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ABSTRACT

An increase in industries as well as the world’s population, is causing a strain on the
electricity supply. This coupled with the fact that fossil fuel supplies are decreasing, is
leading the world to new, greener methods of electrical energy generation. Offshore wind
farms are being developed far offshore and solar farms are being developed in remote
locations with intense sunlight. This allows for the optimal operation of these systems.
HVAC collection systems for offshore wind farms have traditionally been used but
imposes limitations on the transmission distance. Exuberant amounts of capital are
required for greater distances. HVDC systems have started to be recognised as a viable
method of transmitting this electrical energy at a much lower cost on longer distances.
This study shows a comparative performance and cost evaluation of both HVAC and
HVDC collection systems for offshore wind farms. It evaluates the efficiency of the wind
farm based on system losses, determines the advantages, disadvantages, and cost
implications of each system, and determines the best type of technology to be used in
offshore applications. The study looks at a case of a 40 MW wind farm at a distance of
120 km offshore. A simulation is developed for each system using MATLAB simulation
software to determine the performance of each system during normal operation and fault
conditions. From these simulations, it was found that HVDC collection systems have
much higher efficiency when compared to HVAC systems and perform better under both
normal operation and fault conditions. HVDC systems also have a lower cost once the
break-even distance point is passed. From the study, it is found that HVDC collection
systems are much better suited to allow offshore wind farms to have a high efficiency as
well as be located further offshore to allow for maximum wind usage. The technology
can be used for other long-distance transmission systems and incorporated for other
renewable energy generation systems.
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Swept area of the turbine blade
Power coefficient of the turbine
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Diode current
Grid current in d axis
Grid current in g axis
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Rotor resistance

Stator resistance
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Electromagnetic torque
Generator torque

Mechanical torque
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Instantaneous voltage

Air velocity
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Rotor voltage in d axis
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CPU

DC

DFIG

DG

FACTS
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HAWT
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HVDC-LCC
HVDC-VSC
IEEE
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MPPT

MV
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CHAPTER 1: INTRODUCTION

1.1 Background and motivation

In today’s society, industries and residential areas depend on electrical energy every day.
These consumers require a constant supply of energy, free of harmonic distortion, voltage
fluctuations, and frequency variations. Coal-fired power generation supplies
approximately 41% of the world’s electricity [1] and in South Africa, it is as high as 90%
of the country’s energy supply [2].

Due to the decreasing supply of fossil fuels and the ever-increasing need for electrical
energy, new sustainable approaches need to be taken for electricity generation, such as
wind, solar, hydro, etc. These electrical energy generation systems are being established
in outlying regions and even at sea to generate the maximum amount of renewable energy
possible. These energy sources need to be incorporated into the power grid to ease the
system strain. When these energy sources are incorporated into the power grid, they are
continuously being connected and disconnected from the power grid in response to

customer demand.

However, before connecting any energy source into power grids they must meet certain
requirements (i.e. the standard grid code requirements) [3]. For example, in the South
African grid code, it is stipulated that: “power producer and end-use customers shall take
all reasonable steps to ensure that the power factor at the point of supply is at all times
0.9 lagging or higher (i.e. the limit on reactive power absorbed from the utility grid).”
This requirement applies to the end-users at each point of supply. A leading power factor
(or reactive power injected into the power grid) shall not be accepted unless specified in
a contractual agreement with the system operator [4]. From the international standard grid
code: the frequency variation is limited to 0.5 Hz, the voltage variation is limited to 0.1
per unit or 10%. Furthermore, the generator and grid voltage are required to be in phase,
with a total power factor limited to about 1% [5]. Consequently, the integration of these
sources of energy to the power grid would require transmission systems that would
optimally comply with the standard grid code, while being cost-effective. Different
methods used for transmission of this electrical energy need to be researched to determine

the best-suited transmission system for these systems.



Although there are various renewable generation technologies, the generation of electrical
power through wind energy is becoming an increasingly important topic. For instance, by
2018, the worldwide wind power cumulative capacity has increased to 600 GW [6]. The
international energy agency predicts that wind capacity will reach 1000 GW by 2025 [7].
Offshore wind technology is a comparatively new concept but as technology develops,
its cost decreases. Due to this reduction in cost and the benefits of wind farm technology,

growth is expected in the near future.

Offshore wind farms are increasing in popularity as there are fewer site restrictions at sea
and strong and constant wind speeds are experienced. This will enable the production of
high-power outputs. As these offshore wind farms are at sea, the technical challenge is to

have strong structural stability and be compact to withstand high wind speeds.

Currently, all existing wind farms comprise of an internal AC collection grid and either
an AC or DC transmission system that links it to the utility grid. Only a few theoretical
and small-scale models of wind farms that use DC collection grids are available.
Therefore, a suitable practical configuration does not presently exist. Technically, an
offshore wind power plant with an internal AC collection grid is designed with a
combination of AC wind energy conversion units (WECUs). The WECU comprises of a
wind turbine, a generator, and a power transformer. In wind farms with DC collection
grids, power converters or rectifiers replace the need for a power transformer. These
rectifiers are required in each WECU for the AC to DC signal transformation. These
power converters also assist in power conditioning to allow for control of the speed,
voltage, and torque as well as power compensation to improve the stability of the voltage;

and power filtering to provide high power quality.

The size and weight largely impact the development of offshore equipment. Power
converters help to reduce the size of the offshore wind farm structure by using a smaller
number of magnetic components as compared to power transformers, therefore the weight
and size of the WECU are reduced. DC control and protection devices are still being

researched and therefore currently make AC collections grids the only viable option.

This issue has been resolved and may not pose a problem for the DC collection grids in
the future. This study investigates the technical advantages of wind farms with a DC

collection grid over the traditional wind farm with an AC collection grid.



1.2 Problem Statement

The use of HVAC collection grids for offshore wind farms presents a problem with the
efficiency and cost of the system over longer distances. HVAC systems create a higher
loss and nullify the advantages of higher wind speeds experience further offshore. The

problem of this dissertation is addressed by the following research questions:

e What is the efficiency of the AC and DC collection grid systems?
e What are the advantages, disadvantages, and cost implications of each system?

e What is the best technology-based on cost and efficiency?

1.3 Aims and objectives

The aim and objectives of this project are to compare the use of HVAC and HVDC
collection grids with offshore wind farms. This determines the best system to be used
when developing an offshore wind farm by looking at their efficiency as well as their
performance during fault conditions. Based on the research questions the desired

objectives would be to:
e Evaluate the efficiency of the wind farm based on system losses.
e Determine the advantages, disadvantages, and cost implications of each system.

e Determine the best type of technology to be selected to enable efficiency and cost-

effectiveness.

1.4 Contribution

The research detailed in this dissertation explores the evaluation of HVAC and HVDC
collection grids for offshore wind farms. The main contribution of this work is found in
Chapter 5, where the evaluation of these collection grids is analysed. This allows an

insight into the performance, cost, and efficiency of HVAC and HVDC collection grids.

Contributions from this work have been reported and published in the following

proceedings:

e (.J. Pillay, M. Kabeya and LE. Davidson, “Transmission systems: HVAC vs

HVDC”, In Proceedings of the International Conference on Industrial Engineering
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and Operations Management (IEOM), August 10 — 14, 2020, Detroit, Michigan,
USA.

1.5 Limitations
The research in this dissertation explores is limited to HVAC and HVDC collection grids
and transmission for offshore wind farms. The research focuses on the research questions

listed above and does not look at factors outside the aims of the dissertation.

1.6 Dissertation outline
The presented dissertation consists of six main chapters, a brief description of the contents

as contained in each chapter is given as follows:

Chapter one presents the introduction of the dissertation. This includes the motivation,
aims and objectives, research questions, and contribution of the study.

Chapter two presents the literature review. It explains HYDC and HVAC wind farm
systems. It looks into the components of a wind farm, the comparison between types of
wind farms, transmission systems used, and the economic details of each wind farm

system.

Chapter three presents a theoretical background of wind farm collection grids that utilize
HVAC and HVDC. This chapter looks at HVAC grid topologies and typical wind
conversion units. This chapter looks at the design model, topologies, and delivery systems
for HVDC grids.

Chapter four presents the system modelling and simulations conducted to compare each

system. This includes the simulation of the systems using MATLAB.

Chapter five looks at the comparative analysis between HVAC and HVDC collection

grids. The results obtained in chapter four are discussed here and explained.

Chapter six provides a summary of the entire dissertation and also shows

recommendations for future work.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter focuses on offshore wind farms and the technology used on these wind
farms. HVAC and HVDC collection grids are discussed and a comparison of different
HVDC technologies is carried out. It also gives a theoretical understanding of the
technology used in each type of collection grid, configurations of wind energy conversion
units and discusses the transmission systems for HVAC and HVDC. The economic
aspects of each system are shown and methods for calculating cost models of all
equipment are detailed. Collection grids for HVAC and HVDC are compared based on
currently published literature and for the intention of this dissertation, importance is given
to advantages that improve efficiency and cost of offshore wind farms as well as

transmission of energy to the grid.

2.2 Off-shore wind farms

A wind farm is a group of wind turbines in the same location employed to produce
electrical power by converting mechanical energy to electrical energy. Wind farms differ
in size ranging from two turbines to several hundred wind turbines covering a large area.
These wind farms can be either onshore or offshore. Offshore wind farms are constructed
at sea, to harvest maximum wind energy and in turn, generate electricity. The generation
of electricity is higher at offshore locations than on land due to the higher wind speeds.
Offshore wind farm energy generation costs have always exceeded onshore wind
generation, however, currently, these costs are decreasing [8]. This price reduction is
making it more reasonable to allow for offshore wind farms. Typically, wind turbines are
located in fairly shallow water and have foundations on the sea bed. Wind farms with
floating platforms are in the early stages of development as of 2020, allowing for these

wind farms to be moved to deeper waters.

Typical offshore wind farms are composed of a group of WECUs. Each WECU comprises
of a wind turbine composed of its mechanical parts such as a power transformer and
generator including power electronics circuits. These WECUs are most commonly
configured in radial or parallel, both series-parallel, loop or series, and star

interconnections. [9-11].



The power produced by the WECU’s is collected by an AC collection grid and transmitted
via submarine cables to the onshore grid. This power can be transmitted by either HVAC
or HVDC transmission. As most offshore wind farms are a relatively long distance away

from shore, HVDC is generally used to alleviate losses for this transmission [12].

A typical AC wind farm configuration with an HVDC transmission system requires a
power transformer, to step up the voltage, and a rectifier, to convert this voltage to DC so
it can be transmitted to shore. The power transformer and rectifier stations are installed
on an offshore platform. An HVDC-inverter platform is used to convert the power back
to HVAC for transmission and distribution onshore. Using an AC collection grid and
HVDC transmission requires the wind farm to have three platforms. Although it uses

three platforms converting to HVDC for the transmission has its advantages.

Offshore wind farms with HVDC collection are very similar to traditional offshore wind
farms. The components are the same except for the replacement of the power transformer,
by a converter. AC collection grids were preferred over DC collection grids due to

technology for control and protection devices, being in their infancy [13, 14]

However, with recent improvements in technology, efficient control and protection
devices for the DC collection grids are available at lower costs [15-21]. This technology
may make the use of DC collection grids more feasible than AC collection grids. The
main difference between the AC and DC collection grids is the use of the power
transformer in the WECU. In a DC collection grid, the transformer is replaced by
rectifiers which, for the same power rating, are significantly smaller. This allows the
system to become more compact [22].

Without the need for a power transformer, the system only requires two platforms, one
for the rectifier and the other for the inverter. This will reduce the cost of the system and
still allow for good control and stability of the system. Only small-scale DC collection

grid prototypes exist thus far and there are no full-scale operational wind farms.

2.3 Wind farm technology
Renewable energy generation systems, such as WECU’s, need to be incorporated into the
existing electrical grid. The power generated by these WECUs must be transmitted to the

onshore power network. To do this there are three main sections that the WECU system



can be divided into; Generation, Collection, and Transmission, each with its technical
aspects. There are different methods for the collection and transmission of this power.

2.3.1 Collection systems
Collection systems can include wind turbine and generators configurations, platform size,
wind-power plant layout, and cables and power electronics converters design. The

different methods or technologies for this each have their advantages and disadvantages.

2.3.1.1 Wind turbines

A wind turbine consists of several components to allow the conversion of mechanical-to-
electrical energy. A sectioned view of a typical wind turbine is shown in Figure 2-1.
Although there are several alternatives to this component layout, the figure depicts a

common wind turbine and aids in locating and describing the different components.
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Figure 2- 1: Wind Turbine Components

Figure 2-2 shows that the wind turbine works by its rotor blades being turned by wind
energy. The turbine blades are used to convert wind energy to mechanical energy and are
mounted on the rotor hub. The rotor hub is installed on the main shaft, known as the low-
speed shaft. The gearbox is used to transfer the mechanical energy to a high-speed shaft
and to the generator, which converts the mechanical energy into electrical energy.
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Figure 2- 2: Wind Turbine Energy Conversion

The generated power is then sent to the power transformer which steps up the voltage for
transmission. Based on the transmission distance, the power is then sent to a rectifier to
convert the AC power to DC to be transmitted to shore.

2.3.1.2 Turbine blade

One of the most distinctive features of a turbine is the blades, they are also responsible
for carrying out the task of transforming the wind energy into mechanical energy. Most
commonly a turbine will have three curved shaped blades to harness maximum wind

energy without strain on the tower and blades.

As the blades are curved, a difference in wind speed is created above (V,,) and below
(V,,,) the blade. According to Bernoulli’s principle, air speed and pressure are inversely
proportional, therefore the pressure at the top of the blade (P,;) is lower than the pressure

at the bottom of the blade (P,,) resulting in the lift force of the blade (F,,) . The rotational

movement of the turbine is created by torque from the turbine shaft. The power of an air

mass flowing at speed (V,,) through an area can be calculated by:

1
P, ==pAV}
w 2p w

(2-1)

where p is the air density inkg / m®, Ais the sweep areainm?, and V,, is the wind speed

inm/s. The wind power captured by the blade and converted into mechanical power can

be calculated by:

P, = % pAVSC,

(2-2)

where, C, is the power coefficient of the blade. This coefficient has a theoretical
maximum value of 0.59 according to the Betz limit.
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Equation (2-2) shows that wind speed and power are directly proportional. Locating wind
farms in areas of higher wind speeds is the only way to allow for maximum power
generation. Offshore wind farms utilize this technique as the wind speeds are steadier and
higher than on land. The wind power can be increased eight times by doubling the wind

speed, this is due to the wind power being a cubic function of speed.

2.3.1.3 Gearbox
A standard generator, at 50Hz, operates at a rated speed of 1000 or 1500 rpm based on
the number of poles. This is much higher than an average wind turbine can produce, which

is normally between 6-20rpm. A gearbox is used to connect the low-speed rotor to the

high-speed generator with a gear ratio (Y,) . Equation 2-3 can be used to determine the

gearbox ratio.

~ _ N, _ (1-s)x60x f (2-3)
® n, Pxn,

where n_and n,, are the generator and turbine rated speeds in rpm respectively, s is the
rated slip, f, is the rated stator frequency in Hz , and P is the number of pole pairs of the

generator.

2.3.1.4 Generators

For mechanical energy to be converted to electrical energy, the use of a generator is
required. Over the years, different types of generators have been tried and tested in
WECU’s. These range from the squirrel cage induction generator (SCIG), doubly fed
induction generator (DFIG), wound rotor synchronous generator (WRSG), and

permanent magnet synchronous generator (PMSG), all with various power ratings [23].

2.3.1.4.1 Doubly-Fed Induction Generator

In wind energy production today, the DFIG is currently the main player. This workhorse
is popular as it can produce maximum energy from variable wind speeds using its
interface controls [24]. The DFIG offers the advantage of speed control with reduced
losses [25].
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Figure 2- 3: Doubly Fed Induction Generator SLD

Figure 2-3 shows a single-line drawing of a doubly-fed induction generator. The
generator’s stator is connected directly to the grid, while its rotor is connected through a
power converter system [26]. The generator operates within 30% of the synchronous
speed. This compensates for different wind speeds and enables control of the active power
on the generator side and reactive power control on the grid side. The power converter is

cost-effective and requires less space [27].

2.3.1.4.2 Squirrel Cage Induction Generator

The SCIG, shown in Figure 2-4, is relatively low in cost and maintenance [24]. SCIGs
are used for traditional direct grid connections as they are robust and simple to use. These
turbines are currently available today and operate at a constant speed [28]. Two-speed
SCIGs are also available, which utilizes a tapped stator winding to allow two-speed
operation. SCIGs are also used in applications with variable-speed systems. The largest

offshore wind energy systems using SCIGs are around 3.5 MW capacity [29].
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Figure 2- 4 : Squirrel Cage Induction Generator SLD
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2.3.1.4.3 Synchronous Generator

The most popular synchronous generators used in wind farms are split into two types;
Permanent Magnet Synchronous Generators (PMSGs) and Wound Rotor Synchronous
Generators (WRSGSs). The SLD for these generators are shown in Figure 2-5. They are
well suited for systems up to 7.5 MW [29].

The stator windings of the WRSG are directly linked to the grid which limits the rotational
speed by the frequency of the supply grid. Slip rings and brushes are used to excite the
rotor windings. Synchronous generators do not require additional reactive power
compensation systems as compared to induction generators. Another advantage is that it

does not require a gearbox[30].

As the excitation of the permanent magnet generator is provided without any energy
supply its efficiency is higher than that of the induction generator [31]. However, the
drawback of these generators is the costly materials they are made from which are hard
to work with during manufacture. For excitation of PMSG, the use of a power converter
is required. This assists to adjust the generation voltage and frequency to the transmission
voltage and frequency respectively. The benefit of generating power at any speed comes
with the additional expense. The magnetic materials of PMSGs are sensitive to
temperature and require the rotor temperature to be monitored and a cooling system to be
in place [29-31].
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Figure 2- 5 : Synchronous Generator SLD

2.3.1.5 Towers

Wind speeds increase as the altitude increases, to take advantage of this fact, wind
turbines are erected on towers typically 100m or higher [32]. The tower is used to support
the nacelle and the turbine rotor as well as provide elevation for improved wind
conditions. Power cables connecting the generator to the transformer are housed in the

tower [33]. In order to reduce the weight and size of the nacelle, the power converters are
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sometimes located at the base of the tower. Towers are constructed of steel and concrete
with a concrete base and steel upper section. To avoid turbulence the tower is required to
be at least 25 to 30 m high [34].

2.3.1.6 Transformers

Each turbine in a wind farm is equipped with a step-up transformer, which steps up the
output voltage of the turbine generator to a medium voltage distribution level used by the
collector system. However, these transformers are considered to be one of the sensitive
and weak components in a wind farm. Usually, shell transformers are used for this
application but intermittency of wind power imposes some demanding specifications. To
ensure the future dependability of these transformers, requirements such as switching and
transient over-voltages, voltage and loading variations, harmonics as well as loss

evaluation need to be incorporated [35].

2.3.1.7 Power converters

One of the main components for a DC collection grid is the power converters at the base
of each WT tower. These converters are used to step up the generator output voltage, from
690 V up to 40 kV. There are two main converter types as well as two main configurations
type that are generally used. The power converter also performs functions such as power

conditioning, rectification, and filtering.

2.3.1.7.1 Line Commutated Converter (HVYDC-LCC)

Line Commutated Converters shown in Figure 2-6A use thyristor-based technology. A
thyristor is a solid-state semiconductor device that incorporates four layers of P-type and
N-type materials. The thyristors conduct when a current trigger is applied to the gate,
making it a bi-stable switch. For commutation to occur, the converters require a high
synchronous voltage source. This makes black start operations near impossible [36]. The
LCC operates at the highest voltage and power rating level compared to other HYDC
converter technologies [37]. The firing angle on both the rectifier and inverter side is
regulated to allow for good power control. The output current is kept constant due to the
unidirectional flow of DC received by the AC network. Power reversal is carried out by
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inverting the DC voltage polarity but keeping the current direction constant, this method
allows for fast reversal. This technology is reliable and operates with minimal

maintenance thus making it the most popular among HVDC schemes [38].

2.3.1.7.2 Voltage Source Converter (HVDC-VSC)

Figure 2-6B shows the use of insulated-gate bipolar transistor (IGBT) technology in
voltage source converters. Black-start capabilities are possible with the VSC as it creates
its AC voltage and can be switched on or off at any time [39]. Pulse width modulation
(PWM) is used to operate the converters at a high frequency, this allows for constant
voltage during the adjustment of the amplitude and phase angle [40]. VSC has the ability
to control its active and reactive power allowing for a high degree of flexibility making it
useful in urban power networks [41]. Low device rating, high power losses, and high
dielectric stress affect the capacity limits of VSC-HVDC as compared to LCC. VSC
technology utilizes PWM techniques to control the switching frequency of the IGBT, and
reduction of the generated harmonic distortion. The overall efficiency of VSC is very low
when compared to LCC converters due to high switching losses in the IGBTSs. [42].
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Figure 2- 6: LCC and VSC Converter Schematics

2.3.2 Comparison between HVYDC-LCC and HVDC-VSC

Industrial HVDC schemes in operation today utilize HVDC-LCC systems, which use
thyristors technology [43]. The thyristors delayed firing makes the voltage lead the
current, therefore the reactive power is absorbed by the HYDC LCC link. HYDC LCC is
especially feasible for long-distance transmission of large amounts of electric power at

very high voltages.
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A major advantage of VSC schemes is the IGBT technology it is comprised of, which are
independent of the zero crossings of the current and the operation of the surrounding AC
grid. The reactive power is also controlled independently without the use of reactive
compensation. This makes VSC favourable over LCC due to the level of power
controllability. VSC also limits inverter commutation failures and reduces the injection
of harmonic currents into the system [44]. The major drawback of VSC is the power
losses due to switching operations. This is a major factor in bulk power transmission,
making HVYDC VSC less economical [45]. Overall, VSC has an approximate loss of 1.6
— 1.8 %, while LCC has losses of 0.8% [46].

2.3.3 WECU Configuration types
WECU’s connections are classified as either connected in a ring or radial configurations,
although there are other configurations mentioned, these are a variation or modification

of the ring or radial configurations.

2.3.3.1 Shunt/ Radial Configurations

Low cable costs and simplistic control schemes have made radial feeders popular for wind
farms. The radial configuration, however, has low reliability. For example, the function
of the wind farm may be inhibited due to a cable fault. Each chain of parallel-connected
WECUs is exposed to the same terminal DC voltage. Each chain can generate a total

currentiy (t), given by Equation (2-4), where i, (t) is the total current output of each

WECU; and k represents the total number of WECUSs on each chain. The WECU’s are
connected to an offshore platform via a DC cable. If n is the total wind farm chains,

Equation (2-5) can be used to determine the output current collected from the wind farm.

k 2-4
idc (t) = Z ido(k) (t) 4)

n 2-5
iDC (t) = Zidc(n) (t) (%)

As seen from Equation (2-4), the parallel-connected WECU’s in each chain build up the
current magnitude of the system but operate at the same terminal voltage. To allow for
the transmission of the generated power, the use of an HVDC-offshore platform is

essential. The platform will allow the voltage to be stepped up for transmission. The
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output terminals of each WECU in the system are connected to an MV link and have a
high voltage-boost ratio. Due to this fact, all WECUs on a wind farm with radial feeder
topology must incorporate power converters with a high boost ratio and that can support

a medium-voltage level.

2.3.3.2 Series/ Ring Configurations

Ring feeds offer high reliability compared to radial systems. One of the disadvantages of
the ring feeder configuration is that the converters must be able to operate at a high
voltage. This is due to the fact that if one WECU fails, leading to a loss of output power,

the other WECUs must compensate.

For the ring feed topology, the series-connected WECUSs in each chain build up a voltage

V,.(t) across the DC collector as given by Equation (2-6), where V, (t) is the output
voltage of each WECU; and k represents the total number of WECUs in the series-
connected circuit.

k 2-6
Vdc (t) = Zvdo(k) (t) ()

By increasing k the voltage can be high enough to avoid the use of an HVDC platform
for this topology, according to Equation (2-6). The ring feeder has a simple configuration
that is cost-effective for offshore DC collection systems.

2.3.4 DC collection grid protection and control
Some of the factors hindering the implementation of DC collection grids in offshore wind

farms include; the lack of feasible protection systems, standards, and guidelines [47].

Maintaining a DC-link voltage with minimum variation is one of the most important
factors for incorporating a wind farm with a DC collection grid into the current energy
grid. A DC voltage variation out of the allowable range can cause the DC collection
system to fail. Various protection and control methods such as; the use of solid-state
protection devices, energy storage systems (ESS), and power electronic converters can
offer greater flexibility [48-51].
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2.3.4.1 Protection devices

The key design criteria for a Protection Device (PD) include reliability, speed, economics,
and low complexity [49, 52]. Conventional AC systems have protective devices such as
circuit breakers which will detach equipment from the system. By causing the interruption
at zero crossing, arcs are minimized and the possibility of interruptions is reduced [53].
DC systems on the other hand cannot rely on this method as there is no sinusoidal wave
form. To overcome this problem, the PD has to operate almost instantaneously to

disconnect the system before it can reach the full fault level [54].

HVDC grids can expect three types of faults to occur. A fault on the AC side of the power
converter station can occur which can be single- or multi-phase. This can lead to
generation losses or grid loading. For an HVDC system to be successful, it is required to

stop a fault from being transmitted from one AC system to another.

The next fault that can be experienced is on the DC side of the power converter. These
are complex fault types to handle as compared to AC faults. During a DC fault, due to the
low impedance characteristic of DC cables, the direct bus voltages in the HVDC grid are
significantly reduced, nearly stopping the power flow.

Finally, the power converter itself can experience a fault, which can disconnect a section
of the HVDC grid. The world’s first HVDC breaker has been launched by ABB and is a
promising device for HVDC grid protection [55].

2.3.4.2 Energy Storage System
A typical model of an energy storage system is a battery or capacitor [56]. An ESS aims
to sustain a continuous DC-link voltage between the utility grid and wind farm by

regulating the power exchange. The utility AC grid voltage at the infinite busbar (VR)

and the voltage at the point of common coupling (PCC) (V_..) can be expressed in terms

pcc

of V.. and D, where V. is the DC-grid voltage and D is the converter duty ratio. P

pee(w)

is the total real power and Q. is the reactive power. P

pec(w) —

Pdc(w) - Rdcldzc ) with I:)dc(w)
as the total real power output of the wind farm; R, is the resistance of the DC

transmission line; and 1, is the DC transmission line current. Equation (2-7) shows the

difference in voltage between the utility grid and the wind farm.
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The voltage difference AV, is related to the short-circuit impedance of the utility grid and

the real power output of the wind farm. From Equation (2-7) the variations of the output
power of the wind farm will result in the variations in the output voltage of the wind farm.

If Z,, the impedance, is small, then AV, will be small resulting in a strong grid and vice

versa. For example, looking at Equation (2-8), where P, is the real power of the wind

c(w
farm, P, is the real power of each WECU and B, is the total real power required by

the load, then the voltage across the DC collector will either increase or decrease with

variations in P.

4c(q) OF P,

c(w) *

Pecw) = Zk Pcao (2-8)

For the collection system to be stable and ignoring transmission losses P, ,, must be equal

c(w
to Py, inevery instant. During normal operation or if By, ,, = Py, , the ESS will remain

at standby mode, while during variations, the ESS regulates the DC-Link voltage by
charging or discharging. Under the low wind and high demand conditions, the ESS must
switch to discharging mode to maintain the stability of the system, while under high wind

and low load conditions it must switch to charging mode.

2.3.4.3 Bidirectional DC-DC converter

The bi-directional DC-DC converter allows for power flow between the ESS and DC
collection grid. Power fluctuations are absorbed by the ESS which improves the DC
collection system properties. Figure 2-7 shows a bidirectional DC-DC converter for high-

power applications [57].
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Figure 2- 7: Bi-Directional DC/DC Converter

2.4 Transmission systems

Without the use of additional compensation, the offshore wind farm is required to be in
close proximity to the power grid, due to cable charging currents causing distance
limitations. Using this compensation requires additional platforms, which increase the

cost of the system.

24.1 HVAC Systems

The production of reactive power while transmitting HVAC is a major challenge. It is
possible to use HVAC for short-distance transmission. Flexible Alternating Current
Transmission Systems (FACTS) have been used to enhance the performance of long-
distance AC transmission [58]. However, lately, the technology has been extended to
devices, which can also control power flow. The operation of FACTS can be explained
by Figure 2-8. Power transmitted in the system depends on the voltages at each end of the
interconnection, as well as the impedance and the difference in angle between both
systems. Different FACTS devices can actively influence these parameters and control

the power flow through the interconnection [59].
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Figure 2- 8: Simplified Illustration of FACTS

2.4.1.1 SVCand STATCOM

SVC’s have been used since 1970 and are the most common of the FACTS devices. They
consist of traditional thyristors and require complex controllers in comparison to
mechanically switched devices. SVC is essentially a parallel-connected static Var
generator or load capable of producing or consuming reactive power. The SVC’s output
is regulated to exchange capacitive or inductive current. This helps to maintain or control
specific power system variables, generally the SVC bus voltage. SVC’s are usually
connected to transmission lines and require high voltage ratings. SVC’s are installed to

improve dynamic voltage control, which helps to increase the systems load ability [60].

An additional improvement is STATCOM devices which incorporate VSC devices and
provide power compensation. Although it is similar to a synchronous condenser, it is
superior as it is an electrical device with no inertia. The advantages of STATCOM are its

low investment cost as well as lower operation and maintenance costs.
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Swift voltage and reactive power control are possible with both devices as well as power
oscillation damping features. Series compensation is used for reducing the transmission

angle, for long AC lines, therefore, improving stability.

SVC and STATCOM differ in their operation. STATCOM works as a controllable
voltage source, SVC works as a dynamically controllable reactance connected in parallel.

Using STATCOM the grid is fed with the maximum available reactive current even at
low voltage levels. This is due to the ability of the system to inject reactive power which
varies linearly with the voltage at the PCC. For SVC a higher nominal capacity device is

required as there is a quadratic dependence of the reactive power to the voltage.

Table 2-1 summarizes the advantages and disadvantages of SVC and STATCOM. The
major developments in the STATCOM devices make them an attractive choice for

improving an AC power system's performance.

Table 2- 1: Advantages and Disadvantages of SVC and STATCOM

STATCOM SvC
Higher Compensation Accurateness Lower accuracy than STATCOM
Faster than SVC Slower than STATCOM
Lower Costs Higher Costs
Lower Losses Higher Losses
Better Characteristics Characteristics are not as good
Constant current Capacitive reactive current drops linearly
Interfaced with power sources Cannot be interfaced with power sources
Smaller size Larger Size
Controllable voltage source Dynamically controlled reactance
Lower Harmonics Very High Harmonics

2.4.2 HVDC Transmission Systems

The current capacity and efficiency of HV lines are dependent on the converter used to
transform this current from AC to DC and from DC back to AC. A well-configured
converter can reduce problems such as harmonics and reliability against faults and can
increase power capacity. The two dominant types of HVDC converters used today are the
voltage source converter (HVDC-VSC) and the line commutated converter (HVDC-
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LCC) also known as Current Source Converters (HVDC-CSC). As they are both DC, they
require converters to change AC to DC at the transmitting end and DC back to AC at the
receiving end. Performance and operational requirements are considered when HVDC
interconnections are configured. For incorporating multiple generation sources multi-
terminal HYDC would be considered the best method, which allows two or more sets of

converters to operate autonomously as a rectifier or inverter [61].

2.4.2.1 Arrangements of HVDC systems
For efficient operation, HVDC converter bridges and lines can be arranged into numerous
configurations. Figure 2-9 shows the arrangement of the converter bridges in monopolar

and bipolar configuration and are described as follow:

a) b)
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Figure 2- 9: Monopolar and Bipolar Arrangements

a. Monopolar HVDC system

Monopolar configurations connect one terminal of the rectifier to the ground and one to
the transmission line. Long-distance transmission using an earth return system is much
cheaper than using a neutral conductor, however, this can be problematic. Installation of
a return conductor can negate these issues. A system using a ground return is shown in
Figure 2-9(a).

b. Bipolar HYDC system



There are two conductors required for bipolar transmission. This system costs more than
monopole systems with a return conductor as both conductors are required to be rated for
the full system voltage. However, it can be an attractive option, due to its humerous
advantages such as minimal earth-current and continuous operation during fault. This is
a common configuration for the transmission of HVDC power [38]. Figure 2-9(b) shows

the bipolar circuit link.

2.4.2.2 HVDC Configurations
Many configurations can be used with HVDC systems. Selecting the correct

configuration is mainly based on the converter station function and location.
1. Back-to-back HYDC

Back-to-back configuration can be in either monopole or bipolar configuration and does
not require a transmission line between the two converter stations. These converter

stations are usually located in the same building.
2. Point to Point HYDC

Point-to-point configurations are used to transmit DC power between geographical
locations. A rectifier is used to convert the AC power DC and is then converted back to
AC after being transmitted. A major advantage is this configuration can interconnect

asynchronous substations.
3. Multi-terminal HVDC transmission system.

The most common configuration of an HVDC link is the connection of two converter
stations. Multi-terminal HVDC links, that connect multiple points, are increasing in
importance but are rare. The multi-terminal configuration can be in series, parallel, or
hybrid (a mixture of series and parallel). Figure 2-10(b) shows parallel multi-terminal DC
configurations. Converter bridges added in series, create a series multi-terminal DC
shown in Figure 2-10(a). Multi-terminal DC systems are extremely expensive as a result

of the additional substations.
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Figure 2- 10: MTDC Connections

2.4.3 Advantages and disadvantages of HVDC
HVDC transmission has many advantages over HVAC, such as:

a. Smaller Tower Size

Alternating Current (AC) is generally considered in Root Mean Square (R.M.S). This
means that the insulation for a 500kV conductor is required to be V2 x500=707.11kV .

Therefore, the insulation will have to be able to handle approximately 708kV . In Direct
Current (DC), however, this problem does not exist and a DC line only requires two
conductors whereas in AC three conductors, if not more, are required for the same
reliability. Therefore, both electrical and mechanical requirements allow for the use of a

smaller tower size.

b. Asynchronous interconnection possible

In AC, asynchronous systems cannot be interconnected, as they must have the same
frequency. These systems can be easily interconnected through DC links. Power
authorities must maintain different tolerances on their supply voltages even though
technically at the same frequency. This option is not practical with AC while in DC
systems there is no such problem.

c. Lower short circuit fault levels

The fault levels for an AC system increase when the system is extended. This leads to the
replacement of circuit breakers and other protection equipment which is extremely
expensive. DC does not contribute current to the AC short circuit beyond its rated current.
In the event of a fault, automatic grid control limits the current after a momentary

discharge of the line capacitance.
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2.4.3.1 Disadvantages of HVDC
Although there are many advantages for HVDC over HVAC, HVDC transmission
systems also have their downfalls.

a. Expensive converters

Ac systems only require a power transformer, while to allow for DC transmission,
expensive converter stations are required on the DC transmission link. These converter

stations lead to high initial costs.

b. Reactive power requirement

Converters for both rectifications as well as inversion require high reactive power. Each
converter can consume reactive power up to 50% of the active power rating of the DC

link. Static capacitors and filter capacitance supply the reactive power required.

c. Generation of harmonics

A large number of harmonics are created in DC systems due to the switching of the
converters. These harmonics affect both the AC and DC side of the system. Harmonic
filters are connected on the AC side to reduce the number of harmonics transferred to the
system while smoothing reactors are used for DC systems. These components add to the

cost of an already expensive converter.

2.4.4 Comparison of HVAC and HVDC transmission

There are two main factors of a high voltage transmission line, current limits and voltage
limits. Due to the skin effect, the AC resistance of a conductor is higher than its DC
resistance, which in turn results in a higher loss for transmission of AC. For high voltage
transmission lines switching surges are a serious concern, for AC the peak values are 200
to 300% of the nominal voltage, whilst for DC transmission it is 170% the system voltage
[62]. Corona and radio interference is significantly lower in HVDC transmission lines
compared to HVAC transmission lines [63]. Corona losses for an 895 km, 450 kV HVDC
transmission line is less than 5 MW [64]. A serious problem in long HVAC transmission
lines is the production and consumption of reactive power. This increases the power loss.

Equation (2-9) shows the reactive power produced by the line, where: (L) is the series
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inductance (C) is the shunt capacitance per unit of length, (V) is the operating voltage,
and (I) is the system current.

Q. =wCV? (2-9)
The consumers’ per unit length reactive power is given by Equation (2-10):
Q =wlLl? (2-10)

If Q. =Q, then Z; can be calculated by Equation (2-11).

1
v (LY,
I C

where Z; is surge impedance of the line. The power in the line is given by (2-12) and is

(2-11)

called the natural load.

V? (2-12)

Therefore the power carried by the transmission line is dependent on the operating voltage

and the surge impedance.

Equation (2-13) shows the power transfer in a transmission line and power flow in an AC
system.

. 2-13
P=—E;(EZ sind (2-13)

E1 and E> are the two terminal voltages, 6 is the phase difference between these voltages,
and X is the series reactance of the line. When 6= 90° maximum power transfer is
experienced and is given by Equation (2-14).

EE, (2-14)
max X

P__ is the steady-state stability limit. Long-distance transmission lines contributed the

max

most to the system reactance while the two terminal stations only provide a small part.

A single conductor overhead line has an inductive reactance of 0.5 Q/km, while the

inductance in a double conductor is 75% greater. The reactance and length of the line are
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directly proportional, and thus power per circuit of an operating voltage is limited by
stability during steady-state, which is inversely proportional to the line length [65].

2.4.5 Comparison between HVAC and HVDC cable systems

For long-distance transmission of power, either underground or submarine, it is more
difficult to employ HVAC. A cylindrical shunt capacitor can be used to model an AC
cable [66]. A reactive charging current is caused due to this capacitive nature of the cable
shown in Equation (2-15). The charging current of the cable is directly proportional to

the frequency, conductor length, and nominal voltage.

2-1
=Y ecy (2-15)
~iXe

Due to Ohms law, the high voltages used for long-distance transmission as well as the
charging current make the reactive power significant, and reactive compensation is
required. This can be installed at various points of the cable depending on the length. The
investment and installation costs of compensation equipment are high, making HVAC

transmission more expensive over long transmission distances [67].

As HVDC does not have a frequency, they do not experience a steady state charging
current. Furthermore, HVDC cables can be installed in a pair rather than in a three-phase
configuration as HVAC. This reduction in the number of cables reduces the investment

costs per unit length for HVDC systems [68].

As HVDC requires a converter for each substation, costs and losses are generally higher
than HVAC systems. However, true cable losses are higher for HVAC systems. HVAC

cable losses consist of four components [66]: -

e I°R conductor losses, which are increased by skin effect and proximity effect.

e I°R metallic shield losses, a current is induced into the cable armouring due to

magnetic flux

e I?R losses in the steel wire armour, a current is induced in the armour by the

current in the conductors

e Dielectric losses, which are relatively small.
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As there are no armour or shield currents induced in HVDC, the absence of skin and
proximity effect lessen conductor losses. Charging currents are non-existent in HVDC

cables and do not increase the cable current as is the case for HVAC cables [46].

One of the important factors in economic comparison between HVAC and HVDC is the
choice between HVDC VSC and HVDC LCC. This influences the result of the
comparison significantly. Power and voltage ratings also play an important role in the

outcome of the comparison of transmission systems.

2.5 Economics

2.5.1 System Description

25.1.1 HVAC Systems

HVAC transmission systems use cross-linked polyethylene (XLPE) cables to
interconnect two substations. These substations include switchgear, protection devices,
power transformers, and reactive compensation. HVAC transmission systems commonly
use single-core or three-core XLPE cables for submarine transmission. Three-core cables,

however, have the advantage due to reduced power losses and installation costs [69].

T
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Figure 2- 11: HVAC Configuration

The AC collector grid operates between 33-66kV, this requires the system voltage
produced by the wind farm to be stepped up for transmission. An onshore transformer

may also be required if the operating voltages differ.

To allow for higher power capacity and improved reliability of the substations, two
transformers are commonly connected in parallel and are rated at 60 % of the wind farms'
nominal power [70]. As the cable length increases a resulting increase is caused in the
reactive power. This, in turn, reduces the delivered active power as well as the offshore
transmission link cable length [71]. The use of reactive power compensation aids in
reducing power losses and assists with voltage control [72]. Figure 2-11 shows an HVAC

offshore transmission system.
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2.5.1.2 HVDC Systems

Although both HVDC-LCC and HVDC-VSC converters are used for DC-AC conversion,
LCC has no black start capability and high commutation failure. These make HYDC LCC
unsuited for offshore wind farms systems. Currently, transmission systems that utilise

VSC technology are deemed to be a highly suitable solution for this application.

HVDC-VSC systems are constructed from two system elements; converter stations and
cables. The offshore and onshore converter stations are connected via a pair of polymeric
extruded cables. VSC converters use IGBT technology, which, due to the switching
frequency (1.3-2.0 kHz), produces a lower amount of harmonic distortion. Active and
reactive power control is done independently in VSC systems, allowing greater voltage
and frequency stability, and the use of advanced PWM technology enables bidirectional
power transmission [73]. Figure 2-12 shows a basic HYDC-VSC system configuration

for offshore wind farms.
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WECU TRANSFORMER TRANSFORMER

Figure 2- 12: HVDC Configuration

2.5.2 Cost Modelling
The cost modelling for HVAC and HVDC systems is detailed in this section. For each

system, the investment costs, as well as the system components costs, are shown.

2.5.2.1 HVAC Cost
2.5.2.1.1 System Variables

South African standard frequency f,,,. is 50Hz [3]. The standard voltage levels U,
for submarine transmission vary between 110-400 kV. 1., is the rated current and is

chosen based on the calculated current passing through the cables, this calculation is
shown in Equation 2-16 [74]:
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_ kxPy (2-16)

B \/éxurms

where k is the coefficient for current tolerance of +10%, therefore k =1.1and P,; is the

rated power of wind farm. Using the supplier technical data, the cross-section S, and the

number of three core cables n,, can be determined.

2.5.2.1.2 Cable

Due to rapidly developing cable technology, including all factors in cost modelling has
become increasingly difficult, thus resulting in the overall cost being affected. The
modelling of a three-core cable was done by Lundberg using an exponential equation with
an offset constant [75]. The cables rated current and voltage are the two most important
factors affecting the cost. The amount of copper is based on the rated current, while the

insulation material is based on the voltage rating.

The equation for the cost of a 132kV cable C,,,,,, is presented in Equation 2-17.

37951, (2-17)
Copsn) = 249.72+26.48¢ 1 x|

Where | is the transmission distance and S, is the rated apparent power of the cable in

MW. 1 can be calculated using Equation 2-18.

(2-18)

| = S rated

" \/éxurms

2.5.2.1.3 Switchgear
Based on the data in Table 2-2, Equation 2-19 was formed. Therefore the cost of the

switchgear can be obtained by:

C,, =0.0007xU, +0.036 (2-19)

To protect vital components of the offshore and onshore substations, switchgear is
required at both the sending and receiving ends. Therefore, two HV switchgear devices

are required per cable.
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Table 2- 2: Switchgear Sizing and Cost

Switchgear rated voltage (kV) 33 132 220 400
Cost (M€) 0.058 0.124 0.183 0.303

2.5.2.1.4 Transformer

Based on the information in [76], the following graph in Figure 2-13 was developed. Each

point represents a real case transformer cost for its specific power rating.

Transformer Cost
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y=0,0333x0.713

Cost (M€)
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o
o
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Capacity (MVA)

Figure 2- 13: Transformer Rated Power vs Cost

The rated power of a transformer, (Str), determines the cost associated with it. The
number of the transformers required is determined by the number of substations. Two

transformers are required for each substation. Based on Figure 2-13 the cost Equation 2-
20 was developed.

C,q =0.0333x S5/ (2-20)

2.5.2.1.5 Substation
The size and cost of an offshore substation are directly proportional. The electrical
infrastructure and the presence of required services such as; accommodation, helipads,

and fuel tanks determine the dimensions of the platform. Equation (2-21) shows the cost
of a substation [75, 77]
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C, =2.534+0.0887+n,, x P, (2-21)

where P, is the rated power of the offshore wind farm and n,, is the number of turbines.

2.5.2.1.6 Reactive Power Compensation
Reactive power compensation is essential for HVAC transmission systems. The amount
of compensation required is dependent on the voltage level and the transmission distance.

The linear equation 2-22 is derived from the graph seen in Figure 2-14 [17, 71, 78]:

Compensation Cost
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Figure 2- 14: Reactive compensation costing

C,, =0.0039Q, +0.3557 (2-22)

Q, is the compensated reactive power. The required reactive power can be determined by

Table 2-3.

Table 2- 3: Required compensation for transmission distance and voltage level

MVA DISTANCE (km)

TRANSMISSION VOLTAGE 50 100 150 200 250 300
132KV 325 65 975 130 1625 195
220KV 71 142 213 284 355
400KV 226 452 678 904
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2.5.2.2 HVDC Cost
2.5.2.2.1 Base variables

A set of variables are used to determine the cost of an HVDC system. System voltages

U,oc Vary between 80-320 kV. As the system is bipolar, the number of cable pairs n,
Is by default equal to 1. Each cross-section S, . and cable rated current 1 .., is estimated

from the values given by supplier datasheets.

2.5.2.2.2 Cable

The cost of HVDC cables can be calculated by using the linear Equation 2-23. This
equation is developed based on the cost and MW capacity of the cables installed in
previous HVDC projects found in [79-81]. Table 2-4 shows these values.

Table 2- 4: Cable Costing vs Capacity

Cable Capacity Project Price in 2004 Price in 2020
(MW) (M€/km) (M€/km)
600 Swe-Pol Link 0.9 1.148

550 Iceland Link 0.811 1.034

500 Ital-Gre Link 0.7 0.893

440 Skagerrak 3 Link 0.616 0.786

HVDC Cable Cost

1200
y = 0,402x12433
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Figure 2- 15: HVDC Cable Costing Graph
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Figure 2-15 is developed from Table 2-4 and an equation can be developed to determine

the cable cost C,, for HVDC systems. C, is presented in Equation 2-23:
Cy, =(0.402% P*#%% )| (2-23)

where P is the rated power capacity.
The rated power of the cable pair can be calculated using Equation 2-24:

P

rated

= 2 x U HvDC x I rated (2_24)

2.5.2.2.3 Transformer

Transformers are also required for HVDC systems, these are used to step up the voltage
from the collection grid to the transmission cables and further on to the grid. The same
optimal configuration with two transformers at each substation is assumed and the cost
equation shown in Equation 2-20 is used.

2.5.2.2.4 Substation

HVDC substations require expensive AC-DC converters, which causes the substation
cost to be higher for HYDC than HVAC. Components such as power electronics, phase
reactors, filters, transformers, enclosed valves, are also required. From literature, [82, 83],
it is determined that the cost for HVDC substations is approximately 57.9% to 115.4%
higher than an HVAC substation for the same power rating. Taking this into account a

90% average is taken into account and the cost equation, Equation 2-25 is determined.

(2-25)

P
C, =1.85x(2.534+0.0887 + —2)
1000

where P,, is the rated power of the offshore wind farm in MW.

2.5.2.2.5 HVDC Converter Station
As a result of an offshore platform, onshore converter stations are much cheaper than

offshore systems. The difference between offshore and onshore converter stations is quite
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substantial due to the offshore installation. VSC converter offshore and onshore is defined
by Equation 2-26 and 2-27 respectively [68, 76, 84].

PN conv (2-26)
Cypyp =42+27x o
’ 300

(2-27)

I:)N conv
Coo.on =18+27 x o
300

dc,on

where P

N ,conv

is the converters rated power.

2.5.2.2.6 HVDC Converters

LCC and VSC technologies are based on different converter technology. The difference
in their costs may play a factor in the use of either. Based on the data found in [83], tables
2-5 and 2-6 show system costs for HVDC VSC and LCC respectively.

Table 2- 5: HYDC VSC System Costs
Capacity (MW) 500 850 1250 2000
Cost (M€) 75-92 98-105 121-150 144-196

Table 2- 6: HYDC LCC System Costs
Capacity (MW) 1000 2000 3000
Cost (M€) 81-104 150-184 196-230

An average of the cost range was taken and the respective cost graphs were determined.
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Figure 2- 16: VSC Converter Cost Graph
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LCC Converters
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Figure 2- 17: LCC Converter Cost Graph

From the figures, 2-16 and 2-17 equations can be determined for the converter cost.
Equations 2-28 and 2-29 show the converter costs for VSC and LCC converters
respectively.

Cysc =0.0597 x P+53.619 (2-28)

C,cc =0.0603x P +37 (2-29)

Where P is the power capacity required for the converter.

2.6 Conclusion

This chapter has looked at the current literature on wind farms, turbines, and the
differences in HVAC and HVDC systems. Including the types of topologies used and the
economic aspects of both systems. In summary, HVAC systems work well for shorter
distances, while, HVDC systems are more cost-effective and efficient over long distances
due to the lower losses they experience and the absence of line compensation reactors.
The following chapter will provide a more detailed look into HVAC collection systems
and where they are used.
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CHAPTER 3: THEORETICAL BACKGROUND OF HVAC
AND HVDC WIND FARMS COLLECTION GRIDS

3.1 Introduction

As previously mentioned, this dissertation aims to provide a comparative evaluation
between HVAC and HVDC collection grids. This chapter provides an in-depth look into
wind farms that use HVAC and HVDC collection systems. Case studies that use these
collection grids have been presented based on previous research. Collection grid
topologies are explained to determine the best-suited topology for the application. Wind
energy conversion units and wind farm components have also been detailed in this
chapter. This will provide a theoretical base to allow for a comparison of each system and
will help to answer the research question “What is the efficiency of the AC and DC

collection grid systems?” presented above.

3.2 Previous Case Studies for HVAC Collection Grids

Nearly all existing offshore wind farms use HVAC transmission systems for the
transmission of electrical energy between the onshore grid and offshore substations [23].

HVAC is a deep-rooted technology that has been tried and tested over many years.

Lazaridis studied the economic comparison of HVAC and HVDC solutions for large
offshore wind farms under special consideration of reliability. The paper presented an
evaluation of existing HVAC-HVDC transmission systems from large offshore wind
farms. The transmission cost of the transmission system was calculated taking into
consideration the rated powers, transmission distances, and average wind speed. The
larger wind farms are located mainly offshore where the wind potential is significant to
provide the desired outputs. The design of transmission systems for long-distance
applications plays an important aspect in the overall performance of the system. Low-cost
systems which can transmit maximum energy are considered a good design. The results
of the research showed that HVAC systems are only economical over short distances

while HVDC VSC provided the lowest transmission cost.

Williams studied HVDC vs HVAC cables for an offshore wind farm. The paper focused
on the cost of cabling of both HVDC and HVAC systems pre and post-installation. HYDC

cables were found to be cheaper with limited losses and more suitable for energy
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transmission over long distances. However, HVDC transmission is a new and developing
technology compared to HVAC systems. The decision on whether to use HVAC or
HVDC for offshore wind farm installations is highly dependent on the distance of a
project from shore. When looking at the cost of operation and maintenance post-
installation, the maintenance of DC converters may be more intensive than AC

transformers.

Rebled Lluch studied power transmission systems for offshore wind farms: Technical
economic analysis. The paper provided a technical-economic analysis to estimate the
optimal transmission system to transmit the generated energy at the offshore wind farm.
The work aimed to determine the most suitable power transmission technology for a set
of offshore wind farm characteristics. From case studies, it was that the losses in the
HVDC system were lower compared to the HVAC system during distribution. The losses
found in the HVAC system were mostly situated in the cables, whereas for HVDC the
biggest share of the losses were in the converters. It is important to note that the losses
experienced from the HVDC converters decreased from 3 % down to 1 % in the last

decade, whereas not much improvement is to be expected for HVAC cable losses.

Kling, Bresesti, Canever, Valade, and Hendriks studied, offshore wind farm transmission
systems in the Netherlands. The paper details the technical-economic analysis carried out
for three different sizes of wind farms. The results showed that for a distance of 60 Km
the HVDC solution was more expensive due to its energy losses and investment costs. It
was also found through static short-circuit analysis that the risk of disconnection due to
voltage dips poses an increased risk when considering large scale offshore power

generation

Chaithanya, Reddy, and Kiranmayi studied, a state-of-the-art review of offshore wind
power transmission using a low-frequency AC system. At present, the majority of
offshore wind farms are integrated into the offshore grid with HVAC transmission. Due
to the cable charging current experienced in HVAC, long-distance transmission systems
use HVDC with offshore wind farms. While HVDC transmission is an excellent choice
for long-distance transmission, a major drawback of the system is the maintenance
required for the VSC substation. The paper reviewed the use of low-frequency AC
transmission (LFAC) for offshore wind farm integration. Not requiring an offshore

converter station is a major advantage of LFAC, while the main disadvantage of the
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lowering of the frequency increases the size of the cable conductors. This makes the
solution to be more expensive and therefore more research has to be conducted for the

development of LFAC transmission.

3.3 HVAC collection grid topologies

3.3.1 AC collection systems

In wind farms with HVAC collection grids, AC power lines are used to transmit the wind
turbines generated power to the collection point or the offshore substation. Even though
different transmission options exist, current offshore wind farms utilize AC collection

systems with AC transmission systems to the onshore utility grid [11].

AC collection systems are divided into three connection types, which are the ring, the

radial, and the star connections.

3.3.2 Radial topology

The most common topology used today is the radial topology. This is due to its simplistic
control and reduced cost by having a mutual feeder that collects the power from each
turbine and transfers it to the offshore substation. A radial collection system links multiple
wind turbines within a series to a single feeder cable. Figure 3-1 shows a diagram of radial
topology. The maximum number of wind turbines per string is based on the generator
capacity and cable rating. Even with the ease of control and cost-efficiency, there are still
drawbacks with this topology when it comes to reliability. A component failure at the end

of the system will cause a break in power transmission [11].
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Figure 3- 1 : Radial Design System
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3.3.3 Ring topology
Ring collection systems are divided into two types; single-sided ring and double-sided

ring. These topologies are more developed and costly than the radial collection systems.

3.3.3.1 Single-sided ring design

A single-sided ring system connects the last wind turbine back to the collection system
with an additional cable, as seen in Figure 3-2, this allows for high reliability during a
fault as power can still be transmitted. The additional cable does increase the cost, but
this is outweighed by the reliability improvement from the redundancy [11].
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Figure 3- 2: Single-Sided Ring Design System

3.3.3.2 Double-sided ring design

Figure 3-3 shows a double-sided ring design. In this collection system, the last turbines
of the strings are joined and the cable of the next string is used as the redundant circuit,
reducing the cost disadvantages as seen in a single-sided ring. Due to this redundancy,
the collect bus is designed to double power capacity to allow for the failure of a string, in

turn diverting through the redundant string.
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Figure 3- 3: Double-Sided Ring System

3.3.4 Star topology

Star-connected systems aim to lessen cable ratings of the turbine and PCC connection. A
shared point of connection, located in the centre of the wind turbines is used. This
topology increases the reliability of the system, as only one machine is lost in the event
of a cable failure. There are also many drawbacks with this system, such as higher losses
and costs than other systems caused by long cable lengths and lower voltage ratings. Star-
connected systems have lower cable ratings for wind turbines to collector bus
connections. It does, however, have the highest reliability and superior voltage regulation

[85]. Figure 3-4 shows a star-connected system.
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Figure 3- 4: Star Design System

3.4 Typical HVAC wind conversion unit models
A wind turbine or WECS comprises of a generator and power converter as the two main
electrical components. Three groups can be derived from various combinations and

designs of these components[13]:
o Fixed-speed WECS without power converter interface
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e WECS using reduced-capacity converters

e Full-capacity converter operated WECS.

Any type of three-phase generator can be connected to a wind turbine, they are divided
into two groups, namely Synchronous and Asynchronous generators.

3.4.1 Asynchronous generators

Asynchronous generators, also known as induction generators, use a rotating magnetic
field between a stator and a rotor to induce a current in the windings of the rotor. These
generators can be self-excited or excited by the power grid. The slip rate of the generator

allows the output power to increase or decrease.

e Squirrel cage induction generator (SCIG)
e Wound rotor induction generator (WRIG)
e Doubly Fed induction generator (DFIG)

3.4.2 Synchronous generators

Synchronous generators comprise of a rotor, turning at the same speed as the stator
magnetic field. The generator can be divided into two types by its structure: a rotating
armature and a rotating magnetic field. The most commonly used alternator is a

synchronous generator, it is widely used in various types of power generation.

e Wound rotor generator (WRSG)

e Permanent magnet generator (PMSG)

3.4.3 Fixed-Speed WECS without Power Converter Interface

Figure 3-5 shows the configuration of WECS without a power converter interface. This
configuration connects the generator to the grid via a transformer and uses only a squirrel
cage induction generator. The generator's frequency and the number of poles determine
its rotational speed. A four-pole, one-megawatt generator with a 60 Hz supply, operates
at slightly higher than 1800 rpm. The generator speed varies within 1% of its rated speed
even with varying wind speeds. Due to the very small speed range of the generator, this
system is often known as a fixed-speed WECS.
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Figure 3- 5: Wind Energy Conversion System Without Power Converter Interface

For the generator to deliver the maximum power at the rated wind speed, a gearbox is
required to couple the generator to the turbine blades and match their different speeds. A
soft starter is required in this configuration to limit the inrush current produced during
start-up. Once the system is started the soft starter is no longer required and is bypassed

using an automatic transfer switch.

During normal operation, a capacitor bank is required for reactive power compensation
and does not require any power converter unit. Although this method is generally
accepted for its simplicity and low costs, it has two major drawbacks. Firstly, the system
can only deliver the rated power to the grid at a given wind speed, which causes low
efficiency. The second is that the power measured at the point of common coupling
fluctuates subject to the wind speed, which causes disruptions to the grid and power

quality.

3.4.4 Variable-Speed Systems with Reduced-Capacity Converters

Variable speed systems increase the efficiency of the wind energy conversion unit as
compared to fixed-speed wind systems. It also helps to reduce the mechanical stress from
fluctuating wind gusts, expanding the life span of the equipment by reducing wear and
tear on the gearbox and bearings. This reduction in wear and tear also allows for lower
maintenance costs and fewer breakdowns. One of the major disadvantages of this system
is the expensive and complex power converter required, used to control the generator
speed. The power converter does allow the generator to be decoupled, allowing active

and reactive power control of the grid-side [13].
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Variable speed systems can be broken down into two categories, depending on the power
rating of the converter:

e Reduced-capacity power converter
e Full-capacity power converter

Wound-rotor induction generators (WRIG) control the rotor currents to achieve variable-
speed operation. Reduced capacity converters are only feasible in such uses. There are
two designs for the WRIG configurations: one with a converter-controlled variable

resistance, and the other with a four-quadrant power converter system.

3.4.4.1 Wound Rotor Induction Generator with Variable Rotor Resistance.

Figure 3-6 shows an illustration of a WECU using a WRIG and a variable resistance in
the rotor circuit. Variable-speed operation of the turbine can be achieved by changing the
rotor resistance, which is adjusted by the power converter allowing a speed adjustment
range limited to 10% above the synchronous speed of the generator [86]. Variable speed
operation allows higher power generation with the drawback of energy losses caused by
the rotor resistance. This configuration also requires reactive power compensation as well

as a soft starter.
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Figure 3- 6: Variable Speed Configuration With Variable Rotor Resistance

3.4.4.2 Doubly Fed Induction Generator with Rotor Converter.
The DFIG system’s configuration is very similar to that of the WRIG system. The systems
differ in two ways, the soft starter and reactive compensation are not required and the
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variable resistance is replaced by a power converter. These power converters allow for
adjustments of the system power factor. The main advantage of this system is that the
converters required are rated approximately 30% of the generators' rated power. This

makes the converters cheaper than other full-power capacity converters [13].

The DFIG is widely utilized in the industry as it is superior to the fixed speed WECS as
it has improved efficiency in power conversion, high speed ranges for the generator, and

enhanced dynamic performance.

Figure 3-7 illustrates a doubly fed induction generator (DFIG) wind energy system.
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Figure 3- 7: Doubly Fed Induction Generator Wind Turbine

3.4.5 Variable-Speed Systems with Full-Capacity Power Converters

Full capacity power converters can enhance the performance of wind energy systems. A
generator using a full capacity converter system to connect to the grid is shown in Figure
3-8 [87]. SCIG’s, WRSG’s, and PMSG’s can all be used with full capacity power
converters with a power rating of up to several megawatts. Generally, the generator and
converter will both require the same power rating. The power converter allows the
generator to be completely decoupled from the grid and operate at its full speed range.

The converter also allows reactive power compensation and smooth grid connection.

The cost and complexity of the system is the main drawback. If a low-speed synchronous
generator is used a gearbox is not required. Although this may improve the system
efficiency and the initial cost, the low-speed generator is substantially larger which may

lead to an increase in generator and installation costs.
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Figure 3- 8: Full-Scale Power Converter System

3.5 Previous Case Studies for HVYDC Collection Grids

Offshore wind resources are only now becoming widely used, with factors such as data
access and transmission costs being its main stumbling block. Nowadays, research data
is widely available to allow the production of electrical energy using wind power [35].

Kirby and Xu studied HVDC transmission for large offshore wind farms. With an
increase in demand for wind energy, limited space, and lower wind speeds onshore, wind
farms are being forced to offshore locations. Therefore the generated power is required
to be transmitted over long distances to shore for it to be distributed to customers. Lower
power and shorter distances allow for HVAC transmission to be utilized whilst high
power and long-distance enforces the use of HVDC transmission. The paper established
that an HVDC system would be a good solution when the offshore distance is greater than
100 km and the wind farm size is greater than 350 MW.

Ryndzionek and Sienkiewicz studied the development of the HVDC link used for an
onshore grid to offshore wind farm connection. The paper presented the development of
the HVDC link for grid connection. The trend has shown that the offshore energy market
promoted innovations of HVDC technology over the years. It is believed that a DC super
grid can be created with the continuous development of offshore wind power plants. The
paper showed the technical progress over the past 10 years to enable deeper waters and
longer transmission lengths to the onshore grid. To make the HVDC technology
economically viable, cheaper transistor modules e.g. (SiC) have been used to reduce the
cost of power electronic terminals. This new advancement shifts the balance in favour of

DC transmission.

45



Ackermann, Negra, and Todorovic studied losses in HVAC and HVDC transmission
large offshore wind farms. The paper compared losses for the different transmission
topologies for offshore wind farms. Wind farms with various power ratings and distances
were compared. The evaluation of the different systems proved that HVAC solutions
comprised of the lowest losses for short distances, while HVDC LCC proved efficient
over longer distances. Factors such as system reliability, number of cables, life cycle, and
cost influence the final choice of the design. Therefore further investigations are required

to determine the best transmission system design.

Torres, Garces, and Diaz investigated HVDC transmission for offshore wind farms.
Offshore wind farms have gained popularity due to their limited visual impact from shore
and the constant wind velocity found offshore. The paper presents different types of
configurations for offshore wind farm grid integration. Although HVAC is commonly
chosen for short distances, offshore wind farms are at longer distances than HVAC can
handle. HVDC has become a more attractive option for distances further away from shore.
Between HVDC-LCC and HVDC-VSC, HVYDC-LCC has the highest efficiency and is
the most cost-effective solution for HVDC systems.

3.6 HVDC Design model

HVDC collection systems link DC output turbines with a transmission link to the onshore
grid. The DC grid consists of several series or parallel clusters [12]-[30]. Due to the large
difference in the turbine output power and the total grid power, several DC/DC converters
are required for the voltage steps [30]. DC collections systems that can be utilized for

offshore wind farms are examined below.

3.6.1 One-stage collection system

Figure 3-9 shows a simple block diagram of a one-stage concept collection system. In this
concept, the generator AC output voltage is converted to a DC voltage and is directly
connected to the offshore collection grid. The DC voltage is then stepped up by a DC-DC

converter for transmission to the onshore grid.
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As this system has a lower number of converters, losses are reduced and less maintenance
is required. As the generators' output voltage affects collection grids efficiency, the wind

turbines are designed based on high voltage generation and converters, [88].
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Figure 3- 9: One-Stage Concept Connection

3.6.2 Dispersed two-stage collection system

Figure 3-10 shows that this collection system consists of two voltage converters to the
offshore platform. There is also a DC/DC converter on the output of the turbine to allow
for the output voltage to be stepped to the required level. This results in a lower current

and in turn lower losses.

The main advantage of this system is the output voltage of generators remains undisturbed
by the losses experienced in the collection grid. This allows the use of low voltage
generators and power converters [88].
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Figure 3- 10: General Connection Of Dispersed Two-Stage Concept
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3.6.3 Series two-stage collection system

This system allows for multiple turbines to be connected in series and increases the output
voltage level of the wind farm. The number of wind turbines required for the system
depends on the voltage level required. The required number of converters is reduced by

this series connection of the wind turbines.

A serious drawback of this system is that for the wind farm to transfer power, each of the
turbines is required to operate. This means that the series arrangement that is shown in
Figure 3-11, only generates energy once each of the wind turbines is operating. Based on
the layout of the turbines not being uniform and the wake effect experienced, high voltage
variations are experienced between the turbines [88]. Future more, if any turbine fails, a

lower voltage must be accepted or the remaining turbines must compensate for the loss.
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Figure 3- 11: Series Two-Stage Concept

3.6.4 Centralized two-stage collection system

An illustration of a centralized two-stage system is shown in Figure 3-12. This
arrangement is similar to that of the single-stage as wind turbines with single AC/DC
converters are connected to DC/DC converters to step-up voltages. Higher cables
efficiency and lower cable costs are experienced with this system. The system also
requires less power electronic converters which reduces travel and maintenance costs. A
drawback of the system, however, is the extra offshore platform required for the DC/DC

power converter.
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Figure 3- 12: Centralized Two-Stage Concept

A comparison of each HVDC collector system is shown in Table 3-1, which shows the

advantages and disadvantages of each HVDC collector system.

Table 3- 1: Comparison of HVDC collection systems

« Fewer converters
» Lower maintenance and repair
costs

HVDC Advantage Disadvantage
Collector
One stage * Fewer power converters. « High power cable losses
 Lower maintenance, repair, and | * High cable size.
travel costs.
* Lower weight.
Two-stage * Higher voltage level. * High Investment cost.
dispersed » Low conduction losses. » Increased repair, maintenance, and travel
cost.
Two-stage « Low conduction losses. « Difficult commissioning.
series * No platform offshore * Voltage variations.
« Higher Failure.
* High insulation cost.
Two-stage * Low collector losses « Extra offshore platform
centralized | « Cable losses and cost is low

3.7 Typical topology of HVDC wind farm collection grid

3.7.1 Offshore Wind Farm Collector System
A wind farm collector system has the main purpose of collecting the power generated

from each wind turbine and maximizing the total generated energy. There are many wind
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farm collector system arrangements, either in operation or suggested as a theoretical
design [24]. Different layouts can be used to employ these collection systems, based on
the size of the wind farm and required reliability. Configurations for this are discussed

below:

3.7.2 Radial Layout

Figure 3-13 shows a radial layout, which is straightforward and can be used for large wind
power plants. Low cable costs, as well as the simple control systems, are the main
advantages of this layout. However, a major drawback of the system is its low reliability.
A cable or switchgear fault on the radial clusters hub end may block all turbines
downstream from transmitting during the fault [89].
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Figure 3- 13: Radial Network

3.7.3 Single-Return Layout
A single return layout is shown in Figure 3-14 and provides alternate paths of power flow
during fault conditions. Although the reliability is higher than the radial layout, cable

costs are for a specified number of wind turbines [28].
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Figure 3- 14: Single Return Network

3.7.4 Ringed Layout

Figure 3-15 shows a single-sided ring layout. This system provides an alternate route for
each line of turbines. Similar to the single-return layout, the reliability of the system is
increased with an additional cost of cables. Figure 3-16 is a double-sided ring layout,
which connects the last wind turbine of each series to the next. Figure 3-17 shows a
multiple-ring layout that interconnects all the last turbines together. Although no
redundant cables are required, high-rated cables are required to allow for the flow of
power in cases of fault conditions [29]. Cable costs for various voltage ratings are the
disadvantage along with the cost of additional offshore hubs. The additional costs require

an in-depth consideration of the benefits versus the cost for the application [28].
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Figure 3- 15: Single-Sided Ring Network
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Figure 3- 17: Multiple Ring Network

3.7.5 Star Layout

The star design Figure 3-18 reduces cable ratings and allows high reliability of the wind
farm. Better voltage regulation is expected between the wind turbines, however,
additional cable expenses are expected. The cable costs experienced are insignificant

especially when compared to the cost implications of more complex switchgear [28].
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Figure 3- 18: Star Network

3.7.6  Network with Multi-Hub Ring Layout

A multi-hub ring is shown in Figure 3-19 and provides low losses using high voltage

collection. Higher reliability is provided by the use of several hubs, however, expensive

HV cables are required.
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Figure 3- 19: Network With Multi-Hub Ring

3.8 Delivery System Topologies

Various delivery system arrangements exist, the main systems are:

Backbones
Grids

Radial connection
Split connection
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3.8.1 Radial Connections
A single line to shore is known as a radial connection. Individual direct connections from
the wind farm or a central hub can be utilized where many wind farms feed into a single

line to shore.

3.8.2 Split Connections

A split connection is a connection of an individual wind farm or a hub of multiple wind
farms to multiple onshore connections. Power in AC systems will flow based on the
electrical impedance of the network while in DC systems, the power flow is controlled

by the converter stations.

3.8.3 Backbone

A backbone connection is the link of various offshore platforms. The output link at each
platform forms the “ribs” of the system, while the offshore connections form the “spine.”
Backbone topology increases reliability and is likely to be used where multiple radial
systems are built along a section of shoreline. It will require careful coordination of the
technologies used at each wind farm to ensure the capability to make the interconnection.

3.8.4 Offshore Grid

An offshore grid connection involves the interconnection of multiple offshore wind farms
and provides multiple connections onshore. Although a backbone connection is
considered as a form of an offshore grid, complex interconnections are required. The
optimal connection at any given site or area will depend on various factors. Plans for
further wind farms, distance to shore and the electricity demand are some of these factors.
Hub connections will be more economically attractive for wind farms that are planned to

be in close proximity and far from shore.

Offshore hubs are expected to alleviate the ecological impacts and societal objections to
laying the higher number of cables as required for stand-alone wind farms. The use of
offshore grids can benefit various regions. They can provide large-scale wind energy and
avoids onshore transmission system bottlenecks. This connection will increase

connections between regions and alleviate stress on onshore systems.
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Although offshore grids could be developed using either AC or DC technology, long-
distance cable connections are required as they are expected to cross multiple regions.
HVDC systems then become the probable technology. More precisely, multi-terminal
HVDC systems are necessary to realize an offshore grid. HVDC technologies could be
used for these grids, and although no multi-terminal systems have been built using the
technologies best suited for offshore grids, manufacturers are confident that such systems

can be built within the next few years.
At least two different types of HVDC grids can be identified:

* Regional HVDC grid—this is a multi-terminal HVDC system that consists of one
protection zone for DC ground faults. It is fully possible to build a regional HVDC grid
today using proven technology. HVDC breakers are not needed for regional HVDC grids.
A fault on the DC side would be cleared using the AC breakers on the AC side to trip the
whole HVDC system, and the portions of the DC system that are free from faults could
then be rapidly restarted. The temporary loss of the entire regional HYDC system would
have a limited impact on the overall power system. This type of HVDC grid is normally
in radial or star network configurations, and the power rating of the grid is limited.

* Interregional HVDC grids—this is a multi-terminal HVDC system that needs multiple
protection zones for DC ground faults. Interregional HVDC grids will require the use of
HVDC breakers, fast protection and control schemes, and HV DC-DC converters for
connecting different regional systems. Although some manufacturers may be able to
provide HVDC breakers today, continuing development is needed along with proper
standards among the manufacturers to support the technology developments and
encourage the confidence to invest in multi-terminal HVDC systems. Regulatory issues,
such as how to coordinate the operation of the new grids among different regions, also

need to be solved.

3.9 Wind farm components
39.1 HVAC

3.9.1.1 Wind probability

Based on literature by Holttinne and Norgaard in [90], the best way to model the output
of a wind farm is to use an aggregated model. Further analyses of losses and reliability
can be determined using this methodology. These parameters will be the input data for

the simulation models.
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Wind speed is a continuous random variable, it differs based on time and season. Using
the probability distribution function, it can be modelled using the common Weibull
distribution. A forecast of the expected wind speed can be determined using the equation

shown in Equation (3-1).

f(w,) = %(ﬂj ot (3-1)

c

Where f (ws) is the probability density for wind speed, ws is the wind speed, c is the
Weibull scale factor, and K is the empirical Weibull shape factor. Figure 3-20 shows

different average wind speeds for an area.
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Figure 3- 20: Wind Probability

3.9.1.2 Wind turbine
Equation (3-2) allows the modelling of a wind turbine during steady-state. Simulation of
the wind turbine can be accomplished by determining the torque exerted on the

mechanical shaft.

P
turbine Qt ( )
Where Trurbine IS the turbines’ produced torque, Pwm is the output power of the turbine and
Q: is the mechanical speed of the turbine. The power output of the wind turbine is

represented in Equation (3-3).

P, = % PAV.C, (3-3)
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Where A is the swept area, p is the density of the air, v is the speed of the wind and Cp is
the power coefficient of the turbine, which depends on the tip speed ratio, A and pitch
angle, B. The tip speed ratio ( A) can be represented by Equation (3-4).

A=— (3-4)

. . . 27N . .
In which @, is the angular velocity of the rotor, o, = 6_72) , and n is the revs/min.

3.9.1.3 Generator

The DFIG is commonly used for wind power conversion. The stator is directly connected
to the load, while a power converter is used to connect the rotor to the load. A two-level
IGBT VSC is normally used and in a back-to-back configuration. The operation of DFIG
can easily be explained in two axes, d-q coordinate frame. The conversion from ABC to

dq is done using the park transformation in Equation (3-5).

cosé cos(H—z—ﬁ) cos(9+2—7[)
d ;” g A
q|=2]-sing —sin(e—?ﬂ) —sin(0+?ﬁ) B (3-5)
A 1 1 ©
2 2 2 |
Vsd = Rslsd + d(DSd _a)s¢sq (3'6)
dt
do,
Vsq = Rslsq + q : — WPy (3'7)
t
Vrd = errd + d(ord _a)r(qu (3_8)
dt
d
qu = errq +ﬂ_a)r¢rq (3'9)
dt
Psq = lesd + I‘mlrd (3'10)
¢sq = lesq + Lmqu (3'11)
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Prg = I‘rlrd + Lmlsd (3-12)

P = Ll + Lol (3-13)
L =L +L, (3-14)
L=l +L, (3-15)

Where Vs, Vs, Vig, Vg are the stator and rotor voltages in the d and g axis
respectively. R, R, are the stator and rotor resistances respectively, L, L, are the stator
and rotor inductances respectively; L, L are the stator and rotor self-inductance
respectively, Ly, is the mutual inductance; Igq, Isq are the stator currents in the d and g
axis respectively; I.q, Irq are the rotor currents in the d and q axis respectively; @gq4, @sq
are the stator fluxes in the d and q axis respectively, and @4, @4 are the rotor fluxes in

the d and g axis respectively.
The torque, active and reactive power generated by the generator can be obtained using

Equations (3-16), (3-17), and (3-18):

L
Te :l'SNprm(lsq(DSd - Isd(”sq) (3'16)

Where N is the number of poles of the generator.

3

Ps = E(Vsqlsq +Vsd Isd ) (3'17)
3
Qs = E(Vsq Isd +Vsd Isq ) (3'18)

3.9.1.4 Wind turbine transformer
Each wind turbine is equipped with a step-up transformer that is rated 0.69/33 kV, 5
MVA. This transformer allows transmission within the local grid to the main transformers

for transmission to the onshore substation.
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3.9.1.5 Converters and control

Figure 3-21 shows the DFIG is connected with a back-to-back converter and comprises
of the rectifier or rotor-side converter (RSC) and inverter or grid-side converter (GSC).
The RSC is used to control the output power delivered by the stator in order to achieve
the required speed characteristic. While the GSC is used to control the power delivered
to the grid by regulating the voltage at the DC bus [91].
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Figure 3- 21: DFIG Schematic

3.9.1.6 Rotor side control (RSC)
The active and reactive powers produced by the stator are controlled by the RSC. The

control block diagram is composed of two controller stages.

The first stage determines the direct and quadrature components of the rotor current
references by using Equations (3-19) and (3-20). Ls and L are the stator self-inductance

and inductance fluctuation respectively. Ps and Qs are the stators' active and reactive

power.
iy = %['L-_jvi (3-19)
m gs
2
.9 [3):-_3%
Iy, = (3-20)
I-m Vqs
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The second stage is devoted to the rotor current controller. The rotor currents of the DFIG
are sensed and transformed to the d-q reference frame by using Park transformation. The
g-axis component of the rotor current controls the active power while the d-axis

component controls the reactive power.

d(i
V, =R.i, + L.( Ej's )}—S.L.iqr (3-21)
d(i
V, =Ry + L.[ (d:r)J+s.L.idr + s[ L\lfj (3-22)
a)S S

2
L= r—% (3-23)
s=1-2 (3-24)

[0)

3.9.1.7 Grid side control (GSC)

Voltage regulation of the DC-link and power factor is controlled by the grid side
converter. A vector control approach is used with a reference frame oriented along the
grid voltage vector, enabling independent control of the DC link voltage and reactive
power flowing between the grid and the GSC.

In the first stage, the DC reference voltage is compared with the sensed DC voltage across

the DC link capacitor Vgc.

_ Qg_ref (3_25)

i
gd _ref
Vaa

The direct axis current is used to regulate the GSC reactive power and the quadrature axis
current is used to regulate the DC bus voltage. This method also gives the possibility to
control independently the active and reactive power between the GSC and electrical grid.

Vg ret =Vgq T O Lyl +V, (3-26)
Vi et =Vys + 0Ll (3-27)
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3.9.2 HVDC

For DC collection grids, all of the wind farm components are identical to the system
model for the AC grid in the previous chapter. The difference between the systems will
be the converters used for AC/DC and DC/AC conversion as well as the transmission

line.

3.9.2.1 Turbine DC converter

Figure 3-22 shows the DFIG generator output connected to a 33 kV AC/DC converter.
The produced AC voltage is converted to DC and then utilized.

GEARBOX

TURBINE

Figure 3- 22: Turbine with DFIG and AC/DC converter

3.9.2.2 DC/DC boost converter

The boost or the step-up converter is common for moderate input/output voltage ratios.
Figure 3-23 shows a schematic of the boost converter, which contains a few very simple
components. The converter can only be used in conditions where the input voltage Vin is

lower than the output voltage Vout.

—KW&

Vin Swﬁ[_}ﬁ c = |Vout

Figure 3- 23: Boost converter schematic

The boost converter stores and releases energy based on the cycle. While the switch Sw
is on, energy is stored in the inductor L, and energy is released to the load while the switch

is off. The voltage output VVout can be regulated by varying stored energy.
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The current in the inductor increases linearly to the voltage while the switch is active and
the capacitor C energy to the load. Therefore, the capacitor voltage is decreased. During
the off state, the load is supplied via the diode D. Equation 5-28 can be used to determine

the output voltage if the diode and transistor voltage drop is neglected.

V, = (3-28)

Where D is the duty cycle.

3.9.2.3 HVDC transmission line

A submarine HVDC cable consists of various complex layers. Based on the project
specification the cable may be copper or aluminium. The conductor and the metallic
screen are protected by an insulation layer. XLPE cables are generally used in HVDC-
VSC schemes as it is cost-effective and robust [3]. For this study, the wind farm output
is transferred to the AC grid through an HVDC cable. A 150 kV DC cable is used, which
IS 120 km long. A lumped parameter model cable’s resistance, capacitance, and
inductance, together typically form one or more Pl sections. The study uses 2 sections of
60 km each.

3.9.2.4 DC/AC converter

The output of the HVDC transmission line is converted back to AC by the onshore
DC/AC VSC converter. Figure 3-24 shows a VSC system converter station schematic.
The VSC unit is the most vital as it allows DC/AC conversion. Due to the developments
in IGBT technology, the converter can reach high levels of power conversion. The
converter switching frequency determines the harmonics produced, filters required,
power losses, and the inefficiency of the system. Therefore great care has to be taken
when the switching frequency is determined.
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Figure 3- 24: DC/AC converter schematic

To allow for AC grid connection, the voltage is stepped down by the transformer. The

interface transformer provides reactance between the AC and VSC system and prevents

zero frequency currents from flowing between the AC system and the converter.

3.10 System description
3.10.1 HVAC

A traditional offshore wind farm consists of wind turbines, generators, converters,

transformers, transmission lines, and grid connections. The wind farm discussed as seen

in Figure 3-25 consists of 8 wind turbines rated at 5 MW each. The wind farm is connected

to a local AC hub, which is then connected via a transformer to the transmission cables.

The transmission length is determined by the offshore and onshore distances to the grid.
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: HVAC Wind farm Schematic
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For this system, an output voltage of 33 kVV AC is seen for each WECU and is connected
to the local AC grid. Figure 3-26 shows the main transformer, 33/150 kV AC, that

connects the wind farm from the collecting point to the PCC.

COLLECTION GRID ‘H

‘ . .J'..
w f
t. |
@ o
- PN CoLLECTRG \ L T — -
23 iy ., A SEA CABLE LAND HTEREALE 9
=) CABLE ~

h : _J_s' J[
- !

Figure 3- 26: HVAC Wind farm Layout

A 120 km, 150 kV cable connects the offshore transformer of the wind farm to the onshore
distribution transformer for the AC grid. The wind farm grid consists of 33 kV AC cables
and WECUs with 33 kV transformers connected to the generator. The offshore
transformer is a 33/150 kV AC transformer. There is also a reactive power compensation,

to allow for a unity power factor.

3.10.2 HvVDC

There are various designs for an offshore wind farm with a DC collection grid. It can be
designed similarly to that of an AC grid, where the turbines are connected to a mutual
DC/DC converter as seen in Figure 3-27. DC grid wind farms differ from traditional wind
farms as the AC cables are replaced with DC cables, and the transformers are replaced by
DC/DC converters.
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Figure 3- 27: Wind farm with DC collection grid layout

As in the traditional wind farm, several wind turbines are connected together. A DC/DC
boost converter connects the wind farm to the transmission line and steps up the voltage
to allow for transmission. The generator is connected to a full-power converter. To allow
for power flow and voltage level control, a DC/DC converter connects the internal DC
link to the DC collection grid. This results in two DC/DC converters between the turbine
and the HVDC transmission system. The HVDC transmission level is increased by the

second converter for transmission purposes as shown in Figure 3-28.

WIND TURBINE
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Figure 3- 28: HVYDC Wind farm turbine and transmission line converters

An output voltage of 33 kV DC is seen by all eight turbines connected to the DC sub-
grid. The subgrid is fed into a 33/150 kV DC/DC converter. A 120 km, 150 kV DC cable
is used for transmission to the onshore grid via the DC/AC converter to allow for
connection onshore. Each wind turbine has a 33 kV AC/DC converter and there is a total
of 8 turbines.
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3.11 Conclusion

There are many different types of topologies, configurations, and uses for HVAC and
HVDC collection grids. HVDC grids are useful for long-distance transmission and allow
an efficient cost-effective solution for long-distance transmission of wind energy. HVAC

collection grids are useful for low-cost, short-distance systems.
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CHAPTER 4: SYSTEM MODELLING AND SIMULATION

4.1 Introduction

The purpose of this chapter is to assess and compare HVAC and HVDC collection grids
systems for offshore wind farms. Parameters such as component cost, system losses, and
fault characteristics will be considered. The systems’ power, the output power generated
from the wind farm, will be kept constant in both, the AC and DC, systems. However,
wind farms differ from power generation plants and do not allow an increase with an
increase in consumption. This chapter defines the output power of the wind farm, the
system modelling, and the simulated outputs under normal and fault conditions. These
simulations will be used to determine which system has the best performance by looking
at the system efficiency and fault currents. Both systems will be kept identical in terms
of wind farm size, wind speeds, system power ratings, and transmission distances to
provide a more accurate comparison. Matlab/Simulink software was used to analyse these
systems. The best-performing system should be considered as an option in wind farm

design as it could improve the efficiency and costs of future systems.

4.2 System modelling
42.1 HVAC

In this study, Matlab/Simulink software has been used to model the wind energy system.
This was chosen as it is user-friendly and contains many of the required components in
pre-set blocks to design the model of a wind system. The wind farm is rated at 40 MW
with 8, 5 MW rated wind turbines. Each turbine uses a Doubly Fed Induction Generator
(DFIG) rated at 690 V. A transmission distance of 120 km and a transmission voltage of
150 kV are used for both systems. All these parameters will be kept constant for both

systems, to ensure more accurate results.

4.2.1.1 AC wind farm simulation model

Figure 4-1 shows a Matlab/Simulink model of the AC collection grid system with a DFIG
turbine. The wind farm block was created as a mask to declutter the simulation and
contains all the wind farm components, such as the wind turbine, drive train, DFIG,

converters, and transformer.
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As the Matlab software provides most of the components as in its library, only certain
system components needed to be modelled. Modelling of the DFIG turbine and generator,
the converters and their control, and the three-phase, three winding transformers were

required.
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Figure 4- 1: HVAC Simulation Model

4.2.1.2 Wind speed and turbine

After calculations using Equation (3-1) and (3-2) and the graph in Figure 5-3, a wind
speed of 10m/s was determined for the model. The maximum C, was determined by
Equation (3-3) modelled using a wind turbine characteristic curve C, (A, B) from supplier
data.

4.2.1.3 Drive train
The input to the drive train was entered from the output of the wind turbine. The low rpm
of the wind turbine is then converted through the drive train gearbox by the use of

Equation (4-1) to provide a torque output.

_ (1-5).60.1,

Iy = 4-1
o P.n, (-1

Where P is the number of pole pairs of the generator, s is the rated slip, nm is the turbine

rated rpm and fs is the frequency of the stator.
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The output torque is entered into the shaft of the generator, as were the mechanical
elements of the turbine, such that the stiffness of the drive train is infinite, with the friction

and inertia of the turbine being modelled using the single-mass model.

4.2.1.4 Wind turbine transformer
The transformer was modelled using the pre-set transformer block which consisted of
three phases and two windings. Table 4-1 shows the parameters for the primary and

secondary winding. A nonlinear characteristic curve was used for core saturation.

Table 4- 1: Wind Turbine Transformer Parameters

Parameters Primary  Secondary

Vectorgroup D Y
R (Q) 0.002 0.42
L (Q) 0.0327 13.41

4.2.1.5 Doubly fed induction generator (DFIG)

A Simulink predefined asynchronous machine block was used to model the generator.
The machine could be defined as either a motor or generator, based on the polarity of the
torque, Tm. Tm Was entered into this block from the drive train, while the resistance and

inductance for the rotor and stator were added as seen in Table 4-2.

Table 4- 2: DFIG Parameters

Parameters Value
L-L Voltage (V) 690
Stator Resistance (p.u) 0.023
Stator Inductance (p.u) 0.18
Nominal Power (MVA) 5

4.2.1.6 Converters

The RSC and GSC converters, as shown in Figure 4-2, were modelled using the provided
universal bridge blocks and IGBT in Simulink. The converter control was implemented
using the Math operation blocks. The input parameters for the converter are shown in
Table 4-3.
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Figure 4- 2: Rotor and Grid Sid Converter

Table 4- 3: Converter Control Parameters

Parameters Value
Grid Side PWM freq (Hz) 2700
Rotor Side PWM freq (Hz) 1620
Max Pitch Angle (Deg) 27
Max rate of change (Deg/s) 10

4.2.1.7 Offshore transformer

The transformer in an offshore AC substation steps up the wind farm output voltage to
between 150 kV for further transmission. The stepping up of voltage is important to
reduce the current flow through the cables, which results in a decrease in the cable
requirements and a reduction in the power losses. The parameters of the transformer are

shown in Table 4-4.

Table 4- 4: Offshore Transformer Parameters

Parameters Primary  Secondary
Vector group Y Y

V (kV) 33 150

R (Q) 0.002 0.002

L (Q) 0.08 0.08

Power (MVa) 100

4.2.1.8 Transmission line
For transmission to the onshore grid, a 120km AC cable is used. This cable is modelled

using an XLPE cable. The parameters are shown in Table 4-5. The transmission cable is
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isolated from the grid and wind farm by two circuit breakers which protect in the event
of a fault.

Table 4- 5: HVAC Transmission Line Parameters

Parameters Value
R (Q/km) 0.015

L (H/km) 0.792e-3
C (F/km) 14.4e-9

42.1.9 ACGrid

To allow for the generated power to be useful, it has to be interconnected with the national
grid. The wind farm is linked to the 400 V AC grid via the onshore transformer which
steps down the voltage from 150 kV to a useable 400 V.

422 HVDC
For the DC wind farm, the same parameters and simulation system are used. The
transmission length, system voltages, and currents are kept constant. This will allow

accurate comparison between the two systems.

4.2.2.1 DC simulation model

Figure 4-3 shows the model of a wind farm utilizing a DC collection grid and DFIG
turbines. Matlab/Simulink software was used to model the system and the same wind
farm block was used in the HVAC simulation with the addition of a DC converter to each

wind turbine output.

As the Matlab software provides most of the components as in its library, only certain
system components needed to be modelled. Modelling of the DFIG wind turbine and

generator, the converters, and their control were required.
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Figure 4- 3: HVDC Simulation Model

4.2.2.2 DC/DC boost converter
The DC boost converter is modelled as seen in Figure 4-4. The parameters used are shown
in Table 4-6.
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Figure 4- 4. DC-DC boost converter simulation

Table 4- 6: Boost Converter Parameters

Parameters Value
Duty Cycle 0.78
L (mH) 5
C(F) 15

4.2.2.3 Transmission line
For transmission from the offshore wind farm to the onshore grid, a 120 km DC cable is
used. This cable is modelled using an XLPE cable. The cable is rated at 150 kV. The
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parameters are shown in Table 4-7. The transmission cable is isolated from the grid and
wind farm by two circuit breakers which protect in the event of a fault.

Table 4- 7: HVDC Transmission line parameters

Parameters Value
R (Q/km) 0.015

L (H/km) 0.792e-3
C (F/km) 14.4e-9

4.3 Simulation

43.1 HVAC
4.3.1.1 Wind farm

A time step of 50 ps and a sample time of 1 s were chosen to run the simulation. The
output voltage and current of the wind farm during normal operation are shown in figures
4-5 and 4-6 respectively. The output voltage and current show the wind farm producing
a voltage of 33 kV with a current of 800 A. This can be used to calculate the wind farm

power output.

oh
bl

Figure 4- 5: HVAC Wind farm Output Voltage
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Figure 4- 6: HVAC Wind farm Output Current

4.3.1.2 Transformer

The output of the wind farm is connected to the offshore transformer. The output voltage
of the transformer is shown in Figure 4-7. The output voltage is 150 kV and the
transformer is used to step up the voltage from 33 kV to 150 kV.

x 107

osH AR R R )

0.5

s i 1 I
0.75 02 085 0.9 095 1

Figure 4- 7: Offshore Transformer Output VVoltage

4.3.1.3 Line output

The transmission line receiving end voltage, 130 kV is shown in Figure 4-8. The voltage
drop of the line is calculated by subtracting the transformer output and the line output
voltages. The voltage drop of the line is 20 kV.
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Figure 4- 10: HVAC Onshore Transformer Current

The efficiency of the system can be calculated by Equation (4-2) below. The output power
of the system is 35.77 MW and the system input is 40 MW. The system efficiency is
89.425%.

% = - 100 (4-2)

out

4.3.2 HVDC

4.3.2.1 Wind farm

The same step time and sample time were chosen as in the AC simulation. The output
voltage and current of the wind farm during normal operation are shown in figures 4-11
and 4-12 respectively. The output voltage and current show the wind farm producing a
voltage of 33 kV with a current of 1700 A. This can be used to calculate the wind farm

power output.
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Figure 4- 11: HYDC Wind farm Output Voltage
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Figure 4- 12: HVDC Wind farm Output Current

4.3.2.2 DC-DC Boost converter

The output of the wind farm is connected to a boost converter. This will allow the voltage
to be stepped up for transmission to the onshore converter. The output voltage of the boost
converter is shown in Figure 4-13. The output voltage is 150kV as the boost converter is
used to step up the voltage from 33kV to 150kV. The boost converter current output is
shown in Figure 4-14. This voltage and current are the input to the HVYDC transmission

line.
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Figure 4- 14: Boost Converter Output Current

4.3.2.3 Line output parameters

The voltage at the receiving end of the transmission line is shown in Figure 4-15. The
voltage drop of the line is calculated by subtracting the output of the boost converter and
the line output voltages. The voltage at the output of the line is 138 kV, resulting in a

voltage drop of the line is 12 kV.
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Figure 4- 15: HVDC Transmission Line Receiving End Voltage

4.3.2.4 Onshore inverter

The voltage of the inverter is shown in Figure 4-16. The voltage needs to be converted to
AC to allow for use in the national grid. The inverted voltage is then fed to the onshore
transformer and stepped down back to a useable voltage level.

Figure 4- 16: Inverter Output Voltage

4.3.2.5 Onshore transformer

The voltage and current of the onshore transformer output are shown in Figure 4-17 and
Figure 4-18. The final output voltage and current are 400V and 55.7 kA respectively. The
output power of the system is 38.59 MW.
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Figure 4- 17: Onshore Transformer Voltage

Figure 4- 18: Onshore Transformer Current

The efficiency of the system can be calculated by Equation (4-2) as shown previously.
The output power of the system is 38.59 MW and the system input is 40 MW. The system
efficiency is 96.475%.
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4.4 Fault scenario

4.4.1 HVAC collection grid system
Faults on a power system are quite common and can occur at any time and without any
warning. Faults are categorised into symmetrical and asymmetrical faults. Symmetrical

faults are less common, with asymmetric faults being prevalent.
There are three common types of asymmetric faults, namely:

e Line to line fault

e Line to ground fault

e Double line to ground fault
A short circuit between two lines is referred to as a line-to-line fault. This fault is caused
by physical contact between the lines. Physical damage of a line due to factors such as
lighting or heavy winds can result in a line to ground fault. If the same occurs and two

lines are disrupted, a double line to ground fault occurs.

4.4.1.1 Simulation
For this study, a single line to ground fault was simulated to determine the fault current

as well as the effect of the fault on the wind farm, and the receiving end of the system.

Figure 4-19 shows the system with the fault location. The fault is located midway on the

transmission line. The fault occurs at 0.3s and is kept constant for both systems.
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Figure 4- 19: Traditional HYVAC Wind Farm System With Fault
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For the AC collection grid system, the fault current peaks to a value of 12000 A as seen
in Figure 4-20. This value is significantly high and will have a major impact on the system

components.
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Figure 4- 20: Fault Current For HVAC System

The effects of the fault current on the wind farm can be observed from the Figure below.
Figure 4-21 shows that, due to line to line fault, the sending end voltage waveform. The
voltage spikes at the moment of the fault. The voltages for each phase are no longer
symmetrical sine waves, even though the fault occurs over 60 km away from the wind

farm. The voltage surges from 33 kV to a maximum of 50 kV.
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Figure 4- 21: HVAC System Wind Farm Voltage During Fault
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Figure 4-22, shows the current waveform during the fault. It is clear that the sending end
current is greatly increased. This current surges to a maximum of approximately 600 A,

as opposed to the running current of 220 A.

Figure 4- 22: HVAC System Wind Farm Current During Fault

The receiving end voltage and current are shown below. Figure 4-23 shows the voltage
peaking at 650 V at the receiving end of the system. Figure 4-24 shows the current for the
receiving end. The effects of the fault are visible with both the voltage and current
distorted.
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Figure 4- 23: HVAC Receiving End Voltage During Fault
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Figure 4- 24: HVAC Receiving End Current During Fault

From the fault simulation above, it is clear that the traditional wind farm system is highly
affected by a transmission line fault. The fault affects all parts of the system including the

wind farm, transmission line, and the systems’ receiving end.

4.4.2 HVDC collection grid system

The same fault was simulated as in the HVAC system to allow for an accurate comparison
between the systems. To provide accurate results, the fault is simulated in the same
location. The line is faulted to ground at 60 km into the transmission line. Figure 4-25
shows the system with the fault location. The fault occurs at 0.3s and is kept constant for

both systems.
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Figure 4- 25: HVDC Collection Grid System With Fault

Figure 4-26 shows the fault current for the DC collection grid wind farm system. The
fault current peaks at a current of 620 A. This value is significantly low and will allow

for cheaper protection equipment based on the fault current rating.
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Figure 4- 26: HVDC Collection Grid System Fault Current

The effects of the fault current are shown in the figures below. Figure 4-27 and Figure 4-
28 show the wind farms voltage and current output respectively, during the fault. The
simulation shows that fault has no effect on the wind farm and produces a constant voltage

and current output.
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Figure 4- 28: HVYDC Wind farm Output Current During Fault

Figure 4-29 and Figure 4-30 show the receiving end voltage and current for the system
respectively. The fault in the DC system only affects the related area. As the fault occurs
on the transmission line, the line is grounded and the voltage to the inverter is affected.
The converter receives a lower input voltage and produces a smaller AC output wave. As
seen in the Figures below, the voltage and current waveforms are reduced at the time the
fault is experienced. The fault occurs at 0.3s, as the converter voltage and current were

rising to steady-state, the fault occurs and causes them to be reduced due to the lower

input to the converter.
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4.5 Conclusion



identical to allow for an accurate comparison. The HVDC system had much higher
efficiency than the HVAC system and also performed better during a fault. The following
chapter will look at the results obtained from the simulations and analyse these to show a

clearer indication of the performance of both systems.
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CHAPTER 5: RESULT ANALYSIS AND DISCUSSION

5.1 Introduction

This chapter explains the results obtained from the simulations in chapter 4. The results
are compared and the effectiveness of each collection grid is shown. The results from the
normal operation and fault simulation are discussed and it is found that HVDC collection
grids outperform HVAC systems. An economic comparison of both systems is conducted
and costs for distances over the break-even distance are seen to be much higher in HVAC
systems. The results found in this chapter have also been explained based on previous

research conducted in this area.

5.2 Normal Operation

5.2.1 Lineloss

Using the results gathered during the simulation in chapter 4 it can be seen in Figure 5-1,
that the AC system collection grid has a voltage drop of 20 kV while the DC system, sees
a loss of only 12 kV. The results experienced are corroborated by T.W. May and B.
Albannai in [92] and [93] respectively. In transmission systems that use HVAC, a high
percentage of the system losses are related to the transmission line while HVYDC systems
are not limited by transmission distances due to the absence of reactive power loss [92].
The DC system does not have to deal with losses such as skin effect and charging current.
With DC voltage being constant during operation and AC periodically alternating, HYDC
conductors are rated to carry higher power than HVAC conductors of the same size.
Insulation size and spacing in AC conductors are not rated on the RMS voltage but rather
based on the peak voltage. DC systems on the other hand are constant and allow the

conductor to carry 100% of the rated power. [93].
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Figure 5- 1: Line Loss Comparison Graph

5.2.2 Overall system efficiency

By looking at the overall system efficiency we can determine the best-suited system to
allow for maximum use of the wind energy with minimal wastage. Using the standard
efficiency formula, the efficiency of both systems was calculated in the previous chapter.
These results can are graphed and compared as seen in Figure 5-2. Each system has an
equal power input of 40 MW, fed from their individual wind farms. The AC system shows
an output power of 35.77 MW, while the DC system has a total output power of 38.59
MW. These results can be shown as a percentage efficiency of 89.425% for the AC system
and 96.475% for the DC system. Although the converters in the HVDC system do reduce
the efficiency, it is still more efficient than the HVAC system. The efficiency results of
the systems are satisfied by literature seen by Behravesh [94] and Pillay [95]. HVDC
collection and transmission grids can be used for long distances as the efficiency of the
systems is increased and the losses are reduced as compared to HVAC [95]. For the

distance simulated, the HVAC system does not match the HVDC systems efficiency.
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Figure 5- 2: System Efficiency Comparison

5.3 Fault Operation

5.3.1 Faultcurrents

Figure 5-3 shows the fault current results obtained during the simulation of a single line
to ground fault for each system. For the AC collection grid system, a fault current of 12
KA is experienced with a line to ground fault. The DC system experiences a fault current
of just 620 A. This difference in the fault current affects the pricing of each system as the

protective equipment required will be much higher priced for larger fault currents.
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Figure 5- 3: Fault Current Comparison
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5.3.2 Fault effect on wind farm output

When the fault occurs on the transmission line, the effects of this fault can flow back to
the wind farm. The graph in Figure 5-4 shows the effects of this fault on each wind farm
system. A high overvoltage is experienced in the AC wind farm, yet the DC wind farm
does not see any increase in voltage. This overvoltage spike of 51% in the AC system is
twice the system voltage, this high voltage can be detrimental to the equipment in the
system. This result is also seen in the literature. Only the immediate section is affected
when a fault occurs on a system using HVDC [96]. Due to a line-to-ground fault on the
transmission line, the faulted phase is grounded. HVAC and HVDC both experience
distorted waveforms during the fault, however, in the HVDC system only the
transmission line section is highly affected. Therefore the wind farm is not affected by
this fault as much as seen in the AC system.
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Figure 5- 4: Fault Effect on Wind farm Output

5.4 Cost Comparison

The cost modelling for each system is seen in Chapter 2. For transmission distances of 70
km and lower, HVAC is seen as the most cost-effective solution. In distances above 70
km, HVAC system costs rapidly increase and make HVDC systems the cost-effective

solution. In the case of a 120 km line, DC is seen to be the cheaper alternative.
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From the graphs and equations shown in Chapter 2, an approximate costing can be
determined for each system. The wind energy system is composed of several components
that allow wind energy to be connected to the grid. Cables, substations, both onshore and
offshore, transformers, reactive power compensation, and converters all add to the cost
of the systems. The cost of each component can be added to determine the total system
cost. The cost of each system is given by Equation (5-1) and Equation (5-2) for HVAC
and HVDC systems respectively.

CT—HVAC = C\NT + CC—AC + CSG +Css + CTR +CRE +CAC—PF (5-1)

C:T—HVDC = C:\/\/T + CC—DC + CSG +CSS +CTR + CCON + C:DC—PF (5_2)

Where, C; ,.cand C, .. are the total costs of the HVAC and HVDC collection
system respectively, C. is the cable cost, C is the cost of switchgear, C, is the cost of
a transformer, C is the cost of a substation, C.. is the cost of a reactive compensator,
Cc Is the cost of a converter station, C, is the cost of a converter and C,. is the cost

of platforms required. These equations can be used to determine the cost for each system.

54.1.1 HVAC Cost

By using the cost equation, Equation (5-1), for the HVAC system and substituting the
individual component equations, Equation (5-3) is derived. This equation can then be
used to determine the system cost, using the parameters of a 40MW wind farm at 120 km
offshore. These values can be inputted into Equation (5-3) and the cost is determined as

seen in Equation (5-4).

Chvac-ToraL = [1-1(2.95><103 Inx P —375.2)] + [42.688>< STRO'7513:| +..

379.5x1,
[{249.72+26.48><e T Jx |}+|:(0.0007><Urms +0.036) ] +... (5-3)

P
[(2.76+(0.095x P))]J{2.534+0.0887 +$} +[0.0039Q, +0.3557]
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Cuvnc rora. =[ 1:1(2:95x10° Inx (40) ~375.2) | +| 42.688 (40) """ | ..

379.5%(800)

(249.72+26.48xe 10° Jx(120)]+[(0.0007x(150)+0.036)]+... (5-4)

(2.76+(0.095x (40))) | +[2.534+o.0887 +(4—0}+[0.0039><(75)+0.3557]

)
1000

From Equation (5-4), it can be determined that the cost of a 40 MW, 120 km offshore
HVAC system is approximately 137.63M€, which equates to R 2.4 billion. This cost is
split into the components as seen in the pie chart shown in Figure 5-5. From this, it is
evident that in the HVAC system, the transmission cable is the highest percentage of the

overall cost.
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Figure 5- 5: HVAC System Component Pie Chart

5.4.1.2 HVDC Cost
The identical method was used in the process to determine the cost of the DC system. The

cost equation for the HVDC system can be broken down into Equation (5-5).
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Ciwpe tora. =| 1-1(2:95x10° Inx P ~375.2) | +[ 42.688x $.™° | +...
[(0.0256+0.0068x 2x P)x1 |+[200x Px 2]+[ 2(0.0007xU,, +0.036) ] +... (5-5)

ow
[0.5(2.76+(0.095% P)) ] +| 1.85| 2.534+0.0887 + —
1000

For the described system, the total costing can be determined by Equation (5-6).

Cooe ror. =| 1.1(2.95x10° Inx(40)—375.2)}+[42.688><(40)0'7513}+...
(0.0256+0.0068x 2 (40))x (120) | +[ 200 (40)x 2 |+...
2(0.0007(150) +0.036) |+| 0.5(2.76+ (0.095 (40) ) | +... (5-6)

1000

! (40)
1.85| 2.534+0.0887 + —=
The total cost of the system equates to 93.52M€ which converted is R 1.7 billion. The
cost of the individual components was used to determine the graph seen in Figure 6-6.
From this, it is evident that the converter system comprises of 50% of the total system

cost, while the cables only account for 33%.

HVDC SYSTEM

-

= TURBINE

= TRANSFORMER
CABLE
SWITCHGEAR

mPLATFORM

= SUBSTATION

® CONVERTOR

Figure 5- 6: HVYDC System Component Pie Chart

From the costing evaluation of both systems, it can be seen that the HVAC system has a

higher cost for the given system. This is mainly due to the cable and platform costs.
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5.4.1.3 Comparative Cost

From the information above, the costs of both systems can be compared. An analysis was
done to determine the system costs at different transmission distances. This information
Is shown in Figure 5-7. From this graph we can see the break-even distance, and that after
this point, the cost of HVAC systems surges past the HVDC system costs. After a distance

of 70 km, HVDC transmission systems are more economical than HVAC.
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Figure 5- 7: Cost vs Distance Graph

Figure 5-8 shows a side-by-side comparison of the cost of both systems at 40 MW and
120 km.
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Figure 5- 8: HVAC and HVDC Cost Comparison

From the information above it is clear that for any distance over 70 km an HVDC
collection system will be far cheaper than an HVAC system. This can be used to help
determine wind farm system design when considering new wind farm systems at great

offshore distances.

5.5 Summary
The results found during the simulations were expected as there is literature to support
each one. Table 5-1 summarises the results for each system side by side to show a full

comparison of the systems.

AC and DC collection grids have been studied and compared. The losses, fault handling,
and cost have been discussed. From the results obtained, it is clear that losses in AC
collection systems are comparatively higher than DC for longer distances. The high losses
experienced in AC systems are a result of the transmission line effects not experienced
by DC transmission systems. The fault current experienced by the AC system was
extremely high as compared to the DC systems. Although the fault current is lower, the
protection systems for DC collection grids are expensive and add to the cost of the system
making it much more expensive than standard AC systems. DC-DC converters required
for the HVDC systems to operate are also extremely expensive and add additional costs
to the system [22].
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A costing comparison was conducted on both systems and shows that the HVYDC system

is the economical choice. This information along with the performance and fault

comparisons makes it evident that HVDC systems are much more efficient and

economical when transmission distances are high.

Table 5- 1: Overall Summary

Description Traditional Wind  DC collection Grid
farm Wind farm
Wind farm Output Voltage 33 kV 33 kV
Transmission Distance 120 km 120 km
System Power 40 MW 40 MW
System Efficiency 89,425 % 96,475 %
Line Losses 20 kv 12 kV
Fault Location on Transmission Phase A 60 km
Line 60 km
Fault Current 12 000 A 620 A
Wind farm Voltage and Current Affected Unaffected
Transmission Line Voltage and Affected Affected
Current
Receiving End Voltage and Current Affected Affected
Costing R 2.4 Billion R 1.7 Billion
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

This study has focused on the use of HVAC and HVDC collection grids for offshore wind
farms. The losses experienced and system costs, as well as their operation and behaviour
during normal operation and fault conditions, were simulated. It is clear that for offshore
wind farms, HVDC collection grids with HVDC transmission have proven to be the most
efficient and cost-effective solution in the long run. Both the HVAC and HVDC systems
were simulated with a line to ground fault. HVDC has proven to be a more viable option
than HVAC as lower fault currents are experienced and only the faulted section is affected
by the fault. As the fault was on the transmission line, the sending and receiving ends of
the system were unaffected as the fault did not travel through the system but instead only

affected the faulted area.

With the ever-growing population and the increasing demand for electrical energy,
renewable energy is in high demand. Transmitting this energy to the existing power grid
is a difficult task due to the distance and power quality requirements. HVDC is a fast-
growing solution to this problem, with its unlimited distance capabilities at high
efficiency and low cost. HVDC technology has improved dramatically over the last
decade and this has led to the wider use of HVDC technology in modern power

transmission.

Present HVDC systems can be rated to megavolts DC and up to tens of Gigawatts in rated
power capacity, while also enhancing robustness and reliability. In 2018, developments
of new offshore wind power plants had slightly slowed down but are steadily increasing,
according to research. New high-power wind farms are currently being developed, such
as the 1000MW, Thor-2020 system. Innovations in HVDC technology will be promoted
based on market trends. These innovations will provide environmentally friendly wind

farms with high reliability and control.

According to researchers as offshore wind farms develop, DC transmission systems will
become increasingly available and will allow for a DC super grid in the future. Intense
research in this field provides evidence of these claims. This study shows that
technological developments will allow for HVDC collection grids to be a reality in the

near future.
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The benefits of HVDC systems, as opposed to HVAC systems, in relation to the
transmission distance, efficiency, and fault handling, are given. A comparison between
offshore wind farms with HVAC and HVDC collection grids was shown in this research.
The various configurations available for HVDC, as well as topologies used for HVDC

converters, were also explained.

In conclusion, during this research, it is clear that HVDC collection grids are
comparatively superior to HVAC collection grids and a few developments in this
technology will see HVDC collection systems as a standard in offshore wind energy

systems.

6.2 Recommendations
This dissertation has focused on the comparative evaluation of HVAC and HVDC
collection grids for offshore wind farms. Although HVDC is seen as an improved

alternative to HVAC, future research should be conducted to improve this system.

The improvement of protection devices for HVDC systems could in the future reduce the
cost of these devices and further lessen costs and improve HVDC systems. Possible
alternatives to lessen the costs of converter stations should also be researched and could
allow HVDC to become the main topology for offshore wind farm collection grids. With
the improvements in modern technology, power electronic switching devices, and

protection devices, the cost of HVDC systems is sure to decrease in the near future.
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