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Summary

The wind power industry today is very interested in solutions that will lower the
cost of energy without compromising the technical performance of wind power
plants in order to ensure that wind power remains competitive. For countries
with ambitious energy targets for the future, this has become increasingly im-
portant. The present thesis challenges the traditional set up of wind power
plants by investigating if using higher voltages in the collection grid results in
improved technical performance and economic bene�ts of wind farms.

The goal of this thesis is to make a technical and economic comparison of two
wind farms with a 33 kV and 66 kV collection grid. A model of both wind farms
have been designed and implemented in Digsilent Powerfactory. The technical
performance in terms of active power losses, reactive power capabilities, fault
current and impact of using wind turbine tap changing transformers are eval-
uated through simulations in Powerfactory. Based on the design and technical
performance of the 33 kV and the 66 kV wind farm, the economics are assessed
in terms of installation cost and annual energy production.
The technical and economical evaluation are based on various conditions of the
wind farms in terms of dispatched active power level and voltage set points of
the wind turbines and at grid connection. The results of each wind farm are
discussed and compared against each other. Furthermore, the reactive power
capabilities are compared against the Danish grid code requirements.

Overall, the analysis of the technical performance and economics of both wind
farms gave similar results and any di�erences between the wind farms were small.
With this in mind, according to the comparison carried out, the bene�ts of using
66 kV are lower losses, slightly higher yields and lower fault currents compared
to using 33 kV. However, the comparison also revealed some withdrawals of using
66 kV in terms of a small increase in the reactive power compensation needed and
slightly higher installation costs. Therefore, based on the comparison carried
out between the 33 kV and the 66 kV wind farm, it can not be concluded that
using higher voltages in the collection grid of wind power plants will result in
improved technical performance and economic bene�ts.
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Chapter 1

Introduction

The utilisation of wind energy is known to have been around for more than 3000
years when it was �rst used for mechanical power purposes such as pumping
water or grinding grains. In the late 19th century the �rst developments of an
electrical generating wind turbine has been documented in di�erent parts of the
world. For example, in 1891, the Dane Poul La Cour developed one of the �rst
electrical generating wind turbines and by 1918 3% of the electricity demand in
Denmark was supplied by wind energy [18].
In the last decades wind power has gained increasing importance throughout
the world due to its environmental bene�ts and the energy security it provides.
These bene�ts are equally liable for all renewable energy sources, however, wind
power has become one of the dominating technologies within the renewable
energy sector due to its cost competitiveness [43] [74].

The growing wind industry within Europe contributes to reach EU's energy
target of having 20% of the EU's energy consumption covered by renewable
energy sources by 2020 and 27% by 2030 [31] [29] [30]. Some countries have
extended the energy targets set by EU. Denmark has, for example, the ambitious
goal of having approximately 50% of the electricity consumption covered by wind
energy by 2020 and reaching 100% renewable energy in the energy and transport
sector by 2050 [20].

As a result of EU and country speci�c energy targets, the wind industry has
experienced a positive growth in recent years both concerning onshore and,
particularly, o�shore developments. In past decades the majority of wind power
installations were onshore and today in Europe alone there is 129 GW of onshore
installed wind energy capacity [32]. O�shore wind energy was �rst seen in
Denmark with the 5 MW o�shore wind power plant (Vindeby) installed in 1991
However, since the commitment to the EU's energy targets, the o�shore wind
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industry has increased signi�cantly since Vindeby was erected. As of 2014, the
size of an average o�shore wind farm is 368 MW and the total installed o�shore
wind capacity in Europe is 8 GW [32]. It is expected that the o�shore wind
industry will increase signi�cantly in the future with an estimated installation
of 40 GW o�shore power by 2020 and 150 GW by 2030 in Europe [23].
As the wind industry grows so does the size of wind turbines and the size of wind
power plants. At the same time, there is a tendency for o�shore wind farms to be
placed further away from shore. Despite these developments within particularly
the o�shore wind industry, o�shore wind farms today are still designed and
built following the traditional set up of wind farms. The standard o�shore wind
farm uses 33 kV in the internal electrical grid which is then stepped up to a
voltage between 110 kV to 220 kV at the o�shore substation before the power
is transported to land. The increasing size of turbines, wind farms and distance
to shore combined with less local or European incentives are driving up the cost
of o�shore wind. In order for o�shore wind energy to remain cost competitive,
drivers to bring down the cost are highly sought for.

In addition to this, power systems that experience the increasing share of wind
energy are faced with some challenges due to the �uctuating nature of wind
energy. The main aims of transmission system operators are to maintain the
power balance between generators and consumers at all times and to keep the
voltage within acceptable limits. In order to obtain a secure and e�cient oper-
ation of the power system speci�c grid connection requirements for wind farms
have been developed in recent years [18].

Signi�cantly amount of research is therefore focusing on solutions to lower the
cost of energy for o�shore wind farms without compromising the grid code re-
quirements set by power system authorities. Based on this, current research
documented in literature challenges the traditional standard wind farm, inves-
tigating whether this is the most cost e�ective solution for future o�shore wind
power plants.
A new topic under research explores the option of using higher voltages in the
internal grid of wind farms compared to the traditional set up using 33 kV. In
the literature review conducted for this thesis, a limited amount of published
work on this topic have been found. Similar initial conclusions are drawn by
the literature reviewed. According to [40], [49],[65], [68] and [15] the results of
using higher voltages in the collection grid will potential lead to cost reductions.
The largest cost reduction is caused by the possibility of removing the o�shore
substation transformer in wind farms of higher voltages [49] [15] [40]. Other
bene�ts include lower losses and lower short circuit levels [49] [68].

This project dives deeper into the research topic of using higher voltages in the
collection grid. The initial hypothesis is that using higher voltages will lead to
lower losses and lower fault current but also higher cost of components. The
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purpose of the project is therefore to investigate the in�uence that the choice
of voltage level in internal grids for wind power plants has on their technical
performance and economy. The investigation is based on a comparison between
a generic standardised wind farm using 33 kV voltage in the internal grid and a
wind farm using 66 kV in its internal grid. The investigation includes an analysis
using a simulation model of two wind parks implemented in the power system
simulation software DigSilent Powerfactory.

The technical performance of the 33 kV and the 66 kV wind farm is investigated
in terms of the electrical active power losses within the wind farms and the reac-
tive power capabilities of the wind farms. When evaluating and comparing the
results of the reactive power capabilities, focus is kept upon how the results ful�l
the Danish grid code requirements. The losses and reactive power capabilities
are investigated for various conditions of the wind farms, for example for dif-
ferent exported power levels and di�erent voltage set points at grid connection.
The in�uence of using tap changing wind turbine transformers is also analysed
regarding the losses and reactive power capabilities. Furthermore, the technical
performance of the two wind farms includes an investigation of the fault current
in di�erent fault cases.

The outputs of the technical performance lay the ground of the economic analy-
sis. The economic aspects are studied by comparing the technical requirements
of the equipment in the two wind farms and summarizing the installation costs
of relevant components. The cost of active power losses in the two cases is also
evaluated. The economic aspects are further discussed in terms of cost of energy
of each wind farm estimated relatively to each other. The estimation of cost
of energy is based on the results of the installation cost and the annual energy
production of the 33 kV and the 66 kV wind farm.

The report has been built up as follows: In chapter 2 of this thesis the theoretical
background of wind power is introduced in terms of power production and annual
energy production including background knowledge concerning the economics
of wind farms. Chapter 3 provides the theoretical background of the technical
performance parameters that the technical comparison between the 33 kV and
the 66 kV wind farm are based upon. Chapter 4 presents the model design
of the two wind farms implemented in the simulation tool Powerfactory and a
brief discussion of the market availability of components are also included here.
Chapter 5 presents the most important results of the simulations carried out
and associated analysis and discussion of the technical performance and the
economics of the 33 kV and the 66 kV wind farm is included. Furthermore,
chapter 5 includes an overall comparison between the two cases and the results
are put into perspective. Finally, in chapter 6 the main conclusion of the project
is summarised and ideas to extend the research are proposed.
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Chapter 2

Background

This chapter gives an introduction into wind power. The power production
of wind turbines is introduced and the aerodynamic power of wind turbines is
presented as well as a wind turbines' power curve is illustrated. The Weibull
distribution in relation to wind power has been elaborated upon and, as ex-
ample, the Weibull distribution at two sites, Horns Rev and Hvide Sande, is
evaluated. In addition to this, the annual energy production of wind farms is
further discussed and associated with this the capacity factor of Horns Rev and
Hvide Sande is estimated. Finally, the chapter includes a brief introduction into
the economics of wind farms.

2.1 Power Production of Wind Turbines

The aerodynamic power of a wind turbine (WT) can be expressed by equation
2.1. It re�ects how much power is possible to extract from the wind. The
aerodynamic power is a function of the air density ρ, the wind turbine's rotor
area A, the wind speed U and the aerodynamic e�ciency Cp [45].
The aerodynamic e�ciency can theoretical not exceed Betz limit of 59%. It
can be expressed as a function Cp(λ, θ), hence, depends on the pitch angle θ
and the tip speed ratio λ [45]. Therefore, if the wind turbine enables it, the
aerodynamic e�ciency can be controlled by adjusting the pitch angle and the
rotor speed. Today, the most common control option for wind turbines is pitch
control with other options being stall control and active stall control [18].

P =
1

2
ρ A U3 Cp (2.1)
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Figure 2.1: Rotor area and hub height of wind turbines since 1980 [63].

The power production of wind turbines will increase if the rotor area increases
and/or if the wind turbine is put in an area with higher wind speeds. The
increase of rotor area is clearly seen in the production of wind turbines in the
past decades, as illustrated in �gure 2.1.

The actual power output of a wind turbine is limited by physical restrictions
and is best illustrated by a power curve. The power curve of a wind turbine
shows the electrical power output of the wind turbine at speci�c wind speeds.
The power curve of Siemens wind turbine 3.6-120 is shown in �gure 2.2 created
with data from [10]. The Siemens 3.6 MW wind turbine is used in the models
of the two wind farms (WF) for the evaluation of the technical performance.
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The operating range of the wind turbine is de�ned by the cut-in and cut-out
wind speed. The cut-in wind speed, shown in the power curve, is the su�cient
wind speed for the generator to operate and produce electric energy. When the
cut-out wind speed is reached the power production of the wind turbine is cut
o�. The rated wind speed is the wind speed at which the rated nominal power
of the wind turbine is reached.
In order to avoid mechanical stresses, which potential could destroy the wind
turbine, the power is kept at nominal output once the rated wind speed is
reached and the production of the turbine is stopped when the cut-out wind
speed is reached. Hence, this zone between the rated and the cut-out wind speed
is called the limitation zone and the wind turbine is designed and controlled to
limit its output power within the limitation zone. The limitation of the output
power within the limitation zone is achieved by reducing the e�ciency of the
energy conversion of the wind's kinetic energy into mechanical energy. The zone
between the cut-in wind speed and the rated wind speed is the optimisation zone
where the wind turbine is designed and controlled to optimise the aerodynamic
e�ciency.

The output power of the wind turbine at each wind speed in �gure [10] has been
used to calculate the expected power production of a wind turbine at a speci�c
site with a known Weibull distribution. This is elaborated upon in section 2.2.

2.2 Annual Energy Production

Weibull Distribution

The annual energy production (AEP) of wind turbines is highly dependant on
the wind speeds of the area that the wind turbines are erected, as seen by
equation 2.1 and �gure 2.2. In order to estimate the annual energy production
of a wind farm it is therefore necessary to have an estimation of the wind speeds
at its location.

The Weibull distribution can be used as an approximation of the wind speed
distribution at speci�c sites. The Weibull distribution will show a graph where
the frequency of the wind speed at a speci�c site is plotted as a function of
the wind speed. Hence, it shows the frequency distribution of wind speeds and
mathematically it can be described as a function depending on two site speci�c
parameters. The expression of the Weibull distribution is shown in equation 2.2
[44].
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f(u) =
k

A
∗
( u
A

)k−1

exp

(
−
( u
A

)k)
(2.2)

Here f(u) is the frequency distribution of the wind speed where u is the wind
speed. The two parameters A and k are speci�c for the site investigated and
is generally obtained with measurement of wind speed using anemometer on
the site. A is the Weibull scale parameter and is measured in m/s. It is pro-
portional to the mean wind speed of the site and provides the characteristics
of the wind speed distribution. k is called the Weibull form parameter and is
unit independent, generally a number between 1 and 3. It de�nes the shape of
the Weibull distribution where a high value of k characterises sites with more
constant wind speeds while a low value of k characterises sites with high wind
speed �uctuations [57].

Through literature research, the site speci�c parameters A and k have been
found for two sites in Denmark and the Weibull distribution for these two sites
have been chosen to investigate further. The �rst site is at the location of Horns
Rev located in the North Sea. The other site is Hvide Sande, very close to the
North Sea, on the west coast of Jutland.

The Weibull shape and scale factor for the two sites are taken from [46] where
the wind is measured for a period from 1999 to 2002 on the two sites. The
measurements at Horns Rev are taken at a height of 62 m while at Hvide Sande
the height for the anemometer is 27.5 m.The results are summarised in table
2.1.

Table 2.1: Weibull distribution parameters A and k and mean wind speed at
Horns Rev and Hvide Sande [46].

A [m/s] k Mean wind speed umean[m/s]
Hvide Sande 7.81 2.23 6.9
Horns Rev 10.71 2.33 9.5

Equation 2.2 is used to �nd the frequency occurrence of di�erent wind speeds
using A and k for each site. Hence, the Weibull distribution for Hvide Sande
and Horns Rev is illustrated in �gure 2.3.
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Figure 2.3: Weibull distribution of wind speeds at Hvide Sande and Horns
Rev.

Annual Energy Production

The annual energy production of a wind farm using the Siemens 3.6 MW wind
turbines erected at Horns Rev or Hvide Sande can be estimated using the power
curve in �gure 2.2 and the Weibull distribution in �gure 2.3. This is expressed
by equation 2.3 where σu is the probability from the Weibull distribution that
the wind has a speed of wind speed u and PWT out

u is the power output of a wind
turbine from the power curve at wind speed u. The range of the wind speed
is set from 3 m/s to 25 m/s to represent the cut-in and cut-out wind speed of
the Siemens 3.6 MW turbines, respectively. nno.ofWT is the number of wind
turbines in the wind farm and ∆t is the time period and for 1 year = 8760h.
Expression 2.3 does not take any kind of losses into account and it assumes that
the Weibull distribution obtained for Hvide Sande and Horns Rev is a close
representative of the distribution of wind speeds within one year.

AEPvirtual =
∑

u=3−25m/s

(
σu P

WT out
u

)
∗ n(no. of WT ) ∗∆t (2.3)

The losses neglected in the calculations of AEP in equation 2.3 are best illus-
trated by a drawing. Figure 2.4 shows that the AEP also depends on wake
losses, losses in the internal grid of the wind farm and potential outages of one
or more wind turbines within the time period considered.
In this project, it is looked into whether the electrical losses are di�erent and
how it a�ects the AEP when using higher voltages in the internal grid. The
loss analysis is presented in section 5.1. Other assessments carried out in this
project concerning the technical performance of wind farms are introduced in
chapter 3.
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Figure 2.4: Annual energy production when losses are taken into account.

Capacity Factor

The annual energy production is also used to calculate the capacity factor (CF).
The capacity factor can be used to assess how e�cient a site is. It is de�ned
as the produced power in relation to the nominal power of the wind farm as
expressed by equation 2.4. Here ∆tyear is equal to the hours in a year (8760h)
and Pnom is the nominal power of the wind farm [18].

Capacity Factor CF [%] =
Net Annual Production[MWh]

∆tyear ∗ Pnom[MW]
(2.4)

The capacity factor for Horns Rev and Hvide Sande has been estimated using
the simpli�ed expression for AEP in equation 2.3. Hence, the capacity factor of
the two sites is estimated according to equation 2.5, where PWT

nom is the nominal
power of each wind turbine.

CFestimated [%] =

∑
u=3−25m/s

(
σu ∗ PWT out

u

)
n(no. of WT ) ∗∆t

PWT
nom ∗ n(no. of WT ) ∗∆t

=

∑
u=3−25m/s

(
σu ∗ PWT out

u

)
PWT
nom

(2.5)

Using equation 2.5, the capacity factor for Horns Rev is 58.7% and for Hvide
Sande it is 36.1%. The di�erence between Horns Rev and Hvide Sande is caused
by how the wind speed is distributed in relation to the power curve of the wind
turbines. As the Weibull distribution for Hvide Sande peaks at a lower wind
speed around 6 m/s and has a more narrow curve compared to Horns Rev, where
the occurrence of higher wind speeds is more frequent, the capacity factor at
Hvide Sande is much lower compared to the CF of Horns Rev.
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This is also a reason why it is important to consider which wind turbines to
erect on a site, as a turbine with a power curve more favourable to lower wind
speeds would improve the capacity factor for Hvide Sande signi�cantly.

Note that, calculating the capacity factor in this way, no losses are taken into
account and the estimated energy production relates to the virtual AEP. Hence,
the energy production used to calculate the capacity factor is too high resulting
in a higher capacity factor compared to the capacity factor of the sites if a
wind farm, as the one in consideration, where erected at Horn Rev and at
Hvide Sande. This also explains why the capacity factor at particularly Horns
Rev is higher than the capacity factor obtained from studies of existing wind
farms. According to [22] the average capacity factor of all o�shore wind farms in
Denmark, within a 12 months period from March 2014 - March 2015, is 42.9%,
where Horns Rev II came out with the highest capacity factor of all o�shore
wind farms in Denmark with CF = 48.4%.
Despite this, it has been decided for this project that the calculated capacity
factor still can be used as it is only used to de�ne a speci�c set point for the
dispatched power. The average output power of a wind turbine related to the
capacity factor for Horns Rev is 58.6% * 3600 kW = 2112 kW and for Hvide
Sande it is 1301 kW.

2.3 Economical Assessment of Wind Power Plant

The levelised cost of energy (LCOE) is often used as a measure of the cost
of generating power from a particular unit which is then comparable between
di�erent generation units. It is calculated using the total lifetime cost of gener-
ation and the total net annual energy production of the same unit. The average
LCOE of onshore wind farms is very competitive to non renewable technologies,
however, LCOE of o�shore wind is signi�cantly higher compared to conventional
generating units [19]. The development of LCOE for onshore and o�shore wind
in recent years is illustrated in �gure 2.5. Since 2009 to 2013 LCOE for onshore
wind has decreased with 18% but due to the harsh construction environment
of o�shore wind, as a results of projects developed further from shore, the cost
of o�shore wind has increased from 2009 to 2013 [8]. However, it is expected
that LCOE of o�shore wind will become highly competitive compared to other
energy sources by 2023 due to the industry's continues e�ort of driving the in-
stallation and operation and maintenance cost down [14].
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Figure 2.5: Levelised cost of onshore and o�shore wind energy over time
[USD/MWh] [8].

According to [67] LCOE can be calculated as expressed in equation 2.6. It is
seen that LCOE depends on four parameters: The installed capital cost ICC,
the annual expenses AOE, the annual energy production AEP and the �xed
charge rate FCR. FCR represents the costs of �nancing a project while ICC,
AEP and AOE are design system speci�cs.

LCOE =
(ICC ∗ FCR) +AEO

AEPnet
(2.6)

From the equation of LCOE in 2.6 it is seen that LCOE of a project can be
reduced by decreasing the installation cost and the operation expenses or by
increasing the annual energy production.

The design and technical performance of the 33 kV and 66 kV wind farm, inves-
tigated in this thesis, will provide data for the electrical losses within the wind
farms and technical requirements of the components in the wind farms. As the
AEP of a wind farm can be increased by decreasing the electrical losses in the
internal grid, potential di�erences in AEP for the two wind farms investigated
can be estimated. The installation cost depends on the technical requirements
of the equipment, hence, di�erences in ICC of the two wind farms is equally
investigated. The associated economic calculations and discussion of the e�ects
that AEP and ICC for the two wind farms have on LCOE is provided in section
5.5.



Chapter 3

Technical Performance and

Grid Connection

Chapter 3 introduces the theoretical background related to the technical eval-
uation of the two wind farms. This includes an introduction of reactive power
and reactive power capabilities of wind farms, where the reactive power capa-
bility of the wind turbines used in the model is presented. In relation to the
reactive power capabilities, the grid code requirements are discussed and the
Danish reactive power requirements for wind power plants from Energinet.dk
are presented. The theoretical background of transformers and tap changing
transformers used in wind power plants is also elaborated upon in this chapter.
Finally, an introduction into fault analysis is included and an overview of the
four most common faults is presented.

3.1 Grid Code Requirement

The main aim for the power system is to cover the demand of all electricity
consumers and doing so while delivering the electricity whenever the consumers
need it, hence, a secure and stable operation of the grid has the highest priority
[48]. In order to accomplish this, a set of rules and regulations are formed
and captured in what is called grid codes. Grid codes describe the technical
speci�cations and requirements of the components in the power system. Grid
code requirements are de�ned by network authorities and have been used for
many years in the operation of the power system. Due to the increase of wind
power in the power system in some countries, a need for speci�c grid codes
concerning wind power plants (WPP) has occurred. The regulations concerning
wind power plants ensure that the power system remains balanced and the
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voltage level remains within limits at all time, despite the �uctuating nature of
wind [48].

The European Network and Transmission System Operators for Electricity
(ENTSO-E) consists of 41 transmission system operators from 34 European
countries. Since 2009 it has had legal status and as a result a set of grid code
requirements for the transmission system operator (TSO) have been developed
[7]. The requirements are in place to promote and support [5]:

• The increasing integration of renewable energy into the power market, as
a result of the EU energy targets.

• The cooperation and cross border trade between countries and in adjacent
to this supporting the internal energy market.

• The operation of a secure and stable power system.

As Denmark is part of the Nordic power system the ENTSO-E requirements
must be followed. The ENTSO-E requirements are less detailed compared to
the local network requirements issued by the TSO. In Denmark Energinet.dk
has the responsibility of operating the grid and the grid code requirements must
at least ful�l the requirements set by ENTSO-E.

For the scope of this thesis, requirements concerning reactive power capability
of wind power plants have be focused upon. Reactive power Q is an important
feature of voltage stability. The control of voltage levels is accomplished through
absorption and generation of reactive power. In general terms, absorbing reac-
tive power decreases the voltage and generating reactive power increases the
voltage level.

According to ENTSO-E every TSO shall de�ne a U-Q/Pmax-pro�le and P-
Q/Pmax-pro�le for which power plants must be capable of moving their oper-
ating point within a de�ned area. The de�ned U-Q/Pmax pro�le should also
emphasise that reactive power production at high voltage (HV) and reactive
power consumption at low voltages (LV) might be unnecessary. The reactive
power capabilities for wind power plants shall be speci�ed at connection point,
hence, the WPP can use di�erent control modes in order to meet the require-
ments as well as incorporating any compensation at connection point [6].

Due to the signi�cant amount of wind power integrated into the Danish power
system, Denmark has established a set of grid codes which provide the minimum
set of requirements that a wind power plant must ful�l when connected to the
Danish grid. From this, the de�ned reactive power requirements for wind power
plants larger than 25 MW are shown in �gure 3.1 and 3.2.
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Figure 3.1: Reactive power requirement for wind power plants larger than 25
MW according to Energinet.dk's grid code [4]

Figure 3.2: Voltage and reactive power requirements for wind power plants
larger than 25 MW according to Energinet.dk's grid code [4]
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Figure 3.1 shows the P-Q steady state requirements in form of the reactive power
Q de�ned by the maximum active power P of a power plant or de�ned by the
power factor (PF) as a function of the active power level from 0 pu to 1 pu (1
pu = Pnom). According to �gure 3.1, wind power plants are required to have
a reactive power capability over the power factor range between 0.95 leading to
0.95 lagging. Within the hashed area the wind power plant shall be capable of
absorbing and generating reactive power and as illustrated, the area is divided
into an inductive area for Q-import and a capacitive area for Q-export.
Figure 3.2 illustrates the voltage range related to the the wind power plant's re-
active power requirements. The voltage is shown as a percentage of the nominal
voltage at plant connection. The maximum range for reactive power capabilities,
equal to the range in �gure 3.1, is de�ned when the voltage at grid connection
is 1 pu. Hence, at this voltage level, the wind power plant must be capable of
moving within the full hatched area in 3.1. At a voltage setpoint of 1.06 pu,
the wind power plant shall only be capable of absorbing reactive power and at
voltage setpoint of 0.9 pu the wind power plant shall only be capable of generat-
ing reactive power. This is in compliance with the ENTSO-E grid code stating
special requirement are allowed at high and low voltages. Above voltage V=1.06
pu and below V=0.9 pu, there are no reactive power requirements for the wind
power plants in Denmark.

The reactive power capabilities of the 33 kV and 66 kV wind power plant inves-
tigated in this thesis are tested with simulations in Powerfactory and compared
against the grid code requirements from Energinet.dk.

3.2 Reactive Power Capability

Electric energy is often transmitted, generated and used in AC systems. The
apparent power S in AC circuit consists of the active power P and the reactive
power Q. The apparent power is expressed in equation 3.1 [48].

|S| =
√
|P |2 + |Q|2 [V A] (3.1)

The apparent power is the magnitude of the complex power as expressed in
equation 3.2 [48].

S = P + jQ [V A] (3.2)

Reactive power, unlike active power, does not do any work. It can be expressed
by equation 3.3 using the voltage V and the current I and the phase angle
between voltage and the current φ = δ − β [48]. δ represents the angle of the
voltage and β represents the angle of the current. If β is less than δ, it is said
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that the current lags the voltage and the load is inductive. If β is greater than
δ, it is said that current leads the voltage and the load is capacitive. Reactive
power is measured in Volt-Ampere-reactive VAr which has same dimensions as
watts W.

Q = V I sin(φ) [V Ar] (3.3)

The phase angle between the voltage and current is also used to de�ne the power
factor, as shown in equation 3.4 [48].

Powerfactor =
P

S
= cos(δ − β) (3.4)

Di�erent components are capable of either absorbing or generating reactive
power. In capacitive loads reactive power is produced and in inductive loads
reactive power is absorbed. Table 3.1 gives an overview of some of the compo-
nents in a power system that either produce or absorb reactive power [54]. As
seen in the table, overhead power lines can both produce and absorb reactive
power. This depends on the power line characteristic impedance referred to as

the surge impedance Zc =
√

L
C where the surge impedance load SIL =

V 2
nom

Zc

[54]. The production or absorption of the overhead lines is decided by whether
the overhead line is dominated by capacitance or inductance as indicated in
table 3.1. The production and absorption of generators depends on whether the
machine is over-excited or under-excited. When the generator is over-excited it
generates reactive power and when the generator is under-excited the machine
absorbs reactive power [3].

Table 3.1: Reactive power production and absorption of components

Component Q production Q absorption
Transformer X
Cables X
Overhead line X(capacitance) X(inductance)
Synchronous generator X(over excited) X(under excited)
Harmonic �lters X

The reactive power requirements set by Energinet.dk can be accomplished us-
ing di�erent control options of the wind power plant. The components within
a wind power plant that can be used to adjust the voltage are On Load tap
changing substation transformers, dynamic and switch-able reactive power de-
vices and wind turbines with reactive power capabilities [18].
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For the 33 kV and 66 kV wind farm investigated in this project, the wind turbines
are used for the reactive power control. It is the net reactive power �ow that
must meet the Q-requirements at grid connection, hence, the �ow of reactive
power through the wind power plant has to be considered.

The 33 kV and 66 kV wind farm are modelled with the Siemens 3.6 MW vari-
able speed wind turbines. This turbine is equipped with a full load frequency
converter which allows it to have control over a large power factor range. When
the wind turbines are put in PV mode, from a load �ow point of view, the wind
turbine generators are able to control the active power and voltage magnitude
injection into the wind farm. This also means that the wind turbines can con-
trol their import and export of reactive power by the active power production
and the voltage set point of the wind turbines. The reactive power capability
of the wind turbines is illustrated in �gure 3.3 [42]. The reactive power capabil-
ity when generating reactive power is shown as solid lines and when absorbing
reactive power is shown as dotted lines for di�erent voltage set points. A low
voltage set point is able to generate more reactive power and a high voltage set
point is able to absorb more reactive power.

If wind farms with reactive power capability of their wind turbines are unable
to ful�l the Q-requirement in the grid code, the design of the WPP must be
adjusted to compensate the remaining reactive power needed. Possible solutions
that can be implemented or changed to provide the reactive power compensation
needed are [18]:

• Adjusting the �xed transformer tap of substations transformers or wind
turbine transformers.

• Adding (or adjusting the size of) a shunt reactor or capacitor bank.

• Changing the cables of the collection grid within the wind farm.

• Adding variable reactive power devices.

The dimensioning of a shunt reactor used as reactive power compensation for
the 33 kV and 66 kV wind farm has been included in the research as a result
of the reactive power capability investigation. The results and analysis of the
investigation is presented in section 5.2. In addition to this, adjusting �xed
transformer taps of the wind turbine transformers have also brie�y been inves-
tigated, but here the main focus has been kept on the active power output and
losses and the reactive power capabilities are evaluated as a subresult.
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Figure 3.3: Reactive power capability of wind turbine [42].
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3.3 Transformer Tap Changer

Power transformers are used in wind farms to convert the AC voltage and cur-
rent into optimal level for economical power transmission. As the power is
proportional to the product of the voltage and current, stepping up the voltage
will lower the losses, since losses are proportional to current squared (I2R) [48].
Hence, by stepping up the voltage from the wind turbine to the collection grid
and again before the transmission to land, the losses can be reduced.
A transformer (trf) consist of a primary and secondary winding. A step up
transformer increases the voltage from the primary side to the secondary side.
For an ideal transformer the turns of the primary winding N1 and the secondary
winding N2 are proportional to the voltage of the primary side V1 and the sec-
ondary side V2. Hence, the turns ratio αt can be expressed by equation 3.5 [48].
For a step up transformer αt < 1 so the turns ratio will, for example, decrease
if the voltage di�erence between the primary and secondary increases.

αt =
N1

N2
=
V1

V2
(3.5)

Transformers can be equipped with tap changers allowing them to adjust the
turns ratio. Tap changing transformers can be divided into two categories;
On Load Tap Changers (OLTC) and De-Energized Tap Changers (DETC), the
latter also known as O� Load tap changing transformers.

De-Energized tap changing transformers are only capable of changing the voltage
setting when the transformer is not loaded. Some wind turbines are equipped
with DETC [55] and can be used to for example optimize the active and reactive
power �ow, address unforeseen voltage issues in the design studies or adjust the
wind farm to future changes in the grid [18] [50]. DETC have low maintenance
cost and the di�erence in investment cost is minimal compared to a transformer
not equipped with De-Energized tap changers [18] [21]. Figure 3.4 shows a basic
example of a De-Energized tap changing transformer. The taps can be changed
outside the transformer locking the new tap position into place. This is also
valid for three phase transformers where all three phases are locked together
only allowing the same tap position for all three phases. Majority of DETC
have �ve tap positions, with two above normal operation and two below normal
operation and a full tap range of±5% [36] [27] [35]. This con�guration is used for
the wind turbines in the 33 kV and 66 kV wind farm modelled in Powerfactory.

On Load Tap Changers are able to regulate their voltage set point, hence the
turn ratio, when the wind park is in operation. A wind farm's substation trans-
formers are often equipped with OLTC [55]. They are mostly needed if there
tend to be a large range of variations in the grid voltage and/or the wind tur-
bines are limited in their ability to supply and absorb reactive power [18] [50].
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Unlike the DETC, OLTC add a signi�cant amount to the investment cost of
substation transformer and have high-maintenance needs increasing the opera-
tion and maintenance cost [18]. Figure 3.5 shows an example of an on load tap
changing transformer. The tap changers are often preferred on the high voltage
winding as the current here is lower, hence, the tap changer contacts etc. can
be smaller [37]. For all OLTC the essential part is that it allows voltage change
of the transformer without interrupting the power circuit, hence, it is essential
that the load current does not break during tap change.

Figure 3.4: Basic example of an De-Energized tap changer transformer [36].

Figure 3.5: Example of an On Load tap changing transformer [37].
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Generally OLTC have a maximum range of ±20% with individual tap between
0.8% and 2.5% [38]. The substation transformers in the 33 kV and 66 kV wind
farm modelled in Powerfactory are equipped with tap changers with steps of
1.5% and a total range of ±15%.

Investigations have been conducted checking the bene�ts and withdrawals in
terms of mainly active power losses but also reactive power �ow when changing
the taps of the wind turbine transformers in the 33 kV and 66 kV wind farm.
The results and analysis of the investigation is presented in section 5.3.

3.4 Fault Cases

Equipment in a wind power plant can be exposed to insulation failure which
can lead to heavy currents, also called short circuit (SC) currents [18]. As the
magnitude of the short circuit currents are signi�cantly larger than the normal
operating current, there is a huge risk of damaging equipment during the fault.
In order to avoid this, it is important to remove or disconnect the faulted section
from the rest of the system. Switchgear (SG) is used as protective equipment
where circuit breakers are designed to make, break and carry the short circuit
current for a short time period. Therefore, one of the reasons to do a fault
current investigations is to dimensioning switchgear in terms of its short circuit
ratings. The short circuit rating of switchgear also has an impact on the cost
of switchgear which is interesting to consider when comparing the switchgear
requirement between the 33 kV wind farm and the 66 kV wind farm of this
project [48] [72].

For a three phase circuit there are two main types of faults, symmetrical faults
and unsymmetrical faults. The four common faults are brie�y described in ta-
ble 3.2. For unbalanced three phase systems, when calculating the associated
current and voltages after a fault, the calculations can be simpli�ed by trans-
forming the unbalanced three phasors into three sets of balanced phasors known
as the positive-, negative- and zero phase sequence networks. A more detailed
description of the sequence network and SC faults is out of the scope for this
project.

Short circuit simulations investigating the peak short circuit current for all four
common faults at di�erent locations in the 33 kV wind farm and the 66 KV
wind farm have been carried out and the results are evaluated in section 5.4.
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Table 3.2: Four common short circuit faults [48] [72] [62] [51]

Fault Circuit Diagram Fault Conditions Description 

Balanced three 
phase fault 

𝐼𝑎
𝑓=𝐼𝑏

𝑓
= 𝐼𝑐

𝑓
= 0 

 

Voltage phase a  
3ø-ground 

𝑉𝑎
𝑓

= 𝐼𝑎
𝑓

𝑍𝑓  
 

Voltage phase a  
3ø – clear of earth 

𝑉𝐴
𝑓

=
1

3
𝑍𝑓𝐼𝐴

𝑓
 

Symmetrical fault. 
Balanced three phase 
faults can occur as a line 
to line to line ground fault 
or a line to line to line 
fault. 
 

Evaluated by the positive 
sequence network. 
 

Occur in 8% - 10% of SC 
fault cases. 

Single line to 
ground fault 

𝐼𝑏
𝑓

= 𝐼𝑐
𝑓

= 0 

 

𝑉𝑎
𝑓
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𝑓

𝑍𝑓  

 
 

Unsymmetrical fault. 
One phase comes in 
contact with ground. 
 

Evaluated by the zero, 
positive and negative 
sequence network 
connected in series. 
 

Occur in 75% - 80% of SC 
fault cases. 

Double line to 
ground fault 

𝐼𝑎
𝑓

= 0 
 

𝑉𝑏
𝑓
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𝑓

= 𝑍𝑓(𝐼𝑏
𝑓

+𝐼𝑐
𝑓

) 

Unsymmetrical fault. 
Two phases come in 
contact with each other 
and ground.  
 

Evaluated by the zero, 
positive and negative 
sequence network 
connected in parallel. 
 

Occur in 10% - 12% of SC 
fault cases. 

Line to line 
fault 

𝐼𝑎
𝑓

= 0 
 

𝐼𝑏
𝑓

=- 𝐼𝑐
𝑓

 

 

𝑉𝑏
𝑓
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𝑓
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𝑓

𝑍𝑓  

Unsymmetrical fault. 
One phase comes in 
contact with another 
phase. 
 

Evaluated by the positive 
and negative sequence 
network connected in 
parallel and the zero 
sequence network open 
circuit.  
 

Occur in 5% - 7% of SC 
fault cases. 
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Chapter 4

Model Design

Chapter 4 goes into details with the design of the models used to evaluate
the technical performance of the 33 kV wind farm and the 66 kV wind farm
in Powerfactory. The chapter brie�y introduces the simulation tool Digsilent
Powerfactory. The parameters of the components used in the model setup in
Powerfactory is presented and di�erences between the 33 kV wind farm and
66 kV wind farm are shown. The model of the 33 kV wind farm is based on
a generic wind farm model which is then modi�ed for the 66 kV wind farm.
Furthermore, the calculations associated with the sizing of the cables used in
the 66 kV wind farm is presented in this chapter. Finally, the market availability
of the components used in the 33 kV and the 66 kV wind farm is brie�y discussed.

4.1 Digsilent Powerfactory

The simulation tool Digsilent Powerfactory is used to create the model of the
two wind farms and to analyse the technical performance. Powerfactory written
by Digsilent (DIgital SImulation for Electrical NeTwork) is an engineering tool
used to model generation, transmission, distribution and industrial electrical
power systems [12]. Powerfactory includes several simulation functions and for
this thesis load �ow simulations and short circuit simulations are made use of.
One of the advantages of using Digsilent Powerfactory is its short simulation
time making it possible to run many simulations with di�erent criteria, for ex-
ample, by making use of operation scenarios. In this thesis, the data obtained
in Powerfactory has afterwards been transferred to and handled in Microsoft
Excel. Digsilent Powerfactory provides a simple platform to set up a power
system and, for this thesis, it has been a high advantage that general handling
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of components in Digsilent Powerfactory is very user-friendly. Hence, chang-
ing or adding new components or adjusting parameters of component is a fast
procedure to carry out.

Prior to conducting simulations the basics of Digsilent Powerfactory has been
learned through tutorials available in Powerfactory and additional knowledge is
mainly gained through Digsilent Powerfactory's own usermanual [9].

4.2 Powerfactory Model of the 33 kV and 66 kV

Wind Farm

Summary of main similarities and di�erences between the

two models

A generic wind farm with a 33 kV collection grid is compared to a wind farm with
a 66 kV collection grid in Powerfactory. An overview of the main di�erences and
similarities between the 33 kV wind farm and the 66 kV wind farm is captured
in table 4.1. Section 4.2 and section 4.3 give a more detailed description of the
wind farm models.

Table 4.1: Summary of main similarities/di�erences between the two Power-
factory models.

33 kV wind farm 66 kV wind farm
Wind turbine 51*SWP 3.6MW 51*SWP 3.6MW
Wind turbine transformer 0.69/33 kV 0.69/66 kV
Collection grid voltage 33 kV 66 kV
Collection grid cable A 150mm2

I=396A
R=0.14Ω/km
Total length=38.9km

95mm2

I=300A
R=0.23Ω/km
Total length=42.1km

Collection grid cable B 500mm2

I=716A
R=0.06Ω/km
Total length=6.8km

150mm2

I=375A
R=0.146Ω/km
Total length=3.6km

Substation transformer 33/132 kV 66/132 kV
Sea-to-land cable length 47.8km

V=132kV
length 47.8km
V=132kV
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Model design

The 33 kV wind farm is built in Powerfactory using standardised components
based on an existing project library provided by Siemens Wind Power. The 66
kV wind farm is a modi�ed version of the 33 kV wind farm where the size of
cables, the wind turbine transformers and substation transformers are changed
to �t the 66 kV level in the collection grid.

P
C

C
 b

u
sb

ar 

Figure 4.1: Layout of wind farm as designed in Powerfactory
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Hence, both wind farms have the same layout which is shown in �gure 4.1. All
the wind turbines consist of a generator, �lters and a transformer. An example
of a wind turbine is shown in �gure 4.2 representing wind turbine AA01.
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Figure 4.2: Layout of wind turbine AA01 in Powerfactory. All wind turbines
in the model are designed in a similar way.

The layout of the wind farms, in terms of number of wind turbines in an array,
number of turbines connected to each substation and the length of the cables,
has been predetermined using a standardised model provided by Siemens Wind
Power. It is therefore assumed that this layout is a well representative model of
a real o�shore wind farm.

The point of common coupling (PCC), the location where the public network is
entered, is chosen to be after the sea cable and land cable at the PCC busbar. At
PCC the results of all load �ow simulations carried out are recorded as generally
up until PCC the wind farm operators are accountable for the losses and only
the power delivered after PCC is paid for [34]. The overall speci�cations of the
two wind farms are summaries in table 4.2.

Table 4.2: General information about the 33 kV and the 66 kV wind farm.

Total wind power plant capacity 183.6 MW
Total number of wind turbines 51
Size of wind turbines 3.6 MW
Number of substation transformers 2
Size of substation transformers 180 MVA
Size of wind turbine transformers 4 MVA
Length of cables between wind turbines in the
internal grid

0.562 km - 2.321 km
(majority are 0.858 km)

Distance from o�shore substations to PCC 47.8 km
Voltage level at PCC 132 kV
Nominal operating frequency 50 Hz
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The wind turbines modelled in Powerfactory consist of a static generator con-
nected to a turbine transformer and a harmonic �lter. The wind turbines mod-
elled are the Siemens 3.6 MW. It is equipped with a full-size converter, which
control the behaviour of the wind turbine as seen from the grid side, and can
therefore be modelled as a static generator in Powerfactory. The wind turbine
has an apparent power of 4 MVA with a power factor of 0.9. The turbines
are modelled with PV control and the capability curve of the Siemens 3.6 MW
turbine have been speci�ed in the Powerfactory model.

For the simulations conducted in Powerfactory, the harmonic �lters are only of
interest in term of their active and reactive power consumption. When run-
ning a load �ow, the turbine �lters produce 0.08 MVAr reactive power, hence,
a�ecting the reactive power capability of the wind farm and consume 0.4 kW
of active power. A harmonic �lter is also connected at the point of common
coupling. This harmonic �lter consumes 1.4 MW, hence, increasing the active
power loss while it produce 27 MVAr reactive power also a�ecting the reactive
power capability of the wind farm. As the harmonic �lters will a�ect the results
of the simulations, they are kept as components in the wind farm and the exact
same harmonic �lters used in the 33 kV wind farm are duplicated into the 66
kV wind farm.

As the collection grid voltage is di�erent in the 33 kV and the 66 kV wind farm
the same wind turbine transformer cannot be used as the high voltage level
of the transformer will be di�erent. To be able to make a good comparison
between the two wind farms, it has been decided to use the 33 kV wind farm's
wind turbine transformer as base component and only change the high voltage
level of the transformer in the 66 kV wind farm. A more detailed description of
the wind turbine transformers is summarised in table 4.3.

Table 4.3: Speci�cation of the wind turbine transformers in both wind farms
modelled in Powerfactory.

33 kV wind farm 66 kV wind farm
Rated power 4 MVA 4 MVA
Rated voltage HV side 33 kV 66 kV
Rated voltage LV side 0.69 kV 0.69 kV
Con�guration DYN11 *30deg DYN11 *30deg
Positive seq. impedance SC volt-
age uk

6% 6%

Copper losses 34 kW 34 kW
Tap changer 0/-2/2 (neutral=0) 0/-2/2 (neutral=0)
Additional voltage per tap LV
side

2.5% 2.5%
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Similar assumptions have been made in terms of the substation transformers
where the voltage on the LV side of the transformers will be di�erent. Table 4.4
gives a summary of the substation transformers modelled in Powerfactory.

Table 4.4: Speci�cation of the substation transformers in both wind farms
modelled in Powerfactory.

33 kV wind farm 66 kV wind farm
Rated power 180 MVA 180 MVA
Rated voltage HV side 132 kV 132 kV
Rated voltage LV side 33 kV 66 kV
Con�guration YNd1 YNd1
Positive seq. impedance SC volt-
age uk

10.5% 10.5%

Copper losses 517.5 kW 517.5 kW
Tap changer 11/1/21

(neutral=11)
11/1/21
(neutral=11)

Additional voltage per tap HV
side

1.5% 1.5%

The cables used in the 33 kV wind farm model are from the standardised model
provided by Siemens Wind Power. A check of the cables sizes have been carried
out and no need for changing them was found. Two cable sizes are used in the
collection grid and a third size is used for the connection between the transformer
substations and PCC. A summary of the cables is given in table 4.5.

Table 4.5: Speci�cation of cables in the 33 kV WF modelled in Powerfactory.

Cable A Cable B Sea-to-
land cable

Nominal cross section [mm2] 150 500 800
Rated voltage [kV] 33 33 132
Rated current [A] 396 716 795
Total length of cable [km] 38.9 6.8 47.8
Resistance (pos/neg seq.) [Ω/km] 0.14 0.06 0.05
Reactance (pos/neg seq.) [Ω/km] 0.12 0.1 0.05
Resistance (zero seq.) [Ω/km] 0.51 0.34 0.15
Reactance (zero seq.) [Ω/km] 0.1 0.09 0.07
Capacitance (pos/neg seq.) [µF/km] 0.195 0.318 0.223
Capacitance (zero seq.) [µF/km] 0.23 0.34 0.223
Conductor material Copper Copper Copper
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4.3 66 kV Collection Grid Cables

The cross section of cables is closely related to the current rating of a cable. As
the current of the cable is di�erent in the 66 kV wind farm compared to the 33
kV wind farm due to the higher voltage level, the cables in the 66 kV wind farm
have been designed to �t the 66 kV voltage level.

The cables for the 66 kV wind farm are designed using ABB datasheet for
submarine cables [17]. The datasheet can be found in appendix A.1, where the
used sections are highlighted. The datasheet shows the current rating related to
the cross section for three-core submarine cables together with the capacitance
and inductance for all cables at di�erent voltage ratings. Hence, the �rst step to
design the cables is to establish what current ratings are needed for the collection
grid cables in the 66 kV wind farm.
The current per phase I of a cable depends on the voltage V and the apparent
power S of the cable as expressed in equation 4.1 [61]. The apparent power
varies with the number of wind turbines connected in a row ranging from 1
wind turbine = 4 MVA to 10 wind turbines = 10WT*4 MVA = 40 MVA. No
rows with 7, 8 or 9 wind turbines exists, as seen on the layout of the wind power
plant in �gure 4.1.

I =
S√

3 ∗ V
(4.1)

By calculating the current on the collection grid cables using equation 4.1, it is
found that for up to 6 wind turbines connected in row, the current on the cable
does not exceed 300 A. Hence, the ABB cable with the lowest cross section of
95mm2 can be used as the rated current of this cable is 300 A. The three cable
sections which connect 10 wind turbines to substation B have a current rating
of 350 A calculating with equation 4.1. The ABB cable with a rated current of
375 A and a cross section of 150mm2 have therefore been chosen for these three
cable sections.

The capacitance and inductance of a 95mm2 66 kV three core cable and of a
150mm2 66 kV three core cable are given in the ABB datasheet, see appendix
A.1. However, the resistance must be calculated. The DC resistance of a cable
can be calculated according to equation 4.2. Here, ρ is the resistivity of the
conductor material which in this case is copper, l is the length of the cable,
A is the cross sectional area, α0 is the temperature coe�cient and T is the
temperature [72] [58]. As the wind farm is operating in AC and not DC, the
AC resistance should be calculated, which is given by 4.3. Here, γs is a measure
of the skin e�ect and γp is a measure of the proximity e�ect [72] [58].
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However, when calculating the AC resistance it showed that γs�0 and γp�0
and therefore did not have any signi�cant e�ect on the AC resistance for the
desired precision. For this reason, the skin e�ect and proximity e�ect have been
neglected.

RDC =
ρl

A
(1 + α0(TΘ − T0)) (4.2)

RAC = RDC (1 + γs + γp)) (4.3)

The resistance calculated and the capacitance and inductance obtained from the
ABB datasheet is for the positive and negative sequence. For zero sequence it
has been assumed that the capacitance and inductance remain the same. It is
also seen on the cables used in the 33 kV wind farm that the capacitance and
inductance are in the same order comparing the positive and negative sequence
to the zero sequence. However, this is not the case for the resistance which as
a rule of thumb is three times larger in the zero sequence network compared to
the positive and negative sequence [1]. This is also seen on the cables in the 33
kV wind farm. Hence, the zero sequence resistance of the collection grid cables
in Powerfactory for the 66 kV wind farm are three times higher compared to the
calculated resistance used for the positive and negative sequence.
The same cable from the substation to PCC used in the 33 kV wind farm is also
implemented in the 66 kV wind farm model and is described in table 4.5. A
summary of the collection grid cables in the 66 kV wind farm can be found in
table 4.6.

Table 4.6: Speci�cation of collection grid cables in the 66 kV wind farm mod-
elled in Powerfactory.

Cable A Cable B
Nominal cross section [mm2] 95 150
Rated voltage [kV] 66 66
Rated Current [A] 300 375
Total length of cable [km] 42.1 3.6
Resistance (pos/neg seq.) [Ω/km] 0.23 0.146
Inductance (pos/neg/zero seq.) [mH/km] 0.44 0.41
Resistance (zero seq.) [Ω/km] 0.69 0.44
Capacitance (pos/neg/zero seq.) [µF/km] 0.17 0.19
Conductor material Copper Copper
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Two di�erent cables are used in the collection grid of the 66 kV wind farm. The
most used cable is 95mm2 with a total length of 42.1 km. The other cable is
150mm2 with a total length of 3.6 km. The cross sectional area of this cable
is the same as cable A in the collection grid of the 33 kV wind farm, however,
cable A in the 33 kV model is from the standardised model provided by Siemens
Wind Power. Despite this, the parameters of the 150mm2 ABB cable used in
the 66 kV wind farm are very similar to the parameters of cable A in the 33 kV
model. The small di�erences can be caused by di�erent cable manufacturer.

4.4 Market Availability of Components

An important aspect to keep in mind when comparing the two cases is the
availability of the components on the market today. It is easy to simulate 66
kV components in Powerfactory but for wind farm operators to choose to use
66 kV in o�shore wind farms also depends on whether a supply chain for 66 kV
components exists.

Switchgear and transformers that can be used in 66 kV o�shore wind farms are
currently available on the market today. Although some of the solutions are not
identical in the set up of the 33 kV components, there are 66 kV switchgear and
transformers technologically ready for implementation [64] [15] [16].

The technological readiness of 66 kV sea cables are, however, still in the de-
velopment stage. Generally, o�shore wind farms use wet type cables that use
XLPE or EPR to block water which, compared to dry type cables, do not need
to incorporate a water blocking lead sheath. The wet type cables are used as
they are less expensive compared to dry type cables, however, currently only
wet type cables up to 33 kV are readily available on the market today [64]. In
order to move the development of 66 kV sea cables, the Carbon Trust's O�shore
Wind Accelerator launched a competition "the Race for 66 kV" in 2013 to �nd
cable manufacturers that can develop and qualify cables to be used in 66 kV
wind farms [15] [28]. Since 2014, three manufacturers (Nexans, Prysmian and
JDR) have been moving forward with the development of cables for 66 kV o�-
shore wind farms with the help of funds from Carbon Trust's O�shore Wind
Accelerator. The commercial availability of the wet type cables are expected to
be available in 2017 [11].
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Chapter 5

Simulations, Analysis and

Results

Chapter 5 presents the results of the simulations carried out in Powerfactory and
further evaluated using Excel. The set up of the simulations are brie�y explained
for each technical evaluation and the results are analysed and presented in forms
of �gures and tables. The technical performance of the 33 kV and 66 kV wind
farm is evaluated and presented in this chapter in terms of active power losses,
reactive power capabilities, fault current in di�erent fault cases and the impact of
using wind turbine tap changing transformers. The active power loss evaluation
includes energy losses for the two wind farms at Horns Rev and Hvide Sande as
well as the e�ciency of both wind farms. In addition to this, the distribution
of losses for the components in the two cases is evaluated and compared. The
reactive power capabilities of both wind farms are found for di�erent scenarios
and the overall reactive power compensation needed in the two cases is estimated
in order to ful�l the Danish grid code requirements. The e�ect of using tap
changers on the wind turbine transformer are evaluated mainly in terms of
active power losses where the optimal tap position is found. The results of the
fault analysis are equally presented in terms of the peak short circuit current
for di�erent fault cases and di�erences between the 33 kV wind farm and the
66 kV wind farm are analysed. Furthermore, this chapter includes an economic
evaluation of the 33 kV and the 66 kV wind farm in terms of installation cost of
relevant components based upon design parameters and technical performance
as well as cost of energy losses. The economic results are discussed in relation
to the cost of energy for the wind farms. Finally, in the last section, an overall
comparison of the technical performance and economic evaluation between the
33 kV and the 66 kV wind farm are presented and discussed and the results
are put into perspective by comparing the work in this thesis with literature of
similar investigations.
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5.1 Active Power Loss

In the evaluation of active power losses of both wind farms load �ow simulations
have been carried out in Powerfactory and the active power output of the wind
farms have been recorded at PCC. Operation scenarios have been set up where
each scenario represents a di�erent dispatched active power set point at the
wind turbines following the power curve in �gure 2.2. The voltage set point at
the wind turbines and at the grid is set to 1 pu for all scenarios. All 51 wind
turbines are active and �lters at each wind turbine and at the grid connection are
connected as they carry a small power loss. The shunt reactor at grid connection,
used as reactive power compensation, is disconnected as the dimensioning of the
needed reactive compensation is evaluated separately. Its impact in terms of
active power losses will be brie�y discussed in the section 5.6. The exact same
scenarios are set up in the 33 kV and the 66 kV wind farm and the active power
output recorded at PCC is further analysed in Excel.

In general, the losses are proportional to the current squared and the power is
proportional to the product of current and voltage. The initial hypothesis is
therefore, that the losses in the 66 kV wind farm will be signi�cantly lower than
the losses in the 33 kV wind farm due to double the voltage level. In both cases,
the active power losses will increase with increased dispatched power. To get a
more precise loss estimation, the total losses in the wind farms are calculated
taking the Weibull distribution into account. Hence, the operation scenarios in
Powerfactory are de�ned to represent the dispatched power at each wind speed.
The total yearly energy output of the wind farm, before losses are substracted,
is then calculated by equation 5.1, where ∆t represents the time period, P outu

is the active power at PCC for wind speed u and σu is the probability of the
wind speed u. The total energy losses are calculated using equation 5.2, where
PWT out
u is the dispatched active power of each wind turbine at wind speed u.

Etotal = ∆t ∗
∑

u=0−25m/s

(
P outu ∗ σu

)
(5.1)

Eloss =

∆t ∗
∑

u=0−25m/s

(
51 ∗ PWT out

u ∗ σu
)− Etotal (5.2)

The average dispatched active power related to the capacity factor of Horns
Rev and Hvide Sande, as calculated in section 2.2, has also been included as
a scenario, where the total yearly energy output, before losses are substracted,
is calculated by PCF average ∗ 8760h. A comparison between using the capacity
factor and the full power curve to calculate the energy output and energy losses
is made.
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The results of yearly energy losses obtained by analysing the data from the load
�ow simulations for both the 33 kV wind farm and the 66 kV wind farm are
illustrated and compared in �gure 5.1.
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Figure 5.1: Energy loss of the 33 kV and 66 kV wind power plant over a time
period of 1 year at Horns Rev and Hvide Sande.

As illustrated in �gure 5.1, the losses are di�erent when calculated over the
range of the power curve compared to using the average dispatched active power
related to the capacity factor for both Horns Rev and Hvide Sande. This is also
expected, as the losses varies with the dispatched active power. The losses are
lower at Hvide Sande compared to Horns Rev but this should be evaluated
in relation to the yearly energy output of the wind farms. The yearly energy
production is for example for the 33 kV wind farm calculated using the range
of the power curve 563 GWh at Hvide Sande and 910 GWh at Horns Rev. This
di�erence is due to the Weibull distribution at the two sites as the probability
of lower wind speeds is higher at Hvide Sande and the losses are lower at lower
wind speeds. Hence, as mentioned in chapter 2.2, the Weibull distribution is
very important to evaluate when choosing the correct wind turbine for a site.
As Horns Rev is a better location for the Siemens 3.6 MW wind turbines, Hvide
Sande has been disregarded in the coming analysis of the 33 kV wind farm and
the 66 kV wind farm.

Figure 5.1 shows that in all cases the yearly energy loss is lower in the 66 kV
wind farm compared to the 33 kV wind farm, as initially expected. This can also
be con�rmed when looking at the e�ciency of the wind farms at di�erent active
power penetration in �gure 5.2. At nominal power the e�ciency is roughly 1.5%
higher in the 66 kV case compared to the 33 kV case.
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Figure 5.2: E�ciency at di�erent dispatch active power levels for the 33 kV
wind farm and 66 kV wind farm.

When comparing the total energy losses between the two wind farms at Horns
rev for the whole power curve range, the losses in the 66 kV wind farm only
decrease with 6%. The reason for the relatively low loss reduction when us-
ing 66 kV instead of 33 kV can best be explained through further investigation
considering the distribution of losses in the two wind farms.

Figure 5.3 shows the loss distribution of di�erent components in both wind
farms and �gure 5.4 shows the increase or decrease in energy losses of di�erent
components when going from the 33 kV wind farm, set as the reference case, to
the 66 kV wind farm.
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Figure 5.4: The energy loss in the 33 kV wind farm compared to the 66 kV
wind farm for di�erent components in the collection grid. A pos-
itive value relates to an increase in losses and a negative value
relates to a decrease in losses when moving from 33 kV to 66 kV

The results are obtained through load �ow simulations where 6 di�erent wind
speeds and their associated dispatched active power from the power curve have
been used as input. The Weibull distribution of Horns Rev has then been used
to calculate the losses in the two wind farms. The losses have been found for the
wind turbine transformers, the collection grid cables hence the cables in the wind
turbine arrays to the substation transformers, the two substation transformers
and the sea-to-land cable.

Figure 5.3 shows a similar distribution of losses of the components in both the
33 kV and the 66 kV wind farm. The largest loss of around 60% comes from
the sea-to-land cable, which is caused by the long length of this cable. This is
also why the wind farm's distance to shore is very important to consider when
planning new o�shore wind farms. The main di�erence in the distribution of
losses in the two wind farms are in the collection grid cables. The improvement
in the collection grid losses when using 66 kV instead of 33 kV is 50% and only
very small loss variations (<1%) occur in the transformers and the sea-to-land
cable as seen on �gure 5.4. The improvement of losses in the collection grid
cables in the 66 kV wind farm are caused by the increase in voltage. As the
power of the cables is proportional to the product of the voltage and current
and the power is the same in both cases, when the voltage increase with a factor
2, from 33 kV to 66 kV, the current will be halved. The losses in the cable can
be calculated according to equation 5.3.

Ploss = I2R (5.3)
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Hence, I2 will decrease with a factor 4 when moving from 33 kV to 66 kV.
However, the losses in the 66 kV collection grid cables are not 1/4 of the losses
in the 33 kV collection grid cables as the resistance of the cables also has to
be taken into consideration. Due to the smaller cable size used in the 66 kV
collection grid cables, the resistance of these cables is larger compared to the
cables of the 33 kV collection grid. The resistance of the cables in the two
cases have been calculated according to the speci�cation of the cables in table
4.1 in section 4.2. The results of the calculations showed that the resistance of
the cables in the 66 kV wind farm increases with 1.75 compared to the 33 kV
wind farm. The losses in the collection grid cables of 66 kV wind farm should
therefore be 1

4 ∗ 1.75 = 44% of the losses in the collection grid cables of the 33
kV wind farm. The actual decrease obtained in Powerfactory (=50%) is slightly
higher, however, the di�erence can probably be explained by the choice of load
�ow simulations carried out and how the data from the load �ow simulation is
handled, e.g. rounding of numbers.

A 50% decrease in the collection grid cable loss is very large but when considering
the distribution of losses (�gure 5.3) the collection grid cables only represent 11%
of the total losses in the 33 kV wind farm and 6% of the total losses in the 66
kV wind farm. Therefore, the decrease in losses when using 66 kV instead of 33
kV in the collection grid of the wind farms investigated is only 6%.

The active power losses have also been investigated under the conditions used
in the reactive power simulations discussed in section 5.2, where the external
grid voltage change between 0.9 and 1.06 pu and the wind turbines' voltage set
point change between 0.9 pu to 1.1 pu. For all scenarios, the active power losses
are always lower in the 66 kV wind farm compared to the 33 kV wind farm in
the range between 0.3-11% lower.

Hence, the comparison of energy losses between the 33 kV and the 66 kV wind
farm con�rms the expectations in the initial hypothesis of lower losses in the 66
kV case. However, the overall loss evaluation only showed a low improvement
in the energy losses when using 66 kV instead of 33 kV.

The cost of energy losses and how the energy losses a�ect the annual energy
production in both wind farms are evaluated in section 5.5.
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5.2 Reactive Power Capability

The reactive power capabilities of the two wind farms have been investigated
using load �ow simulations in Powerfactory. Simulations have been conducted
for various conditions considering the full range of the grid voltage set point for
Q-requirements, the full WT voltage range and the full dispatched active power
range of the wind turbines. This is in accordance to the tests suggested by [18].
The reactive power Q absorbed or produced by the two wind farms have been
recorded at PCC for a voltage set point at the wind turbines of 0.9 pu and 1.1 pu
for dispatched active power at the wind turbines adjusted between 0-100%. The
WT voltage set points are chosen, in order to use the full range of the reactive
power capabilities of the wind turbines. The results of the simulations have
been compared to the Q-requirements in the Danish grid code. The absorption
of Q at PCC can be seen by the main network as a connection of inductance
into the network to help lower the grid voltage and the production of Q at PCC
can be seen as a connection of a capacitor into the main network to help raise
the grid voltage.
Figure 5.5 shows the results of the load �ow simulations when the voltage set
point of the external grid is 1 pu, in �gure 5.6 the voltage set point is 0.9 pu and
in �gure 5.7 it is 1.06 pu. In the three �gures 5.5, 5.6 and 5.7 the Danish grid
code requirements are also represented. The load �ow simulations are carried
out while the shunt reactor, which can be used as reactive power compensation,
is disconnected as one of the aims of the reactive power investigation is to
calculate and compare the needed compensation in the two wind farms.
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Figure 5.5: Reactive power capability of the 33 kV wind farm and the 66 kV
wind farm measured at PCC when the external grid voltage is 1
pu.
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Figure 5.6: Reactive power capability of the 33 kV wind farm and the 66 kV
wind farm measured at PCC when the external grid voltage is 0.9
pu which relates to the minimum voltage requirement that a wind
farm must provide reactive power support according to the Danish
grid code.
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The control of reactive power in the wind farms is carried out by using the
reactive power capabilities of the wind turbines. The actual reactive power
capability of the wind turbines needs to be seen in relation to the rest of the
wind farm and grid. The wind turbines are capable of adjusting their reactive
power production and absorption according to the capability curve (in �gure
3.3) and their �nal set point depends on voltage of the wind farm and the
reactive power losses (absorb or produce) throughout the wind farm. Therefore,
if, for example, the grid voltage set point changes, the maximum reactive power
produced or absorbed by the wind turbines and wind farm will vary. Figure
5.5, 5.6 and 5.7 illustrate the production of Q from the wind farm as positive
numbers and the absorption of Q as negative numbers. As seen on the �gures,
the higher grid voltage the lower maximum reactive power are both wind farms
able to produce and the more are they able to absorb.

The con�guration of the wind turbines in Powerfactory, for the simulations
conducted, are a voltage set point of 0.9 pu or 1.1 pu. However, when running
the load �ow simulations, the voltage set point of the wind turbines is not in all
cases kept, as the minimum or maximum reactive power has been reached. It is
noted on the �gures that some of the reactive power curves bends when reactive
power is absorbed. The bend occurs as the wind turbines have reached their
maximum reactive power (leading) capabilities and as seen on the the reactive
power capabilities of the wind turbines in �gure 3.3, at higher dispatched power
the absorption of Q decreases causing a bend in the graph.

Figure 5.5, 5.6 and 5.7 show that the two wind farms for all three voltage set
points at PCC are capable of producing the reactive power required to ful�l the
Danish grid codes. However, in the case of the grid voltage = 1.06 pu (�gure
5.7), the wind farms would need to absorb reactive power in order to contribute
to lowering the voltage in the grid and that the wind farms are able to produce
reactive power under these conditions is therefore irrelevant.
For two of the voltage set points at PCC (V = 1 pu and V = 0.9 pu) both wind
farms are incapable of absorbing the reactive power required by the Danish grid
code at all dispatched power levels. If the voltage at the grid is 1 pu (�gure
5.5), when the dispatched active power of the entire wind farm is between 25
MW and 75 MW the wind farms need additional reactive power absorption. As
illustrated on �gure 5.5, the additional reactive power absorption needed is 13
MVAr for both the 33 kV and the 66 kV wind farm.
Similarly, if the external grid voltage is 0.9 pu (�gure 5.6), the wind farms also
need an additional inductive reactive power compensation in order to ful�l the
Danish grid code. Under these conditions, the additional inductive reactive
power compensation needed is 13 MVAr for the 33 kV wind farm and 15 MVAr
for the 66 kV wind farm.
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The reactive power capabilities of the wind farms at PCC are a result of all
the components in the WPP. That both cases need inductive Q-compensation
is caused by the production of reactive power in the cables and in the harmonic
�lters. Particularly, the long sea-to-land cable produces a large amount of reac-
tive power which therefore, in some situations, must be compensated in order
to ful�l the grid code requirements.

The additional inductive reactive power needed can be compensated by using
a shunt reactor connected at PCC. A shunt reactor absorbs reactive power. It
can either be permanently connected or connected through a circuit breaker and
then switched in and out. The shunt reactor in the two wind farms is switch-
able. The size of the shunt reactor should be 13 MVAr in the 33 kV wind farm
and 15 MVAr in the 66 kV wind farm.

The di�erences in the reactive power capabilities between the two wind farms
can be explained by considering the reactive power �ow through the wind farms.
The production of reactive power in cables depends on the voltage squared [39].
As the voltage is doubled in the 66 kV wind farm, the production of reactive
power from the cables in the collection grid is higher compared to the 33 kV wind
farm. The reactive power absorption of the transformers is also dependent on the
voltage [39]. This results in higher reactive power absorption by the transformers
in the 66 kV wind farm. However, the di�erence in reactive power �ow between
the two wind farms is largest in the cables compared to the transformers. This
was veri�ed through extended simulations investigating the reactive power �ow
through di�erent components in the wind farms. Therefore, as a result of the
enhanced Q production in the collection grid cables, the 66 kV wind farm is
capable of producing more but absorbing less reactive power compared to the
33 kV wind farm.

All in all, �gure 5.5, 5.6 and 5.7 show that the 66 kV wind farm is able to produce
around 6 MVAr more than the 33 kV wind farm but is able to absorb between 0-2
MVAr less. Overall, both wind farms are able to produce the necessary reactive
power to ful�l the grid code requirements and they both need inductive reactive
power compensation. The needed inductive reactive power compensation is 2
MVAr higher in the 66 kV case compared to the 33 kV case.

The estimated cost of the reactive power compensation needed in the 33 kV wind
farm and the 66 kV wind farm has been calculated and compared in section 5.5.
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5.3 Tap Changing Transformer E�ect on P & Q

So far, the technical performance of the two wind power plants have only been
investigated using �xed tap settings of the transformers. It is, however, possible
to con�gure the wind turbine transformers and/or the substation transformers
with the aim of obtaining a better performance of the wind power plants.
The wind turbine transformers and substation transformers used in Powerfac-
tory are all equipped with tap changing functions. The wind turbine transformer
has 5 taps from -2 to 2, with 0 being neutral position. The additional voltage
per tap is 2.5%. In the model, the tap changers are equipped on the low volt-
age side. Therefore, a tap setting of for example tap -1 will decrease the turns
ratio by 2.5% (see equation 3.5 in section 3.3) while a tap setting = 1 will in-
crease the turns ratio with 2.5%. The wind turbine's taps are De-Energized tap
changers, hence, the cost of the transformer with or without the taps are similar
in price. Therefore, if the technical performances are improved using the taps
on the wind turbine transformers it is assumed that it would not increase the
investment cost of the wind turbine transformers.
The two substation transformers have 21 taps from 1 to 21 where tap 11 is the
neutral position. The additional voltage per tap is 1.5%. As the tap changers
are con�gured on the HV side, taps > 11 will decrease the turns ratio while
taps < 11 will increase the turns ratio of the transformer. The substation trans-
formers are built with OLTC. Hence, the implementation of tap changers on the
substation transformers would signi�cantly increase the investment cost.

Due to the assumptions of the cost impact, that implementing taps have on
the wind turbine and the substation transformers, the investigation of using tap
changers have been focused on the WT transformers. The use of the taps on
the substation transformers has only brie�y been evaluated in regards to further
optimisation following the investigation of WT tap changing transformers.
The main investigation have been focused on �nding the optimal WT tap po-
sition in terms of active power losses of both wind farms. In addition to this,
the reactive power �ow has been investigated at the optimal WT tap position
for active power losses. The optimal WT tap position, in regards to losses, has
been evaluated using load �ow simulations in Powerfactorys. The active power
output has been recorded at PCC of both wind farms for a grid voltage and WT
voltage equal to 1 pu and the losses have been calculated by subtracting the dis-
patched power with the power at PCC. The simulations have been conducted
for dispatched active power between 0-100% and for all WT tap positions.
In general, the cases where the tap position increases the voltage in the collec-
tion grid, the current will be reduced. The initial hypothesis is therefore, that
it is possible to reduce the losses using a WT tap position that will increase the
voltage in the collection grid, hence, tap -1 and tap -2.
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The results for the 33 kV and 66 kV wind farm are illustrated in �gure 5.8 and
�gure 5.9, respectively.
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Figure 5.8: Active power losses at PCC for all tap positions of the WT trans-
formers in relation to the dispatched power in the 33 kV WF.
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Figure 5.9: Active power losses at PCC for all tap positions of the WT trans-
formers in relation to the dispatched power in the 66 kV WF.
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At maximum power production the highest loss in both wind farms relates to
tap position 2, hence, the highest turns ratio and lowest voltage on the HV side
of the WT transformer. In general, for the same power transfer, a lower voltage
leads to higher currents. As losses are proportional to the current squared, the
losses will be higher for the biggest turns ratio of the wind turbines in the wind
farms investigated, hence, for tap position 2. Thus, the loss curves, in �gure
5.8 and 5.9, of tap positions 1 and 2, with lower voltage and higher current
in the collection grid, are also steeper compared to the loss curves of the tap
positions with higher voltage and lower current. The losses at high dispatched
power therefore behave accordingly to the expectation of the initial hypothesis.
However, �gure 5.8 and 5.9 show that at low/zero dispatched power the losses
are particular high for tap position -2, i.e. a high voltage and lower current in
the collection grid. The reasons have been investigated through further load �ow
simulations. The simulations conducted showed that tap -1 and, particularly,
tap -2 drive up the voltage in the sea-to-land cable and much higher losses
occur at these tap positions in the sea-to-land cable. The connection between
the voltage and the losses in the sea-to-land cable can be explained by where
the losses in cables come from. Losses in cables can occur from the conductor,
dielectrical material and sheath [41]. Dielectric losses also occur during no load
[17]. As the dielectric losses depend on the voltage squared [2], it is assumed that
the higher losses in the sea-to-land cable for WT tap positions that increases the
voltage in the collection grid are caused by dielectric losses. This explains the
behaviour of the graphs in �gure 5.8 and 5.9. Hence, at lower dispatched power
the losses are dominated by the dielectric losses in the sea-to-land cable whereas
at higher dispatched power the losses are dominated by conductor losses.

The behaviour of the graphs in �gure 5.8 and 5.9 leads to di�erent optimal
tap positions in terms of lowest losses for di�erent dispatched power levels. As
illustrated in �gure 5.8, when the WT dispatched power PWT for the 33 kV
wind farm is below 1.75 MW the best tap position of the WT transformers is
the neutral tap 0 in terms of losses. When PWT is between 1.75 MW and 3.3
MW the optimal tap position = -1 (2.5% decrease in turns ratio) and at PWT

> 3.3 MW the optimal tap position = -2 (5% decrease in turns ratio). Similar
relationship, between the tap position and the losses at di�erent dispatched
power levels, are seen for the 66 kV wind farm. However, the dispatched power,
for which tap position -1 and -2 leads to lower losses, is slightly higher compared
to the 33 kV WF, as seen on �gure 5.9. The di�erence between the wind farms is
assumed to be caused by slightly �atter loss curves in the 66 kV WF compared
to the 33 kVWF. As the taps on the WT transformers have the same dimensions
in both wind farms, the increase in voltage, of for example 5%, measured in volts
is higher for 66 kV compared to 33 kV, hence, the decrease in current will be
equally higher. This results in �atter loss curves for the di�erent tap positions
in the 66 kV WF compared to 33 kV WF and the intersections of the curves in
the 66 kV case therefore occur at higher power penetration.
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The wind turbine transformers are equipped with De-Energized tap changers
and the tap position is therefore rarely changed. Hence, the aim was to �nd
the optimal tap position that would result on average lower active power losses
over a long period of time, for example one year. A method to evaluate this,
is using the capacity factor of a site. For example, if the two wind farms were
erected at Hvide Sande with a capacity factor of 36% the associated average
dispatched active power is 1.3 MW, hence, for both wind farms the optimal tap
position is the neutral tap 0. If the wind farms are positioned at Horns Rev
with PCF,average = 2112 kW, using �gure 5.8 and 5.9, the optimal tap position
for both wind farms would be tap -1 in term of power losses. The investigation
of the losses calculated over the range of the power curve for the tap position -1
at Horns Rev showed that the 33 kV wind farm has 2.9% lower losses using tap
position -1 compared to the neutral position and the 66 kV wind farm has 1.8%
lower losses. If the annual energy production of tap -1 and tap 0 is compared,
the improvement using tap -1 is 0.1% for the 33 kV wind farm and 0.06% for the
66 kV wind farm. This improvement is very low and the di�erence is within the
range for estimation uncertainties for predicting AEP [59]. It can therefore be
argued, if it is worth using the taps on the wind turbine transformers to lower
the losses.

The reactive power capabilities have been evaluated when the wind turbine
transformers' tap position = -1. It is expected, that the reactive power capa-
bilities will change for di�erent tap positions, as the voltage controller on the
wind turbines will try to compensate for the voltage di�erence in the turbine
transformers caused by a tap change, by producing or absorbing reactive power.
As example of the reactive power capabilities for WT tap -1, the situation with
the worst reactive power capabilities has been chosen. Hence, the reactive power
capabilities when the external grid is 0.9 pu is shown in �gure 5.10.

Comparing �gure 5.10 to �gure 5.6, it is seen that the decreased turns ratio for
tap -1 shifts the graphs to the right. For tap position -1, the WT transformer
will try to lower the voltage on the LV side with 2.5% but the WT controller in
PV mode is con�gured to control the voltage of the WT generator to a speci�c
set point. Hence, to compensate for the this voltage di�erence the WTs shift
their set point on their Q capability graph and produces more reactive power in
order to increase the voltage. Therefore, the reactive power capability graphs
for tap -1, in �gure 5.10, are shifted to the right compared to tap 0, in �gure 5.6.
The opposite would happen if the taps on the WT transformer = 1, as the WT
transformer would increase the LV set point and in order for the generator to
compensate it would absorb more Q. This behaviour of the WTs when using the
taps is also why tap changers sometimes are used to enhance the reactive power
capabilities of wind power plants, as the tap position can change the operating
point on the reactive power capability curve for wind turbines.
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Figure 5.10: Reactive power capabilities recorded at PCC for the 33 kV and
66 kV wind farm when grid voltage is 0.9 pu and tap position at
WT transformers is -1 = 2.5% decrease in nominal turns ratio.

For DETC, as the ones used on the WT transformers, the taps are �xed for
a long period of time. For this type of tap changers, it would therefore, for
example, be bene�cial to operate the wind turbines at tap position -1 if the
wind farm was located in an area where the grid almost always is depressed and
therefore needs a large amount of Q production at PCC from the wind farm.
However, for the cases in this thesis, the enhanced Q production for tap -1 leads
to an even higher Q-compensation need at PCC in order to ful�l the Danish
grid code requirements. As illustrated in �gure 5.10, the additional inductive
Q-compensation needed for the 33 kV and the 66 kV wind farm is 41 MVAr and
43 MVAr, respectively. This is 28 MVAr more compared to the results obtained
in section 5.2, where the wind turbines transformers were in neutral position.
The additional reactive power that needs to be compensated would increase
the cost of the device used as reactive power compensation. In order to fully
evaluate if tap position -1 bene�ts the operation of the wind farms, the cost
bene�ts of the active losses and the cost loss of the additional reactive power
compensation have been compared. This evaluation is carried out in section 5.5.

It has brie�y been investigated, using load �ow simulations in Powerfactory,
if the use of taps on the substation transformers could lower the additional
Q-compensation needed when the WT transformers' tap position = -1. The
investigation revealed that if the turns ratio of the substations transformers
were increased (tap < 11), the wind farms were able to absorb more reactive
power but on the expensive of the active power �ow where losses would increase.
Therefore, using this con�guration has not been investigated any further.
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5.4 Fault Analysis

The results of the fault current in di�erent fault cases are evaluated in this
section. The peak short circuit current has been obtained at three di�erent
locations in the wind farm network. The fault current can be used to evaluate the
switchgear requirements. As the voltage is doubled in the 66 kV WF compared
to the 33 kV WF, the initial hypothesis is that the fault current will be lower
in the 66 kV wind farm. The hypothesis is evaluating for the following faults:

• Balanced three phase fault

• Line to line fault

• Double line to ground fault

• Single line to ground fault

The three fault locations chosen to evaluate the peak short circuit current are
at the high voltage busbar at PCC, the busbar at the LV side of the substation
transformer A and the busbar at the HV side of the transformer connected to
wind turbine AA01, which is located as the last wind turbine in an array furthest
away from substation A. The maximum short circuit current has been evaluated
in Powerfactory using the IEC 60909 method.
The peak short circuit current for a three phase fault in the three fault locations
is shown in �gure 5.11. The line to line fault and the double line to ground fault
gave similar results.
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Figure 5.11: Fault current for a three phase short circuit fault in three di�erent
fault locations.
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The results in �gure 5.11 show, that for two of the locations the fault current is
signi�cantly lower in the 66 kV case compared to the 33 kV case. The di�erences
between the two wind farms can best be explained by considering the di�erences
and similarities of the components in the wind farms.

The fault current is the same in both cases at the HV busbar at PCC as the
parameters of the components used in the 33 kV and 66 kV wind farm are the
same from the high voltage side of the two substation transformer to PCC.

The fault current at the LV side of substation transformer A is doubled in the
33 kV case compared to the 66 kV case. The fault current in this location
depends on the impedance of the substation transformer. The impedance of the
transformer can be evaluated using equation 5.4. As the resistance in equation
5.5 is very small, the impedance of the transformer is dominated by the reactance
X in equation 5.6. Hence, as the voltage level on the LV side of the transformer
increases with a factor 2 from the 33 kV wind farm to the 66 kV wind farm, the
impedance will increase with a factor 4.

Z =
√
R2 +X2 (5.4)

R =
U2

S
∗Rpercentage (5.5)

X =
U2

S
∗Xpercentage (5.6)

The current can be evaluated using equation 5.7. Therefore, if the voltage
increases with a factor 2 and the impedance increases with a factor 4, the fault
current in the 66 kV WF should be half the size of the fault current for the 33 kV
WF, when a fault occurs at the busbar of the LV side of substation transformer
A. The results in �gure 5.11 are consistent with the analytical evaluation.

I =
U

Z
(5.7)

In the fault location at the busbar on the HV side of the wind turbine AA01
transformer, the fault current in the 66 kV case is 71% of the fault current in the
33 kV case. Hence, the fault current is not halved comparing the two cases in
this location. To understand why, a similar evaluation of the impedances have
been carried out. Due to the location of the fault, the fault impedance, com-
pared between the 33 kV and 66 kV wind farm, will depend on the impedance
of the substation transformer, the impedance of the cables in the array which
connects turbine AA01 to the substation busbar and the impedance of the sea-
to-land cable. This is best illustrated by a drawing, see �gure 5.12.
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Figure 5.12: Impedance for fault location at the HV side of WT AA01 trans-
former.

The impedance of the cable array connecting wind turbine AA01 to the substa-
tion transformer has been split into ZAA06−Sub01A and ZAA01−AA05, as a larger
cable with a di�erent impedance between WT AA06 and the substation is used
in the 33 kV wind farm compared to the cables connecting wind turbine 1, 2,
3, 4 and 5. For the 66 kV wind farm the same type of cable is used in the full
array.

The impedance of the cables is found from the cable's positive sequence resis-
tance and reactance, as de�ned in Powerfactory, using equation 5.4. As the
resistance and reactance of the cables are given in Ohm/km, the cable length
is taken into consideration when evaluating the impedance. The parameters of
the cables are captured in table 4.5 and 4.6 in chapter 4. Hence, the impedance
of the cable array is expressed in equation 5.8 for the 33 kV case and in equation
5.9 for the 66 kV case.
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Z33 =
√
R2
cableA +X2

cableA ∗ lcableAA01−AA05

+
√
R2
cableB +X2

cableB ∗ lcableAA06−Sub01A

= 0.944 Ω

(5.8)

Z66 =
√
R2
cableA +X2

cableA ∗ lcableAA01−AA06

= 1.502 Ω
(5.9)

The impedance of the substation transformer for the 33 kV wind farm, calculated
using equation 5.4, is 0.635 Ω and for the 66 kV wind farm it is 2.54 Ω, hence,
a factor 4 larger. The sea-to-land cable from the substation transformer to the
grid connection should also be taken into account. As it is the same cable that
is used in the 33 kV wind farm and the 66 kV wind farm, the impedance and the
length of the cable is the same. Using the parameters of the cable in table 4.5 in
section 4.2, the impedance of the sea-to-land cable can be calculated according
to equation 5.4. To get the result in Ohm, the result is multiplied with the
length of the cable. However, due to the location of the fault the impedance
of the sea-to-land cable should be referred to the primary side (LV side) of the
substations transformer, as expressed in equation 5.10. Hence, the impedance
of the sea-to-land cable referred to the primary side for the 33 kV wind farm is
0.31 Ω and 1.2 Ω for the 66 kV wind farm.

Z
′

cable = α2
t ∗ Zsea−to−land cable (5.10)

The total impedance is then the sum of the cable array, the substation trans-
former and the sea-to-land cable. For the 33 kV case the impedance is therefore
1.9 Ω and for the 66 kV case it is 5.3 Ω. Comparing the two results, the increase
in impedance going from the 33 kV to 66 kV is therefore 5.3/1.9 = 2.8. As the
voltage increases with a factor 2, the current in the 66 kV wind farm should then
be 2/2.8 = 72% of the current in 33 kV wind farm. According to the results
obtained in Powerfactory the fault current using 66 kV is 71% of the current
obtained using 33 kV. The slight di�erent in the theoretical evaluation and the
results obtained in Powerfactory could be explained by the actual voltage level
when running the simulation in Powerfactory, as it deviates slightly from the
theoretical value of either 33 kV or 66 kV.

Similar relationships of the three phase fault current between the 33 kV and the
66 kV wind farm in the three fault locations are obtained for the line to line
fault and the double line to ground fault.
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However, for the single line to ground fault the results were di�erent in two
of the locations, as illustrated in �gure 5.13. For both wind farms the fault
current is signi�cantly lower compared to the other faults analysed. This can
be explained by the con�guration of the substation transformers and the wind
turbine transformers. The substation transformers are ∆-connected on the LV
side and Y-connected on the HV side. The wind turbine transformers are Y-
connected on the LV side and ∆-connected on the HV side. As the fault locations
investigated are either on the LV side of the substation transformer or the HV
side of the wind turbine transformer, due to the delta connections, no zero
current should be able to �ow as the transformers are not grounded on the side
using delta connection. According to this reasoning, there should not be a fault
current at all for a single line to ground fault.
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Figure 5.13: Fault current at single line to ground fault.

The reason for the small fault current for the single line to ground faults, illus-
trated in �gure 5.13, is due to the line capacitance of the cables, which make
the connection to ground. This has been veri�ed by setting the zero sequence
capacitance ≈ 0 Ω/km for the cables in the Powerfactory models. The following
short circuit simulations conducted showed a fault current ≈ 0 A. In the wind
farms investigated, the capacitance of the cables is lower in the 66 kV WF com-
pared to the 33 kV WF, leading to a higher impedance. However, the impedance
related to the cable capacitance increases with less than a factor 2 going from
the 33 kV wind farm to the 66 kV wind farm. As the voltage level increases
with a factor 2, the fault current for the single line to ground fault is slightly
higher in the 66 kV wind farm.

Overall, the fault analysis con�rmed the initial hypothesis and showed that using
66 kV instead of 33 kV will signi�cantly lower the fault current in all fault cases
except the single line to ground fault. Hence, the lower fault current in the 66
kV case leads to lower switchgear requirements compared to the 33 kV case.



5.5 Economic Analysis 55

5.5 Economic Analysis

The economics of the wind farms have been evaluated at the basis of the tech-
nical analysis. The economic analysis includes an evaluation of the installation
cost of those components with di�erent properties in the 33 kV wind farm com-
pared to the 66 kV wind farm, according to the design and technical requirements
of each wind farms. Hence, the cost of the cables, transformers, switchgear and
reactive power compensation have been evaluated. In this pre-feasibility study,
it has not been possible to obtain speci�c prices for these components from
manufacturers. Instead, the cost of components are evaluated using cost ex-
pressions, which associate the cost with the rating of certain parameters of the
components. The cost of the active power losses are also evaluated. Further-
more, changes in installation cost and AEP when using 66 kV instead of 33 kV
are estimated and the results are used to evaluate the cost of energy for both
wind farms in relation to each other.

Cost expressions

Cost expressions are a very simpli�ed method used to estimate the cost of wind
farm components and it is therefore important to be critical of the economic
results obtained by using cost expressions. The cost models presented in this
section are developed by [52], where the cost expressions are based on infor-
mation gathered by various sources. Other literature, such as [49] [53] [25],
assessing the cost of wind farms also base their investigation on [52]. Hence, the
cost models are assumed to provide a good estimation of the economics of wind
farms.

The cost of cables are expressed by equation 5.11 [52]. The cable cost expression
is based on cost information considering the conductor area and rated voltage.
Therefore, the parameters Acable, Bcable and Ccable are dependent on the voltage
level. Their values for 33 kV, 66 kV and 132 kV can be found in appendix A.2.
The cost of the cables also depends on the rated power of the cable S. S is
de�ned by equation 5.12 where Urated is the voltage of the cable and Irated is
the current of the cable. In the collection grid of both wind farms two di�erent
cables are used with di�erent current rating. Hence, the calculations are carried
out for both cables in the two wind farms and the overall collection grid cable
cost is found for each wind farm taken the lengths of the cables into account.
The cable cost expression increase exponentially with the rated power. For
the same rated power, if calculating the cost using the cable cost parameters
associated with 33 kV and 66 kV, the cost of the cables is higher in the 33 kV
case.
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The parameters are based on information regarding the cross section area and
voltage level. Hence, the cable cost expression does to some extend consider
that less material is used in a 66 kV cable leading to lower cost compared to a
33 kV cable of the same rated power.

Ccable = Acable +Bcable ∗ exp (Ccable ∗ S) (5.11)

S =
√

3UratedIrated [V A] (5.12)

The cost of the transformers (trf) is expressed by equation 5.13 [52]. According
to the expession the cost depends on the rated power of the transformer Prated.
The transformer cost paramaters can be found in appendix A.2. According the
equation 5.13, the transformers in the 33 kV wind farm will cost the same as
the transformers in the 66 KV wind farms as the cost is de�ned by the power
rating of the transformers. However, according to [66] the estimated increase in
wind turbine transformers is around 20-30% when moving to higher voltages.
Therefore, in the cost calculations of the wind turbine transformers an increase of
25% have been used. Potential increase or decrease in the cost for the substation
transformers is unknown and therefore not accounted for.

Ctrf = Atrf +Btrf ∗ P
βtrf

rated (5.13)

The cost of switchgear (SG) is expressed by equation 5.14 [52]. The cost pa-
rameters can be found in appendix A.2. The expression gives a linear relation
of the cost dependant on the switchgear's rated voltage Urated. According to
equation 5.14, the cost of the switchgear does not depend on the short circuit
current that the switchgear must be able to handle. It is mentioned in [68]
that lower short circuit requirements, as seen the 66 kV case, would reduce the
cost. However, the size of the cost reduction is unknown and is therefore not
accounted for. There is therefore a high uncertainty on whether the switchgear
cost expression provides with good estimates of the cost of switchgear in the
two wind farm cases.

CSG = ASG +BSG ∗ Urated (5.14)

The additional inductive reactive power compensation needed in both wind
farms are implemented using a shunt reactor. The cost expression for the shunt
reactor is expressed in equation 5.15 [52]. According to the equation, the shunt
reactor cost is 2/3 of the transformer cost of same rating.

Cshunt reactor =
2

3
Ctrf (5.15)
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Energy losses shall be evaluated for the entire life time of the wind farms. The
lifetime of wind farms is set to 20 years [47] [73]. In Denmark, support is given to
wind farm operators. According to the Danish Ministry of Climate, Energy and
Building, Danish o�shore wind farms receive between 0.519 - 1.051 DKK/kWh
for about 12.5 years [26]. In these calculations, a support of 0.979 DKK/kWh
= 131 e/MWh is used, which is equivalent to the expected settlement price
for Kriegers Flak [26]. For the remaining 7.5 years, the average spot price for
Western Denmark DK1, where Horns Rev is located, is used as the electricity
price. As the future electricity price is unknown, although often researched, the
average spot price in 2014 for DK1 equal to 229DKK/MWh = 31 e/MWh is
used [70]. Hence, the cost of energy losses for the lifetime of the wind farms
are calculated by equation 5.16. A similar equation can be used to estimate the
pro�t of a wind farm. When using this simpli�ed cost expression for the losses,
it is important to note, that it does not take potential developments of prices
and support into account.

Closses = Eperyearloss ∗ 12.5years ∗ 131
e

MWh

+ Eperyearloss ∗ 7.5years ∗ 31
e

MWh

(5.16)

For this thesis, the cost variations caused by voltage di�erences is interesting to
consider. The development of an overall relationship between cost and voltage
is out of scope for this thesis, however, a tendency can be seen by considering
the cost expressions dependant on the voltage in this section. The cost of
switchgear is linearly proportional to the voltage, the cost of cables is implicit
related to the voltage through voltage speci�c parameters and the cost of losses is
proportional to 1/U2 for systems of same power rating. If these cost impressions
are considered in combination with each other, the overall cost, as a function
of the voltage, is therefore assumed to include a minimum. At minimum, the
lowest possible cost is obtained for a speci�c voltage level. How steep or �at the
cost will increase on either side of the minimum is unknown. It is also unknown
where the two cases considered in this thesis are located on such a voltage-cost
graph and whether either 33 kV or 66 kV actually represents the minimum cost
possible.

Results

In the technical evaluation of using tap changers in the WT transformers the
results showed that tap position -1, i.e. a decrease in turns ratio, would lead to
lower losses and an additional need of inductive reactive power compensation in
both wind farms when compared to the neutral tap position. Evaluating this in
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an economic view, the improvement in the losses can be interpreted as a pro�t
while the additional reactive power compensation needed is an added cost.

The additional inductive reactive power compensation needed in both wind
farms is 28 MVAr which is estimated to cost e0.37M, using equation 5.15. The
improvement in losses for the 33 kV and the 66 kV wind farm, comparing the
neutral tap position to tap position -1, is 20 GWh and 11 GWh, respectively,
for the entire lifetime. This improvement leads to an additional pro�t for tap
position -1 estimated to be e1.9M for the 33 kV wind farm and e1.1M for the
66 kV wind farm, using equation 5.16. Combining the cost of the additional
reactive power compensation with the pro�t of the reduction in losses, the total
economic bene�t, if operating the wind farms for the entire life time at tap
position -1 compared to the neutral position, is an additional pro�t of e1.5M
for the 33 kV wind farm and e0.7M for the 66 kV wind farm.
With the focus of this thesis, the important thing to take from this investigation,
is that the economic bene�ts of using WT tap changers in the 66 kV wind farm
is less than half of the economic bene�ts in the 33 kV wind farm.

The overall economic comparison between the 33 kV and the 66 kV wind farm
has been based upon the technical performance of the wind farms when the taps
of the transformers are in neutral position. Technical results, used to evaluate
the costs, are based on Powerfactory simulations conducted for the whole range
of the power curve and analysed using the Weibull distribution at Horns Rev.
The economic results for the 33 kV wind farm and 66 kV wind farm are captured
in table 5.1 and 5.2, respectively.

In the hypothesis mentioned in the introduction, it was initially thought, that
using higher voltages would cause an increase in the cost of components and a
decrease in the cost of energy losses in the 66 kV case. This is also the result
when comparing the two cases. However, the di�erence in cost between the two
wind farms is very small. Whether the correct prices of the components have
been calculated is highly uncertain. For example, is the cost of the substation
transformer considered to be the same in both cases, however, in reality it is
more likely that the cost of the 66 kV transformer is highest. The cable cost
expression is based on information regarding the conductor area and the voltage
level. This is also shown on the cost of the collection grid cables, as the results
give a higher cost in the 33 kV case. It is therefore assumed, that the cable cost
expression does consider lower a amount of copper material used in the 66 kV
case.

The costs of the two wind farms presented in table 5.1 and 5.2 have been used
to estimate di�erences in the cost of energy between the two cases.
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Table 5.1: Costs of the 33 kV wind farm.

Description Speci�cation Cost [M e]
Turbine switchgear 51 x 33 kV 2.9
Turbine transformer 51 x 4 MVA 4.0
Cables collection grid 45.7km 33 kV 11
HV cable to PCC 47.8km 132 kV 33
Substation transformer 2 x 180 MVA 2.1
Substation MV switchgear 2 x 33 kV 0.11
Reactive power compensation 13 MVAr 0.23
Total collection grid cost 53
Energy losses (life time) 678 GWh 63
Total cost (Ccomponents + Elosses) 116

Table 5.2: Costs of the 66 kV wind farm.

Description Speci�cation Cost [M e]
Turbine switchgear 51 x 66 kV 4.0
Turbine transformer 51 x 4 MVA 5.0
Cables collection grid 45.7km 66 kV 9.9
HV cable to PCC 47.8km 132 kV 33
Substation transformer 2 x 180 MVA 2.1
Substation MV switchgear 2 x 66 kV 0.16
Reactive power compensation 15 MVAr 0.25
Total collection grid cost 54
Energy losses (life time) 636 GWh 59
Total cost (Ccomponents + Elosses) 114

Levelised Cost of Energy

A complete feasibility study used to calculate the levelised cost of energy of the
two wind farms is a very extensive procedure and therefore out of scope for this
thesis. Instead, the LCOE for the 33 KV wind farm has been based upon the
average cost of energy for o�shore wind farms of similar sizes found in literature.
As mentioned in section 2.3 and expressed in equation 2.6, LCOE depends on
the annual energy production and the installed capital cost. Therefore, by
comparing the increase or decrease in ICC and AEP when using 66 kV instead
of 33 kV, it is possible to estimate the LCOE of the 66 kV wind farm relatively
to the 33 KV wind farm.
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The LCOE of o�shore wind power plants according to the literature is 210
USD/MWh [8], 225 USD/MWh [71] and 180 e/MWh [56]. Using these �gures
as references, the LCOE of the 33 kV wind farm has been set to be 190 e/MWh.
As the LCOE can be calculated according to equation 2.6 in section 2.3, the
LCOE for the 66 kV wind farm relative to the 33 kV wind farm can be expressed
by equation 5.17. Here αICC is the estimated increase or decrease in percentage
of the installed capital cost and βAEP is the estimated percentage increase in
AEP moving from 33 kV to 66 kV.

As AEO
AEPnet

is small, equation 5.17 can be simpli�ed to equation 5.18 where the
LCOE for the 66 kV wind farm is expressed as a function of the LCOE of the
33 kV wind farm.

LCOE66 =
(ICC ∗ αICC) ∗ FCR+AEO

AEPnet ∗ βAEP
(5.17)

LCOE66 ≈
αICC
βAEP

LCOE33 (5.18)

The annual energy production of both wind farms, calculated using the power
curve and the Weibull distribution at Horns Rev, is captured in table 5.3. The
AEP is calculated using the e�ciency of the wind farms when the e�ciency
is obtained considering wind speeds between 0-25m/s. This means, that losses
below cut in wind speeds when the turbines are not producing power are also
included. This will of course lower the e�ciency slightly compared to the ef-
�ciency that could be obtained if only the losses associated with wind speed
between cut-in and cut-out wind speeds were taken into account. From the
obtained AEP of both wind farms, it is calculated that the AEP increases with
βAEP = 0.23% moving from 33 kV to 66 kV.

Table 5.3: AEP of the 33 kV wind farm and the 66 kV wind farm.

33 kV Wind Farm 66 kV Wind Farm
E�ciency [%] 96.4 96.6
AEP [GWh] 910 912

The installation cost of the components, which according to the design and
technical performance of the 33 KV and 66 kV wind farms will be di�erent, was
captured for the two cases in table 5.1 and 5.2, respectively.
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In general, the installed capital cost of wind power plants can be broken down
into the cost of wind turbines, electrical infrastructure/grid connection, foun-
dations and planning & installation [69] [56]. The biggest share of the installed
capital cost is the wind turbines of around 70% [69] [60]. The cost of the com-
ponents calculated in this thesis, referred to as collection grid cost, fall into
the category of electrical infrastructure, apart from the turbine switchgear and
transformer which is in the wind turbine category. The installed capital cost
of o�shore wind power plants, according to the literature, varies between 3300-
5000USD/kW [69] and 2500-6500 USD/kW [71]. Using these costs as references,
the installed capital cost for the 33 kV wind farm has been set to 3.9M e/MW.
Hence, the total installation cost of the 33 kV wind farm is assumed to be
e716M. The collection grid cost of the 33 kV wind farm equal to e53M and
of the 66 kV wind farm it is equal to e54M, see table 5.1. The increase in the
collection grid cost is therefore 2.3% when moving from 33 kV to 66 kV. As the
collection grid cost is 7.4% of the total estimated installation cost in the 33 kV
wind farm, the overall investment cost ICC increases with αICC = 0.18% in the
66 kV wind farm compared to the 33 kV wind farm.

Both the increase in installed capital cost and the increase in AEP, when com-
paring the 66 kV wind farm to the 33 kV wind farm, are very close to 0.2%,
which is relatively low. Calculating the LCOE66 using the expression in 5.18,
the LCOE of the 66 kV wind farm is the same as the LCOE of the 33 kV wind
farm. From the economic assessment, it is therefore not possible to conclude
any changes in LCOE for the 66 kV wind farm when compared to the 33 kV
wind farm.
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5.6 Comparison and Discussion

Table 5.4 provides a summary of the main results in terms of design parameters,
technical performance and economic estimations of the 33 kV wind farm and
the 66 kV wind farm.

Table 5.4: Summary and comparison of results between the two wind farms.

33 kV Wind Farm 66 kV Wind Farm

Design Parameters
Collection grid voltage 33 kV 66 kV

Collection grid cables 150mm2 396A 0.14 Ω
km

500mm2 716A 0.06 Ω
km

95mm2 300A 0.23 Ω
km

150mm2 375A 0.146 Ω
km

WT transformer αt = 0.69/33 αt = 0.69/66
Substation transformer αt = 33/132 αt = 66/132

Technical Performance
Net AEP 910 GWh 912 GWh
E�ciency 96.4% 96.6%
WF yearly energy loss 34 GWh 32 GWh
Collection grid cables
yearly energy loss

3.7 GWh 1.8 GWh

Inductive Q-compensation 13 MVAr 15 MVAr
Max. SC current 3-φ fault 34 kA 17 kA
Loss reduction for tap -1
compared to neutral tap

2.9% 1.8%

Inductive Q-compensation
tap -1

41 MVAr 43 MVAr

Economic Estimation
Increase in pro�t for tap -1
compared to neutral tap
(life time)

e1.5M e0.7M

Collection grid cost e53M e54M
Cost of energy losses
(life time)

e63M e59M

LCOE (estimated relatively
to each other)

190 e/MWh 190 e/MWh
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Discussion of technical and economic results

As shown in table 5.4, using 66 kV instead of 33 kV resulted in a very small in-
crease in e�ciency. Although the losses in the collection grid cables are reduced
with around 50% in the 66 kV wind farm compared to the 33 kV wind farm, due
to the fact that the losses in the collection grid cables are only a very low share
of the total losses in the wind farms, the overall reduction of losses is only 6%
lower when using 66 kV instead of 33 kV. The low loss reduction also resulted
in a relatively low increase in the annual energy production of 2 GWh = 0.2%
more per year in the 66 kV case compared to the 33 kV case.

Neither of the two wind farms investigated were able to ful�l the Danish grid
code requirements from Energinet.dk in terms of reactive power capabilities,
when only the wind turbines' reactive power capability was used. The large
production of Q from particularly the sea-to-land cable resulted in a need for
inductive reactive power compensation in both cases. The analysis of the load
�ow simulation results of the 33 kV wind farm showed that an inductive reactive
power compensation of 13 MVAr was needed at PCC in order to ful�l the Dan-
ish grid code requirements. The 66 kV wind farm needed 15 MVAr inductive
reactive power compensation at PCC. The increase in Q-compensation needed
for the 66 kV wind farm is assumed to be caused by an enhanced production
of reactive power in the collection grid cables due to the higher voltage in the
collection grid in the 66 kV wind farm compared to the 33 kV wind farm. This
was veri�ed through extended load �ow simulations. A shunt reactor can be
implemented in both cases to compensate for the remaining inductive reactive
power needed. The shunt reactor increases the losses in the wind farm slightly as
it uses 37 kW in the 66 kV wind farm and 33 kW in the 33 kV wind farm. How-
ever, this added loss is almost the same in both cases and the loss comparison
therefore gives a similar result with and without the shunt reactor.

The biggest impact on using 66 kV rather than 33 kV was seen on the fault
current levels at di�erent fault cases. For a fault located on the LV side of
substation transformer A, the fault current in the 66 kV wind farm was half the
size of the fault current in the 33 kV wind farm for all fault cases except the
single line to ground fault. For the same fault cases except the single line to
ground fault, if a fault was located on the HV side of the WT AA01 transformer,
placed at the far end of an array, the fault current was also much larger in the
33 kV case compared to the 66 kV case. However, the di�erence in fault current
at this location was lower due to the higher impedance of the array cables in the
66 kV case. For a single line to ground fault, at the above mentioned locations,
the fault current was very low due to delta-con�guration on the transformer side
at which the faults were located.
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As an additional study the use of tap changers on the wind turbine transformers
was conducted. The investigation showed that the optimal tap position of the
WT transformers in terms of active power losses changes dependent on the
dispatch active power level, hence, on the wind speed. At smaller wind speeds
the best tap position was the neutral tap and at medium to high wind speeds
the best tap position was tap -1, i.e. a decrease in turns ratio causing higher
HV level of the WT transformers, and at very high wind speeds the optimal
tap = -2 which further decreases the turns ratio. Both wind farms showed this
pattern. It is assumed that the reason for this relationship between the tap
change position and the dispatched active power are caused by the conductor
losses dominating at high power levels and the dielectric losses dominating at
low power levels. Tap position 2 and 1 leads to lower voltage on the HV side
of the WT transformer, hence, increasing the current in the collection grid. As
the conductor losses increase with current squared and the current increases
with increased power, the conductor losses at tap 2 and 1 will be higher at
particularly higher power levels. At lower power levels the dielectric losses in
the sea-to-land play a signi�cant role for tap position -2 and -1, as the voltage is
higher in these cases. This was veri�ed through extended load �ow simulations.
For tap position -1, the overall losses compared to the neutral tap was improved
with 2.9% in the 33 kV WF and 1.8% in the 66 kV WF. However, the same tap
position increases the reactive power compensation needed in both cases with 28
MVAr, as the WT generators try to compensate for the voltage di�erent caused
by the change in tap position by producing more Q. The technical performance
of the wind farms in tap position -1 was transferred into economic estimations.
The analysis showed a small increase in pro�t which was slightly lower for the
66 kV case compared to the 33 kV case.

Disregarding the use of taps on the WT transformers, the economic evaluation of
both wind farms gave very similar results. The installation cost would increase
slightly in the 66 kV wind farm caused by higher cost of switchgear due to the
higher voltage level, an increased cost of the shunt reactor due to the increase
reactive power compensation needed and an estimated increased cost of the
WT transformers. However, the component cost estimations are very uncertain
which could be a cause of the low cost di�erence between the two cases. The
lower losses in the 66 kV case leads to a small increase in AEP compared to the 33
kV case. As the economic di�erences are small and as the increase in installation
cost contradicts the increase in AEP, no di�erence in the cost of energy of the
two wind farms was noted when estimated relatively to each other.

Overall, the only big di�erence in the technical and economic comparison be-
tween the two wind farms was seen on the fault current. Unless the fault current
causes a problem in generic 33 kV wind farms, according to the investigation
carried out in this thesis, it can not be concluded that it is more bene�cial to
use either 33 kV or 66 kV in the collection grid.
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Thesis results in a broader perspective

As mentioned in the introduction a limited amount of published literature inves-
tigates if using higher voltages in the collection grid would bene�t the technical
performance and the economics of wind farms. The articles published on this
topic have similar conclusions to the results obtained in this thesis in terms of
lower fault current and lower losses when using higher voltages in the collection
grid.

In this thesis, the reduction in energy losses does not improve signi�cantly when
using 66 kV in the collection grid instead of 33 kV. The choice of wind turbines
and the size of the wind farm are likely to be important factors in the evaluation
of losses. If a larger wind turbine was implemented, for example a 7 MW rather
than a 3.6 MW, the current on the cables will increase which results in higher
losses on the cables. If 66 kV are used instead of 33 kV then the reduction in
losses, comparing the two cases, will be higher for higher power levels. Hence, the
bene�t of using higher voltages increase with an increasing size of wind turbines.
Article [68], which also evaluated the losses when using higher voltages in the
collection grid of wind farms, supports this assumption. The investigation in
the article is based on 5 MW wind turbines and the total size of the wind farm
is 1005 MW. In their loss investigation the loss reduction is larger compared to
the results obtained in this thesis.

The reduction of losses could also be increased if the resistance of the cables in
the 66 kV WF was lower and closer to the resistance of the cables in the 33 kV
WF. The losses in the collection grid cables in the 66 kV WF can minimum be
1/4 of the losses in the 33 kV WF, as the voltage is doubled, hence, for the same
power the current will be halved and the losses 1/4 of the losses in the 33 kV
case. However, the higher resistance caused by the lower cross sectional area of
the cables used in the 66 kV case, results in less reduction of losses when the
two cases are compared. To avoid a higher cable resistance in the 66 kV case,
cables with the same cross sectional area in both wind farms could be used.
However, one of the bene�ts of using a lower cross sectional area for the cables
in the 66 kV wind farm is the lower amount of copper used which will decrease
the cost of the cables. There is therefore a trade-o� between reducing losses in
the cables and reducing the cable size. Hence, it is likely that the optimal size
of the cables is found by considering both.

In the investigation carried out in this thesis the economic bene�ts were unno-
ticeable when using higher voltages in the collection grid. However, the literature
published on the topic estimates some economic bene�ts mainly caused by the
option of eliminating the o�shore substation transformer when using higher volt-
ages in the collection grid. The e�ect of removing the substation transformers
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could, according to [49], result in a 2.4% lower investment cost. However, the
set up of the wind farms investigated in [49], originally included a 33/132 kV
o�shore substation transformer and an 132/450 kV onshore transformer, where
for the higher voltage option the o�shore substation would be removed and the
onshore substation would directly convert the collection grid voltage into 450
kV. In the set up of the wind farms considered in this thesis the connection
to the grid is at the 132 kV voltage level, hence, in either wind farm cases a
transformer converting the collection grid voltage to 132 kV is necessary. Hav-
ing the transformer on land could possibly reduce the cost of the transformer
compared to a similar transformer installed o�shore. However, if a voltage level
of 66 kV was used for the sea-to-land cable due to a higher current in the cable
the losses would increase and the extra cost of losses might even out the added
economic bene�t of leaving the transformer on land. It is therefore assumed that
for the wind farms investigated in this thesis the elimination of the substation
transformers is not an option and moving the substation transformers in the 66
kV wind farm to land would most likely not lead to any signi�cant economic
bene�ts.

The results of the investigation of the reactive power capabilities in this thesis
seem to contradict the results of similar investigations carried out by [68] [65].
Where the conclusion in this thesis is a slight increase in the needed reactive
power compensation for the 66 kV wind farm compared to the 33 kV wind
farm, the literature published on the topic mention a decrease in the reactive
power compensation needed for wind farms of higher voltages. It is, however,
di�cult to compare the cases as the layouts of the wind farms are di�erent
and the reactive power capabilities are tested under di�erent conditions. With
this in mind, analysing the results in [65] a possible explanation of the di�erent
conclusions can be found.

The wind farms investigated for the reactive power capabilities in [65] are 90
MW and the results are compared against the UK grid code. According to their
investigation, the most strenuous requirements is to provide a 0.95 lagging power
when exporting maximum power. In other words, the wind farms in [65] needs
capacitive Q-compensation at high dispatched active power levels. As wind
farms of higher voltages are able to produce more Q, because the production of
Q in the cables increase with increased voltage, the capacitive Q-compensation
needed is lower in the wind farms of higher voltages in [65]. If these results are
seen in relation to the two wind farms investigated in this thesis, it is assumed
that the di�erent Q-compensation conclusions are caused by the di�erent sizes of
the wind farms investigated and the comparison to di�erent grid codes. The size
of the wind farms in this thesis are larger and the length of the sea-to-land cable
is longer compared to the wind farms in [65]. This leads to a higher reactive
power production from the collection grid cables and particularly from the sea-
to-land cable for the two wind farms. Hence, there is no lack of reactive power
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production in the cases in this thesis and the large production of Q actually
leads to the need of inductive Q-compensation instead. The cases in this thesis
are also compared against the Danish grid code and not the UK grid code.
The Danish grid codes for Q-requirement lower the requirements for reactive
power production of wind farms at higher dispatched active power level whereas
the UK grid code has the same capacitive Q-requirements for all dispatched
active power levels. It is therefore likely, that the capacitive reactive power
compensation needed at maximum export of power in [65] would be lower if the
reactive power �ow was compared against the Danish grid code.

Comparing the results of the thesis with the available literature shows that
the layout and design of wind power plants and the choice of scenarios used
to investigate and analysis the technical performance and the economics of the
wind farms are important factors in determining which voltage level is better
to use in the collection grid of wind farms. This is important to keep in mind
when attempting to make an overall conclusion and especially if the results of the
investigation are taken a step further and used for wind power plant developers
in their choice of voltage level in the collection grid.
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Chapter 6

Conclusion and

Future Work

The aim of this thesis has been to investigate if using higher voltages in the col-
lection grid of wind power plants could lead to improved technical performance
and economic bene�ts of wind farms. The thesis contributes to the interests
of the wind power industry today, where solutions that will lower the cost of
energy without compromising the technical performance of wind power plants
are highly sought for. The focus of this thesis has been on "Wind power plants
internal distribution system and grid connection" by making a "technical and
economical comparison between a 33 kV and 66 kV". This topic falls in line
with similar research carried out currently, e.g. [40] [49], that challenges the
traditional standard wind power plant in order to �nd more cost e�ective and
technical improved solutions.

The comparison between a 33 kV wind farm and a 66 kV wind farm involved the
design and implementation of the wind farms in Digsilent Powerfactory. The
comparison and analysis have been based on simulations of di�erent scenarios
in Powerfactory focusing on the technical performance of the wind farms in
terms of active power losses, reactive power capabilities, fault current and the
impact of using wind turbine tap changing transformers. In relation to this, the
design of the 33 kV and the 66 kV wind farm and the analysis of their technical
performance have been used to estimate and compare relevant economic aspects
of the two cases.

Based on the comparison carried out between the two cases in this thesis, it is
not possible to conclude that using 66 kV in the collection grid of wind power
plants will result in improved technical performance and economic bene�ts of
wind farms. The comparison between the 33 kV and the 66 kV wind farm
showed both bene�ts and disadvantages by using 66 kV compared to 33 kV.
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One of the bene�ts of using 66 kV is lower losses caused by a reduction of the
losses in the collection grid cables. However, the decline in losses is small which
only leads to a slightly higher annual energy production in the 66 kV wind farm
compared to the 33 kV wind farm. The utilisation of the tap changers on the
wind turbine transformers also gave a very similar relationship between losses
and the tap position in both wind farms. Another bene�t of using 66 kV are
signi�cantly lower fault current levels in di�erent fault cases compared to using
33 kV, as a results of halving the voltage.

One of the disadvantages that the analysis of the technical performance showed
was that in order to ful�l the Danish grid code requirements the reactive power
compensation needed in the 66 kV wind farm was slightly higher than the one
needed in the 33 kV wind farm. The di�erent reactive power compensation
needed also led to a small increase in cost of the shunt reactor used as reactive
power compensation in the 66 kV wind farm compared to the one used in the
33 kV wind farm. The added cost of the shunt reactor combined with higher
estimated cost of switchgear and wind turbine transformers caused by the higher
voltage level resulted in an overall small increase in the installation cost when
using a 66 kV rather than 33 kV collection grid. Overall, the economic evaluation
based on the investment cost and the annual energy production showed that over
the lifetime of the wind farms the cost of energy are about the same for the 33
kV case and the 66 kV case.

The �ndings in this thesis have been based on only one set up of the wind
farms with two di�erent collection grid voltages. Thus, limiting the ability to
draw a broader conclusion between the voltage level used in the collection grid
and the technical and economical aspects of wind farms. When comparing the
work in this thesis with literature of similar investigations, it was also seen that
the choice of wind farm layouts and case scenarios to investigate are important
factors when determining which voltage level gives better technical performance
and economics of wind farms. To decide which voltage level to use therefore
depends on the speci�c wind farm case. Hence, before the results and conclusion
of the comparison between the 33 kV and the 66 kV wind farm in this thesis
can be used for wind power plant developers in their choice of voltage level in
the collection grid, additional studies should be conducted.

In the future, it could be interesting to extend the research in the thesis with
more scenarios including di�erent layouts of the wind power plants and more
sizes in terms of power or larger/smaller voltage levels. Also other locations
of erecting the wind power plants could be interesting to investigate further to
include other Weibull distributions of wind speeds and to compare the technical
results against grid codes in other countries.
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Appendix

A.1 ABB Datasheet Submarine Cable Systems

Figure A.1: Current rating for three-core submarine ABB cables [17].
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Figure A.2: Technical data for ABB 66 kV three-core submarine cables [17].
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A.2 Cost Expression Parameters

The cost expressions presented in 5.5 are based on [52]. The parameters used
in the cost expressions are captured in A.1. Note that the cost expression from
[52] originally are calculated in Swedish Kroner, hence, the results have been
converted in to Euro as presented in the economic analysis of the two wind
farms.

Parameter Value
Cable Cost Parameters

Acable 33kV 0.411*106

Bcable 33kV 0.596*106

Ccable 33kV 4.1/108

Acable 66kV 0.688*106

Bcable 66kV 0.625*106

Ccable 66kV 2.05/108

Acable 132kV 1,971*106

Bcable 132kV 0.209*106

Ccable 132kV 1.66/108

Transformer Cost Parameters
Atrf -1.208*106

Btrf 2143
βtrf 0.4473

Switchgear Cost Parameters
ASG 320*103

BSG 6

Table A.1: Parameters of the cost expression used to estimate the cost of com-
ponents in the 33 kV wind farm and 66 kV wind farm [52].

Natalie Lundie
P&C
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