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Abstract

Abstract

The best places to build a wind farm in land are in use, due to the spectacular growth of the
wind power over the last decade. In this scenario offshore wind energy is a promising
application of wind power, particularly in countries with high population density, and

difficulties in finding suitable sites on land.

On land wind farms have well-adjusted their features and the transmission system to each

wind farm size and characteristic. But for offshore wind farms this is an open discussion.

This report analyses the offshore wind farm’s electric connection infrastructure, thereby
contributing to this open discussion. So, a methodology has been developed to select the
proper layout for an offshore wind farm for each case. Subsequently a pre-design of the

transmission system’s support equipment is developed to fulfill the grid code requirements.
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ITruzkina

Iruzkina

Energia eolikoaren gorakada ikusgarriak, energia mota hau finkatzeko lekurik aproposenak
jada erabilita egotea ekarri du. Honenbestez, energia iturri honen zabalkundea bermatzeko

itsasora salto egitea ezin bestekoa da.

Lur gainean lekuturiko parke eolikotan esperientzia zabala medio ondo doituak daude
parkearen transmisio sistemaren dimentsioak zein ezaugarriak, itsasoan lekuturiko

parkeentzat (offshore parkeak) ez ordea eta bide hori oraindik egiteke dago.

Azken hau xede harturik, dokumentu honetan offshore erako parke eolikoen konexio eta
energia garraio sistemaren xehetasunen eztabaidan sartzen da bete betean. Era honetan, parke
hauen kasu partikular bakoitzera egokitzen den layout-a finkatzeko metodologia bat
gauzatzen da. Ondoren, parkearen energia garraio sistema hornidura sare orokorrean
egokitzeko beharrezkoak diren laguntza gailuen aurre-diseinua eta kontrol estrategia

burutzeko.

Energy transmission and grid integration of AC offshore wind farms -3-



Compendio

Compendio

El auge espectacular de la energia eolica ha traido como consecuencia que las ubicaciones de
mayor viento estén ya en uso. Por tanto el camino para la expansion de esta fuente de energia

pasa por su salto al mar.

Para los parques e6licos en tierra, estdn bien definidas las dimensiones del parque y el sistema
de transmisién de la energia para las caracteristicas de cada parque. Sin embargo para los

parques edlicos offshore es una discusion aun por cerrar.

Por ello, en el presente documento se aborda el pre-disefio de un sistema de conexion y
transporte de un parque edlico de tipo offshore. En este sentido, se elabora una metodologia
para la seleccion del layout de conexion adecuado para cada caso en concreto. El andlisis de
las normativas vigentes para definir las capacidades de las que tiene que estar provisto un
parque. Finalmente se realiza el pre-disefio de los equipos de apoyo y estrategias de control

necesarios para la integracion de la energia generada por el parque en la red de distribucion.
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Introduction

Chapter 1

Introduction

Wind energy is one of the most important energy resources on earth. It is generated by the
unequal heat of the planet surface by the sun. In fact, 2 per cent of the energy coming from
the sun is converted into wind energy. That is about 50 to 100 times more than the energy

converted into biomass by plants.

This renewable energy has undergone a spectacular growth over the last years. The installed
wind power around the world has increased about 10 times the last decade. Due to this fast
growth the best places to build a wind farm onshore are already in use, so in the future of this

technology, offshore wind power is destined to have an important role.

The sea has not a constant roughness. Consequently, the wind speed doesn’t vary much unless
it comes into contact with the waves, islands or other obstacles. Due to this fact, the towers of
the wind turbines can be shorter than onshore and as the wind presents fewer variations, the

working cycle of the wind turbine can be higher.

The evolution of the wind farms from onshore to offshore have led to some technological

challenges, such as the energy transmission system or energy integration in the main grid.

Onshore wind farms have adjusted their characteristics well to the size and features of each
wind farm as a result of the huge experience in this field. But for offshore, there are only a
few built wind farm examples and the energy transmission is through submarine cables, so the

definition of the most suitable layout is still an open discussion.
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1.1 Purpose of the thesis

Wind energy is now firmly established as a mature technology for electricity generation and
an indigenous resource for electricity production with a vast potential that remains largely

untapped.

Several scientific analyses have proven wind energy as a huge and well distributed resource
throughout the five continents. In this way, the European Environment Agency in one of its
technical reports evaluating the European wind potential [ 1 ], estimates that this potential will
reach 70.000TWh by 2020 and 75.000TWh by 2030, out of which 12.200TWh will be
economically competitive potential by 2020. This amount of energy is enough amount to
supply three times the electricity consumption predicted for this year (2020). The same study
also evaluates the scenario in 2030 when the economically competitive potential increases to

200TWh, seven times the electricity consumption predicted for this year (2030).

Today electricity from wind provides a substantial share of total electricity production in only
a handful of Member States, but its importance is increasing. One of the reasons for this
increment is the reliability of this energy resource, which has been proven from the
experience in Denmark. In this country 19% of the total energy production in 2007 was wind-

based and the Danish government has planned to increase this percentage to 50% by 2030.

In this way, more than 40% of all new electricity generation capacity added to the European
grid in 2007 was wind-based, making it the fastest growing generation technology except for

natural gas [ 2 ].

The considered scenario used for the Second Strategic Energy Review [ 3 ] suggests that wind
will represent more than one third of all electricity production from renewable energy sources
by 2020 and almost 40% by 2030, representing an accumulated investment of at least 200-300

billion Euros (or about a quarter of all power plant investments) by 2030.

Offshore Wind energy will play an essential role in meeting the objectives of the new Energy
Policy for Europe since it’s an indigenous resource for electricity production, as well as clean

and renewable.

Offshore wind can and must make a substantial contribution to meeting all three key
objectives of EU's energy policy: Reducing greenhouse gas emissions, ensuring safety of
supply and improving EU competitiveness in a sector in which European businesses are

global leaders.
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Nowadays, offshore wind energy is emerging and installation offshore wind farms at sea will
become increasingly important. This energy resource will cover a huge share of the electricity
demand, since the exploitable potential by 2020 is likely to be some 30-40 times the installed
capacity in 2008 (1.1 GW) , and in the 2030 time horizon it could be up to 150 GW, or some
575 TWh[3].

The EU is pushing a stable and favorable framework to promote offshore wind farms and
renewable energy in general. To this end, it is implementing plans such as the third internal
energy market package of October 2007 [ 4 ] or the energy and climate package presented in
January 2008 [ 5 ].

The Iberian Peninsula is no exception to the growth and development of offshore energy.
Offshore wind farms with 4466 MW total rated power are planned for the upcoming years [ 6
], This means that the Iberian Peninsula has planned four times the offshore power in Europe

in 2008. Table 1-1 lists the planned offshore wind farms.

Location Rated power (MW) Year

San ciprian 599 2019
Roses 160 2020
Palamos 160 2020
Branca 301 2017

Mar de Trafalgar 1000 +2015
Cruces del mar 1000 +2015
Conil-veher 250 +2015
Banco de Trafalgar 498 +2015
Costa de la luz 498 +2015

Table 1-1: Proposed offshore wind farms in Iberian Peninsula.
1.2 Problem background

Offshore wind farms must be provided with reliable and efficient electrical connection and
transmission system, in order to fulfill the grid code requirements. Nowadays, are many and

very different alternatives for the offshore wind farms transmission system configurations.

This is because the main difference in the transmission system between the land wind farms
and offshore wind farms is the cable used. Offshore wind farms need submarine cables. That
present a high shunt capacitance in comparison to overhead lines [ 7 ]. The capacitive
charging currents increase the overall current of the cable and thus reduce the power transfer

capability of the cable (which is thermally limited).

Due to the spectacular growth of wind energy, many countries have modified their grid codes
for wind farms or wind turbines requiring more capabilities. Some countries have specific

grid codes referring to wind turbine/farm connections, such as Denmark, Germany or Ireland.
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The great majority of these countries have their grid code requirements oriented towards three

key aspects: Power quality, reactive power control and Low Voltage Ride Through (LVRT).

The new grid code requirements are pushing new propositions in fields like power control,
power filters or reactive power compensation, with new control strategies and components for

the transmission system in order to integrate energy into the main grid.

These propositions have strong variations depending on the grid codes and the different kind
of transmission systems such as: Medium Voltage Alter Current (MVAC) configurations or

High Voltage Direct Current (HVDC) configurations.

1.3 Thesis objectives

For onshore wind farms, depending on the size and location features, their characteristics are
well adjusted. However, for offshore wind farms the definition of the most suitable layout is

still an open discussion.

The objective of this thesis is to contribute to this open discussion analyzing the key issues of
the offshore wind farm’s energy transmission and grid integration infrastructure. But, for this
purpose, the objective is not the evaluation of all the electric configurations. The aim of the

present thesis is to evaluate a representative case.

The definition of the electric connection infrastructure, starting from three generic
characteristics of an offshore wind farm: the rated power of the wind farm, the distance to
shore and the average wind speed of the location. In this way, it is possible to identify the
problematic aspects of the energy transmission and grid integration based on this

representative specific case.

In short, the development of an evaluation and simulation methodology to define the most
suitable layout depending on the size and location of each wind farm, as for the onshore wind
farms. This pre-design has to be suitable to connect to a distribution grid. Therefore, it has to

fulfill the grid code requirements.

1.4 Contributions

In the present thesis the pre-design of an offshore wind farm is developed. In this way, for a
specific scenario, an electrical scheme is proposed. To accomplish this goal, this thesis
contributes to the better knowledge of the nature, the causes and the problematic aspects of

the electric connection infrastructure. The following key issues are evaluated.
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* Submarine cable modeling options and the accuracy of those models.

e The influence of the main components of the offshore wind farm in its frequency
response is analyzed, to help avoiding harmonic problems in the offshore wind farm at

the pre-design stage.

* Transient over-voltage problems in the electric infrastructure of the offshore wind
farms are characterized, more specifically, transient over-voltages caused by switching

actions and voltage dips at the PCC.

Then, based on those evaluations of the key issues of the electric connection infrastructure,

several solutions to fulfill the grid codes are proposed and tested via simulation:

* The management of the reactive power through the submarine power cable is

evaluated and dimensioned for a specific case.

* The passive filters are dimensioned for the considered specific case. Furthermore, the

most suitable location for these filters is analyzed (onshore / offshore).

* The auxiliary equipments to protect the offshore wind farm upon switching actions

and fault clearances are discussed.

* The auxiliary equipments to fulfill the grid codes during voltage dips at the PCC are

dimensioned.

1.5 Report layout

This thesis is organized as follows:

Chapter 2 In this chapter, the properties of the wind and how the wind is transformed into
mechanical power is described. Then, a survey about different wind turbine concepts is
carried out. Finally, the advantages /disadvantages between onshore and offshore wind energy

are discussed

Chapter 3 A overview of the current technology of the offshore wind farms is performed.
This overview is focused in the transmission and the energy collector systems, in this way, the
following key aspects are discussed: energy transmission options (AC or DC), configuration

options (HV, MV, etc), spatial disposition of the wind farm, redundant connections etc...

Chapter 4 Different options to model a submarine cable are evaluated and they accuracy
discussed. After, based on an accurate cable model, an analysis about the reactive power

management in submarine power transmission lines is carried out.
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Chapter 5 To focus the problem, in this chapter a base scenario is defined. Firstly, the
number of connections to shore and the transmission voltage level is selected. Then, based on
the current state of the technology the considered wind farm’s components are modeled and

dimensioned taking special care on wind turbines.

Chapter 6 A theoretical evaluation of the frequency behavior of the base wind farm is
presented. The analysis is performed focused at the steady state and from the point of view of

the wind turbines.

Chapter 7 An analysis of disturbances in the base offshore wind farm’s electric system is
performed. Further, based on those results, the electrical pre-design for an offshore wind farm
(150MW-150kV-50km) is presented. Finally, the proposed pre-design is tested upon REE’s

low voltage ride through requirements by simulation.

Chapter 8 The conclusions and the proposed future work is presented.

I Wind energy overview ‘

Chapter 2 U

[ Ofshore wind farms overview ]

Chapter 3

Characterization of the
transmission lines

Chapter 4 @
| n° of connections and ‘
transmission voltage
Chapter 5
Evaluation of harmonic risk in
offshore wind farms

Chapter 6
Evaluation of transient over-

voltages and characterization of <:| [ Analysis of disturbances in the ]

power electric system

Reactive power management l
of the submarine cable

Knowledge of the resonances of the
system and options to avoid them

the auxiliary equipment to fulfill
REE requirements

Chapter 7

NN NS @

[ Proposed electric connection infrastructure ]

Figure 1-1: Diagram of the report.
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Chapter 2

Wind energy

The aim of this chapter is to introduce the reader to the wind energy. In this way, as the
primary source of wind energy, how the wind is created and its characteristics are

evaluated.

Due to its nature, the wind is an un-programmable energy source. However, it is
possible to estimate the wind speed and direction for a specific location using wind
patterns. Therefore, in the present chapter, how to describe the wind behavior for a
specific location, the kinetic energy contained in the wind and its probability to occur is

described.

To convert the wind energy into a useful energy has to be harvested. The uptake of wind
energy in all the wind machines is achieved through the action of wind on the blades, is
in these blades where the kinetic energy contained in the wind is converted into
mechanic energy. Thus, the different ways to harvest this energy are evaluated, such as:

different kind of blades, generators, turbines...

Once, the wind and the fundamentals of the wind machines are familiar, the advantages

/ disadvantages between offshore and onshore energy are discussed.
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2.1 The wind

The unequal heat of the Earth surface by the sun is the main reason in the generation of

the wind. So in reality, wind energy is a converted form of solar energy.

The sun's radiation heats different parts of the earth at different rates; this causes the
unequal heat of the atmosphere. Hot air rises, reducing the atmospheric pressure at the
earth's surface, and cooler air is drawn in to replace it, causing wind. But not all air
mass displacement can be denominate as wind, only horizontal air movements. When

air mass has vertical displacement is called as “convection air current”

The wind in a specific location is determinate by global and local factors. Global winds
are caused by global factors and upon this large scale wind systems are always

superimposed local winds.

Global or geostrophic winds

The geostrophic wind is found at altitudes above 1000 m from ground level and it’s not

very much influenced by the surface of the earth.

The regions around equator, at 0° latitude are heated more by the sun than the regions in
the poles. So, the wind rises from the equator and moves north and south in the higher
layers of the atmosphere. At the Poles, due to the cooling of the air, the air mass sinks

down, and returns to the equator.

If the globe did not rotate, the air would simply arrive at the North Pole and the South
Pole, sink down, and return to the equator. Thus, the rotation with the unequal heating
of the surface determines the prevailing wind directions on earth. The general wind

pattern of the main regions on earth is depicted in Figure 2-1.

Figure 2-1: Representation of the global wind on the earth.
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Besides the earth rotation, the relative position of the earth with the sun also varies
during the year (year seasons). Due to these seasonal variations of the sun’s radiation

the intensity and direction of the global winds have variations too.
Local Winds

The wind intensity and direction is influenced by global and local effects. Nevertheless,
when global scale winds are light, local winds may dominate the wind patterns. The
main local wind structures are sea breezes and mountain / valley breezes. The breeze is
a light and periodic wind which appears in locations with periodic thermal gradient

variations.

Land masses are heated by the sun more quickly than the sea in the daytime. The hot air
rises, flows out to the sea, and creates a low pressure at ground level which attracts the
cool air from the sea. This is called a sea breeze. At nightfall land and sea temperatures

are equal and wind blows in the opposite direction [ 8 ].

Figure 2-2: Illustration of the sea breezes direction.
A similar phenomenon occurs in mountain / valleys. During the day, the sun heats up
the slopes and the neighboring air. This causes it to rise, causing a warm, up-slope wind.

At night the wind direction is reversed, and turns into a down-slope wind.
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Figure 2-3: Illustration of the mountain / valley breezes direction.

2.1.1 The roughness of the wind

About 1 Km above the ground level the wind is hardly influenced by the surface of the
earth at all. But in the lower layers of the atmosphere, wind speeds are affected by the
friction against the surface of the earth. Therefore, close to the surface the wind speed

and wind turbulences are high influenced by the roughness of the area.

N
N

| — W

Figure 2-4: Illustration of the wind speed variation due to the obstacles in the earth surface.
In general, the more pronounced the roughness of the earth's surface, the more the wind

will be slowed down.

Trees and high buildings slow the wind down considerably, while completely open
terrain will only slow the wind down a little. Water surfaces are even smoother than

completely open terrain, and will have even less influence on the wind.

Energy transmission and grid integration of AC offshore wind farms -18-



Wind energy

The fact that the wind profile is twisted towards a lower speed as we move closer to
ground level is usually called wind shear. The wind speed variation depending on the

height can be described with the following equation (1) [ 9 ]:

,‘ h a,
wind  — (_j (1)

Vwind h

Where: V. = the velocity of the wind (m/s) at height 4> above ground level. V, =

reference wind speed, i.e. a wind speed is already known at height /. 42’ = height above

ground level for the desired velocity, a, = roughness length in the current wind

direction. & = reference height (the height where is known the exact wind speed, usually

=10m).

As well as the wind speed the energy content in the wind changes with the height.

Consequently, the wind power variations are described in equation (2) [ 10 |:

, -N\3a,,
P wind h !
=|— (2)

wind

Where: Puina= wind power at height 4’ above ground level. P, = reference wind

power, i.e. a wind power is already known at height 4. 4’ = height above ground level
for the desired velocity, oy, = roughness length in the current wind direction. & =

reference height (the height where is known the exact wind speed, usually =10m).

At the following table, the different values of a, (The roughness coefficient) for

different kind of surfaces, according to European Wind Atlas [ 11 ] are shown.

00,0002 Water surface

0,0024-0,5 Completely open terrain with a smooth surface, e.g. concrete runways in airports,
mowed grass, etc.

0,03-1 Open agricultural area without fences and hedgerows and very scattered buildings.
Only softly rounded hills

0,4-3 Villages, small towns, agricultural land with many or tall sheltering hedgerows, forests
and very rough and uneven terrain

1,6-4 Very large cities with tall buildings and skyscrapers

Table 2-1: Different a values for different kind of surfaces.
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2.1.2 The general pattern of wind: Speed variations and average wind

Wind is an un-programmable energy source, but this does not mean unpredictable. It is
possible to estimate the wind speed and direction for a specific location. In fact, wind
predictions and wind patterns help turbine designers to optimize their designs and

investors to estimate their incomes from electricity generation.

The wind variation for a typical location is usually described using the so-called
“Weibull” distribution. Due to the fact that this distribution has been experimentally
verified as a pretty accurate estimation for wind speed [ 12 ], [ 13 ]. The weibull's

expression for probability density (3) depends on two adjustable parameters.

o) =~ Eﬁv—djkl @[*J @3)

C C

Where: ¢(v)= Weibull's expression for probability density depending on the wind, v

wind

= the velocity of the wind measured in m/s, ¢ = scale factor and k = shape parameter.

The curves for weibulls distribution for different average wind speeds are shown in
Figure 2-5. This particular figure has a mean wind speed of 5 to 10 meters per second,

and the shape of the curve is determined by a so called shape parameter of 2.

weibull's distribution
0.16

0.14

0.12

0.1

0.08

0.06

probability density

0.04

0.02

wind speed

Figure 2-5: Curves of weibull’s distribution for different average wind speeds S, 6, 7, 8, 9 and 10
m/s.
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The graph shows a probability density distribution. Therefore, the area under the curve
is always exactly 1, since the probability that the wind will be blowing at some wind

speed including zero must be 100 per cent.

The statistical distribution of wind speed varies from one location to another depending
on local conditions like the surfaces roughness. Thus to fit the Weibull distribution to a
specific location is necessary to set two parameters: the shape and the wind speeds mean

value.

If the shape parameter is 2, as in Figure 2-5, the distribution is known as a Rayleigh
distribution. Wind turbine manufacturers often give standard performance figures for

their machines using the Rayleigh distribution.

The distribution of wind speeds is skewed, is not symmetrical. Sometimes the wind
presents very high wind speeds, but they are very rare. On the contrary, the probability

of the wind to presents slow wind speeds is pretty high.

To calculate the mean wind speed, the wind speed value and its probability is used.
Thus, the mean or average wind speed is the average of all the wind speeds measured in

this location. The average wind speed is given by equation (4) [ 14 ]:

00
wind :.[) Vwind |ﬂvwmd ) |]Z‘}wt‘nd (4)

<

Where: ¢(v)= Weibull's expression for probability density depending on the wind and

v .= the velocity of the wind measured in m/s.

wind

2.2 The power of the wind

The uptake of wind energy in all the wind machines is achieved through the action of
wind on the blades, is in these blades where the kinetic energy contained in the wind is
converted into mechanic energy. Therefore, in the present section the analysis of the

power contained in the wind is oriented to those devices.

2.2.1 The kinetic energy of the wind

The input power of a wind turbine is through its blades, converting wind power into a
torque. Consequently, the input power depends on the rotor swept area, the air density

and the wind speed.
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Air density

The kinetic energy of a moving body is proportional to its mass. So, the kinetic energy
of the wind depends on the air density, the air mass per unit of volume. At normal
atmospheric pressure (and at 15° C) air weigh is 1.225 kg per cubic meter, but the

density decreases slightly with increasing humidity.

Also, the air is denser when it is cold than when it is warm. At high altitudes, (in

mountains) the air pressure is lower, and the air is less dense.
The rotor area

The rotor area determines how much energy a wind turbine is able to harvest from the
wind. Due to the fact that the amount of the air mass flow upon which the rotor can
actuate is determined by this area, this amount increases with the square of the rotor

diameter, equation (5)

A =’ 5)

Where: A = the rotor swept area in square meters and r = the radius of the rotor

measured in meters.

Equation of the winds kinetic energy

The input air mass flow of a wind turbine with a specific rotor swept area determined by
A, is given by equation (6). This input air mass flow depends on the wind speed and the

rotor swept area.

M=pAv,,, (6)

Where: M = Air mass flow, p= the density of dry air ( 1.225 measured in kg/m® at
average atmospheric pressure at sea level at 15° C) and V,,;,s = the velocity of the wind

measured in m/s.

Therefore, the winds kinetic energy is given by equation (7).

P

wind

1 1
= EMVzwind = EpArV3wind (7)

Where: P, = the power of the wind measured in Watts, o= the density of dry air (

1.225 measured in kg/m 3 at average atmospheric pressure at sea level at 15° C), Vyyjug =
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the velocity of the wind measured in m/s and » = the radius of the rotor measured in

meters.

The wind speed determines the amount of energy that a wind turbine can convert to
electricity. The potential energy per second in the wind varies in proportion to the cube

of the wind speed, and in proportion to the density of the air.

2.2.2 Usable input power, Bertz’ law

The more kinetic energy a wind turbine pulls out of the wind, the more the wind will be
slowed down. In one hand if the wind turbines extract all the energy from the wind, the
air could not leave the turbine and the turbine would not extract any energy at all. On
the other hand, if wind could pass though the turbine without being hindered at all. The

turbine would not extract any energy from the wind.

Therefore is possible to assume that there must be some way of breaking the wind

between these two extremes, to extract useful mechanical energy from the wind.
Bertz’ law

Bertz' law says that it’s only possible convert less than 16/27 (or 59%) of the kinetic
energy in the wind to mechanical energy using a wind turbine. This law can be applied
to any kind of wind generators with disc turbines. Besides this limit, also must be

considered the aerodynamic and mechanic efficiency from the turbines.

2.2.3 Useful electric energy from wind

As said before, from the winds kinetic energy it’s only possible convert less than 16/27
(Bertz’s law). However, the process to harvest the wind also has other losses, even the

best blades have above 10% of aerodynamic losses [ 15 ].

Any machine in movement has mechanic losses whether they are: at the bearings,
brushes, gear...Equally any electric machine has electric losses. Hence, only a part of

the winds kinetic energy can be converted to electric power Figure 2-6.
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Figure 2-6: Representation of the power losses at different steps of electric wind energy generation.

The electric power which can be extracted from the kinetic energy of the wind with a
turbine is given by the well-known equation (8).

[Cp ®)

wind

P0)= 3 P0G I

Where: P~ the output power depending on the wind in Watts, p = the density of dry air
( 1.225 measured in kg/m * for average atmospheric pressure at sea level with 15° C), r
= the radius of the rotor measured in meters, V,,;,s = the velocity of the wind measured

in m/s and Cp = the power coefficient.
2.2.3.1 The power coefficient

The power coefficient tells how efficient is a turbine converting the energy contained in
the wind into electricity. To measure this efficiency, the output electrical power is
divided by the input wind energy. In other words, the power coefficient is the relation

between the kinetic energy in the rotor swept area and the output power.

2.3 Fundamentals of wind machines

Wind machines convert the kinetic energy contained in the wind into mechanic energy
through the action of wind on the blades. The aerodynamic principle in this
transformation (kinetic to mechanic energy) is similar to the principle that makes

airplanes fly.

According to this principle, the air is forced to flow over the top and bottom of a blade
(see Figure 2-7) generating a pressure difference between both sides. The pressure
difference causes a resultant force upon the blade. This force can be decomposed in two

components:

a) Lift force, which is perpendicular to the direction of the wind.
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b) Swept force, which is parallel to the direction of the wind. This force helps the

circulation of air over the surface of the blades.

Lift force

[

- Swept force

Figure 2-7: Representation of lift force and swept force generated on the blades.

The force which will generate a torque is lift force or swept force depending on the

relative position of the blades with the axis and the wind.

In wind turbines with horizontal axis, the lift component of the force is the only one that
gives the torque. Therefore, as the lift force gives torque, the profile of the blade has to
be designed setting the attack angle (o), the relative position of the blade with the wind

(see Figure 2-8), to make maximum lift / swept force ratio [ 10 ].

This simple analysis is only valid when the blades of a wind turbine are at rest. If the
rotation of the rotor is allowed, the resultant force on the blades will be the result from
the combination of direct action of the real wind and the action of the wind created by

the blades.

The incident wind on the blades is called apparent wind (Figure 2-8), is the result from

the composition of the vector of the true wind vector and the wind created by the blade.
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Figure 2-8: Wind created by the blade and the apparent wind.

Each section of the blade has a different speed and the wind speed is higher in terms of
the height, thus, the apparent wind in each section is different. To obtain the same
resultant force along its length, the profile of the blade has to have different dimensions.
Therefore, to achieve this homogeneous resultant force, the rotor blade is twisted. The
wing does not change its shape, but changes the angle of the wing in relation to the

general direction of the airflow (also known as the angle of attack).

To start a wind turbine, wind speed must exceed the so-called cut in speed (minimum
value needed to overcome friction and start producing energy) usually between 3-5 m/s.
With higher speeds the turbine starts generating power depending on the known

equation (8) of section 2.2.3.

This will be so until it reaches the nominal power. At this point the turbine activates its
regulation mechanisms to maintain the same output power. At very high wind speeds
the turbine stops in order to avoid any damage. This stop wind speed is called the cut

out wind speed.

2.4 Wind turbine classification

According to the most of the authors [ 10 ], [ 13 ] and [ 15 ], wind turbines can be
classified by three parameters: the direction of the rotor axis, the number of rotor blades

and the rotor position.

Energy transmission and grid integration of AC offshore wind farms -26-



Wind energy

2.4.1 Horizontal or vertical axes classification

Vertical axis wind turbines are the machines where swept force causes the torque in the
perpendicular direction of the rotation axis. The basic theoretical advantages of a

vertical axis turbines are [ 13 ]:

* The possibility to place the generator, gearbox etc. on the ground avoiding a

tower for the machine.
* Do not need a yaw mechanism to turn the rotor against the wind.

* Vertical axes machine does not needs regulation with wind speed variations

since it is self-regulated at high wind speeds
The basic disadvantages are:
e The machine is not self-starting.

* The overall efficiency of the vertical axis machines is usually worst than

horizontal axes machines.

* To replace the main bearing for the rotor, it requires removing the rotor on both
horizontal and vertical axis machines. But, in the case of vertical axes machine,

this means tearing the whole machine down.

Today, all grid-connected commercial wind turbines are built with a propeller-type rotor

on a horizontal axis (i.e. a horizontal main shaft), Figure 2-9.

Figure 2-9: Commercial wind turbine with horizontal axis.
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2.4.2 Classification by the number of blades

A wind turbine does not give more power with more blades. If the machines are well
designed, the harvested power is more or less the same with different number of blades

[15].

Wind turbines do not harvest power from the aerodynamic resistance; they do from the
blades shape. So, the difference between two wind turbines with a different number of
blades is the torque generated by each blade and consequently, the rotational speed of
the rotor. Besides, wind turbines with multiple blades starts working at low wind

speeds, due to their high start-up torque.

A rotor with an odd number of blades (and at least three blades) can be considered as a

disk when calculating the dynamic properties of the machine.

In the other hand, a rotor with an even number of blades will give stability problems for
a machine with a stiff structure. At the very moment when the uppermost blade bends
backwards, because it gets the maximum power from the wind, the lowermost blade
gets the minimum energy from the wind, which generates mechanic stress to the

structure. Thus most of the modern wind turbines have three blades [ 10 ].

2.4.3 Upwind or downwind classification

In this classification the machines can be upwind or downwind depending on the
position of the rotor, Figure 2-10. Upwind machines have the rotor facing the wind, on

the contrary downwind machines have the rotor placed on the lee side of the tower.

Downwind machines have the theoretical advantage that they may be built without a
yaw mechanism. If the rotor and the nacelle have a suitable design that makes the
nacelle follows the wind passively. Another advantage is that the rotor may be made
more flexible materials. Thus, the blades will bend at high wind speeds, taking part of
the load off the tower. Therefore, downwind machines may be built somewhat lighter

than upwind machines.

The main drawback on downwind machines is that they are influenced by the wind
shade behind the tower. When blades cross the wind shade behind the tower, they lose
torque and get it back again, causing periodic effort variations in the rotor [ 15 ].

Therefore, by far the vast majority of wind turbines have upwind design.
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Figure 2-10: Illustration of upwind and downwind turbines.

2.5 Wind turbines

2.5.1 Wind turbine components

A general outline of the components of a wind turbine is given by the following figure:

Wind
-
GRID Generator
Power -/ — ] -
electronics —
gearbox
-

Anemometer EO

Rotor blades: Device to harvest the energy for the wind. At this part the kinetic energy

Figure 2-11: Illustration of wind turbine components.

of the wind is transformed into a mechanical torque.
Anemometer and wind vane: Devices for measuring wind speed and direction.

Gearbox: To convert the slowly rotating, high torque power from the wind turbine

rotor to a high speed, low torque power rotation.
Electrical generator: Device to transform mechanical energy into electrical energy.

Associated power electronics: The part of the wind turbine where electric power is

adapted to the frequency and the voltage amplitude of the grid.

Transformer: The turbines have their own transformer to step-up the voltage level of

the wind turbine to the medium voltage line.

Energy transmission and grid integration of AC offshore wind farms -29-



Wind energy

2.5.2 Electric generator

An electric generator converts mechanical energy into electrical energy. Synchronous
generators are used in most traditional generators (hydro, thermal, nuclear ...). But if
these kinds of generators are directly connected to the main grid, they must have fixed
rotational speed in synchronism to the frequency of the grid. Thus, torque fluctuations
in the rotor (like the fluctuations caused by the wind speed variations) are propagated

through the machine to the output electric power.

Furthermore, with fixed speed of the rotor, the turbine cannot vary the rotational speed
in order to achieve the optimum speed and extract the maximum torque from the wind.

So, with fixed speed the aerodynamic losses are bigger.

Due to these drawbacks, synchronous generators are only used in wind turbines with
indirect grid connection. The synchronous generator is controlled electronically (using
an inverter), as a result the frequency of the alternating current in the stator of the
generator may be varied. In this way, it is possible to run the turbine at variable
rotational speed. Consequently, the turbine will generate alternating current at exactly

the variable frequency applied to the stator.

On the other hand, asynchronous generators can be used directly or indirectly connected
to the grid. Due to the fact that this kind of generators allows speed variations (little)
when is connected directly to the grid. Hence, until the present day, most wind turbines
in the world connected directly to the grid use a so-called three phase asynchronous

generator (also called induction generator) to generate electric power.

2.5.3 Wind turbine systems

2.5.3.1 Fixed Speed (one or two speeds)

Introduced and widely used in the 80s, the concept is based on a ‘squirrel cage’
asynchronous generator (SCIG), the rotor is driven by the turbine and its stator is
directly connected to the grid. Its rotation speed can only vary slightly (between 1% and
2%), which is almost “fixed speed” in comparison with other wind turbine concepts. So,
as its name says, this type of generators cannot vary the speed of the turbine to the

optimum speed and extract the maximum torque from the wind.

Aerodynamic control is mostly performed using passive stall, and as a result only a few

active control options can be implemented in this kind of wind turbines.
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SCIGs directly connected to the grid do not have the capability of independent control
of active and reactive power, therefore, the reactive power control is performed usually

by mechanically switched capacitors.

Their great advantage is their simple and robust construction, which leads to lower
capital cost. In contrast to other generator topologies, FSIGs (Fixed Speed Induction
Generators) offer no inherent means of torque oscillation damping which places greater

burden and cost on their gearbox.

The concept exists in both single and double speed versions. The double speed
operation gives an improved performance and lower noise production at low wind

speeds [ 16 ].
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Figure 2-12: The main scheme of fixed speed wind turbine.

European market share: 30% (2005)

Manufacturers: Suzlon, Nordex, Siemens Bonus, Ecotecnia. [ 16 ].
2.5.3.2 Limited variable speed

Limited variable Speed wind turbines used by Vestas in the 80s and 90s are equipped
with a ‘wound rotor’ induction generator (WRIG). Power electronics are applied to
control the rotor electrical resistance, which allows both the rotor and the generator to

vary their speed up and down to + 10% [ 16 ].
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Figure 2-13: The main scheme of limited variable speed wind turbine.
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European market share: 10% (2005)
Manufacturers: Vestas (V27, V34, V47). [ 16 ].
2.5.3.3 Improved variable Speed with DFIG

This system combines advantages of previous systems with advances in power
electronics. The DFIG is a wound rotor induction generator whose rotor is connected
through frequency converter. In the other hand, stator is directly connected to the grid.
As a result of the use of the frequency converter, the grid frequency is decoupled from
the mechanical speed of the machine allowing a variable speed operation. Thus

maximum absorption of wind power is possible.

Approximately 30% - 40% of the output power goes through the inverter to the grid, the
other part goes directly through the stator. The speed variations window is
approximately 40% up and down from synchronous speed. The application of power
electronics also provides control of active and reactive power, i.e. the DFIG wind

turbine has the capability to control independently active and reactive power.

Frequency converter

'%

% Wind
GRID Gearbox T
\ O
) \ =
Generator -~

WRIG

Figure 2-14: The main scheme of improved variable speed with DFIG wind turbine.

European market share: 45% (2005)

Manufacturers: General Electric (series 1.5 y 3.6), Repower, Vestas, Nordex, Gamesa,

Alstom, Ecotecnia, Ingetur, Suzlon. [ 16 ].
2.5.3.4 Variable Speed with full scale frequency converter

The stator of the generator is connected to the grid through a full-power electronic
converter. Various types of generators are being used: SCIG, WRIG (Wound rotor

induction generator), PMSG (permanent magnet synchronous generator) or WRSG
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(wound rotor synchronous generator). The rotor has excitation windings or permanent
magnets. Being completely decoupled from the grid, it can provide even a more wide
range of operating speeds than DFIGs. This kind of wind turbines has two variants:

direct drive and with gearbox.

The basic theoretical characteristics of a variable speed with full scale frequency

converters are [ 17 ]:

. The DC link decouples completely the generator from the Grid. As the
grid frequency is completely decoupled, the generator can work at any
rotational speed. Besides changes in grid voltage does not affect the dynamics

of the generator.

. The converters have equal rated power as the generator does, not 30% -

40% like DFIG wind turbines.
. The converters have full control over the generator.

. This kind of wind turbine provides complete control over active and
reactive power exchanged with the grid. Moreover, it is possible to control the
voltage and reactive power in the grid without affecting the dynamics in the

generator. As long as there is not a grid fault.
European market share: 15% (2005)

Manufacturers:  Enercon, MEG (Multibrid M5000), GE (2.x series), Zephyros,
Winwind, Siemens (2.3 MW), Made, Leitner, Mtorres, Jeumont. [ 16 ].

2.5.3.4.1 Full scale frequency converter with gearbox

The generator uses a two stage gearbox to connect the low-speed shaft to the high-speed
shaft, with all the problems associated to the gearbox, like the maintenance or the

torque losses.

Frequency Wind
converter Generator -
GRID PMSG / WRSG / WRIG
% I= |
Gearbox
-

Figure 2-15: The main scheme of variable speed geared with full scale frequency converter wind
turbine.
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2.5.3.4.2 Full scale frequency converter with direct drive

This kind of solutions avoids the gearbox and brushes, so, the implementation of the

direct drive in a wind turbine improves the mechanic reliability and produces less noise.

Frequency
GRID converter

Generator Wind
PMSG / WRSG / WRIG -

Figure 2-16: The main scheme of variable speed direct drive with full scale frequency converter
wind turbine.

2.5.4 Active power control

Pitch controlled

On a pitch controlled wind turbine, an electronic controller checks the output power of
the turbine several times per second. If the output power is bigger than the rated power,
it sends an order to the blade pitch mechanism to pitches (turns) the rotor blades out of
the wind. In the other hand, if the output power is lower than the rated power the blades

are turned back into the wind, in order to harvest the maximum energy.

Stall controlled

The stall controlled wind turbines are regulated by the aecrodynamic loss in the blades.
The geometry of the rotor blade profile is aerodynamically designed, to create
turbulences on the side of the rotor blade which is not facing the wind, at the moment
which the wind speed becomes too high. In this way, it is possible to waste the excess

energy in the wind.

Control using ailerons (flaps)

Some older wind turbines use ailerons (flaps) to control the power of the rotor, just like
aircraft use flaps to alter the geometry of the wings. But mechanical stress caused by the
use of these flaps can damage the structure. Therefore this kind of control only is used

in low power generators.
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2.6 Offshore wind energy vs onshore wind energy

Offshore wind energy in comparison with onshore wind energy has the following

advantages / disadvantages [ 18 [, [ 19 ]:
Advantages:
* Bigger resource.

* Less roughness.

Easier to transport big structures.
* Less environmental impact.

Bigger resource: Winds are typically stronger at sea than on land. In the European
wind atlas is clearly shown how the wind resource is more abundant in the sea Figure 2-

17.

Besides, the sea has huge spaces to place wind turbines, thus it is possible to install
much larger wind farms than in land. The Arklow Bank wind farm has plans to expand
its rated power to 520 MW and in Germany and France are proposals to create wind

farms with over 1,000 MW.

Figure 2-17: The average wind speed in Europe, in land (a) and offshore (b) [ 20 ].

Less roughness: At sea the roughness is lower than in land. As seen in section 2.1.1,
the power coefficient (alpha) is much smaller and wind power potential at the same

height (equation (2)) is bigger. Moreover, the wind at sea is less turbulent than on land,
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as a result, wind turbines located at sea may therefore be expected to have a longer

lifetime than land based turbines.

In the same way, at sea there are not obstacles to disturb the wind. Consequently, it is
possible to build wind turbines with smaller towers, only the sum between the

maximum height of the expected wave and the rotor radius.

Easier to transport big structures: To transport very large turbine components from
the place of manufacturing by road to installation sites on land are logistical difficulties.
However, the pieces for offshore wind farms are easily transported by special vessels

called Jack-ups.

Less environmental impact: Offshore wind farms are too far from the populated areas
and they do not have visual impact. Thus they have less noise restrictions than in land,
making possible higher speeds for the blade. As a result, it is possible a weight
reduction of the blades and mechanical structures, achieving a significant reduction in

manufacturing cost.

On the other hand, offshore wind farms present the following disadvantages in

comparison with onshore wind farms:

Disadvantages:

* Operation and maintenance more complicated than in land.
* Corrosive environment.

* Bigger invest cost.

* The energy transmission system to shore.

* The depth of the seabed.

Operation and maintenance more complicated than in land: It is not easy access to
a facility installed many kilometers into the sea. Therefore it’s more complicated the

ensemble and maintenance of the facility.

Corrosive environment: At sea the salinity and humidity increases the corrosion rate

of materials.

Bigger investment cost: The cost of the foundations and the transmission system of
these facilities is more expensive than onshore wind farms. So the cost per MW

installed offshore is about 2.5 times bigger than the cost of installed MW in land.
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The energy transmission system to shore: The electrical facilities to connect the areas
with big offshore wind energy potential with the energy consumption areas are not
prepared to transport huge amount of energy.

The depth of the seabed: The cost and construction difficulties for an offshore wind

farm increases with the water depth.
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2.7 Chapter conclusions

Offshore wind presents great advantages to develop wind energy, due to the fact that it
has a high potential that today still remains largely untapped. However, the
opportunities for advancing offshore wind technologies are accompanied by significant
challenges, such as: the exposure of the components to more extreme open ocean
conditions, the long distance electrical transmission systems on high-voltage submarine

cables or turbine maintenance at sea.

Despite of those technological challenges, also have significant advantages. Turbine
blades can be much larger without land-based transportation / construction constraints
and the blades also are allowed to rotate faster offshore (no noise constraints), so at sea
can be installed wind turbines with higher rated powers. Furthermore, the wind at sea is

less turbulent than on land.

Thus, the bigger capital costs (twice as high as land-based) can be partially compensated
by the higher energy of the wind at sea. In this way, in recent years the average rated
power of installed new offshore wind farms has been multiplied by 15. In conclusion,

offshore wind is a real opportunity to develop wind energy in the coming years.
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Chapter 3

Offshore wind farms

In this chapter an overview of the current technology of the offshore wind farms is
performed. This survey is focused into the two main parts of the offshore wind farms:

the transmission system and the energy collector grid.

Firstly, the AC and DC transmission options to carry the energy from the offshore wind
farm to the main grid are described and then, a discussion about the advantages
/disadvantages of those AC and DC transmission options is performed. The discussion
about the best transmission option is based on the rated power of the wind farms and

their distance to shore.

As for the energy transmission system, for the energy collector system of the wind farm,
the different configuration options are described. However, for the energy collector grid

only AC configurations are taken into account.

In this way, the spatial disposition of the wind turbines inside the inter-turbine grid, the
cable length between two wind turbines or the redundant connections of the inter-

turbine grid are analyzed.
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3.1 Historic overview of offshore wind farms

Offshore wind farms are a recently developed technology. The first offshore wind farms
were installed at 90s and since 2000 they are on the increase. At the early 90s only 3
countries had offshore wind farms. They were very little 6 MW of average rated power,

built in very low water depths and with small wind turbines.

From this scenario, for the next decade the average rated power of installed new
offshore wind farms has been multiplied by 15. Moreover, the average water depth of

new wind farms multiplied by three and the installed offshore power by 75.

According to [ 21 ] this trend will continue or will increase in coming years, as shown

in Table 3-1.

90s 2000s 2010-2030
Countries with offshore wind 3 7 20+
Average wind farm size 6 MW 90 MW >500 MW
Average yearly installed capacity 3 MW 230 MW 6000 MW
Average turbine size <0.5 MW 3 MW 5-6 MW
Average rotor diameter 37m 98 m 125-130 m
Average water depth 5m 15m >30m

Table 3-1: Evolution of the offshore wind energy.

With regards to the electrical system of the offshore wind farms, this can be divided into
two parts: the energy collector system (the inter-turbine medium voltage grid) and the

energy transmission system, which are separately evaluated in the present chapter.

3.2 Offshore wind farms energy transmission system

The key difference between onshore wind farms and offshore wind farms is the
different environment of their locations. As a result, offshore wind farms must be

provided with submarine cables for the energy transmission.

On the contrary of overhead power cables, subsea power cables have a high capacitive
shunt component due to their structure [ 22 ]. When a voltage is applied onto a shunt
capacitance, capacitive charging currents are generated. These charging currents
increase the overall current of the cable reducing the power transfer capability of the
cable (which is thermally limited). Therefore, the power transfer capability for a specific

cable decreases depending on its shunt capacitance (see section 4.3).

Like the capacitors, the shunt capacitive component of the cables generates more

reactive power and charging currents depending on three factors:
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e The length (magnitude of the shunt capacitive component).
* The applied voltage.

* The frequency of the applied voltage.

The length is determined by the location of the wind farm and it cannot have big
changes. The transmission voltage is directly related to the current and the wind farms

rated power. Thus, the main variable which can be changed is the frequency.

Consequently, there are two different types of transmission system configurations: AC
and DC. In DC (zero frequency) there are not charging reactive currents, but the energy

distribution, the energy consumption and the energy generation is AC voltage.

Therefore, the main drawback of the DC configurations is that they need to transform
the energy from AC to DC and vice versa. So, until now, any offshore wind farm with
HVDC transmission system has been build. However, a lot of studies are been

conducted in this field.

3.2.1 AC Configurations

AC cable systems are a well understood, mature technology. For this reason, all the
built wind farms up to now have an AC transmission system to connect the wind
turbines to the distribution grid. The distribution grid and the generators are AC, thus,

DC/AC converters to transform the evacuated energy are not necessary.

Today offshore wind farms have a relative small rated capacity (<60 MW) and are
located relatively close to shore, but also pretty huge wind farms (90-160MW) have
been built. Moreover, the new offshore wind farms and offshore wind farm projects are
bigger and bigger and at longer distances. As can be seen in Figure 3-1 based on the

characteristics of built and under construction offshore wind farms.
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Constructed and under-construction wind farms
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Figure 3-1: Installed or planned rated power (size of the bubbles) depending on the distance to
shore and opening year. Constructed wind farms (blue) and under-construction wind farms (red).

Name Year Length to shore (Km) Rated power (MW)

Vindeby 1991 1.5 4.95
Tuno Knob 1995 6 5
Bockstingen-Valot 1998 3 2.5
Middelgrunden 2000 3 40
Nysted 2001 10 10
Horns Rev 2002 17 160
Samsoe 2002 3.5 23
Scroby sands 2003 23 60
North Hoyle 2003 6 60
Kentish flats 2005 8.5 90
Barrow 2006 7 90
Egmond aan Zee 2006 10 108
Burbo bank 2007 6.4 90
Q7-wP 2008 23 120
Rhy flats 2009 8 90
Cromer (under construction) 2005 7 120
Aiklow bank (under construction) 2007 10 520
Robbin rigg (under construction) 2007 9 180
Inner Dowsing (under construction) 2007 5 97
Gunfleet sands (under construction) 2008 7 172
Greater Gabbard (under construction) 2008 23 500

Table 3-2: Constructed and under-construction wind farms main features (2009).

With regards to different types of AC configurations, the different options are divided
into two families: HVAC (High Voltage AC) transmission systems and MVAC

(Medium Voltage AC) transmission systems.
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HVAC transmission system has a local medium voltage wind farm grid (20-30kV)
connected to a transformer and a high voltage transmission system. Thus the
transmission system requires an offshore platform for the step-up transformer. On the
contrary, in MVAC configurations the local medium voltage wind farm grid is used

both for connecting all wind turbines and to evacuate the generated power.

As discussed before, AC cables have limited their power transfer capability by the
length. But this fact does not mean that wind farms power transfer capability must be
limited. If one three-phase connection cannot evacuate the rated power to the required
length, is possible to use multiple three-phase connections. For example, Kriegers flak
offshore wind farms have planned a transmission system with multiple HVAC

connections [ 23 ].

On the other hand, for medium voltage configurations according to [ 24 ] the maximum
practical conductor size for operation at 33 kV appears to be 300 mm2, giving a cluster
rating in the range of 25 to 30 MW. For wind farms with bigger rated powers more
three-phase connections are used. Wind farm is divided into clusters and each cluster is
fed by its own, 3 core, cable from shore. At the same voltage level of the wind farms

local inter-turbine grid 24-36kV [ 25 ].

Therefore, an AC configuration presents multiple design options depending on the
transmission voltage level and the number of three-phase connections. In this work, 3

different AC-systems are investigated: HVAC, MVAC and multiple HVAC.
3.2.1.1 High voltage AC transmission HVAC

The first configuration to be discussed is the HVAC. This lay-out is commonly used by
large offshore wind farms such as: Barrow - 90MW, Nysted - 158MW or Horns Rev -
160MW.

To transmit the energy produced in the wind turbines to the point where the electric grid
is strong enough to absorb it, the HVAC transmission systems follows roughly the same
lines for the grid connection scheme. A typical layout for such a scheme is depicted in

Figure 3-2.

As shown, the wind turbines are connected to a medium voltage local inter-turbine grid,
where the energy of the wind farm is collected to be transmitted to shore, beyond is the

transmission system.
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The transmission system is made up by: an offshore substation (step-up transformer),
submarine cables, the interface between the wind farm and the point of common

coupling (substation) and the main grid.
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Figure 3-2: Typical layout of HVAC transmission system.

The inter-turbine network is extended from each wind turbine to the collecting point,
and due to the fact that it may have a length of kilometers [ 10 ], is typically medium
voltage 20-36kV ( Horns Rev 24kV, Barrow 33kV or Nysted 34kV).

In the collecting point the voltage is increased to the required level in the transmission
system (Barrow 132kV, Nysted 132kV, Horns Rev 150kV). The energy is then
transmitted from the wind farm to the grid interface (substation) over the transmission
system. The substation adapts the voltage, frequency and the reactive power of the
transmission system to the voltage level, frequency and reactive power required by the

main grid (in the PCC) in order to integrate the energy.

This configuration only has one electric three-phase connection to shore, consequently,

if this does not work, the whole offshore wind farm is disconnected.
3.2.1.2 Multiple MVAC

In this configuration the wind farm is divided into smaller clusters and each cluster is
connected by its own three-phase cable to shore. This connection is made in medium
voltage, at the same voltage level of the wind farms local inter-turbine grid 24-36kV.
Therefore, due to the fact that the voltage level of the transmission system and the inter-
turbine grid is the same, this electrical configuration avoids the offshore platform

(where is placed the step-up transformer) and its cost.

MVAC electrical configurations are used by small wind farms located near to the shore.
For example: Middelgrunden (30kV-40MW) at 3Km to shore, Scroby Sands (33kV-
60MW) located 2.3Km seaward o North Hoyle (33kV -60MW) at 7-8Km offshore.
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The lay-out of the grid connection scheme for an MVAC transmission system is shown
in Figure 3-3.
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Figure 3-3: Typical layout of multiple MVAC transmission system.

MVAC configuration avoids offshore substantiation and its associated cost, but the
energy transmission is through more than one three-phase connection and with lower
voltage level than in HVAC configurations. As a result, the energy transmission needs

to be made with more current and it is also possible to increase the conduction losses.

As an example, in equations (9)-(14) are compared MVAC configurations conduction
losses with HVAC configurations conduction losses for the same cable resistivity and
the same transmitted energy (without considering the charging currents due to the
capacitive component). The compared cases are 150kV HVAC configuration and a

30kV MVAC configuration with two connections to shore.

P =Constant ; P,,,.=P;2lP,,=P; R, =Constant Q)
Vivac =150kV V0,0 =30kV (10)
Viwae =5 Wrac (11)
P=VII (12)
Lypac = (gj Waac (13)
By = Lo R (14)
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Where: P =Rated power of the offshore wind farm, P,,,.= Rated power of the HVAC
three-phase connection, P,,,,.= Rated power of each MVAC three-phase connection,
Vivie= HVAC connections voltage level, V,,,,.= MVAC connections voltage level,
1,,,c= The necessary active current to transmit the rated power of the three-phase

HVAC connection at the rated transmission voltage, /,,,-= The necessary active

current to transmit the rated power of the three-phase MVAC connection at the rated

transmission voltage, P, = Conduction active power losses, P, ;4 = Conduction

oss

active power losses for HVAC connection and P ,,,. = Conduction active power

losses for MV AC connection.

The calculated conduction losses are referring only to the active current, thus to
calculate total conduction losses, the conduction losses produced by reactive power

(charge/discharge currents) must be taken into account.

MVAC configurations have less voltage (MV) than HVAC configurations (HV), so as
mentioned before in section 3.2, the reactive power/charging currents generated in

submarine cables are lower.

Depending on the transmitted reactive power, the conduction loses increases. Therefore,
in cases with big capacitive shunt component of the cable (which depends on the length
and cable characteristic) high transmission voltage levels increases significantly reactive
currents. Reached such a point where high voltage three-phase connections have more

conduction losses than medium voltage three-phase connections

|I| = V chtive + Irzeactive (17)

In this type of configurations with more than one three-phase connections to shore, if a
fault occurs in one of those connections, the faulted clusters can remain connected
sharing another connection with other cluster, while the faulty cable is repaired. In this

way the reliability of the wind farm is improved.
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These redundant connection/s are important when around the location of the wind farm
is a lot of marine traffic which can damage submarine cables or if the wind farm
location has an extreme climate in winter which makes impossible to repair a cable on

this year station [ 26 |.
3.2.1.3 Multiple HVAC

This electrical configuration is a combination of the previous two configurations. The
wind farm is divided into smaller clusters but these clusters are not connected directly to
shore. In this case, each cluster has a collector point and step-up transformer. At this
point the voltage is increased to the required level in the transmission system. Typical

layout for these configurations is depicted in Figure 3-4.

Offshore wind farms with multiple HVAC transmission systems have large rated power,
for example Kriegers Flak (640MW) or Robin Rigg (East/west — 180MW). These wind

farms are under construction.
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Figure 3-4: Typical layout of multiple HVAC transmission system.

In this electrical configuration, the wind farm is divided into clusters and the rated
power of these clusters is a design option. In the same way, the transmitted power
through a three-phase connection which depends on the number of clusters can be
selected by design also. Moreover, the transmission voltage can be different to the local

inter-turbine grids voltage, making possible multiple and different combinations.

In this type of configurations also are more than one three-phase connections to shore.
As a result, it is possible to make redundant connections and if a fault occurs in one of

those connections, the wind farm does not have to disconnect.
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With regards to the drawbacks, this electrical configuration needs several offshore
platforms (substations) to increase the voltage to the required level by the transmission
system. Another option is place several transformers in the same platform, but the size

of the platform increases. Thus, in both cases the cost of the platform increases.

3.2.2 DC Configurations

DC configurations do not generate charging currents or reactive power due to the
capacitive shunt component of the submarine cable. This is a huge advantage in
comparison with AC configurations, but they also have a big drawback: The distribution
grid, the energy consumption and the generators are AC voltages. Therefore these
configurations must be provided with AC/DC converters to adequate the voltage to the

energy transmission.

Onshore Offshore Wind turbines
- E—

Submarine cables

DC
AC

A

AC
e DC K

Y Y

Figure 3-5: Generic layout of bipolar HVDC transmission system.
The AC/DC converters technology and the transmission voltages characteristics are the

main features of this kind of configurations:

The transmission can be through mono-polar voltage (Using a single cable) with return
to earth or bipolar (Using two cables), Figure 3-5. Due to the extra cable the
transmission system can evacuate more power to shore and improve the reliability of the

system providing redundancy.

With regards to the AC/DC converters technology, these can be LCC (Line commutated
converters) based on thyristors or VSC (Voltage source converter) based on switching

devices with the capability to control their turn on and off.

Line Commutated Converter (LCC) devices have been installed in many power

transmission systems around the world, so it is a mature technology.
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In a line commutated converter, it is possible to control the turn on instant of the
thyristor, but the turn off cannot be controlled. Therefore, systems based on this
technology for the converters are more susceptible to potential AC grid faults than VSC

converters.

In addition, a LCC converter needs a minimum reactive power to work (a minimum
current), consequently, this type of converters need voltage on both sides (offshore and

onshore) to start working.

Voltage Source Converter (VSC) solution is comparatively new compared to the LCC
solution. As the main advantage, the semiconductors switching is decoupled to the grid
voltage. Thus, the VSC solutions are able to supply and absorb reactive power to the
system independently and may help to support power system stability. As a result,

VSCs are suitable for systems with low short circuit power.

In VSC configurations the substation requires fewer components to filter, due to this
task can be performed by the converter itself. On the negative side of these converters is

their high cost (higher than LCC converters).

3.2.3 AC vs. DC Configurations

To date, any of the built offshore wind farms have a HVDC transmission system, but a
lot of studies are been conducted in this field. Furthermore, a small-scale demonstration
of HVDC technology is working successfully in Tjaereborg Enge (Denmark). This wind
farm has four wind turbines of different types with total rated capacity of 6.5SMW.

An AC configuration presents a sort of advantages and disadvantages in comparison
with DC configurations. For example, with regard for the energy transmission and

integration into the main grid has the following advantages and disadvantages [ 27 ]:

* AC configurations do not need to convert all the transmitted energy, due to the

generators and the main grids have AC voltage.

* The components for AC configurations are more standard, consequently the cost

of the offshore platform is lower.

* AC configurations have well proven and reliable technology. All the built

offshore wind farms until now are AC.

In the other hand, the disadvantages for an AC transmission configuration are:
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0 Long AC cables generate large amounts of reactive power, due to their high

capacitive shunt component.

0 The associated charging currents to the reactive power reduce the transfer
capacity of the cable. This reduction is in proportion to the capacitive shunt

component, mainly for the cable length

0 All faults in the main power grid affect the collecting AC offshore grid directly
and vice versa. So depending on the grid requirements, system may require fast

voltage and reactive power control during fault operation.

DC configurations have several features that make them attractive. For example, in
these kind of configurations, there are not charging currents. Consequently, the power
transfer capability for long cables is not reduced and the reactive power compensation is

not needed. As a result, they are more suitable for long distances.

Besides, a DC configuration needs AC/DC converters at both ends of the line. Thus, the
transmission system has the capability to control both the voltage and the power

injected to the main grid.

These converters provide also electrical decoupling between the collecting AC offshore

grid and the main power grid for faults in the main power grid.

On the other hand, there are several disadvantages associated to this technology, mainly

the cost:
* These configurations have higher substation cost, both offshore and onshore.
* Higher overall losses (switching losses in power converters)
* Limited offshore experience with VSC-transmission systems

» It is possible to increase the injected harmonic level to the main grid, especially

with LCC technology [ 28 ], [ 29 ].

The advantages and disadvantages of each transmission configuration can be seen

summarized in Table 3-3.
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AC

DC

LCC

VSC

Is possible to avoid offshore
platform.

Is possible to avoid switching
losses (to avoid converters).

Need reactive power
compensation

All faults in the main power grid
affect the collecting AC offshore

grid directly and vice versa

charging currents reduces the
power transfer capacity

Power transmission capability in
both directions.

Mature and reliable technology in
offshore applications.

Less cost due to the standard

Needs an offshore platform.

Switching losses at AC/DC
converters.

Not need reactive power
compensation.

Needs an offshore platform.

Switching losses at AC/DC
converters.

Not need reactive power
compensation.

Electrical decoupling between the Electrical decoupling between the

collecting AC offshore grid and
the main power grid.

There are not charging currents

To change the direction of the
power flow need to change the

polarity.

Well proven technology but in
other applications.

Needs a minimum reactive power

collecting AC offshore grid and
the main power grid.

There are not charging currents

Power transmission capability in
both directions.

Well proven technology but in
other applications.

to work. Also in no-wind
conditions

High cost.
components

Table 3-3: Comparison of AC and DC transmission systems.
3.2.4 The optimum layout depending on rated power and distance

Several studies about which transmission configuration is the optimum depending on
the distance to shore and rated power are been analyzed in this chapter [ 30 ], [ 31 ] and

[32].

In [ 33 ] the analysis is focused on HVAC and HVDC configurations with pretty high
rated powers (until 900MW) and long distances to shore (up to 300 Km). As a
conclusion, this survey determine AC technology like the optimum for offshore wind

farms with rated powers until 200MW and distances to shore shorter than 100 Km.

However, the survey does not determine the optimum technology in the range between
200MW-400MW with distances to shore between 100Km-250Km. As says in the report
AC technology is losing attractiveness increasing the distance to shore. So DC

configurations are the optimum option for big power and long distances.

A similar study is presented in [ 24 ], which determines the limits of each technology

for the transmission system of offshore wind farms as follows: Until 100MW and
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100Km to shore the optimum configuration is MVAC, between 100MW-300MW and
100Km-250Km the optimum is HVAC and for bigger rated powers and longer distances
HVDC.

Finally in [ 34 ], the report places the limits of each technology as follows: The distance
limit for using AC transmission configuration is between 80 and 120 km, if the reactive
power generated in submarine cables is compensate at both ends. But if the transmission
system has a reactive power compensator in the middle of the submarine cable besides
the reactive power compensators at the both ends, AC technology may be the optimum

until to 180 km. This report considered these limits flexible.

The summarize of the previous studies is shown in Figure 3-6, in this picture are
depicted the areas where each type of transmission is the optimum configuration (white)
and the areas where depending on the characteristics of each wind farm can be any of

them the optimum configuration (striped area).
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HVDC
300 MW HW______
W T
200 MW [T
2 E
N N HVAC’
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20 40 60 80 100 120 140 160 180 D (Km)

Figure 3-6: Optimum configuration depending on distance to shore and rated power: (1) With
reactive compensation at both ends, (2) With reactive compensation at both ends and another one
in the middle of the submarine cable.

3.3 Offshore wind farms electrical collector system

The local inter-turbine grid can be AC or DC, although this characteristic does not
determinate the transmission systems technology. The transmission system can be made
with the same technology or not. To date all the inter-turbine grids are AC and a lot of
studies of HVDC transmission systems have AC inter-turbine grids. Thus, in the present

report, only AC collector grids are considered.

The design of the wind farms collector system begins with the selection of the inter-
turbine cable and inter-turbine grids (collection grid) voltage level. The use of voltage

levels above 36kV for the inter-turbine grid becomes uneconomic. Due to the

Energy transmission and grid integration of AC offshore wind farms -52-



Offshore wind farms

impossibility to accommodate switchgear and transformers in each turbine tower, so 33-

36kV is widely used for collection schemes [ 35 |.

The number of turbines connected to the same cable and the rated power of these wind
turbines with the voltage level determines the inter-turbines cable section. This aspect is
not trivial, as cables have to be landed on seabed, and a larger section means a larger
bending radius (higher stiffness), with consequent difficult maneuvering of cable posing

ships and larger mechanical protection components [ 36 ].

With regards to the spatial disposition of the wind turbines inside the inter-turbine grid,
most offshore wind farms to date, have had simple geometric boundaries and have

adopted a straightforward rectangular or rhomboid grid [ 35 ].

The cable length between two wind turbines is determined mainly for the aerodynamic
efficiency of each turbine. Due to the length between two wind turbines must be enough
to avoid turbulences generated at the turbines around it. According to [ 37 ] the length

between two wind turbines is in the range of 500-1000 m.

In onshore wind farms, the electrical system configuration is usually decided by the
turbine and substation positions, and the site track routes. Offshore, on the contrary, to
design the inter-turbine grid is more freedom, and at first sight is not clear how to

choose from the wide range of possible options [ 38 ].

Nevertheless, for wind farm collector systems employed in existing offshore wind farms
are various standard arrangements. In this way, four basic designs are identified [ 37 ],[

311]:
* Radial design.
* Single side radial design.
* Double-sided radial design.

» Star design.

3.3.1 Radial design

The most straightforward arrangement of the collector system in a wind farm is a radial
design. The wind turbines are connected to a single cable feeder within a string. This
design is simple to control and also inexpensive because the total cable length is the

smallest to connect all the wind turbines with the collecting point [ 38 ].
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The radial design is not provided by redundant connections. Consequently if a fault
occurs in a cable or at the hub, the entire radial string collapses and all of the wind

turbines in the string are disconnected.

The maximum number of wind turbines on each string is determined by the rated power
of the generators and the rated power of the submarine cable. The lay-out of this kind of

collector systems is shown in Figure 3-7.
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Figure 3-7: Layout of the radial design for local inter-turbine grid.
3.3.2 Single-sided ring design

A single-sided ring design is similar to radial design, but with an extra connection. The

additional cable connects the last wind turbine with the collector.

In comparison with radial inter-turbine grid design, the additional cable incorporates a
redundant path to improve the reliability of the system. Therefore, this additional cable

must be able to evacuate all the energy generated in the string.

The main drawback of this lay-out is the required cable length, longer than in the radial

design with its associated cost increase.

To justify the use of redundancy in the collecting system, it is considered the energy
that will be saved with this redundant cable during its useful life (usually 20 years) and
this benefit is confronted with the cost of redundant cable. In this way, In [ 38 ] is
reported that the most internal power networks of existing offshore wind farms have

very little redundancy or none at all.
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Figure 3-8: Layout of the single sided ring design for local inter-turbine grid.
3.3.3 Double-sided ring design

A double-sided design is similar to single-sided ring design but in this case the extra
connection is between the last wind turbines of two strings, as is illustrated in Figure 3-

9.

Connecting the last wind turbines of each string saves cable length, but in the other side,
if a fault occurs, the whole output power of two strings is deviated through the same

cable. Thus, the inter-turbine cable has to be sized for that purpose.
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Figure 3-9: Layout of the double sided ring design for local inter-turbine grid.
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3.3.4 Star design

The star design has a large number of connections, because each turbine is connected
directly to the collector point in the center. So this design provides a high level security
for the wind farm as a whole. If one cable have a fault, only affects to one turbine (the

turbine connected trough this cable).

The additional expense in longer subsea cables is compensated at least in part with less
cable sections required by this design. Due to the fact that trough the inter-turbine cable
is only transmitted the energy generated by one wind turbine. So the biggest cost
implication of this arrangement is the more complex switchgear requirement at the wind

turbine in the centre of the star.

Submarine cable
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Figure 3-10: Layout of the star design for local inter-turbine grid.
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3.4 Chapter conclusions

Due to the fact that the energy distribution grid, the energy consumption and the energy
generation are AC voltages, all the built offshore wind farms to date have AC

transmission system. So, AC alternative is well proven and feasible.

AC and DC configurations have their advantages and disadvantages. All the considered
studies in this chapter are agreed that for long-distances to shore DC option would be
the optimum if not the only viable. But at present DC transmission options are proposals

to adapt the technology to the offshore environment.

The analyzed studies are not agreed about the limits on distance and the rated power for
the optimal transmission option (AC or DC). These studies neither are agreed about
within each family which transmission configuration (HVAC, MVAC or Multiple
HVAC) is the optimum.

In general, the studies are agreed in rough lines. Highlighting that for short distances to
shore and low rated power the optimum option is AC and for long distances to shore
and big rated power DC. Consequently, depending on the rated power of the wind farm

and its features any transmission option (AC or DC) can be the optimum.

Therefore, it is necessary a more detailed analysis, which takes into account features of
specific cases in order to define the optimum transmission option and configuration for

each offshore wind farm.
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Chapter 4

Power AC transmission lines

The submarine power AC cables have an important role in offshore wind energy.
Furthermore, the submarine cables are the main difference between the offshore wind

farms transmission system and onshore wind farms transmission system.

Therefore, a proper submarine cable model is crucial to perform accurate evaluations of
the offshore wind farms collector and transmission systems. So, in the present chapter
the different options to model a submarine cable are evaluated and they accuracy is

discussed.

Then based on an accurate and validated submarine cable model, an analysis about the
reactive power management in submarine power transmission lines is carried out. Thus,
taken into account active power losses, the reactive power generated in the transmission
system and the voltage drop for three different reactive power management options, a

reactive power compensation option is proposed.
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4.1 Basic components of electric power cables

The purpose of a power cable is to carry electricity safely from the power source to
different loads. In order to accomplish this goal, the cable is made up with some
components or parts. Figure 4-1 shows a description of the cable components, which

are:

Conductor: The conductor is referred to the part or parts of the cable which carry the
electric power. Electric cables can be made up by one conductor (mono-phase cables),

three (three-phase cables), four, etc.

Insulation: Dielectric material layer with the purpose of insulate conductors of different

phases or between phases and ground.

Shield: metal coating, which covers the entire length of the cable. It is used to confine

the electric field inside the cable and distribute uniformly this field.

Armor or sheath: Layer of heavy duty material used to protect the components of the

cable for the external environment.

Armor or sheath

Shield

Insulation

Conductor

Figure 4-1: Generic representation of a electric power cable.

4.1.1 Conductor

Some materials, especially metals, have huge numbers of electrons that can move

through the material freely. These materials have the capability to carry electricity from
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one object to another and are called conductors. Thus, conductor is called to the part or

parts of the cable which carry electric power.

The conductor may be solid or made up with various strands twisted together. The
strand can be concentric, compressed, compacted, segmental, or annular to achieve

desired properties of flexibility, diameter, and current density.

The choice of the material as a conductor depends on: its electrical characteristics
(capability to carry electricity), mechanical characteristics (resistance to wear,

malleability), the specific use of the conductor and its cost.

The classification of electric conductors depends on the way the conductor is made up.

As a result, the conductors can be classified as [ 39 |:
4.1.1.1 Classification by construction characteristics

Solid conductor: Conductor made up with only one conductor strand.

\

| J

/

Figure 4-2: Conductor made up with Only one conductor strand.

Strand conductor: Conductor made up with several low section strands twisted together.

This kind of conductor has bigger flexibility than solid conductor.

= ¢

Figure 4-3: Conductor made up with several low section strands twisted together.

4.1.1.2 Classification by the number of conductors

Mono-conductor: Conductor with only one conductive element, with insulation and

with or without sheath.

Figure 4-4: Conductor with Only one conductive element.

Multiple-conductor: Conductor with two or more conductive elements, with insulation

and with one or more sheaths.
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Figure 4-5: Conductor with multiple conductive elements.
4.1.2 Insulation

The purpose of the insulation is to prevent the electricity flow through it. So the
insulation is used to avoid the conductor get in touch with people, other conductors with

different voltages, objects, artifacts or other items.

4.1.2.1 Air insulated conductors

A metallic conductor suspended from insulating supports, surrounded by air, and
carrying electric power may be considered as the simplest case of an insulated

conductor [ 39 ].

Current

Voltage Air capacitor

Figure 4-6: Air insulated conductor.

Air is not a very good insulating material since it has lower voltage breakdown strength
than many other insulating materials, but it is low in cost if space is not a constraint. On
the contrary, if the space is a constraint, the air is replaced as insulation material for

another material with higher voltage breakdown strength [ 39 ].

The same occurs in environments where isolation by air is not possible like submarine
cables. In this case neither is possible isolation by sea water, since it is not an insulating

material.
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4.1.2.2 Insulation by covering the conductor with a dielectric material

In this type of insulation, the conductor is covered by an insulating material with high

voltage breakdown strength (a dielectric), usually a polymer.

Conductor

The air has been replaced
with better insulation

Voltage to

ground Voltage from surface
of covering to ground

Figure 4-7: Insulation by covering the conductor with a dielectric material.

If the metallic conductor is covered with an insulating material, transmission lines can
be placed close to ground or touching the ground. But in this cases when the ground
plane is brought close or touches the covering, the electric field lines become

increasingly distorted.

Considering the equipotential lines of the electric field, these are bended due to the

potential difference on the covering surface. As shown in Figure 4-8.

At low voltages, the effect is negligible. As the voltage increases, the point is reached
where the potential gradients are enough to cause current to flow across the surface of
the covering. This is commonly known as “tracking.” Even though the currents are
small, the high surface resistance causes heating to take place which ultimately damages
the covering. If this condition is allowed to continue, eventually the erosion may

progress to failure [ 39 |.
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Conductor

Surface of covering

Y

Figure 4-8: Equipotential lines of the conductor’s electric field when the transmission line is close to
the ground.

Therefore, high voltage power cables close to ground, like submarine cables, are

provided with a shield to avoid this effect.

4.1.3 The insulation shield

The shield is a metallic coating over the insulation and connected to ground. The
purpose of the shield is to create an equipotential surface concentric with the conductor

to avoid the bending of the electric field lines.

The shield is also used to avoid the effects of external electric fields on the cable and as
a protection for worker staff, through the effective connection to ground. The main

reasons to use a shield are:

* To confine the electric field inside the cable between the conductor and the
shield.

* To make equal the efforts inside the insulation, minimizing partial electric
discharges

* To protect the cable from induction voltages.

* To avoid electromagnetic or electrostatic interferences.
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Shield connected to
ground

Figure 4-9: Equipotential lines of the conductor’s electric field when the transmission line is
provided with a shield.

4.1.4 Armor or sheath

The purpose of this part of the cable is to protect the integrity of the insulation and the

conductor from any mechanical damage such as scrapes, bumps, etc.

If mechanical protections are made by steel, brass or other resistant material, this
mechanical protection is called as "armor." The "armor" can be composed by strips,

strands or plaited strands.

The armor has especial importance in submarine cables, due to this type of cables are
under water and the armor provides mechanical protection against to submarine water
currents. Therefore, often submarine cables have an armor made up with a crown of

steel strands in order to achieve a good mechanical protection [ 40 ].
4.2 Power transmission line modeling

4.2.1 Power transmission lines electric representation

A power transmission line presents several phenomena. First of all, the conductor of the
cable used in power transmission lines has a small resistivity. Resistivity is the scalar
property of an electric circuit which determines, for a given current, the rate of which
electric energy is converted into heat or radiant energy. The resistivity of a specific

cable is given by equation (18).

R=—rH- (ohm) (18)
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Where: ‘I’ is the length of the cable, ¢ is the conductivity of the cable and A, is the

conductor area of the cable.

When an electric current flows through a conductor generates a magnetic field around it,
which in turn induces an electric field. This field generates a current in the conductor in
opposite direction of the original current. This effect is called self-inductance and can be

described as [ 41 |:

_Ho Moy (B

L=+ 2ﬂln(aj /) (19)

L=05+ 0.211{2} bt ) (20)
a Km

Where: u, is the magnetic constant or the permeability of the free space and (a, b) are

the radius of conductor cylinders (see Figure 4-10).

In case of cables with more than one wire or conducting element, besides the self
inductance of each wire, must be also considered the electric field created in other
wires. Consequently, the inductance of a multi-conductor cable mainly depends on the

thickness of the insulation over the conductors.

Power transmission lines with triangular spatial disposition of the conductors, i.e. with
the same separation between the three conductors present a self-inductance given by
1)[421]:

D
L=0.05+ 0.2ln(;) bt ) 1)

Where: D is the distance between conductors and « is the conductor radius

It is important to highlight that the equations are for power lines with triangular spatial
disposition. If the spatial disposition is with conductors in line, the value of the self-

inductance is altered.

Another effect to be considered to represent a cable is the capacity of the line to ground
(which is represented by the capacitor C). The voltage difference from the conductor to

ground causes this effect.

In the cases of cables with insulation and placed close to the ground (like underground
or subsea cables), they have to be provided with a shield. Thus, this capacity depends on

the dielectric (insulation). Due to the fact that this capacitor represents the capacitive
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behavior performed between the conductor and the shield (a conductor connected to

ground). In the most generic case is calculated by the equation (22).

_ Qel _ Q€2
Vi-v2 V2-V1

) @)

Where: C is the capacity of the cable, VI is the voltage of the conductor 1, V2 is the
voltage of the conductor 2, Qe is the electric charge stored in the conductor 1 and Qe?2

is the electric charge stored in the conductor 2.

Simplifying the cable as a cylindrical conductor of radius “a” and a cylindrical surface
coaxial with the first of radius “b”" (a <b), where the space between them is filled with a

dielectric material, Figure 4-10.

It is possible to make the assumption that “a” and “b” (cable cross section) are very
small in comparison with length (/) of the conductor cylinders (cable). As a result, the
length of conductor cylinders (cable) can be considered as infinite, i.e. an ideal

cylindrical capacitor. Where its capacity is given by equations (23) and (24) [ 43 ]:

< b

o e

Q82 Qe /!

Figure 4-10: Geometrical approximation of the physical form of the cable.

C= e (F) (23)
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&

r

€= 17.97 (n(2/ ) (RE/Km) @4
a

Where: ¢, is the dielectric constant or relative permittivity of the insulating material
between conductors, ¢, is the dielectric constant in the vacuum, / is the length of the

conductor cylinders and (a, b) are the radius of conductor cylinders.

Finally, the cable has a leakage current from the conductor to ground (represented by a
conductance G). The dielectric is a material with low conductivity, but not zero, i.e. the
insulation presents high impedance, nevertheless, this does not mean infinite. Thus, the
conductance G represents the current generated from the conductor to ground (the shield

connected to ground) through the dielectric because the insulation is not ideal.

In short, transmission lines are basically circuits with distributed parameters, i.e. R, L, C
and G are distributed along the whole length of line. Where:
* The distributed resistance R of the conductors is represented by a series resistor
(expressed in ohms per unit length).
* The distributed inductance L (due to the magnetic field around the wires, self-
inductance, etc.) is represented by a series inductor (henries per unit length).
* The capacitance C between the conductor and the shield is represented by a
shunt capacitor C (farads per unit length).
* The conductance G of the dielectric material separating two conductors (the
shield and the conductor) is represented by a conductance G, shunted between

the signal wire and the return wire (Siemens per unit length).

Therefore, a transmission line can be represented electrically per phase for each

differential length as in Figure 4-11[44 ],[45]y[46].

R L R L R L

\\’»

Figure 4-11: Electric representation of the cable per differential length.

In the same way, for three-phase transmission lines, the cable can be represented using

three identical schemes per phase as follows, Figure 4-12.
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N

G

Figure 4-12: Electric representation of the three phase cable per differential length.

4.2.1.1 Skin effect

In DC circuits, the current density is similar in all the cross section of the conductor, but
in AC circuits, the current density is greater near the outer surface of the conductor.

This effect is called skin effect.

Due to this phenomenon, AC resistance of the conductor is greater than DC resistance.
Near to the center of the conductor there are more lines of magnetic force than near the
rim. This causes an increment in the inductance toward the center and the current tends
to crowd toward the outer surface. So at high frequencies the effective cross section area

of the conductor decreases and AC resistance increases.

In short, the skin effect causes a variation in the parameters of the cable, due to the non
uniform distribution of the current through the cross section of the cable. This variation

depends on frequency. Consequently, RGLC parameters are frequency dependent.

If this effect is taken into account the electric representation of the cable for each

differential length is represented as shown in Figure 4-13.
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Figure 4-13: Electrical representation of a three-phase cable per differential length with frequency
dependent parameters.

4.2.2 Power transmission line modeling options

Based on the electric representation of the cables and depending on the cable model
requirements, it is possible to perform more or less simplifications, in order to maintain
the accuracy of the model and reduce its complexity. Thus, there are several ways for

modeling a cable; these models can be classified as follows [ 47 ].

MODELS

Lumped Distributed
parameters parameters

Frequency dependent
parameters

( Modal domain ) ( Phase domain )

v v v l

< Pi circuit > < Pi circuils in series ) < Bergeron’s model > J. Marti’s model Idempotent
model

Figure 4-14: Classification of the different types of cable models.
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In the present work, these models are divided into models based on constant parameters
and models based on frequency dependent parameters. This division is made, because
these two groups are based on different electrical representations, Figure 4-12 and

Figure 4-13.

Thus, according to [ 48 ] for modeling the transmission lines with constant parameters

there are the following options:

* Bergeron’s traveling wave.

* Standard short, medium and long line models for phasor domain. If only care

about 50-60Hz.

* Sequence of single phase “n” segments. In order to model the transients in easy

way.

If the objective is the analysis of a wide frequency spectrum accurately, a more accurate
model of a line can be developed considering the RGLC parameters distributed and
frequency dependent. So, in this report, the following frequency dependent cable

models are considered:

* Frequency dependent model in modal domain (J. Marti).

* Frequency dependent model in phase domain (Idempotent model)
4.2.2.1 Constant parameter models

All the mathematical analysis of the evolution of the current and voltage to develop
constant parameter models are based on a generic segment of the cable with length (4x).
Therefore, these models are developed starting from the electrical representation of

Figure 4-11.

Vix,t) R

O
Figure 4-15: Electrical representation of a generic cable segment with constant parameters.

Where: V(x,t) and V(x+Ax,t) are instantaneous voltages on x and x+4x respectively and

I(x,7) and I(x+A4x,?) instantaneous current on x and x+Ax.
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Applying Kirchoff's laws to this circuit, it is possible to obtain the following equations

to describe the behavior of the circuit:

Vix,t)=V(x+Ax,t) =AV (25)
_ o/
AV =—(RI(x,t)+ LE)Ax (26)
I(x,t)—I(x+Ax,t)=Al (27)
_ ar
Al =—(GV (x,t) + CE)AX (28)

In the limitAx — 0, these equations ((26) and (28)) can be expressed as follows:

_ _prer 9L (29)
Ox ot

I _gyecd (30)
Ox ot

The equations (29) and (30) are called the general equations of the transmission lines

and all the constant parameter models are based on these equations.
4.2.2.1.1 Standard short, medium and long line models for phasor domain

Taking the derivative of equations (29) - (30), it is possible to obtain the following

second-degree ordinary differential equations of the transmission line for voltage and

current.
2

a_V = a_V (3 1)
ox? ot

0’1 ol

ofr_ p00 32
ox> yz ot G2
y=a,+if,=(R+ial)(G+iaC) (33)

Where: y is the wave propagation constant, o, is the real part of the propagation
constant which represents the attenuation (Np/m) and 3, is the imaginary part of the

propagation constant which represents phase velocity (rad/m).

Applying D'Alenbert to the second-degree differential equations, it is possible to obtain
the general solution of the equations. This solution consists of two traveling waves that

propagate through the line, one from left to right and the other one in reverse.
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A simple way to work with traveling voltage waves is representing the system as a two
ports network or a quadripole. Moreover, the standard model (for short, medium and
large lines) is focused to represent only the steady state of the transmission lines (50-

60Hz). Consequently, is possible to use a lumped parameters quadripole.

If the length of the transmission line is small in comparison with the traveling wave
length, equation (34). The traveling time of the electromagnetic waves can be neglected,

allowing the representation of the transmission system by lumped parameters.

A=Ye = ! 4
7 /—che (34)

Where: v, is the propagation speed of the traveling wave and £, is the frequency of the

analyzed transient phenomenon

In equation (34) the frequency is inversely proportional to the traveling wave length. As
a result, for low frequencies the wave length is large in comparison with the length of
the transmission line, i.e. the traveling wave that goes from one node to the other node

appears instantly in the second node with virtually no time delay.

Therefore, to obtain the equations of the transmission line for the standard model (50-

60Hz) the transmission parameters (also called ABCD-parameters) are used.

On the contrary, if the required frequency for the analysis is high, the traveling wave
length is less than the length of the transmission line. As a result, it is not possible to
neglect the delay in the wave between the two ends of the cable. In these cases, models

based on traveling waves are more accurate [ 47 |.
ABCD parameters

These parameters are based on a lumped parameter two port network or quadripole,
Figure 4-16. Each parameter of the ABDC parameters of the two-port network

represents:
* (A) the voltage relation between the two ports in open circuit.
* (B) the negative transference impedance in short circuit.
e (C) the transference admittance in open circuit.

* (D) the negative current relation between the two ports in short circuit.
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Figure 4-16: Two port system or qudrupole oriented to a transmission line in phasor domain.

Thus, the currents and voltages on both sides of this generic system are related by

equations (35)-(37):

Vin A B | Vout
= (35)

Iin C D/ | lout
Vin = AVr + B lout (36)

Iin =C[Vr+ Dllout 37

Standard models for phasor domain are developed starting from these general equations
(36)-(37). Depending on the physical phenomena that are considered (section 4.2.1),
transmission lines can be simplified in one way or in another. The consideration or not
of all these physical phenomena depends on the cable length. So, depending on the
cable length, there are three general models for overhead transmission lines: short (< 80

km), medium (80 Km to 240 Km) and long (more than 240 Km) [ 44 ].

4.2.2.1.1.1 Standard short line models for phasor domain (<80 Km)

The capacitive component of the cable increases with its length (equation (23)), so for
short overhead cables, the capacitive component is generally small. In the same way, the
admittance G represents a leakage current, which depends on the insulation material’s
conductivity. Usually this material has a low conductivity and the associated resistivity
is very high. Therefore, for short lines with very low capacitive component, the
capacitive component and the admittance (a high resistivity in parallel) of the line can

be neglected [ 48 ].
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Figure 4-17: Standard cable model for short lengths.

Where: L represents the phenomenon of the self inductance and R is the resistance of

the cable. The ABDC parameters taken into account these simplifications are:

A=1; B=Z; C=0; D=1 %)
Where: Z is the total series impedance.

If these constants are replaced in the general equation of the standard model (equation

(35)) is possible to obtain the general equations of the model for short lines.

4.2.2.1.1.2 Standard medium line models for phasor domain (80Km<length<

240Km)

In cables of medium length, the capacitive component is bigger than in the case before
(short lines). So, for lines with this length, the capacitive component has to be
considered to obtain an accurate cable model. Therefore, in this case, as the cable model

the so called nominal "n" circuit is used, Figure 4-18.

Iin I L R Tout
—> —> —>
YT AN

Vin | Vout
— Y2 Y2 —(

Figure 4-18: Standard cable model for medium cable lengths. Nominal-x circuit.

From this model, it is possible to obtain the following equations to relate Vs, Vr, Ir and

Is:

Vin =Vout + 17 (39)
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I = lout +Vout D)Zi (40)

Iin = Iout +Vin 9)2: 41)

Based on these equations, the complex constants A, B, C and D have the following

expressions:

gepe1+Z @
2

B=Z (43)

C= (1 + %j (44)

Where: Y is the total shunt admittance and Z is the total series impedance.

As in the previous case, if these constants are replaced in the general equation of the
standard model (equation (35)) is possible to obtain the general equations of the model

for medium lines.

4.2.2.1.1.3 Standard long line models for phasor domain (> 240Km)

In this case, the evolution of the traveling waves and the refraction at the end of the line
must be taken into account. So, this model has the general equations shown in (45) -

(48).

Usually the conditions of the current and voltage are required at the end of the line

(when x = [, length of the line). Thus, the general equations of the system are simplified:

Vout =Vinlcosh(){) — lin[ Zc [sinh(}) (45)
) Vin _ .

Tout = Iin [&osh()) —Z— [8inh()/) (46)

c
Vin = Vout [cosh(){) — lout [ Zc [sinh( ) (47)
. _Vout _.

Iin = ~ [8inh()) + lout [¢osh()1) (48)
c

Where:
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s ¥
cosh(y) = (%} (49)
_ U
senh(f) = [e 2e j (50)
Z = L (51)
C

In this way, the ABDC constants or the cuadripole constants have the following

expressions:

A=D =cosh(~ZY) (52)

B= \/%cosh(\/ ZY) (53)

C= \/gcosh(\/ ZY) (54)

However, it is possible to simplify even more those expressions by using equivalent

mathematical series instead of the hyperbolic functions:

Yz Y7z2* YZ°
A=D=coshlvZY |=1+—+ + +.... (55)
( ) 2 24 720
272 373
B=Z 1+£+YZ +YZ +... (56)
6 120 540

22 33
c=yi+XL 22, (57)
6 120 540

Usually three terms of the series are enough to model overhead transmission lines with
less than 500 km, nevertheless, the first two terms are enough in most cases.
Consequently, the equivalent circuit for long transmission lines is an equivalent "xt"

circuit that can be expressed as follows:

N
|
N |~

(58)

1l (o]

z (39)
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Ilin lTout
— B —»
]
L |
Vin A-1 4-1 Vout
B B

Figure 4-19: Standard cable model for long cable lengths. Equivalent @ circuit.

As is distinguished in the beginning of this section, the cable model developed in the
present section, depicted in Figure 4-19 , only represents the cable for the conditions at
the ends of the line. If the results in the intermediate points of the cable are required, the
equations (45) - (48) must be considered. Another option is the use of several equivalent

T cIrcuits.

“__

4.2.2.1.2 Sequence of single phase “n”’ segments

If the cable model has to represent the cable in a frequency range bigger than the
fundamental frequency (50-60Hz), one option can be the use of several single phase "="

segments in series.

Cascading several identical "n" sections or circuits, as shown in Figure 4-20, it is
possible to obtain a lumped parameters model which is an approximation of a

distributed parameters model.

Cable models based on distributed parameters have an infinite number of states, but
models based on “m” sections have a finite number of states, as many as “m” sections.
Therefore, depending on the number of “n” sections used to model the cable, the model
is more similar to a distributed parameters model and as a result, the model is able to

represent the cable in a bigger frequency range.

Thus, the required number of "n" sections for a specific model depends on the required
frequency range and the length of the line. In Figure 4-20 are represented N "z-

nominal" circuits in cascade (from now only "n") [ 49 |:
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Ll RI L2 R2 LN RN

Vin w\—AN\/l 4[ — Vout
TC] Cc2 C3 —( T CN CN+1

Figure 4-20: Submarine cable modeled as N “Tt’circuits.

To obtain the relation between the input variables and the output variables, the system is
represented as several two-port networks (quadrupoles) with several ABDC parameters

Figure 4-21:

lin Lout

- -
o—— 4, B (—-———— Ay By [—
O C] D] - —_ CN DN O

Figure 4-21: N cuadrupoles in series.

It is important to keep in mind that each section is a part of the same cable, thus the
output impedance of any cable section and the input impedance of the next section are

the same. Consequently, there are not refractions between sections.

Moreover, if all the sections have the same length, as is usual, their associated "x"

circuits are the same. The cable model can be represented with equation (60) [ 47 ].

Vin A B ! Vout
i - Cc D i ©

So, the equivalent ABDC parameters for several "n" circuit is the product of all the

matrixes of all two port sections.

The number of "n" circuits in series for a correct representation of the transmission line
depends mainly on the required frequency for the analysis [ 50 ]. Thus, for a specific
maximum frequency, the maximum length that can be represented by each "n" circuit is
limited by equation (61).

v

I, <—= (61)

Sfmax

Where: v, is the propagation velocity of the traveling wave, [, is the maximum length

that can be represented by each "n" section and f,,,, the maximum frequency.
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Another way to obtain the number of "n" circuits in series for a correct representation of
the transmission line is used in [ 51 ]. As [ 51 ] a pretty good approximation to
determine the number of required "n" circuits is given by the equation (62), which

depends on the following parameters.

. The travelling time (t ) or the propagation velocity.
. The maximum required frequency for the simulation model.
. The length of the line (/).
Nv
_ v, 62
fmax 81 ( )

Where: N is the number of required "n" circuits, v, is the propagation velocity of the

traveling wave, / is the length and f,,,, the maximum required frequency.
4.2.2.1.3 Bergeron’s traveling wave

To perform a accurate analysis of a cable based on constant and distributed parameters,
the Bergeron’s travelling wave method is used [ 52 ], [ 53 ] and [ 54 ]. This method is
based on the way that the travelling wave is propagated and its refraction at the end of

the line.

The bergeron’s travelling wave model is developed starting from the general equations
of transmission lines (29)-(30), but in this case the series resistance and the admittance
are neglected. So the transmission line is considered as a lossless line and all the global

losses are considered at both ends of the line.

In this way the general equations of the transmission lines can be simplified into:

or o/
— =-L— (63)
Ox ot
a_ oo o
Ox ot

Then, if another partial derivative is performed on these equations, the following second

degree lineal differential equation is obtained.

2 2
61:L 0/

- ~Z 65
ox* or* ©
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Applying D’Alenbert on equation (65), it is possible to obtain the generic expressions

for voltage and current:

I(x,1)= filx =vt)+ fylx +v,0) (66)
V() =z [f,(x=vi)+ filx +v.0)] (67)

Find the particular solution of these equations ((66) and (67)) is very complex.
Therefore, for work with them computational models in EMTP (Electro Magnetic

transients program) are used. So, the model is adapted to EMTP.

Usually the conditions of the current and voltage are required at the end of the line, i.e.

when x = /. Thus, this model for EMTP is only valid for results at the end of the lines.

However, if results on an intermediate point of the line are required, it is possible to
obtain those by using several Bergeron’s travelling wave models in series, i.e. dividing
the cable in several sections and modeling each one with traveling wave model. In this
case also, due to the fact that those sections are sections of the same cable (the same

input impedance), there are not refractions between sections.

The traveling wave does not appear in the other end of the cable instantly. Therefore,
the ends of the cable are decoupled with a time constant and there are not any changes
in the voltage and current values until expires the period of time necessary for the wave

to cross the line (t). The generic equivalent circuit of the model is shown in Figure 4-22.

[
r=—=I[JLC (68)

\%

e

ikm

—>
k
ikm imk
. -
ke om
+ Ik(l‘-T) Im(t-l’) +
€k Ze Z. €m

Figure 4-22: Equivalent model for Bergeron’s travelling wave.
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The general equations of the model are:

€ (t) + Zcikm = €, (t - T) + Zc (_ imk (t + T)) (69)

Where the current sources represents the time delay:

1=1)= (e, =) =i e+7) (0

c

1,(t=1)= (e li=1) =i, e +7) @

4.2.2.2 Frequency dependent models

If a very accurate analysis is required, the variation of the parameters with the frequency
variation must be taken into account. Due to the fact that, the skin effect of the

transmission lines affects significantly to the system resonances [ 55 ].

The resistive component of a transmission line is only a little part of the total impedance
when the system is not in resonance. However, this series resistance is very important
when the system is in resonance. If the circuit is in resonance, the imaginary
components of the impedance are balanced, so the resistive component determines the

total impedance.

Therefore, if the required frequency range for the model is wide, several times bigger
than the fundamental frequency (the frequency used to estimate the electrical
parameters of the model), these variations have to be taken into account, to obtain

accurate results,
4.2.2.2.1 Frequency dependent model in modal domain (J. Marti)

One way to obtain more accurate models is developing the transmission line equations
in frequency domain considering distributed parameters, due to the distributed nature of

the losses and frequency dependent parameters.

In these two fundamentals is developed the model of J. Marti [ 47 ] and [ 56 ]. The
equivalent circuit of this model is based in voltage sources, not like Bergeron’s model
which is based on current sources, as can be seen in Figure 4-23. Another difference
with the Bergeron’s model are the losses, in this case, the losses are represented by

impedances in series.
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Figure 4-23: Equivalent circuit for J. Marti model in frequency domain.
The general equations of this model, i.e. the equations used to describe the behaviour of

the system are (72) and (73):

vila)=z.(a)1,(a)+E,(a) (72)
v.(a)=2(a)z,(a)+ B,y () (73)
Where:

E,, (@)= A()F,, =V () + Z. ()1, (@]l (74)
E, (@)= A(W)F,, =V, (@) + Z. ()1, (@)™ (75)

This model is frequency dependent, in both, in the characteristic impedance (equation

(76)) and in propagation constant (equation (77)).

vt [

) =R (@) + i ()G () + icC' () (7

The J. Marti model it is not very accurate at low frequencies and for very short lines,

due to the imperfections of the system in time domain [ 57 ].
4.2.2.2.2 Frequency dependent model in phase domain (Idempotent model)

As a example of this kind of models, the Idempotent model is analyzed [ 47 ], [ 58 ] and
[ 59 ]. This model and the J. Marti model have similar fundamentals, but this model
solves the problem of J. Marti’s model with frequency dependent modal transformation
matrixes. This problem is solved because the propagation wave is represented in phase

domain.
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The equivalent circuit of this transmission line model (the idempotent model) is

depicted in Figure 4-24.

]k ]m
e -—
k o o m
A I Ykl i Ty A
+ +
Vk Yc [kh [mh YC Vm
O O

Figure 4-24: Equivalent circuit for the idempotent model.

The general equations of this model are (78) and (79):

v, -[2,]= 1]+ (2D ¥ =4 |7, | 78)
v ]-ln]=(]v, )+ (1,0 ¥ =4 |F,,] (19)
Where:

[2,,]= (1] +[2.]]4] (80)

[7,]= (.17, )+ [7,]]4] (81)

The idempotent model with some changes / improvements detailed in [ 60 ] is used in
PSCAD as the most accurate model. Moreover, the PSCAD user’s guide guaranties that

its cable model, frequency dependent in phase domain is very accurate [ 61 ].

4.2.3 Verification of cable models

The complexity and the accuracy are two concerns to be considered to select a cable
model. Depending on the required accuracy, the used cable model can be less complex.
In some cases, like in cases where the steady state is the analyzed field, the use of
complex models does not improve significantly the accuracy of the model. So, there
must be a balance between the complexity of the model and required accuracy. In short,

depending on the requirements of the analysis, one model or another can be used.

In the present section, to carry out this evaluation of how accurate the considered cable
models are and under what conditions can represent the behavior of the transmission

line, the PSCAD software is used, software oriented to power electric systems.
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PSCAD provides three different cable models with distributed parameters in its standard
library: The Bergeron’s traveling wave model, the frequency dependent model in modal
domain (J. Marti) and frequency dependent model in phase domain [ 61 ]. However, for
lumped parameter models, like a "n" circuit, there is not any specific cable model. So to

represent this kind of models, resistors, capacitors and inductors have to be used.

In the present work, two of the cable models analyzed in the previous section are
considered to evaluate their accuracy (Bergeron’s travelling wave model and a "n"
circuits). In this way, to evaluate their accuracy, the simulation results of the considered
two models are compared with the frequency dependent model in phase domain used by

PSCAD that has been successfully validated experimentally in [ 62 ] and [ 63 ].

To work with those distributed parameter models, PSCAD calculates the RGLC
parameters for the electric representation of the line by its own, based on physical

parameters of the cable.

The basic geometry used by PSCAD to represent the cable is made up by concentric and
homogeneous conductor and insulation layers. This approximation of the cable used by
PSCAD has even more layers than the example analyzed in section 3.2.1, i.e. presents
more conductor and insulation layers. But, a real cable has more layers than the
approximation used by PSCAD and even parts that cannot be represented in this
approximation. Therefore, to represent correctly a specific cable in PSCAD, some
physical parameters of the cable have to be corrected before to fill into the PSCAD
template [ 62 ].

However, to carry out this comparison, the correction of the physical parameters of the
cable does not make any sense, because the physical parameter correction only affects
to the electric representation, i.e. to the estimation of the RGLC parameters performed
by PSCAD and all the compared models in the present section are based on the same
electric representation. Therefore, the parameter correction is explained in section

4.2.4.).
4.2.3.1 Comparative of transient response for different cable models

In this section two cable models are compared with the validated model, in order to
know how accurate are and in which cases are valid, starting from the simplest (unique

n’ circuit) to Bergeron’s model (the simplest model considering distributed

parameters).
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With a sharp voltage variation like a step or pulse, the most frequencies of the spectrum
are excited. Thus, it is possible to compare the results and determine if the frequency
responses are similar or not. This is the way used by [ 62 ] and [ 63 ] to determined the

PSCAD frequency dependent model in the phase domain as a valid one.

In[ 62 ] and [ 63 ] to carry out the validation of the cable model, the results obtained by
applying a voltage step to a 20kV XLPE cable are compared with the simulation results
obtained in PSCAD by applying the same voltage step.

In this section the same procedure is used. Therefore, using the simulation scenario
depicted in Figure 4-25, the transient responses for a voltage step for different models

are obtained, in order to compare the results and evaluate their similarity.

In this case, instead of a DC voltage step, is used an AC voltage step, i.e. the AC
voltage source is suddenly connected to the cable. To carry out this analysis, the breaker

is connected in the worst case, when the AC voltage has the maximum value.

Breaker .
Switching time Submarine cable

On 0. 025/s\ m O
N >

Voltage and current
measurement
(Eb1,Ib1)

86.26 kV
50 Hz

Figure 4-25: Simulation scenario in PSCAD for the verification of cable models.

The simulations are based on a cable of 150kV — 1088 A (courtesy by General Cable)
with 50 Km length. The characteristics of this cable are shown in Figure 4-26.
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Ground Resistivity. 100.0 [ohrm*m]
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Conductor Conductivit'y of the (Copper)
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thickness 10 mm | caves gt
Insulation Relative permittivity 2.3 -
Magnetic permeability 1
thickness 0.8 mm
Shield Conductivit'y of the (Copper) -
material 1.7 e-8
Magnetic permeability 1 ﬁ?ﬁéﬂ
thickness 42.3 mm Insulator 2 |
Sheath Relative permittivity 2.3 nggﬁg{m:
Magnetic permeability 1 R

Figure 4-26: Graphic representation of the cable in PSCAD and its parameters.

From the physical characteristics of Figure 4-26, PSCAD solves / estimates the
equivalent impedances (RLGC parameters) for the electric representation of the cable (
Figure 4-11 for constant parameter models and Figure 4-13 for frequency dependent
models). Upon this electric representation, the considered models (described in section

4.2.2.) are developed, unless for the unique “n” circuit model, i.e. to the Bergeon’s

travelling wave model and frequency dependent model in phase domain.

As 1is distinguished at the beginning of this section, for lumped parameter models
PSCAD does not provides any specific cable model. So, the unique “n” circuit model is
defined directly by its RLC parameters. Thus, the cable with the physical parameters
described in Figure 4-26 can be defined electrically at 50 Hz with the RLC parameters
depicted in Table 4-1.

50 Km Resistivity (ohm) Inductivity (mH) Capacitance (uF)

“n” Parameters
(50 Hz) 6.09 8.8 16.92

Table 4-1: RLC parameters for the equivalent “n” circuit which models the SOKm cable for S0Hz.

4.2.3.1.1 Comparative of transient responses for the “r” circuit model

(Y=}

Firstly, the comparison of the unique “n” circuit model and the PSCAD frequency
dependent model in phase domain is carried out. To this end, the procedure described in

the previous section 4.2.3.1 is used.
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Figure 4-27: Simulation scenario in PSCAD for the “n” circuit.

€9

The simulation results of the submarine cable modeled as a unique “n” circuit and the
validated frequency dependent model in phase domain upon a AC step are shown in
Figure 4-28 and Figure 4-29. It is easy to observe on these results, that only one “n”
circuit is not enough to represent adequately the transient response of the transmission
line. The current peak immediately subsequent to the close of the breaker is more than
the double compared to the validated model. Moreover, the oscillation frequencies and

the duration of the transients are substantially different.

However, it is important highlight that the mean values after the transient of the two
models are very similar. So, despite its simplicity, for the steady state, this model can be

a reasonably good approximation.
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Figure 4-28: Comparison of the input voltages of the cable (Eb1): (blue) for the "xn'" circuit and
(red) for the frequency-dependent model in phase domain of PSCAD.
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Figure 4-29: Comparison of the input current of the cable (Ib1): (blue) for the "xn" circuit and (red)
for the frequency-dependent model in phase domain of PSCAD.

4.2.3.1.2 Comparative of transients for the Bergeron’s travelling wave model

The next model to analyze is Bergeron’s travelling wave model. The Bergeron’s
travelling wave model is based on a distributed parameters representation of the

transmission line.
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Figure 4-30: Simulation scenario in PSCAD for the Bergeron’s travelling wave model.

The simulation results of the scenario depicted in Figure 4-30 are shown in Figure 4-31
and Figure 4-32. In this second case, the transient responses of those models are more
similar than in the first case. The first voltage peak, when the breaker is activated, is
only a little bit smaller with this model. In the same way, the oscillation frequencies of

the transient responses are similar.

With regards to the current, it is possible to see the same behavior pattern. The transient
response is a little bit larger in time with Bergeron’s travelling wave model and also has

more high frequencies.

One reason for this could be the way that the electric parameters (RGLC) are calculated.
Bergeron’s model is based in an electric representation with constant parameters, so for
frequencies far away for the frequency used to calculate those parameters, because of

the skin effect (see 4.2.1.1), they cannot represent well the cable. The skin effect
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increases the resistive component of the cable depending on the frequency and as a

result, causes the attenuation of high frequencies.
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Figure 4-31: Comparison of the input voltages of the cable (Ebl): (blue) for the Bergeron’s
travelling wave model and (red) for the frequency-dependent model in phase domain of PSCAD.
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Figure 4-32: Comparison of the input current of the cable (Ib1): (blue) for the Bergeron’s travelling
wave model and (red) for the frequency-dependent model in phase domain of PSCAD.

In conclusion, this model is accurate for frequencies close to 50Hz (or 60Hz), the
frequency usually used to calculate the electric parameters, i.e. it can represent the
steady state and low frequencies. Starting from its nominal frequency, if the bigger is

the frequency variation, the bigger is the deviation in the frequency response of the

system (less accuracy).
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4.2.4 Cable parameter adaptation for PSCAD

Based on the physical characteristics of Figure 4-26, PSCAD solves / estimates the
equivalent impedances (RLGC parameters) for the electric representation of the cable.
Thus, for complex models, where are required a lot of parameters and detailed electric
specifications, the definition of the cable is more simple. However, this way has a
drawback, as is explained in section 4.2.3, the template provided by PSCAD is an

approximation and it cannot represent complex cable structures.

The PSCAD template has concentric, circular and homogeneous layers to introduce the
data of the cable. Even though, some subsea cables are made up with other physic
characteristics, such as: semiconductor layers, conductors made up by a crown of

strands, the fill between conductors or other non concentric elements.

Due to the impossibility to fill in correctly the data of the cable to the PSCAD software,
the physic parameters of the cable have to be corrected. The purpose of this correction is
to achieve the same value for the electric parameters estimated by PSCAD and the
parameters measured by the cable manufacturer. Therefore, some parameters of the

conductor, shield and insulation are corrected.

The physic characteristics of the cable provided by the manufacturer (Courtesy by
General Cable) are shown in Table 4-2.

Parameter Value
Rated voltage 87/ 150kV
Rated current 1088 A
Conductors cross section: 1.200 mm?
Separation between conductors: 97.839996 mm
Buried depth I m
Shields cross section 30 mm?
Shield type: Metallic strip
Armor type: Strands crown
Diameter of conductor 43,5 mm
Insulation thickness 20 mm
Diameter upon the insulation 88,5 mm
Diameter down the sheath: 215,6 mm
Diameter down the armor: 226,7 mm
Sheath thickness: 8,9 mm
External diameter: 2445 mm
Relative dielectric constant: 2,50
Resistivity of the conductor d.c. at 20°C: 0,0151 Ohm/km
Resistivity of the conductor a.c. 0,0205 Ohm/km
Resistivity of the shield d.c. at 20°C: 0,6264 Ohm/km
Nominal capacitance of the cable: 0,233 uF/km
Inductance of the cable: 0,352 mH/km

Table 4-2: Cable characteristics provided by General Cable.
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4.2.4.1 Conductor

Looking at Table 4-2, the conductor has a 43.5 mm diameter and also an effective cross
section of 1200 mm?. If the conductor is considered as solid core, homogenous and
circular (as the template does), the cross section for this diameter (equation (65)) it is

not the same.

A =3’ =m21.75" =1486.17Tmm’ (82)

If the conductor is considered as solid core, homogenous and circular, the effective
cross section is 1486.17 mm®. Therefore, to solve this difference it is necessary to

correct the resistivity of the conductor p.

Like first step, the real resistivity of the conductor (based on the data of the cable given

by the manufacturer) is calculated, equations (83) - (84).

_p.l

Ry == =0.0151 ohm/Km (83)
Rl A

0. :70:1.812 1o (84)

Where: p. is the resistivity, / is the length of the cable and A, is the effective cross

section of the conductor (1200 mm?).

Then, the correction is applied to the resistivity of the conductor’s material, i.e. the
resistivity data to fill into the PSCAD template is changed to maintain the same absolute
resistance of the conductor. So, the corrected resistivity depends on the effective cross
section and the real cross section [ 62 ].

2

0.'= . ”ADQ =224412010°" (85)

c

To verify this estimation, the absolute resistance of the conductor in two cases is
calculated, for 50 Hz and for direct current. In this way, these results can be compared
with the characteristics provided by the manufacturer (Table 4-2).

-8
Popg 224400 1000 =0.0204 ohm/Km

d, MD-3d,) 0010662 7(0.0435-0.010662) (86)

R,.(50)=
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-8
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Where: [ is the length of the cable, D is the diameter of the conductor, p. is the
resistivity, @ is the angular speed of the current (2n f), p is the absolute magnetic
permeability of the conductor (po L ), Lo is the magnetic constant or the permeability of

the free space (4m x 107’ N/A?) and . is the relative magnetic permeability.

Comparing the results obtained in equations (86) with the data given by the
manufacturer (Table 4-2), it is possible to observe practically the same values.
Consequently, the correction performed to the resistivity of the conductor is reasonable

accurate.
4.2.4.2 Shield

The shield is something more than only a metallic strip, the shield can be made up with
multiple layers. Looking at Table 4-2, the conductor has a 43.5 mm diameter and the
insulation has a thickness of 20 mm. However, the diameter upon the insulation is

88.5mm. So, there is an undefined layer of 2.5 mm.

Considering from the data provided by the manufacturer that the shield has only 30mm?
of cross section. It is possible to deduce that one of them: the shield or the insulation has

more complex structure than the PSCAD template.

Therefore, in order to maintain the shield with a 30 mm? thickness and the same
capacitive component for the cable, the diameter of the insulation and its relative

permeability has to be changed.

Assuming that the outer diameter of the shield’s conductor layer is 88.5 mm, it is
possible to obtain the inner diameter of the shield, equations (88) - (90).

A= RS -1 (88)

30mm2=44.45-r; (89)

r. =+/44.25% =30 = 43.9mm (90)

In the present analysis the Shield of the cable is metal strip kind. However, there are
also other types of shields, like strands crown kind. In these cases it is necessary to

carry out another correction [ 62 ].
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4.2.4.3 Insulation

To correct the area of the shield, the radius of the insulation is modified. So, the value
of the capacitive component using the radius calculated in the equation (90) is not the

same of the characteristic provided by the manufactures, equation (91).

C

& 25
C17.97mb/) 17.97m#39,, ) 0198 pE R 1)

Therefore, to represent correctly in PSCAD the capacitive component of the submarine

cable, the dielectric constant has to be corrected, equations (92) - (93).

£,=023307.97m(#39; | - )=2.94 (92)

o & 2.94

17.97 Eﬂn(% )" 17.97 D]n(43%1_75)

4.2.4.4 Measure with PSCAD the adapted parameters

=0.233 pF/Km 93)

To validate the parameters correction carried out in the preceding sections, a equivalent
submarine cable in PSCAD (Figure 4-33) based on the physic data of the cable shown
in Table 4-2 is defined. In this way, it is possible to obtain the electric parameters via

PSCAD to compare them with the electric data provided by the manufacturer.
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Figure 4-33: Graphic representation in PSCAD of the three-phase cable.
Table 4-3 shows the parameters of the transmission line solved by PSCAD based on the

physical parameters of Figure 4-33.

Resistivity Seq + Inductivity Seq + Capacitance Seq +
Electric parameters

(50 Hz) 0.0311 Ohm/km 0.334 mH/km 0.233 pF/km

*Resistivity without taking into account the shield, conductor only 0.0190 Ohm/km

Table 4-3: RGLC electrical parameters calculated by PSCAD based on the physical dimensions and
characteristics.

As a conclusion, the electrical parameters calculated by PSCAD (Table 4-3) in

comparison with the parameters specified by the manufacturer are substantially similar.
4.3 Reactive power Management in subsea power cables

4.3.1 Introduction

For the construction of the onshore high voltage transmission lines, almost exclusively
air insulated conductors are used. However, the submarine cables are placed in very

different environment which requires other kind of insulation.
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Therefore, due to their construction characteristics (conductor, insulation, shield and
armor), the submarine cables have a high capacitive component (see section 4.2). As a
consequence, the transmission of the energy through these cables in AC provokes

charge / discharge currents. This current causes a reactive power.

The maximum current capable to transfer a cable is determined by its construction
characteristics (cross section of the conductor and its thermal characteristics). Thus, the
active current capable to carry a cable is limited by charge / discharge current (reactive

current) flowing through the cable (equation (94)).

|[| = V [jctive + [rzeactive (94)

reactive

I/

active

~

Submarine cable

Figure 4-34: Graphic representation of the current through the cable.

Moreover, the capacitive component of the cable increases with the length of the cable
(equation (23)). So, there is a specific length for each voltage level where the reactive
current generated in the cable is the same of the rated current. This limit depends on the

cable voltage and capacitive component (length).

Considering the transmission frequency constant (50Hz-60Hz), the expression of the

reactive current is shown in equations (95) - (97).
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Figure 4-35: Simplified phase to neutral point (not physical) representation of a mono-phase
submarine cable using a “m” model.

= Vcl :[ - VcZ (95)
cl c2
|Xcl |Xc2
1 1
X=X, = o (96)
2 1
1, =V, |l =1, =V, |, 97

Where: Ic; and Ic; are the reactive currents, |V¢;| and |V¢,| are the magnitude of the
applied voltage, o is the pulsation and C; and C, represents the capacitive component

of the cable.

So, if the reactive current reaches the rated current of the cable, this cable cannot

transfer any active power.

To understand better this problem, the reactive power generated in the cable (caused by
reactive current) for three examples is calculated, Table 4-5. Examples with different
voltages and rated powers, the electrical characteristics of the cables used in those

examples are depicted in Table 4-4.

Cable Vn(kV) In(A) Rac(Q/Km) L(mH/Km) C (uF/Km)

A 36 911 0.0341 0.294 0.331
B 150 1088 0.0205 0.352 0.233
C 220 1055 0.048 0.37 0.18

Table 4-4: Characteristics of the submarine cables.

Cable Vn (kV-50Hz) Reactive current (A/Km) Reactive power (MVAR/Km)
A 36 2.2 0.134
B 150 6.33 1.6455
C 220 7.18 2.736

Table 4-5: Reactive power generated in the submarine cables.
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Therefore, to make more efficient the power transmission system, it is necessary to
minimize the reactive current flowing through the cable by managing the reactive
current. This management of the reactive power has to be oriented to increase the active
power transmission capability of the transmission lines and to reduce the conduction

losses.

4.3.2 Types of reactive power management

With low power factors, the conduction losses in the cable are higher and the required
conductor size is higher. Therefore, most of the grid codes for wind farms have as a
requirement a power factor close to unit at the point of common coupling (see Appendix
B: Power factor requirements at the point of common coupling). Consequently, the

reactive power compensation is necessary at least at the PCC.

If the reactive power flowing through the transmission system is managed in addition to
the compensation at the PCC, makes the transmission system more efficient. With
regards to the reactive power management classification, these can be classified by two

parameters:
* The location of the compensation: at one end only or in both ends.

* The characteristics of the compensation: static or dynamic. The compensation
device can compensate always the same reactive power at the same voltage or

on the contrary depending on the requirements.
4.3.2.1 Reactive power compensation at one end or in both ends

In the first case, the reactive power compensation at one end is evaluated. This reactive
power compensation is made by injecting reactive current in one end only, at the

onshore side. So, there is not a reactive power management of the transmission line.

Basically, the energy is generated with a unitary power factor. This energy is
transmitted through the submarine cables to the onshore substation, where the reactive
power generated in the cable is compensated to integrate the energy in the main grid,

Figure 4-36 (a).

The best option to minimize the reactive current as much as possible is the
compensation of the reactive power generated in the cable along all its length. This

option, allows the use of the cable without length limit and the reduction of the
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conduction losses to the minimum. But this option is not easy to carry out, due to the

fact that the cables are placed in the seabed.

Therefore, if it is not possible to place reactive power compensation at intermediate
points of the cable, the next best option is the compensation of the reactive power of the

cable at both ends [ 7 ].

In this kind of reactive power management, an inductive reactive current is injected at
the offshore end of the submarine cable, thus, due to the capacitive and distributed
nature of the submarine cable, this inductive reactive current is neutralized along the

length of the submarine cable.

So, if this injected inductive current is exactly the half of the total capacitive reactive
current generated by the cable, the inductive current is neutralized along the cable
length until the middle of the cable. At this point, the inductive reactive current injected
in the offshore end is completely neutralized and the power factor is unitary.
Consequently, at the other end of the cable only appears the reactive power generated
by the half of the cable, i.e. only the half amount of the capacitive reactive power
generated in the cable, which is compensated by the compensation device at this end

(onshore).

In this way, it is possible to minimize the maximum current flowing through the cable

as well as the conductive losses, Figure 4-36 (b).
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Figure 4-36: Representation of the current through the transmission line for two ways of the
reactive power management: (a) reactive power compensation at one end and (b) reactive power
compensation in both ends.
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To compare these two different ways to manage the reactive power, an example is
defined. This example is based on the cable “B” (Table 4-4) of 50 Km. With regards to

the cable model, several “m” circuits in series are used (see section 4.2.2.1.2).

The analysis uses this cable model, because despite its simplicity, it is possible to obtain
accurate results for the steady state and allows the measure of the results at intermediate

points of the cable. More specifically, one “n” circuit for each kilometer is used.

Submarine cable

Figure 4-37: Simplified phase to neutral point (not physical) representation of a mono-phase
submarine cable using N “z” circuits in series.

Therefore, the reactive current through the submarine cable along its length for the two

ways of the reactive management is shown in Figure 4-38.

A)

reactive

1

-400

Distance along the cable (Km)

Figure 4-38: Reactive current through the cable, (red) reactive power compensation at both ends
and (blue) reactive power compensation at one end only. For the cable B (150kV) and 50 Km.

Therefore, as can be seen at Figure 4-38, using the reactive power management which
compensate the reactive power at both ends, the maximum current value decreases in
comparison with the management way which injects the reactive power in one end only.
As a result, the capability of the cable to carry active power increases. In the same way,

the conduction losses are reduced.

Going more depth into the analysis, a more detailed comparison is carried out. In this
second case, more cable lengths, different voltages and several transmitted active power

levels are considered.
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For that purpose, two cables are considered: the cables “A” and “B” of Table 4-4. As in

(Y=}

the case before, there are modeled like several “m” circuits in series.

Based on these two cables, the total current along the line is obtained, for these two
ways of the reactive management. In this case, two main scenarios are considered: 30
MW of transmitted active power with 36 kV of transmission voltage and 150 MW of

transmitted active power with 150 kV of transmission voltage.

In each one of those scenarios, four cable lengths are considered: 50Km, 100Km,
150Km and 200Km. The results of the total current along the line for these

configurations are depicted in Figure 4-39.
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Figure 4-39: Total current along the submarine cable depending on cable length, compensation at
both ends (red) and onshore compensation only (blue). (a) 30MW-36kV configuration and (b)
150MW-150kV.

Figure 4-39 shows the current along the cable for different lengths. For the case of the
only onshore compensation, for different cable lengths, circulates the same current at
the same length. On the contrary, with a compensation of 50% of the reactive power at
each ends, the minimum current appears in the middle of the cable and the maximum

currents at both ends.

This reduction and current distribution pattern along the cable happens for all the cable
lengths and all the configurations. The different configurations and the different cable
properties only affects on the amount of the generated reactive power, not in this

maximum current reduction or in the shape of the current along the cable.

The management of the reactive power through the cable is determinant for long
distances, because without the proper reactive power compensation, the cable may not

be capable to transmit the required energy.
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For example, the scenario with 150MW-150kV (using the cable “B” of table Table 4-4)
has a rated current of 1088A. But, as can be seen in Figure 4-39, for cable lengths
longer than 150Km the required total current is bigger. Therefore, if a reactive power
compensation at both ends is not performed, the cable cannot be capable to transmit the

required active current.
4.3.2.2 Reactive power compensation: fixed or variable

Before to perform the analysis about the compensation characteristic fixed or variable, it

is important to know how is generated the reactive power in the cable in more detail.

In addition to the capacitive component; the cable also has an inductive component. So,
the reactive power generated in the cable is not constant at a specific voltage, depends

on the transmitted power.

The capacitive reactive power generated in a specific cable (specific capacitive
component) is determined by the applied voltage; due to this component is a “shunt”
impedance. However, the inductive reactive power generated by the cable depends on
the amount of active current flowing through the cable (transmitted active power),

Figure 4-35. As a consequence, the amount of the reactive power generated by the cable

varies.
V 2
O = || ;|| (98)
C
0, = |1L|2 [l]XL| 99)

Where: Q¢ is the capacitive reactive power per phase, |V¢| is the module of the voltage
applied to the capacitive component, Q; is the inductive reactive power per phase, || is
the module of the current through the inductive component, |X;| is the module of the

inductive impedance and |X¢| is the module of the capacitive impedance.

The philosophy of the reactive power management is the minimization of the total
current flowing through the cable by reducing the reactive current flowing through the

cable as much as possible.

Thus, to reduce to the minimum the reactive current flowing through the cable by the
injection of the inductive current at both ends, it is necessary to inject exactly the half of

the capacitive reactive current generated by the cable.
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Therefore, because of the variation in the reactive current generated by the cable, the
half of this reactive current needed for the optimum reactive power management varies

too. This variation at each end is exactly the half of the total variation of the cable.

However, considering the total capacitive reactive current generated by the cable, this
variation is quite little. So, the use of big inductances to perform the reactive power

compensation is an economic option.

Regarding to the characteristics of those inductances, their inductivity depends on the
reactive power generated by the submarine cable: The capacitive reactive power
(equation (98)) minus the inductive reactive power (equation (99)), this last one,
depending on the transmitted active power. So, the inductivity of those inductances has

to be adjusted for a specific transmitted active power.

The best option, the option which reduces to the minimum the required maximum
current of the cable, can be achieved adjusting the inductivity for the worst case. The
case when the line is transmitting the rated active power. When the cable is transmitting
the rated power, the maximum active current is flowing through the cable, so, if the
reactive current flowing through the cable is optimized (reduced to the minimum) for

this case, the required rated current of the cables is reduced.

The expression of the generated inductive reactive current / power at these inductances

I oﬁi

X1 of Vi o

is shown in equations (100) and (101).

Submarine cable

Figure 4-40: Graphic representation of a submarine cable (mono-phase) with inductances at both
ends.

S
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2
4 on
L on :‘L+ (101)
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Where: Ojcomp 1s the module of the inductive reactive power and |V;| is the module of

the applied voltage in the inductance.

4.3.3 Comparative of different types of reactive power compensation

for a specific scenario in PSCAD

Any change in the power characteristics at the onshore substation, affects only to the
circuit which is after this point, i.e. any change in the power factor at this point (PCC),

only affects to the characteristics of the power injected in the main grid.

Nevertheless, controlling the power factor at the collector point of the offshore wind
farm (the offshore end of the transmission cable), it is possible to control the active and
reactive current relation through the transmission line. Due to the fact that this point is
the energy “emitter” point. Thus, to carry out the management of the reactive power
flowing through the transmission line, the main point to control the reactive power is the

collector point.

Therefore, to perform the management of the reactive power flowing through the

transmission line, there are three different options:

* Option 1: Without a reactive power management through the cable. The energy
is generated with a unitary power factor in the wind farm, i.e. P.F. =1 in the
“emitter” end of the cable and then transmitted through the submarine cables to
the onshore substation. At this point, the reactive power generated in the cable is

compensated to integrate the energy into the main grid.

*  Option 2: With a rough reactive power management. The inductive reactive
power is injected at both ends, but via inductances, always the same quantity for

the same voltage.

* Option 3: With an adjusted reactive power management. The inductive reactive
power is adjusted dynamically to obtain the same current module at both ends,

1.e. the reactive power is injected depending on transmitted active power.

In the present section, a comparative of these three different options is carried out. For

this purpose, a scenario using the cable model validated in the previous section is
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developed. This scenario has a 150 MW rated power, with a transmission voltage of 150

kV and 50 Km submarine cable length.

The objective is to obtain the main parameters of the transmission system upon this
scenario for each one of those three management options. The parameters taken into
account are: Active power losses, the reactive power generated in the transmission

system and the voltage drop.

The analysis is focused exclusively in the transmission line and in the steady state, so,

the wind farm is considered as a controlled P,Q source (see Figure 4-41).

The reactive power generated by the submarine cables varies with the amount of the
transmitted active power, thus, a range of the transmitted active power is defined. This
range is calculated, considering that the wind turbines generate energy with wind speeds
between 3.5-30m/s. If the wind farm has 30 wind turbines of 5 MW, depending on the
equation (102) explained in section 2.2.3, the range of the generated active power of a

wind farm is approximately SMW to 150 MW.

[Cp (102)

wind

P0)= S IR

Where: E(v) is the output power depending on the wind in Watts, pis the density of

dry air ( 1.225 measured in kg/m * at average atmospheric pressure at sea level at 15°
C), r = the radius of the rotor measured in meters (63m), V,,;,s = the velocity of the wind

measured in m/s and Cp = the power coefficient (0.44).

4.3.3.1 Option 1: Without reactive power management (reactive power compensation

at one end)

In this first case, the first of the three considered reactive power management options is

analyzed. To this end, the scenario illustrated in Figure 4-41 is simulated.
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Figure 4-41: Diagram of the first simulation scenario, submarine cable without reactive power

management.

In Table 4-6, the simulation results of the transmission system depicted in Figure 4-41

are summarized. These results are obtained in the active power range of the offshore

86.26 kV

50 Hz

P,QO
Source
Pout Submarine cable Pin
Qout Qin
lin
50 Km / @
Vin

wind farm (5-150MW).

Pin Generated Q P losses AV (kV) Jin Tout
MW (FP=1) (Qout-Qin) (Pin-Pout) (Vout-Vin)

5 83.07 MVAR 0.237 MW 1.22 21 A 318 A
15 83.07 MVAR 0.251 MW 1.31 58 A 323 A
25 83.05 MVAR 0.284 MW 1.425 99 A 333 A
40 82.9 MVAR 0.344 MW 1.5 153 A 357 A
60 82.55 MVAR 0.488 MW 1.7 234 A 392 A
80 82.01 MVAR 0.683 MW 1.87 312 A 440 A
100 81.32 MVAR 0.915 MW 2.03 385 A 495 A
120 80.4 MVAR 1.22 MW 2.18 459 A 555 A
150 78.75 MVAR 1.76 MW 2.38 575 A 648 A

Table 4-6: Simulation results for the first scenario. Reactive power generated in the cable, active
power losses and voltage drop.

As can be seen in Table 4-6, the capacitive reactive power generated in the transmission
line is about 83 MVAR. This value is in concordance with the estimation in a simply
way of the equation (103) explained in section 4.3.2.2.

V' 86.6°

= =82.3MVAR
X| 27322

Oc =3 (103)
Where: Q¢ is the capacitive reactive power for the three phases, |V¢| is the module of the
applied voltage to the capacitive component and |X¢| is the module of the capacitive

impedance.

4.3.3.2 Option 2: Transmission system with fixed reactive power compensation (at

both ends)

In the second case, the management of the reactive power flowing through the

transmission line is made via inductive impedances at both ends of the line, (Figure
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4-42). The value of the inductance is calculated to compensate exactly the reactive
power generated in the cable when this is carrying the rated active power, equations

(100) and (101).

P,0
Source

Pout Submarine cable Pin
Qout Qin
e (T

50 Km

Tout Ie Ie_off
(O () gy
\J N4 K O/
86.26 kV Vi
50 H= Vout !

Figure 4-42: Diagram of the second simulation scenario, submarine cable with fixed inductances at
both ends.

The results, obtained by the simulation of the defined scenario with the second option

for the reactive power management, are depicted in Table 4-7.

Pin nerat Pl AV (kK .

MW (IlfP=1) Ge(QSuz-Qfg ¢ (pm‘fﬁiﬁf) (Voug- VYn} fin Ie_off Icom  lout
5 4.92 MVAR 0.12 MW 0.106 17 A 151 A 171 A 26 A
15 4.88 MVAR 0.13 MW 0.19 55 A 162 A 174 A 60 A
25 4.8 MVAR 0.16 MW 0.27 95 A 178 A 193 A 99 A
40 4.58 MVAR 0.22 MW 0.41 151 A 217 A 230 A 153 A
60 4.12 MVAR 0.365 MW 0.596 234 A 274 A 280 A 238 A
80 3.46 MVAR 0.56 MW 0.75 310 A 342 A 351 A 314 A
100 2.67 MVAR 0.79 MW 0.89 380 A 411 A 416 A 382 A
120 1.66 MVAR 1.1 MW 1.03 458 A 482 A 485 A 460 A
150 0.16 MVAR 1.65 MW 1.24 572 A 590 A 591 A 572 A

Table 4-7: Simulation results for the second scenario. Reactive power generated in the transmission
system (cable + inductances), active power losses and voltage drop.

Comparing the results in Table 4-6 with the results on Table 4-7, can be seen how the
reactive power management reduces significantly the voltage drop in the line. In the
same way, with this kind of reactive power management, the active power losses have
an important decrement. Especially, in cases when the transmitted active power through

the line is less than the 50% of the rated power.

In the considered range of the active power generated for the offshore wind farm (5-
150MW), the variation of the reactive power generated in the line is about 4.8 MVAR,
i.e. the submarine cables in combination with the inductances have a 4.8 MVAR
variation. This value is significantly low in comparison with the reactive power

generated in the submarine cables 83 MV AR, approximately the 5%.
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This value, the reactive power variation of the cables depending on the transmitted
power, is in concordance with the estimation in a simply way of the equation (104)

explained in section 4.3.2.2.

0, =30, [I,| =30377" 3.246 = 5.23MVAR (104)

__ P _ 150MW
b3, 386.6kV

=5774 (105)

Where: Q; is the inductive reactive power for the three phases, |I;| is the module of the
current through the inductive component, |X;| is the module of the inductive impedance,
P is the transmitted power through the transmission line and Vg, is the rated voltage per

phase of the transmission system.

4.3.3.3 Option 3: Transmission system with variable reactive power compensation

(at both ends)

In the third and last case, to achieve the optimum reactive power management, the
inductive reactive current is injected at both ends of the cable depending on the

transmitted amount of the active power.

As is estimated in the case before, the variation of the reactive power generated in the
line (cable + inductances) is about the 5%. So, in this third case, the effect of this
variation in the transmission system parameters is analyzed. For this purpose, the

simulation of the scenario shows in Figure 4-43 is carried out.

Pout Submarine cable Pin

Qout Qin
Tout Ic on Jc_off fin

OO, <> 30 K >_@ O,

Vii

86.26 kV
50 H= Vout

Figure 4-43: Diagram of the third simulation scenario, submarine cable with the injection of the
inductive reactive power at both ends depending on the requirements.

The simulation results of the defined scenario (Figure 4-43), for the considered active
power range of the offshore wind farm (5-150MW) are summarized in Table 4-8.

Notice that in the results of Table 4-8, there are not shown the results of the reactive
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power generated in the transmission line, because the reactive power of the cable is

totally compensated at both ends.

Pin Generated P losses .
MW (FP=1) (Oout-Oin) 2 (Pin-Pout) fin=lIout  Ic_on=lIc_off
5 0.118 MW 0.035 17 A 160 A
15 0.13 MW 0.12 55 A 167 A
25 0.16 MW 0.2 95 A 185 A
40 0.22 MW 0.345 151 A 223 A
60 0.36 MW 0.536 234 A 277 A
80 0.56 MW 0.7 310 A 347 A
100 0.79 MW 0.855 380 A 413 A
120 1.1 MW 1.01 458 A 483 A
150 1.65 MW 1.24 572 A 590 A

Table 4-8: Simulation results for the second scenario. Active power losses and voltage drop.

Comparing the results on Table 4-8, with the results on Table 4-7, it can be seen how
the active power losses have not a significantly reduction. With regards to the voltage
drop, this has a little reduction only in cases when the transmitted active power through

the line is less than the 50% of the rated power.

The fixed inductances at both ends of the cable are fit to achieve the optimum reactive
power management with rated active power. So, in cases when the transmitted active
power is close to the rated power, with both ways: with fixed inductances and with

variable injection of the reactive power, similar results are obtained.

4.3.3.4 The effect of the cable length

The reactive power generated in the submarine cables depends on the cable length
(Table 4-5), thus, as the length affects to the amount of reactive power to compensate,

this aspect has to be analyzed.

In this way, with the increase of the reactive current through the line, the current limit of
the cable (1088A in the present case, Table 4-4) has to be taken into account. If the
required active current to transmit the rated power of the wind farm is close to the rated
current of the cable or the transmission cable is too long, it is possible that without the

proper compensation, the cable would not be capable to transmit the required power.

In Table 4-9, the results of the three types of reactive power management (explained in

the previous sections) for two cable lengths 50 Km and 150Km are summarized.
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Transmitted active power

50 Km cable length

MW (P.F.=1) AQ (MVAR) AP (MW) AV (kV) Imax (4)
Option 1 83.07 0.237 1.22 318
5 MW Option 2 4.92 0.12 0.106 169
Option 3 - 0.118 0.035 160
Option 1 78.75 1.76 2.38 648
150 MW Option 2 - 1.65 1.24 592
Option 3 - 1.65 1.24 592
150 Km cable length
A0 (MVAR) AP (MW) AV (kV) Imax (4)
Option 1 262.4 4.73 11.47 1012
5 MW Option 2 11.9 1.05 0.61 504
Option 3 - 1 0.075 482
Option 1 256.9 8.4 14.6 1130
150 MW Option 2 - 5.1 3.4 728
Option 3 - 5.1 3.4 728

Table 4-9: Simulation results for different kind of reactive power management, for two cable

lengths S0Km and 150Km.

Notice that without the proper reactive power management, it is impossible to transmit

the rated power with the selected cable to 150Km away, because the required current for

that purpose is higher than the current limit of the cable.

For cases with a submarine cables of 150Km or longer, providing the transmission
system with reactive power management, it is possible to see a higher reduction in the

voltage drop and active power losses. Making clear that, the more is the reactive power

generated in the cable, the more important is a correct reactive power management.
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4.4 Chapter conclusions

In this chapter, the main characteristics of the submarine cables are analyzed, such as:
their physical structure, the way to represent them electrically or different ways to
model it, from the most simply to more complex models. Then, based on a validated

cable model several electric aspects of the transmission lines are evaluated.

In this way, from the analysis carried out in this chapter is clear that the transmission of
the 150 MW at 150kV to 50Km away is perfectly possible. At least if it is performed
with the cable considered in this chapter. Using this cable, the voltage drop of the
transmission line is less than 5% and the active power losses are not too high. In the
same way, the current limit of the cable is enough to carry the rated active power at any

circumstance. So, this scenario is perfectly valid and feasible.

The reactive power management of the submarine cable reduces significantly the active
power losses and the voltage drop. This reduction is more obvious, in cases where the
transmitted active power is less than the 50% and for long submarine cables (big
amount of generated reactive power), i.e. this reduction is more obvious, in cases when

the reactive current is high in relation to the active current.

The reactive power management, based on fixed inductances at both ends of the line has
similar improvements in comparison with the variable compensation at both ends.
Moreover, if those inductances are adjusted for the worst case, using fixed inductances,
the maximum voltage drop, the maximum active power losses and the required
maximum current for the cable are exactly the same. So, this option is simply and

enough for a good reactive power management.
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Chapter 5

Definition of a base scenario

The objective of this thesis is the analysis of the key issues of the offshore wind farm’s energy
transmission and grid integration infrastructure by using a representative case. Thus, in the
present chapter, a main scenario (base scenario) is defined. The evaluation starts with some
generic features of the offshore wind farm, such as: the rated power and the distance to shore.
Then, considering these generic features, the main elements of the offshore wind farm are

characterized, based on the current state of the technology.

In this way, firstly the number of connections to shore and the transmission voltage level
based on the economical optimum are selected (without considering the wind turbines). Thus,
based on the developed submarine cable model, on specific location characteristics and
specific cost estimations, the transmission cost for three different AC transmission
configurations is calculated: single HVAC, various HVAC and MVAC. Then considering this
estimated transmission cost, the most cost efficient lay-out is selected for a 150MW wind

farm at 50 km to shore.

Once, the main electric connection structure is selected, a base scenario is developed for
further analysis. To that end, the offshore wind farm’s components are modeled and sized

taking special care on wind turbines.

The wind turbines are considered a key issue. So, after the definition of their rated power, the
control strategy and the grid side filter, the wind turbines are tested via simulation to verify
that the defined wind turbines are suitable to place in an offshore wind farm and if they can

fulfill the grid codes.
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5.1 Wind farm’s layout selection

As it has been concluded in chapter 3, to select the proper energy transmission solution,
a specific analysis is needed. Therefore, in the present chapter by using a design
procedure, based on the location characteristics and a proper reactive power
management of the submarine cable of the chapter 4, the most cost efficient energy

transmission solution is defined.

In the literature, several analyses about the energy transmission cost based on the
produced energy are carried out [ 64 ], [ 65 ]. These studies are focused on the
comparison between AC transmission and DC transmission options. More specifically,
the analysis in [ 65 ] is based on very high rated powers 400-1000MW. These studies
also do not consider in detail the reactive power compensation or different AC

transmission options at different rated powers and voltages.

Therefore in this section, using a similar procedure, the cost for different lay-outs
focused in AC configurations is estimated. More specifically, considering a wind farm
of 150 MW in a location with 9m/s of average wind speed, the transmission cost for

several AC lay-outs at different distances to shore is calculated.

5.1.1 Considered offshore AC layouts

There are several options to transfer the energy generated in an offshore wind farm to
the distribution grid. These options range from the HVDC (High Voltage Direct
Current) connection to various MVAC (Medium Voltage Altern Current) connections,

section 3.2.

Considering AC connections, the different lay-outs are divided into two families:
HVAC (High Voltage Altern Current) and MVAC connections. Within these two AC
families, there are also different design options. These options are determined by the
number of submarine cables to connect the offshore wind farm with the distribution grid

and their voltage level, see section 3.2.1.

With regards to the number of connections to shore, the present evaluation has
considered the following configurations: a unique connection of 150 MW, two

connections of 7SMW (2x75MW) and five connections of 30MW ( 5x30MW).

The voltage level is another important characteristic of the transmission system. Hence,

several transmission voltages from medium voltage (36kV) to high voltages (150kV and
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220kV) are taken into account in this evaluation. In this way, depending on the N° of

clusters and transmission voltage, the suitable cable is used.

In short, the considered AC configurations and their associated cable (Table 4-4) are
summarized in Table 5-1. Moreover, a couple examples of these configurations are

shown in Figure 5-1 and Figure 5-2.

Cable Electric configurations
A 5x30MW-36kV
B 150MW-150kV / 2x750MW-150kV
C 150MW-220kV

Table 5-1: Cable used for each electric configuration.

Wind farm
(150 MW)

Substation
(onshore)

GRID

D—o 220/36 kv

Figure 5-1: Electric configuration of a 150MW-220kV wind farm.

Wind farm
(150 MW)

Substation
(onshore)

Cluster 1

ZF(] I)—QE 150/ 36k 73 MW
GRID ¥ ¥

Substation
(onshore)

Cluster 2

(75 MW)

F }? 150/ 36 kv

Figure 5-2: Electric configuration of a 2x75SMW-150kV wind farm.

5.1.1.1 Considered submarine cable model

This evaluation is focused on the selection of the AC transmission lay-out for offshore
wind farms. Therefore, the transient behavior of the transmission system has not been

taken into account, i.e. the submarine cable has been modeled for