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Abstract

The aim of this study is to present, compare and improve the optiopewar
transmission for tidal current arrays. The potential to gemdoat or zero carbon
power from the world’s tides is increasing as technology movesafdrwTlhe
technically available tidal current energy resource, the resdbat can be captured
using existing technology, in the United Kingdom can supply afgignt amount of
the UK electricity demand. Even though tidal current devices hamgasties to
offshore wind turbines in many aspects, a number of characsfferentiate the
approach needed regarding power transmission and drive-train designofSibese
characteristics are: predictable direction and speed ofdlectirrent, predetermined
available area in a tidal channel, less swept area due highsitydef water,

continuous underwater operation and smaller distances to shore.

This thesis is based on the hypothesis that tidal current energy can bedthuseass

today’s technology in an efficient manner. Technology progressizr s&ops and as
new materials and methods become available the cost of uttidaigurrent energy
will drop in the years to come. However, the research questiohdkdb be asked is
whether using today’s technology tidal arrays can be an altezrsaturce of electrical

power.

In order to respond to this research question electromecharadalsrof tidal current
devices have been developed in detail, from resource to the grid tonnesing

mathematical linear and non-linear programming in MATLAB/Simul The tidal

models developed include the tidal resource, the tidal turbine withqutdrol, geared
induction and synchronous generators, the power electronics with tesate

controller, the grid side controller, the cables for power trarssomsthe filters and
the grid connection. All the modelling aspects of this study asepted in Chapter
3. Single tidal current devices were compared using differentaengéechnologies,
squirrel cage induction generator or permanent magnet synchroaeoesawr, and
different location of the power converters, in the nacelle neagaherator or many
kilometres apart from the generator. Regarding the generatondlegy, results
showed that even though differences are minor, the permanenttnsggolBronous

generators are more efficient. Regarding the location obpdleer converters results



showed that positioning the power converters in the nacelle always yields fewer
electrical losses but component accessibility is minimised due to the underwater
operation of the tidal current device.

A key focus aspect of the study is the power transmission option with onshore
converters which is presented in detail. Using this concept it is possible to generate
electricity from tidal current devices but at the same time keep the highest possible
system reliability despite the continuous underwater operation. This concept has been
used in the first demonstration tidal current arrays developed by Andritz Hydro
Hammerfest. What is more, data provided by Andritz Hydro Hammerfest were utilised
in order to validate the simulation models. In this study a step forward is taken
regarding the concept of keeping the converter dry and controlling the tidal current
generator from afar. An algorithm is developed to design power harmonic filters for
systems that use long distance controls. Power harmonic filters allow the long distance
control system to operate reliably under all conditions but generate significant
electrical losses. The power harmonic filter design algorithm presented in this thesis
estimates the exact filter parameters so that the filter ensures maximum system
reliability and generate minimum possible losses. In addition tidal array topologies

using this concept are developed.

The final part of this thesis compares a number of different tidal array topologies based
on resource to grid efficiency and component accessibility for maintenance. Results
showed that when tidal current devices are clustered per four turbines on offshore
platforms it is efficient to use as many clusters as possible connected to a single cable
whose both ends are connected to the grid. Locating the power converters in the nacelle
yields fewer electrical losses compared to locating the power converters on the
offshore platform. However, the difference is minimised because the distance between
the tidal current device and the offshore platform is the least possible. Having the
power converters on an offshore platform is beneficial in terms of accessibility for
maintenance and operation because they are not underwater. The results and the
methodology from this thesis can be extended to other offshore renewable energy
systems such as the wind and wave. In addition, this study can be used as a stepping
stone for decision making by tidal current developers.



Lay summary

The aim of this study is to present, compare and improve the options of power
transmission for tidal current arrays. Tidal current devices convert the incoming tidal
current to useful electricity. This process takes place underwater, usually on the sea
bed where the tidal current device is mounted. Transmitting the useful electricity from
the underwater tidal current device to the electrical network can produce a significant
amount of losses. This thesis is based on the hypothesis that tidal current energy can
be harnessed using today’s technology in an efficient manner. Technology progression
never stops and as new materials and methods become available the cost of utilising
tidal current energy will drop in the years to come. However, the research question
that has to be asked is whether using today’s technology tidal arrays can be an
alternative source of electrical power. The potential to generate low or zero carbon
power from the world’s tides is increasing as technology moves forward. The tidal
current resource that can be converted to electricity with today’s technology in the

United Kingdom can supply a significant amount of the UK electricity demand.

With the aim of responding to this research question a number of ways of transmitting
the useful electricity to the electrical network are presented. The ways of transmitting
electricity are compared in this study based on the generation of the least possible
electrical losses and the highest possible accessibility of components for maintenance.
Conclusions are drawn regarding the preferred generator technology, location of
components that control the generator and tidal array architecture for power
transmission. Detailed research is undertaken in tidal current systems where the
converter and the generator are many kilometres apart. The operation of the generator
is controlled by the power converter through long cables. This enables us to install the
converter on land or on an offshore platform and therefore keep it easily accessible for
maintenance. A method is developed to design power harmonic filters for these
systems to ensure maximum system reliability and minimum possible losses. In order
to perform the above mentioned study, computer models that represent tidal current
devices were developed using the software MATLAB/Simulink. These tidal current
device models were based on a reference model which was validated by actual data

provided by Andritz Hydro Hammerfest.
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Introduction

Chapter 1

Introduction

1.1 Motivation

The potential to generate carbon free energy from the world’s tides is becoming more
and more evident as tidal energy developers move from single demonstration devices
to tidal arrays. However, tidal energy developers have not yet decided on a preferred
design for a tidal system and that is the reason a significant number of different designs
are tested. In the tidal energy sector tidal current technologies are the ones that have
made enormous progress towards commercialisation. The technically available tidal
current energy resource in the United Kingdom can supply up to 11.3% of the UK
electricity demand based on 2016 statistics [1], [2]. The technically available tidal
current resource is defined as the resource that can be captured using the existing
technology. In order to optimise the power output from a tidal current conversion
system (TCCS), the operation, transmission, maintenance and power generation

aspects have to be considered.

All the above mentioned aspects are universal for all the different designs which are
being tested at present by tidal energy developers. Power generation is a crucial part
of a TCCS and the electrical generator has to be chosen and designed for the specific
application. In addition, the TCCS requires continuous underwater operation if they
are to become cost competitive. This means that the downtime of components must be
reduced to a minimum and also that components must be made available for repairs

despite the harsh offshore environment that the TCCS operates. Finally, power must
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reach the end user with the least losses in order to increase the profitability of the

systems and ensure their economic sustainability.

This thesis progresses the knowledge of efficient and reliable power transmission from
tidal arrays taking into account the electrical efficiency from the generator to grid
connection and also the mechanical aspects of a TCCS such as the turbine and also
reliability of components in an onshore and offshore environment. Even though all the
models of electrical architectures developed are based on the horizontal-axis tidal
current turbines the knowledge described in this thesis can be applied to any tidal

system that requires electrical power transmission.

1.2 The tidal current conversion systems

In this section a brief introduction to tidal energy and how this form of energy can be
exploited is given. The TCCS converts kinetic energy from the flow of water due to
tidal currents into electrical energy suitable for grid connection. At this point it should
be noted that the focus of this work relates to tidal current energy conversion which
differs from converting energy from a tidal barrage. Tidal current technologies are
installed into a tidal channel and there is no need to build a wall to obstruct the free
flow of the tidal current which is the case in tidal barrage technologies. Most of the
TCCSs have a lot of similarities to wind turbines, especially the offshore wind
turbines. However a number of characteristics differentiate the approach regarding
resource and power transmission. Some of these characteristics are the predictable
direction and speed of the tidal current, the pre-determined available area in the tidal

channel, smaller distances to shore and continuous underwater operation [3].

1.2.1 The tidal current resource

Tidal currents are created by the changing gravitational pull of the Moon and the Sun
on the Earth’s oceans. Depending on the location on Earth, tides are characterised as
Diurnal, occur every 24 hours and 50 minutes, semidiurnal, occur every 12 hours and
25 minutes, and mixed tides. In addition, the total gravitational pull can be strong or
weak depending on the alignment of the Earth, Moon and Sun. A strong gravitational
pull occurs when gravitational forces from the Sun and Moon are added; the opposite

is true when the gravitational forces from the Moon and the Sun work at different
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directions. Hence, spring and neap tides are created respectively. Figure 1.1 describes

the effect of gravitational pull on the Earth’s oceans.

Lunar tide

(a) Spring tide

First-quarter
moon

Lunar tide

Third-quarter
moon

(b) Neap tide

Copyright © 2004 Pearson Prentice Hall, Inc.

Figure 1.1 The formation of tides [4].

The UK predominantly experiences two high and two low tides every day which is a

semidiurnal type of tide.

For a TCCS to generate accountable amounts of power a significant tidal current
resource is required. For UK waters, thAdas of UK Marine Renewable Energy
Resourcesvas published [5] which includes tidal current speeds for neap and spring
tides as well as mean tidal speeds arounds the UK. In Figure 1.2 an example of the

tidal data that can be accessed is presented.
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Figure 1.2 Peak tidal currents speeds for a spring tide [5].Reproduced from
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As it can be seen in Figure 1.2 significant tidal current speeds appear in channels
between islands, between islands and the mainland and in narrow inlets and straits. In
addition, tidal current speeds are site dependant and therefore a detailed resource
analysis is required before the planning and positioning of a TCCS array. Another
observation that can be made is that all the tidal energy resource is close to shore, either
close to an island or close to UK mainland. This unique feature of the tidal resource
can change the approach of power transmission from the turbines to the grid compared

to other renewables such as the wind energy.

In 2005 and 2011 reports were published by Black & Veatch Ltd. [2], [6] regarding

the tidal energy resource. In their conclusions they estimated the technically available
tidal current resource in the UK waters at 18TWh/y which was re-estimated in 2011 to
29TWhly for the base scenario. In addition, the cost of energy for tidal current energy
developers was estimated in the base scenario at around 19.7p/kWh. If practical
constraints are also included in the technically available tidal current resource the
energy from the TCCS is reduced to 20.6TWh/y and 21p/kWh for the base scenario.

Tidal current energy developers utilise the above mentioned tidal current resource data
in order to identify suitable locations in which to develop and test their TCCS and

optimise their performance.

1.2.2 Tidal current energy developers’ status

The idea of utilising the free flow of the moving water has been exploited throughout
history by using water and tidal mills to convert the kinetic energy of the tidal current
to useful mechanical energy. Today’s challenge is to use the same process in order to
generate electricity suitable for grid connection. There are a lot of different designs of
tidal current devices. The European Marine Energy Centre (EMEC) classifies the tidal

current devices as [7]:

+ Horizontal-axis turbineswhere the tidal current forces the rotor to rotate

around the horizontal axis in order to generate power (Figure 1.3a).

* Vertical-axis turbinesvhere the tidal current forces the turbine to rotate around

a vertical axis in order to generate power (Figure 1.3b)
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» Oscillating hydrofoilwhere a hydrofoil is attached to an oscillating arm. The
tidal current forces the hydrofoil to oscillate in order to generate power (Figure
1.3c).

* Venturi effect devices where a duct is used to concentrate the tidal current

through a turbine that generates electricity. (Figure 1.3d)

* Archimedes screwdevices where the corkscrew-shaped device generates
power as the tidal current moves through the turning turbines (Figure 1.3e)

» Tidal kite devices where the device flies into the tidal current in a figure in

order to increase the water flowing into the turbine which is installed under the
kite (Figure 1.3f).

e

Figure 1.3 (a) Horizontal-axis turbine. (b) Vertical-axis turbine. (c) Oscillating hydrofoil. (d)

Venturi device. (e) Archimedes screw. (f) Tidal kite [8].

In addition, EMEC hastried to gatherand categoriseall the availableconceptghat

utilise tidal currents in order to produce electricity [7]. This list numbers 120 different
concepts from 19 different countries around the world. This massive list of developers
around the world shows the increasing importance of tidal current emeagfture
energy mix. From the 120 different tidal current devices 47 of them are horizontal-axis
turbines,15 vertical-axisturbines,3 of themuseoscillating hydrofoils, 4 utilise the
venture effect2 usethe Archimedescrew concep® devicesisethetidal kiteconcept
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and 47 devices have an unspecified concept. It is evident that most of the developers
prefer the horizontal-axis turbines due to the similarity of the concept with the wind

turbines which extract energy from the moving air instead of the moving water.

A frontrunner tidal current energy developer in design and installation of tidal current
turbines iISANDRITZ HYDRO HammerfegHH). AHH was the first developer in the
world to successfully generate electricity from tidal currents and connect their TCCS
to the grid. At the moment AHH is involved in two projects around Scotland.

e The first project AHH is involved is a demonstration array of ten 1MW
HS1000 devices (Figure 1.4a) at the Sound of Islay.

* The second project AHH is involved is the Phase 1 of the MeyGen progkct a
will provide three 1.5MW HS1000 Mk1 devices (Figure 1.4b) to create a
array at the Inner Sound of the Pentland Firth. The long-term plan for the
MeyGen project is to install 269 tidal current turbines in order to achieve
installed capacity of 398MW.

7/
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Figure 1.4 (a) 1MW HS1000. (b) 1.5MW HS1000 MK1 [9].

Moreover, the total generated energy of AHH tidal current turbines at EMEC have

exceeded 3GWh. The HS1000 only, has generated over 1GWh to the grid in a 6 month
period. The HS1000 concept is based on a modular seabed design for the mooring
system in order to reduce installation time and enable fast and efficient maintenance.
The nacelle is attached to the mooring system underwater and can be easily lifted for
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maintenance. The tidal turbine is based on the standard three-bladed horizontal-axis
rotor with pitching blades and yawing capabilities. The generator used is a
conventional squirrel cage induction generator (SCIG) with a gearbox. In order to
achieve maximum efficiency fully rated back-to-back converters are installed that
enable the SCIG to operate at variable speed. The system can start to generate power
from 1m/s tidal current speeds and can be installed to water depths up to 100m. Finally,
a distinct advantage of AHH is that the system is completely submerged and therefore
there is no obstruction to shipping and no negative visual effect from the presence of

the turbines.

Another tidal current turbine developer who is involved in the MeyGen project is
Atlantis Resources Limited (ARL) [10]. The tidal turbine which is planned to be
installed at the Inner Sound of the Pentland Firth is called AR1500 and is a 1.5MW
horizontal-axis three-bladed turbine with pitching and yawing capabilities (Figure

1.5a). ARL also develops ducted (venturi) systems (Figure 1.5b) as well as turbines

that can utilise the flow of rivers to generate electricity (Figure 1.5¢).

Figure 1.5 (a) Artist impression of the AR1500. (b) Venturi device AS series of ARL. (c)

Aquafoils™ turbine AN series for rivers[10].

The tidal current energy developer that boasts to have the biggest tidal turbine is
Scotrenewables Tidal Powgrl]. Their device is called SR2000 and it will be tested

at EMEC for a period of 4 years in order to demonstrate the reliability and easy

maintenance concept of the system. The SR2000 has two 1MW horizontal-axis tidal
current turbines that operate at variable speed but with fixed pitch blades. The power
take-off system is attached to a transportation vessel which is 6m long (Figure 1.6a).
In addition, for power generation mode the SR2000 requires a single point mooring

system (Figure 1.6b).
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Figure 1.6 (a) Artist impression of the SR2000 at transportation/survivability mode. (b) Artist
impression of the SR2000 during power generation modé1].

General Electriq GE) have a tidal stream solution called Oceade (formerly owned by
Alstom Ocean Energy) [12]. The GE tidal current turbine is based on a horizontal-axis
three-bladed tidal turbine with pitch and yaw mechanisms. The 1MW concept has
already been tested at EMEC and has exported more than 1.2GWh to the grid. Apart
from the unique mooring system of Oceade (Figure 1.7a) the developer is designing a
subsea hub for connection and transmission of energy from tidal arrays (Figure 1.7b).
The development of such a hub will enable lower installation and maintenance costs
as well as easier connection of the future tidal arrays to the grid. In the beginning of
2017 it was reported that GE suspended the development of Oceade tidal turbine [13].

Figure 1.7 (a) GE 1MW tidal stream turbine. (b) Artist impression of the GE tidal array electrical
hub [12].

The spinout company of the year 2015 at the New Energy & Cleantech awards was a
tidal current developer from the University of Strathclyde calladtricity. Nautricity

has developed a second generation tidal current device, called CoRMaT, based on
horizontal-axis contra-rotating turbine, two rotors rotating in opposite directions
(Figure 1.8a) [14]. The first 500kW CoRMaT tidal current turbine will be evaluated at
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EMEC in 2016 while at the same time the company has already taken full consent to

build its first demonstration array at Mull of Kintyre.

A notable tidal current developer that aims at a completely different mooring system
is Sustainable Marine EnergsME). SME has developed a buoyant platform called
PLAT-O that is moored using an anchor (Figure 1.8b). The main selling point of this
platform is the fact that PLAT-O can change the operating water depth so that the tidal

turbines are placed at the optimum area, the area where maximum power can be

extracted from the tidal currents [15]. SME is currently planning to install a 200kW
PLAT-O at EMEC for testing and grid connection.

Figure 1.8 (a) 500kW CoRMaT device [14]. (b) SME PLAT-O device [15].

As it was stated at the beginning of this section the list of tidal current developers is
extensive and is increasing every year. The tidal developers mentioned above have
proceeded to commercialisation and array planning or have demonstrated notable
innovations for future tidal current turbines. What all the above mentioned developers
need, with either fully submerged devices or floating ones, is a way to transmit the
tidal energy produced to the grid with the least possible losses and the highest possible
reliability. The electrical architecture of a TCCS becomes even more complex when
commercial arrays are developed and economics play a major role in the system

design.

1.2.3 Electrical architecture options for tidal current conversion
systems

An overview of the electrical architecture options for TCCS is given in [16]-[18]. As

specified in [16] an electrical architecture can be separated into three distinct systems:
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Collection: This part of the TCCS includes the cables that collect the power
from the generator to the hub or the shore depending on the electrical
architecture. The collection process also includes the rectifier (generator side

power converter).

Aggregation: This part of the TCCS is where the power from a number of
devices is gathered. To achieve this the devices have to be electrically
connected using same voltage and fixed frequency in AC systems or @somm
DC link.

Transmission: At this part of the TCCS the voltage from all or part of the

devices that form the tidal array is stepped up for grid connection.

The general topology of an electrical architecture can be categorized to three different

options:

Direct connection to shor®r each individual device. In this option, each tidal

current device is connected to the grid using separate cables (Figure 1.9).

Radial architectureRadial networks have been preferred in the wind energy
industry due to the redundancy options they offer and cost minimisation of
cable installations. In this architecture a number of devices can be connected
to a single cable which is connected to shore or an offshore hub. Redundancy
can be achieved if both ends of the single cable terminate at the shore or the

offshore hub creating a ring network (Figure 1.10)

Str cluster architectureln this architecture a number of tidal current devices
are connected to an offshore hub with separate cables. The offshore hub
collects and aggregates power from the tidal current devices. In additio

voltage is stepped-up for transmission and grid connection (Figure 1.11).

11



Introduction

LI oo [ ]] L L

c@@ Tidal turbine c@@ c@@ :QQ
GB Array of tidal GB GB Array of tidal | GB]
.... turbines ... .... turbines ...
G G
My Nacelle
. AC AC
Collection Sub-sea cables Ac Ac
I 1
Onshore it Transformer iy DC DC
Power JWIML wm f‘c AC
Converter [m o
; 1| Low-passLCRiiter z g’ g’
Station T T T | v (L v
I I
AC ) - AC :
4 Active rectifier e Collectlon
i I
Aggregation DC | DC Sub-sea cables
nverter
AC AC
] I Aggregation
T T
1 1
Transmission Tugty’| Step-up Transformer | Step-up Transformer  Transmission
g, i,
Higher AC voltage'for grid connection Higher AC voltagelfor grid connection

Figure 1.9 Direct connection to shore for each individual device. Two cases are presented
depending on the location of power electronics: Tidal array with onshore power electronics (left).

Tidal array with power electronics in the nacelle (right).
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Figure 1.10 Radial architecture. Single cable radial architecture (left). Ring radial architecture

with two cables to shore for grid connection (right).
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Figure 1.11 Star cluster architecture. Power electronics are placed on the offshore hub (left).

Power electronics are in the nacelle (right).

Apart from the general electrical architecture a TCCS can be categorised based on the
location of the power converters. A TCCS must have fully rated back-to-back (BTB)
power converters in order to be able to connect to the grid. Only exemption is when a
doubly-fed induction generator is used in which case power electronics are rated at
25%. The power converters can be placed in three different locations in the system.
Depending on the location of the power converters the part of the system that operates

at fixed frequency and variable frequency changes:

* On land. Placing the power converter on land improves accessibility for
maintenance and therefore a TCCS with power converters on land will have
reduced operation & maintenance (O&M) costs. However this is only possible
in the direct connection to shore architecture and, as it will become evident

later on, only for short distances to shore.

* On an offshore hub. At the moment offshore hubs can be placed on surface
piercing platforms. However, as technology progresses offshore hubs will be

available as floating devices and submerged devices with buoyant capabilities.
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* Inthe nacelleBased on the experience from the wind energy industry, power
converters are mostly installed in the nacelle. However, the underwater
operation of the tidal current devices makes the use of underwater power

converters difficult to maintai

The final categorisation of a TCCS is based on the generator technology. Not all the
generator types can be used in all the cases. Depending on the architecture and the
location of the power converters certain types of generators such as the doubly-fed
induction generator (DFIG), may be restricted. A list of generator options is given

below:
e Squirrel cage induction generator (SCIG).
* Doubly-fed induction generators (DFIG).
e Synchronous generators (SG)
* Permanent magnet synchronous generators (PMSG).

Based on all the above mentioned categorisations a diagram can be created with all the
possible electrical architectures including the general topology, the location of the
power converters and the type of generator that can be used. A TCCS can either have
AC collection points or DC collection points. However, DC collection points in the
tidal energy industry are not currently being used therefore only AC options will be
considered in this thesis. In addition, the suggestions of the three major electrical
companies will be discussed in detail in Chapter 4 where the majority of the options
are in AC. The diagram with all the possible electrical architectures is shown in Figure
1.12.
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Figure 1.12 Block diagram of all the possible AC options of an electrical architecture for tidal

arrays.

Using direct connection to shore the power electronics can only be placed in the nacelle
or on land. Placing the power electronics on land requires long cables operating in
variable frequency making the use of a DFIG impossible. In this thesis the electrical
topology of direct connection to shore with power electronics in the nacelle or on land
will be presented with SCIG and PMSG.

The radial architecture is usually implemented in a ring topology. Each turbine has
fully rated BTB power converters and a step-up transformer in the nacelle or enclosed
in a separate subsea structure next to the turbine. A high voltage cable, 33kV in AC or
+7.5kV in DC, connects a number of turbines based on the rated power. Both ends of
the cable end onshore or on a surface piercing platform if the shore is further away. In
this thesis the radial architecture is implemented for a system of up to 16 tidal turbines
with a 33kV cable.

In the star cluster architecture power electronics can be placed either in the nacelle or

on the offshore hub that collects the power. Placing the power electronics in the
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offshore hub makes them more accessible, easier to operate and maintain. The DFIG
generator is not a possibility when power electronics are on the offshore hub. In
addition, the star cluster architecture can be implemented with a ring topology by
connecting all the offshore hubs of the array in a single cable similar to the radial
topology. In this thesis, star clusters of tidal current turbines will be implemented and

compared with the other two electrical topologies.

1.3 Problem definition and research questions

At the moment tidal current developers face the barrier of reduced TCCS efficiency
and at the same time increased installation and maintenance costs due to the offshore
nature of the tidal energy. There is no supply chain for the components of the TCCS
to reduce the levelised cost of tidal current energy and the components required by the
renewable energy industry are with high specifications and high cost [19]. The
challenge the tidal energy industry faces is to manage to decrease the cost and risk for
investors by using existing technology, currently used in other related industries such

as onshore and offshore wind as well as the offshore oil and gas industry.

Therefore, the main problem that has to be addressed is whether existing technologies
and electrical architecture options can provide alternatives for TCCS to become more
efficient and more accessible for maintenance. In addition, as stated in [20] control
systems for tidal systems have to be improved, power take-off systems have to be re-
evaluated, preferred options in power transmission have to be re-considered and

accessibility to offshore tidal energy systems for maintenance has to be increased.

1.4 Aims and objectives

The interest in tidal current technology is increasing and tidal current energy
developers are planning to proceed to commercialisation phase. Numerous tidal
turbines are planned to be installed in the next 20 years and the cost of the TCCS is
the main barrier. Increasing the efficiency and maintainability of a TCCS can reduce

the risk of investment and the levelised cost of energy for developers.

In this chapter it became evident that based on the location of the tidal currents and the

requirements of the industry, new approaches in power transmission can be found.
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These approaches can use already existing technology to increase the efficiency of the
TCCS based on the specific requirements of each location. Technological advances in
new components and materials will enable further improvements in power

transmission and increased efficiency of the TCCS.

The main aim of this thesis is to explore and evaluate the alternative ways of
connecting a tidal current turbine to the grid. The purpose of exploring and evaluating
the electrical architecture options is to reduce losses to a minimum but at the same
time keep the system components as accessible as possible for maintenance. In order
to achieve the above mentioned aim a number of transmission topologies are modelled
in detail using MATLAB/Simulink. MATLAB/Simulink is chosen due to the
flexibility it provides to work on both time and frequency domain as well as
parameterise the models which allows an analytical way to improve model
performance. The models are optimised to have minimum losses to grid and finally

they are compared based on their overall efficiency.

1.5 Thesis outline

The following chapter of this thesis presents the literature review regarding power
transmission from tidal arrays, power conversion in a TCCS, tidal turbine variations

and their effect on power conversion. Tidal resource modelling is also explored.

In Chapter 3, the modelling of a single TCCS is presented in detail. All the models are
based on MATLAB/SIMULINK and the different model variations used in this thesis
are presented. This includes modelling of SCIG and PMSG together with their
controllers. At the final part of this chapter the model of the TCCS developed is
validated using data provided by AHH.

Chapter 4, presents the option to transmit power from a TCCS using long distance
controls. All the aspects of transmitting power with long distance controls are
explored, system is analysed in the time and frequency domain, challenges risen with
this specific design are discussed and solutions for the problems associated are
presented. A novel algorithm to design filters required for this particular electrical
topology is presented.
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Chapter 5, presents an analytical comparison between SCIG and PMSG for single
TCCS with long distance controls and converters in the nacelle. Options are compared
based on power losses from the generator to the grid and the accessibility of the
components for maintenance. Based on the results from this chapter the conclusions

are drawn regarding favourable electrical topologies for single TCCS.

Chapter 6, expands from the results of Chapter 5 to apply the favourable electrical
topologies to tidal current arrays. The radial and star cluster electrical topologies are

explored in addition to the hybrid solution of radial cluster electrical topology.

Finally, in Chapter 7 conclusions are drawn, contributions to knowledge are made

specific and suggestions for future research are given.
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Chapter 2

State of the art on electrical

Infrastructure for tidal systems

As described in Chapter 1 the electrical architecture of a TCCS is affected by a number
of parameters including distance to shore, resource availability, type of generator used
together with the associated controllers and location of power electronics. The
literature regarding electrical infrastructure in TCCS is limited especially if it is
compared to research in onshore and offshore wind. However, all the above aspects
and many more are addressed by universities and research institutes from all around
the world and in addition, from the three major electrical companies ABB, General
Electric and Siemens. In the sections to follow, a brief introduction to the research that
affects the electrical architecture in TCCS is presented. Special reference is given to
research that looks into power conversion, power transmission alternatives, long
distance controls (LDC) and the industrial reports published by the three major

electrical companies.

2.1 Resource assessment and power potential

The first step when designing a TCCS is to perform a resource assessment and estimate
the power potential from the specific resource. In [Btjden et al. uses published

tidal speed data and applies the flux approach in order to model and estimate the power
potential from a tidal channel irentland Firth. Authors conclude that it is not only

the power potential that has to be considered but also other factors such as

environmental, economic, dependant on the geography of the channel and the seabed.
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They also state that extracting tidal energy from mid water layers, and not the seabed
as most developers are planning to do, will still affect the morphology of the sea bed

and the environmental impact has to be taken into account during the design process.

A different modelling approach was used in [22] to estimate the mechanical energy
flux in a tidal channel in Washington state, USA. Authors based the mo8¢&hoiord
University’'s SUNTANS code [23] that creates a three-dimensional (3D) flow of the
waters, predicts height variation, and creates 3D currents, temperature and salinity.
This model managed to estimate with relative accuracy most sections Rdigee

Sound channel; however its sensitivity to boundary conditions and most importantly
to bathymetry data led to inaccurate data being generated for one section of the
channel. Authors plan to develop the model further using higher accuracy bathymetry
data. Three-dimensional modelling was also usedewis et al. [24] to estimate the
Kinetic energy potential in the Irish waters. Authors used the software ED&t5
(regional ocean modelling system) and separated their study based on the generation
of tidal devices. Estimating which resource can be used from each generation of tidal
current device, they derived a map with the resource of the Irish Sea that can be
exploited from each generation of tidal current device. A similar resource assessment
but with different focus was performed in [25] usiDglft3D-FLOW/[26] in the 2D
depth-integrated mode. The resource assessment was carried out Ria tbe
Ortigueira which is composed of four lobes with complex morphology. Using the
model the authors firstly determined the areas of the channel where it is best to install
a tidal array. The focus of the research was to determine the rated power and swept
area of the devices in order to extract as much power as possible without at the same
time over-estimating the devices and the costs. This was done by calculating the

capacity factor of the devices at each step of the research.

Many more research studies have been carried out that estimate the power potential of
the tidal current resource. In this section, these four studies have been analysed in order
to show the extent of the resource assessment, the approaches that can be taken in order
to calculate the kinetic flux energy of the tidal currents and that the research is carried

out at an international level.
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2.2 Tidal array planning

Optimised array planning can significantly increase power pramtuictia tidal current
array. Tidal array planning research is growing and three notablenredsrare given
in this section. In [27] authors create a blade element momentoamputational fluid
dynamics model to evaluate single, double and triple tidal curredtinéur
arrangements. They concluded that, even with spacing of 40 dianet¢ns
longitudinal axis between two devices, the downstream turbine wil &aignificant
decrease in power production. On the other hand, spacing the first navioés with
three diameters or greater lateral spacing the downstrebind is not affected at all.
In addition, the authors managed to run a 14-turbine simulation and compared tw
different array arrangements. The first arrangement wiisstandard spacing of 3
diameters lateral and 10 diameters longitudinal spacing anctbad arrangement
was optimised based on their observations. The research concludeti@Paincrease
in array power output can be achieved with optimised planning. In asicoihtext
authors in [28] used the velocity deficit superposition to estiroatebined wake
width and velocity reduction in a tidal array. Their study includedlkarrays with a
maximum of three rows and showed that 90% of array efficieanoybe achieved
using an optimisation method for tidal array planning. Finally, auth¢2®] are using
an open source software called DIVAST (Depth Integrated Vedscdand Solute
Transport) to simulate the impact of a tidal current amathé coastal environment.
The environmental study concluded that a tidal array does not pasadattiteat to
the local community but showed that sediment levels and aquatis lifereased at

the sides of the array and significantly decreased within the array.

The optimised location of the tidal current devices is important antes before
assessing the ideal electrical architecture for power rrigsgon. The economic
considerations of the power transmission options described in Séc@can be

altered depending on the estimated array efficiency.

2.3 Power conversion in atidal current system

Tidal current resource assessment, estimating power potentigalratray planning
are important aspects in the development of a tidal array pagj¢ioey try to optimise
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the array based on the maximum kinetic energy of the tidal currents. However, power
conversion is the part of the system where the kinetic energy is converted to electrical
energy useful to the consumers. In the following sections the research regarding power
conversion is discussed and evaluated. The aspects that affect power conversion are
the controller, the type of the generator and the problems associated with underwater
operation. Apart from these aspects of the research literature some comparative studies
regarding tidal current turbines are presented and the idea of using energy storage in

tidal systems is also introduced.

2.3.1 Control of tidal current turbines

Electrical generators used in TCCS are listed in Section 1.2.3 and are of the same type
as those used in wind energy industry. Different types of generators are controlled
using different types of controllers. The controllers’ aim is to make the generator
extract as much as possible energy from the tidal currents by achieving higher power
coefficient. An overview of marine energy systems, including tidal current systems,
has been given in [30]. The focus of the research is on monitoring by collecting data
during operation and on the control of the system in order to achieve maximum power
extraction from the marine resource. Even though the research is not specifically
focused on TCCSs, the outputs of the research can be applied to such systems. Figure
2.1 and Figure 2.2 show the block diagrams of a monitoring and control structure in a

marine energy system [30].
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Figure 2.2 Generic control structure in a marine energy systerf80].

An important part of the control system in a tidal current turbine is the power limitation
mechanism that operates when the power output is higher than the rated power of the
turbine. A comparison between pitch and stall regulated tidal current turbines is
performed in [31]. The research carried out in [31] was based on horizontal-axis

turbines during variable speed operation. The pitch regulated turbines have variable
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pitch blades that can feather if the speed of the turbine is above rated speed. On the
other hand, stall regulated turbines have fixed pitch blades and use the inherent blade
design to limit the speed of the turbine at rated levels. Even though in the research both
types of speed regulation have satisfactory results when assessed based on their aim,
the stall regulated turbines generate a lot higher loads on the blades and require more
complicated control system design. Similar research [32] focused on the passive pitch
control of a 2-bladed tidal current turbine and the potential benefits in increasing power
generation and improving load and structural performance. The researchers compared
turbine loads, structural and lifetime performance for three cases: pitch to stall, pitch
to feather and a reference blade design. They concluded that the reference blade design
has reduced loadings, which can be beneficial to blade lifetime, but reduced power
generation as well. In [33] the blades of a horizontal-axis tidal current turbine are
designed to achieve feathering by over-speeding, optimise efficiency and take into
account phenomena such as the cavitation. In addition, authors in [33] describe the
potential disadvantages in using the over-speeding method in tidal current turbines:

» Operating at high rotational speeds increases the voltage generated by the

machine.
» Cauvitation effect has to be considered.
» Depending on the design, operating at increased rotational speed can increase
thrust forces on the turbine

* Increased centrifugal forces that can cause blade failure.

Based on the literature reviewed it can be concluded that stall regulated turbines in
TCCS have a number of disadvantages compared to pitch regulated turbines. These
include unstable dynamics, increased out-of-plane bending moments, increased thrust
forces and reduced energy yield assuming both systems have 100% availability. In this
thesis, pitching to feather technique was implemented for a horizontal-axis three-blade
tidal turbine. This is due to the advantages pitching to feather regulation has compared
to stall regulation but as well as due to the fact that the TCCS modelled in this thesis

is based on the AHH device described in Section 1.2.2.

The majority of research papers regarding control design in tidal current turbines deal

with the use of novel control strategies in generators used in tidal current systems. In
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[34] the researchers use a vector type controller to control a 3-level neutral point
clamped (3L-NPC) converter in order to increase the efficiency of the TCCS (Figure
2.3). In their proposed study the generator used is an SCIG and the focus of the
research is to increase the efficiency of the system at fast changing tidal current speeds.
As stated by the research, even though the controller manages to increase system
efficiency in fast changing tidal current speeds, use of the controller is limited due to
the torque loads imposed on the turbine and the high currents drawn.
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Figure 2.3 Schematic diagram of the grid connected SCIG with the novel control strategy

presented in[34].

Other research that uses SCIG in tidal current turbines is presented in [35], [36].
Researchers in [35] use long sub-sea cables between the SCIG and the voltage-source
converter (VSC) in order to transmit power to the grid. This type of power transmission

is a direct connection to shore as discussed in Section 1.2.3 in Figure 1.9. In order to
achieve this they use a direct torque controller (DTC) with space vector modulation
(SVM) and design filters specifically for this application. In addition, the researchers
suggest an expansion of this application to a star cluster architecture. The control of
generators through long cables is a vast subject and will be discussed in detail in
Section 2.8.

Control of DFIG is discussed in papers [37], [38]. Researchers in [37] model a resource
to grid tidal current turbine and compare the results with data measured from Raz de
Sein, Brittany, France. A lot of detail is given to the correct modelling of the tidal

current resource by adding turbulence and the swell effect to the averaged tidal current
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speed. In addition, they study a vector type of controller for DFIG which is directly
connected to the grid (Figure 2.4). However, in the study no discussion is made as to
how power can be transmitted from the DFIG to the shore. In [38] the same system as
depicted in Figure 2.4 is used but the controller proposedT$@der higher order
sliding mode (HOSM) controller. Researchers conclude that the HOSM controller can
be used for speed tracking and power regulation and that if the resource is unknown
then these type of controllers can be good candidates to replace classical vector
controllers. However, HOSM controllers appear to have high frequency oscillations

around the sliding mode creating a possible problem for the operation of the generator.
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Figure 2.4 Schematic diagram of the grid connected DFIG as presented[Bi/].

The same controller designed in [38] is also used in [39] to control a PMSG. The
PMSG is first modelled in MATLAB/Simulink and then validated with experimental
results. The aim of the researchers is to create a tool that experimentally validates tidal
current systems with data from Raz de Sein. The block diagram of the PMSG is shown

in Figure 2.5.
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Figure 2.5 Schematic diagram of the PMSG tidal current systerf89].

Other variations in controlling a PMSG are presented in [40] using passive rectifiers
and in [41] using a fixed pitch blade tidal current turbine. Researchers in [42] perform
dynamic stability analysis to a grid connected tidal current turbine with PMSG. In [40]
authors suggest that more than one PMSG can be connected on the same shaft and use
passive rectifiers to connect to the DC link. The extraction of maximum power from
the tidal currents is achieved by knowing the exact tidal currents experienced by the
system and designing the generators accordingly. This system is proposed to have
similar efficiency as a conventional one but less complicated system with lower power
converter losses. However, the main disadvantage of this design is the previous
knowledge of the resource that is required which is not always possible to acquire and
may not be accurate. In [41] authors are trying to regulate the power of a non-pitchable
tidal current turbine. In order to achieve power regulation they use a flux-weakening

control strategy which is presented in Figure 2.6.
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Figure 2.6 Flux-weakening control strategy for PMSG as proposed i@#1].

The flux weakening control strategy can be controlled in two different modes. The first
mode is to limit the power output to a constant value by over-speeding and reducing
the power coefficient. By doing so authors concluded that power is limited effectively
and the power losses are low. On the other hand, the second mode of the flux-
weakening control strategy is to produce above rated power. This will cause additional
copper losses and can possibly reduce the lifetime of the generator. Researchers in [43]
use a frequency domain analysis framework of control systems, named individual
channel analysis and design (ICAD), on a tidal current turbine with PMSG. ICAD
investigates the limitations for control design of multivariable systems. ICAD
produces multivariable structure functions (MSFs) which give an evaluation of the
internal coupling and the dynamic structure of the tidal current system. Using the
MSFs and the MATLAB 2x2 ICAD toolbox [44] the decoupling loops of the
conventional vector controller can be replaced by a diagonal controller. The ICAD
produced diagonal controller is simpler, has similar response to the conventional
vector controller and is not affected by uncertainties of the PMSG parameters. The

ICAD technique can also be implemented to control SCIG [45].
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2.3.2 Permanent magnet synchronous generators in tidal current

systems
Research literature regarding the design of PMSG in tidal current systems is quite
extensive compared to other types of generators. Novel generator designs have been
proposed for tidal current turbines by a number of researchers. A generator design for
tidal current turbines, which also led to start-up compdaytricity, is analysed in
[41]. This design refers to two sets of contra-rotating blades which are driven by a
PMSG directly (Figure 2.7a). A scaled prototype was tested in the Sound of Islay
(Figure 2.7b) and a full-scale turbine was tested at EMEC in order to proceed to
commercialisation phase. Authors in [46] also consider all the different options they
can connect the contra-rotating turbine, the types of generators and converter
topologies, but they concluded that the use of a PMSG with active PWM vector control

is the most efficient and reliable option.

Axial Flux Generator

To Tether

Contra-rotating BITes Front Buoyancy

a

Figure 2.7 (a) CAD design of contra-rotating axial-flux PMSG. (b) Contra-rotating generator
prototype [46].

Another non-conventional design of PMSG for tidal current applications is the one
described in [47]. The commercial application of this design is utilised by OpenHydro
[48] and is based on turbines that are open at the centre and the conversion is achieved
by PMSG that is mounted on the rim and is directly driven by the turbine. In Figure
2.8a the OpenHydro turbine is presented and in Figure 2.8b the PMSG design is
depicted. Authors in [47] develop a 3D Finite element model (FEM) in order to assess

and validate the concept.
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Figure 2.8 (a) OpenHydro tidal current turbine. (b) PMSG arrangement on OpenHydro tidal

current turbine [47].

All the above mentioned designs use the horizontal-axis turbine to convert the kinetic
energy of the tidal currents to electricity. Vertical-axis PMSG for tidal current devices
are examined in [49], [50]. In [49], a PMSG is designed, modelled and validated for a
fixed pitch vertical-axis turbine with variable speed operation. Simulated and
experimental results present good correlation but the tidal speeds under which the
device was tested are up to 2.5m/s which limit the application of the device. The
modelling, the dynamics and overall system operation of a vertical-axis tidal current
turbine with a PMSG are examined in [50]. A permanent magnet brushless generator
is used in this system with a passive three-phasg r@sbifier to convert voltage to

DC and a resistor bank to represent the load on the DC link. The electrical
configuration of the system designed in [50] is shown in Figure 2.9a and the overall
implementation of the system is given in Figure 2.9b. The overall application included
the mechanical conversion from the vertical-axis turbine through the gearbox to the
generator and the electrical part which includes the generator, the passive rectifier and
DC link with the dump load. The authors concluded that three areas of the system
require further attention. These include the torque ripples during operation which
generate current oscillations at the load, the start-up process which requires significant
tidal current speed due to the gearbox and the uncontrollable PMSG and the overall

efficiency of the system which is below 20%.

A novel modular air-cored PMSG design for renewable energy applications is the C-
GEN generator as described in [51] developed at the University of Edinburgh. Authors
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model the structure, the electromagnetics and thermal response of the generator and
validate their design using a 15kW prototype (Figure 2.10a). The floating device of
Scotrenewables Tidal Powex used as an example of how the C-GEN generator can
be used in a direct drive (DD) application. The advantages of using a directly driven
C-GEN generator is the reduced mass compared to conventional DD PMSG, the fault
tolerant capabilities of the generator due to the modular design and the high
efficiencies due to the elimination of the gearbox. A similar approach is taken in order
to integrate the C-GEN generator in tBeaGertidal current turbine (currently an
Atlantis Company) [52]. Analytical structural, thermal and electromagnetic results are
presented and a specific design of a 600kwW DD C-GEN generator is proposed, Figure
2.10b, with 8 parallel axial-flux machines as seen in Figure 2.10c.

Rectifier Filter Power stage(s)
(Uncontrolled) (Capacitor) and Load

‘_.Carriagergpefegj e - Bus current (dc)
Mechanical con er'on s Signal conditioning and|
— || \'| | = T o |
—— Electrical conversion Data Acquisition Unit
Signal flow Generator Bus voltage (dc)
N . dc Bus i\
RAY i'fI' RH /§"
/——Vertical Chain-sprocket Permanent Capacitor Switchable
axis turbine  gearing magnet generator Diode rectifier bank  resistors

b

Figure 2.9 (a) Electrical configuration of the vertical-axis system. (b) Data acquisition and overall

system presented if50].
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C

Figure 2.10 (a) 15kW C-GEN prototype[51]. (b) DD axial-flux C-GEN generator proposed for
SeaGen52]. (c) Cross-section of the 8 parallel axial-flux C-GEN generatol2].

The modularity of the C-GEN generator allows the separate control of each parallel
machine. A fault to one of the windings would not require all of the parallel machines
to be shut down but only the faulted one. A study has been carried out in [53] to identify
and isolate faults in a C-GEN generator. In this study, authors modelled the C-GEN
generator and used separate passive rectifiers for each parallel machine so that they
can be controller separately. Common short circuit and open-circuit faults were
modelled and identification processes were explored to detect these faults. The ability
of the C-GEN generator to operate after a fault was simulated, detected and isolated
was also depicted in [53]. This ability is defined as fault tolerance and fault tolerant
control (FTC) can be a very useful application in tidal current systems, where the
generator is difficult to access, so that the operation of the system does not stop but
operate at reduced power output until maintenance. Fault tolerant generators in tidal
current systems have been explored by other researchers as well in [54], [55]. In [54]
authors compare conventional 3-phase PMSG with a 5-phase PMSG with fault-
tolerant capabilities. Variable speed models with both types of generators are
developed with fault detection using an adaptive reference fault current. The 5-phase
PMSG demonstrated smooth torque output during a fault compared to the torque
ripples in the 3-phase PMSG. In addition, copper losses were lower and efficiency
higher in the fault tolerant 5-phase PMSG. A similar approach was taken in [55] where
authors change the control strategy to maximum torque per ampere (MTPA) for a 5-
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phase PMSG. They demonstrate that the MTPA strategy can be used during healthy
and faulted operation with modifications.

The underwater operation of the TCCS requires increased reliability and efficiency of
the generator. In this section, a number of different designs of PMSG were presented
that can be used in tidal current systems. PMSG can achieve higher efficiencies in a
wider range of speeds compared to SCIG which are preferred by the industry. In
addition, the non-conventional designs of PMSG can utilise the kinetic energy of tidal
currents with higher efficiency and FTC can increase the reliability of the inaccessible

generator.

2.3.3 Mechanical considerations

The continuous underwater operation of the tidal turbine creates additional strain on
the turbine-generator system. The tidal turbine is exposed to higher torque and thrust
loads compared to wind turbines in addition to the harsh marine environment, with
corrosion and aquatic life interacting with the turbines. Prevention or early detection
of mechanical failures is of crucial importance in a tidal current system. In [56] authors
use large datasets from the operation of HS1000 (AHH) in order to detect anomalies
which may indicate a possible fault in the system. They used envelope and curve-
fitting techniques to map the normal operation patterns between generator speed and
output power. Generator vibrations and rotor speeds were also trended using Kernel
density estimation whereas Gaussian mixture modelling was not so effective. The
above mentioned techniques can be used with real time data in order to detect patterns

that indicate deterioration of the components in a tidal current turbine.

Other researchers have focused on the bearing wear in tidal current devices that use
SCIG [57] and on the issues associated with the submerged generator windings for

tidal current applications [58].

2.3.4 Generator comparative studies

Comparing the types of generators in tidal current applications is performed in two
separate studies under different conditions [59], [60]. In [59] authors compare all the
types of generators that can be used in a tidal current system and summarise the
advantages and disadvantages of each generator technology. The summary of their

results can be seen in Table 2.1. The authors concluded that the DD PMSG is the most
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advantageous design due to the low maintenance and higher efficiency over a wider
range of speeds. Due to these capabilities of the PMSG, the energy generated from a
system with DD PMSG is higher compared to the other designs which also leads to
higher revenues. However, DD PMSG are still not a proven technology compared to
the SCIG and the cost to install such generators is higher. In addition, authors explored
the possibility of using DFIG generators due to their popularity with wind energy
systems and the lower capital cost of the overall system because of the lower rated
power converters (usually 25% of the full rating). However, the disadvantages of
DFIG, which are mainly the high maintenance requirements, makes the use of such a
generator in an inaccessible underwater system a less attractive option. The discussion
of the authors and the results presented in [59] are comprehensive but there is no
reference in the research paper about the effect of the generator type in the power

transmission system of the TCCS.

Table 2.1 Advantages and disadvantages for different generator types. Table adapted fr¢®9].

Type of
Advantages Disadvantages
Generator
M Full speed range Fully rated BTB power converters
SCIG M No brushes Gearbox required
M Control of reactive and active power
M Proven technology
M Full speed range Fully rated BTB power converters
sSG M Control of reactive and active powerxl Additional converter for field
M Eliminate gearbox (DD concept Large and heavy generator (DD
only) concept only)
M Full speed range Fully rated BTB power converters
M Control of reactive and active power®l Large and heavy generator (DD
M Eliminate gearbox (DD concept concept only)
PMSG only) Permanent magnets needed
M Brushless (low maintenance)
M No power converter for field
compared to SG
M Limited speed range +30% around Requires slip rings (high
DEIG synchronous speed maintenance)
M Control of reactive and active powerxl Gearbox required
M Reduced rating for power converters

In [60] researchers compare SCIG and PMSG in a TCCS with direct connection to
shore using onshore power converters. Authors create a dynamic model of a TCCS in

MATLAB/Simulink and set three criteria to compare the two designs. First, they look
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at cost and maintenance of each system, then they study the generator efficiency at
different operating speeds and finally transmission power losses are compared in order
to work out the total system efficiency and total energy generation for each design.
Regarding the cost and maintenance the PMSG generator used in this study is using
the same gearbox as the SCIG, as seen in Figure 2.11a, and therefore the cost of the
PMSG is not significantly higher than the SCIG. In terms of generator efficiency, both
designs seem to have high efficiencies near the rated power. However, the PMSG
achieved higher efficiencies compared to the SCIG when the TCCS was operating at
below rated power. Regarding power transmission losses the TCCS with the PMSG
had 0.35% less losses compared to the TCCS with the SCIG. Due to the lower losses,
the PMSG system can export an additional 116MWh per year to the grid compared to
the SCIG system. The results of energy exported between the two cases can be seen in
Figure 2.11b.
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Figure 2.11 (a) Electrical topology of the TCCS designed. (b) Energy exported to grid for the
SCIG and the PMSG[60].

2.3.5 Energy storage in tidal current systems

Energy storage in offshore renewables is still at its infancy but there is already research
interest in this subject. Authors in [61] study the dynamic stability of an offshore wind
farm connected at the same AC bus with a tidal current farm and a flywheel energy-
storage system (Figure 2.12). The purpose of adding the flywheel energy-storage
system is to smooth the power output fluctuations since the system is connected to the
grid. Based on the results from [61] a flywheel energy-storage system rated at 25% of
the total renewable energy capacity can significantly mitigate the power fluctuations
generated from the unpredictable resource. As proposed in [61] the flywheel energy-

35



State of the art on electrical infrastructure for tidal systems
storage system can be used in a star cluster system to improve power quality of

connected renewable power.
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Figure 2.12 Offshore wind farm and tidal current farm with flywheel energy-storage systerf61].

In another research paper [62] authors use a DD PMSG tidal current turbine without

pitch blades and smooth the power output using a modified maximum power point
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tracking (MPPT) controller and a super capacitor at the DC link (Figure 2.13a). The
modified MPPT algorithm is used in order to compensate for the swell effect, created
by the changing sea depth, which can cause vast tidal current speed variations. After
designing and testing the modified MPPT authors designed a bi-directional DC/DC
converter in order to connect a supercapacitor to the DC link. Power smoothing the
swell effect requires a high power rating but not necessarily high energy density and
this is the reason why a supercapacitor was chosen by the researchers. Based on
simulation results, shown in Figure 2.13b, authors conclude that the use of the
modified MPPT and a supercapacitor can effectively mitigate the power fluctuations

caused by the swell effect.
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Figure 2.13 (a) Block diagram of the tidal current turbine with supercapacitor storage at the DC

link. (b) Power results at different parts of the system with supercapacitor storagié2].

Using the tidal current system shown in Figure 2.13 researchers in [63] proposed the
use of a vanadium redox flow battery to manage the daily variations of the load and
power generation. Researchers have also focused on the island power management
using tidal current turbines and ocean compressed air energy storage in an isolated
system [64], [65].

A review paper has also been published [66] regarding energy storage technologies for
power smoothing in tidal current systems. Authors separate the phenomena that affect
a tidal current system to long period and short period. Long period phenomena require
high energy density storage systems with high power rating and discharge time. On
the other hand, short-period disturbances require high capacity storage with small
discharge time. The choice of the specific energy storage technology is shown in
Figure 2.14a and was based on a diagram published in [67] for systems installed until

November 2008. A more recent study regarding energy storage technologies is
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presented in Figure 2.14b and was produced by [68] after reviewing a large number of

energy storage technologies and their relevant applications.
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Figure 2.14 (a) Energy storage technologies as presented6s]. (b) An up-to-date energy storage
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technologies map as presented {68].

Researchers in [69] analyse a number of energy storage technologies and their possible
application in wind energy systems. Authors in their review paper present data of many
characteristics of energy storage technologies including capital cost, energy efficiency
and lifetime. Afterwards, authors separate energy storage technologies based on their
response time to the different technical challenges associated with the integration and
management of wind farms to the grid. Despite focusing on wind energy systems, the
technical issues addressed in this review paper can be extended to tidal current energy

systems as well.

Energy storage in renewable energy systems is a growing research area and as new
storage technologies emerge and become more economically available they will help
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renewable energy developers export quality power to the weaker and isolated parts of
the grid system. In addition, the development of energy storage technologies will help
renewables to be integrated in hybrid or off-grid systems in the near future.

2.4 Reliability studies for tidal current turbines

Tidal current turbines are a less mature concept compared to wind turbines for
extracting renewable energy and operating data is limited to the prototype devices
being tested at present. Consequently, data on the reliability of these devices is not
available and therefore reliability prediction can only be based on similar systems such
as wind turbines, offshore oil, offshore gas and naval industry. It is already known that
tidal current turbines use complex mechanical interfaces, electrical controls and
mooring systems and operate under extreme conditions such as high tidal current
speeds and wave loads. Using reliability prediction can be a useful tool to minimise
the risk of installing tidal arrays and maximise the potential revenue. Two research

studies [70], [71] have focused in detail on the reliability of tidal current turbines.

In [70] authors evaluate the reliability of a TCCS with a DFIG. The paper is focused

on the failure rates of the power converters during the different operating modes of the
DFIG generator. It is concluded that the failure rate of the generator side converter is
higher compared to the grid side converter and that it is also highly dependent on the
resource input. In addition, authors conclude that during super-synchronous operation,
where the DFIG is operating at speeds higher than the synchronous speed with
negative slip, the failure rates of the TCCS are much higher compared to the sub-
synchronous operation, where the DFIG is operating at speeds lower than the
synchronous speed with positive slip, and the idle position where the DFIG rotor is not

operating. As it has already been discussed above, the DFIG technology is not a
favourable option of tidal current developers despite the extensive use of this type of
generator in the wind energy industry. The DFIG needs a gearbox and slip rings, which
both require frequent maintenance and are prone to high failure rates. Frequent
maintenance and high failure rates are both undesirable in a system with continuous

underwater operation.
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Researchers in [71] develop four generic reliability models of horizontal-axis TCCS
with rated power between 1MW and 2MW. The reliability models are populated with
historical reliability data from the wind energy industry, the offshore oil and gas
industry and the naval industry. The block diagram of the reliability model created in

[71] for a semi-submerged TCCS with tethered mooring can be seen in Figure 2.15.
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Figure 2.15 Block diagram of a semi-submerged TCCS with tethered mooririg1].
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Authors in [71] concluded that a TCCS with seabed bottom-mounted mooring system

and single-axis turbine has the lowest failure rates due to the simple technology used.
Increasing complexity of a TCCS increases failure rates. As an overall observation

authors estimated that the TCCS failure rates are 150% to 200% of the failure rates of
a similarly rated wind turbine. Increased failure rates in TCCS is expected as the tidal

current technology is at its infancy and authors suggested that the TCCS systems
should be easily accessible in order to increase their reliability. The study discussed
above has only included the option of having the power electronics in the nacelle and
there was no distinction between generator technologies and the possibility to use the

DD concept.

In this thesis, the option to use power converters onshore or on an offshore hub is
presented which will increase accessibility and improve the operating conditions of

the electrical system.

2.5 Electrical architecture studies in AC and DC

Despite the extensive literature regarding AC and DC electrical architectures for
offshore wind farms, the research for tidal current arrays is limited. A general study
that compares high voltage AC and DC transmission options (HVAC and HVDC) for

offshore applications is presented in [72].

Researchers in [72] focus on high power far from land applications and present both
technological and economical aspects of the designs. HVDC systems are favourable
for applications at least 50km away from the land and have a long list of advantages.
These include lower cables losses, lower cable costs and grid stability due to the
instantaneous control of power transmitted which makes HVDC systems easier to
connect at weaker parts of the grid. Authors separate the HVDC systems based on the
two different electrical topologies that exist at the moment:. HVDC with line
commutated converter (LCC), shown in Figure 2.16a, and HVDC with voltage source
converter (VSC), shown in Figure 2.16b. However, for tidal current arrays, which are
planned to be installed near the shore, the HVDC option does not look very attractive
whereas the HVAC option, with less capital cost and proven technology, is favoured

by the developers for power transmission.

42



State of the art on electrical infrastructure for tidal systems

e

| )

Y

|/
- + =
3 -
_\P* ___s/_’mrv*\ i T __'1
YQY . . + o
D e 4%};

4 b

Figure 2.16 (a) Block diagram of a HVDC LCC transmission system. (b) Block diagram of a
HVDC VSC transmission systenj72].

The previous research reviewed power transmission options; however the main
concern for tidal current developers is the offshore collection and aggregation of
power. Researchers from ABB presented in [73] a comparative study of different
power collection options which were categorised based on the output from the nacelle
to: variable frequency AC output (Figure 2.17a), fixed frequency AC output (Figure
2.17b) and DC output (Figure 2.18a). All the power collection options as presented in
[73] were compared based on their cost for individual components, cost of installation
and the cost for operation and maintenance for three different installed capacities of
tidal current arrays, 30MW, 100MW and 200MW. Authors concluded that the
collection topology with the least cost is DC-0 and collection topologies VF-0, VF-4,
FF-2, DC-1 and DC-3 have comparable losses with DC-0. However, even though the
above mentioned collection topologies have low cost when considered on their own,
the costs change when studied in a 30MW tidal current array. For a tidal current array,
collection topologies with low capital costs are preferred and therefore DC-1 and VF-

4 are chosen as preferred options.
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Figure 2.17 (a) Variable frequency from the nacelle collection arrangements. (b) Fixed frequency

from the nacelle arrangementq73].
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Figure 2.18 (a) DC output from the nacelle arrangements. (b) Preferred power collection solutions

for tidal current arrays [73].

Based on DC-1 and VF-4 researchers derived the preferred electrical architecture for
tidal current arrays which is presented in Figure 2.18b. Therefore, for authors in [73]
the star cluster topology with redundancy is preferred with power being aggregated in

an AC 33kV cable or a +7.5kV DC cable depending on the requirements of the
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application. In both cases, collection is achieved with cables from the generator to an

offshore hub where multiple turbines are connected creating clusters. Authors based
their results for the 30MW tidal current arrays and proposed that bigger arrays such as
the 100MW and the 200MW arrays should be developed using smaller arrays and
aggregating all the power in a substation before power transmission. The above
mentioned research paper is a very good guide for estimating the cost of collection
topologies that are available at present; however system efficiency is not included in

the study. An increase in system efficiency can significantly increase revenue and

payback time can be decreased despite initial capital costs. A core part of this thesis is
the optimisation of the electrical architectures studied in order to achieve high

generator-to-grid efficiencies.

Another research paper [74] focused on the optimisation of power transmission options
for offshore marine energy systems based on cost of energy and the reactive power
compensation. The paper states that in AC systems the capacitance of the sub-sea
cables causes an amount of reactive current to flow, which limits the capacity for real
power transmission. In order to mitigate the reactive current flowing in the cables
reactive power compensation both onshore and offshore is required. Authors in [74]
optimise the reactive power required so that maximum power transmission is achieved

and at the same time meeting the UK Grid Code requirements.

Research studies on power transmission in either AC or DC for tidal current systems
are limited and no conclusion of a preferred solution can be derived. In the section to
follow three reports written by large electrical contractors are presented regarding the

electrical infrastructure for tidal current arrays.

2.6 Industrial reports

In November 2013 publicly available reports regarding the electrical infrastructure for
commercial scale tidal current arrays were published by three electrical contractors,
ABB, GE and Siemens, for Scottish Enterprise [75]-[77]. The aim of these reports was
to list and compare technically and economically viable electrical architectures for
commercial scale tidal current arrays of 30MW, 100MW and 200MW. A number of

requirements were set for these reports so that even though each company produced
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an individual report the results would be comparable in equivalent terms. These

requirements were:

* Include in the designs all the sub-components that require electrical power such
as the auxiliary supply, data communications, control systemd a
instrumentation devices.

* Include in the report mechanical considerations, operation difficulties,
maintenance requirements, installation difficulties, retrieval requiremedts a
environmental impact.

» Specific turbine characteristics were defined: 1MW designs with output
voltage between 690V and 6600V 34C, 40kW auxiliary supplies and
industry protocols for communicatians

« Specific site characteristics: Water depth of up to 80m with flat bekl, roc
maximum surface tidal current speeds of up to 4.5m/s, 400m acrossnitbw a
800mparallel to flow spacing between turbines, up to 10km distance to shore
and grid voltages of 33kV for the 30MW array and 132kV for the 100MW and
200MW tidal current arrays.

e Grid compliance for grid connection to shore.

e It was also specified that solutions should be deliverable in the near term,
meaning that the technology proposed should be available. If any solution uses
technology that it is still in the research phase it should be specified that it is a
future option and not a current apti

» Surface piercing platforms were only costed for up to 40m water deptlodue t

technological limitations

In the following sub-sections, the report from each electrical contractor is explained
and the conclusions derived from these reports are presented. The analysis performed
in this thesis only focuses on the different ways of collecting, aggregating and
transmitting power to shore and does not discuss mechanical aspects and specific
components. A summary of the electrical architectures proposed by the electrical

contractors is also presented in section 2.6.4.
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2.6.1 ABB

ABB produced an extensive report of 121 pages and discusses all the components in a
tidal current array [75]. In the beginning, the analysis starts by discussing the options
of electrical components such as generators and power electronics topologies.
Afterwards the analysis continues with communication systems, auxiliary supplies and
safety compliance. In addition, the limitations of operating and installing electrical
infrastructure underwater and offshore are discussed including cable installation,
environmental impact, the operation of power electronics in the offshore environment,
wet-mate connectors, dry-mate connectors and retrieval processes using large crane

ships.

ABB distinguishes two options regarding generator and power converter technology
that can be used in a tidal current systaiternative 1, as stated in the report, is the
preferred option and utilises DC transmission because of the following features:

» Uses conventional synchronous generator with parallel isolated double
windings that allow constant voltage operation over a range of frequencies.

« Conventional uncontrolled diode rectifiers are used to convert the AC output
of the generator to DC within the nacelle (Figure 2.19)

e With a 5.2kV double winding at the generator, +7.5kV DC voltage can be
achieved after the diode rectifiers, which can be inverted to 11kV 50H«3®
voltage.

* The £7.5kV DC voltage can be fed to a ring topology with a maximum capacity
of 15MW (15 turbines of 1MW or 10 turbines of 1.5MW)

e The design is low cost and highly reliable due to the passive components,
multiples of the passive components can be included for redundancy, and has

reduced requirements for reactive power compemsati
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Figure 2.19 Double winding generator with double rectifiers. The proposed generator-converter
topology for ABB [75].

Alternative 2, as stated in the report, is based on AC transmission and has the following

features:

* Uses SCIG or PMSG at 4.16kV AC 3dith operating frequency OHz to 60Hz

* Fully rated BTB power electronics are considered to allow bi-directional power
flow.

» Transformer is required to step-up the voltage to 33kV for power transmission

or connection to a ring architecture.

Alternative 1 and Alternative 2 as presented in ABB report present the options for the
generator and generator side converter. Another distinction in the ABB report is
whether an offshore hub is used and if the offshore hub is submerged, floating or
surface piercing. This distinction is important for the electrical architecture of the tidal
array due to the fact that submerged hubs can only accommodate up to 4 turbines while
floating and surface piercing hubs have the capability of connecting up to 16 turbines.
The choice of offshore hub depends on many parameters such as environmental

concerns, visual pollution, reliability concerns and cost.
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Regarding the electrical architecture, the ABB report presents a generic electrical
topology based on the two alternatives presented above. This generic topology can be
seen in Figure 2.20 and as it can be observed for both cases, a ring topology is preferred

with star cluster architecture.

M — hubring

n — turbine hub n — turbine hub

Alternative 1

2x5.2kV

’\ , 33 or
+75kV 15-60 Hz 132 KV
D.C. Ring \“/ \"
(rectified) 50 Hz
P — ring n — turbine hub n — turbine hub S ==
array ,
" H |
L 0-4.16kV
33 kV (L- Q—) )F -0 te
50 Hz Ring

Alternative 2

Figure 2.20 Generic ring electrical topologies for the two alternatives proposed by ABB5].

A number of turbines), are connected to an offshore hub. The number of turbines that
can be connected to the offshore hkk,depends whether it is fully submerged,
floating or surface piercing as discussed above. The number of hubs in thd,ring,
depends on the rated capacity of the cables that create the ring. In the case of
Alternative 1, the rated capacity is up to 15MW wherea&lternative 2 the rated
capacity of the ring can be 16MW with floating hubs or 30MW with surface piercing
hubs. The number of ringB, in a tidal array depends on the total installed capacity of
the tidal array. It is also suggested that the ring topology should be connected to an
offshore substation, which will collect power from all the rings and transmit power in
HVAC. However, as it will be shown in the preferred ABB topologies the use of an
offshore substation may not be required for the smaller scale arrays of 30MW which

are close to the shore.
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The above analysis describes the solutions that are preferred by ABB regarding the
electrical infrastructure of tidal current arrays. However, given the specifics of a
30MW tidal current array, many different ways of connecting the turbines can be
derived using the above mentioned preferred solutions. ABB researchers investigated
10 different ways using the generic theory described above and compared the options
using estimated peak losses, energy produced per annum, revenue per annum and
finally deriving the levelised cost of energy (LCOE). The chosen solution based on the
analysis by ABB is given in Figure 2.21a and uses DC transmission whereas the
solution that uses AC transmission and has the lowest possible LCOE is shown in
Figure 2.21b.

According to the ABB report, the optimum solutions for both AC and DC transmission
are achieved by using star cluster architecture with ring topology. In the optimum
solutions, star clusters are created with floating hubs that collect and aggregate power
from up to 4 turbines. In the case of DC transmission two rings are required due to the
fact that the maximum capacity of each ring is up to 15MW. For the AC transmission
option, one ring is required because the maximum rated capacity of the cable is 30MW.
As it can be observed in both cases presented in Figure 2.21, there is no offshore
substation. This is because the distance to shore is deemed close and the power rating
of 30MW low to consider an offshore station to aggregate power from the rings and

transmit power to the grid.
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Figure 2.21 (a) ABB preferred solution using DC transmission with floating hubs that include
power electronics, switchgear and transformers. (b) The optimum AC solution based on ABB
report with floating hubs that include power electronics, switchgears and transformergr5].
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The final part of the ABB report discusses the expansion of the 30MW tidal current

array to 100MW and then to 200MW. In order to achieve this using DC transmission,

multiple 15MW rings, as presented in Figure 2.21a, are connected to an offshore
substation. The offshore substation collects and aggregates power from all the DC
rings in order to step-up the voltage and transmit power to shore using 132kV HVAC.

The above process is similar for AC transmission with the only difference that fewer

rings are required. The 200MW tidal current array can be created by developing two

100MW tidal current arrays as proposed by ABB.

2.6.2 Siemens

Siemens produced an 88 page report [76] that discusses in detail every single
component in a tidal current array and a product from the Siemens range that can be
used for this particular application at present. Special focus is given in the report
regarding low voltage (LV) and medium voltage (MV) wet-mate connectors, cables
and power converters for sub-sea applications. In addition, Siemens presents a list of
all the British, international and other standards that have to be met during the design
and installation of a tidal current array. According to the authors of [76] no optimum
electrical architecture for tidal current arrays could be identified. Depending on the
size of the array and limitations regarding the seabed and visual impact of the array,
each solution proposed by Siemens has its advantages and disadvantages. The generic

solutions that Siemens looked into can be categorised as:

» Tidal current turbines directly connected to a surface piercing platforim wit
subsequent power transmission to shore

« Submerged low voltage power converters near the turbine connected to an
offshore collection hub.

» Tidal current turbines connected to offshore collection hubs and then to a
surface piercing platform

All the different designs proposed by Siemens are based on one of the three mentioned
above. The proposed generic electrical topology for a tidal current array is shown in
Figure 2.22. As it is observed, the electrical topology proposed by Siemens is a ring
topology with star clusters. Star clusters are created by connecting up to 10 turbines to
a single collection hub. The collection hubs are connected with each other using a

52



State of the art on electrical infrastructure for tidal systems
single cable. Both ends of the cable end to a surface piercing platform or the shore

depending on the application.

[Star collection node 1

Collection
point

Figure 2.22 Generic electrical topology for tidal current arrays as proposed by Siemefi&g].

Based on the generic electrical topology shown in Figure 2.22 authors started
exploring the different ways of collecting the power from each individual turbine in
order to create the star clusters. Two different ways are proposed by Siemens to collect

power from the turbines:

* Low voltage power electronics (690V) installed in the nacelle or close to the
turbines and a step-up transformer to 8.6kV to transmit power to the ailecti
point.

* Medium voltage power electronics (3.3kV, 4.15kV or 6.6kV) in the nacelle or

close to the turbine and direct transmission to the collection. point

Using medium voltage power electronics has two major limitations. Firstly, Siemens’s
medium voltage power electronics are rated for above 3MW applications whereas tidal
current turbines are rated up to 1.5MW. This raises the already increased cost of the
TCCS. Secondly medium voltage power electronics require significant space which
is limited in the nacelle. For the above reasons Siemens proposes low voltage power

electronics in the nacelle or the close to the turbine. It is known that not all the tidal
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current turbines have enough space to house power converters, transformers and the
necessary electrical equipment in the nacelle. For this reason, Siemens proposes a
subsea power converter chamber that will be installed very close to the nacelle of the
tidal current turbine and will include all the necessary electrical equipment. This

subsea converter chamber is shown in Figure 2.23.

ATMOSPHERICAL CHAMBER 29

CINE)

a CHAMBER LOCK

Figure 2.23 (a) Subsea power converter chamber and its foundations. (b) The electrical equipment

enclosed in the subsea power converter chambpfo].

As shown in Figure 2.23b the electrical equipment included is:

* A motor module (MoMo) which acts as rectifier.

* DCink.

* An active line module (ALM) which acts as inverter.

* An active interface module (AIM) which includes the filters.
* The transformer to step-up the voltage to 8.6kV.

* All the necessary equipment to keep the conditions of the above mentioned

modules within the operating limits.

Apart from the description of the subsea power converter chamber a lot of discussion
takes place in the Siemens report regarding the cost and possible cost reductions for

this chamber which is estimated in the range of 2.5 to 2.8 million pounds.

After the subsea power converter station in order to collect and aggregate power in star
clusters a collection hub is required. The main components for the proposed collection
hub by Siemens are:
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» Switchgears and circuit breakers to protect and isolate the connections and the
equipment in case of faults and unpredicted behaviour
* A step-up transformer from 8.6kV to 30kV to match the voltage of the ring.
» Wet mate connectors to connect the collection hub to the turbine and the
collection hub to the 30kV ring.

A 10MVA collection hub has been designed by Siemens and the schematics are shown
in Figure 2.24. For large arrays, larger collection hubs of 20MVA and 30MVA
capacity will also be considered.

SIEMENS

TRANSFORMATOR

Wet mate connector: 30kV

Turbine wet mate interface 8.6kV

Figure 2.24 (a) Artist impression of the 10MVA collection hub. (b) Schematic diagram of the
collection hub[76].

The final part for the design of a tidal current array is the surface piercing platform. In
the Siemens report great detail is given regarding the size, the components and the cost
of surface piercing platforms for the 30MW, 100MW and the 200MW tidal current

array.

In the final part of the report different variations are discussed and compared based on
the LCOE. The variations are based on multiples of the collection hubs discussed
above. Depending on the size of the tidal current array and the rated power of the
collection hubs different variations can be created. A separate variation is the use of
medium voltage converters on the surface piercing platforms directly. A summary of
the variations and the calculated LCOE for each variation is presented in Table 2.2.
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Table 2.2 Summary of the Siemens options for a tidal current arraf76].

System Rated capacity Power converter module LCOE
SUBSEA1 10MVA LV subsea chamber £150/MWh
SUBSEA2 20MVA LV subsea chamber £117/MWh
SUBSEA3 30MVA LV subsea chamber £110/MWh

SURFACE1 32MW MV on surface piercing platform £78/MWh

HYBRID1 5*SUBSEA2 LV subsea chamber £133/MWh
HYBRID2 | 10*SUBSEA2 LV subsea chamber £130/M\Wh
HYBRID3 7*SUBSEA3 LV subsea chamber £120/MWh

As it can be seen from the above table, the least LCOE is achieved with the
SURFACE1 option due to the reduced number of components required. However, the
study team of Siemens suggests that the options that use a LV subsea chamber should

be considered for demonstration arrays.

2.6.3 General Electric

General Electric produced a more focused report of 41 pages [77]. The main points of
discussion in the General Electric report are the electrical topology of the tidal arrays,

the zero sequence currents in tidal current systems, the auxiliary power for tidal current
turbines and a comparative analysis between the proposed options. General Electric

separates the electrical topologies for tidal current arrays to four categories:

« Base casealso stated a®ption A in which each tidal current turbine is
connected to shore with individual cables. Power converters are placed onshore
close to the grid connection (Figure 2.25). This case is similar to the direct
connection case presented in sattl.2.3.

 Embedded convertelig which power converters are installed in the nacelle
and an AC ring at 33kV is created (Figure 2.26 and Figure 2.27).

« Offshore AC collectaon which an offshore hub is used to collect and aggregate

power from nine tidal current turbines and a HVAC ring is created by
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connecting the offshore hubs (Figure 2.28). This is similar to a star cluster
electrical architecture as presented in section 1.2.3.
» Offshore DC collectowhich is similar toOffshore AC collectobut the
generator side of the power converters is offshore and the grid side of the power
converters is onshore or in a surface piercing platform depending on the size

of the tidal current array (Figure 2.29).
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Figure 2.25 Option A of tidal current array electrical architecture as presented if77].

By locating the power electronics in the nacelle two different configurations can be
achieved. The firstDption B shown in Figure 2.26 has individual connections for
each turbine and is similar to a radial ring electrical architecture. The s&otnol)

X, connects clusters of four turbines to an offshore hub; these hubs are connected in

radial ring architecture as shown in Figure 2.27.
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Figure 2.26 Option B with power converters in the nacelle and HVAC ring connection.
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Figure 2.27 Option X with power electronics in the acelle, aggregation in a subsea hub per four
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58



State of the art on electrical infrastructure for tidal systems

—
/
~

@
-
@

/
\

i

SUB-SEA TIDAL TURBINE

OFF-SHORE
CONVERTER/COLLECTOR STATION

|
i
|
% u2.0 “/S{g K¥
|
i
\
i

\
vt Y K¥ 1 vtio 5] KF §

#

P

I 1
! ALl \‘ ALN \ ONSHORE
\ AC CONNECTION STATION

A2\
GRID CONNECTION

Figure 2.28 Option C with AC offshore collector and HVAC power transmission in star clusters
[77].
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General Electric research team compares all the above mentioned electrical
configuration based on capital costs, operational costs, LCOE, availability and
reliability. A summary of the data as presented in [77] are given in Table 2.3.

Table 2.3 Summarised relative LCOE, relative system downtime and availability for the electrical

architectures presented in77].

. . Relative system o
Options Relative LCOE ' Availability (%)
downtime
Option A 100 100 99
Option B (subsea 40
569 95
Option X (subsea 41
Option C (surface 27
472 96
Option C (subsea 39
Option D (surface 34
296 97
Option D (subsea 33

LCOE and system downtime are calculated on a relative basis,@gtian Aas the

base case scenario, where both categories are given a value of 100. Surface option
means that a surface piercing platform is considered and costed whereas the subsea
options means that a subsea hub is considered. As it can be observed from Table 2.3
Option C (surface) has the least LCOE. However, downtime is considerable when
compared witfDption D. Based on the above, authors of [77] prefe@pgon Dwith

either a surface piercing platform or subsea hub for the optimised tidal current array

electrical architecture.

The final part of the General Electric report discusses the suitable configuration for the
30MW, 100MW and 200MW tidal current array.

 For the 30MW tidal current array authors suggest that, using today’s
technology, the best option would Ggtion Dwith surface piercing platform

provided that the water depth is less than 40m. For power transmission and grid
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connection they suggest that two DC cables are enough for the 30MW tidal
current array.

* For the 100MW tidal current array authors suggest that three multiples of the
30MW array can be considered. Alternativédytion Ccan be used dependi
on the tidal current array location and distance to shore.

* For the 200MW tidal current array it is suggested that two multiples of the
100MW array can be considered either based on Option@ption C

2.6.4 Summarised results from industrial reports

Summarising the industrial reports is a difficult task since each electrical company
uses and presents its own technology. In addition, cost calculations are either relative
or based on different assumptions and therefore it is difficult to derive a specific list
with the cheapest options across all the reports. In [78] authors tried to summarise and
compare the results from the industrial reports presenting comparison tables of the
components, assumptions and electrical configurations discussed in each report. A
summary table was also presented showing the relative costs and the common designs
in each industrial report. An adapted version of the comparison table presented in [78]
is given in Table 2.4.
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Table 2.4 Summary of electrical concepts from the industrial reportf78].

Industrial Reports

Aggregation Electrical concept
ABB Siemens

No power conversion at TCC}

No
. Separate cable for each TCC 12.1.8| SURFACE1

aggregation

Dry power converters

DC conversion in the nacellg
Parallel connection of TCCS d 12.1.1

_ _ MVDC strings or loops

Daisy-chain

BTB converters in the nacelle _
_ SUBSEA | Option
and AC connection at 11kV o| 12.2.2

33kV loops or strings.

2&3 B

BTB converters in the nacelle
TCCS connected to local hull 12.1.4
Hubs on AC rings at 33kV

SUBSEA1
HYBRID1 X

No power conversion at TCC}
Star cluster | TCCS connected to local hulmbas
architecture Hubs on AC rings at 33kV

U)

with hubs on| No power conversion at TCC!
rings TCCS connected to local huly
Hubs on MVDC rings

DC conversion in the nacelle
TCCS connected to local huk
Hubs on MVDC rings

12.1.2
1221

The colours in Table 2.4 define the relative LCOE as presented in each report
separately. Green defines lowest LCOE, orange defines a medium LCOE and dark red
defines high LCOE.

2.7 Tidal current systems with long distance controls

In the above sections, many of different ways to collect, aggregate and transmit power

from a tidal current array have been discussed. A viable option in many cases is the
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installation of the power electronics onshore or on an offshore hub away from the
generator of the tidal current turbine. Based on the industrial reports analysed in
Section 2.6 a lot of options did not have power conversion in the nacelle of the tidal
current turbine and some of these options are with the lowest LCOE s8anans
SURFACE1 and General Electric Option C

Depending on the complete electrical architecture, the distance between the generator
and the power electronics can vary from a few hundred metres to many kilometres. In
the case of direct connection to shore with power electronics installed onshore the
distance can be up to 15km depending on the site. In the case of a star cluster
architecture, where the tidal current turbines are connected to offshore hubs, the
distance between the tidal current turbine and the offshore hub can vary from a few
hundred metres to 1km. Controlling a generator from afar requires long distance
controls and appropriate analysis of the system so that excessive harmonics, resonance
and overvoltages can be mitigated. Excessive harmonics flowing in the cables can
cause high power losses in the cables and at the same time cable resonance and
overvoltages from the electromagnetic travelling waves can cause faults due to
insulation breakdown from voltage spikes. Research literature regarding the mitigation
of these effects is significant due to the fact that controlling motors from afar has been

used in the offshore oil & gas industry at least 25 years now.

The majority of the research literature studies different types of passive filters in order
to mitigate overvoltages from the electromagnetic travelling waves or to suppress
resonance from the interaction of the cable parameters with the transformer
parameters. In [79] three different types of filters installed at the terminals of an
induction motor are designed and compared. Authors in [79] identify two major

problems when a machine is controlled through long cables:

« Damped high frequency ringing at the machine terminals due to the distribute
naure of the cable parameters. The ringing causes overvoltages which can lead
to a fault in the motor terminal due to insulation breakdown. Damped high
frequency ringing is also referred to as resonanaeher research papers.

* Voltage reflection at the machine terminals. According to the results from [79]

authors concluded that if the voltage pulse takes longer than 1/3 of the rise time
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to travel from the converter to the machine then a full reflection will take place
and the voltage at the machine terminals will approximately double, thus

causing insulation breakdown.

Authors in [79] designed, based on the literature, and proposed a new filter to mitigate
the above mentioned effects. However, the use of these filters in a tidal current device
is unlikely due to the need to be placed in the nacelle. The space in the nacelle of a
tidal current device is limited. Some developers do not have the space to house power
electronics or transformers in the nacelle. The same can be said about the use of filters

in the nacelle of a tidal current device.

In [80], [81] authors develop and design passive filters at the output of the power
converter in order to mitigate the above mentioned effects. For this purpose, a second-
order filter is designed that effectively mitigates these effects. Figure 2.30a shows the

filter as depicted in [80] and Figure 2.30b shows the filter as shown in [81].

AC Drive

. de link
Input 3ph Rectifier PWM Inverter Inverter

Source ‘{ <{ ofp filter
Induction Motor A
i/@ - 4

Cable

\ l

Figure 2.30 (a) Second-order filter at the converter output as presented jBO0]. (b) Second-order

filter at the converter output as presented if81].

In [82] a passive filter at the machine terminals and the second-order filter at the
converter output are compared and tested in a system with a low power induction
motor. The passive filter uses a resistor and a capdaei@tonnected in parallel with

the machine. The second-order filter is the same as the one proposed in the previous
papers, [80], [81], and was definedRisC. Authors compare the two filters based on
losses, effectiveness with different cable parameters, DC link current induced and
changes in the responsiveness of the controller. Based on the results, it was concluded
that RLC filter losses increase and voltage regulation achieved is decreased with
increasing cable length. However, REeCfilter mitigates high-order harmonics more
effectively than théRCfilter and induces less DC current in the DC link. Regarding

the controller, using the filters did not seem to have any effect on the response of the
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controller. A change in overvoltage due to cable parameters changes was also
explored. The worst-case scenario is if the cable inductance is reduced and capacitance
is increased. In [82] a 50% increase in cable capacitance and a 50% decrease of cable
inductance was explored but the results showed that the overvoltage values did not

significantly change.

Another comparative study [83] of filters used in long distance controls designed and
compared three passive filters at the machine terminals and two filters at the inverter
output for a TCCS with a SCIG. Authors proposed a new methodology to calculate the
filter parameters in each case by minimising losses they produce and compared their
proposed methodology with filters designed using the methodologies available in
literature. They concluded that both low losses and effective mitigation of the voltage
reflections and resonance can be achieved with proper design of filter parameters. For
the filter design process in this thesis, the proposed methodology described in [83] will

be extensively used.

Authors in [83] and [84] focus on mitigating the resonance effect. This is due to the
fact that in both cases a transformer is placed between the cables and the converter in
order to match the transmission voltage to the operating voltage of the converter. The
transformer inductance resonates with the distributed cable capacitance creating
resonant peaks at lower frequencies which can be destructive for the operation of the
system if not mitigated properly. Figure 2.31a shows a generic TCCS with long
distance controls and the transformer-cable system while Figure 2.31b shows the effect
of connecting long transmission cables to a transformer regarding the resonant

frequencies.
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Figure 2.31 (a) Generic block diagram of a TCCS using long distance controls. (b) Example of the

resonance in a cable and cable-transformer systef83].

Another research [85] focuses on the effectalfage reflectionsn a low power tidal

current system that uses PMSG and long distance controls. The study states that a low
power tidal current system can be used in river systems if the effect of voltage
reflection is mitigated using a second-order filter at the output of the converter similar
to [80]-[82]. The research describes in great detail the phenomenon behind the
reflection of voltage waves in a transmission line and how the relationship of pulse
rise time,t;, and travelling timef;, can cause insulation damage at the machine
terminals. Figure 2.32 shows in detail the travelling of a voltage pulse from the

converter to the terminals of the generator when the pulse rise time is equal to half the

travelling time, t = 0.5t.
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Figure 2.32 Voltage reflection analysis at different timings as presented [85]. a) Voltage wave
at time 0.5t. b) Voltage wave at time 1.0t c) Voltage wave at time 1.5t d) Voltage wave at time

2.0t.e) Voltage wave at time 2.5tf) Voltage wave at time 3.Qt g) Voltage wave at time 3.5t

As it can be observed in Figure 2.32c, based on the theory, if the voltage pulse rise
time is half the travelling time of the voltage wave in the cables then the voltage at the
machine terminals can be approximately doubled, causing irreparable insulation
damage and possibly a fault at the machine terminals. Knowing the pulse rise time, the
engineer designing the system with long distance controls can calculate the maximum
cable length in order to avoid full reflection at the machine terminals. Apart from the
design considerations, analytical mathematical expressions can be used to calculate
the inductance, resistance and capacitance of a second-order low-padstiReto(

be installed at the output of the converter terminals and mitigate the effaitaafe
reflection [85].
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2.8 Summary

In this Chapter, the electrical infrastructure for tidal current arrays was reviewed based
on both academic papers and industrial reports. The review focused on the control,
power conversions and power transmission for single and arrays of tidal current
turbines. Mechanical considerations in the drivetrain of the tidal current device, the
potential benefits of using energy storage technologies in tidal current arrays and
reliability of a tidal current system were also explored. An extensive review of the
industrial reports of ABB, GE and Siemens regarding the power conversion and
transmission options for tidal current arrays was undertaken. Even though the
industrial reports do not conclude in a specific design, because each electrical company
promotes its own technology, the possible configurations of the future tidal current
arrays can be distinguished. In the final part of this Chapter particular focus was given
in tidal current systems where the power electronics are not in the nacelle. In these
systems the electrical generator is controlled from afar through long cables and the
power electronics are installed onshore. This is an attractive power transmission
concept for tidal current developers who do now want to operate the power electronics
underwater due to reliability concerns. However, as it reviewed in this Chapter voltage
reflections and resonance are some of the issues that need be addressed in a system
that uses long distance controls. In Chapter 4, a thorough study is undertaken in a
single tidal current device that uses long distance controls in order to mitigate voltage

reflections and resonance.
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Chapter 3

Modelling of a single tidal current

device

In this chapter all the modelling aspects of a TCCS will be described in detail. The
generic resource-to-wire model used in this section is based on the long distance
controls concept as described in Section 2.7. The main reason for using a TCCS with
long distance controls as a reference model is due to the fact that it is the preferred
electrical topology for the prototype and demonstration projects of AHH. In addition,
parameters and modelling aspects of the generic resource-to-wire model are based on
industrial input from AHH. A secondary reason is that this type of electrical topology
includes all the specific components required to be analysed in this thesis. A block
diagram of the generic resource-to-wire model can be seen in Figure 3.1. The tidal
resource is used as an input to the tidal turbine. Power input from the tidal flow is
curtailed using a pitch controller. The tidal turbine shaft is connected to the generator
rotor through a gearbox; the modelling of both the SCIG and PMSG is presented in
this chapter. The output of the generator is transmitted to shore via long three-phase
subsea cables. In order to reduce transmission losses medium voltage generators are
preferred for this application. The medium voltage is converted to low voltage using
an onshore step-down transformer. Between the generator side voltage source
converter (VSC) and the step-down transformer, filters are installed with the aim of
mitigating the overvoltage effects described in Section 2.7. In order to enable variable

speed operation of the generator, the generator side VSC is controlled by the generator
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side controller. On the grid side, the low voltage output of the grid side VSC is first

filtered and then a step-up transformer is used for grid connection.

I Offshore :
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| Tidal Turbine | transformer
|| Tidal Current LYWy
! —
I — Gearbox
| i
I > Y A
I
|
|~ e e e e ——
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Pitch controller | >|  side
controller controller |- %” Onshore low
| Grid side e T voltage filter
.| controller |..
Grid side Grid side . . Gridside |
Grid transformer . Cridside = converter | pc jink
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% T Generator
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@ T converter
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Figure 3.1 Block diagram of the single TCCS with long distance controls.

3.1 The tidal resource

The power potential of tidal currents can be derived by the same formula as for wind

energy systems [86].
Piige = 0.5 X pygrer X A X vgurrent (3'1)

Where guateriS the sea water density in kgim is the sweep area inrandvicurrent iS

the fluid speed in m/s. The sea water density is assumed constant at 1625id)/m

the swept area is based on a 10.5m blade. For the purposes of this study the input tidal
current speed is chosen to be a half-cycle of a semidiurnal spring tide with high peak
flow as it is intended that the model should represent the most complex period of

operation of the system. The tidal current speé,) is constructed by:

« The mean tidal current speed, which is based on actual tidal current
measurements at EMEC. The measurements were taken from AHH osing a
Acoustic Doppler Current Profiler (ADCP). The tidal speed measurements
taken from the ADCP were time averaged. The resolution of the data is 2

measurements every 20 seconds. In Figure 3.2a, the complete dataset of tidal
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current measurements provided by AHH is depicted. In Figure 3.2b the chosen
half-cycle of the tidal current is shown.

a. Seven days tidal current speed
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Figure 3.2 Tidal current speed data. a. Seven days available tidal current speed data. b. Tidal
current speed data considered in this thesis.

e The predicted turbulence which is modelled by adding band-limited white
noise. The added turbulence was chosen to have intensity of 10% from the
mean tidal current speed. Turbulence strength is given in equation (8-2) a

turbulence intensity (T.l.) in equation (3-3). Figure 3.3a depicts the flow speed
with the added turbulence

Vyms = V' (£)? (3-2)
vrms
T.I=—= (3-3)

The swell effect of the tides by using a first-order Stokes model as déscribe

in [37] and [62]. The swell effect added is described mathematically in
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equation (3-4) and shown with the mean tidal current speed and added
turbulence in Figure 3.3b.

Vowenr = 0.1039 X c0s(0.42 X t) + 0.0859 x cos(0.63 x t) + 0.12

(3-4)
X €0s(1.85 x t) + 0.05 X cos(0.15 X t)

a. Tidal current speed with turbulence
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Figure 3.3 Tidal current speed. a. with added turbulence. b. with added turbulence and swell
effect.

By comparing Figure 3.2b and Figure 3.3a the effect of the added turbulenge,
can be seen. The flow speed profile used as input to the models is the one depicted in
Figure 3.3b.

3.2 The tidal turbine

The tidal turbine model converts the power input from the resource model described
in Section 3.1 to mechanical power for the generator rotor. The model is based on the
AHH HS1000 three-bladed turbine with moment of inertia of 182065kdine

mechanical power output from the tidal turbine is given by equation (3-5).
Pmec = Cp()" B) X Ptide (3'5)

WherePmec is the mechanical output power of the turbine in watts@dp) is the
power coefficient of the blade which is a function of the tip speed fBHB),(4, and

blade pitch angle or angle of attagk,in degrees. The TSR is a function of rotor
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rotational speedyr, in rad/s, rotor radiugr, in m and tidal current speed in m/s. TSR

can be calculated using equation (3-6).

wgp X Rp

v'(t)

(3-6)

The power coefficienCp(4,5), was approximated using an analytic function described
in [87]. This analytic function is given in equations (3-7) and (3-8) and the chosen
values for the tidal turbine are shown in Table 3.1.

c _S
Cp(l,ﬁ)=c1(f—c3 xﬁ—c4)e 4 +cg XA (3-7)

L

1 1 0.035
A A+0.08xB p3+1

(3-8)

Table 3.1 Coefficients chosen for the approximation of th€p(4,8) curve of the tidal turbine

C1 C2 Cs & Cs Ce

0.08 145 0.4 4 7 0-009

In this model a maximun@, of 0.4596 is assumed and rated power is achieved at
2.5m/s. The values of hydrodynamic coefficient for different values ofahiRingle

of attack can be seen in Figure 3.4.
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Figure 3.4 Hydrodynamic coefficient of the three-bladed tidal turbine modelled.

Maximum hydrodynamic coefficient is achieved at FSR7 and therefore this is the
desired area of operation for the tidal turbine. By increasing the pitch anglg, the
value drops steeply. As it can be observed in Figure 3.4, in most cases, pitching the
blades by 20 degrees drops tenear zero. The aim and design of the pitch angle

controller is discussed in the following section.

3.2.1 Pitch control

Power limitation in high tidal current speeds is achieved by using pitch angle control.
This corresponds to changing the pitch vaiiysuch that the leading edge of the blade

is moved into the flow increasing the angle of attack and thus inducing a blade
feathering effect. When tidal current speed is below or at the rated value of the turbine,
pitch anglep, is kept constant. For reference this is chosen to be the 0 degrees. The
control structure of the pitching system developed is published in [88] and is shown in
Figure 3.5. The pitching mechanism limits the turbine speed to rated speed by reducing
Cp in (3-5) and so reducing the mechanical power captured. The way pitch/angle,
changes the value of the power coeffici€it, and affects the power output from the

tidal turbine can be seen in Figure 3.4.
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Figure 3.5 Pitch controller block diagram as modelled in MATLAB/Simulink.

3.2.2 Gearbox

The rotor of a large three-bladed tidal turbine usually operates at around 10rpm. This
speed is significantly lower compared to the operating speed of 6-pole SCIGs and
PMSGs. In order to match the slow moving shaft of the rotor with the high speed shaft

of the generator a gearbox is modelled. The gearbox ratio can be calculated using (3-9).

rad
wp[——] _ ng[rpm]

w, [%] - n,[rpm]

Gearbox ratio = (3-9)
Whereaw: is the rotational speed of the generator rotor in rad/svaisdhe rotational
speed of the generator rotor in rpm. In all the models presented in this thesis the
gearbox ratio is kept constant at 98.2. As shown in section 3.2 the output from the tidal
turbine model is mechanical torqu&med . The gearbox model converts the
mechanical torque of the slow speed shaft of the tidal turbine to mechanical torque for
the high speed shaft of the generator. The mechanical torque input to the generator,
Tmed is modelled using (3-10).

7T

T6 — "~ mec 3-10
mec  Gearbox ratio ( )
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3.3 The generator

The generator model converts the mechanical torque input from the tidal turbine model
to electrical power. Two widely used generator technologies have been considered in
this thesis, the SCIG and PMSG.

3.3.1 Squirrel Cage Induction Generator

The SCIG is simple in construction, comparatively inexpensive to PMSG and has been
used in industry for many years. The model of the SCIG is described in detail in [89]
and is based on the dq reference frame mddaslording to [89] two assumptions are

taken into account when developing the model. The first assumption is that the SCIG
iIs symmetrical and three-phase balanced and the second assumption that the magnetic
core of the stator and rotor is linear with negligible losses. In order to obtailg-the
axisparameters of the machine, the space-vectors have to be decomposdebiaghe
andg-axiscomponents. As described in [89] space-vector equations can be separated
into voltage equations of the rotor and stator in the arbitrary reference frame (3-11),

flux linkage equations (3-12) and motion equations (3-13).

—

d
B, = R, + 25 4 jwd,

dg @ (3-11)
\7r = R, + d—tr +j(w — w,) @
{as = (Lis + L)l + LinTy = Lsls + Ly (3-12)
@y = (Lyy + L)ty + Ly = LTy + Lyl
dw
]d—tm=Te—Tm—me
3, )
T, = TRe(](Psi): (3 13)
\ wm=""/p

The specifications for (3-11) to (3-13) are given in Table 3.2.
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Table 3.2 SCIG parameters involved in the modelling process.

Symbol Description Units
Vs, Uy Stator and rotor voltage vectors \Y;
T, Ly Stator and rotor current vectors A
s, Oy Stator and rotor flux-linkage vectors Wb
R, R, Stator and rotor winding resistances Q
1) Rotating speed of the arbitrary reference frame rad/s
Wy Rotor electrical angular speed rad/s
Lis, Ly Stator and rotor leakage inductances
Lg, L, Stator and rotor self-inductances H
L Magnetising inductance H
] Moment of inertia of the rotor kg
p Number of pole pairs -
T Mechanical torque from the generator shaft Nm
T, Electromagnetic torque Nm
Wm Rotor mechanical speed rad/s
F Rotor and load viscous friction coefficient N

Using the above equations the space-vector model of the SCIG in the arbitrary

reference frame can be created. Thilg reference frame modean be formulated by

using (3-14) for all the rotor and stator vectors described above.

{xs = Xds +jxqs
Xy = Xar +jxqr

(3-14)

WhereX is the chosen stator vector afdis the chosen rotor vector. Decomposing

all the stator and rotor vectors to thég-axiscomponents as shown in (3-14) a new

set of equations are derived from (3-11) to (3-13).

Vg5 = Rgigs + % — WPy

) Vgs = Rlgs + dths + w4
Var = Rylgy + dz:r — (0 — 0)@g,
Vor = Rylgr + % + (@ - w)Par
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Pas = Lsigs + Liigy
Pgs = leqs + Lmlqr

, , 3-16
Par = Lrldr + Lmlds ( )
Par = Lylgr + Lilys
3p . .
T, = 7 (lqs(Pds - "ds(qu) (3'17)

Using (3-15) — (3-17) thdg-axismodel of the SCIG in the arbitrary reference frame

can be developed. For the purposes of this thesis the stationary reference frame was
used and therefore the arbitrary rotational spe@@n be set to zero. The equivalent
circuit of the SCIG using the stationary reference frame can be seen in Figure 3.6a for
thed-axis or a-axis as it is usually referred in the stationary reference frame, and in
Figure 3.6b for the g-axi®r faxis as it is usually referred in the stationary reference
frame. The parameters of the SCIG used were provided by AHH and are given in Table
3.3.

wr¢ﬁr .
Ly Rs Lls Llr R,, Loy
O AAA (i -
+ Lo +
Vas % Lm Vor
o 0
a
W, Q
1 Rs Lls Llr R,, lﬁr
o A M
+ [ o +
Vs %Lm Vpr
o 0
b

Figure 3.6 SCIG equivalent circuit at the stationary reference frame. az-axis. b. g-axis.
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Table 3.3 SCIG parameters.

Parameter Value Units
Nominal voltage 6600 \%
Apparent power range 1.2-1.8 MVA
Frequency 50 Hz
Stator resistance,sR 0.00548 pu
Stator inductance,sL 0.08716 pu
Rotor resistance,R 0.00399 pu
Rotor inductance, L 0.08915 pu
Mutual inductance, 3.99779 pu
Rotor inertia, J 90 kgnt
Pole pairs, p 3 -
Rotor and load viscous friction coefficient, F 2.3 N

The SCIG model described in (3-15) to (3-17) is controlled by the onshore generator
side converter. The control method implemented in the final TCCS model is based on
the direct torque control (DTC) theory which is described in Section 3.3.1.1 but with

the modification of the space vector modulation and is described in Section 3.3.1.2.

3.3.1.1 Direct Torque Control

The classical DTC has been developed to drive motors [90] using voltage source
converters (VSC). However, with slight modifications the control method can be used
to enable variable speed operation in TCCS. The principle of DTC is to control the
electromagnetic torqué: of the SCIG which can be expressed as in (3-18). This can
be achieved by manipulating the torque artglevhile keeping the magnitude of the
stator fluxgs at its rated value. The modelling of the DTC method is described in detall
in [91].

3p _Lm .
T, = TO'LSL,. @59, sin(0y) (3-18)

The block diagram of the DTC control method can be seen in Figure 3.7. The DTC
presented in this thesis is slightly different from the method presented in [91]. This is

due to the fact that voltage and current measurements are taken from the onshore
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transformer and not at the generator terminals as presented in most cases. This requires

a voltage and current estimator as presented in Figure 3.7.
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Figure 3.7 Block diagram of the DTC method implemented for the TCCS with long distance

controls.

The DTC block diagram of Figure 3.7 is composed of four distinct parts.

* The voltage and current estimator
* The flux and torque calculator
e The torque and flux comparators.

* The switching logic.

The flux and torque calculator calculates the actual stator flux and electrical torque of
the generator by measuring the generator stator voltage and current. This can be done
by using equations (3-19) to (3-21) [91]:

as = QPqgs +j(pﬂs = f(vas - Rsias)dt +j f(vﬁs - Rsiﬂs)dt (3'19)
J«)s = |9% + 03,
(3-20)
kes = tan_1 (‘pﬂs)
Pas
3p . .
T, = 7 ((paslﬁs - (pﬂslas) (3-21)

The above equations show that the only generator parameter required in the DTC

control method is the stator resistange Ris is an advantage of the DTC method
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compared to other control methods for induction machines such as the Field Oriented
Control (FOC). In the FOC scheme most of the generator parameters are needed which
can affected the control method in case of miscalculation or generator parameter
changes due to environmental factors and ageing. The block diagram of the flux and
torque calculator modelled in MATLAB/Simulink as part of this thesis can be seen in

Figure 3.8.

VUS as
Yas abc >0 > u > tan ! (Qps/Pas) >

Ves
S 2 2 S
Vs , off | Ves . :]1 7] Pp Sqri(Qas™HppsH|_Ps

ias . abe los @
o W |, >— f B
]

Figure 3.8 The flux and torque calculator as implemented in MATLAB/Simulink.

A

\

In many cases it is suggested that the measurements can be taken from an onshore
point so that the transfer of information is easier. Therefore, it is possible to measure
the voltage and current at the cable end, where the cables are connected to the generator
side transformer, and then estimate the stator voltage and current by knowing the cable
parameters. This is achieved by the voltage and current estimator shown in Figure 3.7.
The disadvantage of this method is that cable parameters change based on the
operating frequency of the system and the temperature variations. Therefore, voltage

and current estimation of the generator terminals may not be accurate.

If the voltage and current measurements are taken from the generator terminals then
the information has to be transmitted to the shore. The time needed to transmit the
measured quantities from offshore to onshore has to be less than or equal to the
controller computation time. For the purposes of the simulation the controller
computation time is equal to 200pAssuming a relatively high reduction of 66% of

the speed of light in the fibre optics, the light in the fibre optics of the sub-sea cables
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can travel 0.1kmys. For the marginal value of 20§)ithe maximum cable length in

which the information of measured quantities can reach the controller on time is 20km.
This means that in all the cases that long distance controls are considered, usually
between 1km and 15km, in a TCCS the measurements can be taken from the generator

terminals.

In this thesis both measuring cases have been considered in order to identify deviations
in results. Both cases produced similar or even identical results and for that reason the
results presented in this paper are based on measurements from the onshore point as
depicted in Figure 3.7. At this point it should be noted that cable variations where not

considered when comparing the two different measuring cases.

As it is shown in Figure 3.7 the switching logic of the classical DTC control method
has three inputs, the sector number, the output of the flux comparator and the output
of the torque comparator. The torque and flux comparators shown in Figure 3.7 are
based on hysteresis. The stator flux referepge,is compared with the calculated
stator flux, @. The error of the stator flux is sent to the flux comparator. Similarly the
electromagnetic torque reference,¢*, T is compared with the calculated
electromagnetic torqueTThe error of the electromagnetic torque is sent to the torque
comparator. The output of the flux comparatqy,ig either 1 if there is a need fog

to increase or -1 if there is a need ¢erto decrease. The torque comparators output,
X, can be 1 if there is a need to increage Tif there is a need to decrease®m O if

there is no need to change[91]. The sector number generator divides thexjé to

six sectors depending on the angdeThe process to choose the appropriate sector

number is given in the function below:
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function Sector = fcn(theta)

Sector = 1,

if (theta > -30) && (theta <= 30)
Sector = 1,

elseif (theta > 30) && (theta <= 90)
Sector = 2;

elseif (theta > 90) && (theta <= 150)
Sector = 3;

elseif (theta > 150) || (theta <= -150)
Sector = 4;

elseif (theta > -150) && (theta <= -90)
Sector = 5;

elseif (theta > -90) && (theta <= -30)
Sector = 6;

end

Finally the switching logic is based on Table 3.4. The space vector are shown in Table
3.5 and the 2-level VSC with insulated-gate bipolar transistors (IGBTS) that the space
vectors control in Figure 3.9.
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Table 3.4 Switching logic for the DTC control method91]. The space vector?”0 to V7control the
2-level VSC.

Comparator
Sector
output

Xo XT 1 2 3 4 5 6
v, % W T T
1 0 v, Vo v, Vo v,
A Vi Vy Vs A Vs
1 W A Vs Ve A Vs
-1 0 7 Vo v, Vo v, Vo
1V Ve Vi Vy Vs A

Table 3.5 Space vectors for the 2-level VSC of Figure 3.9.

Voltage
Power switch number
vector
Q1 Q2 Q3 Q4 Q5 Q6

Vo 0 1 0 1 0 1
v, 1 0 0 1 0 1
Vy 1 0 1 0 0 1
Vs 0 1 1 0 0 1
A 0 1 1 0 1 0
Vs 0 1 0 1 1 0
A 1 0 0 1 1 0
Vy 1 0 1 0 1 0
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Figure 3.9 The 2-level VSC in MATLAB/Simulink with IGBT-Diodes.

3.3.1.2 Direct Torque Control with Space Vector Modulation

Direct torque control with space vector modulation (DTC SVM) is based on the DTC
method described in Section 3.3.1.1 but with a different switching logic and
proportional-integral (P1) controllers instead of hysteresis comparators. The main
advantage of the DTC SVM control method compared to the DTC method is that it
operates at constant switching frequency which results to reduced torque ripple. In
addition, constant switching frequency of the generator controller means that the
characteristic harmonics will be generated at specific frequencies which can be filtered
with single tuned filters. On the other hand, the classical DTC method described in
Section 3.3.1.1 generates square-wave pulses. These pulses have harmonic
components at a wide range of frequencies which is undesirable for a long distance
control system. The importance of having harmonics at known frequencies will
become evident in Chapter 4 where the TCCS will be analysed in the frequency
domain. Increased harmonics flowing in the cables can cause overvoltages at the
generator terminals and can lead to insulation breakdown. In this thesis, for the
generator controller, the DTC SVM scheme with closed-loop torque and flux control
in stator flux coordinates has been implemented. A version of this DTC SVM scheme
is presented in [92]. The control structure of the DTC SVM method modelled in
MATLAB/Simulink can be seen in Figure 3.10. The SVM method anddtfiabc
transformation are presented in [93].
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Figure 3.10 Block diagram of the DTC SVM method modelled in MATLAB/Simulink.
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The block diagram of the SVM model implemented in MATLAB/Simulink is
presented in Figure 3.11.
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Figure 3.11 Block diagram of the SVM method implemented in MATLAB/Simulink[93].

The sector calculator is based on the space vector diagram for the 2-level VSC and is
shown in Figure 3.12. The implementation is similar to the sector calculator presented
in Section 3.3.1.1. The modified reference voltage aigsecalculated from equation

(3-22) so that it always is between 0 a8l
0'=60—(k—1m/3 (3-22)

Where k is the sector number.
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Sector 2

A JB

Sector 5

Figure 3.12 Space vector diagram for the 2-level VS[3].

As it is shown in Figure 3.12 thg,, is synthesized by three stationary space vectors
with different dwell times for each space vector. For example, fo#,{hein Figure

3.12 the following applies:

{ﬁrefTs = VT, + VoTy + Vo Ty (3-23)

T,=T,+T,+T,
Where Eis the sampling period which is assumed sufficiently small. Dwell times T
Tp and b are calculated based on equation (3-24).
. T
T, = Tym, sin (§ - 9)

T, = Tym, sin
To=Ts—To =Ty

(3-24)

The switching logic of the SVM method presented in Figure 3.11 is based on the seven-

segment switching sequence presented in [93] and is shown in Table 3.6.
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Table 3.6 Seven-segment switching sequence for the switching logic of the SVM met}83].

Switching segment

Sector 1 2 3 4 5 6 7

To/4 T,/2 Ty/2 Ty/2 T,/2 T,/2 To/4

1 V, 7 Vv, Vv, V, 4 Vo
2 Vo Vs v, v, v, Vs Vo
3 Vo Vs A v, A Vs Vo
4 Vo Vs V, v, v, Vs Vo
5 Vo Vs Ve v, Ve Vs Vo
6 Vo v, Ve v, 7 v, Vo

3.3.2 Permanent Magnet Synchronous Generator

Permanent magnet synchronous generators have higher efficiencies over a wider range
of operating speeds compared to SCIGs. This advantage makes them an attractive
option for tidal current developers due to the variability of the tidal current, two high
tides and two low tides within 24 hours and 50 minutes in a semidiurnal tide. A
secondary advantage of the PMSG is the higher power densities due to the use of
permanent magnets on the rotor. Detailed construction, categorisation and modelling
of PMSGs is presented in [89]. The dynamic response of the PMSG modetlop the

axis reference framis given in (3-25) and (3-26) [89].

dig, 1 _ .
—— = (_vds - Rslds + Lqumlqs)
dt L,
di,, 1 (3-25)
E=— (_vqs - Rsiqs — Lgpwpigs + pwm‘Pr)
L,
(3-26)

3p, . .
T, = 7 [‘Prlqs + (Ld - Lq)ldslqs]

The motion equations of the PMSG are given in (3-27) [89].
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de,
{ dac _ “m
dw, 1

= (T, — Fwn —

Pat =7

(3-27)

In Table 3.7 a detailed description of the quantities involved in (3-25) to (3-27) is

given.

Table 3.7 Description of quantities of the dynamic PMSG model.

Symbol Description Units
Las, igs dg-axisstator currents A
Vas Vgs dg-axisstator voltages \%
Lq,Lq dg-axis inductances H
R, Stator winding resistance Q
Oy Flux amplitude induced by rotor magnets Wb
O Rotor angular position rad
Moment of inertia of the rotor kgm?
p Number of pole pairs -
T, Mechanical torque from the generator shaft Nm
T, Electromagnetic torque Nm
Wm Rotor mechanical speed rad/s
F Rotor and load viscous friction coefficient N

In this thesis a PMSG with round rotor and sinusoidal back electromotive force (EMF)
has been chosen. The PMSG model was designed to fit in the nacelle of the current
prototype of AHH and this is why a gearbox is necessary. In addition, the nominal
voltage and power rating of the PMSG model was designed to match the respective
guantities of the SCIG used in AHH HS1000 prototype. The PMSG parameters used

in the model are presented in Table 3.8.
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Table 3.8 PMSG model parameters.

Parameter Value Units

Nominal voltage 6600 \%
Apparent power range 1.2-1.8 MVA
Frequency 50 Hz
Stator resistance sR 0.4149 Q
dg-axisinductance, &= Lq 0.0586 H
Flux induced by rotor magnets, ¢ 17.1533 Wb
Rotor inertia, J 225 kgnt
Pole pairs, p 3 -
Rotor and load viscous friction coefficient, F 2.3 N

The PMSG model is controlled from the onshore generator side VSC. The control
method used was based on the z@vaxis current control (ZDC) method and is

presented in the following section.

3.3.2.1 Zero d-axis current control with Space Vector Modulation

The zerod-axiscurrent (ZDC) control method is based on the assumption thdt the
axisstator current of the PMSG can be kept at zero and that the electromagnetic torque
of the generator can be controlled dpaxis stator current. This possible due to the
non-salient rotor of the PMSG used in this thesis. Based on (3-26) and becalige

the electromagnetic torque of the PMSG generator is transformed to:

3p, .
Te = 7 ((prlqs) (3'28)

As shown in (3-28) the relationship betwepaxiscurrent and electromagnetic torque

of the PMSG is linear. The control scheme for the ZDC control method is presented in
detail in [94]. In this thesis, a different variation of the control scheme is chosen for
the development of the TCCS model compared to the one presented in [94]. The

differences lie in the switching logic that generates the pulses for the generator side
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VSC and the location of the current measurements. In [94] the control scheme
presented is based on pulse-width modulation (PWM) to generate the desired pulses
whereas the SVM method is chosen in this thesis. The reason for choosing the SVM
method is due to the fact that SVM is also used for the control of the SCIG and
therefore results could be comparable. In addition, the SVM method operates at
constant switching frequency which results to reduced torque ripple. As described in
Section 3.3.1.1 for the control of the SCIG the voltage and current measurements are
suggested to be taken from an onshore point so that the transfer of information is easier.
This is also the case of the ZDC controller for the PMSG. The block diagram of the
ZDC control method developed for the PMSG TCCS model is shown in Figure 3.13
and was published in [60]. The SVM method used to control the PMSG is similar to
the one presented in Section 3.3.1.2 for the control of the SCIG.

Offshore Generator

!
|
: | Generator side side
: Tdal Turbine Subsea cables : transformer Sc:f:ogi:?ev: converter
! | Tidal Current Y 9 DC link
| — | | ylGsanoy
I > T
!
: ! Tabe ‘ pulses i
,,,,,,,,,,,,,,,,, .
(A e |i Space Vector Ve
, = abc | 1 S,
il < | Voltage and current Modulation
MPPT estimator A
Vog*
0, _ : aB
Vo'
Vd*; dqo0

Figure 3.13 Block diagram of the ZDC control method as modelled in MATLAB/Simulink.

3.4 Maximum power point tracking

Maximum power point tracking (MPPT) has one major aim: to control the tidal

turbine’s speed in order to capture the highest possible power from the tidal currents.
However, this is not always possible due to constraints in the operation of the system.
Some of these constraints include high system losses at low tidal current speeds,
reduced generator efficiency at low generator speeds and maximum electrical power

output from the generator. The curtailment of the power output of the generator at
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above rated output has been discussed in Section 3.2.1 and is achieved by changing
the pitch angle of the blades. MPPT is responsible for the efficient operation of the
TCCS at tidal current speeds below 2.5m/s, which is the rated tidal current speed. In
order to operate efficiently, firstly the operating points where maxi@gisiachieved

at different tidal current speeds must be identified. This process is discussed in Section
3.4.1. After identifying the optimum operating points, the speed and torque of the
generator have to be controlled based on the optimal operation. This is done by the
speed controller which is discussed in Section 3.4.2. The overall MPPT strategy and

how it links with the generator controllers is presented in Section 3.4.3.

3.4.1 Maximum power point curve

The maximum power point curve (MPPC) identifies all the operating points with
maximum hydrodynamic coefficien€,. The maximum power point curve modelled

in this thesis is based on (3-29) whkiie a constant and is shown in Figure 3.14.

Tope
Tope = kw3p © @opy = —;’: (3-29)

x10*

25

-
o

Rated torque = 11.488kNm

Optimum Torque (Nm)
-

' 106.5 rad/s

L L
0 50 100 150
Generator speed (rad/s)

Figure 3.14 Maximum power point curve for the TCCS.

92



Modelling of a single tidal current device

The mechanical torque to the generator shaft is used as an input to the maximum power
point curve. Using (3-29) the desired generator speed is calculated based on the
mechanical torque input. The desired generator speed is then used as input to the speed
controller to calculate the desired electromagnetic tordigfe which is required as

input to the generator controllers.

3.4.2 Speed controller

The speed controller is responsible for comparing the optimum generator sgged,

and actual generator speed;, in order to produce a reference signal for the
electromagnetic torque of the generator. A rate limiter is addeghptan order to
restrict sudden changes of speed from the controller. The reference signal of the
electromagnetic torqudg*, is used as an input to the generator controllers discussed
in Section 3.3.1.2 and 3.3.2.1. The block diagram of the speed controller is shown in
Figure 3.15.

Speed Reference torque
rate limiter saturation

' V u;
Oopt Wopt Oerror Te P Te*
.......... > : }@» PI(s) > — >
[

Figure 3.15 Speed controller block diagram as modelled in MATLAB/Simulink.

The way the speed controller, presented in Figure 3.15, operates in order to follow the
MPPC discussed in Section 3.4.1 is shown in Figure 3.16 for a step change in tidal
current speed and in Figure 3.17 for a ramp increase in tidal current speed. In Figure
3.16 a step change of the tidal current speed occurs from 2.2m/s to 2.5m/s. Figure 3.16a
shows the generator speédcompared to the optimum speed generated by the MPPC
curve,Nopt, and the rate limited optimum spe®d,. Figure 3.16b shows the power
curve diagram of the TCCS and how the speed controller changes the operation of the
TCCS in order to follow the MPPC.
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Figure 3.16 Step change response of the speed controller implemented in MATLAB/Simulink. a.

Generator speed over time. b. Tidal turbine power depending on the generator speed.

In Figure 3.16a the generator speed over time is observed as the tidal current speed
increases from 2.2m/s to 2.5m/s at 200s. Based on equation (3-28lthedso
increases from 880rpm to 1000rpm as a step change. Due to the restrictions imposed
to the speed controller regarding the maximum acceleration of the generabbgy'the
increases to 1000rpm within approximately 12 seconds. The generator Speied,

Figure 3.16a is increasing the same waiN&s until approximately the 1000rpm are
reached. The overshoot of the generator speed is small since the tuning of the speed
controller led to only 0.18% overshoot. The speed controller Pl was tuned using bode
plots to allow a fast and relatively robust response. The speed controller Pl gains
chosen also achieve good stability (phase margih:ggbn margin: 58dB). The gains

of the speed controller have the following values: the proportionalkgdfr= 3500,

the integral gain K= 20000.

Figure 3.16b shows the tidal turbine power curves at zero pitch angle for different tidal
current speeds, the MPPC which passes from the maximum point of each power curve
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shown and the tidal turbine power of the simulated TCCS for the step change in tidal
current speed. As it can be observed the tidal turbine power output follows the 2.2m/s
power curve until it reaches the point that meets the MPPC. For a tidal current speed
input of 2.2m/s maximum tidal turbine power output is achieved when the generator
is operating at 880rpm. When the step change in tidal current speed occurs, from
2.2m/s to 2.5m/s, the tidal turbine power output increases suddenly but due to the
instant increase of the tidal current speed the generator speed is still at 880rpm. For a
2.5m/s tidal current speed input the tidal turbine power output is not optimal when the
generator is operating at 880rpm. As it was shown in Figure 3.16a, after the step
change the generator speed is increasing until 2000rpm are reached, which is the point
that the MPPC crosses the power curve of the 2.5m/s. For any changes in the tidal
current speed input the speed controller will try to increase or decrease the generator
speed until the point where the MPPC crosses the respective power curve. Figure 3.17

shows an example when the tidal current speed increases relatively slowly.
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Figure 3.17 Ramp response of the speed controller implemented in MATLAB/Simulink. a.

Generator speed over time. b. Tidal turbine power depending on the generator speed.
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In Figure 3.17a the generator speed over time for a ramp increase in tidal current speed
input is shown. At the first 200s the TCCS is operating at 2.1m/s input until the system
reaches steady state. In Figure 3.17b this is shown by the turbine power following the
2.1m/s power curve until it reaches the MPPC. At 200s the tidal current speed increases
with a rate of 0.0035m/s per second. In Figure 3Nk/#llows Nopt accurately and no

rate limitation is imposed to the optimum speed and therefgresiequal to Bht'. At

around 315s the tidal current speed input is 2.5m/s which is the rated speed of the
turbine. The speed shown in Figure 3.17a after the 315s is limited by the pitch
controller discussed in Section 3.2.1. Based on the turbine power results of Figure
3.17b it can be observed that with the operation of the speed controller the MPPC is
followed as the tidal current speed is increasing from 2.1m/s to 2.5m/s. This means
that tidal turbine is always operating at peak hydrodynamic coefficient harnessing

maximum power from the tidal current resource.

The main aim of the reference torque saturation presented in Figure 3.15 is to constrain
the electromagnetic torque of the generator at certain values based on the operating
region of the generator. The operating regions of the generator are discussed in the

following section.

3.4.3 Supervisory control

The supervisory controller's aim is to define the generator operating regions and
change the operation of the system by saturating the optimum generatorespeed,
and reference electromagnetic torql, In order to better understand the operation
of the supervisory controller the block diagram of the complete MPPT system is

presented in Figure 3.18.

: ; Speed controller
e e . O
Maximum power pomt curve Speed Speed Reference torque
: saturation i rate limiter saturation
up i ' up x i
m (Dopl HH wopt - (Dermr Te Te :
et (3-29) - S > )] Pis) > >
wupl / Telow
: Supervisory control gt O
Om Region | > Operation
calculator control

Figure 3.18 Block diagram of the MPPT system.
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The way the supervisory controller works changes depending on the application. In
this chapter two different supervisory controllers are compared. The first one is based
on the prototype of AHH and is published in [581lip H. The second one is based on

the conventional control of wind turbineSup W. A summary of the supervisory

controllers is presented in Table 3.9.

Table 3.9 Operating principles ofSupH and SupW.

Sup H Sup W
Generator Speed Torque Speed Torque
Is negative | Increasing from

Region 1 Increasing to motoring the | free flow up to No torq.ue
800rpm production
generator 250rpm
Reqion 2 Constant at Increasing as Increasing Increasing
9 800rpm flow increases| based on (3-23) based on (3-23
Increasing Increasing Increasing Increasing

Region 3 based on (3-23) based on (3-23) based on (3-23) based on (3-23
to rated value | to rated value | to rated value | to rated value
Region 4 Constant Constant Constant Constant

The operation of the two different supervisory controllers is shown in Figure 3.19.
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Figure 3.19 a. Power curve of a TCCS witlsupH. b. Power curve of a TCCS withSupW.
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3.5 Generator side power transmission

In a system with long distance controls, generator side power transmission will
generate the majority of transmission losses. As described above, the generators
operate at variable speed which results in variable frequency, current and voltage. The
variable frequency output of the generator is transmitted to shore by three-phase
cables. A step-down transformer is utilised to convert medium voltage to low voltage
for the generator side VSC. Between the generator side VSC and the step-down
transformer, filters are installed in order to improve voltage and current quality for the
power transmission. These generator side filters have been identified as one of the
most important components for a system with long distance controls. By calculating
the exact filter parameters, minimum losses and high quality voltage and current in the
transmission cables can be achieved. Chapter 4 will focus on the detailed design and
effect of the generator side filters. However, in this chapter only the common filters
used in the tidal current energy industry will be mentioned since the model described

in this chapter is based on the AHH prototype.
3.5.1 Cables

Long subsea cables are modelled with a networks#ctions in order to accurately
represent the uniform distribution of the cable resistaRgeinductancelc and
capacitanc€c. In order to accurately represent the uniform distribution with lumped
parameters and therefore to obtain accurate results at the cable terminals for transient
analysis, several identicalsections are connected in series. The number of identical
n-sections required to accurately represent frequency transients is given by the

following equation [95]:

8xlcx
Nn- — Cvc fmax (3_30)

Where v is the travelling speed of the waves in the cables and is defined in (3-31), |

is the cable length arfglaxis the maximum frequency that is required to be accurately

represented.

1

ve T oxc,

(3-31)
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In this thesis the analysis is based on the particular cases in which AHH is involved.
For the above reason the cable model was based on the Pirelli cable used at the tidal
site of EMEC and is described in [96]. The Pirelli cable is an 11kV, three core ethylene
propylene rubber (EPR) insulated submarine cable constructed for alternating current.
It has an optical fibre unit, three 2.5rhmopper signal cables and is double wire
armoured. Regarding the transient analysis of this system, it lies in the low frequency
range and thereforihax is chosen to be 5 kHz. The parameters of the caseaded
network are given in Table 3.10 and Figure 3.20 showsa-tetwork modelled for

3.5km cable length.

Table 3.10 Submarine cable network parameters.

Symbol Quantity Value
Rc Cable resistance 0.197Km
Lc Cable inductance 0.742 mH/km
Cc Cable Capacitance 0.316/km
| zc| Cable characteristic impedance 55.98 Q
lc Cable length 3.5 km
Nz Number ofr-sections 2.12
Nz Number ofr-sections chosen 3
fmax Maximum accurately represented frequency 7000 Hz

Since two rsections cannot represent the frequency range of 5000Hz, we chose three

n-sections that can actually represek f

RoN, M gon EMNe g LN
Co(N 2 CoN, —— CoN,__ Co(N2__

Figure 3.20 Model of the submarine cable with three-sections.

3.5.2 Filters

Optimisation, detailed design and analysis of filters for long distance control in TCCS

will be discussed in Chapter 4. In this section, off-the-shelf filters used by the industry
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in long distance control applications will be discussed. Based on the industrial input
from AHH two common passive filters are used simultaneously for long distance
control applications. These two filters are tirst-order damped high-pass filter
(Figure 3.21a) and theecond-order band-pass filtéFigure 3.21b). In a three-phase

system both filters are used in delta-winding connection.

o '} o '}
RRLC
Rre
LRLC
+
CRC +
T T Cne
o s} o e}
a b

Figure 3.21 Filters modelled for the reference. TCCS &Cfilter. b. RLC filter.

Thefirst-order damped high-pass filtefrom now on referred to as tiC filter, is
composed of a shunt capaci@c and a series resistanRec. The shunt capacitor is
used to reduce voltage notching from the rectifier switching and improve the power

factor of the generator side system. The series resistance is used to provide damping.

The second-order band-pass filtefrom now on referred to as thHeLC filter,
comprises a series connection of a capac€ige, an inductorLr.c and a damping
resistorRrLc. The aim of the filter is to mitigate a single harmonic component. The
harmonic component mitigated is defined by the parameters of the capacitor and the
inductor as in (3-32). The damping resistor is usually small and affects the quality
factor of the RLG@ilter as shown in (3-33).

1
Bamed = T ——— (3-32)

tuned —
27/ LgicCric

oric = L |Lmc (3-33)

RRLC CRLC

The parameters used for these two types of filters were provided by AHH and are

presented in Table 3.11.
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Table 3.11 Parameters used in the TCCS model of th&C andRLC filters.

Symbol Description Value

Rrc RCfilter damping resistance 0.1Q
Crc RCfilter capacitance 64

Rric RLCfilter damping resistance 0.1Q
Lric RLCinductance 60 H

CrLc RLC capacitance 21.5,C

RLC RLC filter tuned frequency 2558.4 Hz

QRLC RLCfilter quality factor 9.65

More common type filters are available and the details can be found in [97]. The filters
installed on the generator side interact with the generator side choke, which is assumed
to be 0.05pu, and the step-down transformer inductances. The details about the step-

down transformer are presented in Section 3.5.3.

3.5.3 Step-down Transformer

The transformer at the generator side steps-down the generator voltage of 6600V to
690V which is the voltage that the VSC operates. At the generator side the transformer
is delta-connected and at the VSC side the windings are wye-connected. The
transformer model is based on three single-phase transformers, one for each phase.
Therefore, there are no interactions and mutual inductances between phases. In
addition, it is assumed that the transformer always operates at the linear region and
never reaches saturation levels. The parameters of the generator side transformer were

provided by AHH and are presented Table 3.12.
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Table 3.12 Generator side transformer parameters.

Symbol Quantity Value

St Apparent power range 1.2-1.8 MVA
Ve Wye connection voltage 690 V
ydelta Delta connection voltage 6600 V
fmt Nominal frequency 50 Hz
RY¢ Wye resistance 0.0016 pu
L>e Wye inductance 0.0639 pu
Réelta Delta resistance 0.0072 pu
Ldelta Delta inductance 0.0479 pu
R Magnetisation resistance 618 pu
L9 Magnetisation inductance 418 pu

3.6 The DC link

All the power from the generator that is converted by the generator side VSC passes

through the DC link. The DC link voltage is kept constant by converting the input

power to the DC link into a constant voltage and frequency on the grid side. This

conversion is achieved by the grid side VSC which is controlled by the grid side

controller discussed in Section 3.7.1. The DC link model is composed of an ideal

capacitor, a discharging resistance and an equivalent series resistance (ESR). The

diagram of the DC link model is presented in Figure 3.22 and the dc link parameters

are given in Table 3.13.

discharging

R dc

Figure 3.22 Block diagram of the DC link model implemented in MATLAB/Simulink.
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Table 3.13 DC link model parameters.

Symbol Quantity Value
Vie DC link voltage 1100V
Cac DC link capacitance 11600
Rgi“harging Discharging resistance 1M
RESR ESR 0.5 M

3.7 The grid side

The power generated by the TCCS is delivered to the grid through a VSC. The grid-
tied inverter is connected to the grid through a number of components; a line reactor
to reduce line current distortion, a filter that reduces harmonics and a step-up
transformer from 690V to 11kV. In some cases, which will be presented in Chapter 5,
the grid connection will be at 33kV. The inverter is controlled by a PWM scheme
called voltage oriented control (VOC) with decoupled controllers [93] which ensures
a constant DC link voltage of 110y constant frequency output of 50Hz on the AC
side and control over the amount of reactive power flowing based on grid

requirements.

3.7.1 Grid side controller

As stated above, the grid side controller is based on the VOC scheme with decoupled
controllers [93]. The block diagram of the VOC controller implemented for the TCCS
is shown in Figure 3.23. The VOC model has three aims:

* To keep the DC link voltage qy constant at 1100.V

e To synchronise the frequency output on the AC side to 50 Hz

* To control the amount of reactive power output from the grid side VSC. The
amount of reactive power flowing from the grid side VSC to the grid can be
controlled by changin@g* as shown in Figure 3.23. Depending on power
factor requirements of the grid operator at a specific point of the netwgirk, Q

can vary. For the purposes of this thesis the reactive power flow is set to zero.

The VOC scheme with decoupled controllers is also described in (3-34).
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Vai(t) = — [KL(ifig —igy) + K] f(ii;g - idg)dt] twglgigg +Vag

(3-34)
Vai(t) = — [Ki’(i:w - iqy) +Kj f(irw - iqy)dt] —wglgiag + Vg
Generator
Grid side Grid side o Grid side side
Grid transformer Grid side converter  DC link converter
cables filter
MV LV ..
A vi— 1A
A v Vab
O,=tan™ (V/V,)
* A
Lap Vab : Vabc
abc ‘gg 0, % abc
dq dq
A A
éldqg qug ti Vi
\/ \/

Reactive power control

' .

i DC Voltage control Decoupled control

Y

E Vdc* v idg*

g

Figure 3.23 Block diagram of the Voltage Oriented Controller implemented in
MATLAB/Simulink for the TCCS.

WhereLg is the grid sideline reactorinductance g is the angularfrequencyof the
grid, Vac* is the reference value for the DC link voltage égid the grid voltage angle.
The transfer function of the Pl controller is shown in (3-35) where the d&ihand

K, of the inner current loops can be seen.

KL+ ?' (3-35)
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The VOC controller has two loops. An outer loop in which the DC link voltage is
controlled (DC voltage control in Figure 3.23) and the inner current loops. Apart from
the DC link voltage regulation, the outer loop of the VOC controller needs to achieve
a stable operation. Using bode diagrams for tuning purposes this leads to a high phase
margin. For the inner current loops fast response is required which leads to a high
bandwidth, at least a decade higher compared to the outer loop. In addition it is
desirable that the crossover frequency of the inner current loop to be lower than the
switching frequency of the controller in order to avoid harmonic oscillations. The
initial tuning of the PI controller gains was implemented based on [98] but the final
gains were based on the bode diagram tuning method using the above mentioned
controller requirements in MATLAB/Simulink. The PI controller gains for the inner
loop are: K' = 0.3, K' = 30 and for the outer loop:K= 1.388, K = 400.

The operation of the outer loop of the VOC controller can be seen in Figure 3.24 in a
step change of the reference DC link voltage from 1100V to 1200V. At this point it
has to be noted that the DC link voltage during the operation of the TCCS remains

constant at 1100V. Figure 3.24 is presented in order to show the controller response.

1250

T
—DC link voltage
—Reference DC link voltage

1200 -

Voltage (V)
o
o
T
|

1050 ! ! ! ! !
9 9.5 10 10.5 11 11.5 12

Time (s)

Figure 3.24 Comparison of measured and reference DC link voltage for a step change in the
reference DC link voltage from 1100V to 1200V.
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Based on the results presented in Figure 3.24 it can be observed that the DC link
voltage follow the reference DC link voltage. The overshoot of the DC link voltage is
around 3% and the ripple £0.75%.

The operation of the inner loop of the VOC controller can be seen in Figure 3.25. In
Figure 3.25a step change in tidal current speed takes place. Figure 3.25a shows the d-
axis current response of the VOC controller. Figure 3.25b depictg-thes current
response when the reactive power demand of the grid operator changes from Opu to
0.2pu.

-0.5 I 7

o
o

Current (pu)
=
3

©
o

09L | | B
9 9.5 10 10.5 11 11.5 12
Time (s)
b
0.3 \

Current (pu)
o o
N N

o

_01 L | | q _
9 9.5 10 10.5 11 11.5 12
Time (s)

Figure 3.25 VOC inner current controller responses to step changes. d.axis current for step
change in tidal current speed. bg-axiscurrent for a step change in reactive power demand from
Opu to 0.2pu.

Observing Figure 3.25 it can be said that the current loops of the VOC controller follow
the reference signals. In both cases the overshoot is very small and the ripple of the

currents does not exceed +10%.
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3.7.2 Grid side transformer

The transformerat the grid side steps-upthe voltagefrom the grid side VSC from

690V to 11000Mwhich is thegrid voltage. At the VSC side the transformer is wye-
connectedand at the grid side the windings are delta-connectedThe transformer

model is based dhree single-phase transformers, one for each phase. Therefore, there
are no interactions and mutual inductances between phases. In addition, it is assumed
that the transformer always operates at the linear region and never reaches saturation
levels. The parameter®f the grid sidetransformemwere providedby AHH andare

presented in Table 3.14.

Table 3.14 Grid side transformer parameters.

Symbol Quantity Value
Syt Apparent power range 1.2-1.8 MVA
ngtvy ¢ Wye connection voltage 690 V
et Delta connection voltage ~ 6600 V
fot Nominal frequency 50 Hz
Ry* Wye resistance 0.0009 pu
Ly?* Wye inductance 0.0812 pu
Réelta Delta resistance 0.0038 pu
Lgta Delta inductance 0.0651 pu
Ry Magnetisation resistance 520 pu
Lyt Magnetisation inductance 430 pu

In the TCCS with long distance controls the grid side transformer is directly connected
to the grid. However, in model that will be presented in Chapter 5 the grid side

transformer will be connected to grid side cables.

3.7.3 Grid side cables

A TCCS with long distance controls has no need for long grid side cables to connect
the TCCS with the grid. Power transmission is achieved by the machine side cables

discussed in Section 3.5.1. However, for electrical topologies that will be discussed
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later in this thesis, grid side cables are considered at different voltages and ratings.
Information on cable parameters were drawn fidexans Submarine power cables
which is available in Appendix C [99]. The parameters chosen were based on the
medium voltage submarine cable, including fibre optic cable. The cable designs range

from 10kV to 36kV and conductor cross-sectional areas from 38mB680mni.

3.7.4 Grid

The grid is modelled as a balanced three-phase voltage source connected in wye. The
wye-connection is grounded. The grid model was based on EMEC facilities where
tidal and wave energy devices are connected. The fault levels were based on the

following:

* For the 11kV connection, the maximum three-phase fault level is defined as
52.1 MVA and the maximum X/R ratio is 1.8.

» For the 33kV connection, the maximum three-phase fault level is defined as
45.6 MVA and the maximum X/R ratio is 1.024.

3.8 Validation of the tidal current conversion system model

As described at the beginning of this chapter the reference TCCS model is based on
the TCCS installed by AHH at EMEC. AHH has provided information about the power

generated and losses at the generator side. In order to validate the Simulink model
developed in this chapter, the results from the reference TCCS model are compared
with the actual data provided by AHH. Based on the available data two comparisons

can be made:

* The power generated from the SCIG over a half tidal cycle of a semidiurnal
tide.
 The averaged losses at each stage of the generator side as percentage to the

power generated.

The power generated from the SCIG over a half tidal cycle of a semidiurnal tide is

depicted in Figure 3.26.
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Figure 3.26 Comparison of power generated over time.

As a first observation it can be said that the simulation model matches the AHH data.
However,differencesat the power output appearat severalpoints. At start-upthe

power generated from tihdHH Modelincreases gradually with high ripples compared

to AHH data which increases instantly to approximately 600kW. When the generator
reaches rated power output the Simulink model produces a more stable power output
compared to the AHH data. At rated operation the AHH data reveal power ripples from
950kW to 1200kW. At approximately 4 hours the flow speed is too low for the tidal
turbine to maintain rated power and therefore power generated is reducing. During the
decreasingeriodof power generatedhe model matcheshe AHH data.In orderto
quantify the resemblanceof model output to AHH data the statistical tools of
correlationcoefficients,meanvaluesandthe residualvarianceare used.Table 3.15
presentghe statisticalvaluesthat determinethe goodnesf fit of the AHH Model

outputcomparedo AHH data More detailsaboutthe statisticaltools usedcan be

found in Appendix B.
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Table 3.15 Statistical values for the goodness to fit of power generated between AHH data and
TCCS model.

AHH data AHH Model
Mean 701.2 kW 711.6 kW
%(diff of mean value 1.4832
Correlation coefficients 0.9780
Residual variance 0.9558

From the statistical results of Table 3.15 it can be said that the mean values between
the two outputs are almost the same. The high value of the correlation coefficient near
unity shows a strong linear relationship between AHH data and model output. Finally,
the residual variance shows that thidH Model output predicts the 95.58% of the
variation of AHH data.

Finally the power losses at different stages of the generator side at different operating
points are available. The differences between power losses betwddiHidata and
the AHH Modeleveloped in Simulink are presented in Table 3.16.

Table 3.16 Power losses of the generator side at different operating points of the TCCS.

Comparison between model losses and actual data provided by AHH.

Pgen(pu) | Filter losses Transformer losses (%) Cable losses (%)
(AHH Mode) | A data| AHH Model | AHH data AHH Model
1.00 0.68% 1.92% 1.80% 1.97% 1.99%
0.75 1.21% 2.05% 1.94% 1.50% 1.70%
0.50 8.29% 2.24% 2.55% 1.00% 1.58%

Table 3.16 presents the averaged losses at different stages of the TCCS. When the
TCCS operates at rated pow&dy = 1pu) the cable and transformer losses match
between theAHH data andAHH Model When the TCCS generates 75% or 50% of

the rated power, cable losses drop in both cases but at different rates. The cable losses
estimated by thAHH Modelare higher compared to tAéiH data. This is due to the
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fact that the cable resistance used in the cable model, presented in Section 3.5.1, is the
resistance when the cables are operating &9@hich is the maximum operating
temperature. Therefore whether the TCCS is operating at lower power ratings, which
results to reduced temperatures in the cableté Modelassumes the worst-case
scenario of maximum cable resistance. Regarding the transformer losses, these
increase as the power generated is reducing from 1pu to 0.5pu. This is due to the fact
that the transformer has a minimum of constant losses. The transformer’s constant

losses become more significant as less power is generated by the TCCS.

Finally, filter losses generated by thélH Modelare presented in Table 3.16. These
losses will be compared in the next chapter with the losses produced by a similar type
of filter designed using the power loss minimisation algorithm.

3.9 Summary

This Chapter focused on modelling the different parts of the TCCS. The modelling of
the TCCS was based on a reference TCCS that uses long distance controls. The
parameters of the reference TCCS were provided by AHH. In addition, components
for TCCS that have the generator and grid side VSC in the nacelle were analysed. The
modelling in this Chapter focused on accurately representing the long three-phase
subsea cables and the control of the different types of generators in a long distance
control scheme. The speed controller, presented in Section 3.4.2, was also an important
aspect of the model because it ensures that the TCCS always captures maximum power
from the tidal current speed input. In the final parts of this Chapter, Section 3.8, the
reference TCCS was compared with actual power and power loss data supplied by
AHH. It is shown, using a number of statistical tools, that the reference TCCS
modelled can predict the actual output power of a commercial scale tidal current
turbine. In addition, the losses at the different parts of the model and the actual tidal
current turbine were compared and showed a perfect match at rated operation and
small variations for below rated operation. Finally, the limitation of the TCCS model

compared to an actual system were described.
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Chapter 4

Tidal current conversion systems

with dry converters

Operating a TCCS with dry converters is advantageous in terms of maintenance and
cost. This is due to the fact that fewer components are installed underwater. In the case
of a fault in the power converter system there is no need for underwater extraction and
maintenance. In addition, using dry converters eliminates the need for additional
auxiliary systems to maintain normal operating conditions in the nacelle. Dry
converters can be placed either on land or on an offshore platform. Both options have
been suggested in the reports of the three major electrical companies presented in
Section 2.6. In this chapter the issues that arise when a machine is controlled from afar
are presented. What is more, ways to mitigate these effects are presented and tested
based on literature, using the TCCS model described in Chapter 3. Finally, a novel
method of minimising these effects as well as reducing power loss is presented in the
last section of this Chapter. It should be noted that the analysis is based on the SCIG
model with DTC SVM controller described in Chapter 3.

4.1 Introduction to systems controlled from afar

Literature regarding long distance control has been discussed in Section 2.7. Based on
the literature two major problems can be identified when a machine is controlled from

afar. The first issue are the voltage reflections in the system between the generator and
the VSC and the second problem is resonance due to the interaction of the inductive

and capacitive components of the system. Voltage reflection and resonance can cause
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excessive harmonics to flow in the cables and overvoltages at the generator terminals.
These problems will be analysed in the following sections in order to determine the
need to mitigate the associated harmonics and overvoltages.

4.1.1 Wave reflection analysis

Voltage pulses, created by the generator side controller, travel from the VSC to the
generator through electrical cables. Their behaviour can be analysed the same way as
travelling waves in transmission lines [79]. Voltage waves travelling from the VSC to
the generator, also called forward-travelling waves, are reflected at the end of the long
cables. The reflected voltage waves, also called backward-travelling waves, are
mirrored replicas of the forward-travelling waves. This means that the backward-
travelling waves are equal to the forward-travelling waves multiplied by the voltage
reflection coefficient at the cables end. The voltage reflection coefficiantis
determined by the surge impedance ratio at nagledns given in (4-1).

_Zn_ZC
T Z,+Z,

rn (4'1)

WhereZ, is the impedance at nodeandZc is the cable characteristic impedance at
specified frequency dan rad/s.

_ |(wLc + Re) )
Ze= "Gt 2

The impedance at the VSC terminals is very low because it is dominated by the dc-
link capacitor and therefore results fivsc = —1. According to [79], the voltage
reflection coefficient of the generatdrgen is close to unity for low power machines

but for high power machines this can be less than 0.65 [80].

In this thesis, two cases will be explored regarding the generator surge impedance.
Firstly, a worst case scenario is chosen where the travelling waves arriving at the
generator terminals are completely reflected resulting in 2 times the voltage magnitude
of the travelling waves. Based on (4-1) this lead$dé ~ 1. The second scenario
assumes a voltage reflection coefficient at the generator terminals edgal 00.5

which means that the travelling waves arriving at the generator terminals are reflected

by 50% resulting in 1.5 times the voltage magnitude of the travelling wave.
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4.1.2 System resonance

Apart from the voltage reflections, additional harmonics can be generated by the
interaction of cable capacitance and inductance. This interaction creates frequencies
where the system is resonant [80]. If harmonics are generated at the resonant
frequencies they can be magnified and lead to overvoltages and increased harmonic
distortion at the generator terminals. In addition, when a transformer is installed
between the VSC and the cables, the transformer inductance interacts with the cable
capacitance creating additional resonant frequencies. In order to quantify the
phenomenon of resonance, voltage gain graphs are created for different systems that
are controlled from afar as shown in Figure 4.1. The voltage gain graph is created by
assuming that the VSC is sending voltage pulses and that the generator terminals are
the receiving end of these pulses. Therefore we can compute the state-space model of
the system using MATLAB in discrete form:

{x(kT + T) = Ax(kT) + Bu(kT) (4-3)

y(kT) = Cx(kT) + Du(kT)
WhereT is the sampling intervakT is the time instant, input vectarrepresents
inductor currents and capacitor voltages, input vact@present voltage and current
sources and output vectprepresents voltage and current measurements. So, in order

to create the voltage gain graph, (4-3) is simplified to:

{x(kT +T) = Ax(kT) + BVysc(kT) (4-4)

VGen(kT) = Cx(kT) + DVVSC (kT)
The solution of the discreet time equation (4-4) can be simplified by transforming it to
the frequency domain using the unilatefaransformation [100]. The unilatergt
transformation of a discreet variable x(k¥'given in (4-5).

[ee]

X(z) = Z 2 ¥ x(kT) (4-5)

kT=0

Applying the Z-transformation on the state-space model of equation (4-4) the model

is transformed as shown in (4-6) and can have an algebraic solution as shown in (4-7).

{zX(z) —2zx(0) = AX(z) + BVysc(2)

VGen(Z) = CX(Z) + DVVSC(Z) (4'6)
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{ X(2) = z(zI — A)"1x(0) + (zI — A)"'BVy4:(2)

Vieen(z) = 2C(zI — A)~1x(0) + [CB(zI — A)™ + D|Vygc(2) (4-7)

From equation (4-7) the voltage gain graph can be computed by assuming zero initial
conditionsx(0). Equation (4-8) presents the transformed state space model of equation
(4-7) for zero initial conditions.

{ X(2) = (zI — A)"'BVysc(2) (4-8)

Ven(2) = [CB(zI — A)™" + DVysc(2)

From equation (4-8) the voltage gain graph in the complex frequency domain can be

calculated as shown in equation (4-9).

VGen (Z )
Vysc(2)

Vean(z) = = CB(zI—A)1+D (4-9)

Moreover, the voltage gain graph can be converted to the s-domain shown in equation
(4-10) using the Tustin approximation [100] shown in (4-11).

VGen(S)
vV s) = 4-10
GAIN( VVSC(S) ( )
1+sT/2
— pST o -
Z=e Ry s/ (4-11)

The magnitude of the voltage gain graph shows how each frequency component of the
voltage pulses generated are multiplied to reach the generator. Therefore, if there is a
significant harmonic component generated at a frequency where the voltage gain
magnitude is above unity, then this harmonic component will be magnified at the
generator terminals. On the other hand, if the voltage gain is below unity at a specific
frequency range then the harmonic components at these frequencies will be reduced at
the generator terminals. The voltage gain magnitude and the positioning of the
magnitude peaks are directly related to the cable and transformer parameters. An
example of a voltage gain graph can be seen in Figure 4.1. The voltage gain graph y-

axis is plotted in logarithmic scale while x-axis is plotted in a linear scale.
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Figure 4.1 Voltage gain graph for a system with cables only and for a system with cables and
transformer. There is a significant change in resonant frequencies when the transformer is

included in the analysis.

The Cable systenas shown in Figure 4.1 assumes that the connection between the
generator and the VSC is achieved using the generator side cables discussed in Section
3.5.1 without transformer. One can observe in the cable system that three resonant
peaks appear at 4695H¥3730Hz and 21770Hz. Additional frequency peaks will
appear if the frequency range of the study is expanded; however, for the purposes of
this study, and since the cable lengths to be analysed are short, the frequency range of
0 to 25 kHz is deemed sufficient. Theansformer-Cable system (TGS)reated by

using the generator side cables discussed in Section 3.5.1 and the generator side
transformer discussed in Section 3.5.3. TH@S has resonant peaks at lower
frequencies. These appear a lot closer to the switching frequency of the generator
controller, 2500Hz, and the operating frequency of the generator, 50Hz. Operating a
TCCS with long distance controls with a Cable system TCS without filters would

create significant amount of harmonics at the resonant peaks. This will become evident
in Section 4.2 where results during the operation of these systems will be presented.
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The Filter-Transformer-Cable system (FTC&picted in Figure 4.1 is based on the
reference TCCS model described in Chapter 3. It can be seen that using a filter at the
low voltage side reduces significantly the magnitude of the resonant peaks. In addition,
due to theRLC filter which is tuned at 2558.4Hz a resonant minimum is created.
Resonant minimums are defined in this thesis as areas where harmonics are damped
and this is shown in Figure 4.1 with low magnitudes of voltage gain. As it will be
shown in the next section resonant minimums can be used to improve the operation of

the TCCS with long distance controls.

4.2 Switching frequency study

The main aim of this section is to study the effect of resonant peaks and resonant
minimums on the operation of the TCCS with long distance controls. The operation of
the TCCS is monitored mainly by measuring the voltage at the generator terminals.
The voltage at the generator terminals is the quantity most affected by voltage
reflections and resonance. Overvoltages appearing at the generator terminals can cause
insulation breakdown which in turn can lead to an electrical fault. The study of
resonant peaks and resonant minimums will be based oiirémsformer-Cable
systemand theFilter-Transformer-Cable systepresented in Figure 4.1. Ti@able
systemis not considered in this study since the reference TCCS modelled in Chapter 3
requires the use of a transformer at the generator side. Each system will be simulated
under different controller switching frequencies and the harmonics in each case will
be studied. In addition, two different voltage reflection coefficients will be explored;
the worst-case scenario whéign= 1 and the scenario 6&en= 0.5, as described in
Section 4.1.1.

4.2.1 Transformer-Cable system
The block diagram of a TCCS with long distance controls using% is depicted in
Figure 4.2. The system is identical to the reference model presented in Chapter 3 with

the exception of the absence of generator side filters. The 0.05pu choke at the generator

side VSC terminals is still present in this case.
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Figure 4.2 Block diagram of the Transformer-Cable system.
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The model depicted in Figure 4.2 is simulated at different generator controller

switching frequenciedsw, and results are summarised in Section 4.2.3. An example of

the generator voltages at differdrt is depicted in Figure 4.3. In Figure 4.3a and

Figure 4.3c thelCS is simulated at the reference generator controller switching
frequencyfsw = 2500Hz. In Figure 4.3b and Figure 4.3d TS is simulated & =
6290Hz which is the first resonant minimum frequency as presented in Figure 4.1. The

measured generator and transformer voltage in each case is shown in Figure 4.3.
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Figure 4.3 Comparison of voltages at differentsw for the Transformer-Cable systena. Generator
voltage atfsw = 2500Hz. b. Generator voltage atsw = 6290Hz. c. Voltage at the MV side of the
transformer at fsw = 2500Hz. d. Voltage at the MV side of the transformer &tw = 6290Hz.
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In Figure 4.3a the voltage at the generator terminals fof @& atfsw = 2500Hz is
depicted. A very high voltage total harmonic distortion (VTHD) of 39.51% and
overvoltage spikes can be observed. Figure 4.3b presents the voltage at the generator
terminals atfsw = 6290Hz where the resonant minimum appeared. A significant

reduction can be seen in both the overvoltages and the THD of the generator voltage.

Comparing the generator voltage of Figure 4.3a and Figure 4.3b with the transformer
voltage at the MV side presented in Figure 4.3c and Figure 4.3d respectively it can be
observed that the VTHD is slightly higher at the MV side of the transformer. This can
be explained because the distributed nature of the cable parameters can act as a filter
for certain harmonics generated by the VSC. On the other hand, cable parameters can
magnify the harmonics at the areas where resonant peaks appear as it was

demonstrated in the examples of Figure 4.1.

The distribution of the harmonics that constitute the THD are also given in Figure 4.4.
In addition, theVeain graph for thelCS given in Figure 4.1 is plotted in Figure 4.4 in
order to show the correlation between the distribution of harmonicsVand
magnitude. Figure 4.4c depicts the distribution of harmonics at the MV side of the
generator transformer and Figure 4.4d the distribution of harmonics at the VSC

terminals.
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Figure 4.4 Correlation between Voltage Gain graph and distribution of harmonics for th@ CS at
fsw = 2500Hz. a. Voltage gain graph. b. Distribution of harmonics at the generator terminals. c.
Distribution of harmonics at the MV side of the transformer. d. Distribution of harmonics at the
terminals of the VSC.
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In Figure 4.4a the voltage gain graph for @S is shown and in Figure 4.4b the
distribution of harmonics of the generator voltage. The allocation of voltage harmonics

at the generator terminals was measured when the system was at rated operation and
generator controller frequendyywas 2500Hz. In both graphs, the voltage gain graph

and the harmonic distribution graph, y-axis is plotted in logarithmic scale while x-axis

is plotted in a linear scale. The harmonics distribution graph y-axis shows the
magnitude of harmonics as a percentage of the fundamental.

The first observation from Figure 4.4 is that there is a correlation between resonant
peaks and appearance of high harmonics. Based on the voltage gain graph in Figure
4.4a, the resonant peaks appear at around 1600Hz and 9300Hz. Observing the
harmonics graph it is shown that the percentage of harmonics around these frequencies
are significant reaching 8% magnitude of the fundamental. The second observation
from Figure 4.4b is the distribution of the characteristic harmonics generated by the
generator controller. Based on the theory the characteristic harmonics from the
generator controller appear at multiples of the fundamental frequency, 50Hz, around
the multiples of the generator controlfer, 2500Hz. We can observe in Figure 4.4b

that around 2500Hz and 5000Hz harmonic spikes appear that reach up to 8%. This
creates the need for a filter with a tuned frequency at the generator switching frequency
fswand in addition, an appropriate switching frequency where its multiples are not near

a resonant peak at higher frequencies.

Comparing Figures Figure 4.4b, Figure 4.4c and Figure 4.4d the change of distribution
of harmonics generated by the VSC as they flow into the system can be observed. In
Figure 4.4d the distribution of harmonics generated by the VSC can be observed. It is
evident that the characteristic harmonics from the generator controller are dominant
and each harmonic spike surpasses the 10% magnitude of the fundamental. These
harmonic spikes are slightly reduced in Ti&S and as it can be seen in Figures Figure
4.4b and Figure 4.4c each spike reaches up to 8% magnitude at the MV side of the
transformer or the generator terminals. Apart from the characteristic harmonics
generated by the controller switching frequency other harmonics appear to be
generated from the VSC. Some harmonic spikes appear between 1000Hz and 1600Hz
that have a maximum of 1% magnitude. These harmonic spikes are resonating in the
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TCS increasing their magnitude at the generator terminals at around 2%. In addition,
it can be observed that the harmonics at the MV side of the transformer, Figure 4.4c,
are significantly reduced compared to the harmonics at the VSC, Figure 4.4d. The
change is larger for the harmonics that appear between 4000Hz and 6000Hz. At these
frequencies there are very low harmonics at the MV side of the transformer. However,
these harmonics are increased due to resonance at the generator terminals. It is
noteworthy to mention that the harmonic spikes due to the switching frequency of the
controller at around 5000Hz are up to 6% at the VSC, very low at the MV side of the
transformer and slightly increased at around 0.7% at the terminals of the generator due
to resonance. The harmonics at the frequencies between 9000Hz and 10000Hz are very
low at the VSC, they increase at the MV side of the transformer and have a significant
value of 1.5% at the generator terminals. This is due to the resonant peak that appears

between these frequencies as shown in the Voltage gain graph of Figure 4.4a.

4.2.2 Filter-Transformer-Cable system

The block diagram of a TCCS with long distance controls usigGS is depicted in

Figure 4.5. The system is identical to the reference model presented in Chapter 3.
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Figure 4.5 Block diagram of the Filter-Transformer-Cable system.

Based on Figure 4.1 tHe€T CS has a resonant minimum at 2558Hz which is the tuned

frequency of thdRLCfilter discussed in Section 3.5.2. The model depicted in Figure
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4.5 is simulated at the reference generator controller switching frequéacy,
2500Hz, which is also near the resonant minimum frequency. In addition, a second
resonant minimum appears at 6723Hz according to Figure 4.1FTGS& is also
simulated at the second resonant minimum frequency of 6723Hz. The measured

voltages at the generator terminals and the MV side of the transformer are shown in
Figure 4.6.
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Figure 4.6 Comparison of the voltages at differentsw for the Filter-Transformer-Cable systema.
Generator voltage atfsw = 2500Hz. b. Generator voltage atsw = 6723Hz. c. Transformer voltage
at the MV side atfsw= 2500Hz. d. Transformer voltage at the MV side afttw = 6723Hz.
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In Figure 4.6a the voltage at the generator terminals fdiltlee-Transformer-Cables
systematfsw = 2500Hz is depicted. A VTHD of 9.32% and a few overvoltage spikes
that do not exceed the 1.2pu limit can be observed. Figure 4.6b presents the voltage at
the generator terminalsfat = 6723Hz where the second resonant minimum appeared.
The VTHD atfsw=6723Hz is higher compared to wHeggy= 2500Hz. The main reason

of the higher VTHD is that at when the generator controllerffias 6723Hz, the
harmonics at higher frequencies are excited due to the resonant pealk6Ctheat
18090Hz, which is close to the three timesftheSimilar results are also observed for

the voltage at the MV side of the transformer.

Comparing the generator voltage of Figure 4.6a and Figure 4.6b with the transformer
voltage at the MV side presented in Figure 4.6¢ and Figure 4.6d respectively it can be
observed that the VTHD is slightly higher at the MV side of the transformer. This can
be explained because the distributed nature of the cable parameters can act as a filter
for certain harmonics generated by the VSC. On the other hand, cable parameters can
magnify the harmonics at the areas where resonant peaks appear as it was

demonstrated in the examples of Figure 4.1 and in Section 4.2.1 for the TCS.

The distribution of the harmonics that compose the THD of the generator voltage
presented in Figure 4.6a are also given in Figure 4.7b in the frequency domain. In
addition, theVeain graph for the=TCS given in Figure 4.1 is plotted in order to show
the correlation between the distribution of harmonics in the frequency domain and
Veain magnitude. Figure 4.7c¢ depicts the distribution of harmonics at the MV side of
the generator transformer and Figure 4.7d the distribution of harmonics at the VSC

terminals.
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Figure 4.7 Correlation between Voltage Gain graph and distribution of harmonics at different
stages for theFTCS at few = 2500Hz. a. Voltage gain graph for thé=TCS. b. Distribution of
harmonics at the generator terminals. c. Distribution of harmonics at the MV side of the generator

transformer. d. Distribution of harmonics at the VSC.
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In Figure 4.7 the voltage gain graph for th€éCS is shown together with the
distribution of harmonics of the generator, transformer and VSC voltage. The
allocation of voltage harmonics was measured when the system was at rated operation
and generator controller frequendyy was 2500Hz. The harmonics distribution

graphs, show the magnitude of harmonics in percentage of the fundamental.

The first observation from Figure 4.7 is that there is a correlation between resonant
peaks and appearance of high harmonics. Based on the voltage gain graph for the
FTCS, Figure 4.7a, the resonant peak that appears near 1600Hz TiC$hés
effectively damped. In addition, the resonant peak near 9600Hz has reduced voltage
gain magnitude. Observing the harmonics graph it is shown that the harmonics around
1600Hz and 9600Hz reach 5% magnitude of the fundamental. The second observation
from Figure 4.7b is the distribution of the characteristic harmonics generated by the
generator controller. Based on theory, the characteristic harmonics from the generator
controller appear at multiples of the fundamental frequency, 50Hz, around the
multiples of the generator controllky, 2500Hz. We can observe in Figure 4.7b that
around 2500Hz and 5000Hz harmonic spikes appear that reach up to 3% of the
harmonics. Finally, a significant reduction of harmonics can be seen betwdébShe

and the=TCS. By comparing Figure 4.4b and Figure 4.7b, the reduction of harmonics
in all the frequencies is evident. The expected reduction in harmonics is also depicted
in the Veain graphs for the two systems given in Figure 4.1. For almost all the

frequencies studied FTCS has less voltage gain magnitude compared to the TCS.

Comparing Figures Figure 4.7b, Figure 4.7c and Figure 4.7d the change of distribution
of harmonics generated by the VSC as they flow into the system can be observed. In
Figure 4.7d the distribution of harmonics generated by the VSC can be observed. It is
evident that the characteristic harmonics from the generator controller are dominant
and each harmonic spike reaches up to 10% magnitude of the fundamental. These
harmonic spikes are effectively mitigated in FRECS and as it can be seen in Figures
Figure 4.7b and Figure 4.7c each spike reaches up to 3% magnitude at the MV side of
the transformer or the generator terminals. Apart from the characteristic harmonics
generated by the controller switching frequency other harmonics appear to be
generated that have less than 1% magnitude. Even though these harmonics may not be
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significant at the VSC terminals their magnitude is increased due to resonance at the

MV side of the transformer and at the generator terminals. For example, the harmonics

generated at the VSC between 500Hz and 750Hz have a magnitude less than 1%. This
is not the case at the MV side of the transformer and the generator terminals. The

harmonics between 500Hz and 750Hz in Figures Figure 4.7b and Figure 4.7c have a
magnitude between 2% and 2.5%. In addition, the harmonics generated by the VSC

around 9600Hz, where a resonant peak appears KT8, have magnitude less than

1%. On the other hand, the harmonics that appear around 9600Hz at the MV side of

the transformer and the generator terminals are much more significant due to

resonance.

4.2.3 Summary of the switching frequency study

The conclusion from the above observations is that by studyingdtegraph the
optimum controllefsy for a system with or without filters can be estimated. Minimum
harmonics are generated when the generator contrglisrdt the resonant minimum

for each case. In addition, the At graph depicts the resonant peaks. The frequencies
associated with resonant peaks must be avoided in order to keep voltage harmonics
and overvoltages within limits. Apart from the resonance around the generator
controllerfsw, resonance around higher frequencies, at multiplig, @hust be studied
before increasing the generator controller switching frequency. Additional simulations
were carried out in order to show and understand the effectiveness of voltage gain
graphs in predicting and mitigating the harmonics and overvoltages. The simulations
were implemented by changing the generator contrigh@nd the generator reflection

coefficient for the TCS and FTCS. Some of these results are presented in Table 4.1.
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Table 4.1 VTHD results at the generator terminals from the simulation of the modelled TCCS for

different filter cases and different controller switching frequencies.

Switchin Generator
. %HZ) reflection TCS FTCS
g y coefficient
1 58.96% 27.96%
2000
0.5 15.11% 10.85%
1 35.27% 9.62%
2400
0.5 9.24% 5.47%
1 39.51% 9.32%
2500
0.5 8.21% 5.53%
1 27.71% .05%
2600 0 9.05%
0.5 7.55% 4.94%
1 19.86% 9.61%
3000
0.5 5.81% 5.23%
1 17.15% 13.52%
5000
0.5 8.53 6.45%
1 29.01% 13.06%
6000
0.5 9.53% 6.23%

Taking a closer look at the results presented in Table 4.1 it can be said that increasing
the fsw Of the generator controller does not necessarily mean that the VTHD is also
reduced. In addition, in some cases, even thougldhge magnitude is lower in one

fsw compared to another, VTHD is still higher. For example, inTt8& case the
3000Hz and 6000Hz simulation can be compared. At 3000HZghe magnitude is

higher compared to the 6000Hz. This would mean that the VTHD when the system is
simulated withfsy, = 6000Hz should be less compared to when the system is simulated
with fsw = 3000Hz. However, based on the results in Table 4.1 this is not the case. This
is due to the fact that resonant peaks at higher harmonics should also be considered
when choosing afiw. At around 18000Hz th€CS has a resonant peak. This is three
times thedswat 6000HzHarmonics generated at multiples of theare also magnified

if they are at a resonant peak.

Another important outcome from Table 4.1 is that the generator reflection coefficient
plays an important role in the amount of voltage harmonics generated and absorbed in

a system. Out of all the cases presented in Table 4.1 where the generator reflection
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coefficient is 1, the equivalent case with a generator reflection coefficient of 0.5
generates less VTHD. This confirms the fact that wien = 1, it is the worst-case
scenario under which a TCCS with long distance controls will operate. In reality
however, the generator will have a reflection coefficient around 0.5 (for machines
around 1.2MVA) and the TCCS system will operate with less harmonics flowing in

the cables.

Finally, as it is expected, tiel'CS operates with less VTHD in all the cases presented
in Table 4.1 compared to tAES. In almost all the frequencies presented in Figure 4.1

the FTCS has lowercddin magnitude compared to the TCS.

Even though the above study is important in designing systems with long distance
controls, in most cases the choice ovefrdlef the generator controller is not possible

at this wide scale and therefore the use of filters is needed. The analysis presented here
can be useful to avoid resonant peaks, shift operating frequencies closer to resonant
minimums and test filter types and parameters so that harmonics and overvoltages are
mitigated. In the following section a comprehensive study for the design of filters for
systems that use long distance controls is presented without the need to chanage the f

of the generator controller.

4.3 Filter design for systems with long distance control

The installation of a filter at the generator side of a tidal energy system with long
distance controls must ensure continuous underwater operation, prevent overvoltages
and generate the minimum possible losses. In the following sections, filters reported
in literature for long distance control are discussed and their parameters are calculated
based on the equations provided for the TCCS described previously. After calculating
the parameters based on literature, a novel method of calculating filter parameters
based on the voltage gain graphs is presented. At the end of this section all filters are
compared based on their losses and effectiveness in mitigating overvoltages. In this
study cable parameters are maintained, as given in Section 3.5.1. When designing
filters in Section 4.3 only the worst-case scenario will be taken into account. Results
regarding the two scenarios will be given in Section 4.4.
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4.3.1 Filters based on literature

Filters presented in literature for long distance controls can be separated in two
different categories. The first category uses filters at the machine terminals in order to
change the generator voltage reflection coefficient /As described in Section 4.1.1

the voltage reflection coefficient at the generator terminals can be calculated using
(4-1). In a worst case scenari@en = 1; however, the desirable value for the voltage
reflection coefficient at the generator terminalgds, = 0. Therefore, by terminating

the long cables with an impedance equal to the cable characteristic impedance we can
achieve the desired value. The process of designing filters by terminating the long
cables with an impedance equal to the cable characteristic impedance is presented in
Sections 4.3.1.1, 4.3.1.2 and 4.3.1.3. The second category of filters presented in the
literature are the filters installed at the generator side VSC terminals. Since the TCCS
model presented in this thesis has a transformer between the VSC and the cables, these
types of filters can be installed either on the low voltage side or the medium voltage
side of the transformer. These filters are presented in Sections 4.3.1.4 and 4.3.1.5. It
has to be noted that the cable parameters used in Sections 4.3.1.1 to 4.3.1.5 are based
on Table 3.10.

4.3.1.1 Resistor termination

Installing a shunt resistoRgmination at the machine terminals is suggested [79] to
provide voltage overshoot damping (Figure 4.8). In order to achieve this, the resistor

value must be equal to the cable characteristic impedance (4-12).

Rfilter =|Z¢| = 55.9802 = Zfilter (4-12)

LV MV
- @s H &g
L By
Generator Side Transformer  Subsea Cableg
Converter Resistor
Termination
Y

Figure 4.8 Block diagram of the generator side TCCS with resistor termination connected in wye.
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4.3.1.2 Capacitor-resistor termination

A first-order damped high pass capacitor-resis(@Rermination filter at the machine
terminals will provide overvoltage mitigation in the same wafRasination [79] but

with lower losses (Figure 4.9). In order to chooseGRarmination Values we have to
consider that initially the capacitor behaves as a short circuit and therefore the filter

resistance can be calculated as in (4-13) [82].

Rfilter = real(ZC) =52.57Q (4'13)

oL HOBE

Generator Side Transformer  Subsea Cableg -
Converter Capacitor

Resistor
Y Termination

Figure 4.9 Block diagram of the generator side TCCS with CRmination cOnnected in wye.

Filter capacitance is chosen so that there is less than 20% of terminal voltage during
steady state operation (4-14) [80].

Critpor = (13- (e e Cc) _ 6.3741pF (4-14)
futer 2-Z.-In(0.8) ' H

The impedance of the Ghinationfilter is calculated in (4-15):

1
+
(j'z'”'f'cfiuer)

Zgiter = |Ryitter

=502.15Q (4-15)
Where f= 50Hz.

4.3.1.3 Capacitor-resistor-inductor termination

Reference [79] also proposesexond-order damped high-pass fil(€R Liermination) t0
mitigate overvoltages at the machine terminals. The filter is shown in Figure 4.10. The
methodology to calculate filter parameters is similar to@Rermination filter and is
presented in (4-16).
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Ryfiieer = real(Z¢) = 52.57Q

1 1
. = 6.055puF
2 Rfilter 27 ftunea " (4-16)
| Lyt = () = 66.9mn
k filter Cfilter 2-'m- ftuned

c filter =

The capacitance and inductance of the filter are based on the tuned frequency which
can be derived by (4-17):

f 1
tuned =
w2 V Lritter * Critter

The CRLeminationimpedance can be calculated using (4-18):

= 250Hz (4-17)

— | . filter ]. f filter | — 518.210 (4-18)
(G2 fCriver) Ryitter +]'2'7T'f'Lfilter|

Zsitter

Generator Side Transformer  Subsea Cablg

Capacitor
Converter Resistor
Inductor
\4

Termination

Figure 4.10 Block diagram of the generator side TCCS with CR&mination CONnected in wye.

4.3.1.4 Medium voltage LCR filter

The filter design method of aecond-order LCR filte(LCRwv) for overvoltage
mitigation is described in detail in [85] for a converter-cable-generator system. The

methodology to calculate the LGRfilter parameters is given in (4-19).

( Ry =real(Z;) = 52.57Q
2-t “(Fgen+1)-T
Lf — Rf i travel ( Gen ) Gen = 11.3mH
AV par +1 + (rGen -1)- (rGen +1) (4-19)
4. Lf . (2
l Cf=T=34.31|1F
f

Where{ = 1.45 is the damping ratidgen = 1, 4Vmax is the maximum allowable
overvoltage antravelis the travelling time of the wave front to the receiving end which

is calculated from (4-20).

tiravel = lC R, L¢- CC = 53. 08],[8 (4_20)
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The application of the above filter to the proposed converter-transformer-cable-
generator TCCS is shown in Figure 4.11. To calculate filter impedance only the
parallel RC path is considered which is similar to (4-15).

Z; =106.63Q (4-21)
Generator Side_l_n:msformer Onshore Medium
Converter Voltage Filter Subsea Cables

LA B

Figure 4.11 Block diagram of the generator side TCCS with LCRyv filter. The LCRwmv is

composed of an inductor connected in series and a resistor-capacitor branch connected in wye in

parallel.

4.3.1.5 Low voltage LCR filter

By referring the parameters calculated for It@Rwv filter to the low voltage of the
transformer, an LCR filter can be applied to the output of the VSC, as shown in Figure

4.12. Filter parameters are based on (4-19).

Generator Sid®nshore Low
Converter Voltage Filter

e ==

Figure 4.12 Block diagram of the generator side TCCS with LCR filter.

Transformer  gypsea Cables

4.3.2 Filter design algorithm based on voltage gain graph

A new method is proposed for choosing filter values based on the voltage gain graph
described in Section 4.1.2. The main aims of the algorithm are to choose filter

parameters that:
* Reduce resonant peaks that increase the magnitude of specific harmonics.
* Maximize filter impedance in order to reduce losses induced to the system.

The design aim for the majority of the filters described in Section 4.3.1 was to mitigate
overvoltages at the motor terminals and increase the reliability of an induction motor.

These motors were used in the offshore oil and gas industry as underwater pumps or
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in the mining industry as underground fans. Reducing filter and system losses in a
system that is using long distance drives for the motors described above was a
secondary aim. The objectives when using a similar system in the renewable energy
industry are different. Minimising losses is a primary objective along with increasing
the reliability of the system. Therefore, the filter design process in a long distance
controlled TCCS is different compared to the long distance driven motor. The filter
design algorithm based on voltage gain graphs goals to design a power harmonic filter
that mitigates harmonics and overvoltages but at the same has minimum losses for the

system.

Figure 4.13 shows the voltage gain graphs of the TCCS for the filters described in
Section 4.3.1. It can be observed that the filters installed at the medium voltage side of
the system reduce the resonant peaks to very low values. The LCR filter installed at

the low voltage side of the transformer does not reduce the resonant peak effectively.
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Figure 4.13 Voltage gain graph for the TCCS when different types of filters are installed.

The proposed algorithm for filter design operates in the following way:
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1.

6.

Reference filter parameters are calculated using filter design equations as

described in the literature

A range around the reference parameters is chosen depending on the filter

design equations

For a specific set of filter parameters, within the range specified above, the
voltage gain graph is compudte
The peak value of the voltage gain graph is stored as the worst case overvoltage

for that case.

Filter impedance is also calculated based on the specific set of parameters

chosen in step 3.

A new set of filter parameters is chosen and the process is repeated from ste
3.

When the algorithm has chosen all the possible sets of filter parameters in step 3, a

decision can be made to choose the one that gives the best results. In order to quantify

and demonstrate the results, contour plots are created in the following sections. The

algorithm chooses which set of filter parameters will have better results compared to

reference filter parameters by taking into account:

Peak voltage gain; higher peak can cause increased overvoltages.
Filter losses; a filter with higher impedance will have lower lasses

Voltage gain at 50Hz; the higher the voltage gain at 50Hz, the higher the

voltage compensation provided by the filter to the generator terminals.

The flowchart of the algorithm described above is shown in Figure 4.14.
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v
Input
Choose filter type:

Rterminationy CRtermination,

CR Ltermination: L CR MV, L CR LV

\ 4

Calculate reference filter parameters
(Equations 4-12 to 4-19)

) 4
Input
Choose range of
filter parameters
with Nmax steps

N=0
A 4
» Increment N
v
Calculate .
voltage gain >
graph °
| °

Save
Peak value of voltage gain
graph
Filter impedance
Voltage gain at 50Hz

No

Yes
v

Plot filter
design graph

-

\ END

Figure 4.14 Flowchart of the filter design algorithm based on voltage gain graphs.
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In the following sections, the process in choosing a set of filter parameters is shown in
detail for theCRermination filter. For the other filter types, the process is followed in a
similar way but only the final graphs are presented.

4.3.2.1 Capacitor Resistor Termination

The block diagram of th€Rerminationfilter is shown in Figure 4.9. The contour graphs
for the maximum voltage gain, filter impedance and voltage gain at 50Hz are given in
Figure 4.15.
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Figure 4.15 Contour plots for theCRermination filter. a. Voltage gain magnitude. b. Filter impedance.

c. Voltage gain magnitude at 50Hz.

Taking a closer look at Figure 4.15a the position of the reference case for this type of

filter in the maximum voltage gain map can be noted. The reference case maximum

voltage gain is 1.382. The same can be done in Figure 4.15b where the reference case

impedance is 502.14 Using the reference case impedance the algorithm can
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determine a set of filter parameters that is below the ‘502.14’ contour line. Choosing
a set of filter parameters which is below the ‘502.14’ contour line will make the filter

generate less losses. It is noteworthy to mention that the higher the capacitance the
closer to unity is the voltage gain at the operating frequency of the generator. Based
on the data presented in Figure 4.15 the algorithm can choose a set of filter values that
fulfils the criteria set for overvoltage mitigation and power loss reduction. In order to

visualize these results we can create a contour graph with the combination of
maximum voltage gain and filter impedance. This contour plot will be referred to as

Filter Design Graph and, for the GdinationCase, this is presented in Figure 4.16.
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Figure 4.16 Filter design graph for theCRermination filter. The set of parameters the algorithm has

chosen are limited by the 1.2 contour line and maximum filter impedance.

The exact values for overvoltage mitigation and power loss minimization of the

CRermination filter are given in Table 4.2.

Table 4.2 Filter parameters for the CRermination filter based on the literature and the proposed

algorithm.

Filter Maximum Filter
Parameters voltage gain  impedance
Reference R = 52.57Q

Method

case C=6.37,F 1.3821 502.140
Power loss Ri=111.96Q

minimization 1.1995 647.2&
algorithm Ci = 4.99uF
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4.3.2.2 Resistor Termination

The block diagram for th&emination filter is given in Figure 4.8. Since resistor
termination has only one variable the filter design graph that appears in Figure 4.17

contains the response at each frequency in the y-axis.

Filter design graph for R

termination
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Figure 4.17 Filter design graph for theReermination. The set of parameters the algorithm has chosen
are limited by the 1.2 contour line and the vertical line of filter impedance that is adjacent to this

line.

4.3.2.3 Capacitor Resistor Inductor Termination (CRL)

The block diagram for the CRkninationfilter is given in Figure 4.10. Based on (4-16),
by changindwneawe can obtain the capacitor and inductor values needed to design the

filter. Figure 4.18 depicts the filter design graph for the @Rhatonfilter.
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Figure 4.18 Filter design graph for theCRLtermination filter. The set of parameters the algorithm has
chosen are limited by the 1.2 contour line and the maximum filter impedance along this line.

4.3.2.4 Medium Voltage LCR Filter

The block diagram for theCRuv filter is given in Figure 4.11. The inductor value is

kept constant during the analysis at maximum (0.15pu). The maximum value of

inductance is limited to 0.15pu because a very large series inductance can reduce the

capability of the generator to produce rated torque. The filter design graph for the

LCRuwv filter is given in Figure 4.19.

Filter Design Graph for LCRMV filter
35

w
o

o)’ T T / T
ch Case -
7 480

N
(¢)]

Area chosen by
the algorithm

N
o

N
(@]

Filter capacitance (uF)
o

1000

t 3000 t t 3000— t

40 60 80 100 120 140 160 180 200
Filter resistance (2)

Figure 4.19 Filter design graph for theLCRwv filter. The set of parameters the algorithm has

chosen are limited by the 2.6 contour line and the maximum filter impedance along this line.
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4.3.2.5 Low Voltage LCR Filter

The block diagram for theCRL v filter is given in Figure 4.12. The inductor value is
kept constant during the analysis at maximum (0.15pu at the low voltage side of the

transformer). The filter design graph for the LCRter is given in Figure 4.20.
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Figure 4.20 Filter design graph for theLCRLv filter. The set of parameters the algorithm has

chosen are limited by the 10.22 contour line and the maximum filter impedance along this line.

4.3.2.6 Combination of Filters

An additional advantage of the proposed algorithm is that it can take into account a
combination of filters when determining the parameters for overvoltage mitigation.
For example, additional harmonics are generated around the switching frequency of
the controller. In order to reduce these harmonic components a single tuned filter can
be used. The proposed algorithm can take into account the effect of the single tuned
filter and calculate the parameters for the filter so that overvoltages are mitigated and
losses are at a minimum. The filter design graph for the combinatioGRf; filter

and the common RLfilter, discussed in Section 3.5.2, is presented in Figure 4.21.
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Figure 4.21 Filter design graph for theLCRyv filter with the common RLC filter.

4.3.3 Summary of filter parameters

Table4.3gives a summarizkview of the filter parameterpe voltage gan from the
design graph and filtempedancédor all thetypesof filters considered.

Table 4.3 Filter parameters for the reference and proposed filters

Filter type Filter design method Filter Parameters  Peak voltage gain  Filter impedance

Reference R = 55.98Q 0.8507 55.98
Proposed Ri = 148.350 1.1809 148.3%)
R = 52.57Q
Reference Ci = 6.374uF 1.3821 502.140
Ri=111.960
Cr = 4.991uF
R = 52.57Q
Reference Lf = 66.9mH 1.3551 518.212
Cr = 6.055uF
Ri=111.960
Proposed Ls=192.6 mH 1.1922 867.7M
Cr = 3.842uF
R = 52.57Q
Reference Lf=11.3mH 1.0151 106.632
Cr = 34.311uF
R =210.28Q
Proposed Li=11.3 mH 2.6716 2820.20
Cr = 1.132uF
R = 0.86Q
Reference L= 0.0412mH 1698.0015 1697.7Q
Cr= 1.875uF
Rf = 5.746Q
Proposed Lf=0.2728 mH 10.2242 85.082
Cr = 37.501uF
R: = 10.35Q
Proposed Lf=0.2728 mH 15.9989 141.8%
Cr = 22.50uF

Reermination

CRermination

Proposed 1.1995 647.2€

CRLeermination

LCRwv

LCRv

LCRv &
RLC
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4.4 Time domain results and discussion

In this section the simulation results are presented for the different filter cases. As it
was noted in Section 4.3, two different scenarios will be considered. The first scenario,
which is the worst case scenario, will assume that the reflection coefficient at the
generator terminals is unitycé,= 1. The second scenario assumes that the reflection
coefficient at the generator terminals/isen = 0.5. Different cases regarding the
generator reflection coefficient can also be considered. However, for the purposes of
the thesis these two cases are chosen as representatives to show the effect of changing
the Igen In the last part of this chapter the most efficient and effective filter is chosen
for a system with long distance controls. Results from the TCCS with the optimised
filter are compared with th&RHH Modelpresented and analysed in Chapter 3. Power
losses at different parts of the tide-to-wire TCCS model are calculated in respect to
power generatedPé)) using (4-22).

i P ::nput -P f)utput
Lpare (%) = (=25 100 (4-22)
e

WhereLpart is the percentage lossespaiit i of the TCCSPinput is the power input to
part i coming from the generator anduBui is the power after part i

4.4.1 Worst case scenario;: Tgen=1

The results from simulating the TCCS under all the cases discussed above are given in
Table 4.4.

First of all, a comparison is made between the efficiency of the proposed algorithm to
derive the filter parameters and reference filter parameters in each case. Based on the
results of Table 4.4, we can observe that in all cases the proposed filters have fewer
losses from the filters created using reference parameters. In addition, all the proposed
filters are able to limit overvoltages at the generator terminals below 1.2pu, the highest
overvoltage being 1.1659pu. This is not the case for the reference filters; the LV LCR
filter has a peak overvoltage above 1.2pu which can lead to insulation stress or
breakdown at the generator terminals [80]. It should be noted that the equations to
calculate the reference filter parameters were derived @abde systemvhereas the

TCCS in this paper also includes a transformer.

146



Tidal current conversin systemsvith dry converters

Taking a closerdok at the losses from the filters wencsee that the minimum losses
are generateby the proposg LCRuv filter and theLCR.v in combinatbn with the
RLC filter. In addition © the very low losses, the maximum overvoltage at the
generator terminals for these types of filters is closEpuwhich means that voltage
reflections ad harmonic resonance are mitigaiteffectively A possible disadvantage
of the proposed CRuv filter is that the components hawewithstand medium voltage
and this can increase the capital cost of the filtéfhe proposg LCRy filter in
combinatonwith aRLC filter operates onshqrat low voltagehas the lowest voltage
total harmonic distortin (VTHD) and generates minimum lossesaking sub a

combination favourabl®r aTCCS.

Table 4.4 Comparison of Filter Design Methods for the Worst Case Scenario.

. Filter Design Filter Losses
Filter type Peak overvoltage (pu)
Method (% of Pe)
Reference 1.0097 56.11
Reermination
Proposed 1.1375 21.89
Reference 1.1877 3.91
CReermination
Proposed 1.1659 1.74
Reference 1.1709 4.32
CRLtermination
Proposed 1.1303 1.31
Reference 1.0611 14.32
LCRwv
Proposed 1.0601 0.17
Reference 2.4563 0.35
LCRyv
Proposed 1.1231 0.23
LCR.v and RLC Proposed 1.0411 0.15

Regarding the offshore filters, it can be observedRhatinationgenerates a very high
amount of losses and so this filter type cannot be considered an option. The proposed
CRerminationandCRLermination filter generate an acceptable amount of losses for TCCS,
1.74% and 1.31% respectively. Generally, offshore filters have to operate underwater
and also generate higher losses compared to onshore filters making their use ina TCCS

unlikely.
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4.4.2 Second scenario: lgen =0.5

The results from simulating the proposed TCCS under the second scenario are given
in Table 4.5.

Table 4.5 Comparison of filter design methods for the second scenariGzen = 0.5.

Filter _
Filter t Desi Peak X ( )Fllter Losses
ilter type esign eak overvoltage (pu
P J 9P (% of Pe)
Method
Reference 1.0001 56.09
Rtermination
Proposed 1.0575 21.79
Reference 1.1471 3.88
CRermination
Proposed 1.0935 1.72
Reference 1.1012 4.29
CRLtermination
Proposed 1.0678 1.27
Reference 1.0450 14.29
LCRwv
Proposed 1.0411 0.17
Reference 1.5032 0.34
LCRyv
Proposed 1.0014 0.21
LCRv and RLC Proposed 1.0091 0.15

As an overall observation it can be said that filter losses are not significantly affected
when/cenchanges. In addition, peak overvoltages are lower for both design methods.
However, in the reference case of the LiRter we can see that peak overvoltage is
above 1.2pu even though it is much lower compared to the worst case scenario. As for
the rest of the filters the trends are similar to the worst case scenario. Offshore filters
generate very high losses and their use in a TCCS is unlikely. The least possible losses
are generated by the propod&@iRuy filter and the combination of LGR filter with
RLCfilter. The fact that peak overvoltages are much lower is very important since the
second scenario is more realistic compared to the worst case scenario. Therefore, using
the worst case scenario we can design filters taking into account the limits of the

system but in reality the system will operate under more favourable conditions.
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4.4.3 Comparison with AHH Model

Based on the results presented in Sections 4.4.1 and 4.4.2 the wseRo¥ éilter in
combination withRLC filter has the least possible losses and mitigates overvoltages
and harmonics effectively. From now on this type of filter which will be designed
using the proposed algorithm will be referred @%opt and the model using this filter

will be referred aptimised Power Transmissio®PT) Model In this section the
TCCS which was designed in Chapter 3 to represent the AHH system will be compared
with the TCCS with thé. CRy filter. The comparison will be based on the voltage
harmonics, system losses and power exported.

Both system use similar types of filters. Both system have the Raéilter tuned
at the same frequency 2558Hz. However R@ branch and line inductance are

different between the two cases. These differences are presented in Table 4.6.

Table 4.6 Filter parameters for theAHH Model and OPT Model

. Total line
Filter type RLC RC _
inductance
Filter LrLc CrLc
Rric () Rrc (Q) | Crc (UF) | Line (mH)
parameters (mH) (uF)
AHH Model 0.1 0.06 21.5 0.10 64 0.2728
OPT Model 0.1 0.06 215 10.35 22.5 0.2729

In Table 4.7 the averaged power losses betwddH Modeland OPT Modelare
compared. The averaged power losses presented in Table 4.7 are presented in
percentage relatively to the power generated from the generator. The system parts
presented are the cables, the generator side transformer, the generator side filter losses

and the grid side losses which includes the DC link losses.
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Table 4.7 Averaged power losses betweatiH Model and OPT Model

Per (pu) Component Losses (% of )
AHH Model OPT Model Difference

1.00 Cables 1.99 2.05 0.06
Transformer 1.80 1.81 001
Filter 0.68 0.14 8.54
Grid side 2.66 2.68 0-02
0.75 Cables 1.70 1.75 0.05
Transformer 1.94 1.95 001
Filter 1.21 0.23 0.98
Grid side 2.42 2.45 0.03
0.50 Cables 1.58 1.56 0.02
Transformer 2.55 2.36 0t19
Filter 8.29 0.24 8.05
Grid side 2.16 2.34 18

Based on the results presented in Table 4.7 a significant reduction of the generator side
filter losses can be achieved by using @T method presented in this Chapter. At
rated operation the reduction of losses is estimated to be 0.54% of the power generated.
Higher reduction of losses are achieved when the TCCS is operating below rated
power. In Table 4.7 the cases of 0.75pu and 0.50pu power generated are presented.
The reduced amount of losses of the generator side filter i@BTeModelis also
reflected in the total system losses. At rated operation the total system losses for the
AHH Modeland theOPT Modelare 7.13% and 6.68% respectively. Reduced system
losses means higher power exported from the TCCS to the grid and increased revenue
for tidal current array developers. For a 1.15MW TCCS for which the above
simulations were carried out the reduction of losses by 0.35% can increase the power
output at rated operation by approximately 4kW. The reduction of losses foPthe

Model at the other operating points are higher reaching up to 8.44% for the 0.50pu
operation. Detailed comparisons between@®I Modelwith PMSG and SCIG and
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the OPT Modeland a TCCS with BTB converters in the nacelle will be carried out in
Chapter 5.

4.5 Summary

This Chapter focused on TCCS that are controlled from a VSC that is far away from
the generator. The problems associated with long distance control, voltage reflections
and resonance, were established mathematically. In order to quantify the phenomenon
of resonance the voltage gain graphs were developed. As the study in this Chapter
showed, voltage gain graphs can depict frequencies where harmonics are expected to
be increased and frequencies where harmonics are mitigated. Voltage gain graphs for
TCCS with different components between the generator and the VSC were studied at
different generator controller switching frequencies. This study revealed that changing
the switching frequency of the generator controller at a resonant minimum frequency
can reduce the harmonics at the generator terminals. However, there are practical
limitations on how much the generator controller switching frequency can be increased
and in addition the resonant peaks at higher harmonic frequencies have to be avoided
as well. In order to eliminate the need to change the generator controller switching
frequency drastically, the use of passive power harmonic filters at the generator
terminals or the power converter terminals were studied. An extensive review of filters
is presented in this Chapter and using equations found in the literature different passive
power harmonic filters are designed for the TCCS modelled in Chapter 3. A key
novelty presented in Section 4.3.2 is the filter design algorithm based on the voltage
gain graphs. Comparison of the power harmonic filters designed by the algorithm and
by the equations found in the literature showed that minimum losses and filter
effectiveness can be achieved with the optimised filter parameters chosen by the
algorithm. In all the cases the filter design algorithm managed to find a set of
parameters for the power harmonic filter that mitigates overvoltages at the generator

terminals but at the same time keeps filter losses at a minimum.
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Chapter 5

Power transmission study for

single tidal current devices

5.1 Introduction

This chapter defines the most efficient way of transmitting power from a single tidal

current converter to the shore. Firstly, the boundaries of the analysis are set by
specifying the TCCS and transmission technology options. Afterwards, the generator
technologies for each transmission option are compared in terms of efficiency and total
energy generated. A sensitivity analysis is performed in order to investigate the

influence of cable parameter uncertainties on the presented results. The final part of
this chapter deals with the effect of changing the cable length and its impact on the

power transmission options considered.

5.2 Power transmission options considered in the analysis

Four different options are considered in this chapter’s analysis:

* SCIG with long distance controls (SCIG LDC).

* PMSG with long distance controls (PMSG LDC).

* SCIG with back-to-back converters in the nacelle (SCIG BTB).

*  PMSG with back-to back converters in the nacelle (PMSG BTB).

The DC collection point is excluded from the analysis of the power transmission for
single tidal current devices as described in Chapter 1. This is due to the fact that DC
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collection points for single tidal current devices are not an option for both tidal current
developers (see Section 1.2.3) and major electrical companies (see Section 2.6). The
block diagrams of the four different electrical topologies are presented in Figure 5.1.
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Figure 5.1 Block diagrams of single TCCS. a. SCIG and PMSG options with long distance

controls. b. SCIG and PMSG options with back-to-back converters in the nacelle.
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5.3 Comparison of the electrical topologies for single tidal current

device

In this section different stages of comparison will take place in order to determine the

following:

 Whether a PMSG is an efficient alternative for TCCS with long distance

controls

» If using a PMSG in a system with BTB converters yields an advantage in a
TCCS.

* Which approach from the four options presented in Figure 5.1 exports more

energy to the grid over a half-cycle of a semidiurnal. tide
The comparison will be based on:

* Generator efficiency and energy capture.
* Power losses at different parts of the system.

» System accessibility.
The generator efficiency is calculated using (5-1).

Prec(W) = Tec * Oec
PW)=1,"V,+1I,-V,+1.-V, (5-1)

1(%) = (Pot/Prmec) - 100
WherePmec is the mechanical input power from the tidal turbin&\atts Pe is the
electrical power output from the generatoMifatts lanc is the three-phase current at
the generator terminal¥anc is the three-phase voltage at the generator terminals and

n is the generator efficiency.

Power losses at different parts of the tide-to-wire TCCS model are calculated with

respect to power generatdf using (5-2).

P ::nput - P fJutput
Lyarei(%) = <P— - 100 (5-2)

el

Wherelpart is the percentage lossespairt i of the TCCSPinput is the power input to

part i coming from the generator andul.! is the power after part i
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Finally, system accessibility is assessed based on the number of components that are

underwater and the number of components that are installed on land.

The tidal current velocity input in the tidal array is based on Figure 3.3 presented in

Section 3.1. Figure 5.2 shows the tidal current velocity used in this Chapter.
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Figure 5.2 Tidal current velocity used as input to the tidal current systems.

5.3.1 Tidal current devices with long distance controls

The block diagram of a TCCS with long distance controls is depicted in Figure 5.1a.
At this point it should be noted that TCCSs with long distance controls uSeipé
supervisory controller discussed in Section 3.4.3 and presented in Figure 3.19a. In
addition, the subsea cables connecting the generator to the power converters are based
on the cables presented in Section 3.5.1 and the cable parameters presented in Table
3.10. This means that a constant cable length of 3.5km is assumed when comparing
both cases. A sensitivity analysis for the cable length is carried out later in Section
5.4.1. The filter is based on tRL.Cfilter presented in Section 3.5.2 which was used

by AHH, and theRCbranch is based on the improv@®T Modeldiscussed in Section

4.4.3.

Comparison of averaged generator efficiency between the SCIG and the PMSG are

depicted in Figure 5.3.
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Figure 5.3 Generator efficiency comparison for LDC systems. a. Generator efficiency over time.
b. Generator efficiency over power generated.

Observing Figure 5.3 it can be said that the PMSG with LDC achieves and maintains
a higher efficiency compared to the SCIG with LDC. For the same tidal flow input and
tidal current turbine the PMSG LDC increases its efficiency faster compared to SCIG
LDC as the flow speed increases over time (Figure 5.3a). The PMSG LDC achieves a
93.03% generator efficiency when the generator reaches 800rpm whereas generator
efficiency for the SCIG LDC is 85.1% (approximately at 0.8h). From 0.8h to 1.6h the
TCCS operates based on the MPPC. For the SCIG LDC and the PMSG LDC systems
generator efficiency increases from 85.1% to 96.58% and from 93.03% to 97.06%
respectively. The generator efficiency achieved at 1.6h is maintained as long as the
TCCS operates at rated power. The higher generator efficiency of PMSG LDC can
also be observed in Figure 5.3b. For all the operating points of the system the PMSG
LDC maintains a higher efficiency compared to SCIG LDC. In addition to generator
efficiency system losses at other parts of the system have to be studied during the

operation in order to determine the most efficient TCCS.
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Studying and comparing the losses between the generator and the onshore converter is
of extreme importance for a TCCS that uses long distance controls. These losses also
include the transmission losses of the system and can affect significantly the total
power exported to the grid. In both TCCS under consideration, three components are
connected between the generator and the onshore VSC. These components are the long
three phase cables, the transformer and a low voltage filter. Table 5.1 summarises the
results regarding the losses under different operating stages of the system. The grid
side losses include DC link losses, grid filter losses and grid transformer losses.
Observing the two generator cases separately we can note that cable and transformer
losses are increasing as the power generated is increasing. This is due to the increased
current that is generated as more power is produced. As the current increases, more
power is dissipated due to the resistance of the transformer and the cable. On the other
hand, filter losses are decreasing as the power generated is increasing. The reason
behind this trend is the fact that the filter has significant constant losses and therefore
when these losses are calculated as a percentage to power generated, they decrease.

Table 5.1 Comparison of power losses between SCIG LDC and PMSG LDC systems at different

stages and operating points.

Power generated Losses (% of power generated)
Component _
(pu) SCIG LDC | PMSG LDC | Difference
Cables 2.05 1.95 +0.10
Transformer | 1.81 1.79 +0.02
1.00
Filter 0.24 0.31 -0.07
Grid side 2.68 2.69 -0.01
Cables 1.75 1.60 +0.15
Transformer | 1.95 1.93 +0.02
0.75
Filter 0.23 0.29 -0.06
Grid side 2.45 2.47 -0.02
Cables 1.56 1.49 +0.07
Transformer | 2.36 2.38 -0.02
0.50 _
Filter 0.24 0.39 -0.15
Grid side 2.34 2.36 -0.02
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Comparing the losses generated between the SCIG LDC and the PMSG LDC, it can
be seen that there is a visible difference in cable and filter losses and a less significant
change in transformer and grid side losses. Cable and filter losses are sensitive to cable
length, a study which is carried out in Section 5.4.1. In total, the SCIG LDC has
approximately 0.07% more losses compared to the PMSG LDC. The difference in
losses appears due to the higher harmonics that are present in the SCIG case. As it is
depicted in Figure 5.4 generator voltages and currents from both cases are close to 1pu
during operation at rated power as it is expected. The voltage total harmonic distortion
(VTHD) for the SCIG and PMSG are 4.44% and 3.27% respectively while the current
THD is 3.1% and 0.4% respectively. The additional harmonics that are present in the

SCIG case generate extra power losses in the TCCS.
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Figure 5.4 Generator output comparison between SCIG LDC and PMSG LDC systems. a.
Generator voltage. b. Generator current.
5.3.2 Tidal current devices with converters in the nacelle

The block diagram of a TCCS with converters in the nacelle is depicted in Figure 5.1b.

A TCCS with converters in the nacelle has no need to us&upkl supervisory
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controller. Instead th&upWsupervisory controller can be used which follows the
MPPC earlier and therefore tidal flow power is more efficiently converted from the
tidal turbine. TheSupW supervisory controller is discussed in Section 3.4.3 and
presented in Figure 3.19b. Another difference in the design of a TCCS with converters
in the nacelle compared to a TCCS with long distance controls is the location and type
of subsea cables. As shown in Figure 5.1b a transformer is installed offshore at the
output of the inverter in order to step-up the low voltage output of the inverter to
medium voltage. The medium voltage chosen to transmit power from the single TCCS
with BTB converters in the nacelle is 33kV but results from 11kV power transmission
will also be shown for comparison purposes. This is significantly higher compared to
the 6.6kV transmission voltage in a TCCS with long distance controls. Apart from the
transmission voltage the cable type and parameters are also different. A detailed list of
cable parameters used for power transmission for the systems with converters in the
nacelle are presented in Appendix C. The cable length for this study remains the same
at 3.5km in order to have comparable results to Section 5.3.1.

A comparison of generator efficiency over time between the SCIG BTB and the PMSG

BTB are depicted in Figure 5.5.
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Figure 5.5 Generator efficiency comparisonbetween SCIG BTB and PMSG BTB systems. a.

Generator efficiency over time. b. Generator efficiency over power generated.

The PMSG BTB system starts to increase its generator efficiency at around 0.45h
which is significantly earlier compared to the SCIG BTB system which starts at 0.63h
(Figure 5.5a). After the start-up process the efficiency increase for both systems is
steep. For the PMSG BTB system the generator efficiency reaches 87.1% at 0.625h.
From 0.625h to 1.57h the PMSG BTB system is increasing its efficiency gradually to
97.03% which is the efficiency at rated power. For the SCIG BTB system the generator
reaches 90.52% efficiency at 0.875h and 96.57% at rated power at 1.57h.

In Table 5.2, the averaged system losses are compared at different parts of the SCIG
BTB and PMSG BTB systems and also at different operating points. A TCCS with
converters in the nacelle is separated into two systemsGiiitiesidewhich consists

of the DC link, grid filter and grid transformer at 33kV and @r&l side cablesvhich
transmit power from the TCCS to the grid. It should be noted here th@rithside

in Section 5.3.1 consists of exactly the same type of components as in this section.
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Table 5.2 Comparison of power losses between SCIG BTB and PMSG BTB systems at different

stages and operating points.

Power Losses (% of power generated)
Component
generated (pu) SCIGBTB | PMSG BTB| Difference

Grid side 3.99 3.96 .03

1.00
Grid side cables  0.17 0.17 ©.00
Grid side 3.77 3.76 0.01

0.75
Grid side cables  0.13 0.13 ©.00
Grid side 3.75 3.77 0.02

0.50
Grid side cables  0.09 0.09 6.00

Results presented in Table 5.2 show that SCIG BTB and PMSG BTB systems have
similar system losses. A small variation in losses comparing the grid side part is

evident but these deviations are negligible.

In Sections 5.3.1 and 5.3.2 results from four different systems were presented. The
generator efficiency in each case was studied for a half-cycle of a semi-diurnal tide

and the losses at different parts of the system were also presented.

5.3.3 Tidal current conversions system with onshore converters versus
with converters in the nacelle

In this section all four systems are compared based on the energy they export to the
grid and total energy losses. In Figure 5.6 power generated and power exported to the

grid are presented for the four systems for a half-cycle of a semidiurnal tide.
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Figure 5.6 Power generated and power exported over a half-cycle of a semi-diurnal tide. a. SCIG
LDC. b. PMSG LDC. c. SCIG BTB. d. PMSG BTB.

Observing Figure 5.6 two major differences can be noted between the four systems
studied. The first major difference is the fact that the long distance control systems
require active power in order to increase the speed of the generator to 800rpm. The

SCIG BTB system also requires a small amount of power in order to start-up the
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induction generator but the total energy is significantly smaller. The PMSG BTB
systems does not require any power for the start-up process. Another major difference
between systems using long distance controls and systems with converters in the
nacelle is the total amount of time the system is generating power. In Figure 5.6a and
Figure 5.6b it can be observed that the system stops generating power at around 5.5h.
When power exported reaches zero the TCCS is disconnected from the grid and this is
the reason why active power after 5.5h is zero. This is not the case for SCIG BTB and
PMSG BTB which generate power for the entire 6 hour time period.

Apart from the observations discussed above it is difficult to distinguish which system
exports more energy and which has significant energy losses. For that reason the
cumulative energy graphs for the exported power for the four systems are presented in

Figure 5.7. The cumulative energy graph gives a better insight of the energy each
system exports to the grid over the 6 hour time period.
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Figure 5.7 Exported cumulative energy over a 6h time period for the four different TCCSs studied
and the 11kV variations for the BTB systems.
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Based on Figure 5.7 the TCCS with the converters in the nacelle export more energy
compared to TCCS with long distance controls. Furthermore, PMSG BTB 33kV,
PMSG BTB 11kV and PMSG LDC export more energy compared to SCIG BTB 33KV,
SCIG BTB 11kV and SCIG LDC respectively. It has to be noted here that PMSG BTB
11kV and SCIG BTB 11kV refers to a TCCS with converters in the nacelle and
transmission voltage of 11kV compared to the 33kV transmission voltage of PMSG
BTB 33kV and SCIG BTB 33kV systems. Table 5.3 summarises the quantitative
results of Figure 5.7 and in addition presents results for the system efficiency and total

energy losses in each case.

Table 5.3 Summarised results for the four TCCS studied under a 6h time period.

TCCS Total Losses at | Maximum cumulative Total energy
1pu (% of R) energy exported (MWh) | losses (MWh)
SCIG LDC 6.78 4.0789 0.3322
PMSG LDC 6.74 4.1285 0.3257
SCIG BTB 33kV 4.16 4.3249 0.1969
PMSG BTB 33kV 4.13 4.3314 0.1891
SCIG BTB 11kVv 5.93 4.2368 0.2737
PMSG BTB 11kV 5.88 4.2586 0.2659

According to results presented in Table 5.3, differences between SCIG and PMSG
using the same transmission system are small. PMSG options have maximum
cumulative energy exported compared to SCIG options. This is due to the higher total

losses of SCIG systems compared to the respective PMSG systems at 1pu operation.

Bigger variations appear between the two different transmission options. TCCS using
long distance controls have less maximum cumulative energy exported compared to
TCCS with converters in the nacelle. Two reasons are responsible for the lower energy

export of the LDC systems:

» LDC systems have more total energy losses. The SCIG LDC option h&80.13
MWh and 0.0585 MWh more losses compared to SCIG BTB 33kV and SCIG
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BTB 11kV options respectively for a 6 hour time period. The same can be said
for the PMSG systems. The PMSG LDC has 0.1366 MWh and 0.0598 MWh
more losses compared to the PMSG BTB 33kV and PMSG BTB 11kV options
respectively for the studied 6 hour period. The main reason for the reduced
losses in BTB systems is the higher voltage for power transmission. LDC
systems transmit power at 6.6kV while BTB systems transmit power at 33kV
or 11kV depending on the case.

» LDC systems generate power for shorter periods compared to BTB systems
This can become evident if the maximum cumulative energy produced is
calculated in each system. The PMSG BTB 33kV produces 0.1095 MWh more
compared to PMSG LDC and SCIG BTB 33kV produces 0.1107 MWh more
compared to SCIG LDC. LDC systems generate for shorter periods because
they use the&supHsupervisory controller as described in Section 3.4.3. The
SupHsupervisory controller forces the generator to operate at 800rpm for tidal
current velocities up to 2m/s. Operating the generator at constant speed reduces
the hydrodynamic efficiency of the tidal current turbine and therefore decreases
power productn.

The biggest difference appears between PMSG BTB 33kV and SCIG LDC. Over the
6 hour period, the PMSG BTB 33kV option exports 5.8% more energy compared to
the SCIG LDC.

The results presented in Section 5.3 are based on systems with constant cable length
and known cable inductance and capacitance. In the following section a sensitivity
analysis is performed in order to evaluate how the results presented in this section are
affected by the uncertainty of the exact cable length or using inaccurate cable
inductance or cable capacitance.

5.4 Sensitivity analysis

In this section sensitivity analysis over the uncertainty of cable length, cable
capacitance and cable inductance is carried out and the effect of this uncertainty on
voltage regulation is presented. For every sensitivity study one model parameter at a

time is considered uncertain.
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5.4.1 Cable length uncertainty

Cable length uncertainty is considered a major problem for tidal current developers
that use long distance controls. At the initial stages of a tidal current project power
transmission cables are estimated based on bathymetry and distance to shore.
However, at the installation stage the final cable length might not be the same as the
estimated due to several reasons. Seabed morphology, weather conditions at the day
of installation, environmental issues and cable connection to the onshore power
converter station can affect the final length of the cables. In a system with long distance
controls the design of the generator side filter is highly dependent on the cable length.
Errors in cable length can lead to ineffective generator side filters. In this section the
sensitivity of the generator side filter to cable length uncertainty is examined. The four
TCCS studied in Section 5.3 will also be considered for the cable length sensitivity
analysis. The cable length sensitivity analysis is carried out in the following way:

* The four TCCS are designed exactly as mentioned in Section 5.3. All four
systems are based on 3.5km cable length. The generator side filter for the LDC
systems is also designed for 3.5km cable. Its parameters are those presented in
Table 4.6 folOPT Model

« The four TCCS are simulated using a different cable lengths. The simulations
carried out are based on a percentage difference around 3.5km. The percentage
differences studied are: £5%, +10%, +20%.

« Peak overvoltage at the generator terminals and total losses at ratedoperati
are presented and analysed. Systems with converters in the nacelle have no
voltage regulation problems at the generator terminals and therefore results for

LDC systems are only presented in this case.

Figure 5.8 presents how the peak overvoltage of the LDC systems is changing with
uncertainty of the cable length.
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Figure 5.8 Peak overvoltage at the generator terminals over cable length uncertainty.

The results depicted in Figure 5.8 show that for the SCIG LDC peak overvoltage is

increasing as uncertainty increases from 5% to 20%. For the PMSG LDC system peak

overvoltage remains relatively constant between 1.07pu and 1.10pu. In all cases

studied peak overvoltage does not exceed the 1.2pu which is the maximum allowable

overvoltage. Table 5.4 shows the change in total losses with uncertainty in cable

length.

Table 5.4 Total system losses for the TCCS under study with cable length uncetainty.

Total losses at 1pu (% ofp
Cable Length
) SCIG BTB PMSG BTB
Uncertainty SCIG LDC PMSG LDC
33kVv 33kV
+5% 7.25 6.78 4.17 4.13
-5% 7.05 6.60 4.16 4.11
+10% 7.35 6.87 4.18 4.14
-10% 6.96 6.51 4.15 4.10
+20% 7.55 7.03 4.20 4.15
-20% 6.76 6.34 4.13 4.09
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The general trend from the results presented in Table 5.4 is that the longer the cables
the higher the total losses are in each case. However, LDC systems are more affected
by cable length uncertainty and even more so the SCIG systems. For example, the
SCIG LDC system with +20% uncertainty in cable length generates 0.77% more losses
compared to the expected design. This is significantly less in PMSG LDC at 0.29%
more losses and even less for the SCIG BTB 33kV and PMSG BTB 33kV at 0.04%

and 0.02% more losses respectively.

5.4.2 Cable capacitance or inductance uncertainty

Cable capacitance or inductance uncertainty can greatly affect the voltage regulation
of the filter in LDC systems. The same process followed in Section 5.4.1 for cable
length uncertainty will also be followed in this section for capacitance and inductance

separately.

e« The SCIG LDC and PMSG LDC are designed exactly as mentioned iniSecti
5.3.Both systems are based on 3.5km cable length and the cable parameters as
given in Table 3.10. The generator side filter for the LDC systemsas als
designed based on cable parameters given in Table 3.10. The generator side

filter parameters are those presented in Table 4.6 for the OPT.Model

« Both systems are simulated using different cable capacitance or cable
inductance. The simulations carried out are based on percentage difference
around cable capacitance and cable inductance of Table 3.10. The percentage
differences studied are: £20% and +50%. The limit of £50% has been chosen

based on the study presented in [82].

» Voltage regulation at the generator terminals is presented in Table 5.5.
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Table 5.5 Voltage regulation of LDC systems with uncertainty in cable capacitance or cable

inductance.
Voltage regulation
Cable capacitance| Cable inductance
SCIG LDC PMSG LDC
Lc Cc 4% 9%
Lc+20% Cc 8% 8%
Lc+50% Cc 16% 10%
Lc—20% Cc 8% 8%
Lc—-50% Cc 7% 9%
Lc Cct+20% 19% 10%
Lc Cc+50% 26% 19%
Lc Cc—20% 7% 10%
Lc Cc-50% 8% 19%

The SCIG LDC is significantly affected by cable inductance or capacitance
uncertainty. Major changes in voltage regulation appe&@citb0%, Cc+20% and
Lc+50%. However, only in the extreme caseQaft50% voltage regulation is outside

the limit of 20%. Regarding the PMSG LDC, voltage regulation is affected with cable
capacitance uncertainty. In all the other cases voltage regulation varies between 8%
and 10%. Table 5.5 presents results only when there is uncertainty in one cable
parameter, cable capacitance or cable inductance. In Table 5.6 four extreme cases of

voltage regulation are presented with uncertainty on two cable parameters.

Table 5.6 Voltage regulation of LDC systems with uncertainty on both cable capacitance and

inductance.
_ _ Voltage regulation
Cable capacitance| Cable inductance
SCIG LDC PMSG LDC
Lc+50% Cc+50% 43% 7%
Lc+50% Cc—50% 8% 19%
Lc—50% Cct+50% 29% 10%
Lc—50% Cc—50% 10% 19%

169



Power transmission study for single tidal current devices

Based on the results presented in Table 5.6 the voltage regulation of the SCIG LDC
system is highly affected by the extreme case of cable capacitance increase. In both
cases that the cable capacitance is increased by 50% the voltage regulation is outside
the limit of 20%. In the cases where cable capacitance is decreased by 50% voltage
regulation varies between 8% and 10%. Regarding the PMSG LDC system voltage is
regulated in all the extreme cases. However, in the two cases where cable capacitance

is decreased by 50% voltage regulation is near the specified limit of 20%.

5.5 Effect of cable length on system losses and energy exported

All the results presented in Section 5.3 and Section 5.4 assumed constant cable length
of 3.5km. In this section the effect of increasing or decreasing the cable length on
system losses and energy exported is presented. The cable lengths considered are based
on [75]-[78] and therefore the study starts from 1km cable length up to 15km cable
length with a 0.5km step. For the LDC systems, changing the cable length means
different generator side filter parameters. For each different cable length the process
followed in Section 4.3.2 and 4.3.2.6 is applied and a different set of filter parameters

is calculated. Table 5.7 shows the resistance and capacitance usdgiGbtaech of

the generator side filter of the LDC systems for each different cable length.
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Table 5.7RC filter parameters for changing cable length.

Cable Length (km) Rre (Q) Cre (uF)
1.0 15.5100 15.00
1.5 11.4900 20.25
2.0 9.7680 26.25
2.5 8.0440 31.50
3.0 7.4700 37.50
3.5 6.8950 44.25
4.0 6.3200 49.50
4.5 3.4480 103.50
5.0 2.0690 186.80
5.5 2.0110 204.80
6.0 1.7240 221.30
6.5 1.7240 239.30
7.0 1.7240 258.00
7.5 1.7240 278.30
8.0 1.4940 294.00
8.5 1.4360 313.10
9.0 1.4360 331.90
9.5 1.0340 506.30

10.0 1.0340 532.50
10.5 1.0340 562.50
11.0 1.0340 592.50
11.5 0.9193 618.80
12.0 0.9193 648.80
12.5 0.6895 1223.00
13.0 0.6895 1268.00
13.5 0.6895 1320.00
14.0 0.5746 1391.00
14.5 0.5746 1455.00
15.0 0.5746 1489.00

Figure 5.9 shows total losses for all six TCCSs studied over cable length.
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Figure 5.9 Total losses versus cable length for the six TCCS under study.

As it can be observed from Figure 5.9 the total losses in the system widens between
LDC and BTB as cable length increases. At 1km cable length the difference in total
losses between LDC and BTB is around 1.5% whereas this increases to a 17%
difference for the SCIG LDC and 12.5% for the PMSG LDC at 15km cable length.
The slope between LDC systems and BTB 11kV systems is similar between 1km and
5km. However, LDC systems have a slightly increased slope between 5km and 10km
compared to BTB 11kV systems and an even bigger difference between 10km and
15km. The difference of total losses between SCIG BTB 33kV and PMSG BTB 33kV
is very small with 4.789% and 4.738% total losses respectively at 15km cable length.
The same can be said for SCIG BTB 11kV and PMSG BTB 11kV. The case is not the
same for LDC systems. PMSG LDC has lower total losses compared to SCIG LDC
for all the cable lengths studied. The difference in total losses is 0.37% at 1km cable
length and widens to 4.39% at 15km. Figure 5.10 presents how the increasing losses
affect the cumulative energy exported from a TCCS.
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Figure 5.10 Maximum cumulative energy exported over increasing cable length for the four
TCCS under study.

Figure 5.10 presents how increasing losses in LDC systems affects the maximum
cumulative energy exported from a TCCS. At 1km cable length energy exported is
4.1271MWh and 4.1902MWh for SCIG LDC and PMSG LDC respectively. This
value significantly drops to 3.122 MWh and 3.302 MWh respectively at 15km cable
length. This is not the case for BTB systems in which the energy loss from 1km to
15km is only 1.01% and 0.77% for the SCIG BTB 33kV and PMSG BTB 33kV
systems respectively. Using 11kV for the power transmission in BTB systems
significantly changes the energy losses from 1km to 15km. SCIG BTB 11kV and
PMSG BTB 11kV TCCSs have 6.18% and 6.57% difference respectively in maximum

cumulative energy exported between 1km and 15km cable lengths.

From the results presented in this section it can be concluded that LDC systems are
likely to be used at short distances. In addition, the use of PMSG with long distance
controls is a favourable option because of the reduced cable losses. Systems with

converters in the nacelle have lower losses in all cases. However, the use of underwater
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converters is not preferred by developers at the present time and therefore their use
will be limited to cases where TCCS will be connected individually and the distance
to shore is at least 10km. Underwater converters are not preferred by developers
because for the deployment of demonstration tidal current arrays the system needs to
be as reliable as possible to prove the concept of uninterruptible tidal current power
generation. Such an example is the Phase 1Aof the MayGen project in the Inner Sound
of the Pentland Firth where developers use long distance controls with individual
connections for four tidal current turbines. Regarding the losses in a tidal current
system, cable losses are highly dependent on transmission voltage in each system. It
has to be noted that LDC systems have a transmission voltage of 6.6kV, because it is
limited by the output of the generator, whereas BTB systems can have a transmission
voltage of up to 33kV. In the near future the use of 11kV generators will significantly

decrease total system losses in LDC systems increasing their applicability in TCCS.

5.6 Summary

In this chapter a comprehensive study of power transmission options for single TCCS
has been carried out. SCIG and PMSG were compared using both long distance
controls and converters in the nacelle. The results showed that in all the cases studied
the PMSG TCCS exported more energy compared to the respective SCIG TCCS.
Furthermore, the use of long distance control was analysed and compared to the use of
the BTB converters in the nacelle. Uncertainties in cable parameters affect LDC
systems more than BTB systems. However, results showed that even in extreme cases
of uncertainty, and if the generator side filter of the LDC systems are optimised, the
operation of the LDC system is within the acceptable limits. Finally, it becomes
evident that using onshore converters with short distances to shore yields the important
advantage of accessibility and at the same time additional losses are not significant.
However, for distances longer than 10km the difference in energy exported between

BTB and LDC systems starts to become significant.
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Chapter 6

Power transmission study for

small tidal arrays

6.1 Introduction

In this Chapter the power transmission study for single tidal current devices presented
in Chapter 5 is expanded to small tidal arrays of up to 16 devices. In Section 1.2.3 an
introduction to electrical architecture options for tidal current conversion systems was
presented. Based on these electrical architecture optiom&athal architecture and

the Star Clusterarchitecture are studied in this chapter because they require an array
formation. TheDirect connection to shorarchitecture was presented in Chapter 5. In
addition, theRadial architecture and th8tar Clusterarchitecture are presented with

the option of having two connections to shore formingRldial Ring architecture

and theStar Cluster Rin@rchitecture. In Section 6.2 the positioning of the TCCS in a
tidal channel is presented together with the assumptions of the study. Sections 6.3 and
6.4 present the results for the radial and star cluster architectures and finally in section

6.5 the results are summarised.

6.2 Array planning and assumptions

The primary purpose of developing an electrical array architecture is to decrease
transmission losses by using high voltage energy transmission. This process will be
presented in this chapter. However, an electrical array also requires a parallel electrical

network for the auxiliary supplies and communication network. In this thesis the power
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losses from the auxiliary supplies and the communication network are not considered
in the study. The power cables chosen include a fibre optic cable to transmit control
signals from the TCCS to the controllers and the monitoring station but the power

losses to operate the associated equipment are not included in the total tide-to-grid

losses.

At present, there is no clear evidence that supports suggestions for the optimal spacing
of tidal current devices. The industrial reports from GE, Siemens and ABB [75]-[77]
were based on 400m spacing across the flow and 800m spacing parallel to the flow for
1MW devices. Other reports in marine energy electrical transmission [18] suggest a
much smaller spacing of up to 240m for a 20m blade diameter. In this study the spacing
is based on the array planning of the industrial reports. In addition, in order to
accommodate possible lifting of cables out of the water and possible contingencies due
to the strong tidal currents, an additional 100m cable length in each direction is
considered. 100m is based on the maximum water depth that tidal current devices can
be installed at present. In this chapter, arrays of four (TCCS4), eight (TCCS8) and
sixteen (TCCS16) tidal current devices will be studied in a simple tidal current

channel. The array topology in each case is presented in Figure 6.1.

[Tccs| [Tccs| [Tccs| [Tccs| [Tccs|
Tidal 800m
current TCccs chs\ ]chs\ ]chs\ ]chs\ ]chs\
—_—
§"’ [Tccs] [Tccs] [Tccs] [Tccs] [tccs]
t [tccs] [tccs] [tccs] [tccs] [tccs]
a b c

Figure 6.1 Array planning. a. TCCS4. b. TCCS8. c. TCCS16.

Based on results presented in Chapter 5, PMSGs have lower total losses compared to
the SCIG options. Therefore the two TCCS topologies that use PMSG, the PMSG LDC
and the PMSG BTB, will be analysed in this chapter.

The tidal current velocity input in the tidal array is based on Figure 3.3 presented in

Section 3.1. Figure 6.2 shows the tidal current velocity used in this Chapter.
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Figure 6.2 Tidal current velocity used as input to the tidal current array.

6.3 Radial architecture

In this section theRadial and Radial Ring architectures will be presented. Radial
networks are common in wind energy systems, however their applicability has some
limitations in tidal current energy systems. Some of these limitations are:

 The BTB power converters have to be installed in the nacelle. Not all tidal
current turbines have enough space in the nacelle to install the BTB converters

» At present, tidal current devices have a single power connection. It is not
possible to loop the cable in and out of the nacelle in order to connect the TCCS
in series [18].

* Three-way connectors can be used (see Figure 1.10) but using them will limit
output voltage to 11kV and also limit the number of devices that can be
connected to the radial network [18].

* Redundancy in the radial network is limited. A fault in one TCCS can affect

the power output of other TCCSs.

Based on the above limitations a possible workaround is to use a Subsea Transformer

Systenas suggested in [18] and presented in Figure 6.3.
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Figure 6.3 Subsea Transformer System. 1. Fuses to isolate the device in case of fault. 2. Earth

switch and surge arrestef{18].

By using aSubsea Transformer Systee higher voltage of 33kV can be used, a
potentially faulty TCCS can be isolated from the radial network, and two or more
power connections can be used. The disadvantag8ubsea Transformer Systé&n

that an additional subsea structure has to be installed for every tidal current converter
in the array, potentially increasing total cost. Siemens has already presented designs

and feasibility analysis of a similar structure in [76].

Based on requirements of a radial networkRladialandRadial Ring architectures as
developed in MATLAB/Simulink are presented in Figure 6.4 and Figure 6.5 using the
PMSG BTB TCCS topology. The lengths shown in Figure 6.4 and Figure 6.5 are the

cable lengths and not the distance between the devices.
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Figure 6.4 The Radial architecture of a tidal current array using PMSG BTB as implemented in
Simulink. a. RBTB4. b. RBTBS. c. RBTB16.
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Figure 6.5 The Radial Ring architecture of a tidal current array using PMSG BTB as
implemented in Simulink. a. RRBTB4. b. RRBTBS. c. RRBTB16.

TheRadial Ring architecture offers more redundancy as the whole array does not rely
on a single cable connection to shore for power transmission. However, longer subsea
cables are required to form a ring connection. For example, in the case of four TCCS
devices the total cable length for the ring connection (RRBTB4) is 3km plus two times
the distance to shore whereas in RBTB4 the total cable length is 1.5km plus the
distance to shore. In addition, Radial andRadial Ring architectures all the cables

have to be rated at the total power of the array. Cable parameters and ratings used are
presented in Appendix C. The architectures presented in Figure 6.4 and Figure 6.5
were simulated for different distances to shore. The total power losses were calculated

in each case and are presented in Table 6.1.
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Table 6.1 Total electrical losses for the Radial and Radial Ring architectures for changing distance

from the shore.

Total losses at 1pu (% ofcfp

Distance to shore (km 1 3.5 8 12 15

RBTB4 4.2293 4.6812 5.4867 6.1801 6.6941

Radial RBTBS8 4.5254 5.1515 6.2303 7.1558 7.8287

RBTB16 | 4.5357 4.8839 5.5167 6.0771L 6.4716

RRBTB4 | 4.0705 4.2895 4.7378 5.1128 5.3948

Radial
Ring

RRBTB8 | 4.1815 4.5044 5.0668 5.565]1 5.9296

RRBTB16| 4.1392 4.3155 4.6477 4.9179 5.1447

The total losses are calculated based on the total power generated from all the TCCSs
in the tidal array at rated power. As it is expected, and based on the results presented

in Table 6.1, power transmission losses increase as the distance to shore increases.

In theRadialarchitecture RBTB4 has lower losses compared to RBTB8 which would
favour the installation of smaller arrays rather than larger arrays. However, the reason
behind the reduced losses in RBTB4 is because of the cable type used. For the RBTB4
system, the C36-214 cables were used; it has a current rating of 214A which can
accommodate up to 7 TCCSs based on the parameters used in this study. In the case
of the RBTB8 system, the C36-256 cable is used which can accommodate up to 8
TCCS. From the above, it is evident that a tidal array with 4 devices does not use the
equipment efficiently. Lower rated cables at 33kV operating voltage were not available
from offshore cable manufacturers. The RBTB16 system has lower losses compared
to RBTB4 and RBTBS8 for distances greater than 12km to shore.

Similar results can be observed between the systems Bifttial Ring architecture.

The RRBTB8 appears to have higher losses compared to RRBTB4 but this is due to
the higher rated cables used to model the RRBTB4. RRBTB16 has lower losses
compared to RRBTB4 and RRBTB8 when the distance to shore is greater than 8km.
Comparing theRadial and Radial Ringarchitectures, it can be said that fRadial
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Ring architecture has lower losses in all cases of distances and systems. In addition,
theRadial Ringtopology offers system redundancy and no single cable fault can lead

to loss of energy from the TCCS array.

6.4 Star cluster architecture

In this section theStar Clusterarchitecture will be analysed. As first presented in
Figure 1.11 theéStar Clusterarchitecture can be implemented in TCCSs using long
distance controls (LDC) or converters in the nacelle (BTB). In addition, the simple
Star Clusterarchitecture can be expanded into a ring topology using the clusters as
nodes, forming th&tar Cluster Ringarchitecture. Based on the reports generated by
three major electrical companies [75]—-[77] small surface piercing platforms can easily
accommodate connections for up to four power converters. According to developers,
these surface piercing platforms may be also be available as floating or underwater
hubs, minimising their visual impact. Areas for tidal energy arrays are usually close to
shore and therefore the visual impact of the projects will have an important role in the
actual implementation and consent. Using larger offshore platforms that can
accommodate 16 or more devices are possible but are not considered for the above

reason.

6.4.1 Long distance controls

Implementing long distance controls in tidal arrays with star clusters is advantageous

for the following reasons:

» Power converters are kept dry on a surface piercing platform and therefore
maintenance of these components does not require expensive installation or
jack-up vessels.

« Distances from the TCCS to the surface piercing platform are short, less than
1km. Additional losses due to the use of long distance controllers are

minimised at short distances.

The Star Cluster and Star Cluster Ring architectures implemented in
MATLAB/Simulink based on the PMSG LDC TCCS are presented in Figure 6.6 and
Figure 6.7.

181



Power transmission study for small tidal arrays

Tidal

Current
—

£
S
o
0

£
S
=}
kel

Transmission
to shore at 33kV

a

I3, i

500m

(Offshore Hub =——

] LDcﬂ HLDC‘

500m

| Lch 77777777777 d‘LDC |

E P N
§ ( Offshore Hub )

| LD(;p 7777777777 qLDc |

(¢

Figure 6.6 The Star Cluster architecture of a tidal array using PMSG LDC as implemented in

Simulink. a. SCLDC4. b. SCLDCS. c. SCLDC16.
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Figure 6.7 The Star Cluster Ring architecture of a tidal array using PMSG LDC as implemented

in Simulink. a. SCRLDCA4. b. SCRLDCS. c. SCRLDCL16.

When four TCCSs are installed (Figure 6.6a and Figure 6.7a) only one cluster is
created and therefore a ring topology cannot be created. In the case of eight TCCSs

the Star Cluster Ring architecture requires an additional 2km cable, rated for eight

TCCSs, compared to ti&tar Clusterarchitecture. Cable length savings for 8tar

Cluster Ring architecture only occur when sixteen TCCSs form the tidal array. Cable
parameters and ratings used are presented in Appendix C. The architectures presented

in Figure 6.6 and Figure 6.7 were simulated for different distances to shore. The total

power losses were calculated in each case and are presented in Table 6.2.
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Table 6.2 Total electrical losses for the Star Cluster and Star cluster architectures using PMSG

LDC TCCS topology for changing distances to the shore.

Total losses at 1pu (% offy

Distance to shore (km) 1 3.5 8 12 15

SCLDC4 | 5.4361| 5.866% 6.6225 7.27Y1 7.7626

Star cluster SCLDC8 | 5.4511] 5.8826¢ 6.6352 7.2912 7.7145

SCLDC16 | 5.2063] 5.8824 6.6350 7.2907 7.7745

SCLDC8 | 5.3463| 5.6541 6.1874 6.6556 7.0023
Star cluster Ring

SCLDC16 | 5.2524] 5.4262 5.7351 6.00p9 6.2103

The Star Cluster Ring architecture generates less losses in all cases compared to the
Star Clusterarchitecture. The longer the distance to shore the higher the benefits of
using 16 TCCSs in Star Cluster Ring architecture.

Using theStar Clusterarchitecture, with star clusters of 4 TCCS, the losses between

an array of 4 devices (SCLDC4), 8 devices (SCLDC8) and 16 devices (SCLDC16) are
not very different. This is because the tidal current arrays are formed from multiples
of the SCLDC4. Small differences in losses appear due to the different distances to

shore for each star cluster, as it can be seen in Figure 6.6.

6.4.2 Converters in the nacelle

In this section the option of using TCCS with BTB converters in the nacell8tiar a
Clusterarchitecture and Star Cluster Ring architecture is explored. The advantages of
using BTB converters in the nacelle compared to long distance controls are the
increased transmission voltage from the TCCS to the offshore hub, fixed frequency
output which reduces the need for power harmonic filtering, and reduced electrical
losses in the cables. Figure 6.8 presentsStae Clusterarchitecture and Figure 6.9

the Star Cluster Ring architecture for four, eight and sixteen TCCS using converters
in the nacelle.
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Figure 6.8 The Star Cluster architecture of a tidal array using PMSG BTB as implemented in
Simulink. a. SCBTB4. b. SCBTBS8. c. SCBTB16.
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Figure 6.9 The Star Cluster Ring architecture of a tidal array using PMSG BTB as implemented
in Simulink. a. SCRBTB4. b. SCRBTBS8. c. SCRBTB16.

When four TCCSs are installed (Figure 6.8a and Figure 6.9a) only one cluster is
created and therefore a ring topology cannot be created. In the case of eight TCCSs
the Star Cluster Ring architecture requires an additional 2km cable, rated for eight
TCCSs, compared to tH&tar Clusterarchitecture. Cable length savings only occur
when sixteen TCCS form the tidal array. Cable parameters and ratings used are
presented in Appendix C. The architectures presented in Figure 6.8 and Figure 6.9
were simulated for different distances to shore. The total power losses were calculated

in each case and are presented in Table 6.3.
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Table 6.3 Total electrical losses for the Star Cluster and Star cluster architectures using PMSG

BTB TCCS topology for changing distances to the shore.

Total losses at 1pu (% ofcfp

Distance to shore (km) 1 3.5 8 12 15

SCBTB4 4.5642 5.0127 5.808;%

L4

6.5006 7.0142

Star

SCBTBS8 4.4294 4.8826 5.681¢ 6.3789 6.8988

A=

Cluster

SCBTB16 | 4.4391 4.8889 5.6858 6.3827 6.8949

Star SCRBTB8 | 4.3176 4.6447 5.2114 5.7084 6.078
Cluster

SCRBTB16| 4.2189 4.4042 4.7311 5.0229 5.2384

Ring

The Star Cluster Ring architecture generates less losses in all cases compared to the
Star Clusterarchitecture. The longer the distance to shore the higher the benefits of
using 16 TCCS in Star Cluster Ring architecture (SCRBTB16).

Regarding theStar Clusterarchitecture, the three systems compared, SCBTB4,
SCBTB8 and SCBTB16 have similar losses for the same distance to shore. This is
because SCBTB8 and SCBTB16 are formed from multiples of SCBTB4 with slightly
different distances to shore depending on the location of star clusters. This can be seen

in Figure 6.8.

6.5 Summarised results

Based on the observations and the results presented above it can be concluded that in

all cases ring architectures are advantageous.

For the radial architectures presented in Section 6.3, the ring topology offers reduced

transmission losses and redundancy. In the star cluster architectures presented in
Section 6.4 the ring topology offers reduced transmission losses and cable installation

savings.

An additional observation from the results presented in this chapter is that significant
reduction in power losses can be achieved when tidal arrays are formed from 16 TCCS
and the distance to shore is at least 1km for the SCRBTB16, 3.5km for the SCRLDC16
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and 8km for the RRBTB16. Figure 6.10 presents the total electrical losses for the 16

TCCSs for increasing distance to shore when all the TCCS are operating at rated

power.
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Figure 6.10 Electrical losses of the 16 TCCS systems presented in Chapter 6 with increasing

distance to shore.

The ring architectures (dashed lines) always have lower losses compared to their
respective non-ring architectures. In addition, the slope with which electrical losses
are increasing for the changing cable length is significantly less steep in the ring
topologies. The SCLDC16 system has lower losses compared to SCBTB16 for
distances above 8km and lower losses compared to RBTB16 for distances above 12km
and at the same time it uses long distance controls allowing easier maintenance of
power electronics. The RRBTB16 system has the least electrical losses in all cases.
However, as stated in the beginning of Section 6.3 radial networks have a number of
limitations in their applicability in a tidal array. All the suggested solutions for these
limitations require additional underwater components such &utbeea Transformer

System(Figure 6.3). These extra components will increase both the cost and the
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complexity of the system. The SCRBTB16 system has on average around 0.8%
additional losses compared to RRBTB16 system. This makes SCRBTB16 the system
with the second lowest amount of electrical losses and is most likely to be implemented
in a future tidal current array. The disadvantages of using such as system would be the
use of underwater power electronics and possible limitations for tidal current
developers who currently cannot accommodate power electronics in the nacelle. These
disadvantages can be surpassed by implementing the SCRLDC16 system. The
disadvantage of using a SCRLDC16 system would be the additional 1% electrical
losses which comes from the use of long distance controls between the nacelle and the

offshore hub.
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Chapter 7

Concluding Remarks

7.1 Discussion

This thesis presents different ways to transmit power from the TCCS to the grid. In

Chapter 1 the main aim of the thesis was defined:

“The main aim of this thesis is to explore and evaluate the

alternative ways of connecting a tidal current turbine to the grid.

The purpose of exploring and evaluating the electrical architecture

options is to reduce losses to a minimum but at the same time keep

the system components as accessible as possible for maintenance.”
Tidal current conversion systems are still at their infancy withraber of prototypes
being tested and a few demonstration projects currently being developed. Currently,
tidal current turbine developers have not yet decided on the optimal tidal current
conversion system and therefore a number of different designs exist. While most of
the designs are bottom mounted with low solidity blades and horizontal axis rotors,
the approaches differ in generator technology. Dominant choices are direct drive
generators or geared permanent magnet synchronous generators and squirrel cage
induction generators. Moreover, some tidal current turbine developers have designed
systems that do not have enough space in the nacelle to accommodate filters, power

electronics and the step-up transformer required.

Considering all the above aspects of tidal current turbine technology, the resource-to-
grid tidal current conversion model was developed as part of this thesis. The model
was used to achieve the aim of exploring and evaluating alternative ways of connecting

a tidal current turbine to the grid. The input to the model from AHH was crucial in
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order to represent a realistic system and validate its operation. In addition, from this
model a number of variations were developed; using SCIG or PMSG and using BTB
converters in the nacelle or LDC.

Exploring different generator technologies was part of the process of exploring
different electrical architecture options. Using SCIG or PMSG in a system with long
distance controls could have an impact on the overall performance of the system. As
it was shown in Chapter 5, systems with PMSG have benefits over systems with SCIG.
The benefits are even larger the longer the cables are between the generator and the
power electronics. Implementing long distance controls in a tidal current conversion

system allows easier installation, maintenance and repair of the power electronics.

Long distance controls are a key focus aspect of this thesis. Keeping as many
components as possible accessible for easy maintenance is a major requirement set by
the tidal current developers. The use of long distance controls allows the power
electronics, the transformer and the filters to be kept onshore or dry on an offshore
platform. In Section 2.7 of the literature review it became evident that a number of
different filter designs can be used but the exact parameters of the filters can be
calculated using several approaches. In addition, in most cases a low voltage generator
was connected to the power electronics through cables without the need for a
transformer in between. However, this was not the case for a tidal current conversion
system which requires higher voltages for energy transmission. In Chapter 4 the
generic algorithm developed can estimate the filter parameters of a low-pass filter
which will reduce the harmonics in a long distance control system to a minimum and
at the same time minimise losses. The TCCS using a generator side filter designed by
the algorithm was compared to measured data provided by AHH. Results showed the
potential benefits of using the generic algorithm for designing filters for systems using

long distance controls instead of using off-the-shelf filters.

In the final part of this thesis different options of tidal current arrays were compared.

At present, no tidal arrays have been developed except for a number of tidal current
devices individually connected. The study in Chapter 6 showed that in order to keep
power electronics maintainable a star cluster architecture is required. Implementing

the star cluster architecture in ring topology also reduces cable costs and electrical
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losses for energy transmission. It is very likely that such configurations will be
implemented in future tidal arrays. Configurations with the power electronics in the
nacelle using the star cluster ring architecture induced slightly less electrical losses in
total but require to the operation and maintenance of underwater BTB power
electronics, step-up transformers and power harmonic filters. Such a task is expensive
and difficult. Similar observations were made regarding the use of radial architectures
for a tidal current array. In order to loop a cable and create a radial network it would
require, in most cases, an additional underwater structure to house cable looping,
transformer, switchgear and filters. Operating and maintaining such a structure for

every tidal turbine in an array could be a challenge that developers might want to avoid.

7.2 Contribution to Knowledge

This thesis progresses knowledge in the following ways:

* It provides the renewable energy community with a detailed and vaidate
dynamic resource-to-wire model of a TCCS using actual data.

* An in-depth focus is given to generation systems that use long distance
controls. A generic algorithm that calculates filter parameters is proposed i
order to minimise losses and increase reliability of systems thatonge |
distance controls.

« A comparative study of a single TCCS is presented based on currently available
technology.

e The comparative study of the single TCCS is expanded to arrays of up to 16
TCCS. Different array configurations are explored and advantagds a

disadvantages of each are stated.

The main tool to answer the research question of this thesis was the dynamic resource-
to-wire model of the TCCS. This model, which is presented in Chapter 3, shows in
detail all the electrical components of a TCCS as well as some mechanical parts. The
electrical and mechanical parameters used were based on input from AHH. In addition,
the power output of the model was compared with the measured power output of the
AHH prototype installed at EMEC. The resource-to-wire tidal current model

developed in this thesis can be easily used to predict the operation of a tidal current
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conversion system. What is more, this thesis provides extensive details so that the
model can be replicated and modified to represent a different tidal current conversion
system. This can be a useful tool for tidal current developers or research institutes that
focus on tidal current systems. In addition, the model presented in this thesis can be
used as a reference for future research in electrical or mechanical parts of the tidal

current conversion systems.

A key novelty of this thesis is the detailed presentation of the systems that use long
distance controls and the development of a generic algorithm to minimise losses in
such systems. The use of long distance controls is crucial in offshore renewable energy
systems as it can increase the reliability of the system by having the power electronics
dry, either on an offshore hub or onshore. Furthermore, the availability of the TCCS
can increase by using long distance controls through minimising onsite visits and
nacelle extraction for the power electronics repairs. Tidal current devices are planned
to be installed at locations with strong tidal currents. At these locations, the windows
of opportunity for onsite visits are relatively short, which means that major operations
need to be extremely quick or be able to continue in high flow speeds. Expensive
marine vessels are being used for nacelle extraction which greatly increase the
operation and maintenance cost of tidal current conversion systems. Using long
distance controls the need to use jack-up vessels for the maintenance or repair of the

power electronics is eliminated.

However, the use of long, three-phase cables between the generator and the power
electronics comes with the disadvantage of higher losses, higher harmonics and risk of
overvoltages due to voltage reflections in the cables. A major contribution presented

in this thesis is the development of a generic algorithm that calculates the parameters

of the low-pass filter installed at the VSC terminals which:

* Minimises losses between the generator and the power electronics.
* Reduces the high order harmonics induced by the resonance of the long subsea
cable parameters and the interaction of the cable parameters with the

transformer or other components
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» Can be used in conjunction with a single tuned filter tuned at the generator
controller switching frequency to further reduce harmonics between the power
electronics and the generator

* Is generic and can be used for any system that has cables or other electrical
components such as transformer and loads between the machine and the power
electronics.

» Sensitivity analysis of the designed filter can test the filters performance in

case of unknown system parameters.

Despite designing an optimum filter to minimise losses in systems with long distance
controls, these systems still have higher total electrical losses compared to systems
with converters in the nacelle that transmit power at 33kV. The main reason for the
higher losses is the reduced output voltage of the generator, which can go up to 6.6kV
with current technology. This is significantly lower than 33kV which a TCCS can
ideally have as an output if the power electronics are installed in the nacelle together
with a step-up transformer. On the other hand, as the comparative study showed in
Chapter 5, the difference in electrical losses between LDC and BTB systems is
significantly reduced when the output from the BTB system is 11kV. Several
prototypes from tidal current developers, such as Oceade, used power electronics in
the nacelle with a transformer to step-up the voltage to 11kV. When comparing a single
TCCS with LDC at 6.6kV with a single TCCS with BTB converters at 11kV the

difference in electrical losses at distances up to 10km is constant at around 0.85%.

An additional contribution of this thesis is the expansion of the single TCCS to small
array formations. From the comparative study presented in Chapter 6 it became evident
that ring topologies are advantageous for their redundancy and reduced electrical
losses. In addition, in the case of star cluster architectures the ring topology offers
reduced cable installations. From the star cluster architectures the use of long distance
controls offers dry operation of the power electronics on an offshore hub with an
additional 1% electrical losses at rated power compared with a system that has power

electronics in the nacelle.

Overall, the research work presented in this thesis provides a clearer understanding of

the options to transmit power from an underwater tidal current turbine to the grid. In
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addition, the work sheds light on the applicability of long distance controls in TCCSs
as a viable energy transmission option of single tidal devices or in array formations.
The research work also contributed to a number of publications which are listed in

Appendix D.

The conference paper entitled “Modelling and control of tidal energy conversion
systems with long distance converters” [88] discusses the resource-to-grid modelling
of a single TCCS that uses SCIG with long distance controls which is presented in
Chapter 3. In addition, initial results regarding the resonance and voltage reflections
in the cables of a system that uses long distance controls are presented. Passive power
harmonic filters are implemented in order to mitigate resonance as it is shown in
Chapter 4.

The conference paper entitled “Comparison of permanent magnet synchronous and
induction generator for a tidal current conversion system with onshore converters” [60]
compares the SCIG and the PMSG options for a resource-to-grid TCCS with long
distance controls. The modelling and control of the generators are presented in Chapter

3 and the results from this study are linked to Chapter 5.

The journal paper entitled “Filter Design for Cable Overvoltage and Power Loss
Minimization in a Tidal Energy System With Onshore Converters” [83] focuses on the
filter design algorithm presented in Chapter 4. The study is undertaken in a resource-

to-grid TCCS with SCIG and long distance controls.

The journal paper entitled “Modelling, control and frequency domain analysis of a
tidal current conversion system with onshore converters” [35] is an expansion of the
conference paper [88]. Research expands on the voltage gain graphs and the generator

controller switching frequency study which was presented in Chapter 4.

7.3 Future Work

The work undertaken can be extended in many different ways.

From a modelling aspect, the dynamic resource-to-wire model developed can be
extended in a number of ways. From the generator point of view, a realistic model of

an 11kV SCIG and PMSG can be designed in order to compare and evaluate their
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performance in a system with long distance controls. Both AHH &id Aurrently
install tidal current devices for the Phase 1 of the MeyGen prnagecgenerators with
an output voltage of up to 6.6kV and long distance controls. Significantgaitgsbe
achieved in the electrical losses of the cables if the trasgmivoltage to shore was
higher at 11kV. The development of specific power electronics for lostguiie
controls could be another advancement of the resource-to-wire modes tfidhis.
Higher level power electronic topologies and their associatedotenéthods could
be tested for systems with long distance controls. The higher galtdmgs and
reduced harmonics from higher level power electronics could provel wgdiuthe
operation of a system using cables between the generator and thecfemtrenics.
In addition, the control bandwidth oscillation of the TCCS controllarshe studied.
The harmonics flowing to the generator terminals can be relaitd pessible

harmonics from the flow speed input or the operation of a control systi@ TCCS.

From the mechanical side of the modelling work the resowreare model could
greatly benefit from a more detailed tidal turbine model. Meichhstress, fatigue
loads, thrust forces and realistic torque input to the generatat lbewdimulated with
a multi-body model of an actual tidal current turbine. What is ntbeeeffect of the
long distance control in the mechanical parts of the tidal turlontl de evaluated
and compared to the use of power electronics in the nacelle. Lovefregresonance
of mechanical components such as torsional vibrations and theseffecT CCS with

long distance controls can be studied.

The research undertaken for this thesis could also be extended thaboggtory
based work on filter design. In Chapter 4, a novel filter desigthod for systems
using long distance controls is proposed. This method offers gener&; usagnised
losses, reduced harmonics flowing in the cables and damped overvoltdgeatdiy
based experiments could prove the concept of this filter design mé&tiedhallenges
of undertaking such a task lies with the provision of long cableshangower rating
of the generator. Setting up an experiment that requires kilonwtrésee-phase
power cables in the limited space of the laboratory could prove talifiécalt task.

In addition, the interaction of cable parameters and transformampégers has to be
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experimentally tested, thereby increasing the number of different components required

and filters designed.
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Software

MATLAB and Simulink are the two software packages used in this thesis to develop

and simulate the models as well as analyse and visualise the results generated.
A.1 MATLAB

MATLAB is a multi-paradigm numerical computing environment and fourth-
generation programming language. A proprietary programming language developed
by MathWorks, MATLAB allows matrix manipulations, plotting of functions and
data, implementation of algorithms, creation of user interfaces, and interfacing with
programs written in other languages, including C and C++ [101]. MATLAB software

was used throughout the research study in the following way:

e Scripts using MATLAB programming language were created to control,
simulate and save results from the Simulink models of tidal current turbines

* In addition, scripts were developed in order to present the simulated radults a
compare simulated results with experimental data provided by AHH.

* The fourth-generation programming language of MATLAB was used to
develop parts of the tidal current turbines such as the tidal resourcefSecti
3.1)and the supervisory controller (Section 3.4.3)

e Finally, MATLAB programming language was used to analyse system
resonance (presented in Section 4.1.2) and generate the filter design graphs

presented in Chapter 4.
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A.2 Simulink

Simulink is also developed by MathWorks and is a graphical programming
environment for modelling, simulating and analysing multidomain dynamic systems.
It offers tight integration with the rest of the MATLAB environment and during the
PhD study Simulink software was programmed through MATLAB.

Simulating a dynamic system is a two-step process.

» First, a user creates a block diagram, using the Simulink model editor, which
graphically depicts time-dependent mathematical relationships among the
system's inputs, states, and outputs (Figure A.1). The user then commands the
Simulink software to simulate the system represented by the model from a

specified start time to a specified stop time.

X
U —D (states) —>)
(1nput) (output)

Figure A.1 A simple example of a dynamic system in Simulink.

In order to simulate electrical components in Simulink the Simscape Power Systems
(formerly SimPowerSystems) toolbox was used. Simscape Power Systems was
developed in collaboration with Hydro-Québec of Montreal and provides component
libraries and analysis tools for modelling and simulating electrical power systems. It
includes models of electrical power components, including three-phase machines,
power harmonic filters and electric drives. In addition, Simscape Power Systems
toolbox helps you develop control systems and test system-level performance.
Simulink models can be parameterised using MATLAB variables and expressions, and

design control systems in Simulink [95].
Simscape Power Systems toolbox works in the following way:

* Once you have built your circuit with the blocks of powerlib, you can start the
simulation just like any other Simulink model. Each time you start the

simulation, a special initialization mechanism is called.
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This initialization process computes the state-space model of your electric
circuit and builds the equivalent system that can be simulated by Simulink. The
power_analyzecommand is part of that process. It obtains the state-space
model and builds the Simulink model of your circuit

Sorts all SimPowerSystems blocks, gets the block parameters and evaluates the
network topology. The blocks are separated into linear and nonlinear blocks,
and each electrical node is automatically given a node number.

Once the network topology has been obtained, the state-space model (A, B, C
D matrices) of the linear part of the circuit is computed by the
power_statespaceommand. All steady-state calculations and initializations
are performed at this stage. All the Simulink models in this thesis wereccreate
in discrete time. The discrete state-space model is computed from the
continuous state-space model, using the Tustilmodet

Builds the Simulink model of your circuit and stores it inside one of the
measurement blocks. This means that you need at least one measurerkent bloc
(Current Measuremenblock, Voltage Measuremerlock, Three-Phase V-I
Measuremenblock, or Multimeter block) in your model. The connections
between the equivalent circuit and measurements blocks are performed by
invisible links using the Goto and Frabptocks.

Oncepower_analyzénas completed the initialization process, Simulink starts
the simulation. You can observe waveforms on scopes connected at the outputs
of your measurement blocks. Through B@wverguj you can access the'l
viewerand obtain transfer functions of your system between any pair of input
and output. ThePowergui also allows you to perform a FFT analysis of

recorded signals in order to obtain their frequency spectrum.

A block diagram of the way Simulink models using Simscape Power Systems are

simulated is given in Figure A.2. The interconnection between linear and non-linear

models is given in Figure A.3.

Simulink and Simscape Power Systems were chosen as the primary modelling and

simulation software for this research because of:

The dynamic simulation capabilities of electrical components
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e The ability to easily work on the frequency domain after the time domain
simulation. Frequency domain results are crucial in understanding cable and
transformer-cable interaction and resonance.

 The ability to parameterise the models using MATLAB variables and
expressions. This feature was important in order to improve the models studied
in an analytic way.

 The control design capabilities and the available control and electrical
components.

* The fast simulation mode for discretised models.

* The compatibility of Simulink and Simscape Power Systems with the software
of the industrial partner, AHH.

Draw circuit
Start simulation

13 power_analyze
- Analyze network topology
- Get circuit parameters

]

power_statespace
- Compute continuous state-space
model of linear circuit (A, B,C, D)

- Compute steady-state and
initial conditions

Simulink library I

powerlib library l

2

Continuous| Discret Phasor
Solution| Metho Solution
Discretize ;
(Tustin Sgﬁl powerlib_models library
method)
y
powergui
y v - Display steady state info.
3. power_analyze - Change initial conditions
- Build the Simulink model < - Initialize machines (Load Flow)
- Initialize nonlinear models - Compute impedance vs. frequency

Simulink
starts simulation

Figure A.2 Flowchart of the simulation when Simscape Power Systems toolbox is u$e#].
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Linear model

Sources Outputs from
(inputs) —>> u State-space y measurements
matrices blocks
i v
Nonlinear models

Figure A.3 Interconnection of linear and non-linear models in a Simscape Power Systems

simulation [95].
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Appendix B

Statistical Tools

Three statistical tool were used:

« Mean value.
+ Correlation coefficients between two variables.

* Residual variance
B.1 Average or mean value

The first way to compare data is to find the average value over a specific time scale.
In this thesis, for each case we assume that the whole dataset is the time scale for the
mean or averaged value. The mean value is defined by the following equation:

w= %Z P, (B-1)

Whereu is the averaged valul,is the number of data values & the power data.

Using the mean value the percentage difference can be calculated using the following

equation:

Diff _ Hmeasured — Hmodel +100 (%) (B-2)

Hmeasured

B.2 Correlation Coefficient

The Pearson correlation coefficients are a common way of measuring the linear
relationship between two variables. The Pearson correlation coefficients are calculated
using either of the following equations:
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i = (M) (2t
pa, gy =200 54

WhereA andB are the data to be correlated, is the standard deviation of A and

cov(A,B)is the covariance of And B

The Pearson correlation coefficients, from now on coefficients, are calculated on the
scale between -1 and 1. Where -1 (minus one) means that the relationship between
variablesA andB is the opposite of linear, 1 (one) shows that the relationship between
variablesA andB is purely linear and 0 (zero) shows that the relationship between
variables Aand Bis random.

B.3 Coefficient of determination

Coefficient of determination (or R-square or square of the multiple correlation
coefficient) is a statistical tool that measures how successful the modelled data
explains the variation of the measured data. Coefficient of determinedigndefined

as the ratio of the sum of squares of the regresSISR @nd the total sum of squares
(SST.

SSR

r2 = SST (B-5)
N

SSR =) 1~ tmoaer)? )
i=1
N

SST = Z(}’i ~ Hmodel)” (B-7)
i=1

Where yis the measured data andgjmodel data.

Alternatively the coefficient of determination can be calculated using the summed

square of residuals (SSE).
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N
SSE = Z(}’i -y (B-8)
i=1
r’=1- SSE (B-9)
- SST

The residuals from a fitted model are defined as the differences between the response

data and the fit to the response data at each predictor value.
r=y-—-y (B-10)

Assuming the model you fit to the data is correct, the residuals approximate the random
errors. Therefore, if the residuals appear to behave randomly, it suggests that the model
fits the data well. However, if the residuals display a systematic pattern, it is a clear
sign that the model fits the data poorly. The coefficient of determination can take any
value between 0 and 1. A value closer to 1 indicating that a greater proportion of

variance is accounted for by the model.
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Cable Parameters

C.1 Long distance control cables

The long distancecontrol cablesare placedbetweernthe generatoandthe generator

side voltage-sourceonverter.The only cableusedfor long distancecontrol in this

thesis is the one currently used at EMEC. The parameters of this cable were given in

Table 3.10 and reference [96].

C.2 Power transmission cables

Powertransmissiorcablesin this thesisare thoseconnectingthe grid side voltage-

source converter with the grid. The parameters of these cables are given in Table C.1

and are based on [99]. All the cables presented in Table C.1 are rated for up to 36 kV.

Table C.1 Cable parameters for power transmission cablg99].

Name Conductor Capacitance | Inductance Current rating
resistance AC (uF/km) (mH/km) (A)
at 90 °C
(Q/km)
C11-179 0.670 0.17 0.45 179
C36-214 0.490 0.15 0.46 214
C36-256 0.340 0.17 0.44 256
C36-499 0.098 0.26 0.36 499
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List of Publications

* M. C. Sousounis, J. K. H. Shek and M. A. Mueller, "Modelling and control of
tidal energy conversion systems with long distance convertéts,"IET
International Conference on Power Electronics, Machines and Drives (PEMD
2014) Manchester, 2014, pp. 1-6. doi: 10.10492014.0367.

e« M. C. Sousounis, J. K. H. Shek, R. C. Crozier and M. A. Mueller, "Comparison
of permanent magnet synchronous and induction generator for a tidal current
conversion system with onshore converter2015 IEEE International
Conference on Industrial Technology (ICIBeville, 2015, pp. 2481-2486.
doi: 10.1109/ICIT.2015.125463.

e M. C. Sousounis, J. K. H. Shek and M. A. Mueller, "Filter Design for Cable
Overvoltage and Power Loss Minimization in a Tidal Energy System With
Onshore Converters," IEEE Transactions on Sustainable Energgl. 7,no.

1, pp. 400408, Jan. 2016. doi: 10.1109/TSTE.23(®424258.

* M. C. Sousounis, J. K. H. Shek and M. A. Mueller, "Modelling, contndl a
frequency domain analysis of a tidal current conversion system with onshore
converters," in IET Renewable Power Generation, vol. 10, no. 2, pp.6GE8-1
2 2016. dai10.1049/iet-rpg.2014.0331.
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