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Abstract

This thesis presents a comprehensive study on the operation, principles and theory of wind
farms consisting of doubly-fed induction (DFIG) and fully-rated converter (FRC) wind
generators working together in a hybrid arrangement. The main objective of this study is to
develop control strategies for the hybrid arrangement of wind turbines in order to improve
the grid code compliance of the overall wind farm by exploiting the unique characteristics of
both technologies to support each other in case of a fault happening. As a result, this thesis
presents a novel control strategy for fully rated converter wind generators to improve the
fault ride through capabilities of DFIG wind turbines during an AC voltage sag. The
developed controller enables the creation of an environment where the FRC and DFIG
technologies coexist for the purpose of compliance of grid code requirements. This type of
environment can be created in both new wind farm developments and in already deployed
DFIG-based wind farms where the addition of FRCs results in the overall improvement of

the grid code compliance of the wind farm.

The novel controller developed in this thesis uses the FRC to supply reactive power to the
hybrid wind farm network during faults with the objective of reducing the magnitude of the
voltage dip. This has positive effects in DFIG rotor speed and DC voltage variables during
and after the fault period. These variables, as explained in the thesis, play a crucial role in
stabilising the dynamic fault ride through capabilities of the turbine. Additionally, the novel

controller developed in this thesis does not compromise the integrity of the FRC system.

This thesis also contributes to the investigation of hybrid wind farms connected to the main
grid using voltage source converter high-voltage direct current (VSC-HVDC) as a mean to
increase renewable energy penetration and transmission capacity without affecting voltage
stability or power quality of the specific case of the Great Britain’s (GB) network. One main
control approach was investigated on the sending-end converter to integrate offshore wind
power from hybrid network where all generated power is injected to the point-to-point DC
link with a stiff AC bus at the wind farm network. Additionally, two possible connection
topologies of future VSC-HVDC were investigated for steady state and transient conditions.
The operation of a multi terminal DC network (MTDC) for hybrid offshore wind farms is

analysed with power flow studies of a 5-terminal MTDC model regulated by droop control.

Finally, this thesis investigates three VSC-HVDC connections schemes designed to transfer

2.4GW of power from two separate Dogger Bank wind farms to the GB grid, in terms of the



investment costs, controllability and reliability against expected scenarios. The benefits and
drawbacks of all three scenarios are highlighted. These include the benefits of auxiliary

cables on AC and DC site of the multi-terminal connections.
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Chapter 1:

Introduction

he electrical power grid is one of the most important engineering achievements of
the 20" century. The complex design of modern large-scale power systems around
the world, mainly based on alternating-current (AC) technology, can generate,

transmit and distribute power to any accessible household.

In recent years due to rapid increase in electricity demand, it is now essential to increase
power reliability, security and the ability to exchange power between widely distributed
areas. The integration of large scale offshore wind energy projects, which encompass a
number of different technologies, and which have to be Grid Code-compliant, becomes
essential. There is an urgent need to introduce new connection and control approaches to

multi-technology offshore wind power systems which are investigated in this thesis.

This chapter provides background research on high-voltage alternating current (HVAC) and
high-voltage direct current (HVDC) power networks, giving a brief description on
difficulties for power system transmission and operation of onshore and offshore wind
energy developments. It also describes the challenges and motivations for this research.

Lastly, it defines the focus of the thesis, the objectives and the contributions.

1.1 Introduction

The increasing demand for wind power production and reducing the visual impact is driving
the development of offshore wind farms. The UK Government has issued plans to install
more than 40 GW of renewable power generation by 2020, with most of the energy being
delivered from both onshore and offshore wind energy sector around the coast of Great
Britain [1-3]. However, there are some technical, and environmental issues, such as marine
life, birds, etc., on offshore developments which will make very hard to meet 2020 energy

target. The offshore wind created new technological demand in terms of grid connectivity,
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transport installation and operation [4]. The Dogger Bank Round 3 offshore site in the North

Sea is expected to be the largest site, with an initial planned output of 7.2GW [5].

Due to higher wind speeds and rich open areas, offshore wind farms are a promising option
for large-scale power generation. The proposed expansion of wind energy sector brings
many challenges needing to be addressed to enable energy security, power quality and
reliability of supply, especially in this harsh offshore environment and at significant
distances from the shore. Among these challenges there is a need for delivering reliable
power from offshore wind farms to onshore grids. These challenges can cross a maximum
economic distance for the HVAC transmission systems to be cost effective, hence emerging
HVDC technologies need to be studied in more detail as future transmission system for

offshore power plants.

1.2 Development of modern wind energy sector

The first machine generating energy from wind was built by Professor James Blyth of the
Anderson’s College in his holiday cottage in Scotland in 1887 [6]. From that time, wind
power was steadily developing , and in 1980s gained more attention due to emerging needs
of sustainable energy, as the energy production contributes to over a quarter of greenhouses
gas emission. The necessity and research led to wind turbines and wind farms increasing in
size over the years. In early 1990s, the average capacity of a wind turbine was 500kW,
whereas modern wind turbine power output reaches 7.5MW Enercon [7] and 8MW Vestas
wind turbines [8, 9]. Furthermore, the size of the overall installed capacity of individual wind
farms has increased in accordance with the overall capacity of wind energy. The global
installed capacity of wind power has grown exponentially over the last two decades and
raised from 7.6GW in 1997 to 486GW in 2016, as shown in Figure 1-1.

GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 2001-2016
500,000 MW 486,790
132,680
400,000 369,862 —
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300,000 282,850
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791955
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Figure 1-1 Global cumulative installed wind capacity 2000-2016 [10]
The vast majority of the installed capacity comes from onshore wind farms development

around Europe, North America and Asia. At the end of 2016, the biggest contribution to the
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global installed wind power capacity was represented by China and USA, with 34.7% and
16.9% respectively. The UK represents 3.0% of global installed wind power [10]. European
countries such as the UK and Ireland have been dominating the growth of offshore energy
generation, as they are surrounded by the North Sea, the Baltic Sea, the Irish Sea and the
English Channel [10]. This provides numerous opportunities for offshore wind power
developments. The offshore wind energy sector has not developed at the same scale as the
onshore sector due to costs and many technical challenges. By way of example, regarding
offshore transmission, HVAC is still the strongest, well established and proven to be very
good for onshore wind farm connection, power transmission and distribution [11-13].
However, for offshore transmission it still has numerous disadvantages as described below
[14-16]:

e The control of the two HVAC interconnected synchronous systems is done by
individual unit control of the tie line power and frequency signals, which can be
problematic due to the presence of large power oscillations which may inherently
cause frequent tripping, decrease the stability and increase the fault level.

e Special arrangement is needed to keep the voltage at desired levels (i.e. shunt and
series compensation).

e It can only be connected to synchronised grids.

e The transmission distance of the cables for offshore wind farms is limited due to
the high capacitance of AC submarine cables.

All the above points suggest that other technology than HVAC should be used to deliver
power from offshore resources located far from shore to European countries. Currently, as of
26 July 2016, the offshore wind energy sector connects 11.50GW in European waters, in
which 5.05GW is the total installed capacity in the UK [17]. The European Wind Energy
Association evaluated three scenarios where offshore wind capacity in Europe could reach
from 19.5GW to 28 GW by 2020 [18].

Looking into the future there are many wind farm developments across the North Sea as
shown in Figure 1-2 and located at significant distance from the shore, including most of the
Crown Estate Round 3 sites with a potential of 9 GW (although Forewind agreed with The
Crown Estate to 7.2GW of development potential [19]).
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1.3 Research challenges and motivation
The increased penetration of wind in recent years into the AC networks in the UK and

Europe has also introduced technical and operational challenges.

Some of these challenges are related to power stability, voltage quality and power
transmission over long distances. Other challenges are associated with connecting large
amounts of renewable energy via HVAC lines. These are narrowed by the economical
limitation, system stability and increasing loses over the distance, which is showed in Figure
1-3 [21, 22]. The maximum economical distance for HVAC depends from the installed
power, as shown in Figure 1-3, on average the maximum economical distance for an HYAC
system is 75km [21, 22] The HVDC does not have the maximum economical distance as
there is no restrictions in charging currents due to capacitive or inductive elements of the
lines. The longest HVDC transmission nowadays is the 2,385km Madeira HDVC link in

Brazil.

Offshore and onshore wind farms need to comply with current Grid Code requirements, i.e.
fault ride-through capabilities, and contribute to the network support and operation in the

same way as synchronous generators [23, 24].

600

HVDC-VSC

£ 200 HVAC

Figure 1-3 Power transfer vs distance for HVAC and HVDC [21]
HVDC technology has developed rapidly over the last couple of decades; hence, research
has been focusing on VSC-HVDC transmission systems, as this technology can be used to
overcome a number of challenges associated with transmission of large amount of power
over long distances, as well as connecting offshore and onshore networks and provide
additional services to both grids [25, 26]. VSC-HVDC technology decouples the onshore
grid from the offshore wind farm, which makes wind farm dynamically separated from the

onshore grid and vice versa. This also means that no disturbances are transferred to the
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connected network. Additionally, VSC-HVDC can increase black-start capabilities of the

offshore wind farm, and provide voltage support [27].

Other challenges are associated with government policies towards renewable energy, targets
and potential connection of onshore and offshore bulk power. The European Commission set
up a target of 20% of all consumed energy has to be produced by renewable energy sources
by 2020 [28]. The UK target is set up to provide 15% of all consumed energy from
renewables by 2020 [29].

The biggest wind farm development sites are located in the North Sea, the offshore winds are
typically stronger and more stable than onshore which makes offshore power more attractive.
This thesis focuses on investigating connections for large amount of power from the North
Sea to the shore in order to meet the 2020 target set up by the EU and focuses on renewable
energy, the reliability of such connections, the provision of additional services on the wind
turbine level and on the grid level, and additionally investigates power exchange between

countries.

1.4 Objectives and methodology

The main focus of this thesis is to investigate the use of hybrid wind farms connected to AC
transmission system with VSC-HVDC with combination of different technologies engaged
in power production and transfer. Furthermore, this research aims to design enhanced control
strategies for future multi-technology offshore wind power systems to facilitate Grid Code(s)
compliance (fault-ride through capability, power quality, provision of dynamic voltage and
frequency support to the onshore power network, etc.). The potential connection of 2.4GW
of power via VSC-HVDC transmission system, from two separate Dogger Bank wind farms
to the UK grid has been investigated. Each option is described in terms of investment cost,
controllability and reliability against expected fault scenarios. It also produces
recommendations that can be used by the wind energy sector in the design of control
approaches of offshore wind power systems. In order to achieve the research goals the

following objectives were defined:

e To design and implement a model of a doubly-fed induction generator wind turbine
(DFIG) for control design purposes and to assess behaviour during faults with
particular emphasis of reactive power capabilities.

e To model a Full Converter wind turbine based on permanent-magnet synchronous
generator (FRC-PMSG) and design controls to facilitate a multi-technology
connection. Enhanced fault performance and reactive power provision are key

control objectives.
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e To design and implement a hybrid network model to assess performance and
reactive power provision in induction-machine based wind farms.

e To implement VSC-HVDC models to integrate multi-technology offshore wind
power systems to the onshore grid including controllers that allow an enhanced
connection with provision of system services.

e To design and develop control strategies of multi-terminal HVDC systems to enable
power flow between terminals.

e To established recommendations on control aspects for connecting offshore wind
power more efficiently to onshore networks.

Throughout this thesis the Simulink/Matlab Software was used to conduct all studies. Based

on mathematical calculations the systems were designed and simulated.

1.5 Contributions
The main contribution of this thesis is the provision of research tools to enable the safe
operation of multi-technology wind farms along with multi-terminal VSC-HVDC systems in

the context of transient and long-term disturbances in the AC grid. These tools comprise:

e A novel approach to enhance fault ride-through capabilities of DFIG wind turbines,
the novel controller developed in this thesis uses the FRC to supplying reactive
power to the hybrid wind farm network during faults with the objective of reducing
the magnitude of the voltage dip.

¢ Investigation of offshore Renewable Energy Sources Penetration at grid level using
VSC-HVDC to increase transmission capacity without affecting voltage stability or
power quality of the specific case of the Great Britain network

e Investigation of 3 VSC-HVDC connections to transfer 2.4GW from two separate

Dogger Bank offshore wind farms to GB grid.

1.6 Thesis structure

This thesis includes seven chapters and is organised as follow:

Chapter one provides an introduction to the current challenges for connecting large amount

of power to the grid. It highlights the objectives of the research and contributions.

Chapter two gives an overview of multi-technology offshore wind power systems.
Highlights wind turbine technologies used for offshore applications and analyses the

selection of collection network and transmission system available depending on the distance.
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Chapter three concentrates on two main types of wind power generations; DFIG and FRC-
PMSG wind turbines. The chapter also develops mathematical models for both technologies.
Based on these models a control system was designed for connecting different wind power
generators with the AC grid. A novel control technique to improve fault ride-through

capabilities and reactive power compensation of DFIGs via FRC-PMSGs is presented.

Chapter four presents dynamic models of the VSC-HVDC. Multi-task controls are designed
to connect DFIG and FRC-PMSG wind turbines with point-to-point connection VSC-HVDC
in order to ensure safe operation. The simulations are conducted during wind changes and

three-phase faults.

Chapter five shows a multi-technology VSC-HVDC approach for connecting large amount
of offshore power with both DFIG and FRC-PMSG wind turbine technologies and modified

suitable controllers to meet Grid Code requirements.

Chapter six focuses on the case studies for connecting 2.4 GW from two separate wind farms
from Dogger Bank to the UK electrical network. Each option is investigated in detail in
terms of investment costs, and controllability and reliability against expected fault scenarios.
These studies demonstrate the potential of 3 connections scenarios for Dogger Bank: with
the use of VSC-HVDC point-to-point connection, VSC-HVDC with auxiliary services, and
multi-terminal VSC-HVDC.

Chapter seven presents the conclusions of the thesis, gives recommendation for future

offshore grid connections, and highlights perspectives for future work.
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Chapter 2:

Multi-technology offshore

wind power systems

ulti-technolgy offshore wind power systems will be the future of upcoming
wind technology and transmission systems, combining different technologies

within the wind farms and transmission system.

This chapter reviews the multi-technology onshore and offshore for wind
power systems available on the market as well as different types of wind turbines and
transmission systems that have been developed over last three decades. Moreover, it
describes the architecture of different wind farm arrays, traditional HVAC connection, line
commutated converters high voltage direct current (LCC-HVDC) and voltage source
converter high voltage direct current (VSC-HVDC) connections. This chapter will also
provide an introduction to different technologies combined together in order to demonstrate
multi-technology transmission systems. Figure 2-1 shows an example of artificial scenarios
to illustrate the various subsystems and technologies that may appear in a large onshore and
offshore wind project. These schemes can be used in the future for power transmission from

offshore wind located around Europe as well as for international power exchange links.
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Figure 2-1 An artificial scenario to illustrate the future potential of multi-technology grid.

2.1 Wind power technology

Wind turbine technology has gained increased attention in the last few decades. This is due
to intensive interest of environmental organisations and national governments in tackling
climate change through reduction of greenhouse gas and CO, emissions. Despite the benefits
to the environment, renewable energy units bring new challenges to power system planning
and operation.

The current trend is to build more offshore wind farms and to increase the power output from
a single wind turbine, which reflects the physical size. The modern typical wind turbine for
commercial use is a 3-bladed upwind machine with a rated power ranging from 0.75MW to
8MW. Figure 2-2 shows how wind turbines have increased in size over the years. The
increase of wind turbines in size brought some concerns for power system operators due to

the lack of primary frequency support and inertia response capabilities. Several studies have
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been undertaken to investigate the integration of wind turbines on the power system

including control issue to support the grid [1-4].

. 150 m 164 m
120 m
- 85m 100 m

50m m

180m
0.75 MW 15MW  25MW 3.5 MW 5 MW 7.5 MW 8 MW 8 MW

1995 2015 2018

Figure 2-2 Wind turbine sizes over time

At present, wind turbines technology uses four main generators, with some not being used in
current, large wind turbines. The first wind turbines were fixed speed induction generator
(FSIG) wind turbines with squirrel cage induction generator (SCIG), and they were directly
connected to the electrical network. This means their rotational speed almost fixed to the
power grid frequency. This particular generator is no longer used for large scale wind farms
because they have the maximum power extraction in one particular point of the power-curve
characteristic of the wind turbine and depend on the size of the turbine. It also means that,
most of the time, they are not operating at maximum efficiency. Additionally, they consume
reactive power [5]. Over time, variable-speed wind turbines have been developed and have
become the most widely used types of generators in wind turbines. Variable-speed wind
turbines can employ one of the following configurations: Opti-Slip induction generator,
doubly-fed induction generator (DFIG) or full-converter wind generators based on
synchronous generators or squirrel-cage induction generators. The last two configurations
have maximum power point tracking (MPPT) capability, which makes them much more
efficient.

To avoid instability in power systems during fault, the transmission system operator (TSO)
requires wind farms to act as a conventional synchronous generation plant and comply with
current Grid Codes. Some of the requirements involve Fault Ride-through (FRT) capabilities
from the wind turbine or wind farm. Additionally, wind turbines are required to support grid
voltage during a fault and inject reactive power. Different techniques and control strategies

for FRT capabilities and voltage support will be discussed further in this section.

Currently, most wind turbine generators produce power output from a single unit at a voltage

ranging from 690V to 3.3kV. However, the current trend in large-scale offshore wind farms
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is to use medium voltage wind generators at 3.3kV or higher [6, 7]. Transformers are used to

step up the voltage to 33 kV used for the collection system within the wind farm.

The next section describes wind turbine concepts, basic configurations and characteristics,
and highlights some research challenges addressed in this thesis.

2.1.1 Fixed speed wind turbine (stall regulated)

The first models of commercial wind turbines were fixed speed; this means that the rotor
speed is constant for all wind speeds and operating slip variation is very small, around 1%
[8]. Fixed speed wind turbine uses a squirrel cage induction generator (SCIG). They are
directly connected to the grid; this means that their rotational speed is very close to that of
the the frequency of the network. FSIG uses soft start and capacitor bank (30% of the wind
turbine capacity) for reducing reactive power compensation demand from the grid. They are
connected to the grid via a step—up transformer; which allows to increase the voltage and
connect to the distribution network. From an electrical point of view, they are simple
machines consisting of an aerodynamic rotor, a low speed shaft, a gearbox, a high-speed
shaft and a SCIG connected to the power system through the transformer. Figure 2-3 shows a

typical configuration of fixed speed induction generator wind turbine.

Induction
generator Transformer
Gearbox Soft- / Network
starter l \ side
Capacitor

bank

Figure 2-3 Basic configuration of FSIG wind turbine
The wind turbine has its optimum power efficiency at one particular wind speed. Early FSIG
wind turbines used stall control. The control technique is to limit the power captured at high
wind speeds, after the rated power of the wind turbine is achieved. The use of stall control to
limit power output is fairly simple and highly reliable; however, it has some disadvantages
like lower efficiency, large dynamic loads on the blades, nacelle and wind turbine tower.
Other major issue is that fixed speed wind turbines require a fixed number of reactive power

compensation devices to improve operation and to help regulate the voltage in the cluster.
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The regulation of the voltage in the cluster could be addressed by adding some additional
fully rated converter wind turbines to the cluster to create a hybrid wind farm, which will be

investigated in Chapter 3.

2.1.2 Doubly fed induction generator wind turbines
The doubly fed induction generator (DFIG) wind turbines are the most widely used variable
speed wind turbines. They maximise the energy captured from the wind by maintaining

optimum tip-speed ratio (1) through varying the rotational speed of the turbine.

To achieve variable-speed operation, for below rated power, a few methods can be used. One
way of varying the rotational speed is to vary the resistance in the rotor; this can increase the
generator slip up to 10%. Another method to achieve variable speed operation is to use a

frequency converter.

DFIGs are typically wound rotor induction machines with stator windings directly connected
to the grid and rotor windings connected to the grid via frequency converters. In modern
wind turbines, the frequency converter is a self-commutated Pulse Width Modulation
(PWM) back-to-back variable frequency, voltage source partial converter; only around 30%
of power is fed thought the rotor the grid. Figure 2-4 shows a doubly-fed induction generator

wind turbine with power converters.

Doubly fed
induction generator Transformer

Gearbox| / < Net_work
N/ side
N 4? 3 3
.

Crowbar i + i

protection

AC/DC and DC/AC
Converters

Figure 2-4 Simplified schematic of Doubly-fed induction generator wind turbine
The use of frequency converter introduces losses to the electrical system in the DFIG wind
turbine; however it allows improved control over the rotational speed of the machine and
reduces stress on the mechanical drive train and also allows the control of power output of

the turbine. Nevertheless, due to the sensitivity of power converters, DFIGs need special
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attention during faults in the grid. In the case of a fault, there is a high increase in current
flowing through the converters, which may damage its internal devices. To avoid the risk of
damage, the power converters the DFIG make use of a crowbar protection system which
disconnects the converters. This type of protection system turns the DFIG generator into a
fixed speer induction machine [9, 10] and introduces a major problem as control over the
wind turbine is lost during fault with excessive reactive power consumption from the grid,
which results in further grid instability. To extend the connection to the grid of the DFIG
during a voltage sag. Additional fully rated converter wind turbines can improve low voltage

fault ride-through capabilities.

2.1.3 Fully rated converter wind turbines

Recently, there has been an increasing interest in fully rated converter (FRC) wind turbines
due to their high reliability for offshore wind applications. This type of wind turbines can
employ synchronous or asynchronous generator. Depending on the generator, the drive train
of the machine can contain a gearbox or not. Gearless FRC are also known as “direct drive”
systems. If a gearbox is used, the rotational speed of turbine rotor is stepped up form 8-
25rpm to 1500rpm -1800rpm, which is suitable for standard generators. In direct drive wind
turbines low speed shaft is directly connected to the generator, as shown in Figure 2-5. This

is achieved by modifying the generators to operate at low speeds.

In FRC wind turbines, the stator windings are connected to the grid through fully rated back-

to-back converter.

Synchronous /

asynchronous
generator Transformer
=== 1T Network
Gearb - .
Lo L side
Optional AC/DC and DC/AC

Converters

Figure 2-5 Simplified schematic of fully rated converter wind turbine
Decoupled operation of FRC enables the variable speed operation; the mechanical rotor

speed is independent from the grid frequency.

The next sections describe selected controllers for improving the performance of the wind

turbines.
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2.1.4 Wind farm primary frequency control

As wind energy generation increases worldwide, wind turbine control systems are becoming
more complex. Traditionally, the primary objective of a wind turbine controller was to
maximise the power output from an individual turbine. However, there has been an
increasing demand for wind turbines to actively control power output to participate in grid

frequency regulation.

In [11] authors studied electrical grids with high wind penetration in the grid and the
dynamic security response of the system after disturbances. The study investigates the
impact on the system frequency during winter peak because of a higher wind penetration.
With the increased amount of wind the primary frequency control capability of the power
grid decreases. This is problematic for the system operator and for the system’s security. The
authors propose the turbines to operate with a pitch angle below rated speed, so as to create a

reserve of energy available.

Frequency control of the power grid for different types of wind turbine generators has been
studied in [1]. The research concluded that FSIG wind turbines can contribute to the
frequency support, whereas DFIG does not provide any frequency support and would require

an additional control loop to provide inertia response.

The work conducted in [12] focuses on DFIG wind turbine control for synthetic inertia
response. The authors propose “changing the torque set point of the DFIG for changes in
grid frequency.” The idea behind this is to increase maximum power (Pmax) beyond rated
power by 20% to release kinetic energy. However, this comes at the cost of negatively

impacting the rotors speed after the synthetic inertia provision.

Further research was undertaken in [13] to improve the primary frequency control and to
meet Grid Codes requirements for large-MW wind turbine in order to provide grid support
just as a conventional synchronous power plant. In this study, the authors introduced a pitch

angle controller which limits the rotor speed to provide 10% primary power reserve.

The above studies contribute to the primary frequency support to the AC grid via appropriate
control technigques on the turbine level. Another novel approach for providing ancillary
services to the grid is the use of Energy Storage Systems. Energy Storage Systems (ESS) can
play a vital role for frequency control and voltage support in AC grids. They are flexible
devices (batteries in particular) that can easily charge and discharge to support ancillary

services, and help with load balancing for the grid. There are various types of ESS according
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to the energy conversion process. Authors in [14] revised all available ESS technologies,

including the capabilities of each to provide wind farm support.

2.1.5 Fault Ride-through Capability

Another Grid Code requirement is that wind turbines need to comply with Fault Ride-
through (FRT) capability, also known as Low Voltage Ride-through (LVRT). The FRT
objective is for wind turbines to stay connected to the grid during low grid-voltage periods.
The FRT requirements of wind farms is important from the TSO point of view, since the
wind farms are getting bigger in size, and loss of large amount of wind power would create
power imbalance in the AC networks. As an example, the maximum loss of load limits for
the Great Britain (GB) are: “Infeed Loss Risk is 1320MW, and Infrequent Infeed Loss Risk
is 1800MW?”, specified in the National Electricity Transmission System Security and Quality
of Supply Standards (NETS SQSS) in GSR015 [15]. The period that the wind turbine
should withstand low voltage, remain in operation and slowly recover varies from country to
country. The summary of FRT is presented in Figure 2-6 and Table 2-1. Figure 2-6 shows
the FRT requirements curve, it illustrates a voltage level at the grid side against time, and
points from A to H indicate the voltage levels specified in Table 2-1. Lets take the GB Grid
Code as an example and look at Figure 2-6 and Table 2-1. Here if the specified voltage level
BC is equal to 0% it means that wind farm have to stay connected for a time specified by BD
which is 0.14 milliseconds, anything over that time period is allowed to trip. Furthermore the
primary services should support the grid for time noted as AF which is 1.2 seconds. During
that time and the voltage should be restored up to 80% of the pre fault condition. Further the
voltage needs to be restored in 2.5s noted as AH to 15% of is original value which is

specified as GH.
V(%) A e o] o S
at grid :
connection ; S
point Must

remain

connected o
Tripping
allowed

B D
c__ S
Time (ms)

19



Chapter 2: Multi-technology offshore wind power systems

Figure 2-6 Example Curve of Fault Ride through Requirements
Table 2-1 shows a summary of wind turbine FRT requirements in different countries, the
percentage of a voltage drops and times for how long wind plant must remain connected to
the grid [16-18]. From the examples, the most stringent Grid Code requirements are in Great
Britain and Germany where wind plants need to withstand voltages as low as 0% for as long
as 140 and 150 milliseconds, respectively. These requirements from Grid Codes regulations
has brought challenges to the turbine manufacturers pushing them to design complex control

strategies to comply with the Grid Code regulations.

Table 2-1 Wind farm FRT requirements by country

Grid Code BC BD AF FE AH GH
Denmark 25% 0.1s 0.75s 25% 10s n/a
Germany 0% 0.15s 0.15s 30% 0.7s 10%

Great Britain 0% 0.14s 1.2s 20% 255 15%
Ireland 15% 0.625s 3s 10% n/a n/a
Italy 20%  0.5s 0.8s 25% 2s 10%
Spain 20%  0.5s 1s 20%  15s 5%
Poland 15%  0.6s 3s 20% n/a n/a
USA 15% 0.625s 3s 10% n/a n/a

In the last few years, several studies have been undertaken regarding Grid Code compliance
of wind turbines with FRT capability. In general, modern wind turbines with appropriate
control techniques and sometimes external devices (i.e. VAR, STATCOM) are able to
comply with FRT. Flexible AC Transmission System (FACTS) devices have been used and
investigated in [19-22].

Authors in [23, 24] implemented an electronic interface resistor which is connected in the
DFIG between the rotor and the rotor side converter. The set of resistors connected this way
is also known as a crowbar protection. This type of protection uses the resistors to restrain
the induced current on the rotors windings. This method not only fulfils the FRT Grid Codes
requirements but also protects the DC link capacitor and RSC against overcurrent and

overvoltage during a fault. The proposed crowbar circuit is shown in Figure 2-7.
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Figure 2-7 DFIG crowbar circuit based on [23].

The operation of the proposed circuit is activated when currents exceed pre-defined values or
the grid voltage falls below a pre-defined level, which depends on the control technique used
in the model in the Figure 2-7.

New operation strategies were investigated in [25] to enhance the FRT capability of PMSG
in small wind farms. The operation of PMSG wind turbine is fully decoupled from the grid
via back-to-back converters. As a result of the decoupled operation, the generator is not
sensitive to any changes happening on the grid side. However, the grid side converter (GSC)
will detect the fault and will switch from normal operation to FRT operation mode to support
the grid. At that point, the reactive current is injected allowing the turbine to comply with
Grid Codes requirements. However, the GSC cannot supply or absorb active power which
may results in damaging the DC capacitors. To avoid over- or under-voltage of the DC

capacitors, the author used over-voltage protection scheme (OVPs) as shown in Figure 2-8.

Generator side 3L NPC converter Grid side 3L NPC inverter
T TF NNows £ £1 forsv
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Figure 2-8 Electrical scheme of VSWT-PMSG from [25].

This arrangement is regarded as being very effective for FRT as the wind turbine stays

connected to the grid and injects reactive power during fault and after the fault.
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As described before, FRT is extremely important for the grid since the power system
dynamics can become a big issue if there is large amount of wind power disconnected from
the grid creating load/ generation imbalance. Work conducted in [26] proposes a solution to
existing wind turbines to improve non-FRT wind turbines operation by introducing external
devices - Dynamic Voltage Restore (DVR). During a fault DVR decuples wind turbine from

the grid, by restoring AC voltage at the wind turbine terminal.

2.2 Technology choice for offshore wind turbines

The offshore environment creates additional challenges on wind turbines when compared to
an onshore wind turbine. An offshore turbine is far less accessible for Operations &
Maintenance (O&M) compared to onshore turbine. Even bottom-fixed, near-shore turbines
can be inaccessible for weeks at a time due to changing climate and sea conditions. This can
increase the time frame between a fault occurring and the repairs being made which
significantly increases in overall downtime. Additionally, the profit margins are generally
higher for offshore projects, making the overall economic losses relating to downtime

greater.

The O&M for offshore wind turbines is also associated with much higher cost, however the
average size of the wind turbine can be much bigger than onshore which can make per MW
O&M lower overall [27]. This advantage of harvesting more power from the offshore
environment comes at cost of turbine loads from sea currents and waves, which can have
negative impact on life time of turbine structures [28]. Experience with bottom-fixed
turbines has led manufacturers to introduce a number of improvements to turbine designs

that will help them to survive the offshore climate [29, 30].

In order to ensure that the turbine is operational for as high a percentage of the time as
possible, it is necessary to shift to a policy of more preventive maintenance, as well as
selecting technologies that are as reliable and low maintenance as possible [31]. A review of
wind turbine condition monitoring, provisional maintenance, available strategies for O&M
can be found in [32].

All in all, there is a room for improvement for offshore wind turbine design to lower the

machine downtime and extend lifetime in offshore environment.
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2.2.1 Collection system for offshore wind farm.

There are various arrangements for offshore wind park electric collector systems. The
reliability of the collector system has a strong impact on the reliability of the wind farm.
There are several types of electrical collector structure such as:

e Radial

e Single side ring design

o Single return with single hub design
o Double-side ring design

e Star design

o Single return with multi hub design

The most popular design for a collector system is the radial design shown in Figure 2-9 a.
Each wind turbine is connected to the same feeder in a string; this configuration has big
influence on the system reliability. Fault in the collector circuit will result in disconnection
of all wind turbines. The maximum number of wind turbines on one cable is determined by
two factors: capacity of the generator(s) and rating of the subsea cables [33]. Figure 2-9 b
shows single side ring design, which allows auxiliary path for enhanced power security in
the case of the fault in radial design.
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a) radial design b) single side with return design

Figure 2-9 Radial and single side ring design of a collector network.
The single-sided ring design shown in Figure 2-10a is based on radial design with additional
cable connected to the end of each turbine. The additional cable must be of similar current
rating as the single string, which results in lower installation costs compared to single side
ring design [34]. In Figure 2-10b the double-sided ring design, also known as ring design, is
shown. This type of design has even number of cables. The last wind turbine on one cable is
interconnected to an adjacent cable. The size of each cable should be doubled to handle extra
loading in case of the one string fault next to the hub. This may increase the capital cost of
the wind farm [35].
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Figure 2-10 Single return with single hub design and double-side ring design.
The star design shown in Figure 2-11a has the advantage of cable length savings. However,
more complex switchgear is required in the central wind turbine. The star design offers a
better voltage regulation as well as lower power losses between wind turbines link cables
[35].
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Figure 2-11 Star design and single return with multi-hub design.
The most complex design is the single return with multi-hub seen in Figure 2-11b. This
design offers of high level of security for offshore wind plants, which is an important asset.
Due to many redundancy paths, power can be generated and delivered even if one hub is lost
[35].

2.2.2 Hybrid collection network

Each collection system can employ one type of wind turbine or create a hybrid system and
combine different wind turbine generation technologies. One of the advantages of hybrid
network is the potential support for induction generator based wind farms. Hybrid wind
farms combined from FSIG and FRC wind turbines are capable of reactive power
compensation during a wind variation [36]. In [37], a novel current source converter (CSC)

based wind turbine controller was investigated to improve operating performance of FSIG
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wind turbine in a hybrid collection network. The investigation of reactive power

compensation of DFIG will be studied in Chapter 3.

2.3 Transmission technologies for offshore wind power

Transmission systems have progressed significantly over last few decades. There are three
solutions available on the market for transmitting power from the offshore wind farms: high-
voltage alternating current (HVAC), Line commutated converters LCC-HVDC and voltage
source converters VSC-HVDC. In this section an overview of the key three technologies is

provided.

2.3.1 HVAC technologies

The majority of offshore wind farms are connected to the onshore grid via conventional AC
connections. Currently the London Array is the biggest operating offshore wind farm,
consisting of 175 turbines with total capacity of 630MW. It is located 20km from shore and
connected to shore by 150 kV AC cables [38, 39]. The AC transmission system has been
proved as an effective way to transfer and distribute power from close located offshore wind
farms, however there are some performance limitations which makes this technology not

suitable for distant applications [40].
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Figure 2-12 Maximum active power transfer in HVAC cables for reactive compensation split between
onshore and offshore substation [41].

One of the main disadvantages limiting the active power transfer in AC system is that AC

cables are subjected to capacitive effect. For short distances and wind farms located close to
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shore this is minor disadvantage, but with distance increment this becomes a major issue. To
prevent this problem, reactive power compensation units are used, located at either end of
the cable route. However, for a long distances it is necessary to place a reactive power
compensation unit mid-way [42]. In offshore applications, this practice may become
prohibitive because of the associated cost. This is because in offshore wind farm there may
be the case of building another separate platform or space on converter platform. Error!
Reference source not found. shows limitation of active power transfer in HVAC cables for

long distances applied to offshore wind farms.

2.3.2 LCC-HVDC Technology

The alternative solution for HVAC transmission is HVDC transmission. The majority of
HVDC transmission systems in operation are thyristor-based current source converter type.
This is a well-established technology and has been in use for over five decades. HVDC
requires a converter station at each end of the line to transform AC power to DC power and
vice versa. It is well suited for a transmission of large amounts of power over long distances.
Moreover, it can provide decoupled operation and connect grids which are not synchronised
[43] . The HVDC transmission system is more expensive compared to HVAC, however it
uses direct current for energy transmission; this implies cables to not subjected to the same
changing currents as it is in the AC cables. This translates in transmission losses much lower
compared to the same power transferred capacity. The choice between HVAC or HVDC
transmission system is made based on economical and technical aspects, such transmission
distance, type of cables, control, and type of protection [44]. The debate between HVAC and
HVDC for offshore wind farms has been addressed is several studies [40, 45, 46] and all
concluded that there is a breakeven distance after which HVYDC system become more cost
effective. Figure 2-13 shows the economical choice between AC and DC transmission

system.
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Figure 2-13 Costs comparison for HVAC vs HVDC transmission system vs distance [47].

The first HVYDC transmission system, the Gotland link in Sweden, was installed in 1954. It
used line commutated current source converters (LCC) with mercury-ark valves, which in
1970 were replaced by mercury-ark thyristor valves [48]. LCC-HVDC transmission
technology use thyristor (semiconductors) bridge converters and can be used at very high
power levels. The semiconductor components allows current to be passed only in one
direction and power flow can be reversed by changing DC voltage polarity. It can operate as
rectifier or inverter depending on the firing angle. The typical converter consists of a six-
pulse thyristor bridge or a 12-pulse thyristor bridge shown in Figure 2-14

Figure 2-14 Typical six-pulse and twelve-pulse LCC HVDC converter configuration
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Figure 2-14 Typical six-pulse and twelve-pulse LCC HVDC converter configuration
The operation of HVDC transmission system is mainly affected by the network strength. The
strength of the network can be defined by short circuit ratio (SCR) or equivalent impedance

at the busbar. It can be described by equations:
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S
SCR = — (1.1)
Pdc
S —_
ESRC = Cc (1.2)
Pdc

where S is the apparent power (MVA) at converter terminals (AC bus), P,.is rated DC
power (MW), Q. is the reactive power (MVAr).

To ensure commutation and avoid voltage instability, LCC-HVDC needs to be connected to
relatively strong AC network with a short circuit ration of 2 [49]. This is a limitation to
connect relatively weak offshore wind farm to the AC grid using LCC-HVDC. Another
limitation for the use of LCC-HVDC in offshore application is the large station footprint due
to reactive power supply and filtering equipment. Large platform could be more expensive in
offshore environment. As mentioned before, the power flow reversal in HVDC can be
achieved by polarity reversal, which means the control of a multi-terminal system is difficult
[50]. However there are a couple of three terminal CSC-HVDC systems in operation to date,
the HVDC lItaly-Corsica-Sardinia and Radisson - Nicolet - Des Cantons circuit between
Canada and the USA [51].

2.3.3 VSC-HVDC technology

A decade after the CSC-HVDC arrived the appearance of semiconductor switches, such as
insulated-gate bipolar transistors (IGBT’s) and integrated gate-commutated thyristors
(IGCT’s), have revolutionised the industry and enabled the voltage source converter (VSC)
technology. VSC-HVDC transmission system has become an area of growing interest due to
its benefits over the classical HYDC and conventional HVAC transmission system. First
manufactured and tested by ABB also known as HVDC-light [52] and by Siemens known as
HVDC-plus, further this concept has also been used by Alstom who called it HVDC
MaxSine. This technology uses IGBTSs devices and can switch ON and OFF current [53, 54].
This allows the pulse width modulation (PWM) to be applied as well as multi-level
conversion. The general layout of a VSC-HVDC is shown in Figure 2-15.
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Figure 2-15 Schematic of a typical VSC-HVDC system

Table 2-2 summarises recent and planned projects using VSC-HVDC technology.

Table 2-2 Example of existing and future VSC-HVDC transmission systems.

Project Rating (MW) DC Voltage Distance (km) Commissioning
(kV) year
NSN Link 1400 515 730 2020
Nemo Link 1000 400 140 2019
SydVastlanken 2x720 +300 260 2016
HelWin2 690 +320 130 2015
AL-link 100 +80 158 2015
Dolwinl 800 +320 165 2015
North Sea 1400 515 730 2012
Network
HVDC Troll 80 60 70 2004

VSC-HVDC technology has big advantages over the LCC-HVDC such as independent
control over the active and reactive power, bi-directionality (no need for polarity reversal as
in conventional HVDC). It can be connected to the weak AC network which makes it ideal
for connecting offshore wind farms and it also has black-start capability [4]. In [55, 56] it is
shown that a point-to-point VSC-HVDC connection improves voltage quality in the grid
compared with an AC connection, where wind variation may cause propagation of voltage
fluctuations. This work also highlights the advantages of decoupled operation of the

transmission system and investigates different potential control strategies.

Furthermore the VSC-HVDC allows multi-terminal operation, offshore wind integration, and
provide auxiliary services to the grid [57-60]. Multi-terminal VSC-HVDC is studied in [61,
62] in terms of flexible control capabilities and as a future option for connecting a large
amount of power from offshore wind farms. These studies suggest that this is a very

attractive option for interconnection between countries and of offshore oil and gas platforms.
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However, the drawback of the converter technology is that they generate harmonics and
bring the need for filtering equipment which adds another component to the multi-
technology nature of the systems. Power converters also have problems during faults and
making difficult to comply with grid codes during fault scenarios, therefore this research is
working on advanced controls that will enable this power converter-based system to be grid-

code compliant. Examples of possible applications of VSC-HVDC are shown in Figure 2-16.

Bulk Power
Generation

Gas and Oil
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Figure 2-16 Examples of VSC-HVDC applications adapted from [63].
According to [64] the VSC-HVDC converter topologies can be divided into two main

categories:
Monolithic topologies like:

o Two-level topology
e Three level neutral point clamped topology
o Diode clamped multi-level topology

e Floating capacitor multi-level topology

These topologies cannot be expanded, and usually need a large number of devices connected

in series.
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And modular topologies like:
e  Modular multilevel converter (MMC)
e Hybrid converters (e.g: AAC)

The two-level converter topology is the most established technology, it employs PWM to
achieve the desired AC waveform. This arrangement has two devices on each phase to
switch on and off the voltage between two level £VVdc. The switching frequency can be as
high as 2kHz to achieve AC sinusoidal waveform which then is smoothen and filtered. The
harmonic component is lower compared to LCC-HVDC which improves footprint as the
converter platform can be reduced up to 50% [65]. However the main drawback of high
switching frequency of two level converters is high losses, up to 1.75% [66]. Additionally,
the transformer is exposed to high voltage stress which results in much larger converter

transformers thus making the system less cost effective.

The design of three-level neutral point clamped (NPC) allows to use lower switching

frequencies which results in lower switching losses compared to two-level converters.

Monolithic multilevel converters topology is appropriate for HV application. The principal
operation is similar to two and three-level converters, however has larger number (n-number)
of series connected switching devices. Numerous types of multilevel converters have been
proposed based on different structures. Authors in [67, 68] focused theirs studies on NPC, in

[69, 70] the aspect of flying capacitors was investigated.

Modular multilevel converter topologies made a breakthrough and become very attractive
option for VSC-HVDC systems, it is relatively new concept and first installation was in San
Francisco in 2010 developed by Siemens [71]. It has cascaded connection of half-bridge

IGBT, which makes high-quality AC waveform using numerous discrete voltage steps.

MMC have many advantages over two-level or a three-level converter, first of all the
waveform is higher quality which means smaller filtering equipment is required. Moreover
losses per converter are smaller (around 0.9%) and they can be compared to CSC system this

is due to switching frequency is lower per IGBT.

There are many proposed design of MMC as this concept is very attractive in both industrial
applications and academic research. Another option of MMC is H-bridge modular multilevel
converter (HB-MMC) [72]. It has double of IGBT devices which significantly increases the
cost of converter and on state losses compare to half bridge MMC. Authors in [72] shows

how this design improves an important feature of reserved current blocking capabilities
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during DC fault. The alternate arm modular multilevel converter (AAMMC) is one of the
hybrid convert topologies concept. This option can block DC fault currents while it has
increased efficiency compare to FB-MMC.[73]. Other various topologies of VSC have been
under investigation of industry and academia to deliver most likely converter design for
offshore wind farm systems which will be not only reliable, with low losses but also cost

effective.

2.4 Scenarios for the North Sea Offshore Network grid topologies.

There are several connection scenarios for connecting North Sea offshore wind farms to the
onshore grid via VSC-HVDC transmission system. These options range from a simple radial
design of a single wind farm, to a fully meshed system to connect offshore wind [74-77].
Each topology varies in terms of functionality, reliability and investment cost. Different
scenarios will be discussed in this section, the main focus is the North Sea development area

as it has vast wind energy potential shown in Figure 2-17.
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Figure 2-17 North Sea offshore wind farm zone with potential generating capacities

2.4.1 Point to point connection to shore
Most of the existing offshore wind farm projects have been realised as single point-to-point

connection or multiple single confections, as presented in Figure 2-18.
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Figure 2-18 Point-to-point connection of offshore wind farms to shore
VSC-HVDC transmission system is one of the ideal solutions of connecting the offshore
wind farm to the grid. This is the simplest method and has the proof of concept in multiple

existing and planned projects across the world.

Most of the North Sea development zones are located far from shore, because of this, the
VSC-HVDC connection is required. The VSC-HVDC system requires two converter stations
on the offshore site and onshore site along with suitable landing and appropriate grid
connection. There are several options which can be used for radial connection. One of the
options is hybrid HVYDC system with MMC based VSC and LCC system, which improves
overall converter losses [78]. Another example of hybrid transmission studies are presented
in [79] where authors connects a diode series connected rectifier and VSC connected inverter
to deliver power from the wind farm. A new studies shows that in theory it would be
possible to remove offshore converter station if connection would entirely DC from wind
turbines to the onshore connection point [80].

The idea of use point-to-point connection for offshore wind farms has been reduced with the
increasing number of offshore wind development. Recent proposed projects have highlighted
the difficulties to obtain permission for developing major onshore grid infrastructure [81].
Also recent studies show that the overall cost of radial connection for new planned wind
farms is uneconomical [76]. It is becoming economically difficult to use independent point-
to-point connections for offshore wind farms to meet current targets and to minimise the
associated costs. Moreover, the AC regional system will lose the wind power during loss of
one of the converter station which is inappropriate as the scale of individual project comes

up to 1GW from single wind farm.
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2.4.2 Offshore wind farm hub connection

The concept of hub connection, also known as a cluster connection, can help solve some of
the issues related to point-to-point connection. The multiple cluster connection would
connect n-number of wind farms with close approximation distance between them to one

common connection point and they would share one transmission path.

Onshore Offshore foshore
Converter Convgrter Wind Farm
Station Station Cluster
Onshore | DC -
D
Network AC C

Figure 2-19 Offshore wind farm hub
The offshore wind farm hub is shown in Figure 2-19 this solution is proposed in UK Round

3 development zone [82].

The studies conducted in [76] presents that wind farm cluster connection can be more cost
effective compare to connection of individual wind farms by radial connection. The main
drawback of offshore wind far hub connection is technology, the size of the converter
stations has to be sized for the total capacity of the whole cluster of wind farms and

additionally it is limited by the capacity of the transmission cables.

In cluster connection additional auxiliary paths between wind farms can be provided so, in
the event of failure, power still can be delivered to the shore. However, radial design and hub
design are still subjected to single point of failure in the converter station or cables which

will lead to loss of wind resources.

2.4.3 Multi terminal (three-terminal) connection options

The multi-terminal DC system is further option for connecting offshore wind, it has priority
over previous described connections in term of capacity, reliability, controllability and cost
[83].
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Figure 2-20 Three-terminal VSC-HVDC system, double input single output.
As we know wind farms across the North Sea are geographically dispersed over wide areas,
there are several solutions for multi-terminal DC connection; the three terminals are shown
in Figure 2-20 with double input and single output. This solution requires less investment
cost and less land space requirements, system can address the issue of scarcity of land for
right-of-way. It increases the power flow flexibility and improves system reliability and
stability during the outage of VSC converter, or loss of the DC link cable [84].

Figure 2-21 shows another arrangement for connecting offshore wind power via three
terminal system with two routes for power transmission to two separate AC main lands. It
can improve trading power between countries yet introducing regulatory complications. The
example is the Cobra project where authors in investigation potential connection of German
wind farm to planned development between Denmark and Netherlands. This options shows
that three different countries have a stake in such system which can be financially beneficial

but introducing the need of new regulatory framework.

35



Chapter 2: Multi-technology offshore wind power systems

Offshore
Wind Farm
Offshore
Converter AC
Onshore Station Onshore
DC
Converter Converter
Station Station
DC Onshore
Onshore I_ AC_| Network
Network AC DC

Figure 2-21 Three terminal one input double output.

2.4.4 Multi-terminal (four terminal) option

Two point-to-point connections to shore can be connected on the DC site to form the multi-
terminal DG grid shown in Figure 2-22. An additional DC link could be added to existing
two point-to-point connection and add benefits of security of power supply by providing

alternative transmission path.

DC AC Offshore
lf D Wind Farm
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Onshore Offshore
Onshore Converter
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Station

AC

DC
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Figure 2-22 Multi-terminal connection, two input two output

2.4.5 Ring DC Network

Another option to facilitate integration of offshore wind farms in addition to power trading
between regional AC networks is ring DC network design, as shown in Figure 2-23. This
design provides many advantages, such as storage for power levelling between regions,
additionally it can allow the use of underground or/and submarine cables as a transmission

medium, supply of isolated Islands and combine different renewable technologies. However,
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by adding additional power plants in to the DC ring one might exceed a total transmission
capacity. This could lead to reduction of the total capacity available for transferring power
between the regional links; it also could lead to curtail wind power from offshore resources.
Ring DC network can help in trading power between countries but, as described before in
section 2.4.3, may lead to issues involving distribution of capital costs and with some parties

benefit from the project more than others.

Offshore
Converter
Station
Onshore DC AC Offshore
Network AC DC Wind Farm
Onshore Onshore
Converter
Station Converter
Station
AC Onshore
4' Network
DC
Offshore
Converter
Station
DC AC Offshore
Onshore If DC Wind Farm
Network AC

Figure 2-23 Multi-terminal DC ring design

2.4.6 Meshed design

To increase the reliability of the ring DC network system and ensure stable operation,
meshed DC system can be used. The key aspect of this design is that it provides multiple
transmission paths to shore and for AC regional interconnection systems. During emergency
conditions, such a maintenance or loss of a DC cable, additional paths are available to push

the power through [61].

The multi-terminal ring DC network or meshed system grids with VSC-HVDC systems are
still vulnerable to faults occurring in the DC link and it has this limits its practical

application. In this type of systems, were many cables can be connected in parallel to the one
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converter station, lack of limiting impedance can occur and the fault currents can become
very large very quickly and could damage VSC converters [66]. The technology gap in
isolating mechanism of the DC fault and absence of reliable DC breakers is a big problem
for VSC-HVDC systems.
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Network AC DC Wind Farm
Onshore Onshore
Converter
Station Converter
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DC
Offshore
Converter
Station
DC AC Offshore
Onshore If DC Wind Farm
Network AC

Figure 2-24 Meshed DC network based on VSC-HVDC
New technologies to solve problem of DC breakers has been introduced by industry and
academia, at least in concept, however it can take number of years before the proof of
concept. Furthermore the final cost of breakers is unknown and might reach up to 30% of the

converter station [85].

2.5 Summary

In this chapter a present state of the art for offshore technologies has been conducted. The
importance of technology choice for future wind farms is key factor for a successful system
development; hence this chapter discussed the technology choice for offshore wind turbine

to different transmission technologies.

A general consensus can be been made after the studies made in this chapter with the
conclusion that for offshore wind farms, the choice of the low maintenance wind generator

technology (such as FRC) should be used, also as there is no visual impact and it would be
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beneficial to install 5SMW wind turbines and larger to lower the costs of installation and

maximize generated power. However there is still need for existing wind turbines to comply

with FRT capabilities which will be investigated in this thesis.

Regarding the power transmission system it is clear that for the Dogger Bank located in the
North Sea, the VSC-HVDC is the ideal choice. It has finical benefits in coordinated three-

terminal or multi-terminal VSC-HVDC transmission system over the point-to-point

connection.
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Chapter 3:

Wind Turbine modelling

and enhanced conirol

he usual control task of a wind turbines seeks to maximise the energy generation

from the incoming wind and also to operate the wind generator in a fashion that

meets the requirements of operation stated in the Grid Codes specified in section

CC.6. The penetration of wind power in the power grid has made necessary the
creation of new grid codes for wind turbines in order to guarantee stability and reliability of
power system. Specifically, since more wind turbines are being connected to the grid and the
wind farms are getting larger in size, there is an unavoidable need to operate and control the
wind power systems in an enhanced, more robust manner. Additionally, the new
requirements for wind power plants also demand the capacity to provide auxiliary services to
the grid. Since DFIG wind turbines is one of the most used technologies for wind power
plants,[1] [2, 3] there has been extensive research effort focused in making the DFIG
technology compatible with the new grid code requirements [4-8]. Nevertheless, it is
foreseen that the dominant technology of the near future wind farms will shift towards the
fully-rated converter technology. This shift, however, will be gradual and for a long period
of time the two technologies will work together, sometimes within the same wind farm, to
generate power from the wind. Because of this, any analysis and improvement of grid code
compatibility of wind power plants should include the interaction of the two main

commercial technologies of wind farms.

In the event of the fault or voltage sag the wind turbines are required to remain connected to
the grid for duration of time specified by National Grid in Grid Code specified in section
CC.6.3.15.1 [9]. The Low Voltage Ride-Through (LVRT) requirements for wind turbines in

GB are shown in Figure 3-1.
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Figure 3-1 Under Voltage Ride-Through requirements for GB grid
This chapter provides operation principles and theory of operation on doubly-fed induction
machine and fully-rated converter wind turbine generators working together in the same
wind farm. Furthermore, this chapter explores novel control to improve AC voltage during
voltage sag in a hybrid wind farm, consisting of DFIG and FRC wind turbines, with the aim

of improving the hybrid system compatibility with grid codes.

3.1 Double-Fed Induction Generator (DFIG) wind turbine

Double Fed Induction Generators are widely used in variable speed wind power plants. Most
of the current onshore and offshore wind farms are composed of DFIG wind turbines [10];
however the trend is going towards FRC wind turbines for offshore sector due to higher
reliability [11, 12]. Figure 3-2 shows a typical diagram of DFIG wind turbine showing the
directions of power flow in the stator and in the rotor, as well as the control variables of the
system. A DFIG is a wound-rotor induction machine which can feed power to the network
from the stator, and through the rotor via a bi-directional power converter. The stator is
directly connected to the network and the rotor is connected to the AC network through a
back-to-back converter. DFIGs are variable-speed wind turbines that use slip rings to control
the current on the rotor windings to maximize power extraction as wind speed varies. This is

achieved by injecting a controllable voltage into the rotor circuit.
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Figure 3-2 diagram of DFIG-Based Wind Turbine Induction Machine

There are several advantages of using variable-speed DFIG wind turbines, such as reduced
mechanical stress on the rotor and structure of the turbine and low acoustic noise [13].
Variable-speed wind turbines, which are using power converters, have controllability of
active and reactive power. They also enable a reduction in the fluctuation in output power
and voltage (flicker) due to wind variations, which helps to meet Grid Code requirements
specified in section CC.5, for connection of large wind farms at a reduced cost. In addition,
they allow maximum power extraction over a wide range of wind speed (unlike FSIGs) [14].
Usually, to protect the power electronics converters of the DFIG during an AC network fault,
a crowbar protection is connected to the rotor windings and actives when rotor currents
exceed around 1.5pu of the nominal current. A crowbar protection is an electrical circuit
used to protect the back-to-back’s rotor converter from over-currents in the rotor circuit or
over-voltage in the DC link during grid voltage dips. The crowbar protection is composed of
a bank of resistors that are connected to the rotor windings instead of the rotor-side converter
when a fault happens. The crowbar resistance is big enough to reduce transient currents for
short period of time. To comply with Grid Code Fault Right-Through requirements
CC.6.3.15.1, a good number of DFIG have been fitter with the crowbar protection [15].
Without crowbar protection, DFIG wind turbines cannot remain connected to the ac system
during a fault, since large transient currents would damage its back to back converter. When
the crowbar is activated, the DFIG behaves identically to an FSIG and absorbs reactive
power from the grid. This is a major problem as it causes the grid voltage to drop further and

interrupts normal grid operation as explained in next section.
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3.2 DFIG wind turbines under fault conditions

DFIG wind turbines, just as any induction machine, require reactive power to induce a
magnetic field in the stator and rotor windings. However in the case of DFIG the provision
of this reactive power comes from the interaction of currents created by the power
electronics connected to its rotor circuit, meaning this, that no reactive power from grid is
needed for the proper operation of a DFIG [16]. Nevertheless, a major problem with DFIGs
is that, during a fault, the device becomes a large consumer of reactive power due to loss of
the reactive power provision from the power electronics (because of the crowbar protection
action). This is a major problem for wind farms based in the DFIG technology, especially in
cases with large-scaled wind farms [17]. The reactive power consumed by a DFIG wind farm
subjected to a fault might cause voltage instabilities; hence the need of reactive power

compensation units during the fault period is unavoidable.

During a fault, the DFIG transient currents exceed the nominal currents by several degrees of
magnitude [18]. The magnitude of these transient currents depends on the severity of the
fault, the operating slip value, and the incoming wind. To analyse the case of the fault
currents of a DFIG machine, next section presents an analysis of the DFIG technology and
the equations involved in the magnitude of the currents and electrical torque of a DFIG in

both steady state and transient conditions.

3.2.1 Mathematical model of induction machine in abc reference frame

for steady state and transient current calculation.

Figure 3-3 Conventional single-phase equivalent circuit of an induction machine

shows conventional per-phase equivalent circuit of induction generator [19]. The model
consists of stator winding and rotor winding with slip ring. In this figure v, and v, are the
stator and rotor voltages, R, R, are the stator and rotor resistances resistance and L, L,- are

the stator and rotor inductances.

Rs Ls Lr Rr/s
Y Y YN Y Y YN
— W\ NN—
is ir
] Lm Rotor
Grid Vs vr converter
Ps Yr

Figure 3-3 Conventional single-phase equivalent circuit of an induction machine
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Voltage equations for induction machine stator can be written as:

Vas = Rgigs + % (3.1)

Vps = Rgips + % (3.2

Ves = Rglcs + % (3.3)
And analogically for the rotor:

Var = Rylay + 00T (3.9

oy = Ryl + 20 (35

Vor = Ryley + 0T (36

Where vapes, Vabers tabes: laper @€ the stator and rotor voltages and currents, and

Wabes: Waper are the stator and rotor flux linkages.

The fluxes of the machine are defined by:

Yas = Lslas + Linlar 3.7)
Yps = Lsips + Liplpr (3.8)
Yes = Lsics + Linicr (3.9)
War = Lyigy + Liigs (3.10)
War = Lyigy + Liigs (3.11)
Wpr = Lyipy + Lyip (3.12)
Wer = Lyipr + Linics (3.13)

Where L,, is the mutual inductance between stator and rotor windings. The 1G speed rotor is

defined as:
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dw 1
T (T — 3.14
& ", (T, — To) (3.14)

Where J is the moment of inertia, T,,, is mechanical torque and T, is electrical torque.

3.2.2 Current and torque behaviour during DFIG faults.
A DFIG machine running at synchronous speed with no load would produce a steady state

stator current “a” of magnitude (neglecting R, and assumingi,- =0 and following
equations (3.4), (3.7) [20]:

Jjws
i eiost = ZC (3.15)

Where w; is the synchronous frequency. However, during a symmetrical voltage dip, the
stator flux becomes non-stationary, and the stator transient current can be expressed as [20,
21]:

. Vas(1 — w)el@st  yw,, e—Tis (3.16)
a0 josLs josLs

t

Vas(1 —w)el9st +uv e Ts
as as

- (k’l") X kS ijLS

’
+ var ejwst
S(J)

Where i, is phase a current at t=0, u is the magnitude of the voltage dip, kg, k,. are the

t
. . L L - . .
stator and rotor coupling factors defined as kg =L—"’,kr =L—"‘,e Ts is a time constant
S T

changing with a duration of the fault, v, is the rotor a-phase voltage, s, is the slip of the
DIFG.

The above equation shows that during the voltage sag the machine transient currents are
mostly inductive and strongly depend on the magnitude of the voltage sag, with a magnitude
defined by u and the value of L. This is shown in the first term of the right-hand side of

(3.16), the second term on the right-hand side shows that the stator transient currents also

t
provides a DC current with a decay time constant e Ts. The last part of (3.16) equation

demonstrates that rotor flux will add some DC and AC current to the stator current.
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Also, during a fault, the behaviour of the electromagnetic torque of the generator (T,) during
voltage sag is severely affected. To illustrate this equation (3.17) shows the behaviour of
electromagnetic torque T, in steady state:

]

Ws Sy

|v

'\ 2
[(r;+;—rs) (X + X2

Te

Where X, X; are stator reactance and rotor reactance respectively. The equation (3.17)
shows that the generated T, of the machine depends on the magnitude of the voltage (more
specifically, it is proportional to the square of the supplied voltage). This means that a
decrement of the voltage will cause T, to decreases in a quadratic manner. During a steady
state operation T, and T,,.., are equal. Thus, any difference between T, and Ty, reflects
in the machine speed, either slowing down or speeding up. Therefore, during a voltage sag
and a reduction of T, the rotor speed w, increases according to the equation of motion of the
induction machine:

]Ewr = Tmech — Te — By

Where J is the moment of inertia of the I1G and B,, is the damping factor. If w, increases
excessively the machine reaches a point where synchronism is lost and T, permanently
collapses, leading to a further increase in the speed of the machine. This scenario may lead to

a failure of mechanical components.

3.2.3 Mathematical model of DFIG wind turbine in arbitrary dqg

reference frame.
The model of asynchronous machine in this case is a fourth-order state-space model; Figure
3-4 shows the equivalent circuit on the induction machine in arbitrarily rotating frame and is
expressed in terms of two axis d and g. To simplify the design of the control and analysis of
the machine dynamics, for stator and rotor of the DFIG wind turbine, the three-phase
equations (abc) are expressed in the dqO reference frame, the voltage equations for the stator

can be shown [22]:

. Y

Vgs = Rsigs + dt = — wslpqs (3.19)
o dy

Vgs = Rslqs + qu + a)slllds (320)
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Where v, v4s are the dg components of the stator voltage, igs , igs are the dgq0 components
of the stator currents, 1,1, are the dg component of the stator flux, and wy is angular

frequency and is the same used in the dq0 reference frame.

The flux-linkage equations for the stator are expressed as:
Yas = Lisias + L (las + ar) (3.21)
Yas = Lisiqs + L (iqs + iqr) (3.22)

The voltage equations for the rotor are stated as:

.o ay

Var = Ryigr + —dfr — (ws — @) Pgr (3.23)
. dy

Vgr = Rplgr + qu + (w5 — W) Pyr (3.24)

Where vg,, v,-are the dq0 components of the rotor voltage, iy, , iy are the dqo
components of the rotor currents, 4, , g, are the dg0 component of the rotor flux, and ws

w, are angular frequencies.

The flux-linkage equations for the rotor are expressed as:
Yar = Liplar + L (las + iar) (3.25)

l/qu = Lipigr + Lm(iqs + iqr) (3.26)
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Figure 3-4 Dynamic or d,q equivalent circuit of an induction machine.
The electromechanical torque T, of the machine is expressed as:
3\ P\ . )
T, = (E) (E) (ldrlpqr - lqupdr) (3'27)

Where P is the number of pole pairs of the induction machine.

The majority of the induction machine has delta or Y’ connection with no neutral, hence the

zero sequence variables are zero, and not included in the calculations.

3.2.4 Control of DFIG wind turbine

The control of a DFIG wind turbine consists of four main controllers and they are achieved
via back-to-back converters control. In a DFIG, the variables to control are: rotor speed
(w,), DFIG reactive power (Qs), DC voltage of the back-to-back converter (v,;. ) and
reactive power of the grid side converter (GSC). In order to control the DFIG, the controller

controls the currents circulating between RSC and rotor windings (i4 i4,-) and also currents
circulating between the grid side converter (GSC) and the grid (ig gsc iq gsc)- These currents

are controlled by rotor side converter (RSC) voltages (vg, v4) and GSC voltages (v gsc
vq gsc)-

Figure 3-5 Simplified diagram of a DFIG control loops

Figure 3-5 illustrates a simplified diagram of a DFIG wind turbine control loops.
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Figure 3-5 Simplified diagram of a DFIG control loops

3.2.5 Control of the rotor site converter

The rotor side control loop is shown in Figure 3-6. The rotor speed control (w,-) is compared
to a reference value, then, the error is reduced to 0 by the Pl controller by modifying the
electrical torque Te_ref. The relationship between i, current and electrical torque T, can be

derived from equations (1.15) (1.17) and (1.19) assuming ¥4, = 0 and ¥, = const, this is:

3\ (P\ [—LmWys
T.=(=)(=) (—222);’ 3.28
e (2) (2) (Lls n Lm> ar (3.28)
Having found the relationship between i,,- and T,, the PI controller for the rotor speed can
be derived as follows:

The transfer function of the mechanical system of a DFIG, P, (s), is given by (considering

the mechanical torque as a disturbance);

w,(5) 1
T,(s) Js+ B,

P,(s) = (3.29)
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Where B,, is the friction coefficient. Equation (3.29) shows that the open loop mechanical
system of the DFIG has a stable pole at —B,,,/J. This pole can be canceled with the zero

provided by a PI controller with proportional constant K, and an integral constant K;,.
Choosing K;,, /Kpw = Bm/J] and K, /] = 1/t,, where t,, is the time constant of the closed
loop system then dynamics of the closed control loop are defined by:

1
tys +1

(3.30)

Which is a first order transfer function with unity gain. The selection of t,, defines the closed

loop bandwidth of the system.

Once the ig, ,.r IS Obtained, it is compared with i, to reduce error between the currents to

zero. This is carried out by manipulating v,

The reactive power controller Q, is compared with reference value Qs ,.r, reducing the error

to zero by the PI controller, the transfer function for the reactive power is

Ko(s) =3

3 Kig [vas(¥Ygs — Lm) (3.31)
2 s Lls + L

Where vy, is the stator voltage, 1 is the stator flux, L;; and Ly, are stator inductance and
mutual inductance respectively, Ki, is the integral gain of the controller, where selecting
Kip = 1/t, and t,, is the time constant of the closed loop system, then dynamics of the

closed control loop are defined by:

_Qs_ref_ 1 332
Go(s) = Qs  tos+1 (3.32)

The equation 3.32 means that the closed loop transfer function from the set point to the
variable is governed by first-order dynamics. The term ¢, determinates the speed of the

controller and can be chosen accordingly to a desired closed loop response.
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Figure 3-6 Simplified schematic of the RSC controllers

3.2.6 DFIG Simulation Results

(b) Reactive power control

Figure 3-7 shows the performance of the DFIG wind turbine speed control and reactive

power control during a wind speed increment and reactive power reference change.
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Figure 3-7 DFIG RSC controller performance, speed control and reactive power control.
Initially the system operates at wind speed 10m/s. At t=3 the wind speed changes to 10.5 m/s
and, at the same time, the controller reacts and the rotor speed (w,") increases following the
maximum power tracking speed reference shown in Figure 3-7 (a). The Figure 3-7(b) shows
the reactive power control, at t=3 there is influence of the speed controller due to the
coupling terms and corrected directly by the control action of the reactive power controller.
At t=5 the reactive power reference is increased to 0.25pu and reactive power follows the

reference speed. This demonstrates the robust of the speed and the reactive power controllers

under the step changes.
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In the case of the DFIG speed control, assessing exactly how fast the measured signal
follows the reference depends firstly on the inertia of the machine and secondly on the k, and
ki gains, in the case of this study the inertia of the machine is H=2.5 and speed of the PI

controllers.

3.2.7 Control of the Grid Side Converter

The grid side converter control loop is show in the Figure 3-8. This controller is responsible
for maintaining DC voltage between the RSC and GSC converters and for reactive power. In
the DC controller, the PI controller is reducing the error between the V. and vg. 5, t0 get
current reference ig, ., Which can be compared with current value iy, to again reduce the
error between the set point and the measured variable. That can be achieved by poles-zero
cancellation method. To model the system and derive transfer function for the DC controller,
to the original control loop the additional control loop is added to make the system more
robust. This additional loop takes under consideration power provided or consumed by the
RSC as a disturbances and improves the natural response of the system [21] [23], and is
represented by following equation:

Vie(s) __ Pa(s) _ 3va (3.33)
lg_gsc 1+ Pyc(s)Gyc Cs +3v4Gg,

That process will obtain the controllable voltage Vg 45.. The reactive power controller
provides inner control loop with the current reference value ig,. g0 rert0 COMpare with
measured current i ,-then the error is reduced to 0 by the PI controller, the V, ;5. value is a

consequence of the PI control actions.

-Ws Liq_gsc + Vd

id_gsc
*
Id_gsc_ref+ — o + 5t Vi asc ) /_»
. a1, pwm
y abc
q_gsc
PI —1(8_—» .

Ws Lid_gsc +Vq

Figure 3-8 Simplified schematic of the GSC controllers

Simulation Results
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Figure 3-9 shows the performance of the DC voltage controller and reactive power
controller. The Figure 3-9 (a) shows that DC voltage is kept constant while the reactive

power in Figure 3-9 (b) at t=5 is increased from 0 pu to 0.25 pu.
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Figure 3-9 DFIG GSC controller performance, DC voltage control and reactive power control.

3.3 FRC Permanent magnet wind turbine generator

The block diagram of the PMSG FRC wind turbine is shown in Figure 3-10. The system
consists of the following components; wind turbine, direct drive permanent magnet
synchronous generator, back-to-back-converter, transformer, and control and protection
system. The DC-chopper is a protection measure for the wind turbine and contains the
breaking resistor connected in parallel with the capacitor in the DC link of the back-to-back
converter. The resistor in the circuit dissipates the energy coming from the wind turbine

during a fault or unbalanced conditions and helps maintain the balance in the DC link.
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Figure 3-10 Schematic diagram of FRC PMGS wind turbine
The majority of wind turbines contain a gearbox as the turbine speed is much lower than
generator speed, however due to high failure rate of the gearbox the trend for offshore wind
turbine is going towards direct drive generators. Direct-driven generators have several
advantages over the ones with gearbox, i.e. the structure is simpler, there is lower
maintenance cost especially offshore, there is a reduction in losses in the drive train and also
the noise reduction [24]. Furthermore, direct-driven generators are employed in FRC wind
turbines, their decoupled control performance is much less sensitive to generator variations.
This is highly required, as the Grid Code requirements Section CC.6.3 for wind plant

becoming more and more restricted and need to comply as traditional power plants.

3.3.1 Mathematical model of PMSG in the abc reference frame

The mathematical model of PMSG is presented in this section. The machine consists of a
rotor which is a permanent magnet and stator which is the stationary armature connected to
the grid.

The terminal voltages for PMS machine stator can be written as [25]:

d

Vgs = Rglgs + 3;15 (3-34)
d

Ups = Ryipg + % (3.35)
d

Voo = Ryigs + % (3.36)

The balance phase currents in the PMSG can be expresses as:
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igs = Ipcos(wgt) (3.37)
ips = Ipcos(wst — 120) (3.38)
ics = Lpcos(wst + 120) (3.39)

Where w, = 2rtf is the angular frequency of stator currents, I,,, is the maximum value of

sinusoidal varying current.

3.3.2 Mathematical model of PMSG in dgO0 reference frame

The mathematical model of the PMSM represented in the dgO synchronous rotating
reference frame can be found in [26, 27] and is given by equations:
digg 1

TR (—Rsisq + welLsqisq + Vsa) (3.40)

di,, 1
9 =  (—Ryisq — we(Lsaisa + Ap) + Vsq) (3.41)
at Ly,

Where L, and L, are the inductances of the generator, R; is the stator resistance, w,
represents the rotor speed, isq, isq and vsq, vsq are currents and voltages respectively. A

represents the flux induced by rotors PM in the stator phases.

sd
I - 7 -
o Lsd a)equlsc_['- Isq rs Lsq  WeLsdlsd
p— + p—
—wW—n= () g
+
Vsd Vsq Q)eAr <>

Figure 3-11 The dg- frame equivalent circuit of PMSG.

The electrical torque can be expressed as:

T, = 1.5pWyisq + (Lsa — Lsq)isaisq) (3.42)

In this study of the system the d-axes and g-axis inductances are equal (Lgq — Lgq) =0

therefore the torque expression can be written as:

60



Chapter 3: Wind turbines modelling and enhanced control

3.3.3 Control of the PMSG wind turbine

The control of the PMSG wind turbines focuses strictly on four variables; the converter on
the machine site controls the optimal generated power at different wind speeds (w,) and the
control of the reactive power on the machine side converter (Qnsc), the grid side converter
controls the reactive power injected to the grid and maintains the DC voltage between the

converters.

Figure 3-12 shows a simplified control of a direct driven PMSG with a similar control
principles as DFIG wind turbine, however here the i, current controls active power, and the

isq current controls reactive power of the machine.

e_ref .
Wind-» | / ﬁ Isq
Speed $§ Rotor current

e gatame control control Vsq [
Qmsc— »)—» Reactive power Rotor current Ved
@ control set to 0 +@ ’ control
1Q Reactive f
power reference isd
DC voltage | vy ref id gsc
reference

DC voltage # GSC current
Ve ) control &) control [ Va_osg | =

GSC current

Qes Reactive power >
! control *G% ’ control Vg_gsc
GSC Reactive

power reference iq_gsc

Figure 3-12 Simplified diagram of a PMSG-FRC control loops.
3.3.4 Control of the rotor site converter for PMSG
The RSC controls speed of the machine by controlling is,current, and is4 to control reactive
power opposite to the DFIG where the speed control determined by the i,.; currents. As the

reactive power can be controlled by GSC i, can be set up to 0. Based on ideal PMSG model,

the stator voltages to control the machine can be expressed as:

— weLsqisq (3.44)
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di
Vsq = Tslsq + Lsq d—stq + Welsqisqg + WePpm (3.45)

Where vgq and vg,are stator voltages, 7, is stator resistance, i;q and is,are stator currents,
Lgq and Lg, are the stator inductances,i,, is the permanent magnet flux, and w.is the

rotating speed and is given by:

We = Py (3.46)

Where p is number of pole pairs of the generator and wy is the rotor speed.

The relationship between i, current and electrical torque T, can be expressed as and

implemented in the controller:
Iq 1

T, 1.5pys

(3.47)

The PI controller for the rotor current can be derived from the plant’s equation (1.23) as

follows:
(3.48)

Considering the cross-coupling terms (w,Lsqisq + wepm) @S a constant disturbance not
present during the calculation of the control rules but later compensated in the control action,
as shown in a schematic diagram of the speed control for PMSG in Figure 3-13, then the

transfer function from the (vs,) to (is,) is reduced to:

lsq 1

- (3.49)
Vsq SLgq +Rs
lasLsdws+ Prwe
We Te . iqs
:r TZ ref N los _ref, Y + + Vos
e rgh Pl —><-‘ J%%» T jor—} Pl ol
o/, | pwm
abc
_>

* G
Qs_ref + PI IdS _ref -+ Vs
’ ®_ ' ’ ?_ '+®_ ’
QST id_s J

lgsLsqw

Figure 3-13 Machine side control for a PMSG wind turbine

Simulation Results
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Figure 3-14 PMSG MSC speed control performance.
Initialy the system operates at wind speed 9m/s and at time t=1.5 wind speed increases to
9.5m/s shown in Figure 3-14. The speed reference value is increasing accordingly to the
wind speed, the rotor speed (w,) controller of the wind turbine is designed to follow the

speed reference value.

3.3.5 Control strategy for Grid-Side Converter PMSG

The grid side converter of the PMSG is designed to control reactive power and maintain DC
voltage similar matter to the DFIG wind turbine. To simplify the control system the GSC
control strategy is expressed in synchronous dqO reference frame based on grid voltage
oriented vector control. The equations for the RSC inverter and can be defined with

following equations:

did_gsc

vy = ”'d_gsc + LT - ngiq_gSC+vd_gsc (350)
. dig gsc - (3.51)
Vg =Tig gsc +1L it + wyLlig gsctVq gse :

Where r and L are resistance and inductance of the grid side converter, vy gsc, Vg gsc la_gsc

and ig 44 are voltages and currents in dg frame generated by GSC.

The process of obtaining the transfer function for the grid side converter of FRC wind
turbine is exactly the same as DFIG and is already show in 3.2.7 section. Figure 3-15 shows

a simplified schematic controller for the FRC PMSG wind turbine.
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Figure 3-15 Schematic diagram of GSC control for PMSG

Simulation Results

Figure 3-16 shows the control perfomance of the reactive power and DC voltage controllers.
The Figure 3-16 (a) shows the reactive power control (Q). inisialy starts with O reactive
power provision and at t=1s is icreasing to 0.3pu. The Figure 3-16(b) shows the control

actions to maintain DC voltage at all times.
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(b) DC voltage controller
Figure 3-16 FRC GSC controller performance, reactive power and DC voltage control.
3.3.6 Control Strategy for reactive power compensation of a PMSG
The steady-state analysis of voltage compensation using phasor algebra has been dealt with

in detail in [28], [29]. For a circuit as shown in Figure 3-17, when line voltage drops are

small in comparison with the source voltage, the PCC voltage magnitude can be expressed as
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Voee =V (1 — M) (3.52)
N
Vpce
Z
@ Il Il Qoric
Qrmse
\J

Figure 3-17 Single line diagram of System
Where V. is the voltage at the point of common coupling, Qpr;c is the reactive power

consumed by the DFIG, Qpysc iS the reactive power provided by the PMSG and S, is the

short circuit level at point of common coupling.

Thus, under steady state conditions, a defined change in V,.. is brought about by a
magnitude of reactive power. Extending this concept, a control strategy to achieve

compensation of voltage transients at 1, is presented next.

The new control strategy to improve reactive power compensation via FRC wind turbine is
achieved in one stage. The management of reactive power injected to the grid is provided by
voltage controller (g-component) of the grid side converter FRC wind turbine. This
controller controls the voltage at the point of common coupling (PCC). Figure 3-18 shows
the new voltage controller implemented in FRC wind turbine, which gives the capability to

manage the reactive power injection accordingly to voltage dip on the PCC.

Vad X id_gsc weliq_gsc + Va
Vde + - Id_gsc_ref TN + - Vd_gsc -
PI Pl da/
q PWM
Vel + Qe st oa_g5_ref 4 v bl ]
grid PI ﬂ Pl _>®£> |
— - - + -
V ri [ j
erid Quese lq_gsc

(DeLid_gsc +Vq

Figure 3-18 Proposed control for reactive power compensation
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In the Q controller, the reference is provided by the AC grid voltage V... The measured
voltage Vj,.. is compared with the reference voltage V4 to obtain the reactive power

reference Qg ror- The mathematical model of the controller is:

Q* = kpgrid (Vp*cc - Vpcc) + kigrid f(Vp*cc - Vpcc)dt (3-53)

Where k;griq and k; 444 are the proportional and integral gain of the voltage controller. The

Figure 3-19 shows the schematic of the controller.

[ Qe

QPI\;I’CSG

*
Vpee _
— X | PI

Qmin

Figure 3-19 Voltage control to support DFIG reactive power compensation

Reactive power influences the voltage accordingly to the equation:

v=./ox (3.54)

Where X is a circuit reactance.

3.4 DFIG and FRC wind turbines in hybrid network

The big challenge for the wind turbine generators is to meet Grid Code requirements for fault
ride-through compliance specified in CC.6.3.15.1 [7, 30]. Most of the current wind turbines
are able to fulfil the requirements by using their control capabilities. However, some of the
wind turbines can weaken the grid as they will lose control during a fault or a voltage sag as
the crowbar protection is activated. Early wind turbines were connected directly to the
electrical network. This means that their rotational speed was fixed by the electrical
frequency, usually 50 Hz or 60 Hz. These types of the wind turbines are using an induction
generator and are known as fixed speed wind turbines. These wind turbines have a peak
efficiency (Cp) at one particular tip speed ratio, meaning that they do not operate at optimum
operation point and do not extract as much power as modern wind turbines [31]. Present
wind turbines are maximising energy captured by tracing optimum tip speed ratio and it’s
achieved by varying the rotational speed of the wind turbine. To achieve variable speed
operation in earliest wind turbine generators involved switching the numbers of the

generator’s stator pole windings or by changing rotor resistance [32]. A latter method uses
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frequency converters to decouple the rotational speed of the generator from the network
frequency to achieve variable speed operation [33]. Frequency converters have been used in
two ways: one configuration is known as DFIG concept that connects the rotor windings of
induction generator to the AC grid via back-to-back converter, while the stator winding
remains directly connected, and the second, known as full rated power converter wind
turbine, decouples the stator windings from the network via a fully rated back to back
converter. An FRC configuration is very attractive for hybrid configuration as the operation
is of the generator is decoupled from the grid operation and can be used to supply reactive

power to the grid. Its only limitations are the rating of the machine and the wind availability.
The hybrid network is becoming an interesting solution for cases such as:

e Improving existing IG wind farms, where they need to be uprated and comply with
the FRT requirements. Currently the usual solutions for wind farms are adding
reactive power compensation units or their decommissioning and selling to other less
demanding countries.

e Improving operation of the DFIG based wind farms, where additional reactive power
support during a fault or voltage sag improves the Low-Voltage Fault-Ride Through
(LVFRT) capabilities and simply extends time for how long wind turbine can remain

connected to the grid.

Figure 3-20 shows an example of a hybrid wind farm composed of DFIG and FRC wind
turbines. The previous sections reviewed the operational principles and control of the DFIG
and the FRC wind turbines
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Figure 3-20 Wind farm hybrid collection network

The new approach of combining different type of wind turbine generators with FRC wind
turbine in a hybrid wind farm network provides several advantages over one type wind farm.
The FRC wind turbine can be combine with any IG-based turbine which requires reactive
power support during voltage sag or AC fault. The main advantage of this arrangement is the
provision of reactive power compensation to any 1G-based wind turbines. This approach can
be used in existing wind farm by adding FRC wind turbines instead of STATCOM or other
reactive power equipment. Moreover, this approach can be used for a newly designed wind
farm. It not only improves and fulfil the whole wind farm FRT capabilities but it might be
more cost efficient in the long run as FRC wind turbine is in operation all the time and

delivers active power during the time when STATCOM would not be in use.

3.5 Improved DFIG FRT capabilities in a hybrid network

The FRC wind turbine inclusion in the hybrid network is able to improve the DFIG wind
turbine performance, or any other 1G-based wind turbine, throughout the voltage sag and
extent the connection period to the grid during the fault period. Figure 3-21 shows the full
constant values of a hybrid arrangement of the DFIG wind turbine and FRC wind turbine.
The DFIG wind turbine is a 1.5 MW, 690V machine with a gearbox. The PMSG-FRC is a
2MW, 690V direct driven wind turbine with chopper fitted to dissipate the excess power

when required. Both wind turbines are equipped in a step-up transformer 690/11kV and fed
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to one network and the transmission lines are 30km long. The performance of the hybrid

network throughout the voltage sag is studied in this section.
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Vs=398.4V Vr=67.7V
[s=1068 A Ir=1125.6
F=50Hz H=2.5,

Rs=2.65 mQ Rr=2.65 mQ
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Gearbox > |
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G E
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P=26 w=22.5rpm

Figure 3-21 System configuration and parameters in hybrid network

The wind farm operates in a steady state with a constant wind speed of 9.5 m/s until the
system is subjected, at t=15.8, to voltage dip is seen in Figure 3-21 lasting for 150 ms. The
first simulation result, shown in Figure 3-22, shows the impact in the voltage at the point of
common coupling when voltage support is provided against a case where no voltage support
is provided by the FRC. As seen in, Figure 3-22, when voltage support is provided, the
voltage dip is decreases by 0.1 PU (i.e. the voltage at the point of common coupling
increases from 0.62 PU to 0.72 PU).
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Figure 3-22 Voltage at point of common coupling with and without voltage support from the FRC

The decrease of voltage dip, when voltage support is provided, is because of the reactive
power provision of the FRC, which changes from 0 PU to 1 PU shortly after the fault. To
better illustrate this, Figure 3-23 shows the effects of the reactive power provision of the
FRC when voltage support is provided against a case where no voltage support is provided
by the FRC. As seen in Figure 3-23, the reactive power provision of the FRC changes from 0
PU to 1 PU in less than 20ms after the start of the fault. In the case where no voltage support
is provided, the reactive power of the FRC remains in 0 PU, being only affected by the
current transients at the start and end of the fault, as appreciated by the dotted line in Figure
3-23.
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Figure 3-23 Reactive power provision of the FRC with and without voltage support from the FRC
The positive effects of the FRC voltage support provision on the DFIG variables is
illustrated in Figure 3-24 and Figure 3-25. Figure 3-24 shows the behaviour of the DFIG
back-to-back converter DC voltage when voltage support is provided against a case where no
voltage support is provided by the FRC. As seen in Figure 3-24, the transient peaks of the
DFIG DC voltage reduces in magnitude when voltage support is provided by the FRC. This
is because the magnitude of the transient currents affecting the DFIG back-to-back converter
during the start and the end of the fault reduce in magnitude thanks to the additional voltage

provision.
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Figure 3-24 DFIG DC voltage with and without voltage support from the FRC
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Figure 3-25 shows the behaviour of the DFIG rotor speed when voltage support is provided

against a case where no voltage support is provided by the FRC. As seen in Figure 3-25, the

rotor speed acceleration during the fault period is lesser when voltage support is provided,

this is because the electrical torque of the DFIG wind turbine decreases in lesser degree

when the voltage support is provided. Additionally, the post fault rotor speed also benefits

from the voltage support provision, which is able to return to pre-fault levels before than the

case without voltage provision. This is because the transient electrical torque of the DFIG

after the voltage dip is less severe in when voltage support is provided. This means a lesser

deviation of rotor speed from its set point reference.
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Figure 3-25 DFIG rotor speed with and without voltage support from the FRC

Evidently, using the FRC to provide voltage support also affects the variables in the FRC

control system. In order to assess the impact of the FRC voltage support provision in the

relevant variables of the FRC Figure 3-26 to Figure 3-29 show the behaviour of relevant

FRC variables when the voltage support provision is enabled and compares them to a case

where no voltage support is provided.

Figure 3-26 shows the apparent power usage of the FRC grid side converter when the

voltage support is provided. As seen in Figure 3-26, prior the fault the apparent power usage

of the grid side converter is around 0.5 PU which is primarily the active power coming from

the generator. During the fault period the apparent power usage of the grid side converter
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increases to 1.2 PU because of the sudden increase in the reactive power provision from the
FRC. Now the apparent power usage of the grid side converter is a combination of active and
reactive power, with a higher component of reactive power provision. A 1.2 PU power usage
is overloading to some degree the operation of the converter. However, this transient
overload is permitted only in for a short period of time and it is never allowed to increase

beyond the maximum safety limit of 1.2 PU.
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Figure 3-26 Apparent power usage of the FRC grid side converter with and without voltage support from
the FRC

Figure 3-27 shows the behaviour of the DC voltage of the FRC when the voltage support
provision is enable and compares it to a case where no voltage support is provided. As seen
in Figure 3-27, the DC voltage transients increase when the FRC is providing voltage
support. This is due to the extra provision of reactive power from the grid side converter.
This causes DC voltage fluctuations higher in scale than in the case where no voltage support
is provided, since the value of the dc voltage bus is directly linked to the balance of active
power between the machine side converter and the grid side converter. However, even
though the dc voltage transient peak at the beginning and end of the fault are higher (for the
case of voltage support) the magnitude of these voltages is still within the limits considered
safe for the operation of a back to back converter (i.e >= 1.2 PU in voltage level). As such, it
is concluded that the impact of using voltage support from the FRC produces negative
effects in the FRC function but not to a degree to discourage its use when a comparison of

cost-benefit is made.
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Figure 3-27 FRC DC voltage with and without voltage support from the FRC
Furthermore, if an active DC chopper or DC crowbar is fitted to the FRC, then excessive DC
voltage peaks can be effectively reduced. To illustrate this, Figure 3-28 shows the dc voltage
behaviour of a FRC when the voltage support provision is enable and a dc crowbar (triggered
at 1250V) is fitted in the dc bus.
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Figure 3-28 FRC DC voltage with and without dc crowbar when voltage support from the FRC is
provided.

As seen in Figure 3-28 when the DC crowbar is fitted to the FRC the extra energy that
produced the dc voltage peak is dissipated in the DC crowbar resistance and the dc voltage
does not exceed from a value of 1250V

Finally, the voltage support provision from the FRC does not affect the functioning of the
PMSG connected to the machine side converter, this is because the back-to-back converter
effectively decouples the machine circuit from the faulted AC system. To illustrate this,
Figure 3-29 shows the PMSG speed and torque when voltage support is provided and
compares the case when no voltage support is provided. As seen in Figure 3-29 the variables

suffer no change no matter if voltage support is provided or not.

73



Chapter 3: Wind turbines modelling and enhanced control

08~ =

nnn w PMSG no voliage compensation
LKiN r
wem T PMSG i voltage compensation

04+ e - PMSG with voltage compensation —

e T PMSG with voltage compensation
02r - b

Rotor Speed, Electrical Torque (pu)

V4 | | | | | | | | \ | ]

158 1582 15.84 1586 1588 159 1592 1594 1596 1508
Time (s)

Figure 3-29 PMSG speed and torque values with and without voltage support from the FRC

3.6 Summary
The studies presented in this chapter have investigated the improvement of the wind farm
plant with different wind turbines designs into hybrid wind plant.

It has been analysed that DFIG wind turbines may negatively affect the voltage stability of
the power system when its crowbar protection is activated. Also it has also been analysed
that a voltage dip at the DFIG terminals produces a great reduction of the machine

mechanical torque, which in turn reflects into an over-speeding of the machine.

This chapter also focused on low voltage ride-through capabilities of the induction generator
based wind turbines and its improvement. It has been found that by connecting FRC-based
wind turbines, to the DFIG-based wind farm, the reactive power support can be provided
during voltage sag. This reactive power support reduces the magnitude of the voltage dip
during the fault and has positive effects in DFIG rotor speed and dc voltage during and after

the fault period.

The analysis of simulation results in this chapter also evidenced that the converter of the
FRC turbines can be overloaded and the dc voltage of the system presents larger transients if
voltage support is provided. However, it has been concluded that this event can be contained
within safe limits if digital control saturation and dc active crowbars are provided. The
conclusion is that hybrid wind farm can improve low voltage fault-right through capabilities
with potential of cost reduction as FRC acts as a STATCOM without compromising the
integrity of the FRC system.
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Chapter 4:

Multi-technology Voltage
Source Converters - High
Voltage Direct Current
(VSC-HVDCQC)

he multi-technology offshore wind power systems refers to the connections of
more than one wind technology at the time in the offshore wind electrical system.
The objective of such an arrangement is to maximise wind energy production and
increase reliability. It was alluded in the previous chapter that hybrid cluster
collection network could improve large-scale wind farms and provide reactive power

support.

This chapter investigates the VSC-HVDC transmission system. The objective is the
development of a dynamic mathematical model of the VSC-HVDC that is useful to design
and tune the controllers for power transmission between the offshore and the onshore AC
networks. The controllers designed in this chapter are used for transferring power from
offshore hybrid wind farm which combines the DFIG-based wind turbine and FRC wind
turbines. Additionally, this chapter also investigates the dynamic behaviour of the controllers

during wind variation.

4.1 Introduction
The VSC-HVDC was developed to overcome challenges associated with CSC-HVDCI1].

The correct modelling and control techniques are important issues in future HVDC-VSC
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applications and will bring significant changes to the AC power network. Furthermore, the

control system has a pivotal role for the future power system stability [2].
VSC-HVDC converters use fully controllable switches, such as[1]:

o IGBT (Insulated-Gate Bipolar Transistor) which is a three-layer semiconductor
device

e GTO (Gate-Turn-Off Thyristor) which is a four-layer semiconductor device

o IGCT (Integrated Gate-Commutated Thyristor) similar to the GTO devices.

These devices can be switched ON and OFF at any time during a cycle, which is not the case
with silicon-Controlled Rectifier (SCR)-based drivers, which can be switched on but to
switch off the current needs to fall below certain threshold. VSC-HVDC uses PWM
technique (Pulse Width Modulation), to translate the digital control signals of the system into
an analogue voltage output. In PWM, the modulating signal is compared with a triangular
waveform, as shown in Figure 4-1, to generate a train pulse to turn on/off the IGBTSs of the
converter. In these converters, current can be leading or lagging AC voltage so converters
can supply or consume reactive power to the connected network which also eliminates the

need for expensive power compensation devices.

1

0.8
0.6
0.4

o
0.2
PPy v ) § ESSR] 5 MR Lol 9 3 b ] S o O M S I
-0.6

os}-=

-1

Figure 4-1 Three phase sinusoidal reference and triangular waveform.

Some other advantages of voltage source converters are [1, 3]:

o DC Power can be transferred over long distances with lower power losses compared
to an AC transmission.

¢ Independent control over active and reactive power through pulse width modulation
technique, which allows control of the magnitude and phase angle of the AC voltage.

e Voltage support is achieved by lagging or leading reactive power.

o Interconnected networks are decoupled, which in the case of a wind farm may

improve its Fault Ride-Through capability.
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e VSC-HVDC can operate as ‘sleeping mode’ (In the case where there is no need of
power exchange between two regional links), which means there is no active power
exchange, each converter station can act as a STATCOM to regulate AC voltage.

e Black start capability, where restoring power is done without the external
transmission network.

¢ No need for start-up generator, which is more cost effective.

4.2 Design and operating principle of VSC-HVDC
The principle operation of the VSC-HVDC can be described by considering the VSC

connected to the AC network via a phase reactor shown in Figure 4-2.

ldc
—— |Cdc
)-H—‘ Vdc | 4/*:‘!'5%\_|
P
—— |Cdc VeZ0 Vs £ 0

Figure 4-2 Simplified representation of VVSC connected to AC grid.
The VSC can be expressed by equivalent AC and DC circuits, where the VSC is modelled as
a controlled current source at the DC side and controlled as a voltage source at the AC side
[4]. The sinusoidal output wave form from the DC converter can be described by following
equation [5, 6]:

1
v, = EdeMsin(wt + ) (4.1)

Where M is the modulation index, v, is the DC voltage, w is the system frequency and § is
the phase shift of the output voltage. The VSC controller can adjust the modulation index M
and & to obtain any combination of voltage amplitude and phase shift in relation to the

fundamental frequency voltage, hence active and reactive power flow control.

The active power of the converter can be controlled by controlling the phase angle 6,

whereas reactive power control is achieved by the relative difference in magnitude. The
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active (P) and reactive (Q) power transferred from the generator to the VSC converter can be

defined by simplified equations of power transfer between active sources [7]:

vC US .
P =Vl = X—51n(8) 4.2)
t
_ Ve Uscos(8) _ ve (4.3)
Xt Xt

The phasor diagram shown in Figure 4-3 illustrates the dependency of the active and reactive

power from the phase angle § and amplitude of the converter voltage v, .

Inverter Rectifier

P<0
Q<0

Figure 4-3 Phasor diagram of VSC and direction of the power flow
The active and reactive power capabilities of VSC can be observed in the P-Q characteristic
in Figure 4-4 [8] and can operate in all four quadrants of the plane. With some restrictions
due the maximum DC voltage, the maximum DC power and the maximum current. The VSC
can act as a static reactive power compensator and control AC voltage by injecting or
consuming reactive power, depending on requirements. The response of the VSC converter

is instantaneous as it has no inertia [7].
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Maximum current
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/

Figure 4-4 Capability curve of VSC-HVDC [9]

4.3 VSC-HVDC components

Components of VSC-HVDC system are shown in Figure 4-5, which are: transformer, AC

harmonic filter, smoothing reactor, VSC Converter, DC capacitors and DC cables [10].

Co\r{\?gter DC link Co\rf\?ecrter
T Smoothing |_ Smoothing
PCC reactor C== C= reactor T PCC
FCOOD—/—"" o v A |
C=/ C =
N B

AC filter AC filter

Figure 4-5 Schematic of VSC-HVDC

4.3.1 Voltage Source Converter Unit
VSC-HVDC use IGBT semiconductor devices with an anti-parallel freewheeling diode as a
switching device; it is the most important element of the system as it has reversal blocking

capacity [7, 11]. To accomplish the required rating of HVDC transmission, the single unit
consists of a number of switches connected in series.
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Figure 4-6 Two-level, three-level and multi-level converters
The VSC switching devices can be connected in different ways to build various types of
converters topologies [12] described in chapter two of this thesis. The circuit configuration
of two-level, three-level and multi-level converters are shown in Figure 4-6. In this thesis the

two level converter topology will be used for simulation purposes.

4.3.2 Transformer

In VSC-HVDC systems, the transformers are used to increase the converter voltage to
transmission levels. The design of the transformer depends of the power level of the
converter. To increase voltage controllability, the transformers are equipped with tap

changers devices which changes the ratio of the winding turns on the transformer [13].

4.3.3 AC harmonic filter

IGBT uses high-frequency PWM techniques which produce high-order harmonic
components. Hence, passive filters are required in the system to eliminate these harmonics
and to prevent the circulation of harmonic currents into the AC grid. Usually a second or
third order high-pass filter is used in VSC-HVDC shown in the Figure 4-7, the characteristic

frequency of which is selected is based on the switching use in the VSC system.
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Cfilter

Lfilter Rfilter

Figure 4-7 Second order high-pass filter
The capacitance (Crirer), inductance (L) and the resistance (Rsyer) Of the filter can be

calculated from following equations:

(h* — DQsy
Cfilter = —gl ter (4-4)
h?2wgvf,
1
Lrijter = ——— (4.5)
sitter Cfilterhza)e2

L¢; (4.6)
‘filter

Rriter = Qritter ’—C
filter

Where h is the harmonic to be filtered and Q¢ refers to the quality factor of the harmonic

filter.

4.3.4 Smoothing reactor

The reactors between the VSC and the grid enable the power transfer between the converter
and the AC grid. This reactor also functions as current filter. The inductance of the reactors
is calculated in function of the desired current ripple and the maximum short circuit current
between the VSC and the AC grid.

4.3.5 DC capacitor and configuration

The main functions of the DC capacitors are to keep the power balanced during transient

conditions and for decreasing voltage ripple on the DC side of the converter.

Capacitor represents the relationship between charge stored on the capacitor and voltage

across the capacitor, this linear relation is shown:
q=Cv @4.7)

The following equation is used to calculate the DC capacitor size:
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0.5 - Cyqo " V2. (4.8)

T= Sn

Where T is a time constant, C4. is the DC capacitor, V¢ is the dc voltage, and S, is the

apparent power of the converter [14].

4.3.6 DC cables
The VSC-HVDC system uses DC cables which are typically XLPE Cross-Linked
polyethylene cables used in underground and under-water applications. XLPE cables are also

low-weight, flexible and have a high mechanical strength [15-17].

Since offshore wind power is moving towards higher voltages HVDC cables are more
efficient for long distances for offshore wind farms than HVAC cables, the graph that
illustrates the costs comparison for HYAC vs HVDC transmission system vs distance is
show in chapter 2 Figure 20. With DC cables, there is no need for reactive power
compensation devices like for AC submarine cables and due the nature of the DC power

transmission, losses are lower. [16, 17].

4.4 Dynamic model of VSC-HVDC
The typical structure of VSC-HVDC is shown in Figure 4-9. The three-phase AC source
voltages are distributed 120° apart (Vs,, Vsp, Vsc) and make three ideal sinusoidal waveforms

shown in Figure 4-8.

‘I F L R
— nhase a
e phEse b
phase c
D.5
0.5\ X/

-
1
1.4 1 405 1 415 1 42 1.425 1.435 1.44
Time (s)

Voltage (pu)
D

Figure 4-8 three-phase AC voltages
The three-phase current is represented as (iss, isp, isc ) and flows form the AC source to the
VSC converter or in the reverse direction. The VSC voltages and currents are represented as
(Vea, Ve, Vo) @nd (ica, Iv, Iec), Re @and Lg are the resistance and inductance of the coupling
reactor, V. and lg. are DC link voltage and current. The left side converter works as a
rectifier and power from the AC side is transferred to the DC side. The right side of the

model operates as an inverter and power is transferred from the DC side to the AC side.
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Figure 4-9 Model of VSC-HVDC
For the analysis of the system, the equations describing system behaviour are presented
based on [18, 19]. Considering the converters connected to the grid the dynamic equations

for the rectifier can be expressed as:

. digaq
Vsa1 = Vea1 T Rp1isa1 + Lpg (;z (4-9)
. digpq
Vsb1 = Veb1 + Rp1isp1 + Lpg % (4.10)
. digeq
Vsc1 = Veer + Rpriger + Ly ds;' (4-11)
And for inverter side:
. digqr
Vsaz = Veaz + Rpaisaz + Lz (;1(,“1 (4.12)
. digp,
Vsbz = Vebz T Rp2ispz + Lz ﬁ (4.13)
. diger
Vsc2 = Veez + Rpaigez + Ligg % (4-14)
After rearranging the equations with respect to the rectifier side:
d" bcl RFl. 1
SC;t —=— L_Tl Isabc1 + L_Fl (Vsabcl - Vcabcl) (4'15)
And for the inverter side:
d" bc2 RF2 . 1
S;t == L_Fz Isabc2 + L_FZ (Vsabcz - Vcabcz) (4'16)

The design of a three-phase control system needs to be expressed in dq0 rotational reference

frame to simplify the analysis by using a Park Transformation [20]:
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[ cos® cos(® - %n) cos(9 + Z?n) | (4.17)
2 21 21T fa
faqo = Tfapc = \/; —sin® —sin(@ — ?) —sin(@ + ?) fo
vz vz vz |
2 2 2

Applying equations to the Park’s transformation the rectifier side dq0 reference frame is:

dl d1 . R 1

= Tisap - Olsgy + T (Va1 ~ Vear) (4.18)
dt Lgq

disq . Rpp .
C;z = —lsqL—F1 — Wlgq1 + L_F1 (Vsql - Vqu) (419)

Where (isq1, iSq1) are the d and g components of the currents, (Vsa1, Vsqi,) are the d-g
components of the source voltages, (Vca1, Veqr,) are the d-q components of the converter

voltages. And for an inverter:

di dz . R 1
2 = Y e + Wiggo + (Vsdz Vedz) (4.20)
dt Lgs

disqz . Re2 . 1
;g = —lgq L_Fz — Wiggy t L_FZ (Vsqz = Veqz) (4.21)

In order to design the controller, equations are coupled as follow and analogically for the

inverter:
Ved1 = Ugq1 — ‘*)LFlisql + Vi1 (4.22)

chl = uq1 + "oLFliSdl + Vsql (423)

Where ucg; and ucq; regulate the d-g-axis current for the rectifier and the inverter:

, di
Ucd1 = Rpiisar + L ;Sl (4.24)

digq

ucql = RFliq + LFIF (425)

Using state space representation and substituting equation (4.22) into equation (4.24) the

current of the system can be written as:
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. Beo I (4.26)
d [l;m] _| Lm |[€sd1] L+ |Lr ucdl]
dt llsq1 0 _@J lsq1 0 i Ucq
LF1 LFl

4.5 Control of VSC-HVDC

The control of the VSC-HVDC considers four main arrangements: control of active power
flow, control of reactive power flow, AC voltage and DC voltage by using the pulse width
modulation PWM [21]. The modulation index M and converter phase angle & can be
adjusted independently by the VSC controller and can give any combination of voltage and
phase shift [22] . Therefore, it is possible to control active and reactive power using the VSC
station at the wind farm side as a rectifier, and the VSC station working as inverter can
maintain constant DC voltage in the HVDC link and regulate the AC voltage at the point of
connection with the onshore grid. The vector control based in d-g transformation is used to

modify M and phase angle 6 to get the desired control function.

Vector control is the most popular technique used to adjust the modulation index and the
converter phase angle. The first step in vector control, before calculating the modulation
index and phase angle, is to transform three-phase rotating voltage and current from the abc-
frame to the d-q reference frame, this transformation is synchronized with AC three phase
voltages via a Phase Locked Loop (PLL), (angle 6).

To control variables (P, Q, Vdc or Vac) and generate desired values of M, specific set points
are given to the controllers and the control variable is forced to follow the reference values
by adjusting the magnitude and the angle of the voltage at the VSC terminals. A general
controller of a VSC which is composed of an inner controller, an outer controller and a Phase
Locked Loop (PLL) is shown in Figure 4-10.
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Figure 4-10 Control schematic of a VSC-HVDC

4.5.1 Phase Locked Loop
The mission of the Phase-locked loop (PLL) is the synchronization of the converter currents
with their respective voltages. The main challenges in the design of a PLL for a grid-tie

converter are:

e Tight synchronization is needed for power flow and the PLL should provide the
adequate angle of the d-g-reference frame for the power converter.

e The grid voltages may contain harmonics, may be unbalanced and are subject to
disturbances (in amplitude and frequency). Therefore, the PLL should be robust to

these variations.

Hence, it can be stated that the PLL has a huge impact in the d-g-control of the three-phase

converter. The overall system is shown in Figure 4-11.
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Figure 4-11 Overall PLL for the Grid-Tie Converter

The d-g-PLL, shown in Figure 4-11 is the core of the overall system. A useful analogy for
the PLL behaviour consists of a servo motor that tries to catch a rotating mass. The angle
provided by the PLL output is synchronized with the positive sequence of the filtered grid
voltage. The PLL measures the alpha and beta components of the voltage and translates them
to the d-g-reference frame. If the d-g-frame is fully aligned with the alpha component, the
angle of the voltage vector should be ideally zero. If the d-g-frame is not fully aligned there
is an error, and the angle of the voltage vector in the d-g-reference frame will not be zero.
The closed loop control will try to increase/decrease the reference frame angular speed to
make that angle null. For this aim, the PLL passes the angle error through a PI controller.
The output of this PI controller is the angular speed (frequency) of the rotating d-g-reference
frame. The phase of the d-g-reference frame is obtained by using an integrator (a Voltage
Controlled Oscillator (VCO) in a traditional PLL) for the previous frequency.

4.5.2 Current inner control loop

The inner controller is responsible for controlling the VSC currents that enable the power
flow between the VSC and the grid. Additionally, the current controllers protect the
converter from overloading during system disturbances. The inner controller for the wind
farm converters must follow the equations listed below and is shown in Figure 4-12. To

design the controller cross-coupling terms should be decouple as shown:

Ved1 = Ucar — WLrisqr + Vsar (4.27)
qu1 = ucq1 + (‘OLFiSdl + Vsql (428)

Where ug; and ug, regulate the dg-axis current from equations (4.27, 4.28).

A control signal is then derived from the proportional-integral (PI) controller:
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Ucar = Kp(isas — isa1) + ki [ (i5q1 — isqr)dt (4.29)

teqr = kp (g1 — isqr) + ki f (i%qr — isqu)dt (4.30)

Where k, and k; are the proportional and integral gains of the controller.

Vsql
+
- +
|sq1¥
Veq

isql
isdl
lsa™

+ Wed

Vsd1

Figure 4-12 Current control loop for VSC-HVDC
The general block diagram shown in Figure 4-13 represents current control loop. The

configuration of Figure 4-13 is repeated for the d and the g current controllers.

Pl F(s)
; |
e : Kp+ EI - LsiR g

Figure 4-13 Block diagram of the current control loop

The current control system can be simplified to a single transfer function F(s) as shown
below:

_ isdl(s) _ isql(s) _ 1 431
F(s) = Vea(s) ~ veq(s)  Lys+Ry 31

The open loop control system can be written as:
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k k:
. 1 TG+ (4.32)
G(s)=(kp+—‘)( )= p
s/\Ls+R s2 4 s%
The closed loop control system H(s):
k .
L (s + ,{f—;) (4.33)
G(s) = . <R+kp)+ki
S S T T

The control parameters for the proportional and integral gains of the current controller are

given as follow[6]:

kp = wanLF - RF

(4.34)
ki = wqLe (4.35)
Where: w,, is natural frequency of the system and ¢ is a damping factor.
2{wy = (kp + Rp)/Lp (4.36)
i = ki/L (4.37)

This is a second order system; to tune the controller different techniques can be applied to

find temporary gains values of k, and k;

4.5.3 Active and reactive power control
The apparent power of a 3 phase AC system, S, in terms of dq voltages and currents is

defined as:

3 « 3
$ =5 (Vsaq)(isaq) =5 (Vsa +jvsq)(isa + Jisq) (4.38)
3
- E(vs‘iis‘i +Vsqlsq) + j(Vsqisa — Vsalsq) = P +jQ

Where P is the active power and Q is the reactive power. If the d axis of the dqO rotatory
frame is assumed to be aligned with the AC space vector, then the voltage representation in

d-q consist only of d components (i.e. w,, =w,, v, =V, and V, =0) as seen in Figure

s 1

4-14. In this case, equation x can be simplified to

3
P = Evsdisd (4.39)
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Q = —Evsdisq (440)

dq representation

v, Z

Figure 4-14 dq0 Transformation of the Grid Voltages when the d Axis is aligned to the AC Space Vector

Active Power Control

According to equation (3.49) the relationship between the amount of d current and the
inverter active power is directly proportional (assuming constant AC voltage). Because of
this, a simple integral controller is enough to control the active power with first order

dynamics and O steady state error. The transfer function, G, , from the active power P to

the i, current is given by

Isd 2
G = —=
P P 3vsd

(4.41)

If an integral controller of the type C.(s)=Ki, /s, (where Ki, is the integral constant of the
active power controller and s is the Laplace variable) is added in cascade with G, the
following open loop expression is obtained:

2K;

Ap(s) = Gp x Cp(s) = 3v.gs
S

(4.42)

92



Chapter 4: Multi-technology Voltage Source Converters — High Voltage
Direct Current (VSC-HVDC)

If Ki, is selected to have a value of Ki, =3v,a, /2, where «, can be regarded as the closed
loop bandwidth of the controller, then the open loop expression A, (s) and the closed loop

expression E, (s) from the active power reference p_, to P are:

ref

2 3vgap _ ap (4.43)
3vsqs 2 s

Ap(s) =

P Ap(s)  ap
Pref_1+AP(s)_s+ap

Ep(s) = (4.44)
As seen in equation (4.44) the closed loop dynamics of the active power control loop are first

order with a closed loop bandwidth of «, . The value of «, can be selected for a given rise

time of the control variable by following the formula that defines the relationship between

bandwidth and rise time in first order systems. This formula is given by:

0.35 2.2
(Hz) or ap =
r_P tr p

(rad) (4.45)

ap =

Where t, _is the desired rise time of the closed loop system. Figure 4-15 shows the block

diagram of the active power control loop

B8 _
r A
| ) |
I Controller  Control Plant I
Reference signal :

Pul 4 i, (5) |

| /] 1
P

I I
I I

Figure 4-15 Schematic Diagram of the Active Power Control Loop

Figure 4-16 shows the step response and the bode plot of active power closed loop control
system for a bandwidth of o, =220 rad. (t, , =0.01 sec).
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Figure 4-16 Step response and bode plot of the closed loop active power controller

4.5.4 Reactive Power Control

According to equation (4.40), the relationship between the amount of g current and the
inverter reactive power is directly proportional if the AC voltage is assumed to be a constant
value. Because of this, a simple integral controller is enough to control the reactive power
with first order dynamics and O steady state error. The transfer function, G,, from the

reactive power Q to the i, current is given by

_a__ 2 4.46
GQ_Q_ 3vsd ( )

If an integral controller of the type C,(s)=Ki, /s, (Where Ki, is the integral constant of the
reactive power controller) is added in cascade with G, the following open loop expression

is obtained:

2K;
3v¢qS

Ag(s) =Gy * Co(s) = — (4.47)

If Ki, is selected to have a value of Ki, =-3v,a, /2, Where «, can be regarded as the
closed loop bandwidth of the controller, then the open loop expression A,(s) and the closed

loop expression E, (s) from the reactive power reference Q , to Q are:

ref
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_ 2 B 3VUsaq) _ aq
Ap(s) = 3vsds( > )_ . (4.48)
Eg(s) = 2 = A4o(s) _ _aq (4.49)

Qref B 1+AQ(S) B S+aQ

As seen in equation (4.49) the closed loop dynamics of the active power control loop are first
order with a closed loop bandwidth of «, . The value of «, can be selected for a given rise
time of the control variable by following the formula that defines the relationship between

bandwidth and rise time in first order systems. This formula is described in (4.45)

Figure 4-17 shows the block diagram of the reactive power control loop

E, (s)

F————————— = — — — — — 3

I A e, |

| i Controller Control Plant

Reference signal | Output

Qul ¢ i,(9) I

| ) |

I I e |

| |

Figure 4-17 Schematic Diagram of the Reactive Power Control Loop
The step response and bode plots of the reactive power closed loop control system for a

bandwidth of «, =220 rad. (t, , =0.01 sec) is similar to the one presented in Figure 4-16.

455 DC and AC controllers

The DC and AC voltage controllers compare the measured voltages with the reference
voltages V. or V.. and then the error signal is fed to PI controllers to obtain a reference
current as shown in Figure 4-12. The reference current signals i, and ig, can be obtained

from the PI controllers:

isa = Kpac(Vae — Vae) + Kidc f (Vic — Vao)dt (4.50)

i;q = kpac(V;c — Vae) + Kiac f(V;c — Vao)dt (4.51)

Where Kpc, Kide, Kpac: Kiac are the proportional and integral gains of the DC and AC controllers

respectively.
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Figure 4-18 Block diagrams of the DC and AC voltage controllers.

4.6 Point-to-point connection of VSC-HVDC system between two AC
networks.

In this section, the steady state and transient response of a VSC-HVDC station are
investigated for point-to-point system as shown in Figure 4-19. To demonstrate the

performance of the system controlled the simulations were carried out in
MATLAB/Simulink [23].

. DC link .
Regional VSC 1 VSC 2 Regional
SG1 TL B g oL oL L SR, B2 T2 SG2
SIEDS Rl o ve o (AP HOD

C/ C—T

i s
DC link

AC filter AC filter

Figure 4-19 Three VSC-HVDC transmission system connected to AC network

Details of the model are shown in the Table 4-1, the parameters are taken from
MATLAB/Simulink library and do not represents a real network.
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Table 4-1 VSC-HVDC parameters for simulation

Generators 3000MVA, 13.8kV, 50Hz, Xd=1.69, Xd'=0.210, Xd" =0.17, Xq=1.615,
X0g"=0.223 XI=0.16, Rs=0.0025, H=4.25

SG; and SG, q

Transformers T1gen(13.8/275 kV, 1000MVA, R1=0.005pu, L1=0.2pu)

Tlgen’ T1 and T2
T2gen

T.1(275/132 kV, 1000MVA, R1=0.005pu, L1=0.2pu)
Togen(275/18.8 KV, 1000MVA, R1=0.005pu, L.1=0.2pu)

T,»(132/275 kV, 1000MVA, R1=0.005pu, L1=0.2pu)

AC network
cables on both

R=0.013Q/km, L=0.934mH/km, 60km length

sides

AC filters F1= high pass filter (15MVAr, Quality factor=15)
F2= high pass filter (65MVAr, Quality factor=15)

DC link Vdc=300kV, C =1000p F, cable (0.018</km, 180km)

4.6.1 Control design of the point-to-point connection

The control of point-to-point VSC-HVDC can be set up to control active and reactive power

from or DC and AC voltages. In this study, the system is chosen to control active power flow

and maintain AC voltage at the bus B1 show in Figure 4-20. While the other converter is set

up to control DC voltage and again maintain AC voltage at the bus B2 shown in Figure 4-21.

In both converters, the controllers of the AC voltage can be changed to control reactive

power with small modifications shown in 4.5
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Figure 4-20 Simplified schematic of P and AC voltage control
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Figure 4-21 Simplified schematic of DC and AC voltage control

4.6.2 Dynamic behaviour of the system during power exchange
The dynamic response of the VSC-HVDC is shown in this section. The first simulation

shows power reversal from +1pu to -1pu carried out gradually and not as step change.
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The active power on the both sides of the converter stations are shown in Figure 4-22 and

Figure 4-23. The power reversal starts at t=1 and continues to t=2.6s.

The changes in active power reflects with changes in the DC voltage on the sending end
(VSC1) as seen in Figure 4-25. The Receiving end controller DC voltage controller
maintains the voltage across its capacitors at 300kV. The difference of DC voltage between
the sending and receiving stations forces the current to flow accordingly to the desired power
set point change of the power controller.
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500 =
=
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=1000 .
1500 1 ! 1 1 L : !
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Figure 4-22 Active and reactive power at bus 1
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=
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Figure 4-23 Active and reactive power at bus 2
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Figure 4-24 DC voltages at VSC1 and at VSC2
The AC voltage at the busl and bus2 are kept constant and only small variation is noticeable
during the simulations shown in Figure 4-25. This is because the controllers in the converters
are set up to keep a constant AC voltage regardless of the active power flow. Thus the VSC
stations acts as a static reactive power device. The behaviour of the receiving end converter

AC currents is shown in Figure 4-26.
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Figure 4-25 Voltages at busl and at bus2
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Figure 4-26 Phase current at bus 1

4.7 Offshore wind power integration

VSC-HVDC is one of the three options to connect offshore wind power to the onshore grid.
As mentioned in chapter 2, VSC-HVDC transmission system can overcome shortcomings of
traditional HVDC and HVAC systems due to the features explained at the beginning of this
chapter [24].

4.7.1 High Voltage Alternating Current for offshore wind farm
integration

Many offshore wind plants are connected via High Voltage AC transmission system. This
technology is well-proven and cost effective solution for connecting close located offshore
wind farm [25]. The main disadvantage of this connection type is distance limitation as
cables are subjected to a capacitive changing effect that limits the active power transfer [26].
To overcome this limitation onshore, reactive power compensation units are used on each
end of the cable route; in the offshore this requires the use of expensive platforms. Another
major weakness of HVAC system connected to offshore wind farms is fault propagation:
faults on the AC site will directly affects wind farms and faults in the wind farm sides have
direct effects on the AC network. The basic configuration of an offshore HVAC system is
show in Figure 4-27.
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Figure 4-27 HVAC connection for wind farm integration
Middelgrunden was the first offshore wind farm off the Danish coast connected to the shore
using HVAC. The project was commissioned in 2000 with a total capacity of 40MW.
However, the first large-scale wind farm project Horns Revl with total capacity of 160MW
was also located of Danish coast. The transmission levels for HVAC offshore wind farm
varies from 132-220kV: Table 4-2 describes some of the most recent HVAC projects around
Europe in terms of total capacity of the wind farm, AC voltages and distance from shore.

Table 4-2 HVAC offshore wind farms

Wind farm Capacity AC Voltage  Distance Commissioning
(MW) (KV) (Km) Date
Gwynt y Mor 160x3.6=576 132 18 2015
Westermost Rough 25x6=210 150 8 2015
West of Duddon 108x3.6=398 155 14 2014
Sands Wind Farm
Anholt Offshore 111x3.6=400 220 21 2013
Wind Farm
London Array 175x2.6=630 150 11 2012

4.7.2 Current source converter for offshore wind farm integration

CSC-HVDC transmission is a well-established technology and much older than VSC-
HVDC. Since this technology is used in multiple projects for interconnection the AC
networks, till today it has never used to connect offshore wind farm to the shore grid. There
are several reasons why it was not used in offshore wind farms yet. The major reason is the

need of special arrangements of filters to smooth the AC currents and allow operation during
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wind variations such as STATCOM. Conventional HVDC also absorbs reactive power at
both ends, the footprint is much higher compare to VSC-HVDC, and system cannot provide

independent control over active and reactive power [27].

The typical LCC-HVDC layout for connecting the wind farm to the grid consist in s AC
collection network, an offshore substation with converter and a start-up generator (or
STATCOM), filters, DC cables, onshore substation, AC harmonic filter, as shown in Figure
4-28.

YYYYYY
YYNYYY ] 8
YYXYYY /67

Offshore STATCOM
wind farm

Figure 4-28 Configuration of LCC-HVDC for connecting offshore wind farm

4.7.3 Voltage source converter for offshore wind farm integration

VSC-HVDC provides an attractive alternative to HVAC and conventional HVDC power
transmission. It also gives room to wind farms to meet Grid Code requirements. When
comparing VSC-HVDC to HVAC, the former reduces transmission losses and permits
asynchronous operations between the wind farm and AC onshore grid. Moreover, it does not
require additional reactive power compensation units on the ends of the transmission lines
[28-30]. VSC-HVDC also have lower footprint compare to traditional HVDC since it doesn’t
require reactive power compensation units, hence requires 30% less space on the offshore

platform which translates into cost reduction.

4.7.4 VSC-HVDC point-to-point hybrid offshore wind farm integration

A VSC-HVDC connection of a large-scale offshore wind farm is presented in Figure 4-29. It
is a hybrid wind farm and consist of two types of the wind turbine machines: double-fed
induction generators wind turbines and permanent magnet synchronous generator machines
with fully rated converter. The aggregated model of a wind farm was used for the purpose of
the simulation, which is composed of one aggregated model of the DFIG wind turbines of
the farm and one aggregated model of the FRC wind turbines. The hybrid wind plant
comprises 120 x 5SMW DFIG wind turbines and 120 x 5SMW FRC wind turbines connected
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to 33kV collection network. The DC cable length between the wind farm converter station
and onshore converter station is 150km. The converter stations are rated at 1200MVA and

currently are the biggest size available on the market.
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Figure 4-29 Point-to-point connection of a large-scale hybrid wind farm

The control systems for wind turbines are described in Chapter 3 of this thesis.

4.7.5 Control design for offshore wind power integration

The control of the wind farm side VSC-HVDC link is illustrated in Figure 4-20. The wind
farm converter is designed to allow the generated wind power to be fully transferred to the
DC side by just keeping an AC voltage of 1lpu at the converter terminals. The current

flowing from the turbines to the converter is rectified and transferred fully to the DC side.

The onshore converter control is shown in Figure 4-21. It is responsible for controlling DC

link voltage and reactive power at bus bar B2. With additional control loops, wind turbine

104



Chapter 4: Multi-technology Voltage Source Converters — High Voltage
Direct Current (VSC-HVDC)

coordinated control is possible to provide auxiliary services (reactive power support) to the

onshore grid.

The grid side converter shown in the Figure 4-21 is responsible for maintaining DC link

voltage and AC voltage at the PCC. The current references iz, and iz, are derived from DC

and AC voltage controller which are set up at 1pu.

igg = Kpac(Vac = Vac) + Kide f(véc — Vyo)dt (4.52)

iag = kpac(vz;kc — Vaco) + Kjac f(V;c — Vyodt (4.53)

4.7.6 VSC-HVDC behaviour of the system during power delivery from

offshore wind farm
The performance of the whole system during power delivery from the offshore grid farm is
investigated in this section. In order to investigate the system with realistic wind behaviour,

the wind model was designed to simulate wind variations shown in Figure 4-30.
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Figure 4-30 Wind variation
The active and reactive power flow is demonstrated in the Figure 4-31 and Figure 4-32. To
demonstrate the auxiliary services provided by grid side converter at the t=2.5 the reactive

power is switched to 300MVAr.
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Figure 4-33 AC voltage at busbar B1 and B2
Figure 4-33 shows voltages at buses B1 and B2 are constant although the power and the
currents are changing continuously. The phase currents at B1 are shown in Figure 4-35. The
changes of active power at both ends cause the perturbations on the DC link voltage.
However, the DC link controller at the VSC2 manages to keep the DC voltage at desired
300kV. Then the power flow is from VSC1 to VSC2 the DC link voltage is grater then
300kV; otherwise, the controller keeps it at 300kV shown in Figure 4-34.
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Figure 4-35 Phase current at busbar B1

4.7.7 System behaviour during three-phase AC fault

To demonstrate the transient behaviour of the VSC-HVDC system connected to hybrid
windfarm and AC grid, the system is subjected to a three-face fault at t=2s with duration of 5
cycles for 50Hz which is 100ms.The VSC-HVDC improves the FRT capabilities of overall
system, during a fault the AC network in the wind farm side of is not severely affected by the
onshore AC three-face fault. Figure 4-36 illustrates the AC voltage magnitude during a fault,
it can be seen that the voltage collapse at t=2 and get back to pre-fault conditions after the
three-phase fault is cleared. The figure also shows that the voltage in the offshore terminal
increases. This is due the fact that the HVDC link is no longer able to export the power from
the wind turbines, meaning that this power is reflected as an overcharge in the voltage of the
DC capacitors. However, once the onshore fault is cleared, the power flow is restored and

the voltage level at the wind farm network returns to a 1 PU value.
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Figure 4-37 Active power at Busbar B1 and B2

Figure 4-37 show that the active power in the onshore decreases to zero during the fault.

After the fault is cleared the extra active power stored in the DC link capacitors is released,

creating a temporary increase in the active power provision from the converter, as seen in

figure 4-37.

Figure 4-38 show the behaviour of the DC voltage of the HVDC link during the fault. As

seen in Figuer 4-38. During the fault period, the interruption of the power flow produces an

increase of the DC voltage of the link. However once the fault is cleared the excess of energy

stored in the DC capacitors is released and the DC voltage returns to its set point value.
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4.8 Summary

In this chapter, investigations of the control and operation of VSC-HVDCs have been
conducted. The components and functions of the system, have been described and the
advantages and disadvantages of the VSC-HVDC system are summarized. The description

of HVAC and LCC-HVDC transmission systems is also presented.

The steady-state and dynamic model of the VSC-HVDC system has been studied. Moreover,
the full control design of the rectifier and inverter were investigated. Additionally, the tuning
method for the PI controllers was shown to ensure robust control of the system. The steady-
state and dynamic performance of the VSC-HVDC connected to the offshore DFIG- based
wind farm was examined. Studies done in this chapter shows that VSC-HVDC can fulfil the
Grid Code requirements, it can provide grid support, can rapidly reverse power flow and

retain AC voltage constant.
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Chapter 5:

Enhanced control to
support power system
operation in multi-terminal
VSC-HVDC

he current approach to connecting the large offshore wind farms dispersed over
wide areas is to use multi-terminal VSC-HVDC networks rather than point-to-
point HVDC transmission systems. The aim behind the multi-terminal VSC-
HVDC approach is to improve the security of supply and minimise the loss of
generation during scheduled maintenance or unexpected disturbances in any part of the

power network.

This chapter provides an overview of the operation of a multi-terminal HVDC network,
connecting offshore wind farms to different mainland AC grids. The control system for 3
different network arrangements are designed to facilitate the study of steady-state power
exchange, optimal power dispatch using droop control, transient stability and provision of
ancillaries.

5.1 Introduction

HVDC transmission systems can be connected to the onshore grid via point-to-point or
multi-terminal networks. Almost all existing HVDC connections are configured as point-to-

point, however the VSC-HVDC multi-terminal can provide greater flexibility of supplied
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power [1]. Furthermore, the European Wind Energy Association (EWEA) suggests that
installed offshore capacity could reach 23.5GW by 2020, and that there is a growing desire

for interconnection of European grids[2, 3] .

As many proposed projects will be located offshore, transmission grids are likely to be
predominantly HVDC. The traditional LCC-HVDC transmission system in point-to-point
and multi-terminal connection requires converter polarity changes to reverse power flow, as
well as application of a different control mode [4]. As previously mentioned in Chapter 2,
the control is complex and there are only two existing multi-terminal CSC-HVDC systems in
operation:

e The HVDC lItaly-Corsica-Sardinia connection. It transfers power between Italian
mainland, Corsica and Sardinia. It was first built as a point-to-point connection of
200MW at 200kV and has been commissioned in 1968, expanded of third terminal
in 1986 [5].

e Radisson - Nicolet - Des Cantons circuit. Phase 1 of this multi-terminal connection
project operated as bipolar point to point connection between Des Cantons and
Comerford in 1986. In the 1990, phase 2 of the project extended the third terminal to
deliver 1800MW of power to Sandy Pond [6].

VSC-HVDC is the most suitable technology for multi-terminal configuration as it reverses
DC current without the need to change the polarity of the voltage link [7]. The control of
active power flow in the multi-terminal connection is achieved by the converters responsible
for controlling active power and DC drop control in the converter, where DC voltage is
controlled [8-10]. These control schemes may be different when the converter controlling the
power is connected to the offshore wind farm where the main purpose is to obtain the
maximum power generated by the wind turbines. In this instance, the converter controller
should operate in such a way that avoids power imbalance between the AC and DC

networks.

5.2 Multi-terminal configuration for offshore wind power in the North
Sea.

The development of VSC-HVDC has opened a new way of looking at power distribution and
sharing. The potential of multi-terminal HVDC technology has been envisioned as a key
technology for harvesting energy from the vast growing offshore wind energy fair in the
Dogger Bank. It is also an ideal solution for power trading power between countries without

interfering in their Grid Code regulation.
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5.2.1 Radial connection to the shore

There are different configurations for multi terminal systems described generally in Chapter
2 sections 2.4. Figure 5-1 — Figure 5-4 illustrate a proposed DC grid configuration for GB to
harvest offshore wind power and exchange power with neighbouring countries like Norway.
This can be an ideal solution for The North Sea Network Link (NSN) interconnection
between the UK and Norway, shown as a Norway Hub in Figure 5-1. The radial connection
is the simplest solution to connect a wind farm to the onshore grid. The remaining
connections share the same infrastructure as the radial arrangement used to transmit power
from the offshore wind farms to the onshore grid. In the following subsections, a range of
potential connection scenarios with crucial protection strategies and power redundant paths
are shown for Dogger Bank in the North Sea.

Various DC grid scenarios are formulated around five 1100MW offshore wind farms
development in Dogger Bank, where all of the networks are assumed to be in a symmetrical
monopole configuration with two cables operating at opposite polarity. The scenarios are
based on GB round 3 [11] offshore developments with an additional connection of the

‘Norway Hub’ which interconnects UK and Norway.

Blyth / GB \ & Norway
O NS

av) =
| Norway

— Hub
o
Drax or ’ﬂ‘ ’m
Thorton / GB 1100MW
@ — = \H( 1100MW
av) _

1100MW
Y
Creyke =

Beck / GB 1100MW

@ NS N

Figure 5-1 Grid configuration scenario

1100MW

5.2.2 Multi-terminal connection with DC redundant paths
Figure 5-2 shows a DC multi-terminal network with redundancy paths on the DC site. This
option has the minimum number of Direct Current Circuit Breakers (DCCBs), which are

only located at the main transmission path from the wind farm to the onshore grid. It is
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reliable solution as it has several routes to redirect power during fault or maintenance,

however it also comes with extra costs due to number of additional DC cables [12].

Blyth / GB Norway

@ BN H Norway = @
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Thorton / GB Hl
— s 1100MW
R =

1100MW
< NV
Creyke = W(

Beck / GB 1100MwW

O/ B

é( A

1100MW

1100MW

Figure 5-2 Multi-terminal connection with DC redundant paths (seen as red line)

5.2.3 Multi-terminal with redundant path on the AC side

Figure 5-3 shows a multi-terminal configuration that provides redundant transmission paths
on the AC side of the wind farm. This option considers DC grid protection on the AC side,
where the link between two stations is disconnected under abnormal operating condition,
then connected when one of the offshore stations is not in operation. This solution provides
the most reliable protection as it also can function when any of the converter stations is out
of operation. The three main limitations of this arrangement are: the limit in oversizing the
system, the AC auxiliary cables due to reactive charging currents and the need for

compensation have limited distances [13, 14].
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Figure 5-3 Redundant path on the AC site ( seen as red line)

5.2.4 Multi-terminal with DC circuit breakers

The Multi-terminal configuration with the highest number of DCCBs is shown in Figure 5-4.
In this configuration, the grid can be divided into zones, and transmit power with any route.
This option is the most reliable, however also the least cost effective due to the number of
DCCBs. Research demonstrated in [15] discusses potential development of DCCBs with
appropriate power levels within the coming years. There is still uncertainty over how much
DCCB will cost, however the estimated price is expected to be up to 30% of the VSC station
cost. Hence it would be the most expensive solution to implement across the whole system
[16].
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Figure 5-4 Multi-terminal with DC circuit breakers

5.3 Power management in multi-terminal HVDC system

In a multi-terminal VSC-HVDC connection, the power management system plays a key role
in maintaining power balance in the network, and has the ability to exchange power between
the grids. To dispatch power in the multi-terminal system, several techniques can be applied
at the receiving end converter working as an inverter from the sending end converter

working as a rectifier [7]. There are three main power management schemes [17]:

e Equal power distribution. The inverter converters will share power equally and, only
during a loss of one of the converters, power will be send through auxiliary cables.
In the case of equal power sharing, the DC voltage is kept constant.

e Proportional power distribution. The inverter does not share power equally under
this scheme, and appropriate control techniques such as constant voltage control,
voltage margin control and voltage droop control enable the power share as required.
The voltages in the DC cables at the terminals of the converters are not equal.

e  Priority power distribution. In this scheme, one of the inverter converters has priority
over the others. In this case the required power is sent to the prioritised converter,
while excess power is send to other receiving-end converters. The appropriate

control techniques are also required to supply obligatory power [10].
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5.4 Multi-terminal HVDC system with droop control

As discussed in previous sections, there are many different configurations for multi-terminal
HVDC systems. To demonstrate the viability of using a multi-technology network to
accommodate large amounts of power from offshore wind farms, the five-terminal VSC-
HVDC has been designed and investigated based on examples from Figure 5-1-Figure 5-4.

The system configuration is as shown in Figure 5-5.

VSC3
VSC1 400MVA
400MVA S00MVA = % 500MVA
, 33kV/132kV Bl B3 B5 132kV/400kV pcc,
| |
OO AF—F—T
WF,
400MVA Vgc(master)
VSC4
400MVA 500MVA voes 400MVA 500MVA
/] 33kV/132kV B2 _?4 é B6 132kV/400kV pcc,
| |
L0 H |
WF
‘ 400MVA Vgc+droop control
400MVA 500MVA
B7 132kV/400kV PCC,
Vgc+droop control
VSC5

Figure 5-5 Five-terminal VSC-HVDC system schematic

The five wind farms have been clustered into two aggregated models in the Dogger Bank
offshore development site. For the purpose of this simulation, each cluster is a 400 MW wind
farm and connected to three different onshore grids, e.g. Blyth - GB, Drax — GB and
Norway.

The DC voltage droop control has been implemented to facilitate the power dispatch
(sharing) from the wind farms to the onshore networks, also investigated in [18, 19]. The
droop control presented exploits the current split concept to enable power dispatch at the
onshore grid-side converters according to arbitrary current ratios Ni:No:Na: ... Ny=l1: 15015, 1,
where n is the number of onshore grid-side converter terminals; N; to N, are the ratios at
which the total power transmitted from the offshore wind farm is shared between the onshore
grid-side terminals; and I, to I, are the DC currents corresponding to each converter terminal,
as shown in Figure 5-6.
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Figure 5-6 Simplified concept of droop control principles
In Figure 5-5, VSC3, VSC4 and VSC5 are controlling DC and AC voltages. VSC4 and
VSC5 are additionally equipped with droop control in order to facilitate the power sharing
between onshore grid-side converters. The proposed DC voltage droop controls the amount
of power according to the needs of the onshore AC grids. When the DC droop control is
activated and the voltages in the DC link of VSC 4 and VSC5 are increased above the set
point, current will flow towardsVSC3, which results in increased power flow to that
converter. If the process is reversed and the DC link voltage decreases at the VSC4 and
VSC5 converters, the current flow will increase in these two converters. The active power

DC droop characteristic is illustrated in Figure 5-8.
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Figure 5-7 Proposed droop control applied in VSC4 and VSC5 converters
Figure 5-7 shows that the proposed droop control that provides a reference voltage to the DC

voltage controller ’ taking into account the voltage at the support node, 5, and is delivered
as following:

Vbe — Ver)

Vboc —Vpe1 = IpciR=> Ppc1 = VDClT (5-1)
Vb = Vbez)

Voe = Vbez = Ipc2R => Ppea = Vpea T (5.2)
Vbe — Vbes)

Voe = Vpes = IpcaR => Ppez = Vpes — R (5.3)

Where Pp; is the power active power of the j converter. After rearranging Eq. 1.1-1.3 the
droop control is defined as:

1 1
Voci = 5Vocj +5 VE:; — 4R;iP; (5.4)

Where P is active power between converters, Rji is the resistance between the DC nodes j

and i, i=1to N-1, where N is the number of onshore grid-side converters), j=1to M (M is the
number of intermediate nodes).
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Figure 5-8 Active power DC voltage droop characteristic
The system was tested in steady-state operating conditions, and also shows the power
management and performance when one of the converters is disconnected due to a fault or
maintenance. This simulates either a fault in the converter or DC cable connected between
buses B4-B6. Introducing the DC voltage droop characteristic into the control system of
VSC4 and VSC5 will allow control of the power share between the VSC3-VSC5 converters.

Figure 5-9 (a) shows power sharing between the onshore grid-side converters, where the DC
voltage droop control has been introduced. Figure 5-9 (b) shows the DC voltage in the DC
network. As shown in Figure 5-9 (a) the power is dispatched to all of the converter stations
equally from time t=0 to time t=1.5s. At time t=1.5s the droop control has been activated in
VSC4 and VSCS5, it and injects 180MW of additional power to the VSC3 slack/master
converter where there is no droop control. VSC4 provides 75MW of power and VSC5
provides 105MW of power to VSCS5, it is achieved by increasing the DC voltage at this
station. The DC voltage is kept constant at all times by the converter VSC3.

At t=3s, the power command has been changed and required the additional power to be
injected into VSC4 and VSC5. At t=4.5s, the droop control has been deactivated and each
converter shares power equally around 255MW. At t=6s, the droop control is activated to
increase the power flow in the VSC4 and VSC5 by decreasing the DC voltage, as shown in
Figure 5-9 (b). This also results in a decreased power flow in VSC3 (master converter). At
t=7.5s the droop control results in an increasing power flow inVSC4 and VSCS5. The power
injected into the system by VSC1 and VSC2 remains constant at 400MW each during the

simulation period.
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(b) DC voltage at the converters

Figure 5-9 Simulations for power management in multi-terminal HVDC with use of droop control

5.4.1 Multi-terminal connection during loss of converter — DC fault

Figure 5-10 shows the behaviour of the multi-terminal VSC-HVDC when one of the
converters is lost due to a fault or maintenance work. Figure 5-10(a) shows the DC voltage
in converters VSC1-VSCS5. Figure 5-10(b) shows the active power during a sudden loss of
VSC4 in VSC3-VSC5. At time t=0s to t=1.5s the power is shared equally in each of the
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converter stations. The DC link cable between B4 and B6 is suddenly disconnected at t=3s

and remains out of order for the rest of the simulation to mimic a fault in the DC cable.

At t= 1.5s the power is shared in the ratio of 2:1:1. As mentioned previously, at t=3s, the
VSC4 converter is disconnected. It can be observed that, with the use of the droop control,
the power from the lost converter can be easily controlled and delivered in the required
proportions to the healthy converters. It is very important to ensure that the rating of the DC
cables is sufficient to transfer additional power during a failure of one of the converters or
DC links. This also increases the initial investment costs.

The power from the lost converter is split equally to the VSC3 and VSC5. At t=4.5s, power
from both wind farms VSC1 and VSC2 is shared in a ratio of 1:1, which means that power
from the VSC4 converter is transferred to the VSC5 converter. At t= 6s, the power from the
lost converter goes to the master converter. See Table 5-1for details of these simulation

events.
Table 5-1 Event sequence when converter VSC4 is lost
Time Action VSC3 VSC4 VSCH
0.0-1.5  Share power equally 33.3% 33.3% 33.3%
1.5-3.0  Droop control employed 50% 25% 25%
3.0-45  Droop control employed loss of VSC4 62.5% 0 37.5%
45-6.0  Droop control employed loss of VSC4 50% 0 50%
6.0-7.5  Droop control employed loss of VSC4 75% 0 25%
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(a) DC voltage at the converters after loss of VSC4
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Figure 5-10 Simulations for power management in multi-terminal HVDC during loss of VSC4

5.5 Power exchange in a multi-terminal VSC-HVDC

A four multi-terminal VSC-HVDC is shown in Figure 5-11. This connection uses neutral
point clamped converters with two DC link capacitors, each rated at 300mF, and it is
controlled by using PWM at a frequency of 2kHz. The 400MW wind farm is connected to
the DC network via VSC1. All converters in the network control active power between
system terminals, excluding VSC3 which maintains DC voltage at 300kV[20]. In this case,
VSC3 is a slack-bus, which supports power balancing and is used to export or import power,
as shown in Figure 5-11. The converter which acts as a slack bus and is balancing power in

the network should have high reserve of storage and high-power generation capabilities.

To show the steady-state power flow during changing loads, the multi-terminal model has
been designed and simulated in Matlab/Simulink. During any change in power schedule,
VSC3 will adapt to the new situation and will import or export power. The power delivered
to, or drawn from, the slack bus converter, to keep the network balanced is calculated as

follows:

Pyscssiack = Pvsci + Pvsca + Prsca + Prosses (5.5)

Where Py, 1S the active power of the x converter and P 4.5 are the overall losses of the

converters and HVDC cables of the network.
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The local controllers at each station are responsible for controlling DC and AC voltages, as

well as active and reactive power [10, 21].
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Figure 5-11 Multi-terminal VSC-HVDC for power exchange analysis
To demonstrate the practicality of using a VSC-HVDC for power exchange between AC
grids, and to accommodate large amounts of wind power, the network is adapted to include

one offshore wind farm and three onshore AC networks.

Initially, wind farm converter VSC1 and AC network converter VSC2 are injecting 300MW
and 200MW in to the network at t=1s to t=2s, respectively, as shown in the Figure 12 (a).
During that time, converters VSC3 and VSC4 are importing 300MW and 200MW from the
network, as shown in Figure 12 (b). At t=2s, the power output of the wind farm is increased
to 400MW and converter VSC2 is reducing power injection to 200MW, where converters
VSC3 and VSC4 are drawing 200MW and 300MW each. At t=4.5s the power injected from
the wind farm is reduced to 200MW and VSC2 is importing 100MW of power from the grid.
At the same time, VSC4 is importing 200MW of power from the grid, and the VSC3
converter which works as a slack converter is providing the required 1200MW of power to the
grid. At t=6s, VSC4 requested an additional 200MW of power, and again this is fulfilled by
the VSC3 converter.

Table 5-2 shows the results obtained from this simulation event of power sharing between

converters.
Table 5-2 Power shearing between converters
Time (sec) 0.0-2.0 2.0-4.5 4.5-6.0 6.0-8.0
VSC1 (WF) +300 MW +400 MW +200 MW +200 MW
VSC2 +200 MW +100 MW -100 MW -100 MW
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VSC3 -300 MW -200 MW +100 MW +200 MW
VSC4 -200 MW -300 MW -200 MW -300 MW

Figure 5-12 (c) shows the variation of DC voltage during changes in the power exchange
between regional AC networks. The VSC3 converter is a slack bus and it is also responsible

for maintaining the DC voltage at 300kV during power exchange in the multi-terminal

network.
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Figure 5-12 Simulation results from multi-terminal power exchange network.

5.6 Multi-terminal connection during loss of converter — AC fault

The multi-terminal VSC-HVDC network connecting two wind farms to two onshore grids is
shown in Figure 5-13. This section investigates system behaviour in the event of an AC fault,
and also during a sudden loss of the converter/DC link cable. The four-terminal VSC-HVDC
comprises two offshore wind farms (WF1 & WF2) connected to two onshore AC networks
with an auxiliary DC cable connected offshore, near to the wind farms’ converters. WF1 and
WF2 inject 1200 MW into the DC network, while AC network 1 and AC network 2
withdraw 1200 MW each.

Wind farm converters are responsible for maintaining AC voltage and ensuring that all
power produced by wind farms is transmitted to the DC grid. The system is 300kV bipolar
connection, the converters VSC3 and VSC4 regulate DC voltages (x150kV pole-to-pole) and
AC voltages. The power generation is controlled at wind turbine level and described in more
detail in Chapter 4.
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Figure 5-13 Simplified four-terminal VSC-HVDC transmission system.
AC Grid 1 has been subjected to a three-phase fault at t=1s, with a duration of 100ms to
highlight the transient behaviour of the multi-terminal VSC-HVDC network during major
system disturbances. In order to transfer the whole generated power during AC fault in the
AC grid, the power rating of onshore converters VSC3 and VSC4 is twice the rating of
offshore converters VSC1 and VSC2. This increases system reliability, but comes with extra
cost. Figure 5-14(a) shows the AC voltage during fault - the voltage at the onshore converter
at Grid 1 reduces to 0. The AC voltage at Grid 2 is less sensitive than the AC fault in Grid 1.
This improves the AC fault ride-through capabilities by enabling decoupled operation, and
the wind farm is isolated from the grids. Also noticeable is that the loss of AC Grid 1 has no
significant effect on the transient stability of the whole system as the converters allow

decoupled operation.

Active power mismatch during a fault, as shown in Figure 5-14(b), is handled by the slack-
bus AC Grid 2. The regional network should have enough reserve capacity to take additional
power into account for any mismatches in the DC network, as shown in the figures below.
Figure 5-4 (b) shows active power being transferred to the AC Grid 2 where there is no fault,

via the auxiliary DC cable.
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Figure 5-14(c) illustrates that the DC voltage at the converter VSC3 and auxiliary cable is
increasing the most. However, the converter and DC cables are not going to be damaged, as

the voltage is still at a safe level.
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Figure 5-14 Simulation results of the multi-terminal HVDC during AC fault.

5.6.1 Protection system — HVDC circuit breakers

System protection in a multi-terminal network is crucial, especially in a DC grid. In the
point-to-point connection, in the event of a fault, the VSCs become uncontrollable diode
bridges, which allow current flow towards the DC fault from the AC system. To prevent
current flowing in to the DC network and from damaging converters, the AC side protection
system is used. However, this solution leads to a temporary shut-down of the entire system,
which is unacceptable in the case of large multi-terminal network. To avoid voltage collapse
in the entire multi-terminal VSC-HVDC network, a fast protection system is required. It is
expected that in multi-terminal network, DCCBs are going to be implemented, and the

breaking time is expected to be less than 2ms [16].

Breaking the AC current is much easier than breaking the DC current. The AC current has a
natural zero crossing sequence which enables breaking the current flow with switches. This
type of protection on the AC side can be used in multi-terminal meshed system; however, it
becomes problematic offshore where distances on the AC side are large, and additional
equipment is needed to support the AC system. To break current in low to medium voltage
DC lines, the DCCBs are limiting the current even more by additional resistive components
to a sufficient level for arc extinction. Nevertheless they have never been scaled up and used
in a HVDC system, which means they are insufficient [22, 23]. Figure 5-15 illustrates a
typical configuration of HVDC circuit breaker with a low loss switch, communication path

and energy absorption path.
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Figure 5-15 Typical topology of HVDC circuit breaker (adapted from [22])

The circuit breakers needs to fulfil the following requirements [22]:

o Create a current zero crossing to disturb the current
¢ Dissipate the energy stored in the system inductance.

e Withstand the high voltages
Currently they are three main topologies proposed for DCCB:

e Resonant circuit breaker
e Solid-State breaker
e Hybrid solid-state breaker

5.7 Summary

In this chapter, a multi-terminal DC (MTDC) network was investigated and simulated results
were discussed. At first, different proposed configuration for multi-terminal HVYDC network
connections are discussed with alternative protection systems. The first MTDC model
investigates the operation and power flow of 5 terminals, with assistance of a droop control.
The droop control is suitable for more than three terminals for offshore wind farms
integration and also to supply power to isolated areas. The generated power is delivered
according to requirements of a grid however it also should have a huge storage system and
generation reserve. Simulations show the behaviour of the MTDC network when one of the
receiving-end converters is lost. In the second arrangement, the system reliability is
increased, due to additional DC link between onshore converters that also improves power
exchange between regional areas. This chapter shows that power can still be transferred in
the case of a fault in the AC system. As proven by the simulation carried out, the multi-
terminal VSC-HVDC increases system reliability; however, the main limitation is lack of

appropriate DC protection for HVDC grids.
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The future trends for large wind farm developments are offshore. VSC-HVDC is an ideal
solution for offshore development since it increases system reliability, and a fault at any
point of an AC system is not propagating to the DC network; power mismatch is delivered to
the converter which acts as a slack bus. However, the vulnerability comes when the slack bus
terminal is lost, since this also controls the DC link voltage. The main challenge is to handle
a DC fault, as DC circuit breakers are currently unavailable or in early stages of
commercialization, so up until now, during a DC fault there is no other option but to shut
down the entire DC grid.
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Chapter 6:

Optioneering analysis for
connecting Dogger Bank
offshore wind farm to the

GB electric network

he increasing demand for wind power production and reduced visual impact is

driving the development of offshore wind farms. The UK Government has issued

plans to install more than 40 GW of renewable power generation by 2020, with

most of the energy being delivered from new offshore wind farms around the
coast of Great Britain [1-3]. The Dogger Bank Round 3 offshore site in the North Sea is
expected to be the largest, with an initial planned output of 7.2GW [3, 4].

In this chapter investigation of three VSC-HVDC connections schemes designed to transfer
2.4GW of power from two separate Dogger Bank wind farms to the UK grid is presented.
Three options based on HVDC with Voltage Source Converters (VSC HVDC) are
investigated [5]:

1. two separate point-to-point connections,
2. afour-terminal multi-terminal network and
3. a four-terminal network with the addition of an AC auxiliary cable between the two

wind farms.

Each option is investigated in terms of investment cost, controllability and reliability against

expected fault scenarios.
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6.1 Introduction

This chapter seeks to investigate the merits of different connection options for far offshore
wind farm installations including the possibility of introducing interconnection between two
wind farms in relatively close proximity. It does this by exploring three VSC-HVDC
connection schemes designed to transfer 2.4 GW of power from two separate Dogger Bank
wind farms to the GB transmission system in Great Britain (GB). The study is based on
option 1 from the National Grid “Round 3 Offshore Wind Farm Connection Study” shown in
Figure 6-1 [6]. The studies focus on connecting wind farm 1 and wind farm 2 to the onshore
grid with each farm sized at 1.2GW. The magnitude of power flows into the GB network
suggests the use of two onshore connection points [6], and the scenarios presented in this

study are based on this assumption.
The options considered are as follows:

e two separate point-to-point connections;
e amulti-terminal VSC-HVDC network; and

e point-to-point connections with an additional AC cable linking the two wind farms
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1.2 GW Wind farm 1

1.2 GW Wind farm 2

Figure 6-1 Dogger Bank connection overview based on [6].
Each option is described in detail together with the advantages that each provides. A
thorough cost analysis of the electrical connection infrastructure is carried out for each
option using estimates for component costs that are validated by industry experts. A cost-
benefit analysis is then carried out by estimating the level and value of undelivered energy
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due to expected fault conditions over the project lifetime and comparing against the capital

cost analysis.

The next section describes the three possible options for connecting 2.4GW of offshore wind

power.

6.2 Dogger Bank Connection Case Study

A project to build and connect wind generation in Dogger Bank to the GB mainland grid can
be split into two systems: the wind farm system and the transmission systems. In this thesis
the wind farm system is assumed to consist of two separate 1.2GW wind farms within the
Dogger Bank area as shown in Figure 6-1. The internal structure of the wind farms from the
turbines to the AC to DC conversion is the same for all cases. Each wind farm consists of
240 5MW turbines connected at 33kV by HVAC inter-array cabling in strings of no greater
than 9 wind turbines connected to the AC collector station. The turbines were consulted and
selected from the several available on the market show in Table 6-1. Two AC offshore
collector stations and a single offshore converter station are constructed at each wind farm.
The collector and converter stations are connected at 275kV. The converter station houses

the VSC-HVDC technology, gas insulated switchgear, advanced control and protection

systems.
Table 6-1 Current and future offshore large turbine design
Turbine Rated power Blade (m) Availability
(MW)

Multibrid M5000 5 116 Available
REpower 5M ) 126 Available
REpower 6M 6 126 Available
Siemens SWT-6.0 6 154 Available
Gamesa G128 5 128 Auvailable
Siemens SWT-7.0 7 154 Prototyping
Vestas V164 8 164 Prototyping

The converter station represents the point-of-connection of the wind farm system to the
transmission system, and is itself assumed to be part of the transmission system. The
converter station links to either the point-to-point or multi-terminal HVDC networks and in
option 3, on the AC side, to the AC-auxiliary cable linking the converter stations of the two
wind farms at 275kV.

Costs are estimated through consultation with a UK-based Engineering Design firm besides

industry experts with significant offshore wind farm experience and therefore represent
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industry estimates. Installation costs for the turbines have been verified with 3 wind turbine
manufacturers that produce turbines of the desired specification. All cabling costs for the
project are shown in Table 6-2. Cables cost between £1M per kilometre (33 kV Offshore AC
Cable) and £2.5M per kilometre (275 kV HVAC Offshore Cable). Wind farm internal costs
are shown in Table 2. Transportation includes one-off costs for installation of
accommodation, daily costs for transportation of employees from accommodation to site and

monthly costs for changes in working groups.

Table 6-2 Cables costs breakdown in £M

Cables Price EM
VSC-HVDC Offshore Cable +/- 320kV 1.1/km
HVAC Offshore Cable 33kV Inter-array to collector 1/km
HVAC Offshore Cable 275kV Collector to Converter 2.5/km
HVAC Onshore Cable 275kV to transformer and 2.5/km
400KV to grid

Costs presented for the converter stations and wind turbines are the installed costs which
include all civil works. Additional civil works are also included as separate items in the cost

analysis where they are not directly related to individual items.

The costs associated with the internal wind farm infrastructure are the same for all three
options. These fixed costs include: the wind turbines, 33kV inter-array cables, AC collector
platforms, and 275kV cable between collector and converter stations, the civil/construction
works and transport. The cost of the converter station is assumed to be part of the costs of the

transmission system.

At the point of connection to the onshore grid, all options must deliver power at 400kV AC
and much of the shore infrastructure will be the same for the three options investigated. The
costs associated with these aspects of the project are included in the cost estimates for each

option.

Table 6-3 Costs associated with the internal wind farm infrastructure in £M [7].

Item Unit Quantity Total

Price Cost

5 MW Offshore WT 6.6 480 3168
33kV inter-array cable (EM/km) 1 538 538
275kV AC cable (EM/km) 25 15 37.5
AC collector Station 100 4 400
Added Civil/Construction 5.25

Works
Transport 2.9
Accommodation 6
Total 4171
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6.3 Point-to-point connection study

This case, which represents the base-case, investigates a point-to-point connection which
involves connecting each of the two wind farms separately with point-to-point VSC-HVDC
links via +/-300kV symmetrical monopole configuration. The two wind farms and their
related electrical infrastructure operate as separate systems up to the point of connection with

the GB National Grid as shown in Figure 6-2.

Offshore AC
600MW Collector Station

-/ @ _I@ VSC1 VSC3 o
\ ,,,,,,,,, T DC link
W1 et I AF~ODH+©

T2
-, @ _I_@ Thornton
\ AC/DC Offshore DC/AC Onshore gridl

7777777777777777777 Converter Station Converter Station
600MW Offshore AC

Collector Station

Offshore AC
600MW  Collector Station

-’ O ‘l@ VSC2 VSC4 o
N L BN N DC link | m@—F@
WF2
’ T2
-\ @ —I_@ AC/DC Offshore DC/AC Onshore grr:sz

S00MW OffshoreAC Converter Station Converter Station

Collector Station

Figure 6-2 Simplified schematic of two point-to-point connections, based on National Grid connection
study [6].

The transmission system for each wind farm includes a fully-sized VSC-HVDC converter
capable of converting the full output of that wind farm. After the conversion to DC at +/-
300kV, power will flow through an HVDC subsea cable to the GB coastline. Crossing
structures will be necessary where cables cross existing subsea installations. Underground
onshore DC cables will be laid between the foreshore and the onshore DC/AC converter
station which will require up to 3 hectares of land and may be up to 30m in height. AC
underground cables will then export power from the inverter to National Grid 400kV
substations at Thornton and Drax after which point control lies with National Grid. As

shown in

Figure 6-1, the grid connections points are a significant distance from the shore, with Drax
situated 73km inland and Thornton 51km this topology and point of connections are based
on option 1connection overview from National Grid [6]. The onshore converter stations will

be located near the grid connection point.
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The VSC-HVDC connection as shown in Figure 6-2, has been previously used in onshore
and offshore applications, furthermore many different projects this kind are under
development or planned [8-11]. There is a growing interest in this technology as a means of

integrating offshore wind power plant to onshore grid.

The main advantages of using VSC-HVDC point to point connection compared with the
classical LCC-HVDC connections are as follows [4, 12-15]:

e A point-to-point connection with a VSC-HVDC system as opposed to classical
LCC-HVDC connection provides the ability to expand the network later to greater
capacities, for example if further wind farm development occurs close to the
existing wind farms. This creates increased system flexibility which will be crucial
for meeting future energy demands and Grid Codes.

e There is no need to change voltage polarity for power reversal, which in multi-
terminal arrangement it is essential.

e Unlike an LCC-HVDC system, a VSC-HVDC converter is capable of providing
reactive power control, frequency control and oscillation damping. There is
therefore, no need to implement costly reactive compensation on the offshore
platforms.

e VSC-HVDC connections eliminate the requirement for a start-up generator in the
offshore wind farm network as power flow can be reversed to provide start up
power from the mainland, which also cut the costs of offshore installation and
provides robust solution. LCC-HVDC systems are unable to provide this inherent
black start capability.

e A VSC-HVDC system involves a lower investment cost and smaller space
requirements compared to traditional LCC HVDC.

e As the use of VSC-HVDC eliminates the need for AC and DC filters and reactive

power compensation there is a smaller footprint per station.

6.3.1 Cost estimations for point-to-point connection

The cost of the VSC-HVDC point-to-point transmission system consists of: the two offshore
converters stations; the HVDC subsea cables linking the wind farm converter stations to the
shore; the onshore converter station which assumed to be located close to the shore, the
HVAC underground cables; the on-shore civil structures; and the associated construction
costs. The estimated total cost of transmission system based on two VSC-HVDC point-to-
point systems is £1.88 Billion. This compares with the £4.16 Billion cost of the wind farms

themselves. As such the point-to-point connection option represents 31% of the total cost of
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the project to build and connect the 2.4GW wind generation on Dogger Bank. Figure 6-3
shows the breakdown of the costs associated with the point-to-point connection in millions

of pounds.

Added ACCOn;rg&dation,
HVAC Onshore Civil/Construction Transport,

Works, £5.25M £2 905M Offshore and

AC Platform, Onshore HVDC
£400M Converter Stations,
£860M

Cable, £312.5M

AC Offshore
Cable, £575.5M

VSC HVDC
5 MW Offshore Offshore Cable,
WT, £3168M £710.6M

Figure 6-3 Total cost of construction of 2.4 offshore wind farm and point to point VSC-HVDC
transmission connection to mainland GB in £M.

The greatest cost in the complete project comes from the installation of the wind turbines
which constitute around 52.4% of the total cost of the works as shown in Table 6-4. The
price of offshore wind turbine is assumed to be £1,320 per kW according to [16] and [7], the
offshore wind turbines are still very expensive as the market is limited to a number of
manufacturers specialising in this area. The total cost of four converter stations (2 onshore, 2
offshore) and offshore AC platform comes to nearly 21%. AC and DC cables are another
large expense and together represent 26.5% of total costs including array cables within the
wind farm and transmission cables onshore and offshore. After defining installation costs of
the plant, additional costs such as transportation and accommodation are added. There is a
requirement for onshore substation network reinforcements such as: substation extensions
and reconfiguration, new connection protection and land purchase. These additional costs are
the same for all three options and are explained further in [6]. The latter costs have been
verified through consultation with leading GB companies with experience in such work. The

cost presented does not include inflation, commissioning costs, design costs, financial risk,
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or legal costs. The cost for offshore accommodation, transport, operations and maintenance

infrastructure has been considered in each option.

Table 6-4 Cost weighting of each item as a percentage of total cost in £M

Item Percentage of Total
Cost
AC Platform 6.6%
Offshore and Onshore HVDC Converter 14.2%

Stations

VSC HVDC Offshore Cable 11.8%
5 MW Offshore WT 52.4%
HVAC Offshore Cable 9.5%
HVAC Onshore Cable 5.2%
Added Civil/Construction Works 0.09%
Transport 0.10%
Accommodation 0.10%

m AC Platform

m Offshore and Onshore

HVDC Converter Stations

= VSC HVDC Offshore Cable

® 5 MW Offshore WT

B HVAC Offshore Cable

® HVAC Onshore Cable

Figure 6-4 Percentage of total of installation 2.4GW of wind power visualised in chart
To visualise percentage, the costs are shown in the Figure 6-4. The two main structures of

the wind farm system and the transmission systems represent 69% and 31% respectively.

6.4 Multi-terminal VSC-HVDC Connection

The multi-terminal VSC option involves adding an additional HVDC cable linking the two
point-to-point connections of the base case scenario as shown in Figure 6-5. In such a
topology it often assumed that direct current circuit breakers (DC-CBs) are required to
protect the network. It would be possible to protect the full system using AC side protection
only so long as the converters have appropriately sized anti-parallel diodes to handle the high
fault currents that would flow during the period of up to 100ms that it would take the AC
protection to isolate the DC system from the onshore grid. However, such a method of
protection would require the temporary shutdown of the whole DC grid which for the 2.4GW
system being investigated could potentially mean an unacceptable breach of the maximum
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infrequent loss of load limit for the GB which is currently set at 1800MW [17], so it is
considered inappropriate. Alternative protection strategies involving converter topologies
that have reverse current blocking capability or that use a reduced number of DC-CBs have
also been explored, for example in [18], this studies assumes the DC-CBs are used. The cost
of DC-CBs remains relatively uncertain as they are yet to be put into production. The cost of
the HVDC circuit breakers is estimated at 1/6 of the full cost of VSC-HVDC converter

station in line with other work in this field [19].
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Figure 6-5 Multi-terminal VSC-HVDC connection with DC-CBs
The multi-terminal VSC-HVDC option presented here provides all the benefits of the point-
to-point connection and has additional advantages in terms of reliability and controllability
[20]. It is expected that a large number of wind farms will be developed on Dogger Bank,
dispersed over a wide area. Multi-terminal VSC-HVDC provides a potential solution to the
issue of collection and transmission of large amounts of wind power from geographically
dispersed wind farms as opposed to the traditional option of using many point-to-point VSC-
HVDC links. The main advantages of multi-terminal connections compared to point-to-point

connections are [20, 21]:

e Improved system reliability and stability during loss of a single DC link.
e The ability to maintain electrical connection to both wind farms during the loss of a
single DC link ensuring the ability to continue transferring some power from both

wind farms to the GB grid.
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o Multi-terminal VSC-HVDC connection increases the power flow controllability
between different desired routes.
e Provides the ability to link offshore wind to multiple national AC power networks

as part of a ‘Supergrid’.

6.4.1 Cost of Multi-terminal VSC-HVDC Case

The multi-terminal VSC-HVDC option involves two major additional costs: the DC circuit
breakers and the additional HVDC cabling linking the converter stations at the two wind
farms. Additional cable costs for the 75km connection between the DC platforms equates to
£165million. The DC circuit breakers are assumed to cost £342 million for 12 DC circuit
breakers in total, that is 1/6 of the cost of the HVDC offshore converter station [19].
Therefore, the total cost of the multi-terminal VSC-HVDC option is £6.55Billion, an

increase of £0.50 billion or 8.4%, over the simple point-to-point connection.

6.5 Point-to-point connection with auxiliary AC cables

This option reverts to the point-to-point HYDC connection of option 1, and adds an AC link
between the two wind farms shown in Figure 6-6. The auxiliary AC cable provides a link
between the two offshore converter stations and provides many of the benefits of multi-
terminal VSC-HVDC option without the need for DC circuit breakers.
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WeL Tl ] DC link ] W
1

-\ O _I_GD Thornton

VSC1 DC/AC Onshore grid1
Converter Station

AC link

Offshore AC
600MwW  Collector Station

, I @ VSC2 VSC4
-\ O T1 I DC link L
in
WF2 — — J (DO+©
-, Drax
\ @ —I'@D AC/DC Offshore DC/AC Onshore grid2
Converter Station Converter Station

600MW Offshore AC
Collector Station

Figure 6-6 Point to point connection with auxiliary cable

The advantages of the auxiliary AC cable option are:
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¢ During emergency conditions such as maintenance of one of the transformers, one
of the 2 offshore HVDC converter stations or sudden loss of DC cables, an
additional route is available to transfer some power to the GB grid

e There is no need for DC circuit breakers and this option could be delivered using
relatively cheap and proven technologies.

e Additional benefits in terms of security of the system; power can still be transferred
in the event of the loss of an offshore converter unlike the multi-terminal HVDC

option.

6.5.1 Costs of Auxiliary AC Cable Option

The initial investment costs are higher compared to the point-to-point connection due to the
cost of additional AC cable (75 km) and additional AC breakers. The cost of the additional
AC cable is assumed to be £187.5 million. The estimated cost of this option is £6.22 Billion,
an increase of £187.5 million compared with the base-case but £319 million less than the
multi-terminal VSC-HVDC option.

6.6 Summary of option cost
Table 6-5 shows a cost summary of the three connection options. Two separate point-to-
point connections is the cheapest with a total cost of £6.04 Billion. This option is therefore

both technically viable and economically attractive in terms of capital cost.

The multi-terminal connection is the most expensive option at £6.55 billion, an increase of
8.3%. This option provides the possibility of future expansion of the HVYDC grid, and has at
the same time high security and reliability performance. Whilst DC-CBs are not currently
commercially available, they are expected to become available in the near future so this
option should be technically viable in coming years although a greater level of capital

expenditure will be required.

The point-to-point connection with AC auxiliary cable comes to £6.22 billion, which is an
increase of 3.1% compared with the point-to-point connection option. It represents very
promising connection architecture if distance between wind-farm substations is small
enough. This option is also technically viable using existing commercially available
technology and requires a smaller capital expenditure than the multi-terminal HVDC option.
It also has the added benefit of securing power transmission even during maintenance or a

fault at one of the converter substations.
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Table 6-5 Additional costs relative to the base case* in £billion

Option Multi-terminal AC auxiliary
connection cable
HVDC cable £0.165 0
HVDC breakers £0.342 0
HVAC offshore 0 £0.187
cable
Total Cost £6.55 £6.22
Percentage 8.3% 3.1%
increase

*Base case scenario £6.04 billions

6.7 Reliability Input Assumptions

The reliability analysis considers the potential for faults on all major components associated
with the HVDC network. Faults are not applied to the internal wind farm network and so
available energy is assumed to be 100% up to the point of connection with the HVYDC
network. The exception to this is Case 3 which makes use of an auxiliary AC connection
between the two wind farms which has been included within the fault analysis. Table 6-6
gives a breakdown of the input mean time to fail (MTTF) values used as input to the
reliability study along with the required time to repair (RTTR) values, which relate to the
number of working hours required to carry out the repair or the size of the required weather
window if a single continuous repair is required, and the fixed delay associated with each
fault type. The reliability inputs used are a central case estimate derived from consideration
of the range of published projections for component failure and repair rates given in [22-25]
and through discussion with industry experts. For lack of more informed data it is assumed
that both AC and DC circuit breakers have the same reliability characteristics. In this study
only a central reliability case scenario is examined although it must be noted that a more

thorough analysis might consider a range of input scenarios for comparison.

Table 6-6 Reliability input assumptions for HYDC network components

Component MTTF (Hrs*) Repair Time (Hrs)
*Transmissin Branch — = Fixed delay RTTR
Hrs/100km
Onshore Converter 7200 - 6
Offshore Converter 7200 - 6
Onshore Transformer 438300 2160 72
Offshore Transformer 350640 2880 120
Transmission Branch 219150 2160 144
AC and DC Circuit 219150 - 6
Breakers
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6.7.1 Results

Table 6-7 shows the results of the reliability analysis using a 100000-year sequential Monte
Carlo simulation with the reliability input assumptions outlined in Table 6-6. The results
show that use of an alternative transmission path gives significant benefits in terms of
deliverable energy. It is found that the Method using the AC link has the best reliability
performance followed by the Multi-Terminal VSC-HVDC option. The expected level of
undelivered energy each year is significantly higher under the base case scenario with no
inherent redundancy or alternative transmission paths for re-routing power in the event of
faults on the HVYDC network. To fully appreciate the financial implications of these findings
an estimate can be made as to the cost of this undelivered energy assuming that the value of
offshore wind electricity is £120/MWh which is in line with the guaranteed strike price
agreed for the largest UK offshore wind farm currently in development. The results are

shown in Table 6-7.

Table 6-7 Annual average available energy not delivered due to faults on HVDC network

Base MT Auxiliary AC
case HVDC link
Undelivered 3.94% 2.90% 2.14%
Energy
Annual Cost £42.06m £30.96m £22.89m
of
Undelivered
Energy

To understand how the cost of reliability impacts the overall finances of an offshore wind
project the Net Present Value (NPV) of the undelivered energy can be calculated over the
expected lifetime of the project. This has been done for a 25-year period using a standard
discount rate of 6%. The value of energy delivered from each grid can then be calculated by
subtracting the NPV of undelivered energy from the NPV of total expected generated energy
over the 25-year period with a calculated capacity factor of 42.3%. Subtracting the total
project costs from this value then gives a figure for the NPV of the project as a whole. The

results of this analysis are shown in Figure 6-7.
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Figure 6-7 Cost analysis for a central case reliability evaluation
This reliability analysis shows that the base case network incurs the highest level of energy
curtailment and therefore has the lowest NPV of expected delivered energy over the assumed
25-year project lifetime. The multi-terminal VSC-HVDC makes significant savings in terms
of curtailed energy when compared with the base case scenario so the NPV of expected
delivered energy is around £150 million higher over the project lifetime. This is not however
enough to balance out the extra £507 million capital cost of the project so the multi-terminal
VSC-HVDC option has the lowest overall project NPV and is therefore the least value for
money option overall. The AC Auxiliary option has the lowest level of curtailed energy and
so the highest value of delivered energy worth around £260 million more than the base case
option. The option also has lower capital cost than the multi-terminal VSC-HVDC grid with
additional costs over the base case of £187 million. It therefore has the highest total project
NPV by a margin of over £70 million and so is the best value for money option of those
considered. For the reliability scenario investigated it is found that there is high value in
having an additional redundant transmission path however it has been shown that the overall
cost effectiveness of this depends on the capital expenditure needed to implement the

redundancy.

It must be noted that the results of this study are heavily dependent on the input assumptions
used and a different set of assumptions could easily lead to different headline results. For
example, if a more optimistic set of reliability inputs were used which assumed that failure
and repair rates could be reduced then the importance of undelivered energy to the overall
cost could be significantly lower. This could, for example, mean that the base case, point to
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point network would remain the best value for money due to its significantly lower capital
costs. The opposite is also true in that worse reliability performance of network components
would emphasise the benefits of the systems incorporating redundant transmission paths.
Further to this if the cost of DC breakers could be reduced to a more manageable level then
the value for money of the MT-HVDC option could potentially be brought in line with the
auxiliary AC cable option. Another variable which could alter the final results is the distance
of the additional transmission path which in this case study is towards the upper limit of AC
capability. It is conceivable that connections could be significantly shorter than this in
clustered wind farm scenarios and this would reduce the capital cost of building in the
redundancy using either method. This would further improve the overall cost effectiveness of
the schemes incorporating redundancy. A full sensitivity analysis to failure and repair rates,
component costs, transmission distances and cost of energy would be required to fully
inform on which network options are likely to provide the most cost-effective solutions,

however results are likely to be specific to each offshore network case study examined.

To further inform the investigation a number of additional factors could be considered
further in future work. These include: the impact of electrical network losses on the overall
delivered energy; the possibility of using more complex transmission methods, for example,
bi-pole connection of VSC converters; the use of alternative protection strategies such as the
use of DC breakers in a limited number of selected locations, perhaps in conjunction with
reverse current blocking converters [18]; the possibility of incorporating a spares program to
reduce repair delays; and the possibility of making anticipatory investment in offshore
infrastructure to allow for future connection of additional offshore wind farm developments.
The issue of anticipatory investment would itself raise further questions relating to the need
to oversize particular components, how that process would be optimised and how the risk of
stranded assets are accounted for. Such issues are yet to be fully addressed in the literature

but have been discussed in more detail in [26].

6.8 Summary

The importance of HVDC technology is emphasised by the continued growth of renewable
energy generation and in particular the potential for large far-offshore wind farm
developments. VSC-HVDC is one solution to the challenge of integrating offshore wind
power for Dogger Bank in the North Sea, and one that provides the opportunity to develop
offshore-network topologies that support reliability of operation in order to minimise the
impact of faults. This chapter identifies three network topologies for which VSC is suitable:
point-to-point connection, Multi-terminal VSC-HVDC and a four terminal VSC-HVDC

system with the use of AC axillary cable between offshore wind farms.
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Point-to-Point systems are well understood and already used in connecting offshore wind
power to the onshore grid in Germany. This option is shown to have the lowest capital cost
of the options investigated in this study but does not provide the contingency to make it a
highly reliable source of generation. Should one of the terminals experience an outage or if
the DC transmission link were to fail then transmission to the onshore AC regional systems
would be lost completely. This has also cost implications in that over the course of an
expected project lifetime the level of undelivered energy will rise and therefore lost revenue
will be high.

Multi-terminal VSC-HVDC arrangements provide valuable flexibility to developments like
Dogger Bank as it can provide contingency against certain faults. Thess studies have shown
the costs of multi-terminal-HVDC are very high and do not outweigh the benefits of
additional revenue through continued operation under certain fault conditions. One of the
key reasons for this, is the high projected cost of DC breakers, however if DC breaker costs

came down then it could be a more competitive option.

In the multi-terminal HVDC option, power can be delivered to the onshore grid when one of
the onshore converters station is not in operation or one of the transmission line fails,
however both offshore station need to be in operation. This has been shown to significantly
reduce the level of undelivered energy compared with the Point to Point grid option.
Although there is still a need for larger size HVDC cables and HVDC circuit breakers which
are not commercially available yet and are likely to come at a high capital cost. The use of a
multi-terminal connection topology includes the potential for future interconnection of
Dogger Bank with other offshore wind installations or even onshore connection to other
countries, which would allow for power trading between regions, hence could have

additional economic benefits.

Option 3, where there is an auxiliary cable on the AC side, shows that an economic
advantage when the additional costs are compared against the additional revenues from the
ability to continue operating the wind farms whilst faults are being repaired. The AC
auxiliary cable can redirect power to the other converter station during a fault. Using an
auxiliary cable on the AC side is advantageous as it means any of the (onshore or offshore)
converter stations or one of the transmission line can be under maintenance or out of order
while power can still be delivered to the onshore grid. Hence this option is the most reliable
of those investigated and due to the use of established technology the capital costs are also
relatively low. However, the use of this option is limited by distance, as losses in AC cables

can become prohibitively high at distances beyond those investigated in this study. This
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option also has the potential to oversize the whole system to allow additional power from

other wind farms.
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Chapter 7:

Conclusions and Future

Work

he thesis investigated the use of VSC-HVDC transmission system for large scale
offshore wind farm integration and multi-terminal offshore grid connections.
Moreover, the low voltage ride-through capabilities of a hybrid wind plant were

explored in detail.

This chapter summarizes the work that has been carried out in this research work.
Furthermore all the major conclusions and evidence for the contribution can be drawn from

this research are described and used to define the future research work on the topic.

7.1 Conclusion and key findings.

The first part of this thesis (chapter 2) focused on reviewing the state-of-the-art of wind
turbine and HVDC technologies. It described the current status of technology and
highlighted the options available for future offshore wind power. It also described the current
challenges faced by wind industry and National Grids in terms of grid code compliance and
fault-ride-through. The general conclusion of this review is that DFIG wind turbines cannot
comply with the grid code requirement unless additional fault ride through devices and
external reactive power compensation units are provided. Furthermore, it is also concluded
that using crowbar protection as a fault ride through mechanism for DFIGs conveys a
violation of the grid codes concerning the reactive power provision requirements for wind

turbines.

Chapter 3 of this thesis presented detail models of DFIG-based and FRC-based wind turbines
and its performance in a hybrid wind farm model in Simulink. The design of control system
for DFIG and FRC wind turbines was conducted to ensure robust dynamic performance. The

addition of a voltage control loop to the rotor side converter of a fully rated converter wind
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turbine allowed the provision of reactive power support to the DFIG wind turbine. The
conclusion drawn in this chapter, after analysing the provided simulation results, is that 1G-
based wind farm can be supported by fully-rated converter wind turbines during low grid-
voltage conditions. This is mainly because in the fully rated converter turbine the controller
on the grid side converter has the ability to operate as an ‘STATCOM’. For example, a 2MW
FRC wind turbine can temporarily increase the wind farm voltage from 0.60pu to 0.75pu, in
case of a voltage dip of 0.35 pu (which is ~15% voltage support). This support is proven
enough to prevent a 1.5 MW DFIG-based wind farm from being disconnected from the grid.
Thanks to the support provided by the fully rated converter wind turbines, the period of time
in which DFIG-based wind turbines can remain connected to the grid during LV can be
extended. This feature is highly beneficial for grid code compliance. Voltage support could
be further increased if the FRC wind turbines had the possibility to curtail their active power
production during fault periods and allow most of the power rating of the FRC converter
being used as a STATCOM. The curtailment of the FRC active power production requires a
synchronized action of converter and pitch angle controller of the turbine. This, however,

requires further studies and research.

Additionally, the results and the analysis provided in chapter 3 demonstrated that hybrid
wind farm can improve the grid-code compliance of existing 1G-based wind farms in
situations where the 1G-Based wind farms need to be uprated and comply with the FRT
requirements. The conclusion here is that by using a hybrid wind farm approach, there would
be no need for decommissioning old wind farms on the basis that they no longer comply

with grid code requirements.

In Chapter 4 of this thesis, a comprehensive model of a point-to-point connection of VSC-
HVDC with neutral-point clamped converters was designed and developed to conduct
research studies. Different control schemes for the system were designed to ensure robust
dynamic performance and to demonstrate the effectiveness of the controllers during
disturbances. The results obtained in the chapter demonstrated that the proposed VSC-
HVDC transmission system addresses most of the shortcomings of conventional HVDC and
HVAC systems; it also presented alternatives for connecting large amount of offshore wind
power, and in order to allow multi-terminal and multi-technology operation.
Notwithstanding, a major challenge for the massive implementation of multi-terminal VSC-
HVDC grids is the lack of protection mechanisms in case of a DC fault. In this regard, the
new MMC technologies presented a promising future scenario where DC faults can be dealt

with. However, given the capacitive nature of the cable system in offshore systems, there is
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still the risk of high transient fault currents that have little attenuation and have the real

potential of damaging a power converter structure in very short periods of time (<5ms).

Chapter 5 investigated possible scenarios of the multi-terminal HVDC connections with
alternative protection scenarios on the AC or DC side. Moreover, it analysed auxiliary path
solutions for power delivery during a failure of one of the converters. The dynamic
performance of five multi-terminal VSC-HVDC connections was explored using the
controllers presented in Chapter 4 but with the inclusion of an additional active power DC
droop control. The additional active power DC droop controller was added to the VSC-
HVDC station working as inverter in the multi-terminal HVDC network. Thanks to this, the
inverter VSC-HVDC station was able to dynamically change its DC voltage reference to
provide/absorb additional active power in the HVYDC network. This allowed the dynamic
assessment of power flow in the event of power change and dispatch between different AC
grids. The behaviour of the system was explored during the loss of one of the converters in
the multi-terminal array. This thesis also showed the power management in multi-terminal
VSC-HVDC network for the development of a transnational grid. Here, it was concluded
that the VSC-HVDC is able to exchange power with synchronous generators, asynchronous
generators, RLC loads and constant power loads. This is due to the great flexibility and fast
control of the magnitude, angle and frequency of the voltage VSC-HVDC terminals. Hence
any type of wind generator (from Typel to Type4) can be seamlessly connected to the VSC-
HVDC system.

Chapter 6 looked at multi-technology operation and optioneering analysis for connection of
2.4 GW of two separate offshore wind farms from the Dogger Bank development site to the
GB grid. The studies showed three possible connection scenarios based on VSC-HVDC
technology. All of the options had two windfarms each at 1.2GW, 2 AC collection stations, 4
VSC stations (two offshore and two onshore) and AC and DC cables. Furthermore, Chapter
6 investigated which option had better capital investment cost against fault condition to each
scenario. Here it was concluded that the VSC-HVDC makes significant savings in terms of
curtailed energy compared to point-to-point connection. However, the AC Auxiliary option
had the lowest level of curtailed energy and makes it best value for money option of those
considered for long-distance power transmission. Additionally, the reliability scenarios
investigated found that there is high value in having an additional redundant transmission

path on the HVDC site or AC site if the distance is suitable for such a solution.
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7.2 Recommendations for offshore energy integration strategies.
The based in the research work and the key findings of this thesis the following

recommendations are provided:

The DFIG wind turbines are compatible with future deployment of multi-terminal HVDC
systems and its use is not discouraged for this type of systems. This is mainly because the
VSC-HVDC system is able to provide the voltage reference needed for the proper
functioning of the DFIG system without the need of additional controller effort in the VSC-
HVDC station nor in the DFIG system. Additionally, the usual dg-based control of the DFIG
variables is compatible with AC systems created by a VSC-HVDC interface. Since a DC
fault in a multi-terminal system necessarily needs to be cleared in a specific time in order to
avoid a collapse of the multi-terminal network (<= 150 ms), the Fault ride-through
capabilities of a DFIG wind turbine are sufficient to withstand a fault of this nature as long
as the DFIG controllers are able to synchronize with the VSC-HVDC AC voltage after the

fault in the DC network is cleared.

The use of hybrid wind farm, consisting of DFIGs and FRCs, is better recommended for its
use in onshore systems where there is no separation of the wind farm network and the main
grid by DC links. This is because the benefit that the FRCs provide for better grid code
compliance of the hybrid wind farm are much more attractive in onshore grids. In the case of
HVDC-interfaced wind farms, a fault in the DC network would necessarily mean an
interruption of the AC voltage reference at the converter terminals and a total loss of the
electrical torque of the DFIG, under this situation an extra provision of reactive power from

the FRC produces little effect in the dynamic response of the DFIG variables.

Even though a fast restoration of the DC voltage in a multi-terminal HVDC system is
desirable after a DC fault, it is not recommended to increase the control constants of the DC
voltage control in the HVDC systems because this may lead to instability in the control loop.
This is because the controllers of the HVDC system assume the DC plant to be a minimum
phase system, however more recent detailed models of the DC plant in an HVDC have
proven that the dynamics of the DC voltage are governed by a non-minimum phase system
which has the potential to destabilize the control loop if the controller bandwidth is increased

excessively.

7.3 Future Work

The work presented in this thesis has explored potential future technologies that could be
used in the offshore wind energy sector, hybrid wind farm and VSC-HVDC multi-

technology systems. As mentioned earlier, there are many drawbacks of the future wind
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farms and VSC-HVDC multi-technology grids and further research is needed, therefore

suggestions for areas where this work can be expanded are listed below:

e Investigation of asymetrical faults in the hybrid wind farm and detail examination of
how much FRC wind turbine can contribute to compansate thr asymetrical faults in
the wind plant.

e The immediate action of VSC-HVDC converters during DC faults is to inmediatly
protect its swtiching devices by stopping their commutation. As such, future work
should focus on detailed investigation of the consequences of a DFIG-based offshore
wind farm (and associated systems such as converters, PLLs, controllers) connected
to the onshore grid via VSC-HVDC when its voltage reference is interrupted
because of a DC fault.

e Investigate the possibility of including an “AC hub” in offshore networks
comprising windfarms, oil ring platforms and converters where power is
interchanged locally via AC current and transmitted remotely onshore via DC
current.

¢ Investigate possible scenrios of hybrid converter topologies for HVDC network, the
hybrid network would consist of LCC and VSC technology. Those types of
topologies might significantly reduce capital costs.

e Investigate the effects of a DC fault in a hybrid DC network based on LCC and VSC
technology.

o Investigate low frequency systems for transfer of offshore power, and analyze losses,
cable limitations and reactive power compensation. In addition, compare investment
costs for offshore windfarm with different transmission technologies.

e Investigation of converter topologies in order to protect multi-terminal HVDC
transmission system during fault.

¢ Investigation of alternative protection strategies that avoid the use of DCCBs.

e Investigate multinational connection scenarios such as the Global Energy
Interconnection project proposed by China, where a global grid would transmit solar,
wind and hydroelectric-generated power from places on earth where they are
abundant to major population centres, rely on HVDC transmission systems and
converter-interfaced energy generation. As such, the research outcomes of this thesis
can be used to analyse the scenario where power electronics, HVYDC transmission
and renewable energies synchronize to create a functional, multi-technology system
where the advantages of power electronics are used to comply with Grid Codes and

increase the overall robustness of the system in case of AC or DC. This system could
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also take into account the individual requirements of grids in different countries in

terms of grid strength.
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