of the actual and theoretically possible energy
outputs, and therefore the increasing power is achieved only through the additional
PV modules. If the cabling losses are neglected, the power of the system and the
quantity of the PV modules rise in the same proportion. However, the cabling losses
increase exponentially when the PV array increases and the proportion of the power
increase is always a little less than the proportion of the module number increase
when system has no overload losses.
The performance ratio of the PV system starts to decrease after a corner point
when DC/AC ratio is increased. The effect is caused by the increasing losses due the
oversizing. Inverter limits the power production to its maximum output power limit,
even if there is more solar radiation available, and the performance ratio decreases.
It can be assumed that the amount of the power injected to the grid saturate at
some DC/AC ratios when the inverter operates always at its maximum power.
There is no overload losses when the system is operating at DC/AC ratios between
0.6 to 1.2. However, DC/AC ratios below one mean that the inverter is oversized for
the project and the PV array cannot produce more power for the inverter even if
the inverter capacity could be sufficient to feed more energy to the grid. Therefore
a smaller inverter can bring savings for the system owner while injecting the same
amount of energy to the grid.
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Table 19: Variable DC/AC ratio affects to the overload losses, performance ratio and
energy production of the PV system.
DC/AC cable loss
ratio
(%)
0.6
0.52
0.7
0.57
0.8
0.66
0.9
0.72
1
0.81
1.1
0.87
1.2
0.97
1.3
1.04
1.4
1.15
1.5
1.21
1.6
1.3
1.7
1.4
1.8
1.52
1.9
1.59

6.3.1

energy production
(MWh/year)
1660
1934
2206
2478
2749
3020
3305
3569
3813
4033
4232
4422
4584
4731

performance overload losses
ratio
(%)
0.874
0
0.875
0
0.875
0
0.875
0
0.875
0
0.875
0
0.874
0
0.872
0.3
0.866
1.2
0.856
2.5
0.842
4.1
0.826
6.0
0.81
7.9
0.792
9.9

Profitability of oversizing

The behaviour of the performance ratio is needed for calculating the annual power
production of the system. After the annual production is known, the benefit of
oversizing over the system time of operation can be calculated as stated in Formula
27, where the Ei is the year i additional energy achieved through oversizing, ce is the
selling price of the energy and to is the operation time of the system in years.
P = ce to

to
∑

Ei

(27)

i=1

As an example, the additional power achieved by oversizing the PV array from
DC/AC ratio 1 to 1.3 is 18863 MWh after 25 years of operation. Energy price for
PV systems that has been tendered for 2019 in Portugal is 45 EUR/MWh [32]. The
profit from the additional power injected to the grid due to the oversizing becomes
approximately 850 kEUR.
For determining the actual profit, investment cost of the additional components
and cost of the civil work must also be included to the analysis. When increasing the
DC/AC ratio from 1 to 1.3, the number of PV strings increases by 55, resulting to
1650 additional PV modules. 55 PV strings increases the amount of required string
cabling approximately by 6250 m. AC cable in distributed architecture increases
by 70 m which means 140 m in centralized architecture due to the required two
conductors from the combiner boxes to the inverters. Besides these inclusions, also
amount of the module racks, installation work and logistics increase. Available
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components and local costs should be known for calculating the profitability of the
increase of the DC/AC ratio. However, even without actual tendering of system
components and work, it can be concluded that DC/AC ratio of the PV system effect
to the most cost-effective solution when designing the PV system.
6.3.2

Optimized DC/AC ratio for the PV system

If there are no restrictions such as installation area, components or tight schedule, it is
better calculate the optimal DC/AC ratio for the system before implementation phase
to achieve more cost-effective system. The additional energy the system can feed to
the grid during its lifetime can be worth much more than the additional investment
costs when the system is built. By looking the profitability of the oversizing, the
additional power gained through oversizing decreases when the high DC/AC ratio
starts to create overload losses in the system. At some point, the additional energy
from oversizing is smaller than the estimated investment costs and there is the corner
point for oversizing.
However, by using Formula 27, the profit from oversizing can be estimated over
the system lifetime. This key figure must be compared to additional investment costs
that are needed for achieving higher DC/AC ratio. By comparing different DC/AC
ratios, and the benefits they bring to the cost of the PV system design, it is possible
to determine the most optimal DC/AC ratio for the system. Figure 38 illustrates the
cost per energy unit as a function of DC/AC ratio for powerblock of six inverters.

Figure 38: The increase of the oversizing ratio creates nadir in the cost-effectiveness
curve.
The optimal DC/AC ratio can be easily determined by looking the curve. The
ratio that provides lowest cost per energy unit can found at the nadir of the parabola,
around 1.3 and 1.4. However, the optimization of the DC/AC ratio excluded multiple
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factors that effect to the cost-effectiveness of the system, and therefore it can be
assumed that the nadir of the parabola moves, and the steepness of the parabola
moderates. By including every cost segments into the analysis, the nadir would
probably move leftwards due to high civil work and logistic costs for larger PV arrays.
It is still known, that the design where oversizing ratio is aimed to be one, is
at least poor design due to the PV array degradation. In the optimization, the
degradation is considered for the total energy, so it must be considered also for
determining the best ratio. Therefore, even if the nadir would move to leftwards
in the cost-effectiveness curve, it cannot move below one. The best solution would
take a place somewhere between over 1 and 1.4 in Portugal Centro region. Most
probably the 1.3 ratio would generate very cost-effective solution, even if the nadir
moves slightly leftwards in the original curve of profitability.
The DC/AC ratio is increased by attaching more parallel connected PV strings
to inverter. It means that the input current of the inverter increases. Therefore, at
the same time than watching the cost-effective solution, the inverter maximum total
input current as well as short circuit rating must be applicable for the oversized PV
array. If the current gets too high without proper protection, the inverter will be
damaged and the energy production will be lost. For the largest model of ACET M
string inverter series, the maximum oversizing ratio was announced to be 1.5 when
the inverter is operating at its maximum short circuit current, and thus there is no
problem with the current limit.
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7

Conclusions

The thesis concentrated to find the most optimal utility-scale PV system design
for three-phase string inverters.The optimization compared powerblocks of 1 to 30
inverters and study included two different system architectures, distributed and
centralized. The results of the thesis presented that by designing the PV systems
according to the technical constraints and collecting the cost of the systems, it was
possible to compare profitabilities of the systems. The profitability is investigated as
a cost per power unit and cost per energy unit. The PV system design is dependent
from the location, and therefore the thesis concentrated to discuss the optimization
methods that the implemented optimization tool utilizes.
The most cost-effective system designs were found for both system architectures
at the same powerblock size, which in this optimization was 10 inverters, 3 MW.
However, the differences were marginal between the powerblock sizes of 5 to 15
inverters. The study also indicated that the distributed architecture was more costeffective solution in all cases. Some factors were excluded from the optimization due
to uncertainties in unit costs or quantities, and therefore it cannot be concluded
that the found solution is the most optimal after taking all the excluded factors into
account. However, it can be assumed, that the profitability of the system does not
change considerably due to marginal differences. Due to the excluded factors, nor
could stated that distributed solution being more profitable system architecture.
The centralized system architecture could save string cabling compared to distributed architecture due to the combiner boxes. However, by using positive and
negative conductor between the inverter and the combiner boxes, the main DC
cabling increased. In the distributed solution, the inverters could be connected to
the transformer by using single multicore AC cable. Therefore, the amount of AC
cabling was much smaller than the DC cabling in centralized architecture. The
string cabling was cheap, and therefore the cabling from the PV array to the MV
station was the dominant factor when calculating profitability. Even if the cost by
meter of the multicore AC cable was much higher, the reduced amount made it more
profitable solution than the DC cable in centralized architecture.
Price build-up of the system architectures were investigated excluding the PV
array cost. The largest segments were inverters and MV station. The next largest
factor was cabling, which can be affected by a proper design and cable routing. The
total amount of cabling was enormous, and therefore most of the sensitivity analysis
concentrated to investigate how the cabling could be reduced.
The sensitivity analysis investigated how the power density of the PV module,
module layout and channel quantity of combiner boxes changes the cabling of the
system. The profitability of the system was directly proportional to the power density
of the PV array. However, the analysis also proved that in some cases the lower
power density of the PV module could lead even to higher string cabling cost due
to changing PV array structure. The string cabling reduced in the systems where
higher amount of modules can be connected in strings, and thus the modules of high
power density would not necessarily bring profit for the system as it was discussed.
What was affecting to the amount of cabling was the PV module layout and
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mounting structures. The mounting structures where two strings are connected on
top of each other and the length of the PV string is only 15 modules, the required
amount of string cable is saved greatly due to the smarter interconnection of the
modules. The profitability of the special mounting structures can be known only by
tendering them and comparing their additional cost to decreased string cabling, PV
array area and civil work.
In the centralized system architecture, smaller channel quantity of the combiner
boxes increased the number of the combiner boxes, and so the DC main cabling.
However, larger amount of cabling points in the PV field reduced the string cabling.
The amount of string cabling was high but due to its inexpensiveness, it had not
large impact to the system profitability. Therefore, the lower channel number, or
higher combiner box quantity, always led to higher cabling costs.
In the sensitivity analysis, the cost-effectiveness curves were forced to intersect
by reducing the cost by meter of the DC cable to one tenth of the original. The
scenario was purely illustrative since the amount of reduction was very unconventional.
Already at powerblock of 11 inverters, the curves were intersecting. It can be stated
that the cabling cost can change the political parties of the two system architectures.
In this optimization, the lower DC cable cost could make the centralized solution
equally profitable with the distributed solution.
Some of the costs were excluded from the thesis but effects of these factors were
discussed. By including the civil work, larger systems became less profitable due to
the increase in cabling and installation work. Included logistics would also make the
smaller powerblock sizes more profitable due to problems in delivering the system
components to the site. Included monitoring instead could probably decrease slightly
the cost of the centralized system due to the smaller number of SCADA interfaces.
The energy yields of the systems were simulated for both system architectures
and different system sizes considering the individual cabling losses. The costs of
the systems were divided with the energy yields to implement results as a cost per
energy unit. The best system size was 11 inverters for both system architectures.
The powerblock size did not change considerably despite if the profitability of the
system is measured in cost per watt or energy unit.
The effect of the DC/AC ratio to the system profitability was investigated
separately for powerblock of six inverters by simulating the energy yields for the
DC/AC ratios between range from 0.6 to 1.9. After that, the same systems were
implemented in the optimization tool so that the system costs were calculated. The
optimal DC/AC ratio was found to be between 1.3 and 1.4 in the optimization. With
smaller DC/AC ratios than the optimal, the system did not feed as much energy to
the grid as it could and the system became less cost-effective and correspondingly in
larger ratios the oversizing losses reduced the system output .
The optimal design should be determined project-specific. The thesis concentrated
to build and present the optimization tool and introduced the method of the tool by
creating an example optimization. However, the optimization in different locations
including all the excluded factors such as civil work, logistics and monitoring requires
a further investigation. In addition, the similar optimization including BESS should
be executed to implement even more profitable PV systems.
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8

Summary

This master’s thesis was commissioned by Ampner Oy and it concentrated to find
the most optimal utility-scale PV plant design for three-phase string inverters by
considering PV system designing methods, technical constraints, amount of system
components and their cost. The optimal solution might change depending on solar
irradiation, ambient temperature, installation altitude and many other things, and
thus it was expected that the optimal solution found in the thesis is not the optimal
design in every location. The thesis presented the approach and results of the
optimization, but the optimization tool created for the automation of the optimization
has been excluded from the public part of the thesis.
Chapter 2 introduced the principle, system components, architectures and markets
of the PV systems. Chapter 3 discussed about the PV system design by implementing
an example PV plant design. After that, Chapter 4 concentrated to the optimization
of the PV system. The most important thing in the PV system optimization was
the powerblock size and the system architecture. Chapter 5 contained the sensitivity
analysis of the optimization. Before the conclusions, Chapter 6 investigated the
optimal solution based on simulated energy yields. Chapter 6 also discussed about
the optimal oversizing ratio of the PV system.
The optimization considered powerblock sizes from 1 to 30 inverters, powerblocks
of 300 kW to 9 MW, and two different structures: distributed solution and virtual
central. The approach towards finding the most optimal solution was presented in
the fourth chapter, but the actual optimization was automated by using Microsoft
Excel spreadsheet software. The most profitable system architecture found by the
optimization was the distributed structure for each powerblock size. This was caused
by the high cost of the DC distribution. However, The cost-effectiveness solution
occured at the same powerblock size of 10 inverters, powerblock size of 3 MW. The
differences in profitability are marginal between the powerblock sizes between 5 and
15 inverters. The largest segments in the system cost pie chart were the MV station
components, inverters and cabling after the PV array costs were excluded.
The sensitivity analysis of the optimization concentrated to cabling of the system
because that was a significant cost in the PV system, and was the largest difference
between the two system architectures. It was found that the power density of the PV
system can decrease required area for PV array and save cabling of the PV system
by making the PV array smaller. However, this cannot be concluded because of the
changing PV array design. PV modules with smaller power have smaller voltages,
and thus they can be connected much more in series. The systems where more PV
modules were connected in series were more cost-effective, and therefore smaller
power density could lead to more profitable solution in some cases.
The mounting structures and the combiner box quantity had an impact to system
cabling. Special mounting structures could save string cabling and civil work of cable
installation, but they cost more than the basic ones with the single row. In addition,
the smaller channel number of the combiner boxes, meaning higher combiner box
quantity per inverter, saved the string cabling due to increased points of coupling in
the PV field. However, the DC main cabling increased due to higher number of the
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total output cables of combiner boxes. The cost of saved string cabling was much
smaller than the cost of increased DC main cabling, and therefore the design should
only aim to use as few combiner boxes per inverter as possible.
Some of the factors had to be excluded from the optimization due to the uncertainties. However, it was discussed how they could effect to the optimal design found
in this thesis. It was also investigated, that by changing the DC cable unit prices, it
was possible to make the cost-effectiveness curves to intersect and the centralized
system architecture more profitable.
The cost-effectiveness optimization was expanded to consider also comparison in
cost per energy unit. The simulation was done with PVsyst simulation tool. The
tool used location-specific solar irradiation and temperature data to determine the
actual energy output of the PV systems in question. The most profitable powerblock
size was the 11 inverters, and more cost-effective architecture was the distributed.
The optimal oversizing ratio was determined in the thesis by simulating the
powerblock of six inverters powerblock, which DC/AC ratio varies between 0.6 and
1.9. The cost per energy unit was investigated as a function of DC/AC ratio and the
most optimal ratio was found between 1.3 and 1.4. Outside the range the oversizing
losses and increased cabling losses or power clipping reduced the energy yield of the
system, and made the system less profitable.
The thesis offered encompassing proposal of the cost-effective PV system design
that considers multiple factors such as powerblock size and system architectures.
The profitability of the system has been considered in two different measure of units,
cost per watt and cost per energy unit, to increase the validity of the study. The
sensitivity analysis also discussed vividly about the variable factors that affect to the
optimal solution. The thesis proved that by designing the PV system properly, it is
possible to achieve great savings through cost-effective system. However, PV systems
are always projects that are tendered separately, and therefore it is known that the
optimal solution must be found separately for each project. The thesis left also
possibility for follow-up research by excluding several factors from the optimization.
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