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Abstract

This report focuses on the infrastructure of a cost efficient subsea collection grid for
a tidal power park and a wave power park, 50 MW and 2.5 MW, respectively. A
study has been made on subsea components, some operating today and other under
development, for an offshore collection grid. Also the possibility to connect the tidal
park to an offshore wind farm has been investigated. The cable dimensioning of the
collection grid is based on the cost of cables and lost revenue from the power loss.
AC and DC collection grids at the voltages between 0.69-14 kV and with radial and
star infrastructure, respectively, have been investigated. A DC system will always be
cheaper than an AC system (as long as the generator can excite high enough voltage
for the collection grid) since a converter is required independent of the voltage type.
However, there are no manufacturers today that offer DC cables for the considered
voltage range.

One of the most expensive and weakest points of a system are the connectors. There-
fore the star connection is preferable over the radial pattern, due to the lower number
of connectors. The preferred collection grid, for both the tidal and the wave case, is a
DC grid in star connection. The cost of the cables for these systems are approximated
to be 7 424 kkr at 9.3 kV and 249 kkr at 1.4 kV, respectively. However, if it is not
possible to order DC cables at this low voltage or they become too expensive, an AC
system should be used instead. The preferred AC system is then a star connection
at 6.6 kV and 3.3 kV, tidal and wave, respectively. The cable losses for the selected
systems reaches a maximum of 0.4% when considering a whole system. All the com-
ponents required for these applications will need to be special designed for its purpose
and will therefore be expensive.

For the transmission from the park to the grid, three options have been studied: trans-
mission at collection grid voltage, transmission with higher voltage using a transformer
and sharing transmission cables with a large wind power park (in this study Gwynt y
Môr). The most cost effective option for distances between 1.8 km to 19.3 km is to use
an own cable at 66 kVAC with a cross-sectional area of 500 mm2. At distances longer
than 19.3 km the most cost effective solution is to share the transmission cables at 132
kVAC and 500 mm2 with Gwynt y Môr, when accounting for 3 % rental cost of using
Gwynt y Môr’s components. If it would be possible to increase the cross-sectional area
of the Gwynt y Môr’s transmission cables from 500 mm2 to 630 mm2, this transmission
would become the most cost effective solution at distances longer than 4.6 km (when
using a rental share of 3 %). The reason for this result is that the cost of losses are
lower and there is no cost in lost revenue for the 630 mm2 cables, due to that they are
over dimensioned.

Keywords: tidal power, wave power, wind power, subsea components, subsea collec-
tion grid, cable share, transmission, cost effective, techno-economical
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1 Introduction

Global temperature is rising due to human emissions, where transportation and coal
power plants are important contributors [1]. The demand of electricity increases
throughout the world as the standard of living are increasing and the global popu-
lation grows. To meet the future demands the electricity production and consumption
must be more efficient as well as new technologies to produce electricity must be in-
vented. This increases the understanding that the future electricity generation should
be based on renewable energy sources in order to decrease the emissions.

The EU has set an aim that 20% of their total energy production should be based on
renewable sources before 2020 in order to reduce the emissions [2]. For the electricity
production, one drawback of many renewable sources is that the produced electricity
varies in time, depending on the weather. To get the ability to control when the power
from weather dependent renewable sources should be delivered to the grid, a cost
efficient energy storage would be needed. Today the alternatives to store large amount
of electric energy are very limited but the development is going forward. Another way
to get a more stable power production is to use a variety of renewable energy sources.
Typical renewable energy sources which are commercial today are for example wind,
solar and biomass. By adding other sources to the grid, such as wave and tidal energy,
the combined power output from the renewables could be more stable in time [3]. The
potential of these renewable energy sources is great, only in Great Britain the potential
for tidal electricity generation is predicted to be 95 TWh/yr from tidal stream devices
and 69 TWh/yr from wave power [4].

Tidal and wave energy are newly developed technologies with unsolved issues. Many
companies have developed the generating unit but there are still many questions of
how to design a cost-efficient subsea collection grid. Usual on-land techniques are
not directly applicable to a subsea environment since the surrounding water and the
pressure at deep waters introduce new technical challenges and costs which have to be
taken under consideration.

1.1 Problem description

The project is performed for the two companies Minesto and Göteborg Energi. Minesto
develops a tidal power device which is called Deep Green. It is specially designed to
work at tidal stream velocities of 0.5 - 2.5 m/s. Deep Green is under development and
the size of each device used in this project is 500 kW and will occupy an area of 40
000 m2. The case that will be investigated is a Deep Green park including 100 devices
with a total installed power of 50 MW and an area of 4 km2. Minesto’s interest in this
study is to find out how to design the subsea collection grid for a Deep Green power
plant. As well as to investigate the possibilities to connect it to the adjacent 576 MW
offshore wind power park Gwynt y Môr in North Wales in order to share platforms,
transformers and cables.
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Göteborg Energi is a local energy distributor which focuses in a more sustainable
energy production. Göteborg Energi has a ongoing project for an offshore wind farm
outside of Falkenberg which is going through the permission process at the moment.
The possibilities to connect a wave power plant to the wind park is considered and it is
of great interest to learn about the opportunities and difficulties with offshore subsea
components for a wave power park. As an inspiration for the wave power park the
project studies Seabased wave power device. The Seabased solution consists of buoys
which generate power by the height difference of the waves. Each buoy needs an area
of 1000 m2 and has an installed power of 25 kW. The case studied consists of 100 buoys
with a total installed power of 2.5 MW and an occupied area of 0.1 km2.

The major task to solve is how the subsea collection grid should be designed in the
most cost efficient way. To get a better understanding for the technical possibilities to
design a subsea collection grid a study of subsea components will be conducted. This
includes AC- or DC-system, cables, converters, breakers, coupling units and transform-
ers. With a better understanding of available subsea components the infrastructure
of the collection grid will be investigated. During the whole project the infrastructure
should be chosen and designed with respect to: cost, maintenance, losses and suit-
ability to the subsea conditions. It is of interest to investigate if the power difference
between the cases will lead to different collection grid solutions or not.

When the best infrastructure has been selected the cost of the collection grid as well
as the cost of the total losses for the system will be calculated. The most cost-effective
transmission option will also be calculated both sharing the transmission cable together
with the wind park and using an own cable.

The project is divided into four parts: firstly a summary of subsea components in
service and under development are presented, secondly the collection grid for the tidal
power park is investigated, thirdly the transmission options are studied and fourthly
the collection grid for the wave power park is investigated.

1.2 Purpose

The aim is to design two cost efficient offshore collection grids accounting for cost, losses
and maintenance.The collection grids are designed for a tidal power park consisting of
100 Deep Green devices of 500 kW each and a wave power park consisting of 100 buoys,
25 kW each. A study of subsea components needs to be performed to be able to use
realistic components in the subsea collection grid. Finally, the opportunity to connect
the tidal park to an offshore wind farm will be analysed.

1.3 Scope

In order to conduct the study within the time limit of the project some physical phe-
nomena and some practical applications will be neglected. The mechanical forces that
act on the submarine cables and components as well as the magnetic field that is created
in the system will not be studied. Marine biological fouling growing on the components
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and the impact by the collection grid on the environment are also outside the scope
of this project. The generating units and their converters will not be investigated in
detail, only the power output from each unit will be considered to be able to construct
the subsea distribution network. Therefore will only steady state behaviour be studied.
Electrical safety of the system have only been considered where needed to be able to
design the collection grid. Also the outer border of this study ends by the shore and
the main grid will be simulated as an infinite bus. The study does not include any
power quality inspection or other restrictions from the grid owner.

In the case of the tidal generator the space for electrical components is limited which
has been considered for generators and converters but not investigated in detail. The
park is designed for the installed power in the park and no park effects have been
taking into account. Data for the wind, wave and tidal speed for the specific sites
of the study have not been found, instead measurements from sites nearby have been
used together with statistical knowledge. When calculating costs, only costs from losses
and relevant components are included, costs for construction and maintenance is not
included. Costs of components have been approximated with educated assumptions or
calculated from known material used for the component.

1.4 Method

Information about subsea components (cables, transformers, power electronics, cou-
pling units and breakers) and their cost is gathered by searching online and by con-
tacting companies and organisations in the area of interest; ABB, Minesto, Nexans,
NKT cables, Ocean energy center, RWE npower renewables, Siemens, VetcoGray, Aker
Solutions and Ericsson.

There are some differences between the two parks, but the major goal is the same
and therefore the method used for finding the most cost effective collection grid is
similar. The first step is to compare different collection infrastructures in order to
choose the most cost efficient one. Furthermore, a simplified collection grid with only
one tidal/wave power device and cable will be theoretically studied and optimised.
The next step is to expand and optimise a whole collection grid when considering:
losses, cost and maintenance (as few components as possible). If AC is concerned
the optimisation is made by using the mathematical Newton Raphson method in the
software MATLAB.

An effort is made to find the data of wind, tidal and wave speed for the different sites
which should be used to calculate the generated power from each device with respect
to time. The specific information required are:

• Wind speed versus time from the Irish sea

• Tidal stream speed versus time from the Irish sea

• Power curve of the tidal/wave devices

• Cable data from the wind power farm Gwynt y Môr
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2 Background theory

This chapter gives an overview of how the natural phenomena in the oceans such as
tides and waves can be used to generate electricity. The focus will be on the two
power plants under study, Deep Green and Seabased. Furthermore, the components
of a collection grid and requirements when designing one will be described, as well as
a deeper understanding for a cable construction and the theoretical model. Finally,
different power flow analysis methods will be described with the focus on Newton-
Raphson, which is the one used later in this project.

2.1 Origin of tide

The tide in the oceans mainly rises from the force of the gravity and from the cen-
trifugal force between the earth, the moon and the sun [5]. As can be seen in Fig.2.1,
the gravitation force and the centrifugal force are counteracting each other. The grav-
itational force is dependent on the mass and the distance between the three bodies
while the centrifugal force is dependent on the elliptical movement between the bodies.
The resulting force is combined by the moon force and the sun force, where the moon
contribution is almost twice as big due to the distance to the earth [6]. The tides are
also influenced by landmasses, the topography of the seabed and the rotation of the
earth. Due to the landmasses that reflect the tidal waves, the depth which inflicts on
the tidal waves size and the earth rotation that modifies the shape, the tides will occur
differently around the world.
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Figure 2.1: Forces on the earth that contributes to the rise of tide.

The tide occurs periodically in relation to the rotational speed of the earth and the
moon. Since the earth makes one revolution every 24 hours one high-tide and one low-
tide will occur during one day which corresponds to the sun’s impact on the tide. The
moon orbits the earth in 24 hours and 50 minutes (since the moon moves in the same
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direction as the earth rotates around its axis) which will also give rise to a high-tide
and a low-tide. This results in four tide changes during a day where the two strongest
is caused by the moon [7]. Twice a month, during full moon and new moon, the sun,
the earth and the moon are in a line in a way that the forces from the sun and the moon
add up to each other. This results in the strongest tide, which is called spring-tide. On
the other hand, the tide is at its minimum during half moon as the forces counteracts
each other, this is called neap-tide.

The biggest difference between low-tide and high-tide is measured in North America
with the result of 12.9 m, but at some places the tide is not even noticeable [5]. The
streams caused by the tide are not strong out in the large oceans. In straits or close to
the coast however, the streams can be strong enough to be used to generate electricity.

2.2 Origin of wave and its correlation to wind

Waves consist of a complex pattern from different sources where the main contributor
is the wind. The minor contributors consist of tidal streams, earthquakes and Coriolis
force (from rotation of the earth) [8]. The wind is created from temperature differences
around the earth which force the air to move, both from the poles to the equator and
from lower to higher atmosphere. When the wind is blowing at the seas, small water
ripples first appear that grow into waves as long as the wind speed is greater than the
wave speed. However, since the wind is changing in time in both speed and direction,
the waves will have a complicated relation to the wind. There are plenty of methods
and equations to explain this behaviour which will not be covered here, but can be
found in [8]. In Fig.2.2 a simplified model (which does not take the wind direction into
account) shows the correlations between the wave height and the wind’s speed and
duration.
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Figure 2.2: The correlation between wave height and the wind’s speed and duration [8].

A wave can be described from its period and height, where normally a wave does not
exceed 10 m in height and 15 seconds in period. The worlds largest wave was recorded
in 1933 in the North Pacific with a height of 33 m [8]. When the waves are travelling
in a certain speed and direction out at the deep seas, the water particles are almost
static. However, when the waves approach the shore the kinetic energy in the wave
will be converted to potential energy which force the wave to slow down and grow in
height. During the travelling of a wave the energy loss is therefore rather small and
even when the wave hits the shore a lot of the energy will be reflected back to the
sea [8]. The power density of a one meter high and wide wave that strikes the shore is
about 10 kW [9] and the wave energy potential throughout the world is about 15 000
TWh [10].

2.3 How to generate power from tides and waves

Today there exist plenty of different techniques that can be used to produce electricity
out of waves and tidal streams. Still the market is at its birth and the different power
devices are under development and yet no technique has been industry-leading.
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There are two main principles to convert tidal energy to electricity; either by using
the kinetic energy from the streams or by using the potential energy from the height
difference. A schematic picture, shown in Fig.2.3, explains the principle of how the
potential energy can be converted to electricity by using a turbine and force the water
to flow this way. However, the majority of the devices on the market today uses kinetic
energy, contributed from both tidal and regular streams in the sea [11]. In Fig.2.4
some different technologies that are under development today are shown; SeaGen,
OpenHydro and Deep Green. The SeaGen has the same working principle as a regular
wind turbine and the rotor blades can be moved along the pillar out of the water for
easy maintenance. The OpenHydro is placed at the bottom of the sea with the open
centre turbine in the middle. The Deep Green consist of a kite construction which
is connected to the bottom and driven in a specific pattern. Minesto’s Deep Green
product has the advantages to be light weighted and work at rather low stream speeds
compared to the other techniques. Therefore Deep Green is suited to fit at more sites
where also the maintenance is easier to perform. Deep Green will be further explained
and discussed in Section 2.3.1.

Sea
Turbine

Estuary

Tide coming in

Sea
Turbine

Estuary

Tide going out

Figure 2.3: Principle of how to convert potential tidal energy to electricity.

(a) SeaGen (b) OpenHydro (c) DeepGreen

Figure 2.4: Three different tidal power techniques [12–14].

When using waves for electricity production there are three main methods; use the
height difference from the waves, trap the waves in a fixed reservoir or use the oscilla-
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tions of the waves next to the shore. The last method is shown in Fig.2.5, where the
waves press the air in and out of an air column to drive a turbine that can produce
electricity in both directions. In Fig.2.6 some different wave power technologies are
shown; Pelamis, Wave Dragon and Sea Based. The Pelamis consists of tube sections
which are hydraulic connected and will compress air when it moves on the waves which
will be converted into electricity in a hydraulic generator. The Pelamis was the first
wave power plant that delivered electricity to the grid. The Wave Dragon uses the
reservoir technique to produce electricity where a regular hydro power generation is
used after the waves get trapped in the reservoir, as shown in Fig.6(b). Seabased is
a buoy construction with a floating buoy which follows the waves up and down and
is connected to a generator at the bottom. Seabased will be further explained and
discussed in Section 2.3.2.

WavesWaves
Waves

Air is compressed 
inside the chamber

Turbine

Figure 2.5: Principle of how oscillating waves and an air column can be used to produce
electricity.

(a) Pelamis (b) Wavedragon (c) Seabased

Figure 2.6: Three different wave power techniques [15–17].

2.3.1 Deep Green - construction, specifications and generation

As described in Section 2.3 Deep Green consists of a kite construction, as shown in
Fig.2.7, and uses the tidal and regular streams to produce electricity. The turbine
connected to the nacelle is the heart of Deep Green and is held up by a wing and
connected to the bottom by a tether. When the stream passes through the turbine
it starts to rotate and generates electricity, which is transferred through a sea cable
down to the bottom and further to the shore. The tether length can be between 85-120
m and the tip to surface between 12-16 m, which results in a possible sweep area of
2000 m2. Since Deep Green is adapted for rather low streams, 0.5-2.5 m/s, the kite
is programmed to follow a specific pattern to gather as much streams as possible and
therefore still gets a high power output for rather low streams. The Deep Green, rated
for 500 kW, has a 12 m wide and 2.6 m deep wing span and the total weight is about
seven tons. Compared to other tidal power plants Deep Green is both small and light
weighted and has also the advantage to work at low stream speeds. The power curve
for a rated Deep Green of 500 kW is shown in Fig.2.8.
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Figure 2.7: Construction of Deep Green: 1) wing, 2) nacelle, 3) turbine, 4) tether, 5)
rudder, 6) rear cone.

 

Figure 2.8: The power curve for Deep Green with a rated power of 500 kW [18].

2.3.2 Seabased - construction, specifications and generation

Seabased has a buoy solution with a permanent magnet linear generator, as can been
seen in Fig.2.9. The buoy is connected with a rope to the translator of the generator.
When the buoy follows the waves up and down the translator, which is equipped with
strong permanent magnets, will move inside the generator and produce alternating
electricity which will be transferred by submarine cables to shore. Each buoy has a
rated power of 25 kW and can be placed at depths between 25-200 m. The buoy is
six meters in diameter and the generator reaches a height of ten meters. This gives
the possibility to place 1000 buoys in 1 km2, which is the same as a need of 1000
m2 per buoy. The predicted operating time of a Seabased park is at least 20 years
and afterwards all components involved will be recycled. According to seabased the
generator is designed to last for 20 years without any maintenance at a depth of 50
meters [19]. Seabased has also developed an underwater substation equipped with a
filter to adjust the power quality and a transformer to increase the voltage for long
transmissions. The genereted power at different wave heights for a Seabased generator
(8 kW) at different non-linear loads is seen in Fig.2.10.
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Figure 2.9: Construction of Seabased [20].

Figure 2.10: Genereted power at different wave heights for a Seabased generator (8
kW) at different non-linear loads [36].

2.4 Designing a subsea collection grid

The main structure when designing a collection grid offshore is the same as for onshore,
with the only difference that the offshore collection grid needs to withstand a harsher
environment. However, one advantage with placing components in the sea is that the
cooling will be more efficient. It is also very important when designing an offshore
grid to minimise the maintenance of the grid, since it is usually more complicated and
expensive to maintain components deep under the sea.
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A collection grid consists of the following parts:

• generators which produce electricity

• converters which ensure the power quality

• coupling units which connect several generators

• transformers which increase the voltage in order to lower the transfer losses

• breakers which open the circuit when a fault occur

• disconnectors which can open the circuit during, for example, maintenance

• cables which connect all mentioned parts above

When designing a collection grid all parts will be dimensioned for the maximum power
that the system can deliver. Though, during most of the time the system will only
deliver a fraction of the maximum power, which implies that the full capacity is not
utilised during most of its operation time. For example, wind power deliver only about
40% of its installed power in average.

2.4.1 Knowledge from wind power parks

The most established offshore power generation technology today is offshore wind power
parks. Knowledge from how these parks are constructed can only partially be used for
wave and tidal parks, since there are some major differences between the technologies.
For a wind park, the generator at the top of the tower is usually of low voltage type
(around 400-700 V) and is transformed to a higher voltage (around 30-36 kV) at the
bottom of the tower. Here, the generator, the converter and the transformer are all kept
inside the protective tower and therefore the components can be regular components
designed for onshore conditions. The next step for a wind power park is to transform
the voltage to about 132 kV which can be done on a platform offshore. If the park
is smaller than 100 MW or at a distance of 10 km or less from the shore it is usually
preferred to place the transformer at the shore. A common earth for a grid normally
used and offshore wind power solves this by using the concrete steel as ground in each
wind tower.

When it comes to wave and tidal power parks, the generator, converter and transformer
are usually placed under water and will therefore need to be designed to withstand this
environment. However, regular land based components could be used (with only some
extra weather protection) if either a floating or a stationary platform were used offshore.
A large transformer platform should be valid for wave and tidal power parks under
the same circumstances as for the wind power park. Furthermore, submarine cables
and coupling units should have the same construction independently of the generation
technology. However the voltage and power may differ between the different parks
and therefore the cable dimensions will differ as well. The grounding for the Seabased
device can be done in the same way as for the wind power since it includes a foundation.
For the Deep Green case the grounding can easiest be solved by using either a metal
net or a metal skewer at the sea bottom, which is connected to the nacelle of the kite.
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2.4.2 AC or DC system

Usually an AC generator is used to produce electricity from the turbine. Since the
environmental friendly power sources studied here are somewhat irregular and not
controllable, an AC/DC/AC converter is used to ensure the power quality delivered
to the grid. This converter can be divided into two converters, one AC/DC and one
DC/AC, and therefore be placed apart; one at the generator and one close to the grid
connection, in order to create a DC system.

There are advantages and disadvantages with AC and DC systems respectively, which
will make them more or less suitable for different parks. The advantages when using
DC is that only two conductors are needed and that the cable will be overall smaller
compared to an AC cable. This gives a low cable cost and low cable losses, since only
the resistance contributes to the losses. However, the converter is expensive and its
cost increases rapidly with the converter size. If an increase in voltage is requested, as
it normally is at high powers, a DC/DC converter can be used for transformation. This
will increase the cost of the DC system dramatically. Because of the high installation
cost and low losses, DC systems are usually used for long distances and high power
applications. AC systems are instead used for shorter distances and lower power ap-
plications since transformers are much less expensive than to converters. On the other
hand, the drawbacks with AC systems are that the cables need to be dimensioned for
the peak current (which differs with a square root of two from the average current)
and there are more losses due to the reactive power.

2.4.3 Regular array connections

There are three well known main structures for how to connect generation units in an
array; radial feeding, loop feeding and star feeding. The connection principles for these
are shown in Fig.2.11, where the circles are generator units, the square is a transformer
and the lines are cables.

The radial connection is the most simple pattern, where the generation units are con-
nected in rows. One drawback with this structure is that if a fault occurs close to the
transformer the whole row will be disconnected. Also if the dimension of all cables are
perfectly designed for each distance, there will be several different cables in the system.
Alternatively, fewer cables can be used, but the drawback will be over-dimensioned ca-
bles for parts of the distances.

The loop connection has the advantage to disconnect a section with a fault and redirect
the power flow of the intact generators by closing the disconnector. This however
implies that the cables need to be over-dimensioned during normal operation to be
able to carry more power during a fault. A loop construction does not only result in
longer, thicker and more expensive cables, but also added disconnectors. That is why
this connection is mostly used for systems where faults occur relatively often and/or
when the reliability demand is high.
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The star connection has a more complicated pattern compared to radial and loop
connection. The advantage here is that fewer generators are connected together which
results in decreased cable dimensions and fewer generator units are disconnected when
a fault occurs. This connection does not require as many different cables to fit the
power and distances within the system.

(a) Radial (b) Loop (c) Star

Figure 2.11: Three main structures to connect a collection grid.

2.5 Cable construction and theoretical loss calculations

A simple construction of a cable consists of a conductor, screen, insulation, binder,
sheath and finish, as can be seen from the cross section of a one phase cable in Fig.2.12.
The conductor is normally made of aluminium or copper, which are materials with
good conduction properties for a rather low cost compared to silver and gold which
have a better conductivity. When constructing submarine cables, copper conductors are
preferred since they are less corrodible compared to aluminium. The screen, insulation,
binder, sheath and finish protects the conductor from external impact and force the
power to stay in the conductor. The sheath is usually grounded for safety reason which
creates a large voltage drop over the insulation that it needs to withstand. Furthermore,
the insulation needs to be made of a material that is insensitive to ageing as well as
heat from the conductors. When considering a three phase cable, all three conductors
are usually placed in the same cable, but spaced apart with conductor screen and
insulation.
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Figure 2.12: The cross section of a one phase copper cable.
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2.5.1 Equivalent circuit - pi-model

The electrical specification of a cable can be theoretically described by a pi-equivalent,
shown in Fig.2.13, where Z and Y is explained by

Z = R + jX = R + jωL (2.1)

Y = G+ jB = G+ jωC (2.2)

This model describes the electrical properties corresponding to one phase, where the
parameters usually are referred to as per kilometre. The impedance, Z, in series consists
of the resistance, R, from the conductor and the inductance, L, from both the conductor
itself and the contribution from the other two phases. The admittance, Y, in parallel
consists of the conductance, G, between both the conductors and the conductor and
the sheath, and the capacitance, C, which also is created between both the conductors
and the conductor and the sheath. The conductance is usually rather low due to good
insulation and can therefore be neglected.

Z
R L

C/2 C/2

π -equivalent

Y/2 Y/2

Figure 2.13: Pi-equivalent of one phase of a cable where the parameters usually are
given in per kilometer. To the left the lumped parameters are shown as an impedance
and two admittances. To the right all the corresponding electrical components is shown.

2.5.2 Simple resistive cable loss calculation

From the pi-equivalent representation, described in Section 2.5.1, only the resistance
contributes to the active losses. In a DC cable this is the only losses that occur, but for
an AC cable the power transferred consists of both active and reactive power, where
the latter is not desired. The reactive power is created by the inductance and the
capacitance in the cable and will occupy part of the conductor and therefore force the
active power to use less area which is the same as increasing the resistive losses.

The minimum conductor area needed for a specific current can be calculated using

Ptot = 3UphIcosθ =
√

3ULLIcosθ (2.3)

if cosθ = 1 =⇒ I =
Ptot√
3ULL

[A] (2.4)
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A =
I

J
=
I

2
[mm2] (2.5)

Equation (2.3) can be simplified by setting the power factor to 1 which implies that
only active power is involved. With the simplification in (2.3) the active current can
be calculated as in (2.4). The current density, J, is set to 2 A/mm2, which is regularly
used for long run conditions to avoid heating problems.

When the minimum area have been found from (2.5), the resistance per meter can be
calculated by

R20 =
ρ20

A
=

1.68 ∗ 10−8

A
[Ω/m] (2.6)

The resistivity, ρ, for copper is 1.68e-8 Ωm at 20◦C. The conductor however can be
much warmer than this during operation and therefore the corresponding resistance
for the operation temperature, T, can be calculated by

RT = R20
T + 273

T20 + 273
= R20

T + 273

20 + 273
[Ω/m] (2.7)

When the resistance per meter is found for the conductor it can be multiplied by its
length to get the total resistance for this distance. The active power loss for three
phases can then be calculated by

Ploss = 3RT I
2 [W ] (2.8)

2.5.3 Calculation of cable operating temperature

As mentioned in Section 2.5.2, the temperature in the cable affects the correspond-
ing resistance and therefore the losses in the cable. How high temperature the cable
reaches depends on the current flowing in the cable, the size of the cable and the
thermal conductivity of the surrounding material. The International Electrotechnical
Commission (IEC) is an organisation that sets standards for all electrotechnology. In
IEC-60287 [21], which is a commonly used standard document and is referred to in a
majority of cable specifications, there is a description of how to calculate the conductor
temperature by

∆θ = (I2R+
1

2
Wd)T1 +[I2R(1+λ1)+Wd]nT2 +[I2R(1+λ1 +λ2)+Wd]n(T3 +T4) (2.9)

where ∆θ is the temperature difference between the conductor and the ambient envi-
ronment, I is the current in the conductor, R is the resistance corresponding to the
maximum temperature of the conductor, Wd is the dielectric losses, T1−4 is the thermal
resistances between different parts of the cable, λ1−2 is loss ratios and n is the number
of conductors in the cable. For a more specific description of the different parameters
and how to calculate them, see appendix A.
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2.6 Power flow analysis

Power flow analysis is a very important tool and is used, among other things, during the
planning of system expansions, stability studies and to decide the most cost-effective
operation mode in an existing system. The power flow analysis is performed during
steady-state and there are four variables which should be calculated and these are;
the voltage magnitude and phase angle at all buses, as well as the active and reactive
power flow in the system. At each bus two of these variables are known and two are
unknown. In a power flow analysis the system is modelled with three types of buses;
load bus, slack bus and generator bus.

• Load bus
This bus is connected to a load with known active and reactive power and can also
be called PQ-bus. Nodes which only has transmission lines and/or a transformer
connected to it are also set to a load bus.

• Generator bus
At the generator bus the active power and the voltage magnitude are known and
can also be called PU-bus. It is important to keep the voltage magnitude and
the power at these buses constant.

• Slack bus
The slack bus is either a generator bus or the main grid, when a whole system or
when a part of the grid is investigated respectively. The slack bus is also known
as a Uθ-bus where the voltage magnitude and the voltage angle at the slack bus
are usually put to one p.u and zero degrees and kept constant. There is only one
slack bus in each system which is used as a reference. The slack bus is used to
take care of the variations of power demand in the system. The generator at the
slack bus have to be of high rating to be able to produce the extra power that
can be needed if another generator in the system is disconnected.

The power flow analysis can be solved by using different mathematical approaches,
where three common examples are: Gauss-Seidel, Newton-Raphson and fast decoupled
power flow solution. There are some different drawbacks and advantages with these
methods which are described below.

• Gauss-Seidel is a simple and reliable method which is suited for smaller systems
since the computational time increases rapidly with the system’s size. It has a
slow convergence rate and problems in convergence may occur when the system
is stressed.

• Newton-Raphson is more complicated but still fast since the computation time
increases linearly with system size. It has also a very good convergence rate and
is well adapted for large systems where high accurate solutions are required.
However, problems may occur when initial values of the voltage are substantially
different from the true values.
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• Fast decoupled power flow solution is a fast method with good accuracy and
is not very sensitive to initial values. The method requires a high X/R ratio and
small angles in the system since the solution is based on some simplifications.

In this project the Newton-Raphson method has been used to solve the power flow
analysis. The fundamental theory of the Newton-Raphson algorithm is to determine the
solutions of a non-linear function. The process is basically an iterative process where
the unknown variables get a first estimation and then the iterative process continues
until the error in the known parameters are zero or close enough. A more detailed
description of the Newton-Raphson power flow analysis together with an example is
shown in appendix B.
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3 Subsea components

When a power system is built offshore today the sensitive components, such as trans-
formers and circuit breakers, are usually positioned on dry land or on a platform out
at the sea. The only components which are submerged under the water are the cables.
During recent years there has been an increasing rate of interest to place these sensitive
components under water as well. With a growing interest of sustainable electric power
the area of business in tidal and wave power are rapidly increasing and their need for
subsea components are crucial. However, the major driving force of the development of
subsea components comes from the oil and gas industry which wants to pump oil and
gas fields in very deep oceans and also has the money to invest in this development.

This chapter will present subsea transformers, switchgears and connectors, some are
used in the oil and gas industry today and some of the components are under devel-
opment. The big producers of components for subsea environment are ABB, Siemens,
VetcoGray and Schneider Electric. The information about subsea components are
based on information from the producers [22–38]. There are no theoretical differences
between subsea components compared to land based components [39]. The main chal-
lenges with subsea components are to design a construction which can withstand the
high pressure from the surrounding water and to isolate the components from the water.
Another problem is the extremely limited availability of the components under deep
water. To be able to carry out repair or maintenance work the components have to be
retrieved from the water. This problem is partly solved by using components with high
reliability and to minimise the amount of components under water [22, 23]. Accord-
ing to Truls Normann [39] from Aker Solutions the reliability is usually increased by
delivering N+1 components to a system. If a component needs maintenance or is out
of service the repair time can become up to several months. The costs for having one
spare component in store compare to the loss of income from oil production for several
months is low. One benefit with the subsea placement of components is the efficient
cooling with natural convection to the water. This also increases the reliability since
failures in the cooling system is no longer a risk. In some cases it can also be cheaper
to submerge the components under water compared to build a platform [37, p. 6].

3.1 Subsea transformers

Subsea transformers are mainly based on a traditional oil filled transformer, with no
special difference with the active parts of the transformer [24, 25]. The major differ-
ence between a subsea transformer and a traditional transformer is the design of the
protective tank which have to withstand the pressure and to protect the inner parts
from the water. The transformer tanks are usually constructed of two shells to protect
the electrical parts from water [26, 27, 29]. But for transformers with ratings higher
than 6 MVA, a single shell is used because the natural cooling in a double shell is not
sufficient for higher transformer ratings [24]. The tanks are oil filled, which gives sup-
port to the external pressure. A pressure compensator system is also installed which
main assignment is to counterbalance the volume variations in the oil which are de-
pendent on the operation of the transformer. The internal pressure of the transformer
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tank is kept close to the surrounding pressure [24, 26, 29]. The pressure compensator
and all penetrations through the tank will always have two barriers independent of the
number of shells. The oil also works as an insulator and a cooling medium and if the
oil would get in contact with water it would loose its isolating properties already at
water contents of 30-40 ppm [24]. In [24, 26] the assembly of a transformer from ABB
is described. The procedure is performed in vacuum and the tank with the active parts
are filled with a vacuum treated oil in order to eliminate all potential gas cavities.

3.1.1 ABB subsea transformer

ABB started their research on subsea components in 1984 and delivered their first
subsea transformer 1998. This transformer was rated at 1.6 MVA 11 kV/1kV and has
been in operation since 1999 at a depth of 500 m [26]. ABB has since then delivered
20 subsea transformers working with high reliability, safely and with no maintenance
needed [26]. Today they are developing their largest subsea transformer so far to the
Ormen Lange project, the specifications are presented in Table 3.1.

Table 3.1: Parameters for ABB’s subsea transformer to the Ormen Lange project.

Water depth 1000 m
Rated power 70 MVA
Design primary voltage (ph-ph) 120 kV
Design secondary voltage (ph-ph) 22 kV
Rated currents 337/919 A
Impedance 9 %
Housing Single shell & double barrier

The construction of ABBs pressure compensators consist of an inner barrier made of
corrugated thin stainless steel plates and an outer barrier made of nitrile rubber. Four
compensator can be seen mounted on the transformer in Fig.3.1. The upper end of
the compensator is fixed to the transformer and the lower end can move up and down
to vary the volume of the compensation. The pressure compensator is connected to
the lower part of the transformer tank as a safety procedure. If a water leakage would
occur somewhere in the tank the water would gather at the bottom of the tank since
water have a higher density than oil. The compensator would then stop working and
remain at its neutral position independently of the volume variations. A camera is
used to monitor the movement of the compensator with respect to the neutral point
which is carefully marked [24]. This process is dependent on a time constant which is
affected by the leakage size, loading condition, temperature and sea current conditions.
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Figure 3.1: ABB transformer with three pressure compensators in the back and one in
the front [26].

3.1.2 Siemens subsea transformer

Siemens first subsea transformer was delivered to their client Petrobas as early as
1998 [28,30]. It is an oil filled transformer designed for a depth of 1000 m and is rated
750 kVA with a transformation from 10.5 kV to 3.5 kV. The development of the trans-
former was divided into three stages where the first stage was to establish the electrical
characteristics. The second phase started with testing standard transformer materials
overpressure tolerance. Based on the results a scaled-down transformer was constructed
and tested. In the third phase the full-scale subsea transformer was constructed and
tested. More detailed information about the development of the transformer is available
at [28, p. 3].

In 2010 Siemens presented their latest development, a step-down transformer which
can be placed at a depth up to 3050 m [29, 30]. An illustrative picture of a cross-
sectional transformer is shown in [29]. The picture shows a double shell construction
of the tank and a double barrier pressure compensator connected to the lowest part of
the transformer similar to the ABB’s construction in Section 3.1.1. The specification
for the step-down transformer are presented in Table 3.2.
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Table 3.2: Parameters for Siemens subsea transformer.
Water depth 3050 m
Total length - width height 4500 x 2400 x 2840
Total weight 23 000 kg , fluid 9 600 kg
Design primary voltage (ph-ph) 72 kV to 22 kV
Design secondary voltage (ph-ph) 6.6 kV
Design life 30 years
Operational frequency range 33 to 66 Hz
Winding configuration Delta − high resistance ground
Seawater temperature 4 oC
Design temperature range -5 oC to 40 oC (storage and transport)
Cooling type Natural circulation
Housing Double shell design

3.2 Subsea switchgears

The switchgear has multiple functions where the most important one is protection
using circuit breakers. It is also equipped with disconnectors and works like a power
distribution unit.

3.2.1 Siemens subsea switchgear

The subsea switchgear from Siemens consists of four standard vacuum breakers insu-
lated with SF6 which are installed inside two pressure resistant capsules at 1.5 bar [29].
The circuit breakers are then mounted on a fluid filled busbar which is equipped with
a pressure compensator, current- and voltage transformers and a control system, an
illustration of a circuit breaker from Siemens can be viewed [29]. It also works like a
distribution unit with four independent outputs with a circuit breaker connected to
each output, which increases the reliability of the system. It is possible to increase the
system by adding a fifth output on the switchgear used to connect a second module.
The specifications are presented in Table 3.3.
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Table 3.3: Parameters for Siemens subsea switchgear.

Water depth 3050m (10,000 ft)
Design primary voltage (ph-ph and ph-gnd) 36 kV
Number of outputs 4
Max power per outputs 10 MW
Design life 30 years
Operational frequency range 33 to 66 Hz
Grounding configuration Low resistance ground at topside
Seawater temperature 4oC
Design temperature range -5oC to 40oC storage and handling
Short circuit current (max.) 15 kA rms

3.2.2 VetcoGray subsea switchgear

The VetcoGray switchgear uses standard switches and electrical components proven
with ”extensive in-field experience” and that has ”maintenance free vacuum circuit
breakers with magnetic actuators” which contribute to high reliability [31]. The
switchgear is equipped with a control system and multiple switches which enables mul-
tiple controllable outputs. The specifictaions for VetcoGrays switchgear are presented
in Table 3.4.

Table 3.4: Parameters for VetcoGray subsea switchgear.

Water depth 2000 m
Rated voltage (ph-ph and ph-gnd) 24 kV
Rated current 1800 A
Overall dimensions (3-switch version) Approx. 5.5 x 2.5 x 3.5 meters
Total weight (3 switch version) Approx. 35 tons

3.2.3 Schneider Electric subsea switchgear

Schneider Electric has developed a subsea switchgear used to supply variable frequency
drives and control systems [32]. They have constructed a cylindrical tank equipped
with two identical busbars and each busbar consists of two transformers (22 kV to low
voltage), two high voltage circuit breakers, low voltage protection and a control system.
The tank and one busbar are shown in Fig.3.2. One design criteria was to ensure that
the electrical system should be able to operate faultlessly and without any maintenance
for at least five years. The reliability is ensured mainly by using standard electrical
components which has been proven in service for many years [32, p. 4]. Also the
choices of material is important to improve the reliability For example, standard steel
was chosen over stainless steel as material to support structures for the components.
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The reason was that standard steel reduces the coupling between components emitting
electromagnetic fields and electronic components which can take damage.

Figure 3.2: The component layout of the Schneider Electric switchgear for busbar
1 [32]. 1) Penetrator for incoming 22 kV cable. 2) Penetrator for outgoing 22 kV cable
to variable frequency drives. 3) Transformer 2. 4) Transformer 1. 5) Low voltage
power, protection and control cubicles. 6) Voltage transformers.

The cylindrical tank has an exterior diameter of 2.8 m and a length of around 17 m. The
tank is designed to withstand the pressure at the depth of 1000 m which corresponds
to about 100 bar and with a life-span of at least 30 years. The construction is shown
in Fig.3.3 and Schneider Electric installed the switchgear at the depth of 1000 m in
2011.

(a) A pre-assembly of the complete subsea
switchgear system for testing.

(b) Beginning to install components
inside the cylindrical tank.

Figure 3.3: Schneider Electric subsea switchgear [32].

3.3 Connector systems

The connector systems consist of a connector, mounted on the cable, and a penetrator,
mounted on the component, and are considered to be the weakest point in a system [23,
p. 13]. There are two types of connectors, the drymate and the wetmate connector.
The drymates are connected above the sea level and then the component is lowered
down to the seabed together with the cable, see Fig.3.4. The wetmates are constructed
to be able to interconnect the cable and the component at the seabed, see Fig.3.5.
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The drymate is considered to be the safest choice and has also the advantage to with-
stand very high power ratings compared to the wetmate. The drymate alternative is
also much cheaper compared to the wetmate. However, there are several drawbacks
with the drymate connector which have to be taken into consideration when comparing
the costs [40];

• as can be seen in Fig.3.4 the cables need to be longer to be able to retrieve the
components which brings an additional cost of cables.

• the extra length of cables needed when retrieving the component cannot be fixed
to the seabed and can therefore be moved by strong currents.

• the cables add an additional weight and make a retrieval of the component more
difficult and expensive.

Figure 3.4: Drymate connection [40].

The wetmate connectors have their biggest advantage in very deep seas since there is no
need of extra long cables when wetmates are used. Therefore are wetmate connectors
often used in oil and gas subsea distribution systems. But still the HV wetmate con-
nections and penetrations are very expensive and is usually the factor which makes the
subsea components much more costly compared to land based components [39]. Even
though the wetmate connector has a more advanced construction the risk of failure is
still relatively high [40]. Since there is a high demand of wetmate connectors from the
oil and gas industry, as well as the tidal and wave power business, their development
is rapid with increasing reliability and higher power ratings.

Figure 3.5: Wetmate connection [40].
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3.3.1 Siemens connector system

Siemens has a series of wetmate connectors at a voltage range from 2 kV to 10 kV,
called SpecTRON [33], and a 60 kV wetmate connector under development. Siemens
used SpecTRON 5 wetmate connectors when they installed their first subsea high power
system for Petrobas to power a submersible pump, the transformer used in this project
is presented in Section 3.1.2. Since then Siemens claim that the SpecTRON 5 system
is seen as the industry standard installed at 28 different locations all over the world.
The SpecTRON connector system is constructed for a maintenance free design life of
at least 25 years. The working principle of the SpecTRON system is illustrated in [33].

The 10 kV connector system, SpecTRON 10, is a one phase connector which results
in three SpecTRON 10 connectors per cable. The maximum current is limited by the
penetrator and varies between 330 - 520 A depending on the ambient temperature and
supply frequency. The design life of SpecTRON 10 is 30 years and it can be submerged
to 3000 m. The force needed to connect and disconnect a SpecTRON 10 is 2000 N.

3.3.2 VetcoGray connector system

VetcoGray developed the worlds first 145 kV drymate penetrator which is attached
at ABB transformer in the Ormen Lange project [24]. The penetrator is based on
VetcoGray’s standard 36 kV cable termination. All electrical parts are isolated from
the water with two housings filled with an ester based oil and each housing has their
own compensator system. Halfway inside the inner housing a conducting pin is placed
and it is surrounded by an electric cable termination and epoxy container. The pin
is connected to the transformer via the bushing. An illustration of the VetcoGray
drymate connector can be seen in [24].

VetcoGray also delivers a wetmate connector system called MECON with a voltage
range between 7.2 - 36 kV [34]. The construction consist of a double barrier system
and with two electrical insulation layers. The first electrical insulation layer is made
of a solid material and the second is a di-electric fluid [35]. It has a design life of 25
years, a maximum depth of 2500 m and the connection principle is shown in [27].

3.4 Seabased AB - marine substation

Seabased AB has developed and patented a wave power converter and its associated
electrical system. All the electrical components, except the generator, is placed in a
substation. The advantages of using a subsea substation is that the components are
shielded from the harsh environment at the sea level, the surrounding water enables
efficient cooling and the completely sealed substation enables a pollution free envi-
ronment. One disadvantage is the need of retrieving the substation for maintenance.
To ensure a continued operation of the system during maintenance of a substation
Seabased plans to replace the substation with a new one and perform the maintenance
in a controlled environment onshore [38, p. 4394].
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So far a substation made for testing has been constructed with a volume of 3 m3 and
a diameter of 1250 mm. It is designed to handle an internal pressure of 3 bar but
the substation is pressurised at 2.5 bar with nitrogen in order to reduce the risk of
leakage [37, p. 5-6]. To protect components from leaking water a vertical orientation
was chosen and all cables are connected at the bottom of the substation. A water
detection system was also developed with four sensors at different heights to measure
the potential water level in the substation [36, p. 65]. When choosing components
it is important to make sure they can withstand the pressure inside the substation.
The components are mounted on the inner wall of the substation in order to achieve
an efficient cooling. The electrical design inside the substation consists of a filter,
transformer, breakers and a control system which can be seen in Fig.3.6 and Fig.3.7
which illustrates the electrical scheme for one phase [37].

(a) The design of the
substation.

(b) A visualisation of
the substation from the
side with the trans-
former positioned on the
top and the connectors
in the bottom.

(c) Components shown from
the top of the substation.

Figure 3.6: Seabased marine substation [37].

Figure 3.7: One phase electrical scheme inside Seabased substation [37].

Since the wave generators are producing a voltage and current with varying frequency
and amplitude, the voltage needs to be rectified before the wave power plants are con-
nected together in parallel. To ensure high reliability and efficiency a passive rectifier
was chosen over an active one. An active rectifier is good to use for individual damping
for each generator, but it was dismissed because of the need for individual driver cir-
cuit and semiconductors. The extra components will increase the cost and the system
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will become more complex which will decrease the reliability of the system, especially
in the future when a park can consist of up to a thousand generators [37, 38]. After
the rectifier a capacitor is used to smoothen out the DC-voltage even more. When
choosing a capacitor the pressure in the substation was a critical parameter and an
aluminium electrolytic capacitor was chosen [37, p. 6]. The next step is to invert the
DC-voltage to an AC-voltage This is achieved with a IGBT based inverter which is
used to control the power output of the inverter. This on the other hand controls the
DC-voltage level and by that controlling the loading to the generators. The last step
is to increase the AC-voltage before the transmission to the grid on shore. This is
done with a tap-changing transformer and the voltage is kept constant at 1000 V, the
transformer ratios are presented in Table 3.5 together with the specifications for the
substation [37, p. 5].

Table 3.5: Parameters for Seabased subsea substation.

Substation power 96 kVA
Maximum water depth for present design 30 m
Vessel volume 3 m3

Concrete foundation weight 5 tonne
Substation output voltage 1 kV
Max. DC voltage 500 V
DC-link capacitance (DC+ to DC-) 0.24 F
Transformer winding ratios [V] 1000/250, 180, 125,100, 80
Tap changing mechanism Circuit breakers (off-load)

As can be seen in Fig.3.6 the substation is also equipped with a control system. The
control system is powered by three parallel power supply systems based on 24 V bat-
teries which are charged from the substation AC output through a transformer and a
standard battery charger. There are no fuses in the power supply system because its
very complicated to replace them under water [36, p. 57]. The diodes and resistors
used in the power system are constructed to withstand a short circuit. A second safety
procedure is to power all critical control systems with all three 24 V systems.

The control system in the substation is divided into three controllers; the first controller
is used for the safety and relays, the second controls the inverter and the rectifiers and a
third controller is installed for the measuring systems used during the developing stage.
The safety and relay controller is used to control the breakers, the tap changer at the
transformer and the power supply to other systems. The breakers are positioned at all
the inputs and the output of the substation which can be seen in Fig.3.7. The control of
the power supplies to other systems makes it possible to manually reset the system. The
controller was first programmed to trig on a pre-defined current value in the neutral
conductor. This works fine for a three phase generator connected to a symmetrical
load. But it did not work when the wave generator was connected to a non linear load
since the current in the neutral gets much higher. Instead the controller triggers on
a critical temperature inside the inverter and the rectifiers [36, p. 59]. Directly after
a generator is disconnected, a delta connected dump load in form of an electric water
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heater at 12 Ω is connected to the generator in order to stop the generator [37, p. 5].
The second controller is used to control the inverter in the substation. This controller
measure the voltages and currents at the DC side, the output of the IGBT and the
transformer output which is then used to control the switching of the IGBTs [36, p. 60].

In the future, Seabased is planning to construct parks with up to a thousand generators
and this requires a larger substation. The generators are supposed to have a power
rating of approximately 25 kW for the Swedish west coast. At better locations, for
example at the Norwegian coast, generators with a power rating up to 100 kW are
possible [38, p. 1]. Seabased Industry AB started to construct a substation for the
Norwegian conditions in 2009 [38, p. 3]. The substation is constructed for 40 to 50
wave generators and has a volume of 5 m3. In order to make future serial production
more efficient, the layout of the components has been changed. All components are
now mounted on an inner structure and heat sensitive components will have heat sinks
which are pressed against the inner wall of the substation which is shown in Fig.3.8.
The substation presented so far is a low voltage substation which should be sufficient
for smaller parks close to the shore. For bigger parks Seabased is planning to develop a
second substation to interconnect several low voltage substations and then if necessary
transmit the power to the grid with a medium voltage level.

Figure 3.8: Seabased substation’s inner structure of the newer version [38].
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4 Connection of a Deep Green park

This chapter includes the main structure of the Deep Green tidal park and the two
best solutions for how to connect the park. The system is simplified to a fourth of
the final park at a first stage and then expanded to the full 100 kites system. This
simplification is done for two reasons; the connection pattern is easier to construct and
also a smaller park may be the alternative to build at a first stage in reality.

4.1 Main structure

In Section 2.3.1 it was stated that the tether length could be between 85-120 m. From
now on the length of the tether is set to 100 m for simplicity. The main structure for
25 kites, each represented by a black dot, can be seen in Fig.4.1, where each kite takes
up a square with the side of 200 m, i.e. two tether lengths.

Figure 4.1: Main structure of 25 Deep Green generating units.

4.2 Network connections preferred

With this main structure set there are numerous of ways to connect these kites together.
As was described in Section 2.4.3 there are three regularly used connection pattern:
radial-, loop- and star connection, where loop connection was not investigated in this
case due to its high expense. Left are the radial and star pattern, however, for both of
these two connection patterns, there are several different opportunities of how to con-
nect the system. To be able to find the best connecting pattern, different connections
were tested and compared with respect to:
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• total cable length

• the amount of different cable sizes needed to perfectly match the transmitted
power

• total number of connector units

• number of different connector units that is needed

After the comparison, two different patterns, one within the radial and one within the
star connection were found to be preferable. These structures can be seen in Fig.4.2
and Fig.4.3, respectively. The radial system have the advantage to have the shortest
total cable length and a very simple pattern. The drawbacks with this structure is
the high number of connectors which reaches 66 and that five different cable types are
needed to perfectly fit each distance. The star connection on the other hand only needs
34 connectors and two different cables. The total cable length though is longer than
for the radial connection and the pattern is perhaps somewhat more complicated. In
Table 4.1 a summary of the radial- and star connection specification are listed.

a

b

c

(a) Selected radial connection.
The black dots are representing the
generating units and a/b/c stands
for the different length of the cable.

AC

Z Z

100 m 200 m

Z

200 m

Z

200 m
6 5 4 3

Z

200 m
2

Z

a/b/c
1

AC

Z

100 m
7

AC

Z

100 m

AC

Z

100 m

AC

Z

100 m

8

9

10

(b) Corresponding circuit for one branch in the ra-
dial connection, i.e. five kites.

Figure 4.2: Selected radial structure for 25 Deep Green generating units.

Table 4.1: Comparison of specification of the radial and the star connections.

Radial Star
Total cable length [m] 7872 8308
Number of cable types 5 2
Number of connectors 66 34
Number of connector types 2 2
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(a) Selected star connection. The
black dots are representing the
generating units, including one in
the middle and at each connection
point.

Z
284 m

Z
284 m

Z
284 m

Z Z
100 m 200 m

13AC

2

1

Z
284 m

Z Z
100 m 284 m

12AC

Z Z
100 m 284 m

14AC

Z Z
100 m 200 m

15AC

Z Z
100 m 200 m

11AC

AC

Z 100 m

7

Z Z
100 m 200 m

28AC

Z Z
100 m 284 m

27AC

Z Z
100 m 284 m

29AC

Z Z
100 m 200 m

30AC

Z Z
100 m 200 m

26AC

AC

Z 100 m

10

5

ZZ

18
AC

ZZ

17

AC

ZZ

19

AC

ZZ

20

AC

ZZ

16

AC

3

AC

Z100 m

8

ZZ

23
AC

ZZ

22

AC

ZZ

24

AC

ZZ

25

AC

ZZ

21

AC

4

AC

Z

9

100 m

100 m

100 m

100 m

100 m

100 m

100 m

100 m

100 m

100 m

100 m

200 m

284 m

284 m

200 m

200 m

200 m

284 m

284 m

200 m

200 m

Z

AC6
100 m

(b) Corresponding circuit for the star connection.
A larger copy is to be find in appendix C.

Figure 4.3: Selected star structure for 25 Deep Green generating units.

4.3 Full-scale system

To construct a full-scale system from four small-scale systems of 25 kites each, again
different opportunities of how to connect them enables. The best solution is now
depending on if transformers are needed, and if so, where to place them. Since trans-
formers are rather expensive components, especially offshore due to the extra cost of
either a platform or a subsea transformer, it is decided to keep the number of trans-
formers low. Therefore, the whole connection grid will be collected to one single point
where a transformer can be placed and used by the whole park. If no transformer is
needed offshore, the systems of 25 kites can be used by themselves, i.e. the cable from
each park will be connected directly to a transformer on land.

When it was decided that the whole park should be connected to one point the options
of how to connect the parks decreased dramatically. For the radial system, the 25 kites
park will be slightly rearranged by directly connecting each radial to the center of the
100 kites park, as is shown in Fig.2(a). The star connection needs a more dramatic
rearrangement from the 25 kites park. Otherwise the power from the kites closest to
the centre of the 100 kites park would have to be transferred back and forth which
contribute to more losses. The solution was to connect the three kite groups (of six
kites each) at the edges of the park to the fourth group closest to the middle and then
connect all 25 kites to the connection point in the centre of the 100 kites park, as can
be seen in Fig.2(b).
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Figure 4.4: Selected radial structure for 100 Deep Green generating units.

Figure 4.5: Selected star structure for 100 Deep Green generating units.
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5 Optimising cables for the tidal collection grid

This chapter includes the optimisation of all cables in each system under study as well as
the cost determination and final result. The first five sections treat the start conditions;
voltage level, system design, cable cost, tidal data and resistance corresponding to the
operation temperature. Then the cable optimisation is done in three steps where the
final results for the DC system is represented in the second part and the AC system
in the third part. The final section includes a discussion, comparison and selection
between the systems.

5.1 Voltage levels

Four different AC voltage levels have been considered for the collection grid; 690 V,
3.3 kV, 6.6 kV and 10 kV. The DC voltage, after the rectification, will be (at least)
as high as the peak value of the AC voltage; 980 V, 4.7 kV, 9.3 kV and 14.1 kV.
The selection of 690 V is based on that wind power commonly uses generators at
this voltage level. The higher voltage steps are selected because they are standard
levels for generators and cables. Furthermore, according to Roland Wida at ABB,
there is no big difference in either size, weight or cost between these voltage levels for
the generator [41]. This statement seems reasonable since the power of the generator
will be the same independent of the voltage level. The only difference between the
generators will be the thickness of the wires as well as the number of turns, while the
total amount of copper will be the same. However, other components like converters
and transformers may be more expensive with increased voltage. Therefore, all four
voltage levels will be compared at a first stage.

5.2 Systems’ conditions

To be able to choose the most cost efficient cables, some basic knowledge for the
different cable distances need to be known. Firstly, to minimise the complexity of the
systems, the number of cable types need to be kept low. This is not a problem for
the star system, which only needs two optimised cable types. However, for the radial
system there are five different power levels and to reduce the complexity only three
different cables will be used. This will result in that two of the cable distances, the one
carrying two kites and four kites, respectively, will be over dimensioned. In Table 5.1
the fundamentals for each cable distance and for each system are presented.
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Table 5.1: Cable specifications at four different voltage levels, AC (line-to-line rms)
and DC, for radial and star connection, respectively. Where the maximum length
represents the longest cable distance in the specific system.

Radial connection Star connection
Number of kites 1 3 5 1 6 25
Power [kW] 500 1500 2500 500 3000 12 500
Maximum length [m] 300 200 412 384 284 710
Current @ 0.69 kVAC

[A/conductor]
418 1255 2092 418 2510 10459

Current @ 3.3 kVAC

[A/conductor]
87 262 437 87 525 2187

Current @ 6.6 kVAC

[A/conductor]
44 131 219 44 262 1093

Current @ 10 kVAC

[A/conductor]
29 87 144 29 173 722

Current @ 0.98 kVDC

[A/conductor]
256 769 1281 256 1537 6405

Current @ 4.7 kVDC

[A/conductor]
54 161 268 54 321 1339

Current @ 9.3 kVDC

[A/conductor]
27 80 134 27 161 670

Current @ 14.1 kVDC

[A/conductor]
18 53 88 18 106 442

5.3 Conductor and cable cost

The cost of submarine cables is not easy to find among the companies in the cable
business industry. Nevertheless EBR (Elbyggnadsrationaliseringen), which is an or-
ganisation in the Swedish energy sector, has compiled cost information from the energy
business. Among the cost information there are four submarine cables at two different
voltage levels. The conductor sizes are in the range of 35-240 mm2 for 10 kV and 20
kV, respectively. These costs together with their linearisation is shown in Fig.5.1.

At a first stage only the copper cost of the cable is accounted for. This since the lineari-
sation of the total cable cost might not be credible for very large cables. According to
Björn Sonerud at Nexans the copper cost of a cable is a good indicator of how expen-
sive the total cable will get [42]. This statement can also be proved by comparing the
copper cost of the conductors with the submarine cable costs from EBR [43]. However,
it should be noticed that the copper price varies in time. It is not uncommon that the
price changes 20-30% in one year, and from 2009 to 2013 the copper price has doubled.

Figure 5.1 shows that the cable cost is almost parallel to the copper cost and therefore
is a good indicator of the cable cost. In Fig.5.1, also an estimated cable cost are shown
for 3.3 kV and 6.6 kV, respectively. The linearisation in Fig.5.1 stops at 500 mm2
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because of uncertainties in the costs for larger cables. If there is need for larger cables
than 500 mm2, parallel cables at smaller sizes have been used instead. These cable costs
are calculated by comparing the difference between the cable cost and the conductor
cost for the four known cable costs at 10 kV. The cost difference is then assumed to
be proportional to the insulation thickness, which is the parameter that changes the
most between the different voltage levels. The cost for the insulation per mm is then
calculated and applied for the insulation level for 3.3 kV and 6.6 kV, respectively.
Insulation details for each voltage level is to be found in appendix D.

Figure 5.1: Comparison of copper conductor costs with the total cost of a submarine
cable from EBR at 10 kV [43].

5.4 Tidal stream data

The power production from the Deep Green depends on the tidal stream according to
the power curve shown in Fig.2.8. The tidal stream data being used was measured by
Minesto AB at a beneficial site in the Irish Sea during 2012, with a time interval of 10
minutes. The stream data can be modelled by a Rayleigh distribution with the scale
factor of 0.9045, as can be seen in Fig.5.2. The mean stream speed for this site is 1.14
m/s, which corresponds to a power production of 182 kW. The capacity factor, K, is
then calculated to 36 % by dividing the mean power production with the maximum
power production of 500 kW.
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Figure 5.2: Rayleigh distribution of tidal stream measured during 2012 in the Irish
Sea.

5.5 Resistance corresponding to the operation temperature

In order to calculate the correct active losses, the resistance requires to be calculated for
the corresponding operation temperature. Since the resistance at a given temperature
is known from the data sheet or calculated by (2.6), a new resistance corresponding to
another temperature can be calculated by using (2.7). For 10 kV there exist submarine
cables having sizes between 35-240 mm2 from Nexans, with data sheets that include the
corresponding resistance at 90 oC, AC and 20 oC, DC. The insulation for the submarine
cables consists of XLPE which withstands a maximum temperature of 90 oC.

The complicated part is to calculate the new temperature. The temperature of the
cable depends on several things; the current in the cable, the cable size, the surrounding
temperature and the thermal resistivity of the different materials involved. To be able
to calculate a more precise resistance, (2.9) is used. However, this equation requires a
detailed knowledge of the cable construction (including both dimensions and material
properties), which is normally not even included in the cable data sheets.

Therefore, to be able to use this equation for cables with less information, some sim-
plification can be made. To ensure that the simplifications can be made without a
major change in the result, a well documented 10 kV submarine cable from Nexans
have been used for comparison. The temperature as a function of the current have
been calculated for the 10 kV cable of two different sizes, 50 and 240 mm2. Both with
using (2.9) and by neglecting T2, T3, λ1 and λ2 in (2.9), i.e. by

∆θ = T − Ta = (I2R +
1

2
Wd)T1 +WdnT4 (5.1)

where T is the temperature in the conductor and Ta is the ambient temperature set to
20oC. The results of this comparison is shown in Fig.5.3 and the calculations can be
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found in appendix E. As can be observed from Fig.5.3 there is a major difference in
the temperature at high currents, especially for the smaller cable. However, in a worst
case scenario, when the simplified temperature model reaches 90 oC for the 50 mm2,
the difference in the resistance is only 7 %. Therefore are these simplifications only
applicable for operations at low temperatures depending on how low errors that can
be acceptable.

Figure 5.3: Cable temperature as a function of the current in two different cables, with
and without simplifications of the temperature equation.

5.6 Cable area optimisation

In order to choose the most cost efficient cable the lost revenue from the power loss will
be compared to the cable cost. To get a first approximation of which cable to choose,
only the resistive losses at 20oC and the conductor cost will be included. The next
step is to recalculate the resistance for the corresponding operation temperature and
including the total cable cost. This will give a good approximation of the DC-cable
sizes, but for the AC-cables also the reactive power will affect the results. Therefore a
power flow analysis is done to calculate the losses for the AC-cables.

Throughout this section an AC cable will be referred to as a three phase cable and a
DC cable to a two conductor cable with the same voltage level at opposite polarities.
For simplicity, when comparing conductor sizes, the DC cable in this section will be
recalculated to an equivalent three phase AC cable. The recalculation is done by
holding the total copper volume constant for each case and divide it by the number of
conductors of interest.
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5.6.1 First approach - only conductor cost and losses corresponding to the
resistance at 20oC

To calculate the copper cost, the area and the length of each cable need to be known
in order to get the total copper volume. Then, by adding the density and the price of
copper, the conductor cost can be calculated by

Cconductor = AlρcopperCcopper [kr] (5.2)

where A is the conductor area, l is the length of the cable, ρcopper is the density
of copper and C copper the copper price (value used is 48 428 SEK/ton, 2013-02-08).
Observe, when calculating the total conductor cost for three phase AC cables the value
from (5.2) will be multiplied by three and similarly multiplied by two for the DC cable.
By choosing different conductor areas and various lengths of the cables the conductor
cost can be modelled as a function of its area.

The losses is calculated by (2.6) and (2.8), where the resistance at this first stage is
calculated for 20oC. To calculate the cost of the losses some assumptions have been
made:

• the accounted lifetime is set to 20 years

• the power loss is calculated as a worst case where the current corresponding to
the maximum power production is considered together with the capacity factor
of 36 %

• the sale price of electricity is an average value set to 47 öre/kWh [44, 45], where
the assumption have been made that the electricity price will follow the inflation

The total loss cost can then be calculated by

Closs = Ploss,maxCelTYLK (5.3)

where P loss,max is the power loss at the maximum power production and with resistance
at 20oC, C el is the electricity sale price, T Y is the hours of a year, L is the lifetime in
years and K is the capacity factor for Deep Green.

In order to select the preferred conductor area, firstly the minimum area is calculated
by using the maximum allowed current density of 2 A/mm2 in (2.5). Then the area
is increased in steps and the loss cost is compared to the conductor cost to find the
optimum cable size. As an example of the cable optimisation procedure, the results for
one kite in the radial system at 980 VDC and at 690 VAC are shown in Fig.5.4. From
this first approach it can be seen that the most cost efficient cable to select for this
distance is of an approximate conductor area of 180 mm2 and 450 mm2, DC and AC,
respectively. The same procedure is used for all the different cables in Table 5.1 and
the final results is shown in Table 5.2.
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(a) DC system. The conductor area is recalculated to one
phase in a three phase AC-cable for easier comparison.

(b) AC system

Figure 5.4: Cost of active losses and conductors for a cable in the radial system carrying
one kite at 980 VDC and 690 VAC , respectively.

When studying the results in Table 5.2 some important conclusions can be made. For
all cases, the optimum conductor area results in over dimensioned cables in order to
become cost efficient. At low voltages of 980/690 V the cable sizes are extremely large
and there are no manufactures of cables of these sizes. The alternative is to place many
smaller cables in parallel which is expensive, heavy and the losses will increase due to
the relatively low voltage. Therefore the voltage at 980/690 V will not be further
studied in this report. It can also be noticed from Table 5.2 that the DC cables are
cheaper per meter compared to the AC cables, as was stated in Section 2.4.2.

5.6.2 Second approach - including resistance corresponding to the opera-
tion temperature

In order to select an even better cable size for the different distances, the resistance
need to be calculated for the corresponding operation temperature. Fortunately, the
calculated temperature for the cables at 10 kV in Table 5.2, for 1 kite (50 mm2) and
6 kites (240 mm2), respectively, became rather low as can bee seen in Table 5.3. This
is expected, since the cables selected at the first approach already indicates that the
cables should be over dimensioned to be cost efficient.
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Table 5.2: Most cost efficient conductor area per phase, at a first approach, for radial
and star connection, respectively. Observe that the conductor area for DC is recalcu-
lated to an equivalent one phase AC area for easier comparison.

DC AC
Conductor
area (AC-
equivalent)

[mm2]

Cost of two
conductors
and losses
[kkr/km]

Conductor
area [mm2]

Cost of three
conductors
and losses
[kkr/km]

Voltage [kV] 0.98 0.69
1 kite 180 476 450 1 166
3 kites 550 1 428 1340 3 499
5 kites 910 2 381 2240 5 831
6 kites 1100 2 857 2690 6 997
25 kites 4570 11 903 11 200 29 155
Voltage [kV] 4.7 3.3
1 kite 40 100 90 244
3 kites 110 299 280 732
5 kites 190 498 470 1 219
6 kites 230 597 560 1 463
25 kites 960 2 489 2340 6 096
Voltage [kV] 9.3 6.6
1 kite 20 50 50 122
3 kites 60 149 140 366
5 kites 100 249 230 610
6 kites 110 299 280 732
25 kites 480 1 244 1170 3 048
Voltage [kV] 14.1 10
1 kite 10 34 30 81
3 kites 40 99 90 242
5 kites 60 164 150 403
6 kites 80 197 190 483
25 kites 320 821 770 2 012
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Table 5.3: Comparison of conductor temperature when simplifying the temperature
equation.

True temperature [◦C] Simplified temperature [◦C]
50 mm2, 1 kite 21.18 20.86
240 mm2, 6 kites 27.73 25.74

In Table 5.4 the corresponding resistances for the temperature is calculated by (2.7),
and from here it can be seen that the temperature difference does not influence the
resistance that much. The largest impact (for the cable and corresponding power
considered) is for the 240 mm2 cable, which corresponds to a 0.7 % difference in the
resistance. Therefore, as long as the temperature in the cable is kept low (which will be
the case for the cables here since they are over dimensioned), the simplified temperature
model can be used without any big change in the resistance and therefore the result.

Table 5.4: Comparison of conductor resistance when simplifying the temperature equa-
tion.

True resistance
[Ω/km]

Simplified resistance
[Ω/km]

50 mm2, 1 kite 0.3971 0.3967
240 mm2, 6 kites 0.0828 0.0823

In order to calculate the optimised cable sizes for the DC system, all needed information
is now given. Since no cost information for DC cables have been possible to find, the
cables are recalculated to correspond to an AC equivalent cable and the cost for it
will be taken from Fig.5.1. To select the correct cable cost, the DC voltage is divided
by two since there are two conductors with opposite polarities in the DC cable where
the voltage drop over the conductors correspond to the total voltage of 4.7 kVDC , 9.3
kVDC and 14.1 kVDC , respectively. Therefore, the AC voltages to investigate are 2.4
kVAC , 4.7 kVAC and 7 kVAC , respectively, and since there is no insulation information
at these voltage levels the voltages are rounded to the closest higher value; 3 kVAC , 6.6
kVAC and 10 kVAC , respectively. All conductor area options are included in the study,
since no standard DC cable sizes have been found in the study, and the resistances are
therefore calculated from (2.6) and (2.7).

Furthermore, the losses in the system were simplified in the first approach by using the
resistance at 20oC, the capacity factor K and the losses corresponding to the maximum
power. By instead using the power corresponding to the Rayleigh distribution, in
Fig.2.8 and in Fig.5.2, and the new resistance calculated by (2.9), with ω set to zero
(see appendix A), the losses will be more correctly calculated. Therefore, (5.3) will be
rearranged to

Closs = PlossCelTYL (5.4)

where Ploss is the power loss calculated from the Rayleigh distribution and with resis-
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tance corresponding to the operation temperature. The results from the cable optimi-
sation are shown in Fig.5.5 and in Table 5.5. For the cable carrying 25 kites at 4.7
kV (shown in Fig.5(d)) the cable size is larger than 500 mm2 and is therefore recalcu-
lated as two parallel 500 mm2 cables (see Section 5.3 for more information about the
limitation at 500 mm2).

(a) 4.7 kV (b) 9.3 kV

(c) 14.1 kV (d) 25 kites

Figure 5.5: Optimisation of the cables for the DC system, cost as a function of the AC
equivalent conductor area; a)-c) cables carrying 1-6 kites’ power at different voltages,
d) cables carrying 25 kites’ power at different voltages.

Table 5.5: The DC system’s optimised cable sizes as an AC equivalent as well as the
recalculated area for the DC conductor.

Area per conductor AC/DC [mm2]
1 kite 3 kites 5 kites 6 kites 25 kites

4.7 kV 35/53 110/165 185/278 220/330 955/1433
9.3 kV 20/30 55/83 90/135 110/165 475/713
14.1 kV 15/23 35/53 60/90 75/113 315/473
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When the cable optimisation is completed, the total cost of the cables and losses for
the system can be calculated. In Table 5.6 the final results for the DC systems are
shown. It should be observed that, unexpectedly, the cable cost and therefore also the
total cost for the 9.3 kV systems are the lowest. One reason for this could be that the
DC cable cost is an approximation based on the insulation thickness at AC voltage
levels as close as possible to the DC voltage. Further, when optimising the cables,
the area differences (at the power below 25 kites) between the voltage levels does not
compensate for the cost differences, as can be seen in Fig.5.6.

Figure 5.6: Optimised cable cost at different voltages and powers for a DC system.
This benefits the voltage at 6.6 kV.

However, since the voltage levels for DC did not match the AC cables’ voltage levels
that well the cable cost leads to this result. From Table 5.6 it can be noticed that the
cheapest 25 kites system is the star connection at 9.3 kV and the cheapest 100 kites
system is the radial connection at 9.3 kV. The losses in the cables reach 0.16% when
considering the whole collection grid.
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Table 5.6: The cost of the cables and losses for the DC systems in radial and star
pattern at different voltages.

Cable cost [kkr] Loss cost [kkr] Total cost [kkr]
Radial
4.7 kV, 25 kites 1 785 918 2 703
9.3 kV, 25 kites 1 529 455 1 984
14.1 kV, 25 kites 1 765 295 2 060
4.7 kV, 100 kites 8 727 4 702 13 429
9.3 kV, 100 kites 7 281 2 343 9 624
14.1 kV, 100 kites 8 285 1 524 9 809
Star
4.7 kV, 25 kites 1 501 614 2 115
9.3 kV, 25 kites 1 445 286 1 731
14.1 kV, 25 kites 1 768 176 1 944
4.7 kV, 100 kites 9 103 5 201 14 304
9.3 kV, 100 kites 7 424 2 493 9 917
14.1 kV, 100 kites 8 279 1 587 9 866

5.6.3 Third approach - including reactive power by using Newton-Raphson

In order to select an even better cable size for the AC cable, the reactive power needs
to be included since it occupies the cable and contributes to the active power losses.
Both the inductance and the capacitance in the cable contributes to the reactive power,
and their value per kilometre is given in the cable data sheets from Nexans and Cale-
donian, see appendix D. At 10 kV, the cable from Nexans is used while for the lower
voltage levels the cables from Calendonian are used. By using the given inductance
and capacitance, as well as the recalculated resistance for the operation temperature, a
power flow analysis for each cable is done in MATLAB. The program used is a Newton-
Raphson analysis, created by Hadi Saadat for MATLAB [46], with added input data
for the systems under study.

The active losses are calculated by (5.4) and the cable cost is taken from Fig.5.1. When
considering the AC system, only the cables available on the market is investigated when
optimising the cable sizes. The results from the power flow analysis together with the
cable cost are shown in Fig.5.7 and Table 5.7. Where the cables exceed 500 mm2, a
number of parallel cables are instead used with the largest area already used in the
system. The reason for choosing the largest cable size already used is to keep the
number of different cables sizes down.
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(a) 3.3 kV (b) 6.6 kV

(c) 10 kV (d) Parallel cables for higher power

Figure 5.7: Optimisation of cables at different power levels and voltages; (a)-(c) cable
cost and loss cost as a function of conductor area for cables carrying 1-6 kite’s power,
(d) cable cost and loss cost as a function of number of parallel cables for cables carrying
25 kite’s power.

Table 5.7: The AC system’s optimised cable sizes.

Area per conductor
[mm2]

1 kite 3 kites 5 kites 6 kites 25 kites

3.3 kV 240 400 500 2x500 6x500
6.6 kV 150 240 400 400 4x400
10 kV 95 185 300 300 3x300

When comparing the AC results with the DC results, it may seem unreasonable that
the 6.6 kV cable cost in the AC case is not that favourable as it was for the DC case.
This is due to the larger difference in the optimised conductor area between the different
voltages in the AC case compared to the DC case. In Fig.5.1 it can be noticed that
for small differences in the conductor area, for different voltage levels, the cable cost is
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more expensive for higher voltages. On the other hand, for larger differences between
the optimised conductor area, the cable cost can be lower for the higher voltages.

The power loss, as well as the reactive power, can be modelled as a function of the
generated power. The relationship, when using the cables optimised for 6.6 kV, are
shown in Fig.5.8 and Fig.5.9, respectively. The active power loss in percent has a
linear relationship to the generated power while the reactive power, as a fraction of the
generated power, has a more complicated relation to the generated power.

Figure 5.8: The power loss in percent of the generated power as a function of the
generated power for different cable sizes at 6.6 kV.

Figure 5.9: The reactive power per generated active power as a function of the generated
active power for different cable sizes at 6.6 kV.

The final results for all the AC systems under study are shown in Table 5.8. It can
be noticed that the cheapest 25 kites system is the star connection at 10 kV and the
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cheapest 100 kites system is the star connection at 10 kV. The power factor is over
all larger for the radial system compared to the star system. This is an advantage for
the radial system since the compensation of the reactive power can be smaller and less
expensive.

Table 5.8: The power factor, cost of the cables and losses for the AC systems in radial
and star pattern at different voltages.

Power factor,
average

Cable cost
[kkr]

Loss cost
[kkr]

Total cost
[kkr]

Radial
3.3 kV, 25 kites 0.82 4 205 2 799 7 004
6.6 kV, 25 kites 0.81 3 330 942 4 272
10 kV, 25 kites 0.84 3 028 485 3 513
3.3 kV, 100 kites 0.83 20 209 15 792 36 001
6.6 kV, 100 kites 0.80 16 212 5 181 21 393
10 kV, 100 kites 0.85 14 613 2 408 17 021
Star
3.3 kV, 25 kites 0.80 4 414 1 346 5 760
6.6 kV, 25 kites 0.77 2 901 758 3 659
10 kV, 25 kites 0.80 2 679 392 3 071
3.3 kV, 100 kites 0.82 28 007 13 416 41 423
6.6 kV, 100 kites 0.80 17 718 6 383 24 101
10 kV, 100 kites 0.84 14 534 3 491 18 025

5.7 Comparison of the collection grids

This chapter has focused on the cost related to the cables and its corresponding losses
of the different systems. However, there are several more components that need to be
added to the system to complete it. To be able to make a fair comparison between the
systems, the components required can be divided into two categories; the components
needed independently of the selected system and the components which will change
dependently on the system selected. The first category includes the generators, dis-
connectors, possibly used transformer and cable used from the park to the grid. These
components are independent of which system to choose and is there for not accounted
for.

However, when concerning the converter, the connector units and the reactive power
compensation, the differences between the systems are important. It should also be
mentioned that components and their costs are overall hard to find and most compo-
nents need to be specially made for each case since standard components are rare.

The size and cost of the converter will depend on the voltage level selected. A higher
voltage will increase both the size and the cost of the converter. One major conclusion
that can be made after discussions with the industry is that there are no manufactures
today of converters at 10 kV for 500 kW. Wida at ABB states that the cost of a
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converter at 3.3 kV or 6 kV for 500 kW is the same and about 1 400 kkr [41]. For the
DC system only the rectifier is needed inside the kite and the inverter can be placed
in the end of the system. The inverter will for certain be needed to be much larger to
be able to handle the whole park’s power, but will also be cheaper than a number of
smaller inverters.

An other difference between the systems are the number of connector units. As was
stated in Section 3.3, the connectors are one of the weakest points in the system. The
connectors are also an expensive part in a sub sea collection grid, especially if wetmate
connectors are chosen. When comparing the radial and star connection patterns in
Table 4.1, the star connection is preferable due to the low number of connectors.

The results in this chapter show that the DC systems are cheaper than the AC sys-
tems which is expected when only considering the cables. Normally the distances in a
collection grid need to be long in order to be preferable for a DC system, where the
converters usually are the major cost. However, since a converter is required indepen-
dently of the voltage type to ensure the power quality, the AC system will be more
expensive than the DC system. In addition, the AC system has the reactive power to
compensate as well, which can make the system even more expensive.

When combining all the statements above the final selection will be to choose a 9.3
kV DC system in star connection. The reasons for this are that only the rectifier is
needed in the kite, no reactive power needs to be compensated for, the converter cost
will not increase from 3.3 kV to 6 kV, but the losses will decrease. The only drawback
with this system is that there are no known manufactures of subsea DC cables at this
low voltage. Therefore, if the DC cables will become much more expensive than the
AC cables due to special order, the AC system at 6.6 kV (with cable losses of 0.4%) in
star connection is to prefer.
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6 Connection of a Seabased wave power park

This chapter presents how Seabased have designed their collection grid. The Seabased
collection grid is very limited due to the fact that the rectifier is positioned in the
switchgear. To be able to make a good comparison with the tidal park collection grids
some assumptions has to be made which are also presented in this chapter.

6.1 Seabased collection grid structure

A Seabased wave power park consists of permanent magnet linear generators and sub-
sea substations, see Section 2.3.2 and 3.4 respectively for more information. Since
Seabased has chosen not to equip each generator with a rectifier and a filter it is not
possible to directly connect multiple generators together, as for example in a radial
system. An example of a possible star connected system is illustrated in Fig.6.1 where
each generator is connected directly to a substation. In the substation the connection
is done according to Fig.3.7, where each generator is connected to a rectifier before
interconnected, filtered, inverted and then transformed to a higher voltage. The sub-
station is either connected directly to shore, or at larger parks multiple substations are
interconnected and transformed to a high voltage in a bigger subsea substation and
then connected to shore. Each generator has a power output of 25 kW and occupies
a square with each side equal to 32 m. Fig.6.1 gives an illustration of how a large
Seabased park can be connected according to Seabased [50].

32 m

23 m

Figure 6.1: Example of a connection structure for Seabased park. The circles represents
generators, a square represent a subsea substation and the thin and thick lines represent
low voltage cables and medium voltage cables respectively.
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6.2 Collection grid patterns used in the wave power case

The study of Seabased will be made with the same amount of generators and the same
structures of collection grid as for Minestos tidal power park. The study is performed
in this way in order to be able to recognise any differences and similarities between a
collection grid based on Minestos tidal power generator DG-12 and a collection grid
based on Seabased wave power generator. For more information about the structures
see Section 4.3. Since Seabased design prevent direct interconnection of generators,
which is used in the tidal structures, the assumption is made that each generator
capsule is equipped with a filter and converter so a perfect sinus can be assumed. The
structures used for calculations in the Seabased case are shown in Fig.6.2.

Figure 6.2: Selected structures for 100 Seabased generating units.
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7 Optimising cables for the wave collection grid

This chapter includes the cable optimisation for two wave power systems with 100
buoys each, star and radial connection, respectively. The procedure is the same as for
the tidal cable optimisation and with changes only in the parameters used. First the
conditions for the Seabased system are presented, then the three cable optimisation
approaches are done and finally the results are discussed.

7.1 Voltage levels

The output voltage from the generator is assumed to be 1000 VRMS,AC . The DC voltage
after the rectification will be (at least) as high as the peak value of the AC voltage,
i.e. 1414 VDC . This is based on that the maximum voltage output of the Seabased
substation is 1000 V, see Section 3.4. The opportunity to use 3.3 kVRMS,AC and 4.7
kVDC is also investigated in order to be able to compare the results with the ones from
the tidal park.

7.2 Systems’ conditions

The conditions for the wave power park is shown in Fig.7.1. It is the same structure
as for the tidal park, but with the differences in voltage, power and distances.

Table 7.1: Cable specifications at two different voltage levels, AC (line-to-line rms) and
DC, for radial and star connection, respectively.

Radial connection Star connection
Number of buoys 1 3 5 1 6 25
Power [kW] 25 75 125 25 150 625
Maximum length [m] 32 32 145 45 45 113
Current @ 1 kVAC

[A/conductor]
14 43 72 14 87 361

Current @ 3.3 kVAC

[A/conductor]
4 13 22 4 26 109

Current @ 1.4 kVDC

[A/conductor]
9 27 45 9 54 223

Current @ 4.7 kVDC

[A/conductor]
3 8 13 3 16 66
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7.3 Conductor and cable cost

When using 3.3 kVRMS,AC and 4.7 kVDC , the cable cost will be used in the same way
as was described in Section 5.3 and in Section 5.6.2, respectively. For the lower voltage
of 1 kVRMS,AC and 1.4 kVDC another solution is required. Ericsson provides cables
at 1 kVRMS,AC which are made of aluminium and tolerates to be placed in water, see
appendix D for detailed specifications. EBR only has the costs for cables at 400 V,
which at least follows the aluminium cost well, as is shown in Fig.7.1. Therefore, the
cost of the 400 V cable will be used for the 1 kVRMS,AC case as well as for the 1.4 kVDC

case when the conductor area have been recalculated.

It can also be noted from Fig.7.1 that the cost difference between aluminium and copper
is large. Copper on the other hand has better conductivity than aluminium, which will
lead to lower losses. The final comparison between the voltage levels will therefore not
be that reliable. However, the comparison between the tidal and wave system at 3.3
kVRMS,AC and 4.7 kVDC is still valid.

Figure 7.1: Comparison of the cable cost from EBR at 400 V and the aluminium cost,
as well as the estimated 3.3 kV cable cost and the copper conductor cost [43].

7.4 Wave data

It has not been possible to find the wave data for the specific site of interest outside
of Falkenberg. The opportunity to use available wave data outside of the Norwegian
coast have been considered, but is decided to not be used. This is mainly due to two
reasons; the data will most likely differ a lot from the site of interest and even if real
data were used the power curve for Seabased needs to be more specific than the one in
Fig.2.10. Therefore, the capacity factor will be used for all the approaches in the same
way as in Section 5.6.1, which is set to K=0.36, the same as for the tidal generation.
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7.5 Resistance corresponding to the operation temperature

The resistance corresponding to the operation temperature is calculated in the same
way as in Section 5.5.

7.6 Cable area optimisation

The cable optimisation is done in the same way as for the tidal case. By doing the
optimisation in three steps the final result for the DC case is found in the second
approach and for the AC case in the third approach.

7.6.1 First approach - only conductor cost and losses corresponding to the
resistance at 20oC

The first approach is done in the same way and with the same assumptions as for the
tidal case in Section 5.6.1. Equation (5.2) is used for 3.3 kV while for 1 kV the copper
specifications is replaced by aluminium specifications where the aluminium price used
is 13 168 SEK/ton, 2013-04-24. The results from the first approach are found in Fig.7.2.

Table 7.2: Most cost efficient conductor area according to the first approach, for radial
and star connection, respectively. Observe that the conductor area for DC is recal-
culated to an equivalent one phase AC area for easier comparison. The conductor
material is aluminium for 1 kV and copper for 3.3 kV.

DC AC
Conductor
area (AC-
equivalent)

[mm2]

Cost of two
conductors
and losses
[kkr/km]

Conductor
area [mm2]

Cost of three
conductors
and losses
[kkr/km]

Voltage [kV] 1.4 1
1 buoy 30 6 70 14
3 buoys 85 18 205 43
5 buoys 140 30 340 72
6 buoys 165 35 405 87
25 buoys 690 148 1 695 362
Voltage [kV] 4.7 3.3
1 buoy 5 7 5 12
3 buoys 5 15 15 37
5 buoys 10 25 25 61
6 buoys 10 30 30 73
25 buoys 50 125 115 304
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7.6.2 Second approach - including resistance corresponding to the opera-
tion temperature

The second approach differs a little from the tidal case. The resistance is still recal-
culated to the operation conditions as well as the total cable cost is accounted for.
However, there are no wave data used in this approach, instead the capacity factor is
used together with the maximum power output from the generators. The cable opti-
misation for the DC case is found in Fig.7.2 and Table 7.3, and the resulting system
costs are found in Table 7.4.

(a) 1.4 kV (b) 4.7 kV

Figure 7.2: Optimisation of the cables for the DC system, cost as a function of the AC
equivalent conductor area. Cables carrying 1-25 buoys’ power at two different voltages.

Table 7.3: The DC system’s optimised cable sizes as an AC equivalent as well as the
recalculated area for the DC conductor.

Area per conductor AC/DC [mm2]
1 buoy 3 buoys 5 buoys 6 buoys 25

buoys
1.4 kV 15/23 40/60 65/98 75/113 325/488
4.7 kV 5/8 5/8 10/15 15/23 50/75

7.6.3 Third approach - including reactive power by using Newton-Raphson

The third approach optimises the cables for the AC systems in the same way as for
the tidal case in Section 5.6.3. The difference is still that instead of real wave data the
capacity factor and the maximum power are used. The cable optimisation are found
in Fig.7.3 and Table 7.5, and the final cost is found in Table 7.6.
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Table 7.4: The cost of the cables and losses for the DC systems consisting of 100 buoys
in radial and star pattern at different voltages.

Cable cost [kkr] Loss cost [kkr] Total cost [kkr]
Radial
1.4 kV 244 98 342
4.7 kV 499 38 537
Star
1.4 kV 249 107 356
4.7 kV 488 37 525

(a) 1 kV (b) 3.3 kV

(c) 1 kV, 25 buoys

Figure 7.3: Optimisation of cables at different power levels and voltages; (a)-(b) cable
cost and loss cost as a function of conductor area for cables carrying 1-6 buoys, (c)
cable cost and loss cost as a function of number of parallel cables for cables carrying
25 buoys.
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Table 7.5: The AC system’s optimised cable sizes.

Area per conductor [mm2]
Voltage [kV] 1 buoy 3 buoys 5 buoys 6 buoys 25 buoys

1 150 240 300 400 2x500
3.3 50 70 95 120 240

Table 7.6: The power factor, cost of the cables and losses for the AC systems consisting
of 100 buoys in radial and star pattern at different voltages.

Power
factor

Cable cost [kkr] Loss cost [kkr] Total cost [kkr]

Radial
1 kV 0.73 671 242 913
3.3 kV 0.39 814 161 976
Star
1 kV 0.79 689 289 978
3.3 kV 0.68 769 126 895

7.7 Comparison of the collection grids

As mentioned in Section 7.3, it may not be fair to compare the two voltage levels
studied in this chapter due to the difference in conductor material and the estimated
cable costs. However, if a comparison is done anyway, there are some conclusions that
can be drawn from the results. For the DC case the radial connection, low voltage is to
prefer. The reason for this is the much lower cable cost due to that the conductors are
made of aluminium. It can also be seen in Fig.7.4 that the loss cost on the other hand
is higher for the low voltage. This is both due to the lower voltage itself, but also that
the aluminium conductivity is lower than it is for copper. For the AC case the preferred
system is not that easy to select, the differences in the final cost is rather small between
all the systems compared. However, the cheapest system is the star connected system
at the higher voltage. The reason for the small cost difference between the high and
low voltage AC cables (which was not the case for the DC cables) is that the conductor
sizes are increased dramatically and the cost difference is therefore less. The cable
losses for the two selected systems, DC at 1.4 kV and AC at 3.3 kV, reaches 0.05%
and 0.17%, respectively.

A general conclusion, same as for the tidal case, is that the connection units are ex-
pensive and a weak point of the system. Therefore, as long as the cost difference is not
too large, the star system will be preferred in all cases. Furthermore, the DC system is
again cheaper than the AC system since the same converters are needed independently
on the system voltage type. However, still the problematic aspects of using DC is that
there are no manufacturers today of DC cables for these low voltages.
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The systems at 3.3 kV and 4.7 kV with 100 generating units each can be compared to
the identical systems in the tidal case. In general, the wave systems are much cheaper
than the tidal system, which is expected since the distances and power levels are much
larger for the tidal case. However, there are a main difference in the results for both DC
and AC; in the tidal case the radial system is cheaper than the star system while in the
wave case the result is the opposite. One reason for this, in the AC case, could be the
low power factor that occurs in the radial system, but this does not explain the whole
difference. Again, the main differences are probably due to the cable cost and the large
variation in the conductor areas. As mentioned earlier, the star connection pattern is
to prefer due to the lower number of connection units. Over all is the power factor
worse for the wave case compared to the tidal case. This indicates that reactive power
compensation is required if an AC system is selected. If the compensation required is
not too large the converter can control the reactive power by itself, otherwise additional
compensation will be needed.
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8 Connection of the tidal park to the grid

This chapter studies the transmission line from the tidal power park, consisting of 100
generators, to the shore. Three options will be studied and compared with respect
to the cable cost and loss cost. The options which are studied are; transmission at
the same voltage as in the collection grid, transmission with a higher voltage using a
transformer and transmission sharing a nearby high voltage cable with a large wind
power park. To have a fair comparison all the losses in the collection grid for all options
will be neglected since the losses of the wind park is not available.

8.1 Tidal and wind data

The calculations are based on the tidal stream data shown in Fig.5.2 and wind speed
data provided by British Oceanographic Data Centre [47], both from the Irish Sea.
The wind data consist of 134 incoherent days of measurements between 2012-01-04 to
2012-09-28 where each day consists of a various amount of measurements. This data
has been recalculated to the mean wind speed per day and is presented in Fig.8.1.

Figure 8.1: Wind data measured in Irish sea.

The wind data is not as detailed as the tidal stream data and to get a realistic power
production the tidal stream data is chosen in a way that date and time are equal with
the wind data. The mean value of the chosen tidal stream data per day is presented
in Fig.8.2.
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Figure 8.2: Tidal data measured in Irish sea.

The wind and tidal data are used together with their respective power curves in order
to calculate the power output. The power curve for Minestos Deep Green is presented
in 2.8 and the power curve for the wind power generator used in Gwynt y Môr is
available in appendix D.

The resulting mean power output per day for the tidal and wind park, respectively, as
well as together are presented in Fig.8.3. The presented power production will be used
to find the most cost effective transmission cable. The calculations are performed using
the temperature dependent calculation presented in Section 2.5.3 and the power flow
analysis method presented in Section 2.6, i.e. the same procedure as for the calculations
of the AC collection grid, see Section 5.6.3.
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(a) The mean tidal power output. The data has been selected to match the wind power data.

(b) The mean wind power output.

(c) The total mean power output when combining the tidal and wind park together.

Figure 8.3: The data shows the mean power output per day for 134 incoherent days
between 4th January - 28th September 2012.

8.2 Transmission at collection grid voltage

Using the same voltage as the collection grid is beneficial since costs for transformers
and inverters out at the sea are avoided. The drawback is the large amount of cables
needed to transmit the energy. In Section 5.7, 9.3 kVDC or 6.6 kVAC were presented to
be the most optimal grids. For these grids the most optimal cables for 25 generators
were calculated to one 713 mm2 and four 400 mm2 for the DC and the AC case,
respectively. In the case of transmitting the power from the park to the shore there
is a need of four DC cables or 16 AC cables for 100 generators. The calculations for
the transmission cable will be based on the voltages and cross-sectional area selected
in Section 5.7. The results of the calculations are presented in Table 8.1.
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Table 8.1: Costs of cable and losses for 9.3 kVDC and 6.6 kVAC .

9.3 kVDC 713 mm2 6.6 kVAC 400 mm2

Max. current per cable [A] 1 344 at 12.5 MW 330 at 3.77 MVA
Power factor at max. current - 0.8244
Cable cost [kkr/km] 679 598
Losses per cable [kkr/km] 531 264
Total cost [kkr/km] 4 840 (4 cables) 13 787 (16 cables)

8.3 Transmission at high voltage

Transmitting the power at higher voltage than the collection grid requires a trans-
former, and if DC is used in the collection grid an inverter has to be positioned out
at the sea. The placement of these components can either be on a platform or they
can be customised for subsea placement. These costs as well as the inverter cost are
not taken into account in the study. The voltages of 45 kV, 66 kV and 132 kV has
been chosen since at these voltages price information for cables and transformers are
available in EBR [48]

8.3.1 Costs of cables

All the costs used in the calculations for cables and transformers are found in the
EBR-list [48]. The only prices found for cables at the voltage levels of interest are
land based cables in the EBR-list, which will be used in the calculations. The main
difference between land based and submarine cables is that the latter is also including
armouring. In Fig.8.4 the cable costs are presented at three different voltage levels as
well as linearisations based on the costs in the EBR-list. Submarine cables from ABB
are used as input data for the calculations performed in this section. Available areas
of the submarine cables from ABB are also shown in Fig.8.4, data sheets are available
in appendix D.
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Figure 8.4: Linearised land based cable cost from EBR and available submarine cables
from ABB.

As can be seen in Fig.8.4, the cable costs are not as linear as been seen for AC cables
at lower voltages in Fig.5.1. Some cables in Fig.8.4 are even cheaper than the copper
price. One explanation for the non-linear behaviour may be that the copper price has
big variations in time. Another reason could be that cables with high turnover rate
may become cheaper and also companies using a lot of copper can have reduced price.

8.3.2 Results

Calculations have been performed using both linearised cable cost and precise EBR
costs, see Fig.8.4, to compare the results. Independent of which cable cost that were
used as input for the calculations the result was the same and the preferred transmission
line was at 66 kV and with 500 mm2 for distances over 1.6 km. The specifications and
electrical results, after completing the power flow analysis for each voltage level, are
presented in Table 8.2. The electrical parameters (current, apparent power and power
factor) are the results when using the maximum produced tidal power. The power flow
analysis is only made on the transmission cable and with the assumption of no losses
in the tidal park.

The cost calculations have been made for each voltage level and the results are presented
in Fig.8.4. The costs and specifications of the transformers, found in EBR [48], are
presented in Table 8.2. Unfortunately the available voltage level of the transformers in
EBR did not match the precise voltage level in the selected system. The transformer
cost for each voltage level is a fixed cost while the cable cost as well as the loss cost for
each cross-sectional area is a variable cost. The cost for the cheapest option for each
voltage level is presented in Table 8.2.
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Table 8.2: Cost results and electrical parameters for each voltage level.

Voltage [kV] 45 66 132
Conductor area [mm2] 800 500 240
Max. current [A] 567 418 223
Apparent power at max. current [MVA] 51 52.5 56
Power factor at max. current 0.9788 0.9515 0.8912
Transformer specifications [kV] 45/10-20 66/10-20 132/10-20
[MVA] 63 63 63
Cable cost [kkr/km] 929 901 1 209
Loss cost [kkr/km] 467 406 239

Total variable cost [kkr/km] 1 396 1 306 1 448
Transformer (fixed cost) [kkr] 6 145 6 291 6 931

Figure 8.5 shows a presentation of the resulting costs for each voltage level. As can be
seen in Fig.8.5 the cheapest option for distances up to 1.6 km is at 45 kV with a 800
mm2 three phase cable. Though, as can be seen in Table 8.2 the cheapest variable cost
is at 66 kV and it becomes the most optimum choice at distances longer than 1.6 km.

Figure 8.5: Graphical comparison between the three voltage options in Table 8.2, cost
of cables, losses and transformers are taken into account.

8.4 Combining the tidal park with the offshore wind farm
Gwynt y Môr

This section studies the possibility to connect the Deep Green tidal park with Gwynt
y Môr, a wind park under construction outside of North Wales. The gain of using
the same cable as Gwynt y Môr can be both environmental and economical. The
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environmental contribution comes from avoiding the production of a new cable and
the placement of the new cable at the sea ground. Economical benefits may arise in
form of avoided or shared investment cost, but a higher cost caused from losses will
appear.

Gwynt y Môr has an installed power of 576 MW and a transmission voltage at 132
kVAC . Four three-phase 500 mm2 transmission cables with the length of 18 km is
used from the park to the shore. The cables used in Gwynt y Môr are delivered from
NKT cables. Since the data sheet from NKT cables is confidential, a similar 132 kV,
500 mm2 cable from ABB will be used for calculations, see data sheet in appendix D,
Fig.D. It is assumed that the rated current for the cable is 700 A which corresponds
to a maximum power transmission of 640 MW for four cables. The tidal power park
which should be investigated as a potential addition to the transmission line has a
power output of 50 MW.

It is important to make sure that the cable is not under dimensioned compared to the
maximum power output of the parks. If the cable is under dimensioned it can in worst
case be damaged when the parks simultaneously have a high power production. This
can be solved by limiting the power output or building a smaller park. The choice
between these two options is dependent on the correlation between the peaks of the
parks. The correlation between the peaks are not studied in this project, instead a
study of the correlation between the mean values has been performed.

8.4.1 Minimum power factor to transmit the total installed power

This section studies if the transmission cable at Gwynt y Môr can transmit the max-
imum power from both parks. It is no problem to transmit the power when only
accounting for the active power (since the transmission cable can transmit 640 MW
while the installed power is 626 MW). However, when taking the reactive power into
account, the cable used will maybe be under dimensioned. The calculations are made
by comparing the current at maximum power production for both parks with the max-
imum rated current in the transmission cable. The current transmitted from each park
separately, at maximum power output, is calculated as

I =
P/4√
3UPF

[A/conductor] (8.1)

where P is the maximum power installed at the park, 576 MW or 50 MW respectively,
U is the nominal voltage, 132 kV, and PF is the power factor for the each park. Since
Gwynt y Môr is connected to shore with four transmission cables, the transmitted
power per cable will be a fourth of the total power production. This will be true with
the assumption that the transmitted power is equally divided between the cables. The
power factor is of great importance when studying the maximum power the cable can
transmit. The line in Fig.8.6 represent the minimum power factor for each park which
gives a transmission current equal to the maximum allowed current in each conductor
(700 A) and is calculated with
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Im = Ic − Iw − It [A] (8.2)

where Im is the marginal current per cable, Ic is the maximum rated current for each
cable (700 A), Iw is the current contributed from one fourth of the maximum wind park
power production and It is the current contributed from one fourth of the maximum
tidal park power production. Iw and It are calculated with (8.1) for each respective
power and with the power factor varying accordingly to the axes in Fig.8.6.

Figure 8.6: The line represent the minimum allowed power factor, i.e. Im is equal to
zero. For safe operation power factors higher than the line should be kept.

Power factors larger than the line represent a safe operation. In Table 8.3 the marginal
currents are presented for some randomly selected power factors which ensures a safe
operation for the transmission cables.

Table 8.3: Marginal currents for different power factors when both parks produce
maximum installed power using (8.1) and (8.2).

Marginal current Wind Tidal
Im [A] Iw [A] PFw It [A] PFt

15.5 629.8 1 54.7 1
3 639.4 0.985 57.6 0.95
3.1 636.2 0.99 60.7 0.9
2.7 633 0.995 64.3 0.85

The transmission cable has been designed with respect to the installed power of the
wind park. To be able to compare the results in Table 8.3, the minimum power factor
when only transmitting the wind power is presented in Table 8.4.
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Table 8.4: Marginal currents when only the wind park is connected at maximum
installed power for different power factors.

Marginal current Wind
Im [A] Iw [A] PFw

67 633 0.995
0 700 0.9

There is quite a difference in power factors when comparing Table 8.3 and Table 8.4.
In Table 8.4 it is seen that the marginal is very good for power factors close to one
compared to the marginals in Table 8.3. The lowest power factor possible for the wind
farm is 0.9 according to Table 8.4 while such low power factors is not possible in the
combined park. However, the percentage when the power exceeds the installed wind
power can be calculated by comparing the mean wind power output per day and the
combined power output from both wind and tidal, see Fig.3(b) and Fig.3(c). The
total power only exceeds the maximum installed wind power seven days of 134 days of
data. This means that 95 % of the time the loading of the cable does not exceed the
maximum power output of the wind park, even though the tidal park is connected.

8.4.2 Transmission cost when sharing cable with a wind power park

Since the tidal park is a later extension to the original wind park, it is interesting to
calculate the cost of the additional losses created in the transmission cable by the tidal
park. The first step to calculate the additional cost of the losses, created by connecting
the tidal park, is to calculate the produced currents. The current for the wind park,
Iw, and the total current, Itot, is calculated using (8.1) where P in this case is the the
wind and tidal mean power per day shown in Fig.3(b) and Fig.3(a), respectively. The
powers are divided by four since there are four cables in the transmission line. The
voltage, U, is 132 kVAC as before and the power factor, PF is assumed to be equal to
one for both the wind and tidal case. The currents, Iw and Itot are used to calculate the
corresponding temperature dependent resistances according to Section 2.5.3 which are
used as an input to the power flow analysis. With the correct resistances two power
flow analysis are performed. The first is based on a fourth of the wind power, see
Fig.3(b) and the second is performed on a fourth of the total power, see Fig.3(c). The
power flow results for the wind/tidal power park are presented in Table. 8.5. These
results can be compared to the wind power park results presented in Table. 8.6.
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Table 8.5: Specifications for one cable for a wind/tidal park.

Voltage [kV] 132
Mean power loss per cable [kW/km] 8.8
Area [mm2] 500
Max. current [A] 718 at 164 MVA
Power factor at max. current 0.9523

Table 8.6: Specifications for one cable for a wind park.

Voltage [kV] 132
Mean power loss per cable [kW/km] 7.6
Area [mm2] 500
Max. current [A] 660 at 151 MVA
Power factor at max. current 0.9542

It is assumed that the rated current in a cable is 700 A but as can be seen in Table.
8.5 the maximum current reaches 718 A. Calculations show that the current for both
parks exceeds 700 A two times during 134 days (0.3 % of the total time) of data used in
the calculations. The maximum current for the wind park is 660 A which is lower than
the maximum rated current allowed in the cable. Using 660 A as maximum current
for both parks results in a contravention seven times out of 134 days of data (5 % of
total time).

The power flow analysis is performed for both the wind park and the two parks together.
The result of the analysis is used to find the difference in power losses using

Pdiff = Ptotloss − Pwloss = 8.8− 7.6 = 1.2 [kW/km] (8.3)

where Ptotloss are the losses for both wind and tidal parks together, Fig.3(c), and Pwloss

are the losses for the wind park, Fig.3(b). The cost of the additional losses for one
cable is calculated by (5.3) from Section 5.6.1 using Pdiff as power input instead. The
additional losses caused by the tidal park results in a cost of 96 kkr/km per cable
and a total cost of 382 kkr/km for all four transmission cables. This cost represents
a minimum charge that is expected from the cable owner and can be accounted as a
direct cost for the tidal park.

Since the collection grid for the tidal park is at 9.3 kVDC , an inverter as well as an
additional transformer rated at 60 MVA is needed to be positioned out at the sea close
to a wind park transformer. The costs for the additional transformer will be assumed
to be similar to two transformer rated to 25 MVA each with a voltage ratio of 10/20 kV.
The cost of these two transformers are equal to 6 768 kkr according to the EBR-list [48]
and should be counted as a direct cost. The costs for the platform or adaptation for
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subsea placement is neglected as well as the inverter cost since it will be needed at
shore anyway.

Another direct cost which should be taken into account comes from the limited power
production. The limitation is needed when the current exceeds the current rating of
the cables (700 A), this is measured twice during the 134 days of data. At these two
occasions the current reached 701.4 A and 718.5 A per cable which represents the mean
current per day. The power which corresponds to the excessed current is calculated by

Plost =
√

3IexUPF [W] (8.4)

where Iex is the excessed current, 1.4 A and 18.5 A, respectively, U is the transmission
voltage of 132 kV and PF is the power factor, 0.95. The cost of the lost revenue is
calculated by

Clost = PlostCelTDL [kkr] (8.5)

where Cel is the electricity cost of 0.47 kr/kWh [44,45], TD is the amount of hours for
three days, L is the lifetime of 20 years and 134 is the amount of data. The reason for
using TD as hours for three days is since the current was limited once every 134 days
for each occasion which corresponds approximately to three times every year. The loss
which occurs when the power production is limited to 700 A when using mean values
per day equals 11 701 kkr over a period of 20 years. All the direct costs are presented
in Table 8.7. To avoid overloading the transmission cables the maximum amount of
tidal generators which can be installed are 68 generators.

Table 8.7: Summary of direct costs at 132 kV when sharing transmission with Gwynt
y Môr.

Direct costs for tidal park
Component Amount and specification Cost
Losses in cable 4x500 mm2 382 kkr/km
Transformers 2x25 MVA 10/20 kV 6 768 kkr
Cost of lost revenue Six occasion per year 11 701 kkr

Since the tidal park uses Gwynt y Môr’s transformers and transmission cables a rental
cost should be taken into account. Gwynt y Môr uses four submarine transmission
cables with a cross-sectional area of 500 mm2 at 132 kV. A similar land based cable
costs 1 461 kkr/km according to EBR [48]. Gwynt y Môr uses four transformers with
the voltage ratio 33/132 kV rated at 160 MVA each [49]. The cost for Gwynt y Môr’s
transformers are assumed to be similar to eight 80 MVA transformers with the voltage
ratio of 45/132 kV since this is the most similar transformers found in EBR [48]. The
cost for these eight transformers is 70 968 kkr.
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The rental cost of using Gwynt y Môr’s components should be divided and one way of
calculating this share is to calculate the share usage of the components. This can be
done by using the mean power production per day, from Fig.3(a) and Fig.3(c), and is
calculated as

share = 100 ·mean(
Pt

Pw + Pt
) [%] (8.6)

In this case the mean share of the tidal park is 35 % of the instant production. This
share is considerably high when comparing with the installed power between the wind
park and tidal park. The reason for such a high percentage is that the wind park has a
mean production of zero many days, which results in 100 % tidal production according
to (8.6). Another way to calculate the share is to calculate the produced tidal power
divided with installed maximum power.

share = 100 ·mean(
Pt

3.6 · 160 + 0.5 · 100
) [%] (8.7)

This results in a share of 3 % where Pt is the mean tidal production per day, 3(a). A
summary of the rental costs at the different shares is presented in Table 8.8.

Table 8.8: Summary of rental costs at 132 kV when sharing transmission with Gwynt
y Môr.

Costs for Gwynt y Môr
Component Amount and specification Cost
Cable (100 %) 4x500 mm2 5 844 kkr/km
Transformer (100 %) 8x80 MVA 45/132 kV 70 968 kkr

Share costs of Gwynt y Môr for tidal park
Cable (35 % ) 4x500 mm2 2 045 kkr/km
Transformer (35 %) 8x80 MVA 45/132 kV 24 839 kkr
Cable (3 % ) 4x500 mm2 175 kkr/km
Transformer (3 % ) 8x80 MVA 45/132 kV 2 129 kkr

All the resulting costs, specifications and the amount of each component for this section
is presented in Table 8.9.
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Table 8.9: Summary of transmission costs at 132 kV when sharing transformers and
cables with Gwynt y Môr.

Total cost for tidal park with 35 % share
Component Amount and specification Cost
Losses 4x500 mm2 382 kkr/km
Transformers 2x25 MVA 10/20 kV 6 768 kkr
Cost of lost revenue 11 701 kkr
Cable (35 % ) 4x500 mm2 2 045 kkr/km
Transformer (35 %) 8x80 MVA 45/132 kV 24 839 kkr
Total 43 308 kkr

2 427 kkr/km
Total cost for tidal park with 3 % share

Losses 4x500 mm2 382 kkr/km
Transformers 2x25 MVA 10/20 kV 6 768 kkr
Cost of lost revenue 11 701 kkr
Cable (3 % ) 4x500 mm2 175 kkr/km
Transformer (3 % ) 8x80 MVA 45/132 kV 2 129 kkr
Total 20 598 kkr

557 kkr/km

8.4.3 The cost of sharing four 630 mm2 transmission cables with a wind
power park

If hypothetically, the park is still in the planning stage and the transmission cable is
not yet selected. One option could be to over dimension the transmission cables and
by that avoid overloading the cables. This section studies the costs if the transmission
would consist of four 630 mm2 cables for both the tidal park and Gwynt y Môr. The
size of 630 mm2 is the next step available after the 500 mm2 cables which can be found
among manufacturers and in the EBR-list. Four 630 mm2 cables are able to transmit
a maximum power of 806 MW when assuming the same current density as for the 500
mm2 cable, 1.4 A/mm2. The installed power of both parks is 626 MW and it can be seen
that there is a large marginal to the transmission cables limit. In the case of using the
500 mm2 cables the maximum power limit is 640 MW. The power flow analysis made
for four 630 mm2 transmission cables resulted in the electrical parameters presented in
Table 8.10.
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Table 8.10: Electrical results for one cable when transmitting the power from a
wind/tidal park.

Voltage [kV] 132
Mean power loss per cable [kW/km] 7
Area [mm2] 630
Max. current [A] 706 at 161 MVA
Power factor at max. current 0.97

The cost for transformers are the same regardless of which cable dimension are used
and can therefore be neglected when comparing the two sizes of transmission cables.
When comparing the transmission losses they results in 630 kkr/km and 548 kkr/km
for 500 mm2 and 630 mm2, respectively. The cost of losses for 500 mm2 are calculated
with only the wind park connected and in the case of 630 mm2 transmission both the
wind and the tidal park are connected. Since the cost of losses are lower with 630 mm2,
even though the installed power has increased, the tidal park should not pay for the
losses.

On the other hand the tidal park have to pay for the extra cost of thicker cables. The
630 mm2 cable costs 1 639 kkr/km per cable and the additional total cable cost that
the tidal park should pay is 712 kkr/km for four cables. A comparison between the
costs for using 500 mm2 and 630 mm2 transmission cables is presented in Table 8.11,
all the costs except transformers are presented.

Table 8.11: Comparison of variable transmission costs at 132 kV 630 mm2 and 500
mm2.

Extra cable cost [kkr/km] 4x630 mm2 712
Total cost at 18 km [kkr] 12 816
Cable and losses (35 % case) [kkr/km] 4x500 mm2 2 427
Cost of lost revenue [kkr] 11 701
Total cost at 18 km [kkr] 54 345
Cable and losses (3 % case) [kkr/km] 4x500 mm2 557
Cost of lost revenue [kkr] 11 701
Total cost at 18 km [kkr] 20 685

As can be seen in Table 8.11 it is preferable to use an over dimensioned cable. Even
though the cable is more expensive, the gain from the lower losses and the fact that
both parks can deliver maximum power simultaneously makes the 630 mm2 transmis-
sion cable more profitable. It should be noted that the rental cost of Gwynt y Môrs
transformers should be added to the cost, the cost depends on the share and is pre-
sented in Table 8.9. Since the 630 mm2 transmission cables are over dimensioned it is
possible to increase the amount of tidal generators to a maximum of 405 generators
without exceeding the rated current of the cables. However, if the installed power of
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the tidal park is changed, the solution for the most cost effective transmission cable
and collection grid may also differ.

8.5 The most cost effective transmission option

In this chapter three different options of transmission cables have been evaluated: at
collection grid voltage, at high voltage and sharing a high voltage transmission cable
with a large wind park. In the calculations only costs for cables, transformers, losses
and lost revenue have been taken into account. A summary of the costs is presented
in Table 8.12 and a graphical presentation can be seen in Fig.8.7.

Table 8.12: Summary of the results of transmission cable calculations. The costs are
presented as a present value for 20 years.

Transmission system Cost
9.3 kVDC , 4 cables at 713 mm2 Cable & losses 4 840 kkr/km
6.6 kVAC , 16 cables at 400 mm2 Cable & losses 13 787 kkr/km
66 kV, 1 cable at 500 mm2 Cable & losses 1 306 kkr/km

Transformer 6 291 kkr
132 kV, 500 mm2, 35 % variable cost 2 427 kkr/km

fixed cost 43 308 kkr
132 kV, 500 mm2, 3 % variable cost 557 kkr/km

fixed cost 20 598 kkr
132 kV, 630 mm2, 35 % variable cost 712 kkr/km

fixed cost 31 607 kkr
132 kV, 630 mm2, 3 % variable cost 712 kkr/km

fixed cost 8 897 kkr

Figure 8.7: Comparison between the system in Table 8.12.
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The optimal voltage of the transmission system is dependent on the distance to shore.
As can be seen in Fig.8.7, the 9.3 kVDC system is the preferred transmission voltage
for distances up to 1.8 km. The transmission cables in the case of Gwynt y Môr has
a length of 18 km. The optimal voltage at the distance of 18 km is at 66 kVAC which
is optimal already from 1.8 km. However, since the rental cost of using Gwynt y
Môr’s components is very uncertain other solutions are possible. If for instance the
rental cost is neglected the 132 kVAC will become the most favourable option from
distances of 13.5 km. Instead the 132 kVAC with a 3 % rental cost becomes the most
optimal transmission option at 19.3 km. The main reason for the high cost of sharing
with Gwynt y Môr comes from the limitation at 700 A. If the cost of 11 701 kkr for
lost revenue is neglected, then sharing transmission cable of 500 mm2 at 132 kVAC

would be preferable from 3.5 km. At the distance of 18 km the rental cost should not
exceed 7.4 %, assuming that the lost of revenue is neglected. As can be seen in Fig.8.7
it is profitable to over dimension the transmission cables to 630 mm2 when sharing
transmission cables with Gwynt y Môr in the 3 % case. This options becomes most
cost effective from 4.6 km. At 18 km the 630 mm2 option is the most cost effective
option for rental shares up to 14 %.

In the case when Gwynt y Môr uses 500 mm2 transmission cables there is a risk of
overloading the transmission line. According to calculations in Section 8.4.2 the risk
can be up to 5 % of the total time depending on which reference for the maximum
current of the transmission cable which is used. These calculations are made with the
assumption that there are no losses in the wind and tidal park.

The cost of lost revenue is highly dependent on the specific case. In this case Gwynt y
Môr is much larger than the tidal park (576 MW and 50 MW, respectively) and the 500
mm2 cables are rated at 640 MW. As can be seen, the marginal between the combined
park and the transmission cable is good, probably much due to the fact that Gwynt
y Môr is much larger than the tidal park. This is probably not the case when a tidal
park is connected to a smaller wind park. The size of both parks and the transmission
cable are important to study from case to case, since the lost revenue can cost a lot if
the transmission cable is too under dimensioned.

The calculations in this study has been performed with data based on the mean power
production per day. This is a very simplified case of the reality where the tidal park
reaches a high power production four times per day. The power production is exceeding
the cables maximum current limitation at many more occasions per day in reality
compared to the mean value used. This gives an error in the calculations, especially
when calculating the cost of lost revenue when the power production is limited to
ensure that the cables are not damaged. However, even if the overloading occasions
will increase, the time for each occasion will be rather short. Therefore, the calculated
loss of revenue is rather correct since it includes the cost during a whole day, but for
fewer days per year.
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9 Discussion and conclusion

This chapter is a summary of the report, including discussions and conclusions of the
most important parts. It is divided in three sections including subsea components,
collection grid and transmission to the shore. Future costs in this project, such as cost
from losses and cost of lost revenue, are calculated as a present value for a life time of
20 years.

9.1 Subsea Components

Subsea components are on its progress, with some components operating today and
more are under development. The technology with for example subsea transformers
have been used since 1998. There is no differences in the electrical parts between subsea
components compared to land based components. The main challenges are to design
a construction which can withstand the high pressure from the surrounding water and
to isolate the components from water.

Since the business is driven forward by the oil and gas industry, most of the com-
ponents is developed for deep seas (up to 3000 m) and for high voltages (up to 145
kV). When considering the water depth and voltage level of a tidal/wave park, the
subsea components should be able to operate at these conditions without problems.
Furthermore, these components could be even cheaper when adapted for the less harsh
environment in the tidal/wave systems compared to the oil business. However, even if
the technology is known, all the components required for these applications will need
to be specially designed for its purpose, which will increase the cost.

One of the most expensive and weakest points of a subsea power system are the con-
nectors. The less expensive connector is the drymate option, however it forces the
cable length to increase which increases the cost (both in terms of cable cost and loss
cost). For wetmate connectors the price is higher, but with this technology connecting
and disconnecting cables under water is possible. It is therefore important to keep the
number of connectors down in subsea systems in order to avoid high costs and get a
high reliability.

The maintenance of subsea components should be avoided as much as possible due to
the severe environment. Firstly, when building a subsea grid it is important to use
as few components as possible. Secondly, extra components are usually installed and
are used when a fault occur or maintenance is required for an other component. By
adapting these principles the need for maintenance can be kept low and with no urgent
maintenance required.
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9.2 Collection grid

This section is a summary of Section 5.7 and Section 7.7, for a deeper discussion please
read these sections instead.

The purpose of this project was to design two cost efficient collection grids for a tidal
and a wave park, respectively. The installed power for the two parks are 50 MW and
2.5 MW, for the tidal and the wave park, respectively. The main focus has been on
the cable dimensioning when concerning cost of cables and lost revenue from the power
loss. AC and DC collection grids at the voltages between 0.69-14 kV and with two
different infrastructures have been investigated.

There are some major conclusions that can be drawn from the project. Firstly, the star
connection is preferable over the radial pattern due to the low number of connectors
(which are both expensive and a weak point in the system). Secondly, since a con-
verter is needed, independently of the voltage type used, a DC system will always be
cheaper than an AC system as long as the generator can excite high enough voltage
for the collection grid. Thirdly, the low voltage of 690 V that is used for wind power
generators is too low for a tidal/wave generator. The reason for this is due to the
difficulties to transform the voltage close to the kit/buoy compared to a wind power
plant (where the voltage is transformed to medium voltage inside the wind tower).
The alternative for the tidal/wave case is to place a transformer in each kite/buoy or a
subsea transformer next to each kite/buoy. This solution will be costly and a more cost
efficient solution is to increase the generator voltage. Fourthly, there are no subsea DC
cables manufactured today at the low voltages considered. However, the technology
for high voltage subsea DC cables is well known and used. Therefore, lower voltage
subsea DC cables should not be of any challenge for the industry to produce. Fifthly,
there are no manufactures today of converters at 10 kV for 500 kW, which also will
be space demanding and the development of such converter can be costly. Therefore,
a collection grid at 10 kV was not an option in the end.

The final collection grid to prefer, for both the tidal and the wave case, is a DC grid in
star connection and with 9.3 kV and 1.4 kV, respectively. The tidal system consists of
cable dimensions between 30-713 mm2 with a total cable cost of 7 424 kkr and with a
cable loss of 0.16%. For the wave system, the cable dimensions are between 23-488 mm2

and with a cable cost of 249 kkr and with a cable loss of 0.05%. The large difference
in the cable cost of the two systems is mainly due to the difference in cable length and
the conductor material. This conclusion is based on the cost associated with the cables
while the cost for the rest of the system has not been included. The reason for this is
that most of the components need to be specially made for each case since standard
components are rare in this business. Furthermore, the cost for the DC cables have
been approximated with AC cables with the same conductor volume, due to that there
are no DC cables manufactures today at the low voltages concerned. Therefore, if the
DC cables will become much more expensive than the AC cables due to special order,
the AC system with star connection at 6.6 kV and 3.3 kV, tidal and wave, respectively,
is to prefer. The cable cost of those systems (including 100 generating units) reaches
17 718 kkr and 769 kkr, tidal and wave, respectively, and the cable loss of 0.4% and
0.17%, respectively.
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When comparing the tidal and wave case at 3.3 kVAC and 4.7 kVDC there is a main
difference in the result. In the tidal case the radial system is cheaper than the star
system while in the wave case the result is the opposite. The reason for this is probably
mostly due to the approximated cable cost and the large variation in the conductor
areas. However, as mentioned earlier, the star connection pattern is to prefer due to
the lower number of connection units.

9.3 Transmission to shore

The different options that have been compared are: transmission at collection grid
voltage, transmission with higher voltage using a transformer and sharing a transmis-
sion cable with a large wind power park. More detailed information and results are
found in Chapter 8.

The study of the collection grid voltage has been conducted for 9.3 kVDC and 6.6 kVAC .
The total cost of the DC and AC system, respectively, becomes 4 840 kkr/km and 13
787 kkr/km when the cable and loss cost are considered.

The voltages studied at transmission with high voltage are 45 kVAC , 66 kVAC and
132 kVAC . These calculations have been performed with the respect of cable cost,
loss cost and transformer cost. The most cost effective transmission option was 66
kVAC for distances over 1.6 km. The cost for this system resulted in 6 291 kkr for the
transformer and 1 306 kkr/km for the cable and losses.

The option of sharing four 500 mm2 transmission cables at 132 kVAC with the wind
power park Gwynt y Môr (with the installed power of 576 MW) has been conducted.
The rated power for the cable is 640 MW while the total wind/tidal park has a total
installed power of 626 MW. The result from the analysis was that the total power
output had to be limited six times during one year in order to not over load the cable.
To avoid this the maximum size of the tidal park should be 34 MW instead of 50 MW.
The costs for the tidal park is divided into direct costs and rental costs. The direct
costs in this case are the additional losses caused by the tidal park, transformers and
the cost of lost revenue when the maximum power exceeds. Since the tidal park uses
Gwynt y Môr’s transformer and transmission cable a rental fee based on the share
usage of the components is in order. This share can be calculated in various ways and
two ways are presented in this project, resulting in 35 % and 3 % share. The total cost
when sharing the transmission cable with Gwynt y Môr resulted in 43 308 kkr and 2
427 kkr/km for the 35 % share and 20 598 kkr and 557 kkr/km for the 3 % share.

A study of sharing four 630 mm2 transmission cables at 132 kVAC with Gwynt y Môr
has been conducted as well. Instead of paying a rental fee for using the cables the tidal
park pays for the extra cost for the larger cable. The larger cable reduces the losses to
such an extent that the cost will become lower compared to when only the wind park
used the transmission cables. Since the tidal park does not contribute to any additional
losses this cost is removed. In the case of using 630 mm2 cables, the tidal park still
have to pay a rental fee depending on the share for using Gwynt y Môr’s transformers.
The total cost will become 712 kkr/km for the cable and the transformers will cost
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from 2 129 kkr (3 %) to 31 607 kkr (35 %) depending on the rental share. Since the
630 mm2 transmission cables are over dimensioned it is possible to increase the tidal
park by a factor of four, but if the park is changed so dramatically the best collection
grid and transmission option may also differ.

In the case of positioning the tidal park 18 km from shore, which is the distance for
Gwynt y Môr, the most cost effective transmission option is to use an own cable at
66 kVAC . This is the best options between the distances of 1.8 km to 19.3 km. For
distances shorter than 1.8 km the 9.3 kVDC option is to prefer if the collection grid uses
this voltage. At distances longer than 19.3 km, sharing with Gwynt y Môr became the
most cost effective solution when the rental share is equal to 3 %. The study also shows
that if the transmission cables would consist of four 630 mm2 it would become the best
option for distances longer than 4.6 km. Even though the cable is more expensive, the
advantage of the lower cost of losses and the avoided need of limiting the power makes
this options the most cost effective one.
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10 Future work

This project has the boundary at the shore, before connecting the park to the grid.
Depending on which country and grid owner the park under study will be connected
to, different requirements from grid owners occurs. Usually there are requirements in
electrical quality which needs to be fulfilled before connecting the park to the grid.
For example a typical restriction could be that there should be no exchange of reactive
power between the grid and the park. An investigation of the requirements should be
checked at each specific case.

The mechanical impact on the kite or buoy was not investigated in this study. However,
the forces from the water streams and waves can be very large and its impact on the
equipment will definitely be required to be studied before the system can be utilised.
In the Deep Green case, the cable from the kite to the bottom will be exposed to
the strongest mechanical forces in the system and needs to be studied in detail. The
offshore systems are exposed to salt sea water and marine biological fouling which can
be a problem in the long run for the parks. The impact of the offshore parks on the
animal life and nature should be studied as well.

Since there are space limitations inside the kite, the sizes of the components required
are of interest. This study has not immerse these limitations in detail. One suggestion
to consider is to use a generator with a high supply frequency to keep the size down.
The generator frequency can be selected freely since a converter or rectifier is operating
next to it, but usually frequencies higher than 400 Hz are not used. One drawback of
increasing the generator frequency is that the generator impedance will increase as well.
The converter is another space demanding component and by using a DC collection
grid only the rectifying part of the converter is placed in the kite. The sizes of the
components would however require a more detailed study than this.

When investigating how a collection grid for an offshore tidal or wave power park can
be built, the solution of combining each kite/buoy with a wind turbine was discussed.
With this solution only the generator is required to be positioned inside the kite/buoy
(together with possible control equipment), while the converter and transformer can
be placed inside the wind tower. Further positive effects could be a better usage of the
cable, shared costs for almost all equipment, less need of subsea components and less
space of the sea is used. The solution of combining each kite/buoy with a wind turbine
would be interesting to investigate.

During the planning of a park, a study in more specific costs and dimensioning of
components need to be performed. This project has assumed worst case scenario and
excluded the discount rate. A discount rate, valid for the time of interest, should be
taken into account before constructing a collection grid. Since the components used
in the high voltage industry usually are specially made for each project, a quotation
should be made which will result in an accurate cost. A follow-up is necessary of the
subsea component industry, which is in constant development. Also the regular com-
ponents business is under constant development, and for example power electronics
for increasing the DC voltage (so called DC/DC-boost) could be used in the future
instead of regular transformers. With this new technology, the solutions for the col-
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lection grid will differ in the future. There are also costs related to the installation,
maintenance and operation that have not been taken into account in this study. Fur-
thermore, from an economical point of view, the revenue from the electricity as well as
potential subsides should be included in a budget.

The reliability of the park is also interesting to study more in detail. Depending on
the final grid connection, breaker positions and fault type the reliability of the park
will differ. Also an analysis of the kite/buoy operation reliability itself is interesting to
investigate.

In the case of transmitting the power to shore by sharing cables with a wind power
park the costs are very dependent on the situation. If the wind power park is already
built, an investigation of the cables maximum capacity and the rental cost have to be
made. In the case that the cable is under dimensioned, the park’s power production
can either be limited or a smaller park can be constructed. The choice between these
two options is dependent on the correlation between the peaks of the parks which needs
to be studied further. The rental cost of using the wind park’s components and cables
is of great interest and can vary a lot depending on the calculations. If the cost is high
it may be of interest to use an own transmission cable instead of sharing it with the
wind park.

Depending on which transmission option that is selected the circuit breaker requires
to be dimensioned for the system. The fault current will be calculated based on the
transformer’s impedance in the system. The converters in the collection grid will
probably be controlled to turn off when a fault occurs and will therefore not be included
for the fault current.
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Appendices

A Description of IEC 60287

This appendix will describe in detail how to calculate the cable temperature using
(A.1) from IEC 60287. There are many different cable options to select between in the
IEC 60287 in order to get a correct value. In this appendix, only the equations corre-
sponding to a single-core cable will be described. This since the three phase cable, used
throughout in this report, is of SL type and will therefore use the same equations as the
single-core cable according to IEC. The equation (A.1) and the parameter descriptions
are a citation from [51] which in its turn is a summary of IEC 60287.

∆θ = (I2R+
1

2
Wd)T1+[I2R(1+λ1)+Wd]nT2+[I2R(1+λ1+λ2)+Wd]n(T3+T4) (A.1)

where

I is the current flowing in one conductor [A]
∆θ is the conductor temperature rise above the ambient temperature [K]

NOTE The ambient temperature is the temperature of the surrounding medium

or are to be installed, including the effect of any local source of heat, but not the

increase of temperature in the immediate neighbourhood of the cables due to

heat arising therefrom.

R is the alternating current resistance per unit length of the conductor
at maximum operating temperature [Ω/m]

Wd is the dielectric loss per unit length for the insulation surrounding the
conductor [W/m]

T1 is the thermal resistance per unit length between one conductor and
the sheath [Km/W]

T2 is the thermal resistance per unit length of the bedding between
sheath and armour [Km/W]

T3 is the thermal resistance per unit length of the external serving of the
cable [Km/W]

T4 is the thermal resistance per unit length between the cable surface
and the surrounding medium [Km/W]

n is the number of load-carrying conductors in the cable (conductors of
equal size and carrying the same load)

λ1 is the ratio of losses in the metal sheath to total losses in all
conductors in that cable

λ2 is the ratio of losses in the armouring to total losses in all conductors
in that cable

The dielectric loss per unit length in each phase is given by:

Wd = ωCU0
2tanδ [W/m] (A.2)
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where

ω = 2πf
C is the capacitance per unit length [F/m]
U0 is the voltage to earth [V ].

The power loss in the sheath or screen (λ1) consists of losses caused by circulating
currents (λ

′
1) and eddy currents (λ

′′
1), thus:

λ1 = λ
′

1 + λ
′′

1 (A.3)

The formula given in this section express the loss in terms of the total power loss in
the conductor(s).

Rs = Rs0[1 + α20(θSC − 20)] [Ω/m] (A.4)

where

RS0 is the resistance of the cable sheath or screen at 20oC [Ω/m].
α20 is the constant mass temperature coefficient for copper at 20 oC per

Kelvin
θSC is the maximum operating temperature in oC

λ
′

1 =
Rs

R

1

1 +
(
Rs

X

)2 (A.5)

where

Rs is the resistance of sheath or screen per unit length of cable at its
maximum operating temperature [Ω/m]

X is the reactance per unit length of sheath or screen per unit length
of cable = 2ω10−7ln

(
2s
d

)
s is the distance between conductor axes in the electrical section

being considered [mm]
d is the mean diameter of the sheath [mm]
λ
′′
1 = 0. The eddy-current loss is ignored according to IEC 60287-1-1

section 2.3.1 [1].

To calculate the λ2 (the ratio of losses in the armouring to total losses in all
conductors) the equations is taken from [21] word by word.

2.4.2.3 Three-core cables steel wire armour

2.4.2.3.1 Round conductor cable

λ2 = 1, 23
RA

R

(
2c

dA

)2
1(

2,77RA106

ω

)2

+ 1
(A.6)
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where

RA is the a.c. resistance of armour at maximum armour temperature
[Ω/m]

dA is the mean diameter of armour [mm]
c is the distance between the axis of a conductor and the cable

centre [mm]

To calculate the different thermal resistances wished, the equations is taken
directly from [52].

2.1.1 Thermal resistance between one conductor and sheath T1

2.1.1.1 Single-core cables The thermal resistance between one conductor and the sheath
T1 is given by:

T1 =
ρT
2π
ln

[
1 +

2t1
dc

]
(A.7)

where

ρT is the thermal resistivity of insulation [Km/W]
dc is the diameter of conductor [mm]
t1 is the thickness of insulation between conductor and sheath [mm]

2.1.2.2 SL and SA type cables

The thermal resistance of fillers and bedding under the armour is given by:

T2 =
ρt
6π
G (A.8)

where G is the geometric factor given in figure 6, i.e. Fig. A.1.

2.1.3 Thermal resistance of outer covering (serving) T3

The external servings are generally in the form of concentric layers and the thermal
resistance T3 is given by:

T3 =
1

2π
ρT ln

(
1 +

2t3
D′a

)
(A.9)

where

t3 is the thickness of serving [mm]
D
′
a is the external diameter of the armour [mm]

2.2.2 Single isolated buried cable

T4 =
1

2π
ρT ln(u+

√
u2 − 1) (A.10)
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Figure A.1: Geometric factor to calculate T2.

where

ρT is the thermal resistivity of the soil [Km/W]
u = 2L

De

L is the distance from the surface of the ground to the cable axis [mm]
De is the external diameter of the cable [mm] for corrugated sheaths

De = Doc + 2 t3
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B An example of a Newton-Raphson power flow

analysis

This appendix is inspired by [53–56] to explain how a Newton-Raphson power flow
analysis is done. The first step in a power flow analysis is to set up an admittance
matrix over the system. To explain the procedure an example will be used. The
example is a downscaled system of the system analysed in this project. As can be seen
in Fig.B.1 the example consists of two generator buses, one load bus and one slack bus.
The slack bus represents the main grid which can be modelled as an infinite grid with
constant voltage.

1

2

3 4

PU-bus

PU-bus

PQ-bus U  -bus
In�nite

grid

Figure B.1: The system which is calculated in the example where bus one and two are
PU-buses, bus 3 is a PQ-bus and bus 4 is a U-bus.

Kirchhoff’s current law is used at all buses according to (B.1) to (B.4) with the systems
admittances expressed in per unit.

I1 = Y13(U1 − U3) = Y13 ∗ U1 + 0 ∗ U2 − Y13 ∗ U3 + 0 ∗ U4 (B.1)

I2 = Y23(U2 − U3) = 0 ∗ U1 + Y23 ∗ U2 − Y23 ∗ U3 + 0 ∗ U4 (B.2)

0 = Y13(U3 − U1) + Y23(U3 − U2) + Y34(U3 − U4) =

−Y13 ∗ U1 − Y23 ∗ U2 + (Y13 + Y23 + Y34) ∗ U3 − Y34 ∗ U4

(B.3)

0 = Y34(U4 − U3) = 0 ∗ U1 + 0 ∗ U2 − Y34 ∗ U3 + Y34 ∗ U4 (B.4)

The equations are written as a matrix in the form I = Y ∗U where Y is the admittance
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matrix as can be seen in (B.5).
I1

I2

0
0

 =


Y13 0 −Y13 0
0 U23 −Y23 0
−Y13 −Y23 Y13 + Y23 + Y34 −Y34

0 0 −Y34 Y34

 ∗

U1

U2

U3

U4

 (B.5)

The admittance matrix is used in ohms model to express the current in each bus as in
(B.6). Equation (B.6) can be rewritten into polar form as in (B.7).

Ii =
n∑
j=1

YijUj (B.6)

Ii =
n∑
j=1

|Yij||Uj|6 (Ψij + δj) (B.7)

The power flow in the system can be expressed according to (B.8) which can be rewrit-
ten into (B.9) and (B.10) using the expression for the current.

Pi − jQi = Ui ∗ I∗i (B.8)

Pi = |Ui|6 − δi ∗
n∑
j=1

|Uj||Yij|6 (Ψij + δj) =

n∑
j=1

|Ui||Uj||Yij|cos(Ψij − δi + δj)

(B.9)

Qi = |Ui|6 − δi ∗
n∑
j=1

|Uj||Yij|6 (Ψij + δj) =

n∑
j=1

|Ui||Uj||Yij|sin(Ψij − δi + δj)

(B.10)

Equation (B.9) and (B.10) are two non-linear functions which can be expressed in a
matrix form, using a Taylor’s series where all higher order terms are neglected, as in
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(B.11).



∆P1

∆P2

∆P3

∆P4

∆Q1

∆Q2

∆Q3

∆Q4


=



δP1

δΨ1

δP1

δΨ2

δP1

δΨ3

δP1

δΨ4

δP1

δ|U1|
δP1

δ|U2|
δP1

δ|U3|
δP1

δ|U4|
δP2

δΨ1

δP2

δΨ2

δP2

δΨ3

δP2

δΨ4

δP2

δ|U1|
δP2

δ|U2|
δP2

δ|U3|
δP2

δ|U4|
δP3

δΨ1

δP3

δΨ2

δP3

δΨ3

δP3

δΨ4

δP3

δ|U1|
δP3

δ|U2|
δP3

δ|U3|
δP3

δ|U4|
δP4

δΨ1

δP4

δΨ2

δP4

δΨ3

δP4

δΨ4

δP4

δ|U1|
δP4

δ|U2|
δP4

δ|U3|
δP4

δ|U4|
δQ1

δΨ1

δQ1

δΨ2

δQ1

δΨ3

δQ1

δΨ4

δQ1

δ|U1|
δQ1

δ|U2|
δQ1

δ|U3|
δQ1

δ|U4|
δQ2

δΨ1

δQ2

δΨ2

δQ2

δΨ3

δQ2

δΨ4

δQ2

δ|U1|
δQ2

δ|U2|
δQ2

δ|U3|
δQ2

δ|U4|
δQ3

δΨ1

δQ3

δΨ2

δQ3

δΨ3

δQ3

δΨ4

δQ3

δ|U1|
δQ3

δ|U2|
δQ3

δ|U3|
δQ3

δ|U4|
δQ4

δΨ1

δQ4

δΨ2

δQ4

δΨ3

δQ4

δΨ4

δQ4

δ|U1|
δQ4

δ|U2|
δQ4

δ|U3|
δQ4

δ|U4|


∗



∆Ψ1

∆Ψ2

∆Ψ3

∆Ψ4

∆|U1|
∆|U2|
∆|U3|
∆|U4|


(B.11)

A few simplifications of (B.11) can be made using the slack bus and the generator buses.
Since the voltage magnitude, ∆|U4|, and the angle ,∆Ψ4, at the slack bus are known,
the columns containing these variables can be removed. Also all the rows containing
the power, ∆P4 and ∆Q4, can be removed since these can be calculated later when all
the voltage magnitudes and angles are known using (B.9) and (B.10). The columns
containing the voltage magnitude of the generator buses, ∆|U1| and ∆|U2|, can be
removed since they are also known as well as the rows containing the reactive power of
the generator buses, ∆Q1 and ∆Q2 which can be calculated later. The simplification
of (B.11) is presented in (B.12).

∆P1

∆P2

∆P3

∆Q3

 =


δP1

δΨ1

δP1

δΨ2

δP1

δΨ3

δP1

δ|U3|
δP2

δΨ1

δP2

δΨ2

δP2

δΨ3

δP2

δ|U3|
δP3

δΨ1

δP3

δΨ2

δP3

δΨ3

δP3

δ|U3|
δQ3

δΨ1

δQ3

δΨ2

δQ3

δΨ3

δQ3

δ|U3|

 ∗


∆Ψ1

∆Ψ2

∆Ψ3

∆|U3|

 (B.12)

[Power missmatches] = [Jacobian matrix] ∗ [Errors in |U | and Ψ]

The power mismatch matrix in (B.12) represents the difference between the given and
the calculated power at the buses. The Jacobian matrix contains the derivatives of
the power flow equations (B.9) and (B.10). The last matrix contains the errors of the
voltage magnitudes and angles.

The next step is to calculate the unknowns in the matrix which are ∆Ψ1, ∆Ψ2,∆Ψ3,
∆|U3|. These variables need a first estimation to be able to perform the calculations
and the estimates are usually put to the same value as the slack bus. In Table B.1 all
the known and estimated variables are presented for this example.
The first element in all the matrices in (B.12) will be derived to show the process of
the calculations. The power mismatch is calculated in (B.13) using (B.9) and (B.10).

91



Table B.1: Known and estimated parameters

Bus 1 Bus 2 Bus 3 Bus 4
Known: P1 P2 P3 Ψ4

∆|U1| ∆|U2| Q3 ∆|U4|
Estimated: Ψ1 = 0 Ψ2 = 0 Ψ4 = 0 -

- - |U3| = 1 -

∆P1 = P1(given) − P 0
1(calculated)

= P1(given) −
4∑
j=1

|U1||Uj||Y1j|cos(Ψ1j − δ1 + δj)

= P1(given) − |U1|2|Y11|cos(Ψ11 − δ1 + δ1)

−|U1||U2||Y12|cos(Ψ12 − δ1 + δ2)

−|U1||U3||Y13|cos(Ψ13 − δ1 + δ3)

−|U1||U4||Y14|cos(Ψ14 − δ1 + δ4)

(B.13)

The Jacobian matrix is calculated by derivation of (B.9) and (B.10) and first element
is derived in (B.14).

δP1

δΨ1

(
P 0

1,calculated

)
+|U1||U2||Y12|cos(Ψ12 − δ1 + δ2)

+|U1||U3||Y13|cos(Ψ13 − δ1 + δ3)

+|U1||U4||Y14|cos(Ψ14 − δ1 + δ4)

)
= |U1||U2||Y12|sin(Ψ12 − δ1 + δ2)

+|U1||U3||Y13|sin(Ψ13 − δ1 + δ3)

+|U1||U4||Y14|sin(Ψ14 − δ1 + δ4)

(B.14)

With the power mismatch and Jacobian matrix a first estimated error of the voltage
magnitude and angle can be calculated using (B.15).


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∆Ψ2

∆Ψ3

∆|U3|
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δΨ3

δP1

δ|U3|
δP2

δΨ1

δP2

δΨ2

δP2

δΨ3

δP2

δ|U3|
δP3

δΨ1

δP3

δΨ2

δP3

δΨ3

δP3

δ|U3|
δQ3

δΨ1

δQ3

δΨ2

δQ3

δΨ3

δQ3

δ|U3|


−1

∗


∆P1

∆P2

∆P3

∆Q3

 (B.15)
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A new estimate of the voltage magnitudes and angles, ∆Ψ1, ∆Ψ2,∆Ψ3, ∆|U3|, are
calculated using (B.16).


Ψ1

1

Ψ1
2

Ψ1
3

|U3|1

 =


Ψ0

1

Ψ0
2

Ψ0
3

|U3|0

 ∗


∆Ψ0
1

∆Ψ0
2

∆Ψ0
3

∆|U3|0

 (B.16)

The next step is to calculate new power mismatch and a Jacobian matrix using the
new estimates, Ψ1

1, Ψ1
2, Ψ1

3,|U3|1, in (B.13) and (B.14). The iterations are repeated
until a satisfied level of error in the estimates are reached. Finally the variables which
were neglected from (B.11) can be calculated with (B.9) and (B.10).
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C Enlargement of the 25 Deep Green star circuit
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Figure C.1: Circuit of 25 Deep Green generating units in the selected star connection.
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D Cable data sheets

 

Figure D.1: Electrical and physical data for a 10 kV submarine cable from Nexans [57].
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Figure D.2: Power curve for Siemens SWT-3.6-107 used in Gwynt y Môr [59]
.

 

 

 

Figure D.3: Isolation thickness for different voltages from Caledonian [58].
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Figure D.4: Electrical and physical data for a 3 kV submarine cable from Caledonian
[58].
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Figure D.5: Electrical and physical data for a 6.6 kV submarine cable from Caledonian
[58].
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Cross-
section
of con-
ductor

Diameter
of con-
ductor

Insulation
thickness

Diameter
over 

insulation

Lead sheath 
thickness

Outer 
diameter 
of cable

Cable 
weight 

(Aluminium)

Cable 
weight 

(Copper)

Capaci-
tance

Charging 
current 

per phase
at 50 Hz

Inductance

mm2 mm mm mm mm mm kg/m kg/m µF/km A/km mH/km

TECHNICAL DATA FOR XLPE SUBMARINE CABLE SYSTEMS

Table 44

Three-core cables, nominal voltage 45 kV (Um = 52 kV)

95 11.2 8.0 29.6 1.3 109.0 19.1 20.8 0.18 1.5 0.43

120 12.6 8.0 31.0 1.3 112.0 20.0 22.3 0.19 1.6 0.42

150 14.2 8.0 32.6 1.4 116.0 21.6 24.4 0.21 1.6 0.40

185 15.8 8.0 34.2 1.4 119.0 22.7 26.2 0.22 1.8 0.39

240 18.1 8.0 36.5 1.5 124.0 25.0 29.5 0.24 2.0 0.37

300 20.4 8.0 38.8 1.6 130.0 27.3 32.9 0.26 2.2 0.36

400 23.2 8.0 41.6 1.7 136.0 30.4 37.9 0.29 2.3 0.35

500 26.2 8.0 45.0 1.8 144.0 33.8 43.2 0.32 2.6 0.33

630 29.8 8.0 48.6 1.9 152.0 37.8 49.7 0.35 2.9 0.32

800 33.7 8.0 52.5 2.1 162.0 43.5 58.6 0.38 3.1 0.31

1000 37.9 8.0 57.3 2.2 173.0 49.3 68.1 0.42 3.5 0.30

Table 45

Three-core cables, nominal voltage 66 kV (Um = 72.5 kV)

95 11.2 9.0 31.6 1.3 113.0 19.8 21.6 0.17 2.0 0.44

120 12.6 9.0 33.0 1.4 116.0 21.6 23.8 0.18 2.1 0.43

150 14.2 9.0 34.6 1.4 120.0 22.9 25.7 0.19 2.3 0.41

185 15.8 9.0 36.2 1.4 124.0 24.5 28.0 0.20 2.4 0.40

240 18.1 9.0 38.5 1.6 129.0 26.8 31.3 0.22 2.6 0.38

300 20.4 9.0 40.8 1.6 134.0 28.7 34.3 0.24 2.8 0.37

400 23.2 9.0 43.6 1.7 141.0 31.7 39.2 0.26 3.1 0.35

500 26.2 9.0 47.0 1.9 149.0 36.0 45.4 0.29 3.5 0.34

630 29.8 9.0 50.6 2.0 157.0 40.1 52.0 0.32 3.7 0.33

800 33.7 9.0 54.5 2.1 167.0 45.1 60.1 0.35 4.1 0.32

1000 37.9 9.0 59.3 2.3 178.0 51.8 70.7 0.38 4.6 0.31

Table 46

Three-core cables, nominal voltage 110 kV (Um = 123 kV)

185 15.8 16.0 50.2 2.0 156.0 37.4 40.9 0.14 2.8 0.46

240 18.1 15.0 50.5 2.0 157.0 38.0 42.5 0.15 3.0 0.43

300 20.4 14.0 50.8 2.0 157.0 38.5 44.1 0.17 3.5 0.41

400 23.2 13.0 51.6 2.0 159.0 39.7 47.2 0.20 3.9 0.38

500 26.2 13.0 55.0 2.1 167.0 43.6 53.0 0.22 4.3 0.37

630 29.8 13.0 58.6 2.3 176.0 48.8 60.7 0.24 4.7 0.36

800 33.7 13.0 62.5 2.4 185.0 54.4 69.5 0.26 5.2 0.34

1000 37.9 13.0 67.3 2.6 197.0 61.6 80.5 0.28 5.6 0.33

Three-core cables with lead sheath

Figure D.6: High voltage cable from ABB used for calculations for transmission cables [60]
.
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Figure D.7: Specifications for the 1 kV cable from Ericsson [61]. Observe that the
cable used is the three conductor cable.

 

Figure D.8: Inductance and capacitance for Ericsson cable 1 kV [62]
.
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E Calculation of cable temperature using IEC

60287

This appendix will go through all the calculations and assumptions that have been
made to be able to calculate the cable temperature by using (A.1) from IEC 60287.
The cable type that have been studied is a 10 kV cable from Nexans with conductor
area between 35-240 mm2. Detailed cable information is found in appendix D in
Fig.D.1. The following calculations is done for the cable of size 240 mm2, with
all needed data taken from Fig.D.1, the same approach have been used for all the
different cable sizes.

The dielectric loss per unit length in each phase is given by:

Wd = ωCU0
2tanδ = 2π50 · 0.47 · 10−9 ·

(
10000√

3

)2

· 2 · 10−4 = 9.84 · 10−4 [W/m]

(E.1)
where

ω = 2πf
C is the capacitance per unit length [F/m]
U0 is the voltage to earth [V ].

The total power loss in the conductor is given by

Rs = Rs0[1+α20(θSC−20)] = 0.73·10−3[1+3.93·10−3(90−20)] = 9.31·10−4 [Ω/m]
(E.2)

where

RS0 is the resistance of the cable sheath or screen at 20 oC [Ω/m].
α20 is the constant mass temperature coefficient for copper at 20 oC per

Kelvin
θSC is the maximum operating temperature in oC

The constant mass temperature for copper is taken from [63].

The power loss in the sheath (λ1) consists of losses caused by circulating currents
(λ
′
1) and eddy currents (λ

′′
1), where the eddy currents are neglected according to
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IEC 60287.

λ1 = λ
′

1+λ
′′

1 = λ
′

1 =
Rs

R

1

1 +
(
Rs

X

)2 =
9.31 · 10−4

0.1 · 10−3

1

1 +

(
9.31·10−4

2π50·10−7ln( 2·18.6
35−2.5)

)2 = 0.0051

(E.3)
where

Rs is the resistance of sheath or screen per unit length of cable at its
maximum operating temperature [Ω/m]

X is the reactance per unit length of sheath or screen per unit length
of cable = 2ω10−7ln

(
2s
d

)
s is the distance between conductor axes in the electrical section

being considered [mm]
d is the mean diameter of the sheath [mm]

The distance between the conductor axis, s, have been assumed to be equal to
the core sheath diameter, which seems reasonable according to the cable sketch
in Fig.D.1. The mean diameter of the sheath, d, is calculated by the core sheath
diameter minus the thickness of the sheath.

The armour is assumed to be made of steel with a resistivity at 300 K at 16·10−8

Ωm and rise at a maximum temperature of 300 K. The total armouring resistance
is calculated by

RA =
ρsteel
Aarmour

=
16 · 10−8(

99−8
2

)2
π −

(
99−8−5·2

2

)2
π

= 1.18 · 10−10 [Ω/m] (E.4)

where

Aarmour is the area of the armour [mm2]

The armour area is calculated by subtracting two areas around the armour; the first
area has the diameter of the cable diameter subtracted with twice the thickness
of the serving and the second area is in addition subtracting twice the armour
thickness.

The ratio of losses in the armouring to the total losses in all conductors, λ2, is
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calculated by

(E.5)

λ2 = 1.23
RA

R

(
2c

dA

)2
1(

2,77RA106

ω

)2

+ 1

= 1.23
1.18 · 10−10

0.1 · 10−3

(
2 · 20

5

)2
1(

2.77·1.18·10−10·106

2π50

)2
+ 1

= 9.32 · 10−5

where

RA is the a.c. resistance of armour at maximum armour temperature
[Ω/m]

dA is the mean diameter of armour [mm]
c is the distance between the axis of a conductor and the cable

centre [mm]

The distance between the axis of a conductor and the cable centre, c, is assumed
to be some millimetres bigger than half of the sheath’s diameter, as can be seen
in Fig.D.1.

The thermal resistance between one conductor and the sheath T1 is given by

T1 =
ρT i
2π

ln

[
1 +

2t1
dc

]
=

3.5

2π
ln

[
1 +

2 · 3.4
18.6

]
= 0.2142 [Km/W ] (E.6)

where

ρT i is the thermal resistivity of insulation [Km/W]
dc is the diameter of conductor [mm]
t1 is the thickness of insulation between conductor and sheath [mm]

The cable insulation consists of XLPE which have a thermal resistivity of 3.5
Km/W.
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The thermal resistance of fillers and bedding under the armour is given by

T2 =
ρTf
6π

G =
6

6π
· 0.44 = 0.1401 [Km/W ] (E.7)

where

ρTf is the thermal resistivity of fillers and bedding [Km/W]
G is the geometric factor given in Fig. A.1.

The thermal resistivity of fillers and bedding is taken from [52], where a table
is showing common thermal resistances for different filling materials; the highest
thermal resistance have been chosen as a worst case. The geometric factor is
set to 0.44, by following the upper curve (sheaths touching) in Fig.A.1, and by
calculating the ratio between the distance from the sheath to the armour (2 mm)
and the outer diameter of the sheath (35 mm).

The thermal resistance of external servings, T3, is given by

T3 =
1

2π
ρTeln

(
1 +

2t3
D′a

)
=

1

2π
6

(
1 +

2 · 4
99− 8

)
= 0.0805 [Km/W ] (E.8)

where

ρTe is the thermal resistivity of external serving [Km/W]
t3 is the thickness of serving [mm]
D
′
a is the external diameter of the armour [mm]

The thermal resistivity of serving is taken from [52], where a table is showing
common thermal resistances for different serving materials; the highest thermal
resistance have been chosen as a worst case. The external diameter of the ar-
mour, D

′
a, is calculated by subtracting twice the serving thickness from the cable

diameter.
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The thermal resistance of external surrounding, T4, is given by

(E.9)
T4 =

1

2π
ρTsln(u+

√
u2 − 1)

=
1

2π
1 · ln

2 · 1000

99
+

√(
2 · 1000

99

)2

− 1


= 0.5886 [Km/W ]

where

ρTs is the thermal resistivity of soil [Km/W]
u = 2L

De

L is the distance from the surface of the ground to the cable axis [mm]
De is the external diameter of the cable [mm]

A summary of all used parameters is shown in Table E.1.

Table E.1: Summary of all parameters used for the temperature calculation.

Cable, 240 mm2 Unit
Wd 9.84·10−4 [W/m]
λ1 0.0051
λ2 9.32·10−5

T1 0.2142 [Km/W]
T2 0.1401 [Km/W]
T3 0.0805 [Km/W]
T4 0.5886 [Km/W]
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