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Abstract

In the present document, an investigation about offshore wind farm technology is pre-
sented. The main objective of the work is to investigate the possibility of the farm to work
in Direct Current instead of the conventional Alternate Current. With this in mind model
of an AC wind farm is simulated in Simulink, in order to compare its performance with a
DC wind farm model.

In order to create those, the current technology of wind turbines is first presented. The
different elements that form a turbine are explained and the generator used in the models
selected and analytically designed.

Next, the different types of wind farms are listed. The AC and DC technologies are ex-
plained and the wind farm topologies presented. A simple configuration is selected for the
simulation.

On the next chapter, the electronic converters, one of the most important element of the
system are presented. The current technologies and the models for the DC wind farm are
explained and the topologies for the simulation designed.

Finally, the simulated models are described. These are then simulated and the results ob-
tained are used to compare them. A final conclusion is made afterwards.
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Meaning Unit
E, Energy of the wind J
m Mass kg
Vw Speed of the wind m/s?
A Area m?
t Time S
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Abbreviations
Meaning Unit

AC Alternate Current -
DC Direct Current -
SCIG Squirrel Cage Induction Generator -
WECS Wind Energy Conversion System -
DFIG Doubly Fed Induction Generator -
WRSG Wound Rotor Synchronous Generator -
PMSG Permanent Magnet Synchronous Generator -
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1 Introduction

The relevance of wind power as a power source is increasing worldwide. In 2016, a ca-
pacity of 55 GW was installed all over the world. Moreover, the trend suggests that the
development of the industry is going to continue for the next years [1] . In order to achieve
it, the wind industry is searching for improved ways of generating electricity.
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FIG. 1 Cumulated capacity of installed wind turbines [4]

Through the development of the wind industry, the size of the wind turbines has been
increasing steadily. The development of the wind turbine power rating over the last 15
years is shown in in FIG. 2 and a forecast for 2030 is made.

This way the Levelized Cost of Energy (LCOE) is lowered. This value measures the lifetime
costs divided by the produced energy. Thus, a bigger turbine would have higher installa-
tion costs, but with more power, it would create more energy.

If 10 years ago the mean power of installed turbines was 2ZMW, that number has increased
to 5SMW. The actual portfolio of many manufacturers already presents much bigger tur-
bines. The evolution of the size of the turbines is also depicted in FIG. 2 Evolution of off-
shore wind turbine power rating and forecast [8]
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Another recent variation includes offshore locations, where the turbines are installed far
from the coast. Some advantages are found there, like higher mean wind speed and less
interferences from terrain.
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FIG. 2 Evolution of offshore wind turbine power rating and forecast [8]

In addition, the offshore location means bigger turbines are easier assembled than on-
shore. Actual boat technology is able to transport and install heavy components in a sim-
pler way than it is done onshore. The usually mountainous locations add difficulty in on-
shore locations.

Nevertheless, offshore wind farms present many challenges. The location means a harsh
environment and a long distance for the energy to the final electricity consumer. There is
no possibility for overhead lines on sea and AC undersea cables can create big capacitive
reactive power needs.

Due to the distance to the shore, connection from offshore wind farms is sometimes made
in High Voltage Direct Current, or HVDC, subsea cables that present no such problems.
The current technology is based in a large number of turbines connected to an offshore
substation. This substation then transports the electricity to the shore by means of DC

One or more turbine clusters can be connected to the same substation [7] [9]

Moreover, the whole collection grid of the wind farm could be made in DC, to decrease
losses and make it easier to transport the energy to the shore. The challenges that this
idea presents are discussed on the present work.
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To sum up, for offshore wind farms, the installation costs are much higher than onshore,
but the produced energy is higher, making it more and more attractive. In addition to the
bigger turbines and the offshore farms, other ideas are being investigated. Such as the
elimination of the gearbox or more efficient technologies.

According to one of these ideas, High Temperature Superconductors (HTS) can be used in
the generators. The use of superconductors presents an opportunity to decrease the size
of the conducting material in the generator. Thus, the machine is smaller and lighter. For
high power turbines like these ones, the saving in weight is significant. Hence, the use of
superconducting materials is being studied, but the challenges are great.

The machine that is being designed in our institute creates DC voltage and current, unlike
the established technology in which both generator and grid work in AC. For this reason,
the current technology that has been used for a long time is no longer applicable and the
DC grids need to be studied from scratch.

Indeed, there was no need for high power DC converters to be studied and designed, since
DC grids are usually used in two ways, for low power applications such as, house appli-
ances or information electronics, or as previously stated HVDC transmission lines, where
this kind of technology is not needed, as is explained in section 4.
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2 Wind Turbine Technology

In this chapter, an introduction to the Wind Energy Conversion Systems, or WECS, is
made. As well as an overview of the most common generator topologies and systems.

2.1 Wind energy conversion systems

The working principle of a wind turbine is relatively simple. The machine transforms the
kinetic energy of the moving air into rotational mechanical energy, the energy on the shaft.
This rotational energy is then transformed through the generator into electric energy.

According to [2] in ancient times, the wind energy was used, although not for creating
electricity. The windmills were used for grinding seeds, as water pumps or as different
purpose machines. With the beginning of industrialization, they were substituted with
combustion engines or electrical machines powered from the grid.

Only in the 70’s, with the petrol price crisis, the interest of using wind to create electricity
greatly increased. The first prototypes were created at the beginning of the 20th century,
but from this moment on, the technology would be used in a major industry.

The most common design has its origin in Denmark, where it was developed in the 50’s.
It has become the standard of the industry. The design consists on a horizontal axis wind
turbine with three blades and an orientable nacelle. There are many other different de-
signs, but they are much less common.

2.1.1 Physics of the WECS

The operation of the turbine is based in the lift principle, in which the blade design makes
the wind create a force perpendicular to the drag, the lift, which makes the blades turn. A
scheme of this principle is shown in FIG. 3.

The wind carries an energy E,, that is proportional to its speed v, the area of the rotor 4,
the density of the incoming air p and the time t, in which the calculation is made. Thus the
energy is

1 1 1
E, = Emv2 = E(Avtp)v2 = EpAtv3 (2.1.1)

On the other hand, power is energy per unit of time, so the power incident on the surface
of the rotor B, is:
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1
R, =3 pAv? (2.1.2)

This is the total power that goes into the wind turbine, however, it is not possible to ex-
tract it all. There are losses as turbulence or drag. Hence, a power coefficient Cp is in-
cluded.

This calculation takes into account that the wind speed out of the turbine cannot be zero,
so there is a limit on the power that can be extracted from the wind. This theoretical limit
was discovered by Betz, in 1926 [10] . This limit is applied as:

1 1
Pger, = EpAv3chetZ = EpAv3O.59 (2.1.3)

Therefore, the maximum power that can be extracted is only a 59% of the incoming winds
power. In truth, this value is always lower, due to turbulence and mechanical losses. Mod-
ern turbines can achieve 50% [2] .

Nevertheless, the basic working principle of the blades is the lift principle. The idea is that
the blade shape is made in a way that an angle with the incoming wind is created. This
angle makes the wind move quicker in the upper part than in the lower part, thus creating
a pressure difference that makes the rotor turn.

Drag

—>»>—

\_/l)
\/—)

Relative airflgyw

FIG. 3 Lift and drag over an airfoil [10]

The force created by the wind depends mostly on the angle that the blade creates with
respect to the wind direction. A bigger angle would create a bigger lift, but also increase
the drag. This angle is usually controlled through the pitch control [10] .
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This way, the whole blade can rotate with respect to the hub. It means that the power that
the blades take from the wind can be controlled.

2.1.2 Parts of a WECS

As said, the horizontal axis machine is the dominating design; the turbine consists of a
nacelle on top of a tower. The nacelle is oriented towards the wind through a yaw mech-
anism, which rotates when needed.

The rotor consists of three blades coupled in a hub. As explained in 2.1.1, the blades can
rotate in their own axis, in order to control the power. In modern machines, the output
electrical power can also be controlled using electronics.

Coupled to the rotor is the shaft that goes into the gearbox. Out of the gearbox, there is the
high-speed shaft, which goes into the generator. There are, however, Direct Drive (DD)
turbines in which there is no gearbox and the hub and generator are directly coupled.

At that point, the generator converts the mechanical energy into electricity. This voltage
and current are then transformed into higher voltage through a transformer. Which is
usually located at the base of the tower.

There are as well, many supplementary systems that are not thoroughly explained in this
work, that make the turbine work as it is supposed to. Like, the control systems, which
adjust the created power and the quality of the output voltage. The yaw and pitch mecha-
nism are part of this control systems. Most of the components can be seen in FIG. 4.

LOW SPEED SHAFT GENERATOR
GEARBOX

—— SN

BLADES

HUB

emat
-

FIG. 4 Details of a nacelle [11]
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2.2 Types of WECS

In this section, the different ways of classifying wind turbines are examined. First of all, it
should be noted that, as previously stated, most of the commercially available turbines
are based in the Danish concept that was explained in 2.1.1. Hence, almost all the turbines
are Horizontal Axis Wind Turbines with three blades, and yaw mechanism.

The differences are found in the electrical and mechanical concepts of these turbines.
Those are explained here. First, the different electrical topologies are explained. Later, the
differences between turbines with gearbox and without are described. Finally, an expla-
nation in generator types is made.

2.2.1 Electrical topology:

There are four main types according to this classification. The main difference between
the topologies is the possibility to work at different rotational speeds. The fixed speed
design works directly coupled to the grid, and the variable speed design has the possibility
to change the rotational speed.

At the beginning of the development, the wind turbines were simple and directly con-
nected to the grid. This way the generator could only rotate at the speed determined by
the grid’s frequency, the gear ratio and its own design.

In contrast, the flexible topology makes the machine capable of varying the rotational
speed at different wind speeds, achieving this way maximum aerodynamic efficiency for
all the range of operation. The tip speed ratio A is kept constant. This tip speed ratio is the
ratio between the wind speed and the translational speed of the tip. The concept is further
explained later as a formula in section 3.1.

Both types need some kind of power control. It can be passive, stall controlled, or active,
pitch controlled. The stall control consists on fixed angle blades, which are designed to
lose power when a certain wind speed is exceeded. It is simple and robust but not efficient
or consistent, because it varies with air density or turbulences.

In the pitch control, the angle at which the blades are attached to the hub can be changed.
This means the power output of the blade can be adjusted to the wind speeds to follow
the curve of maximum power of the turbine. It adds complexity to the turbine, but it is
used anyway in almost all the modern turbines.

In FIG. 5 the power curve of an eight MW wind turbine with pitch control can be seen. The
pitch control maximizes the power input at lower wind speeds turning the blade towards
the wind. At high wind speeds, the blade is turned out of the wind and the power is con-
stant. After 24 m /s, the turbine is stopped for security reasons.
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FIG. 5 Power curve of a wind turbine [5]

Considering all those, the different electrical concepts are further explained.

Type I Turbine:

This is the simplest design, and denotes the fixed speed turbine with a Squirrel Cage In-
duction Generator, or SCIG, connected directly to the grid via a transformer. Since the SCIG
needs reactive power from the grid, a capacitor bank is added. A soft starter is used to
smoothen the connection when the machine starts working; all the elements are in FIG. 6.

SOFT {
GEARBOX STARTER i

CAPACITOR
BANK

FIG. 6 Type | WECS
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Type Il turbine:

This kind of wind turbine, in contrast, has a limited speed variation. This is achieved
through the variation of the generator rotor resistor. It is then connected directly to the
grid. The Wound Rotor Induction Generator (WRIG) allows a variable slip in a narrow
range, due to the variable rotor resistance.

This concept still needs a soft-starter and a reactive compensator. It is an improvement of
the previous model, which allows to variate the wind speed in a narrow range around the
point of operation. The slip power is dissipated in the resistor as losses. The whole con-
figuration is shown in FIG. 7.

X

VARIABLE
RESIBTANCE

I

SOFT I_
STARTER I

GEARBOX

CAPACITOR
BANK

FIG. 7 Type I WECS

Type 11l turbine:

In this concept, a Doubly Fed Induction Generator (DFIG) has a partial-scale frequency
converter connected to the rotor, as in FIG. 8. This way, the converter is able to control
the speed of the generator from around -40% to +30% of the synchronous speed of the
machine. It also has no need of soft-starter or capacitor bank.

Due to its flexible and economical design this kind of turbine was the most installed model
in the last years [2] . It is still the most common design, mostly in onshore turbines. The

modern projects, however, use the design explained in the next section.
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GEARBOX

FIG. 8 Type 11l WECS

Type 1V Turbine:

This configuration is based on the connection of a full-scale converter between the gener-
ator and the transformer, as it is presented in FIG. 9. Thus, it is able to work in very dif-
ferent wind speeds and to control the generation of the active and reactive power that are
fed into the grid. Although the losses in the converter are summed, the overall perfor-
mance is better than in previous concepts.

The generator connected to this converter can be both electrically excited or magnetically
excited, that is, a Wound Rotor Synchronous Generator (WRSG) or Permanent Magnet
Synchronous Generator (PMSG). There are also turbines with this design without a gear-
box. Further detail on this topic is given on 2.2.2.

This is the most common topology nowadays, since it is the most flexible one and allows
the most power to be extracted from the wind. The extra costs of the converter are then
balanced out.

This is also the design used later in the simulation that is part of this work, as is explained
in section 5.3.
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FIG. 9 Type IV WECS

2.2.2 Gearbox or Direct Drive:

In FIG. 10 [2] it can be seen that most of the currently installed turbines are equipped
with a gearbox. Its function is simple, to step up the rotational speed of the input shaft
that comes from the hub.

There exists, however, the option of creating a turbine system without a gearbox. There
are arguments for and against this option.

Geared turbines have about 10 % lower manufacturing costs [13] mainly because the gen-
erator needs less material. Thus, the installation is simpler and less expensive. The gear-
box, however, is the main failure point of this kind of design, and usually has to be replaced
after a certain operation time of around 10 years.

Direct drive designs, on the other hand, need big and heavy generators. Hence, the instal-
lation of this kind of turbines is more complex. The efficiency however, is improved and
the maintenance costs lowered. This can be a great advantage for offshore installations
with difficult access. In addition, the design of the drive train is greatly simplified.

Considering both sides, there is no clear choice. The manufacturers usually have both de-
signs available. As stated in [14] the use of PMSG and direct drive design is interesting in
means of lower maintenance and the use of a full converter. As can be deduced form FIG.
10, the DD are becoming more common in the market. Hence, this is the option chosen for
the conventional design chosen in this work.
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FIG. 10 Market share of DD turbines in 2010, 2017 and 2022 (predicted) [13]
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2.3 Generator types

As it was explained in 2.1, there are different possibilities in the choice of the electric sys-
tem of a turbine, mainly in the generator. The main difference can be made between syn-
chronous and asynchronous machines.

2.3.1 Asynchronous generators

Induction generators are robust, mechanically simple and cheap. The main drawback is
that the stator needs reactive power to magnetize the rotor. In this case, when the stator
is fed by an AC voltage it creates a variable magnetic field. This magnetic field induces a
variable current in the rotor, which at the same time creates a magnetic field that induces
currents in the stator when it rotates at a speed higher than the synchronous speed. The
slip is the difference between the synchronous speed and the actual speed.

SCIG, Squirrel Cage Induction Generator

In this configuration, the rotor is made by copper bars and two closing rings are attached
at both sides, which create a short-circuited structure. It is used in fixed-speed turbines,
because the speed can only change a low percentage around the synchronous speed.

As it was stated before, the soft-starter mechanism is necessary in this case, because the
SCIG has a huge current when connected to the grid and with fluctuations on the input
torque.

It needs reactive power as well to magnetize the stator, what causes a low power factor.
Therefore, a power factor compensator in form of capacitor bank or STATCOM is needed.

WRIG, Wound Rotor Induction Generator

In this case, the electrical characteristics of the rotor can be controlled from outside by
using power electronics. In this connection, the slip and therefore the speed can be limit-
edly controlled.

Usually the control is made through slip rings, but there are designs where the connection
is made wireless. It is more controllable that the SCIG, but the need for connection slip
rings makes it less robust and more expensive.

DFIG, Double Fed Induction Generator

This is the dominant concept on the market, a WRIG with the stator directly connected to
the grid and the rotor connected through a bidirectional back-to-back power electronics

converter.
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It allows a large operation range. The converter controls the speed and the behavior of
the generator injecting a current in the rotor with variable frequency. In an over synchro-
nous situation, power is fed from the rotor to the grid. In sub synchronous operation, it
flows the other way around.

This topology has many advantages. It allows controlling reactive power. The size of the
converter is selected based in the speed range needed to achieve. Hence, a wider range
requires a bigger converter to manage the power needs. The main disadvantage is the
inevitable need of slip rings.

2.3.2 Synchronous generators

This kind of design is more expensive and mechanically complicated than the induction
ones, but there is no need for a magnetizing current. Briefly explained, there is a rotating
magnetic field created by the rotor. This can be done with permanent magnets, in the case
of PMSG, or electric excitation, in the case of WRSG. This field induces a current in the
stator that is the output of the generator.

This kind of machines are usually connected through a converter. This converter acts as a
protection, by not feeding directly to the grid the variation in power created by the wind.
It also allows full control over the active and reactive powers. As well as variable speed
working range.

In direct drive turbines, this machine is used. The hub of a WECS turns at 9-20 rpm. This
speed is quite low and in order to create a good voltage a high number of poles is needed.
Thus, the radius of the machine is much bigger making it heavy and expensive to produce.

WRSG, Wound Rotor Synchronous Generator:

This design is the most used worldwide to generate electricity. In the wind industry, how-
ever, it has not been used until recent time due to complexity and the need to adapt to
grid regulations. Because if connected directly to the grid it needs to rotate at the rota-
tional frequency of the grid. Development in power electronics has made possible to cre-
ate full-scale converters that manage the whole power.

The rotor winding is excited with DC current, using brushes connected to the rotor or
using a brushless exciter in the rotor. In the second option, an AC current is induced in the
rotor and this is then rectified to obtain DC. This makes it more complex and efficient at
the same time. It is usually used in big generators.

The rotational DC current creates a rotating magnetic field. This field induces a current
and voltage in the stator. These have a frequency proportional to the rotational speed of
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the turbine. Using the converter, this variable frequency voltage is converted to a voltage
with the grid frequency.

This design allows the design of turbines without a gearbox, as can be seen in the portfolio
of some manufacturers.

PMSG, Permanent Magnet Synchronous Generator:

In this design, the excitation is made through permanent magnets, which are usually lo-
cated in the rotor, thus creating a rotational magnetic field. This kind of self-excitation
allows them to be more compact and very efficient. They do not have needs for slip rings
or any other excitation system.

As well as the other synchronous generators the PMSG also have the need of a converter
to control the output frequency and voltage. The materials used to make the magnets are
sensitive to temperature changes that could make them lose their magnetic properties. In
addition, these materials are prone to speculations and the price can suffer significant
variations.

2.3.3 Special designs:
There are also less common designs that are being considered to be used in the future.

High voltage generator:

The output voltage level of the most common designs is about 690 V. This voltage level
requires a transformer to be installed in the wind turbine in order to step up the voltage
for transport and distribution. This way the current is lowered and so are the losses.

In this design, the output voltage is made much larger in order to avoid, if possible, the
installation of a transformer. There are many disadvantages, such as more complex pro-
tections systems, more expensive machines and converters and the performance in long
term is unknown.

Superconducting Generators:

As stated before, the application of superconducting materials to the generator could be
a great solution for powerful turbines. The better conductivity means less section for con-

ductors, thereby saving volume and weight. The overall efficiency of the machine is also
high.

The main drawback of this kind of design is the need of very low temperatures and the
cooling system. Therefore, it is only interesting for large power ratings of around 10 MW
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or higher, in which the efficiency of the superconducting material compensates the cool-
ing system. This way it can be as efficient as a PMSG. Fehler! Verweisquelle konnte
nicht gefunden werden.[15]

Anyhow, the price of the superconducting material is still very expensive compared to
conventional copper. The 2nd generation high temperature superconductors have a very
promising performance but still a large cost.
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3 Conventional Turbine Design

In this section, the final choices for the conventional model are made. The generator, con-
verter and turbine topology are chosen. The theoretical design of the turbine and genera-
tor are made as well.

The most common topology for wind application is the variable speed wind turbine with
a full-scale converter, the type IV turbine. The PMSG is chosen, because it does not need
slip rings and it is a common choice in the state of the art turbines [2] . It can be seen in
FIG. 11.

The converters are chosen to be an AC/DC and DC/AC converter. Thus, a rectifier is used
to rectify the voltage coming out of the PMSG generator with a variable frequency voltage,
since the wind speed is variable and then an inverter is employed to create AC power at
50 Hz. The converters are further explained in 5.1.

i

RECTIFIER BOOST INVERTER

(| C

FIG. 11 Structure of the selected WECS

3.1 Turbine design

First, the power output of the generator needs to be specified. It needs to reflect the cur-
rent power levels of state of the art turbines. In the manufacturers portfolio there are al-
ready 8 MW turbines, so this level of power is chosen for the conventional model [14] [15]

Based on the power rating, the mechanical parameters of the turbine are calculated, in
order to design the Simulink model. As stated first in 2.1.1, the energy of the wind E,,
coming into the turbine in a period of time t is calculated as:
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1 1
E, = Emv2 = EAtpv‘f, (3.1.1)

Where m is the mass of the entering wind ,p is the density of air, v,, is the wind speed and
A is the surface spanned by the blades. In the turbine this area is calculated as:

A = nR? (3.1.2)

In which R is the radius of the turbine blades. The maximum mechanical energy that is
converted to the rotating shaft is the wind energy multiplied by the energy conversion
coefficient. ¢, , which as stated before, has a maximum value of 0.59. The power coefficient
of the machine describes the fraction of the wind speed captured by the turbine. This way
the mechanical power out of the turbine B,, can be calculated:

1
Pn = c,Py, = cpznpsz‘f, (3.1.3)

In addition, the rotational speed of the rotor is then calculated as a function of the tip
speed ratio. In order not to make the tip speed too large, an optimal tip speed ratio 4,,; =

8.1 [2] is chosen [2].

-
%m=°§w (3.1.4)

For this project, a turbine with an electric rated power S; = 8 MV A is chosen, reflecting
the trend of the industry of building bigger turbines for offshore locations. According to
this, the mechanical power that the turbine has to be able to take out of the wind is B,, =
8 MW, without having into account the mechanical efficiency. Only the power coefficient
is used with a maximum value of ¢,y 4x = 0.51. Using this value and the previous formu-
las, the rated power and the rated wind speed, the radius of the turbine is calculated. The
other mechanical parameters are chosen using the turbine in [21] as reference.

Table 1 Mechanical parameters of the designed turbine

Parameter Unit Value
Rated maximum power coefficient ¢,y 4x 0.51
Air density p Kg/m”3 1.225

Rated wind speed v, m/s 12
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Turbine radius, blade length R m 72.037
Optimal blade tip speed ratio 4 8.1
Turbine rotational speed w¢,;p rad/s 1.35
Turbine rotational speed n;y,p rpm 12.88

3.2 Generator design

The next step is to calculate the electrical parameters of the generator. The chosen gener-
ator is a PMSG. There is no gearbox so the generator is directly coupled to the turbine hub.
As stated in 2.2.2 the lack of a gearbox has some advantages. The PMSG is mechanically
simpler and has a high efficiency. No gearbox means less losses and less maintenance [14]
[21].

However, the lack of gearbox makes the speed at the generator quite low, so a large num-
ber of poles is required. This is made in order to achieve a high enough frequency and
avoid the losses in the magnetic core Fehler! Verweisquelle konnte nicht gefunden
werden.. Besides, the radius of the generator is large compared with a high-speed ma-
chine with a gearbox and less poles.

According to [27] the parameters of the turbine are calculated. The goal is to obtain the
phase resistance R, the armature inductance Lg,, and the flux linkage in the stator wind-
ing created by the magnets A,, to introduce the values in the Simulink model.

1 )

hf}" bl.‘ bs

hy

-

h ry - T.” -

FIG. 12 Section of the PMSG
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First of all, basic parameters are selected according to [14] [21] . The geometrical param-
eters can be seen in Fehler! Verweisquelle konnte nicht gefunden werden., where the
black blocks at the bottom are the permanent magnets in the rotor, and on the top are the
different slots in which the active conductors are located.

Table 2 Parameters of the PMSG

Parameter (unit) Unit Value
Number of pole pairs N, 80
Number of slot per pole per phase q 1
Remnant magnetic flux of the magnets B,., T 1.2
Number of phases m 3
Stator radius 7y m 3
Diameter of the air gap Dg m 5.86
Height of the stator yoke h,, mm 40
Height of the rotor yoke h,., mm 40
Magnet height Im mm 20
Airgap g mm 10
Slot filling factor kg, 0.65
Magnetic permeability of vacuum p, H/m 41 exp-7
Active recoil permeability of the magnets y,, 1.05
Resistivity of copper at 120°C p ¢, nQm 0.025
Length of the exterior armature [, m 0.02

Based on the parameters in Table 2 the process to calculate the rest of the values is de-
scribed as follows. First, the diameter of the air gap D, the actual air gap g and the number
of poles 2N,, determine the pole pitch 7,:

Ds
T, = @ (3.2.5)

The magnet width b, is related with the pole pitch 7, by:
b, = 0.7 1, (3.2.6)

The value of 0.7 is chosen for the relative magnet width because it helps reduce the Cog-
ging Torque. This torque is a pulsating force formed from the interaction of the permanent
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magnets and the air gap permeance [36] . The width of the coil span w, is equal to the pole
pitch.

The number of turns per phase N; and the number of turns per coil N, are calculated:

A, Dy Nsa
N, = N, =
S 2ml, " Nyg

(3.2.7)

A, is the stator electric loading, I, is the electric current at rated power and a is the num-
ber of parallel branches per phase, in this case two. The missing design values are the
effective air gap g.rr and the length of the stator ;. These two parameters are calculated
through iteration. The effective air gap is increased step by step until the magnetic field
inside of the machine is equal to the one created with the magnets without causing satu-
ration. The length of the machine is increased until the desired power rating is achieved,
taking into account the losses [27]

Table 3 Results of iteration

Parameter Value
Effective air gap g.rr (m) 0.0336
Length of the machine [ (m) 2.34

The necessary values for the Matlab model are the magnetizing inductance Lg,,, the phase
resistance Ry, and the flux linkage of the magnets 4,,. They are calculated as follows. The
magnetizing inductance Lg,,:

— 6 Mols Ts (ksz)Z

(3.2.8)
" NEgerrm
where k,, is the winding factor. It is estimated to have the value of one.
The resistance per phase, R;:
Pcu lCus
Rs = 3.2.9
T DA (3.29)

Where A, is the area of the conductor, [, is its length and a is the number of parallel
branches.
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Iq
Acys = — (3.2.10)
Ja
With [, is the rated current of the machine and J, the stator current density.
leus = Ng(2lg + wrir + 4lpyt) (3.2.11)

Finally, in order to calculate the equivalent flux linkage in the stator phase winding cre-
ated by the magnets 1,,, [27] the next equation is used:

o
A = N, —Zgil (kyyN)*V2 I, (3.2.12)

Table 4 Results of the design process for the PMSG

Parameter Unit Value
Magnetizing induction of the machine L, mH 0.13
Resistance per phase Rg Q 0.019

Equivalent flux linkage in the stator phase winding
Wb or T/m*"2 531
created by the magnets 1,
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4 Offshore wind farm Layouts

Offshore wind energy generation projects are usually large projects involving a large
number of turbines. This is called a wind farm, like the one in in FIG. 13. The main discus-
sion point is the possibility of using DC in the interconnection grid, unlike all the present
technology connects it.

The wind turbines generate an electric energy at a certain voltage level. It is usually a low
voltage level (690 V). So in order to lower transmission losses the voltage is stepped up
for the collection grid. This is usually a medium voltage level (between 30-60 kV). Finally,
the voltage is stepped up once more to transfer it to the shore, since the distances are
usually large.

A description of the different elements and topologies is made on the following section,
[17] -[19]
COLLECTION GRID
[ | | |

8—| WTI 8—| WT | H—‘ WT | COLLECTION PCC
POINT

TRANSMISSION SYSTEM GRID

\ | |

ml ol

FIG. 13 General structure of an offshore wind farm

This structure consists of different elements. On the low voltage side, there are the wind
turbines, with the generator, the power converter, the step-up transformer and the pro-
tection systems.

The collection grid is meant to interconnect the wind turbines and the collection point.
There are different possibilities and the choice is made taking into account reliability, cost
and installation. The collection is usually made in Medium Voltage Alternate Current, or
MVAC. The possibility of doing it in DC is being investigated.

The collection point is an offshore substation. It collects all the lines from the turbines and
steps-up the voltage for transmission, usually High Voltage such as 150 or 220 kV. The
application of this structure depends on the distance to the shore and the size of the wind
farm.
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The transmission system is the long undersea connection to the shore. Depending on the
distance, it can be done in AC or in HVDC.

Finally, the Point of Common Coupling, PCC, is where the connection to the grid is made.
If the system uses HVDG, it has an inverter to create AC. There is usually a control system
to ensure that the voltage, frequency and reactive power adapt to the grids requirements.
There may be the need of a compensation system.

4.1 Collection grid topology

First, the different interconnection options are explained. The first classification is made
based on how the interconnection of turbines is made. Without considering if it is in AC
or DC. The main differences between topologies are the length of cables needed and the
protection levels obtained. A compromise between cost and reliability is made.

There are many different possibilities but mostly three topologies are actually being con-
sidered [20]

4.1.1 Radial design

A number of turbines are connected in a branch, and the different branches are then con-
nected to the collection point. The number, m, of WT connected depends on the power
rating and the geographical location, but is usually between 5 and 10. In FIG. 14 there is
an example.

The main advantage of this configuration is that it is the least expensive one. The cable
length is the minimum needed of all designs. It also can be designed with different cable
ratings. The last section is only fed from one turbine and the cable rating can be increased
as the collection point is approached. This option makes the installation more complex so
it is not usually used.

The reliability of the system is a clear disadvantage. A failure next to the connection point
leads to the loss of a whole branch. Anyhow, this is almost the only topology used, since
the main consideration point for the manufactures is the cost.

4.1.2 Dendrite or star design

In this design, the connection to the collection point is made through a central turbine.
This way, the cables going to the center WT have a lower power rating than in the radial
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design. The cable from the central hub is rated for the full power, as in
m WIND TURBINES

R WT H— WT 8— WT COLLECTION
POINT
1 BRANCH
H— WT H— WT
|
R WT H— WT & WT
FIG. 15.

The reliability is improved since the failure of a cable would only disconnect one turbine.
Except on the main feeder cable. The downside of this design is that there exists the need
for costly switchgear at the central turbine. Moreover, the cable and installation uni-

formity is lost.
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FIG. 14 Radial wind farm topology

m WIND TURBINES

B* WT H— WT 8— WT COLLECTION
POINT

1 BRANCH

Hwr] o
Hor] o Hwr]  Hor

FIG. 15 Dendrite design wind farm

4.1.3 Double sided ring

This topology is an evolution of the radial one, by interconnecting the last turbines of two
adjacent branches, as in FIG. 16. This way the reliability is improved. In case of a failure

in an interconnection, the power can flow through the other branch.

The cable at both ends of the hub needs to be designed to transfer the power of both

branches. Hence, the costs are increased.
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FIG. 16 Double-sided radial design wind farm.

4.2 AC wind farm grid topology

In this section, the different AC collection grid topologies are explained. AC is actually the
only technology applied, since the DC collection grid option is yet a concept. It consists
usually of a variable speed WECS with a step-up transformer. This energy is then collected

and sent to the shore.

The main difference between the options is the usage of an offshore substation. When the
distance to the shore is long, the voltage level out of the turbine system is not enough and
another step-up is needed to transmit the power to the shore. It can be transferred either
in AC or in DC.

4.2.1 Small AC wind farm

If the distance to the shore is short, the collection system is directly connected to the
shore, as in FIG. 17. This is only feasible for farms really close to the shore, since the volt-
age level after the transformer at the bottom of the tower is not very high. The losses

would be not economic in longer distances.

This voltage level is therefore selected to be high, between 50 to 75 kV. This calls for big-
ger transformers than the usual 30 to 36 kV. This is the design used in the first offshore

wind farms.
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FIG. 17 Electrical connection of a small AC wind farm

4.2.2 Big AC wind farm

In this topology, the distance to the shore is longer and the number of turbines is large. It
is the usual wind farm layout. An offshore substation is needed. The collection system is
connected to the substation with an adjusted voltage and a step-up to a higher voltage is
made, in order to transfer it to the shore.

The offshore platform is a large cost in the project and may be difficult to access in winter
months in the North Sea. Therefore, attempts are being made to create a system without
this need, as it is further explained in section 4.3.2.

The transmission can be made in HVAC or HVDC. The HVDC system has a higher cost, but
its efficiency is higher for very long distances. At distances over 100 km, the HVDC system
is preferred [19] The variation of energy production cost is shown in

FIG. 18. The two options are explained. The different options are illustrated in FIG. 19,
FIG. 20 and FIG. 21.

Full AC wind farm, AC transmission system

In this case, the offshore platform is equipped with an AC step-up transformer and the
needed switchgear, like in FIG. 19. The usual voltage level in the collection system is 33
kV and the transmission system works at 150 kV. In large installations, a parallel trans-
mission is possible, and hence two transformers would be needed, like in FIG. 20. The
reliability is improved this way and more power can be transported.

The advantages of the AC transmission are that the installations costs are lower than for
DC transmission. However, the long distance undersea cables produce a large amount of
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capacitive reactive power. The system works synchronous with the main grid and any
fault transfers from one to the other.

=
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FIG. 18 Normalized production cost of wind farms as function of the transmission distance
for different transmission systems [19]

Therefore, the main issue of this system is how to provide the reactive power compensa-
tion. The amount to be compensated depends on the load. There is a fixed amount that
needs always to be compensated and a variable amount depending on the wind turbine
generation, with a maximum under no load conditions.

3—| wT 8—| wT 8—| wWT
COLLECTION GRID
33kV
COLLECTION
[ | ] | POINT PCC
H’|WT| 8'|WT| 8‘|WT| GRID
HVAC TRANSMISSION SYSTEM
150 kV
[ | [ ]
H_| WT | 8_| WT | H_| WT | OFFSHORE
PLATFORM

SHORE
3—| WT 8—| WT H—I WT

FIG. 19 Full AC wind farm

The fixed systems usually are less bulky than the variable compensators and are usually
located offshore, whereas the others are located onshore [22] . The voltage level at the
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PCC is controlled by both systems and the reactive power generation systems from the

turbines.
%{WT| 8{WT| H{WT|
COLLECTION GRID
33 kV
COLLECTION
[ | ] 1 POINT -
H‘|WT| HWT| H—|wr| @ GRID
H—I WT | H—I WT | B—I WT | OFFSHORE HVAC TRANSMISSION
PLATFORM REDUNDANT SYSTEM
150 kv

[ | [ | [ SHORE
H—|WT| 8—|WT| H—|WT|

FIG. 20 AC wind farm with parallel transmission.

The AC/DC wind farm, HVDC transmission:

As explained before this kind of technology is used when the wind farm is far from the
shore. AC undersea cables would need too large amounts of reactive power to work. The
offshore rectifier system and the onshore inverter system are costly, but the better per-
formance balances that out.

In addition, it allows separate frequency control of the offshore gird and the general grid,
unlike the HVAC. Thus, performance and reliability of both systems is improved. The sys-
tem is based on Voltage Source Converters, VSC. It allows the control of active and reactive
power. Hence, the system has the capability of black-start when disconnected. The
scheme is shown in FIG. 21.

The VSC are based on IGBTs with a switching frequency between 1.3 kHz and 2 kHz. [20]
First, the voltage level of the collection system is raised with a common transformer and
then rectified to DC. More information about converters can be found in chapter 5.
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FIG. 21 AC wind farm with HVDC transmission to shore,
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4.3 DC wind farms

In this case, the collection grid of the wind farm works in DC, in contrast to the conven-
tional model. The turbine can generate AC and then rectify the voltage to DC. There are
also concepts based in DC generators.

The technology used in this farm already exists, but there is no real case. There has been
a lot of investigation in recent years [17] -[19] [23] Fehler! Verweisquelle konnte nicht
gefunden werden.[25] .

With the use of DC, the need of heavy and bulky AC transformers in the towers can be
avoided. The access to offshore wind farms is difficult in case of a failure, because usually
the whole transformer needs to be replaced.

In AC wind farms, all the voltages out of the different turbines need to be synchronized
with the same frequency. Therefore, there is a need for interconnected control systems.
In DC there is no need for that and each turbine can have independent control and maxi-
mum power output.

The AC undersea cables have high capacitance losses that need to be reduced and com-
pensated. In DC this is heavily reduced making the collection grid more efficient. The DC
cables, as well, need only two conductors instead of three. Thus, saving weight and instal-
lation costs. Further explanation about cables is made in section 4.4.

Moreover, in the series wind farm design, the use of the offshore collection point can be
avoided. This means a large reduction of costs. The challenges are also substantial, since
the technology is still in development. The DC-DC converters are still in development or
have too high losses for high voltage levels. This concept is further explained in section
4.3.2.

The main problem with the concept of DC grids is the need of some way to step-up the
voltage levels. In AC it is done easily with transformers but in this case DC-DC converters
are needed. There was no need of high voltage and high power converters before, so its
development is a key for this technology. The converters are further explained in section
5.2.

Another critical issue with DC wind farms is the protection system. The switches for AC
high voltage and current are standardized and a proven technology. But for DC there was
no need in the past. The DC current does not become zero in every cycle like in AC, there-
fore, is more difficult to cut it. This is an important topic, but it is not in the scope of this
work.
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4.3.1 Parallel DC

This design is similar to the conventional radial wind farm. The difference is that the col-
lection grid works in DC. There are no transformers and instead DC-DC converters are
used. The voltage levels are similar to those in AC.

The output voltage levels are LV, usually 690 V. This is not enough to use in the collection
system, therefore a step-up converter is needed in order to feed the voltage to the collec-
tion grid. The voltage is then raised again in the collection point to be transmitted to shore.
The transmission system would then be a HVDC. Only that one step-up is made here, in-
stead of a rectification. The transformer in the offshore substation is then unnecessary.
The topology is shown in FIG. 22.
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FIG. 22 DC wind farm

There is another option, as shown in FIG. 23. Instead of using a step-up converter in each
turbine, a group of turbines shares one converter. This would be also an option in AC con-
nections with shared transformers, but since the cost of DC-DC converters is higher than
for AC transformers the question is considered in this section.

This way, less converters are needed. The losses in the collection grid are higher and an-
other platform may be needed, unless the converter is located in a turbine. This option is
therefore deemed too costly Fehler! Verweisquelle konnte nicht gefunden werden..
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FIG. 23 Shared converter DC wind farm

4.3.2 Series DC wind farm:

In this case, a group of wind turbines is connected in series in order to add their voltage
levels. This high voltage level is then transmitted directly to shore, avoiding the use of an
offshore substation.

The savings when the use of a substation is avoided are significant, up to 120kEuro/MW,
[19] Thus, the economics is the reason why this concept is studied, but the challenges are
substantial.

From the system in FIG. 24, it can be deduced that the sum of all the voltages of a branch
equals the voltage out of it, in steady state. The voltage out of each turbine cannot be con-
trolled from the HVDC transmission system.

The output power of all the wind turbines in the branch is set by the machine with the
lowest production. The current going out of this turbine limits the current to the other

turbines, since the current is the same in a series connection.

In the worst case scenario, a wind turbine is not producing and is disconnected by the
control system. The rest need to create a higher voltage in order to achieve the transmis-
sion voltage. Therefore, the output voltage of each machine needs to be over-rated, com-

pared to a conventional design [19]
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The potential that each of the turbines needs to withstand is higher in this design. The
output components of the wind turbine that are connected to the other turbines need to
tolerate the whole voltage of the branch. This calls for more expensive protection devices.
The protection system has the capability to short circuit the output of the turbine to avoid
the loss of the whole branch, as the example in FIG. 25 shows.

STEP-UP
DC/DC

RECTIFIER — — ~ ... :

GENERATOR AV PROTECTION”

FIG. 25 WECS design for a series connected wind farm

Since the challenges this kind of connections represents are complex, it is deemed impos-
sible to include this kind of design on this work.
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4.4 Cables for offshore wind farms

In this section, the cables that are used for the collection grid of wind farms are described.
Their electrical characteristics are explained as well. This parameters are used later in
chapter 6 for the simulation of the wind farms.

These cables are designed for medium voltage collection grids. Since it is located offshore,
they are buried at the seabed. There are also cables for high voltage transmission, but are
not considered for this work.

The conventional cables are three-core cables. Each individual conductor consists of the
actual copper conductor, the inner and outer conductive layers to control the fields and
the high-voltage insulation, usually made from cross-linked polyethylene (XLPE). The
core is surrounded by galvanized steel wires which protect the cable against mechanical
damage. The general structure can be seen in FIG. 26.

Conductive
layer

Insulation

Conductor

FIG. 26 Section of a three core cable

The design of cables is different for AC or DC systems. Instead of using three core cables,
the DC system uses two core cables, one for the positive and the other one for the negative.
The cost is therefore less.

In addition, the DC system does not create skin effect on the conductor. The skin effect is
created in AC systems due to frequency. The current is mostly transmitted on the outside
of the conductor due to this effect. In DC cables, therefore, the resistance is lower than in
AC cables. In addition, the same cable can transport more power in DC than in AC with the
same voltage. The AC cable needs reactive current in order to charge the capacitance of
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the cable. This current takes part of the conduction section and therefore the active cur-
rent is less than for DC systems that do not need this reactive power.

The cables are dimensioned depending on the current they can carry. The electric param-
eters of cables can be found in the portfolio of manufacturers, like in [39] In the case of
MV cables, the same cable can be used for AC and DC, since both systems have the same
power rating.

The cable segments in AC are usually modeled with the m-link model, as shown in FIG. 27.
The cable parameters are introduced in the model and the simulation in steady state is
quite accurate. When simulating high frequency events, however, other models have to
be considered. These events include connections and disconnections to the grid as well as
faults [37] . For this work, that does not involve any of that, with this kind of model is
enough.

Rph Lcable
I e BN

Vin I Cph/z Cph/z — Vout

FIG. 27 Pi model of a transmission line

The resistance of one phase is the resistivity of copper p divided by the cross section A
and multiplied by the length of the cable {:

Ry =1 (4.4.1)

The inductance of the cable L.4;;. can be calculated using the inductance per km Ly,:

Leabte = Ligm! (4-4-2)

In addition, the capacitance per phaseCppqse is:

Cphase = Ciml (4.4.3)



Offshore wind farm Layouts 46

In DC cables a resistive cable model can be used in steady-state analysis [38] . Only the
resistance per phase is needed, calculated as in (4.4.4). Since there are two cables, the
resistance of the whole cable would be two times the resistance of each section. This
model is shown in FIG. 28.

Rph
—__

Vin Vout

FIG. 28 Resistive cable model for a transmission line
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5 Converters for WECS

In this chapter, the different electronic converters that are used in WECS are presented.
First, the types that are used in AC systems and afterwards the types that can be used for
DC systems. Finally, the topologies used in this thesis are described.

The converters are based on state of the art solid-state switches. Like Insulated Gate Bi-
polar Transistor, or IGBT, high voltage diodes or Metal-Oxide Semiconductor Field-Effect
Transistor, or MOSFET. The typical characteristics and power ratings are presented in
Table 5.

Table 5 Characteristics of typical semiconductor power switches [28]

Maximum frequency

Device Maximum voltage (kV) = Maximum current (A) (kHz)
z
DIODE 5 5000 1
IGBT 1.2 400 20
MOSFET 1 4.7 100

5.1 Converter for AC systems

As explained in chapter 3, the technology chosen in this work is a variable speed design
with a PMSG. The generator is connected to an AC-DC-AC converter. The voltage is gener-
ated with a variable frequency out of the generator and then rectified. The DC voltage is
then inverted again. The voltage is controlled to have 50 Hz and is fed to the transformer
and the collection grid.

The converter is a Voltage Source Converter. In this kind of converter six switches, usually
IGBTs are connected to the three phases of the generator, like in FIG. 29. The switches are
opened and closed using Power Width Modulation, PWM.

Usually, there are two VSC in a back-to-back construction. The machine side VSC is used
to control the speed of the machine by electric means. The PMSG, as it was said in section
2.3.2 is excited using permanent magnets on the rotor so the only way of speed control is
the control of the stator currents. The grid side converter is used to maintain the DC volt-
age at a constant level and to create a controlled voltage out of the device. This way the
quantity of active and reactive power generated by the system can be controlled.

In order to fulfill all these requirements, the VSCs at the machine side or at the grid side
are controlled differently. There are several control strategies Fehler! Verweisquelle
konnte nicht gefunden werden.The idea of the controller is to provide vector control of
the voltage and current. That means to control their magnitude and orientation.
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FIG. 29 Switches in a VSC converter

In this thesis however, the machine side converter is removed and instead an uncon-
trolled diode rectifier is used, FIG. 30. This way the efficiency is better and it can be con-
verted into a DC system more easily. The control of the machine, however, is slower and
its done instead with the control of the current made by the boost converter connected
on the DC bus. The rectifier is a full wave system with two diodes for each phase and can-
not be controlled.

D1 D3 D5

Fit
INPUT AC OUTPUT
DC

1

D24+ D4% D6’

FIG. 30 Three phase uncontrolled rectifier.

5.2 Converters for DC systems

The DC wind farms that are presented on chapter 4.3 are based on the use of DC/DC con-
verters that allow changing and controlling the voltage levels. They are equivalent to the
big AC transformers and work as voltage control.

The usual applications for this kind of equipment are for low power such as Solar Energy
systems, informatics and house appliances.

In the case of high power systems like wind power, just one switch cannot withstand the
whole power rating (= 10MW). Therefore, a number of switches is used in parallel and
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in series to share the high voltage and current. For simplicity reasons, in this work low
number topologies are used.

The classification of the converters that is made here is based on the kind of electrical
insulation they provide between the two steps. There are galvanically insulated convert-
ers and non-insulated. The second type use high frequency transformers to step-up the
voltage.

The main application for this work is to work as step-up converters. Therefore, the most
used and simplest converters are explained here. There are many other options [30]

5.2.1 Non-insulated converter

In this kind of converter there is no need for a transformer, the step-up function is made
with use of inductances and capacitances.

Boost converter

It is the most basic converter and can be used to obtain a step up of 1 to 5 times the input
voltage. The topology can be seen in FIG. 31. When the switch is in on state, the energy
stored in the capacitor is released. When the switch is off the diode is conducting and the
output voltage is the sum of the input and the voltage across the inductance. This is re-
peated every cycle.

Y AAVAVAN N

L~
L_BOOST
VI Vo
DC INPUT —— —— QUTPUTDC
600-800 V SWITCH EQL C_BOOS 1000 V

FIG. 31 Boost converter

The output voltage V,, is a function of the duty cycle D. This is the time in which the switch
is on for every cycle. V} is the input voltage.

Vo = (5.2.1)
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So in order to obtain a controlled output voltage the switch on and off states need to be
controlled. This is done in order to obtain a constant output voltage when the input volt-
age is variable. Then a closed control loop can be implemented. The actual controller is
designed in section 5.3.1.

The output voltage is measured and compared with the reference. This error is then feed
into a PI controller in order to make it faster and have no error in steady state [31]

This kind of converter is usually used for low power applications. In order to use it for
high power a number of them can be connected in series or in parallel, as in [32] The
efficiency of these systems is quite high, as much as 98% [18] .

This converter is simple and efficient, there is no need for a transformer. But no big gains
can be achieved. Moreover, in high voltage and high power systems its reliability and per-
formance need to be further tested.

Resonant converter

A resonant converter is based on the resonance of inductors and capacitors in order to
creating a step-up voltage. A square wave is applied to the L-C section in between, also
called resonant tank, as in FIG. 32. This resonant system has a resonance frequency f,,cal-
culated as in (5.2.2). By changing the frequency of the square wave the magnitudes of the
current and voltage out of the resonant part can be controlled. This voltage is then recti-
fied using a diode rectifier.

1
fo= m (5.2.3)
Ql'j Q3;] D1 D3 |
LR AL T&E L iy iy
A _I_
CR
DC INPUT Q2 Q4 - B g{erPer
T sz EQL D2 & D4X

FIG. 32 Resonant converter
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The advantage of this option is that high gains can be achieved without using a trans-
former. The efficiency is not very high, about 90%, and the high step-up is limited to fre-
quency band around the resonant frequency and is not very wide [30] Fehler! Verweis-
quelle konnte nicht gefunden werden..

5.2.2 Insulated converter

In this type of converters, there is a galvanic insulation between the two different DC volt-
ages. There is a high frequency transformer in between, that creates the insulation. The
switches at the low voltage side create a high frequency voltage that is fed into the trans-
former. This changes the voltage to a higher level, which is then rectified. A typical con-
verter topology is shown in FIG. 33.

This way very high step-up between the input and the output voltages can be achieved.
The insulation between voltage levels makes it possible to use lower rated switches in the
LV side.

The main issue is the design of the transformer. The high frequency of the system makes
the design complex in order to avoid losses, such as dielectric losses in insulation and core
losses. High efficiency has been achieved in prototypes for low power, up to 98% [30]

There are many different topologies for this kind of converters but in this case, a simple
one is used.

Full bridge converter

In this configuration, a high frequency voltage is fed to a HF transformer that steps it up
to a higher voltage level. The input voltage is created using four switches. The voltage
created is a square wave. The harmonics this wave carries are significant, but since the
transformer is a large inductance, the output wave is smoothed. Anyway, the output volt-
age is again rectified, so its shape is not that important.
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FIG. 33 Full bridge converter, with only one active side on the left

In a real design, this square high frequency signal would create big losses in the iron of
the transformer. It is also significant in the HV part of the transformer, the losses through
the insulation. The transformer design is a complex matter that is out of the topic of this
thesis.
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5.3 Converter topologies for simulation

In this section, the WECS topologies discussed in chapter 2 are further explained. The final
considerations are made for the simulation in Matlab Simulink. Two different topologies
are considered as previously explained. First, the conventional PMSG generator with a
full-scale converter, for an AC wind farm. Second, the same machine but considering an
implementation in a DC wind farm, with DC/DC converters.

The main difference between the options is the converters used. Now the practical con-
siderations are made. The elements of the converters are chosen, in order to obtain their
parameters.

5.3.1 WT model for AC wind farm

As said in chapter 3 the turbine is based in the conventional design. A PMSG is connected
directly to the turbine hub, without a gearbox. This generator is connected to a full-scale
converter. This converter has an uncontrolled diode rectifier, a boost converter and a VSC
connected afterwards, the detailed scheme is in FIG. 34.

The generator produces a variable voltage in module and in frequency, the DC/DC boost
converter controls the current in order to control the torque of the machine. The VSC then
creates an AC with a constant voltage of 690 and 50 Hz. It is also able to maintain a con-

stant voltage of 100 V in the DC side. Finally, a step-up transformer is connected to get 33
kV.

RECTIFIER BOOST CONVERTER VSC INVERTER TRANSFORMER
I~
690V L_BOOST - k
. 1 D3 ps | Lo 690V 33kV

Variable f & 45 45 1 JE’S '@S JES 50 Hz 50Hz

SWITCH sz C_BOOST %(QDE

pz & pad ped 1 3 JES
Variable Constant
DC voltage output DC
1000V

FIG. 34 Detailed scheme of the conventional type IV turbine for the AC wind farm.

The model for the simulation of this thesis is based on a model from the Matlab Simulink
libraries [33] In this model, a WRSG is connected to a gearbox, and has a power rating of
just two MW. Therefore, changes must be made to create the new model.

In order to obtain a model for the turbine the parameters obtained in section 3.1 are in-
troduced in this model. The WRSG is replaced by the PMSG that was designed in section
3.2. The gearbox is removed and the voltage levels are adjusted.
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The control scheme is already tuned. As explained in section 5.1, the VSC inverter control
is based on the vector control of the voltage, and is used to control the active and reactive
powers out of the system. The control of the boost converter is used to adjust the speed
of the machine in parallel with the pitch control.

For this work, the most interesting characteristic of the different converters is their effi-
ciency. In order to calculate it in the simulation, real elements from the manufacturers’
portfolio [41] are chosen. The parameters of these elements are then introduced in the
model.

In the Simulink software, the converter topologies are introduced using the block called
universal bridge. This block implements the same model of IGBT or diode needed in a
converter. The same IGBT and diode are used for the AC and DC system converters. They
are modeled as real elements, with the losses calculated implementing the resistances and
forward voltages in the model.

The details of the diode and IGBT models are included in FIG. 35 and FIG. 36. The con-
duction losses on the switches are simulated using the resistance values and the voltage
drops are introduced as an opposite voltage source. As seen in the pictures, it is also pos-
sible to simulate an inductance for the on state, but is not important in our case.

R on Lon VIf

i4\/\/\_f\f\fv\_|

SWITCH

FIG. 35 Simulink model of the diode

In the case of the IGBT switches the switch off losses are also important. These losses are
approximated using this approach; when the gate signal falls to zero the current is not
immediately cut, but there are the fall time and the tail time where the switch is still con-
ducting, [43]

The parameters and details of the selected elements are depicted in Table 6.

Table 6 Characteristics of the electronic switches.

Element Parameter Unit Value

RECTIFIER and BOOST

Resistance of the on state R, mi) 0.09
DIODE

Forward voltage V,, \Y 0.790
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IGBT, for the VSC and

Resistance of the on state R, Q 0.005
DC/DC converters
Forward Voltage V,, \Y 0.790
SWITCH R_on L_on
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FIG. 36 Simulink model of the IGBT

The last element of the system is the transformer, which is used to step up the voltage to
transfer it to the collection grid. The transformer has a high efficiency, that is set by a
directive from the European Union [35] . According to this, the efficiency for an eight MVA
transformer needs to be at least 99.535%.

The Simulink model of a transformer is quite simple, as in FIG. 37. The model takes into
account the winding resistances (R_1, R_2) and the leakage inductances (L_1, L_2), as well
as the magnetizing characteristics of the core, which is modeled by a linear (R_m, L_m)
branch.

R_1 L1

L2 R 2
- - %—Wﬂ

FIG. 37 Two windings transformer model

From [17] the values for the inner resistance and inductance are taken, as in Table 7 Pa-
rameters of the step-up transformer. This p.u. values are then used to characterize the
parameters of above. More details can be seen in [45]
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Table 7 Parameters of the step-up transformer.

Parameter Unit Value

Resistance R p-u. 0.007
Reactance X p.u. 0.1
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5.3.1 WT model for AC/DC wind farm

For the second option, a wind turbine for DC wind farm is modeled. The generator is the
same as in 5.3.1. However, the converters are different, since the collection grid works in
DC. Therefore, there is no need for an inverter. The boost converter is maintained, in order
to control the voltage output. However, in order to step-up the voltage for the collection
grid a full-bridge converter is chosen, instead of the inverter and transformer. The scheme
is illustrated in FIG. 38.

BOOST CONVERTER BRIDGE CONVERTER
NVYY B
D3 D5 L_BOOST D1 D3
i i Q1sz Q%:]L iy i
SWITCHZQL C_BOOST-— :E‘g:j 33kV
Q2 |, Q4 : DC
D4E  pek ZQL JPL M pax pag
690V Variable Constant
Variable f DC Voltage Output DC

1000V

FIG. 38 Detailed scheme of the wind turbine for the DC wind farm.

The voltage is rectified as in the previous model but now the boost converter is used to
maintain a constant DC voltage value. It is a simple control solution. The speed control is
done just with the pitch control in this model. The Boost converter maintains a constant
1000 V. Then, the bridge converter steps up the voltage to 33 kV for the collection grid.

Nevertheless, the control for the Boost converter is simpler this time. It is only used to
have a constant output of 1000 V. In order to achieve that a closed control loop is imple-
mented. This control loop is shown in FIG. 39. The DC voltage out of the boost is measured
and the duty cycle of the switch adjusted in order to have always 1000 V, as explained in
section 5.2.1. The input voltage is variable, due to the variable speed of the generator.

A Proportionate Integer controller (PI) is used in order to make the control faster and
with zero error in the reference. The controller is tuned using the Ziegler-Nichols strategy.
This way the errors due to variations in the interference, the input voltage in this system,

are minimized [31] .

The full bridge converter is implemented in open loop. The input voltage is constant
thanks to the boost converter and the output voltage is therefore constant at 33 kV. The
design of the transformer is a crucial point in real systems, but in this case, the model is
maintained simple. The system works at 1kHz, in order to make the transformer smaller
but the losses in the iron not very large [23] .
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FIG. 39 Detail of the control loop for the boost converter in the AC/DC turbine

The characteristics of the electronic elements are chosen as in the previous model, from
Table 6. The transformer as well, as in Table 7.
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6 Simulation and results

In this chapter, the simulation of two different wind farms is made in the Matlab Simulink
program. The two different wind farms are designed according to the previous chapters.

First, the configuration and topology of the wind farms is depicted. The simulation is ex-
plained next and finally the results are shown.

The simulations are made in order to compare the performance of both AC and DC sys-
tems. The efficiency of one turbine system is calculated first, to figure out the efficiency of
the different elements that compose it. These elements are the generator, rectifier boost
converter, inverter and transformer in the case of the turbine for the AC system; and the
generator, rectifier, boost and full bridge converter in the case of the turbine for the DC
system.

Next, the efficiency of one wind farm branch is calculated. It consists of five turbines con-
nected by submarine cables The losses of the cables are also included in the model.

6.1 AC wind farm model

The first model is based on the conventional variable speed WECS, which is explained in
5.3.1. Then, five of these turbines are connected using a radial connection as in 4.1.1. The
first turbine is connected to the second one, this one to the third turbine and so on. There-
fore, the current on the last section of the cable is the sum of the current of all the sections.
The connection is shown in FIG. 40.

The distance between the machines is usually set to be between five to nine rotor diame-
ters in the dominating wind direction, to minimize wake losses [17] . As was calculated in
3.1 the turbines have a diameter of 144 m. The distance between turbines, and therefore
the length of the connection cables, is then selected to be 1 km.

The cable parameters are selected to withstand the whole power of the branch. Therefore,
only one cable model is selected according to the maximum power of the branch. The in-
stallation of different cables would be more complicated. The five turbines create 40 MW
at 33kV. This voltage is the RMS value of the phase to phase voltage. This means that the
cable is selected with this voltage rating and for a maximum current of 700 A. This cable
is able to carry the current of all the turbines at the rated power.
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FIG. 40 Branch of the AC wind farm.
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This cable is selected from [42] and has the characteristics shown in Table 8. The model
for cable simulation is explained in section 4.4.

Table 8 Parameters of the submarine cable.

Parameter Unit Value
Inductance per phase per unit of length mH/km 0.336
Resistance per phase per unit of length Q/km 0.0625
Capacitance per phase per unit of length uF /km 0276
Number of conductors - 3
Section of each conductor mm? 400

6.2 DC wind farm model

This second model is based on the connection of five turbines as in the previous one, but
this time the connection is made through DC collection grid. The turbines from section
5.3.1 are used. The connection is depicted in FIG. 41.

In order to make the comparison between the two systems the voltage levels and the ca-
bles are the same. However, the cable resistance is different when working at DC. This
technology does not suffer the skin effect and does not need reactive power. The same
cable with three phases would be installed in the DC wind farm, but since DC needs just
two cables the third cable is left unused. Therefore, in the Simulink model of the cable for
the DC wind farm is the same as for the AC but just with two phases. As it is shown in
section 0 this decision makes the cable conduct too much current.

In this case, the resistance parameter is presented in Table 9. The rest of the parameters
are included with the same value, since they are physical properties of the cable.
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Table 9 Parameters of the DC submarine cable.

Parameter Unit Value
Inductance per phase per unit of length mH/km 0.336
DC resistance per phase per unit of length Q/km 0.047
Capacitance per phase per unit of length uF /km 0276
Number of conductors - 3
Section of each conductor mm? 400
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FIG. 41 Branch of the DC wind farm.

COFFSHORE
PLATFORM

6.3 Efficiency calculations

In this section, the considerations for the simulation are made. In order to compare the
efficiency and performance of both systems a detailed simulation is made. The different
elements are introduced in the software with the data from previous sections. This way,
the performance of the system can be addressed accurately.

In order to compare the systems, the efficiency is calculated. In this case, the input me-
chanical power on the turbine P, is divided by the electrical power P,;,. measured out of
the element in which the efficiency is calculated:

Pelec
€=p (6.3.1)

The input mechanical power P,, is the power extracted from the wind that goes into the
generator, in the form of rotation. It is calculated by multiplying the mechanical torque T,
with the rotational speed of the turbine w¢,,,. Since there is no gearbox, the speed of the
rotor and the speed of the shaft are the same.
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Py = T Wpurs (6.3.2)

This mechanical power does not take into account the efficiency of the blades. Therefore,
it is the maximum extracted power for each wind speed. This value is then compared with
the electrical power out of the whole branch P,;,.. This value is calculated in different
ways for AC or DC systems.

In the AC it is calculated as the active power out of the system. The reactive power is also
considered later, but in order to calculate the efficiency only the active portion is used.
The phasor equation is used to calculate it, as the Simulink system does it:

Perecac +jQ =V = I (6-3-3)

Where P,..4¢ is the active power, Q is the reactive power, V is the voltage and I is the
complex conjugate of the current. The software uses matrix evaluation to calculate the
three phases values.

For DC power systems, the calculation is simpler. The electric power out of the system is
calculated multiplying the output voltage Vj by the output current I.

Perecnc = Vpelpe (6.3.4)

6.4 Results

In this section, the two models from sections 6.1 and 6.2 are simulated in the Matlab Sim-
ulink software. With the aim of calculating the performance of the systems, a variable
wind speed is fed into both systems. This goes through all the range of wind speeds, from
the starting wind speed of 5 m/s to the cut-off wind speed of 24 m/s.

The efficiency is calculated as in section 6.3. First, the efficiency of just one turbine system
is calculated, for both options. This includes only the generator and converters This way
the detailed losses of each element of the system can be quantified. This is done all over
the range of wind speed. This way the less efficient element can be identified, for each
option.

Next, the simulation of the whole system is done. There are different results from the wind
farm branch. First, the efficiency of the system is determined. Additionally, the power out-
put of each of the five turbines is shown for every wind speed.
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6.4.1 Wind turbine system efficiency

For this first simulation, the turbine systems for the AC and DC collection grids are simu-
lated at different wind speeds. In each of the simulations, the wind speed is maintained
constant until the system works at a steady state. In this state, the power outputs at the
different elements of the machine are calculated. This way, the efficiency of the different
elements is determined. This method also allows quantifying the output power of the ma-
chine at different wind speeds.

In the next graphs, an example of the calculation process is presented, in FIG. 42 and FIG.
43. In them a step in the wind speed is depicted, from 12 m/s to 15 m/s, the step is made
with a ramp. Next, the calculated output active power of the AC turbine is presented. In
the graph there is an overshoot of the power, caused by the accelerating machine and the
control system that is not able to keep up.
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FIG. 42 Wind speed variation

Since the goal of the simulation is to obtain the steady state value of the power output, it
is run until this state is achieved. Therefore, the value of the power out of the turbine at
this wind speed is calculated by taking the last 5 seconds of the simulation and calculating

its average value. This is done to avoid the ripple.

Using this method, in FIG. 44, the output active power of the turbine for the AC system is
depicted, and this is the power out of the transformer. It starts working at a wind speed
of 5 m/s and is shut off at 24 m/s. There are clearly two regions on the figure. First, the
region of maximum power tracking, where the systems extracts as much power as possi-
ble from the wind. The second region is the region of constant maximum power, where
the system wastes the excess of power in order to obtain the rated power.
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FIG. 43 Output power of one turbine of the AC system with a variable wind speed.

At the rated speed of 12 m /s, the system is supposed to achieve the rated power of eight
MW but the losses were not considered at the design phase.
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FIG. 44 Power output of the turbine for the AC system for different wind speeds.

In FIG. 45 the efficiency of the system is presented. The efficiency is calculated as ex-
plained in section 6.3. From the fact that the efficiency of the system gets lower with the
increasing wind speed it can be deduced that the losses increase in the system with higher
power. This is due to the increasing current of the system. The efficiency is at its lowest
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value at the rated wind speed. From a design point of view, this is not the optimal design.
In reality an optimal design is needed. Since this work is focused on the feasibly study, the

optimal system is out of our scope.

The average efficiency of the turbine for the whole wind speed range is about 86,84%.
This average is calculated only dividing the different values by the number of points cal-
culated. For a more accurate average efficiency, the weight function of the location of the
wind farm should be considered, as is done in [43] The efficiency at the rated wind speed
is about 85,5%. According to this source, this level of efficiency is reasonable.
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FIG. 45 Efficiency of the turbine for the AC system at different wind speeds.

Next, in FIG. 46, the losses of the different elements of the system are presented. These
are, as explained in section 5.3.1, a rectifier connected to the generator, a VSC inverter and

a transformer. The power loss is measured in MW.

A great number of facts can be deduced from the diagram. First, the biggest amount of
losses occurs in the inverter. These losses increase with the increase in the output power.
The losses are produced when the switches of the inverter are used to cut high currents.
When the current is high the losses are higher, as explained in section 5.3.1. Therefore,
the element that has a major reason for improvements is the inverter.

It is deduced from the graph that the losses in the generator and rectifier are quite big as
well. These losses may be lowered by substituting these two systems by a DC generator

that does not need a rectifier
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To finish with the turbine for the AC system, it can be deduced from the data that, as ex-
pected, the transformer does not create a big amount of losses.
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FIG. 46 Breakdown of losses in the AC system.

Now the system for the DC collection grid, the one explained in section 5.3.1 is simulated
as well. The turbine is also fed with different wind speeds and the efficiency is calculated.

As afirst result, in FIG. 47 the output active power of both turbines can be seen, at differ-
ent wind speeds. This way, both systems are compared. The turbine for the DC system
follows the same working principle with two different work stages, for lower wind speeds
and for wind speeds higher than the rated one.

[t is clear that the turbine for the AC/DC system extracts at least as much power from the
wind as the conventional model described before. As it was explained in section 5.3.1 the
selected control system is simple but it is clear that the performance, at least at steady
state is as good as in the other system.
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FIG. 47 Power output of the turbines for the AC and DC system for different wind speeds.

Afterwards, the efficiency of the WECS is calculated, as in the previous case. In FIG. 48 the
efficiency of both systems is depicted. It is evident, as in the previous case, that the effi-
ciency of the turbine for the DC system changes with the power output of the system. At
more power, there is more current and bigger losses.

It can also be seen that although the average efficiency of the AC/DC turbine system is
higher, the efficiency of the conventional AC system is higher at the rated power stage.
This means that the turbine for the DC system needs more power extracted from the wind
in order to generate the eight MW. This involves higher forces in the blades and a higher
maximum rotational power.

Finally, the breakdown of the losses in the turbine for the AC/DC system is presented in
FIG. 49. As it was clarified in section 5.3.1, the system consists on the generator connected
to an uncontrolled rectifier, this one to a boost converter and finally a step-up full bridge

converter.

The total losses are higher in this case. The full bridge converter creates almost half of the
losses. It is clear then that a more efficient way to step-up the voltage for the collection
grid in a DC system is of utmost importance.
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FIG. 48 Efficiency of the turbine for the AC and AC/DC systems at different wind speeds.
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FIG. 49 Breakdown of losses in the turbine for AC/DC system
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6.4.2 AC wind farm branch simulation

In this second case, the AC wind farm branch is simulated at different wind speeds. The
used system is the one explained in section 6.1, with 5 turbines connected in one branch
and connected with submarine cables.

Different results are presented in this section. First, simulations are completed to obtain
the output power of the whole system at different wind speeds and the output power of
each turbine as well. The losses in the cables are calculated and the efficiency of the whole
wind farm as well. Finally, the reactive power needs of the system are calculated.

As a first result, the power output of the system is presented, for the whole wind speed
range. In FIG. 50 this power output is shown. Its shape is quite similar to the graph in FIG.
44, where the power output of just one turbine is shown, but this time for five turbines.
The most important fact is that the rated power is not achieved at the rated wind speed,
due to the losses. This power is only 34.33 MW,

Output active power P_out (MW)

5 7 9 11 13 15 17 19 21 23 25
Wind speed v_.w (m/s)

FIG. 50 Active power output of the AC wind farm branch at different wind speeds.

In the next graph; FIG. 51, the efficiency of the system is depicted along with the efficiency
of the turbine from the previous section. It is clear that the efficiency is lower in the wind
farm branch. In the phase at rated power, it is clearly because of the losses in the cables.
However, for the phase at lower wind speed the explanation is not so clear.



Simulation and results 70

As it is shown later in FIG. 53, the needed reactive power of the system is higher at lower
wind speeds, when the power is lower. This makes the control system accelerate the ma-
chine in order to create more rotational power but the inverter does not generate enough
reactive power. As said before, the control system would need an improvement.
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FIG. 51 Efficiency of the AC wind farm branch and the AC wind turbine system

Furthermore, the losses in the cable system are presented in FIG. 52. The current out of
the system, in RMS values, is also presented in the graph. As said, the losses in the cables
are not significant until the rated wind speed is achieved. The losses are proportional to
the current and the current is highest at this point.
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FIG. 52 Cable loses and output current at the AC wind farm

On the next result, the reactive power needed by the system is presented in FIG. 53. As
explained before, the system needs more reactive power for the cables at lower rated
power. There is the static reactive power that is needed when the cable is energized and
the dynamic reactive power that depends on the current through the cables.

When the generators work at lower power, there is no reactive power generation in the
inverters and with an increasing amount of current the reactive power is also increasing.
When the wind speed arrives at the rated value, the inverter is able to create more reac-
tive power to compensate. At higher current higher reactive power is needed, but in this
case the generated one is able to compensate the dynamic value and even cut some of the
static reactive power.

This amount of reactive power may seem low in a 40 MW system but the length of the
cables would be too short to arrive to the shore. In a real system there would be many
more turbines and more cables, plus the connection to shore, which would be the critical
point. Therefore, in a real system a reactive power compensation system would be neces-
sary.
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FIG. 53 Reactive power needs of the AC wind farm branch
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6.4.3 AC/DC wind farm branch simulation

As with the previous model, in this section the DC wind farm branch presented in section
5.3.1 is simulated over all the wind range. As a result, the output power of the system, the
efficiency and the losses in the cables are shown. In addition, the power of the different
turbines is shown in this case.

In the graphs, results from both systems are presented, in order to make the comparison
easier.

As said, the power output of the DC wind farm branch is presented in FIG. 54, together
with the power output of the AC wind farm branch. It is clear that the power output of the
DC system is similar to the conventional model It shows that the created system is able to
generate the same amount of power as a more conventional system, even with a simple
configuration.
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FIG. 54 Active power output of the AC and DC wind farm branches at different wind
speeds
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In the next graph, in FIG. 55, the efficiency of the AC and DC systems is shown. As with the
turbine systems in section 6.4.1, it shows a development similar to the graphs of the tur-
bine systems. The DC wind farm branch has a higher efficiency for lower wind speeds but
lower in the rated wind speed stage. In the previous section it was explained how the
reactive power makes the AC system so inefficient at low wind speeds.
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FIG. 55 Efficiency of the AC and DC wind farm branches

Following this development, the cable losses for the DC system in FIG. 56 show a similar
trend as in the AC system. As in the previous case the losses are proportional to the cur-
rent, thus, the quantity increases with the wind speed. The losses are, however, higher,
about 60 % higher.

This is due to the fact that the cable was not designed for a DC system. In this case two
phases of the cable have to transmit 1,2 kA in the calculated peak current. This makes the
losses in the cable higher for the DC system, since the cable is overcharged.

For the same power rating and with the same voltage levels a DC system has higher cur-
rents than in an AC system [46] . Anyway, the losses are still just about a 1% of the output
power. The efficiency difference is mainly because of the losses in the converters that
were depicted in section 6.4.1.
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FIG. 56 Cable loses at the DC wind farm branch

Nevertheless, there is an interesting result in FIG. 57. It can be observed that the gener-
ated power by each of the turbines is not equal, even if they are receiving the same amount
of power from the wind.

At the different wind speeds, the first turbine in the branch, the one that is nearest to the
PCC is the one that produces more. This is due to the control system of the turbines. The
voltage output of each turbine is the same, but the current out of each of them is not. Even
if the same wind speed is fed into all the turbines.

The current is uncontrolled and this affects the torque of the generator. The designed
control system is just controlling the output voltage of each turbine. This means that the
system is clearly not working at its maximum potential.

Therefore, the control system is too simple and is not able to manage the control of the
power in the DC bus. In practice, a more complicated control strategy is needed.

This is not the case in the AC wind farm, in which every turbine is creating same amount
of power at every wind speed. However, the system is connected to the grid from which
it takes the reference voltage for the inverters and the reactive power it needs.
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FIG. 57 Output power of each turbine of the DC wind farm branch at different wind speeds
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7 Conclusions and future work

In this final section of the work a resume of the project is done and the final conclusions
are explained. An introduction to future possible development projects is also done.

It can be deduced from the extensive information that the WECS are a mature technology
and offshore wind farms are currently being developed all over the world with different
configurations. Taking all this info into account two different systems are created and sim-
ulated.

The first fact that needs to be pointed out, is that through this work it is once again proven
that DC technology is feasible, and as the results show, at least as efficient as the conven-
tional AC technology. It was possible to create a working model for a DC wind farm and
compare it with the conventional AC model.

The created system had adequate efficiency. The main source of losses was the converters,
as expected. There is a lot of room for improvement in this. The efficiency of both types of
collection grids is pretty similar.

One of the main challenges was to select the different elements that would go into the
system. It was important to make it simple, but the results should be accurate as well.

However, due to some unexpected problems with the software, the dynamic performance
of the system remains unclear. Thus, the control system would be the part of the work
where more improvement can be made. It was always an objective to keep the models as
simple as possible, but one of the problems encountered on the process is that it may not
be that simple to find an adequate control for DC technology.

Therefore, aside from the improvement of the converters, which is important, an investi-
gation on the dynamics and control capabilities of DC grids should also be implemented.
It is a new and complex concept so the challenges are great but the technology has also
promising advantages.

There is no need for reactive power compensation in the DC system. The system efficiency
has a lot of room for improvement but its results are similar to the results for the AC sys-
tem and there is no need for bulky transformers, which could be an advantage in offshore
systems.

However, DC systems have unproven durability, which is caused by the immaturity of the
technology. There is, as well, more need for costly converters and there is still no perfect
choice for step-up converter. This problem, compared with the proven and trustworthy
transformers is one of the main reasons for the lack of real application.
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Nevertheless, the simplicity of the chosen elements is still an advantage and it helped to
finish the project. Although there are a lot of concepts that were not taken into account.
Concepts such as, protection systems for DC grids, realistic and accurate converters and
how would these behave in case of a fault. One of the mains points that did not make it
into the scope of this work would be the dynamic performance of the system and it should
be further investigated.
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