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ABSTRACT

This thesis presents a study on HVLF AC transmission systems for a long distance
Offshore Wind Farm (OWF) grid connection. A particular scheme highlights the use of a
high voltage cycloconverter as a frequency changer at the sending end of the transmission
system, in which the voltage is stepped up at 60 Hz before inputting to the cycloconverter.
This eliminates the need for a high voltage low frequency transformer on the offshore
platform, and also it allows the use of standard 50/60 Hz generating equipment in the
wind turbines. A modelling study has been undertaken to validate the operation of the
system, including with the presence of transmission line faults. The study shows the
effects of the pre-fault harmonics generated by the cycloconverter on the fault generated
transients. Thus, the need to develop a new frequency based fault protection system for

HVLF transmission is addressed.

New transmission line fault detection and location algorithms for the HVLF system have
been developed. Firstly, the frequency range of the post-fault generated transients were
identified using Fast Fourier Transform (FFT) analysis. It was shown that these transient
components, ranging from DC to high frequency, are distributed throughout the spectrum
of the three-phase current signals. However, the FFT analysis provides the frequency

information of these transients but without time information.

In this thesis, the Wavelet Packets Transform (WPT) is introduced for the fault
identification. The fault generated transients were detected by monitoring wavelet
coefficients over a time window. The performance of the protection system under all

possible fault scenarios of the HVLF transmission line are investigated.

Finally, practical considerations, such as the impact of the fault inception angle and the
switching and control of the cycloconverter on the fault detection and location algorithm’s

accuracy were also investigated.
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1. Introduction

Chapter 1

Introduction

1.1 Overview

The demand for electrical power is growing rapidly. The generation capacity needs
to keep in pace with the growing demand through utilisation of renewable sources
to achieve a more environmentally friendly and economically competitive and sustainable
power system, instead of relying on high carbon footprint technologies. The world energy
statistics show that the highest increase in the renewable power generating capacity of a
total of 161 gigawatts occurred 2016 [1]. The ongoing trends show that wind energy and
solar photovoltaics (PV) are the most emerging renewable energy sources utilised for
electrical power generation [2]. Within Europe only, the renewable energy contribution
to the total power generation from all sources was about 28.8% in 2015 [2, 3]. Figure 1.1
shows the percentage of the electrical power generated from renewable sources to the
total consumption per country for the given years. Both Norway and Iceland have the
maximum share of electrical power generated from renewable sources. Although, other
countries such as Denmark, Germany, Portugal and United Kingdom are still depending
on non-renewable energy sources; but these countries had the highest growth in power
generation from renewables between 2005 and 2014. Most of these countries have set a
future target to eliminate power generation from fossil fuels by increasing the installed

capacity of renewable energy.
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Figure 1.1: Percentage share of power generated from renewable sources to the total national
consumption for years 2005 and 2014.

In Europe, the contribution from wind power generation was 10% in 2016, see figure 1.2.
Wind power is catching up the contribution from hydro, although, hydro has been the
basis of renewable energy with the maximum contribution for many years. The statistics

show that in recent years wind was the fastest growing renewable power source [1].

Others 4 % = Conventional

thermal
= Nuclear

Conventional = Hydro

thermal
49 %
Nuclear = Wind
26 %
= Others

Figure 1.2: The electrical power generation by source in Europe 2016 (in %) [2].
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In the last decade, the power sector in Europe has continued to increase its total installed
generation capacity from wind power plants. The pie chart of figure 1.3 shows that
contribution from wind is the highest among other sources due to many reasons such as,
the relatively large quantity of power generated from a single wind turbine compared with

a solar photovoltaic array for example [2].
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Figure 1.3: Renewable power capacity installations (MW) in Europe until 2015 [2].

Therefore, wind energy is expected to play an increasingly significant part in the future
of power generation from renewable sources. The ongoing growth of wind power demand
has led to an increased catchment through geographical expansion and enhancement of
current technologies. Hence, the development of effective technologies applied to

generation, transmission and integration to the grid are of relevance and interest.

There are a number of important issues affecting the power generation from wind energy
such as, the size and location of wind farms, which results in an increase in the capital
cost, and the unpredictability of wind speed which results in lower generation capacity.

As the power generated from a single wind turbine can be calculated by [4]:
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1
P= EpAv3 (Watts) (1.1

where A is the area of turbine blades (m?), p is the air density (kg/m?) and v is the wind
velocity (m/s). From equation (1.1) the amount of power extracted from wind is
proportional to the cube of the wind speed. Therefore, the selection of wind farm location
has a major impact on improving the overall power generation efficiency and capacity.
Locating wind farms onshore is a very cost effective technology, but it has many
limitations due to the high population density and the required land usage. In addition,
recent studies have shown that onshore wind is less effective i.e. less frequent and at lower
speed in comparison to offshore wind [5]. This means that offshore wind farm (OWF)
can generate more power than an equivalently sized onshore located wind farm. Hence,
the realisation of OWFs are receiving much more attention, especially in the United
Kingdom, Denmark, Germany, Sweden, and the Netherlands [2]. The European Wind

Energy Association (EWEA) 2015 annual report has stated that:

“During 2015, 13,805.2 MW of wind power was installed across Europe, 5.4% more than
in the previous year. 12,800.2 MW of it was in the European Union. Of the capacity
installed in the EU, 9,765.7 MW was onshore and 3,034.5 MW offshore. In 2015, the
annual onshore market decreased in the EU by 7.8 %, and offshore installations more

than doubled compared to 2014 [2].

Additionally, the statistics show that OWFs of rating up to 160 MW are in operation and
there are several plans for 340 MW farms [6]. Figure 1.4 shows that the next generation

of OWFs will be expanded further out to sea to a distance of over 100 km.
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Figure 1.4: Offshore wind farm development in Europe toward 2020 [6].

The increase in size and distance of OWFs has led to new challenges in terms of power
collection and transfer technologies. The demand on bulk power transmission over long
distance from shore has grown considerably in recent years [5]. So far, High Voltage
Alternating Current (HVAC) and High Voltage Direct Current (HVDC) power
transmission technologies have been implemented depending on the transmission

distance and capacity.

In the conventional HVAC systems, the power transmission capacity and distance were
increased by raising the voltage level of the transmission line. Since the transmission lines
have thermal and environmental limitations, the maximum voltage level of AC
transmission is 750 kV [7]. However, for long distance offshore power transmission,

HVAC submarine lines have high losses and excessive reactive power compensation is
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needed due to the high capacitance of the cables. This high capacitance causes a charging
current that reduces the active power transmission capacity [7]. Therefore, HVAC can
only be used for short distances, which is typically below 50 km. For example, London
Array is the world’s largest offshore wind farm located 20 km off the Kent coast in the
United Kingdom that utilises HVAC system for power transfer [6]. A total capacity of
630 MW is generated by 175 wind turbines, and transferred at nominal voltage of 150 kV
over a distance of 53 km via four XLPE cables. However, two offshore substations were
constructed to accommaodate transformers used to step up the voltage level from 33 kV to
150 kV. This example clarifies that the HVAC system utilised for offshore transmission
requires multiple cables and offshore platforms to meet the required transmission

capacity.

An HVDC transmission system has been implemented as an alternative to provide higher
transmission capacities [7, 8]. In an HVDC system no reactive power is consumed or
produced in the cables. Thus, the HVDC transmission system has the advantages of lower
losses, longer transmission distance and higher power transmission capacities in
comparison with the conventional HVAC system [9]. In the last few decades, the number
of planned and installed HVDC systems has increased rapidly, and particularly for long
distances offshore power transmission [7]. Recently, the DolWinl transmission link in
Germany was implemented to deliver 800 MW from windfarms in the North Sea via 167

km HVDC cable at a rated DC voltage of + 320 kV [1].

However, an HVDC power network requires expensive converter stations at both ends of
the transmission line. Additionally, most of the HVDC systems are point-to-point

transmission due to a lack of DC circuit breaker technologies [10] as, an interconnected
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HVDC grid requires circuit breakers able to interrupt the high level non-zero crossing DC
fault current. High rating short-circuit current DC breakers are still under development
[11]. Furthermore, HVDC network reliability is greatly affected by faults due to
insulation breakdown [12]. One of the main reasons for insulation breakdown is the
accumulation of space charge in the insulating material. In an HVDC system the electric
field direction remains constant and consequently so does the injection of charges into
the insulation. Hence, these electric charges will accumulate in the insulating material if
there are non-homogeneities in the insulator [13]. The non-homogeneities are
microscopic faults in the insulator, resulting in enhancing the electric field and leading to
premature ageing and breakdown of the insulator [14]. Whereas, the space charge
accumulation at the AC cable insulator could be neglected because the electric field

direction reverses periodically causing the injection of charges to reverse as well [14].

A High Voltage Low Frequency (HVLF) transmission system has been recently proposed
as an alternative solution for the above HVAC and HVDC systems and to overcome their
limitations [15-17]. The HVLF system uses a lower fraction of the conventional
transmission frequency, typically less than 1/3 of 50 or 60 Hz. Transmitting power at a
lower frequency results in a reduction of the reactive power in the line, and hence an
increase in the active power transmitted. In comparison with HVDC, HVLF has a cost
advantage for transmission distances up to 90 km and for a typical 600 MW capacity [18].
This cost estimation is based on 16.7/20 Hz generating equipment, and a low frequency
step-up transformer, but effects of the total life-time costing due to cable ageing were not

considered.

Nevertheless, according to Papadopolous et al. [19] AC losses in an HVAC cable are
significant at normal power frequencies. For example, a typical HVDC cable carrying

7
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600 amps of current would have a cable loss of 20 watts/m due to only ohmic losses of
the central conductor. For a similar rated HVAC cable carrying 600 amps RMS, the
combined cable losses are slightly more than 40 watts/m due in part to the dielectric
heating of the insulator. In addition the cable current will have a significant reactive
component too depending on cable length. So, by applying a low frequency alternating
field, the effects of protracted space charge injection and migration in the insulator,
induced electro-thermal cable ageing, and loss due to the reactive cable charging current

are significantly reduced.

Many power transmission companies in conjunction with university research departments
are conducting research to mitigate the ageing effects of cable insulation as well as to
improve high voltage transmission systems in terms of reliability, protection and cost.
Low frequency power transmission is gaining interest and is a serious contender for
submarine cable based HVDC systems. Once high current circuit breakers are developed,
then the HVLF system will allow power grids of different frequencies to be
interconnected. Another advantage of an AC system over HVDC is the presence of zero
crossing current that will make interruption of the fault current by the circuit breaker
easier. Yet, the alternating field albeit at a much lower frequency mitigates the space
charge accumulation mechanism and thus reduces this ageing effects on the cable.
Therefore, ongoing research is being conducted to improve HVLF transmission systems

in terms of reliability, protection and cost.
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1.2 Research Motivation

Extensive research has been carried out on the development of offshore bulk power
transfer to the load centres. Much of this research is focused on overcoming limitations
of the existing HVAC and HVDC systems by upgrading the utilised technologies.
However, there are many medium and long transmission lines that can be upgraded to
increase their capacity by transmitting power at a low frequency. This means the
introduction of a High Voltage Low Frequency AC (HVLF) transmission system. This
technique can be applied to the future projects as a solution to the HYAC and HVDC
transmission limitations. A number of HVLF topologies have been proposed, and all with

particular advantages and disadvantages [15, 20-23].

In an attempt to categorise these topologies it appears that there are no clear boundaries
between one design and the next, but a spectrum of designs that lies between two
extremes: systems based on a number of large low frequency magnetic components, and
others based on power electronics frequency conversion with no or few large magnetic
components. At one end of the spectrum, power is generated at low frequency and large
magnetic systems are utilised as a frequency changer, such as the high power saturable
transformer introduced by Wang [17]. This transformer exploit the high distorted core
flux waveform to enhance a large magnitude third harmonic to convert power to three
times the frequency [22]. At the other end of the spectrum, an HVLF system based power
electronic converter topologies have been introduced [15, 20, 24, 25]. Various types of
power electronic frequency step-down or -up changers are proposed at line ends, such as
a cycloconverter and the multi-level matrix converters [20]. This topology seems to be

more accepted, since it is of a similar structure to the HVDC system, and can be utilised
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with conventional transformers and wind turbines. However, up to date there is no

optimum topology for the proposed HVLF transmission system.

Little research has been conducted to address the system behaviour under fault conditions,
and the suitability of applied protection and fault location systems. Introducing a low
operational frequency as well as the existence of pre-fault harmonics makes the
conventional transients signal based protection methods encounter difficulties to detect
and locate line faults. Therefore, analyses of the pre- and post-fault system transients of

the proposed low power frequency system must be investigated thoroughly.

1.3 Research Aims and Objectives

This research introduces an alternative HVLF transmission system structure specifically
applied to offshore wind power transmission using a cycloconverter as a frequency
changer at the sending end of the transmission line. A literature survey was required to
address the design challenges and limitations of the offshore converter station and the
step-up transformer if power is generated at a frequency lower than 50/60 Hz. The impact
of the cycloconverter generated harmonics during the pre- and post-fault conditions on
the protection system of the HVLF transmission line was investigated thoroughly. The
main aim of the research was to develop a transmission line protection scheme that is able
to provide the required reliability level of protection for the proposed HVLF transmission

system.

10
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The main objectives of this research were as follows:

e To investigate the theories, design specifications, and topologies required to
introduce the concept of a High Voltage Low Frequency (HVLF) system applied
to offshore wind power transmission.

e To build a mock-up model of the proposed HVLF power system including the
high voltage AC-AC frequency converter station (Cycloconverter) with Matlab-
Simulink software [26]. Validate the HVLF system by verifying the voltage and
current harmonics obtained during normal conditions and to implement the
required filtering system, as well as investigate the power flow.

e Toinvestigate and analyse system harmonic spectra during transmission line post-
fault conditions and under various fault types and locations and identify their
frequency range and magnitudes using the FFT analysis.

e To review theories of the wavelet transform and its applications to high voltage
transmission line protection. Identify the limitations of the traditional Discrete
Wavelet Transform (DWT)

e To propose an HVLF transmission line protection algorithm based on the Wavelet
Packets Transform (WPT). Also, to develop fault detection and location models
for the proposed HVLF transmission system based on the analysis of current
signals obtained at the sending end of the line using the WPT.

e To optimise the Wavelet Packets Transform analysis and evaluate the results of
the simulation.

e To test and evaluate the robustness of protection algorithms by investigating the
impact of system parameter change as well as the system topology. These tests

include changes to the fault inception angle of different fault types and locations.

11
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Further tests include the change in network configuration. This test includes
replacing the cycloconverter, and investigate the system behaviour during various

fault types and locations.

1.4 Thesis Outline

Chapter 2 provides a literature survey of offshore wind farm configurations and the
currently applied transmission technologies. In addition, this section reviews the
development of the HVLF system proposed for long distance offshore wind power
transmission. A detailed study on the HVLF system structure options are given. This
chapter addresses design challenges and limitations of the offshore converter station and
transformer in the HVLF system. The requirement for a suitable protection system based
on the fault transients analysis of the HVLF transmission system is addressed in this

chapter.

A brief review on the development in signal processing techniques applied to
conventional HVAC and HVDC fault signals analysis is given in Chapter 3. The theory
of traditional analysis tools such as Fourier Transform (FT) and Short Time Fourier
Transform (STFT), and their limitations to the analysis of fault transients is explained.
This chapter provides a detailed study on the wavelet transform theories and their current
applications into power system protection. The selection of appropriate mother wavelet
and analysis structure by means of introducing the Wavelet Packets Transform (WPT) is

presented.

Chapter 4 of this thesis details the structure of the proposed HVLF transmission system.
The HVLF power system simulation model used to investigate the system behaviour

during pre- and post-fault conditions is presented in this chapter. This includes the
12
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modelling, operation and control of the cycloconverter and the filtering system. The
harmonics introduced by the cycloconverter and the necessary filtering system are
explained. Additionally, the system validation by means of monitoring the power flow
and the three-phase voltage and current waveforms is demonstrated. Furthermore, an
investigation of the frequency spectra of the three-phase current signals during pre- and
post-fault conditions using the FFT analysis is given. This chapter clarifies the need for
an analysis tool to precisely differentiate between cycloconverter harmonics and fault

generated transients with its corresponding time signature presentation.

Chapter 5 describes the proposed fault detection and location algorithms based on the
Wavelet Packets Transform (WPT) analysis. The analysis of the three-phase current
signals obtained for various fault types and locations is given. In this chapter, the selection
of the appropriate wavelet coefficients that contain the fault transients is illustrated. The

fault detection and location algorithm results and analysis are also given.

Test and evaluation of the robustness of protection algorithms is investigated in chapter
6. These tests include changes in the HVLF transmission line fault parameters,
particularly, fault inception angle at different fault types and locations. A comparative
study to show the impact of the cycloconverter harmonics on fault signature is carried out
by investigating the HVLF system behaviour under various fault types and locations with
the cycloconverter being replaced by its inter-group reactance only. Finally, the thesis

conclusions are drawn and future work recommendations are presented in chapter 7.

13
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Chapter 2

Literature Survey

2.1 Overview

P resently, the total generating capacity of OWFs is continuously increasing [27].
The next generation of OWFs will be much larger and at a distance of more than
100 km from shore [6]. The increase in size and distance impose a number of challenges
in terms of power collection and transmission to the shore. Nowadays, two main
transmission solutions, HVAC and HVDC are the only two technologies implemented
for this purpose. As mentioned previously, each one of these two technologies has its
advantages and limitations when applied to offshore power collection. Therefore, the
process of implementing a large scale wind energy requires a comprehensive analysis to
be applied to the utilised technologies in order to ensure a high operation efficiency at the
optimum cost. In these terms, offshore power grid planning requires the definition of
several factors, such as the collection technology to be implemented with respect to the
total number of installed turbines, and the transmission technology depending on the total
generated capacity and distance to the shore. In this chapter, a review to the OWFs
configuration and the currently applied transmission technologies is presented. This
chapter discuss the key benefit of introducing an HVLF transmission system as an
alternative to the HVAC and HVDC. In this regard, a detailed study on the HVLF system

structure options, the design challenges and limitations are investigated. Additionally, the

14
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requirement for a compatible protection system for the HVLF transmission line is

addressed in this chapter.

2.2 Power Collection from Offshore Wind Farms

The power system for a typical offshore wind farm can be divided into three main
sections, namely the collection system, the offshore platform and the transmission and
grid integration system [27]. The first section is the collection system, which includes the
wind turbines, power collection network. In this section, the wind turbines are connected
to each other with different topologies and the power is collected in AC or DC form. In
most wind farm topologies the wind turbines generate electrical power in AC form and at
a nominal frequency of 50 or 60 Hz. The second part is the offshore platform where the
step-up transformer and switchgear are located. The third section is the transmission and
grid integration system, where the generated power is transmitted at a higher voltage level
and integrated to the onshore grid through a common connection point. In practical, these
three sections of OWF are implemented with various configurations. In the next
subsections, a brief description on each configuration with its advantages and limitations

IS given [4].

2.2.1 AC Collection with AC Transmission Configuration

The wind system layout of this configuration is given in figure 2.1. In this configuration,
the power is generated in AC form and at the nominal frequency of 50 or 60 Hz. Taking
into consideration that each wind turbine consist of turbine blades, speed gearbox,
generator with a power electronic converter in order to control the power fluctuation, and
a medium voltage transformer. Several wind turbines are connected to a common medium

voltage feeder, and all feeders from turbines are connected to the collection point. The
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collection point in the case of an offshore wind system represents the offshore platform.
A high voltage step-up transformer connected to the transmission cable on the platform

is used to step up the transmission voltage.
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Figure 2.1: AC/AC offshore wind farm configuration.

This configuration is very cost effective since only one power transformer is required on
the offshore side [4]. The main disadvantage of this configuration is the high power losses
on the subsea feeders and transmission line due to the charging current on the AC cables.
Also, several parallel transmission cables are required to transmit high generated
capacities. Therefore, this configuration has been utilised for offshore wind farms located
at a distance close the shore. This configuration has been implemented for power
collection from the “Horns revl” OWF in Denmark, with a total capacity of 160 MW

generated by 80 turbines located at a distance of 18 km from the shore [28].

2.2.2 AC Collection with DC Transmission Configuration

This system configuration is preferred for large scale OWFs that are located far away
from the shore (50 km and above) in order to avoid the HVAC cable current charging

limitation [4]. This configuration requires a converter station on the offshore platform in
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order to convert AC power at the collection point into a high voltage DC for transmission,
see figure 2.2. Another converter station is also required on the receiving end that converts
DC voltage back to AC to integrate the power with the gird. An example of this
configuration is the “BARD1” OWF in Germany with a capacity of 400 MW transmitted

at £150 kV via 125 km HVDC submarine cable [3].
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Figure 2.2: AC/DC offshore wind farm configuration.

This configuration has the advantages of high power transmission capability with lower
cable losses in contrast to the HVAC system [28]. However, beside the high cost of the
converter stations at each terminal the installation and maintenance cost of the offshore
platform is also relatively high [4]. Moreover, another limitation of this configuration is
the insulation breakdown of the submarine HVDC cables due the space charge
accumulation [29]. Space charge accumulation is considered one of the main reasons for
HVDC transmission line faults. Therefore, this transmission configuration has a relatively

lower reliability even though the losses in the line are reduced.

2.2.3 DC collection with DC transmission configuration
In this configuration, each wind turbine is installed with an AC to DC medium voltage
converter [30], see figure 2.3. Then, each converter is connected to the DC collection grid
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in either a series, parallel, or hybrid configuration. The DC-DC converter located on the
platform is used to step up the voltage to a higher level for the transmission stage. This
configuration has the advantage of reducing the capital cost by eliminating the large size
power transformer on the platform used in the previous AC-DC configuration. However,
this configuration still has the same limitation of the previous AC/DC configuration in
terms of cable insulation breakdown. In addition, in case of any wind turbine failing to
operate, the DC converters of other turbines will need to compensate by increasing their
output voltage to match the DC bus voltage [4]. Therefore, these converters need to have
the capability to handle very high voltage levels. So far, this configuration has been

proposed in the research literature, but not yet implemented [4, 30].
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Figure 2.3: AC/DC offshore wind farm configuration.

By summarising the above configurations, it is clear that all configurations presented and
compared above have technical and economic advantages and disadvantages. In general,
configurations with HVDC technology have a relatively high capital cost, but less power
losses in comparison to the conventional AC system. Nevertheless, the implementations
of HVYDC multi-terminal system is still a challenging task [10], where a reliable protection

system and high current interruption DC circuit breakers located at each terminal are
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required to ensure stable operation of the system. For example, in case of a fault incident
on the HVDC transmission line, the current reaches a high and steady magnitude, which
makes it more difficult for the circuit breakers to isolate the fault line. In recent years,
many researches have been focused on the analysis of DC fault currents, DC fault
detection methods and the design of HVDC circuit breakers [10]. However, the proposed
solutions of an HVDC protection system and DC circuit breakers are not advanced

enough to enable fast fault clearing and system restoration.

This research described in this thesis is an investigation into the feasibility of an OWF
configuration based on introducing a High Voltage Low Frequency (HVLF) transmission
as an alternative solution to HVAC and HVDC and their limitations. A detailed survey

and description of the HVLF transmission system is given in the following section.

2.3 High Voltage Low Frequency (HVLF) Transmission

The HVLF transmission or so-called Fractional Frequency Transmission System (FFTS)
utilises a lower transmission frequency (fractions of 50 or 60 Hz) in order to reduce the
total line reactance and increase the active power transfer capacity. This system was
initially introduced by Xifan and Xiuli in 1994 [16, 17]. The authors proposed a
transmission system with a lower frequency of 50/3 Hz and compared their results to the
conventional 50 Hz system. The study suggested that electrical power could be generated
at a low frequency (50/3 Hz) from hydro-power turbines and then stepping the voltage up
to 500 kV before transmission. The theoretical results of this study have shown that a
total power of 1700 MW can be transmitted over a distance of 1200 km. The structure of
the HVLF transmission system proposed by the authors is given in figure 2.4. The system
structure shows that at the sending end a high voltage low frequency transformer is

required, as well as at the receiving end a high power tripler transformer is utilised as a
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static step-up frequency converter. The tripler transformer exploits the high distorted core
flux waveform to enhance a large magnitude third harmonic to convert power to three

times the frequency.

50/3Hz 50/3Hz 50Hz
Transformer Transmission Line Frequency Utility
Tripler Grid

Figure 2.4: HVLF system structure proposed in [16].

The study is based on the theoretical analysis of a lossless line in which the active power
transmitted is inversely proportional to the line reactance (and so the frequency) at any
voltage level as given in equations (2.1, 2.2) [31].

2

P= ra sin & (Watts) (2.1)

and X = 2nfLl (ohms) (2.2)

Where, P is the maximum active power that could be transmitted over an AC line, V is
the transmitting and receiving voltage level (\Volts), [ is the line length (m), & is the power
angle (deg.), Xis the line reactance, L is the total line inductance (H), and f is the system
frequency. Figure 2.5 shows the power transmission capability of the conventional 60 Hz
system and 20 (1/3 of 60 Hz) at the same voltage level and line length. The power curve
illustrates that a 20 Hz transmission line can transmit power three times higher than the

conventional 60 Hz line.
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Figure 2.5: Maximum power transmission capability of 60 Hz and 20 Hz systems.

Later, Xifan et al. in 2006 [32] have demonstrated a laboratory experiment on the
previously proposed fractional frequency transmission system (FFTS). The experimental
results showed that with FFTS 2000 MW could be transmitted over 1200 km distance at
500 kV voltage level. In this experiment they have also verified that the FFTS can be used
to transmit power that is three times higher than the conventional 50 Hz HVAC system

of the same voltage level.

Furthermore, the HVLF transmission system has been recently proposed to transmit bulk
power collected from OWFs located at far distance from the shore [15, 20-22, 24, 33, 34].
Qin et al. in [34] proposed an HVLF submarine transmission system to integrate large
scale OWFs with the grid. The study investigated the possibility of generating power at
low frequency (50/3) from the wind turbines. The results showed that for low frequency
the operation the wind turbine needs to be redesigned in order to obtain maximum wind
power capture. Chen et al. [21] presents an HVLF transmission scheme with a
cycloconverter at the receiving end with a low frequency transformer at the sending end.
The conclusion from these studies imply that a cost reduction can be achieved by
generating power at lower frequency and thereby simplifying the offshore station.

Nevertheless, the cost of redesigning wind turbines and the sending end transformer need
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to be considered. Up to date there are a number of technical challenges need to be
considered before the implementing an HVLF system. The topology and components
required to build up the HVLF system are still argued in the literature. In terms of
frequency conversion, different converter types have been proposed [22]. Various studies
have suggested the use of a cycloconverter, matrix converter or Back to Back Converter
[20, 23, 35]. Each type of these converters has been chosen to reduce the effect of
harmonics generated due to the frequency conversion from its nominal value (50 or 60
Hz) to lower frequency. As such still no one has come up with a satisfactory scheme to

transmit power at low frequency over a long distance from the shore.

2.4 HVLF Transmission System Structure

The HVLF system was introduced to the offshore wind power transmission as an
alternative option to the HVAC and HVDC systems in order to overcome the their
limitations [17, 32]. However, it is still a new proposal and has not yet implemented. The
HVAC system utilised for OWFs has been in industrial and domestic use for decades, and
its structure and components are well standardised [7, 36]. As previously mentioned, for
OWEFs located at a distance less than 50 km the HVAC is a cost effective option. But, still
for large generated capacities multiple cables are required. Numerous studies have been
conducted on the development of the required HVAC system components such as the
wind turbine generator, transformer, and the transmission cable. Additionally, these
components have been modelled with computer simulation tools in order to investigate
the system behaviour under steady-state and fault conditions. Hence, in order to ensure
and maintain the stability of the power system, these components have to operate within

certain standards such as IEEE, IEC etc. in order to meet a predefined grid code.
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Similarly, these standards also applies to the HVDC system including limits to the
harmonics introduced by converter stations. Therefore, the first well known CIGRE-
HVDC benchmark introduced in 1991 by Szechtman et al. has been used as a standard
benchmark for studying steady-state and fault conditions of the HVDC system [36-38],

see figure 2.6.
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Figure 2.6: The CIGRE HVDC benchmark [37].

This model represents a mono polar 500 kV, 1000 MW HVDC transmission system with
12-pulse converters on both sides. The AC grid is represented by voltage sources, and AC
filters are utilised to supress the harmonics introduced by the converter and to supply

reactive power to the system as well.

In contrast, there have been various structures proposed for the HVLF system, and all
with a particular advantage and disadvantage. So far, unlike the HVDC system there is
no standard benchmark implemented for the HVLF studies. However, the HVLF structure
can be very similar to the HVYDC system, except the DC converter and inverter stations
are replaced by frequency changers. Hence, this thesis proposes an HVLF system
consisting of four main parts; frequency converters, power transformer, transmission

cables and the harmonic filters. The design and limitation of each component are
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discussed in the next subsections. Additionally, the required control and protection

subsystems in order to ensure a stable operation of the system are addressed.

2.4.1 AC-ACFrequency Converters

In the HVLF system, it is desirable that only the power cable operates at low frequency,
and the generating and voltage transformation systems operate at the usual power
frequency to maintain standard sizes in all the magnetic components. Therefore, the
frequency converters located at each end of the power cable are key elements in the
proposed HVLF system. A high voltage single phase output cycloconverter was
developed for the 16.7 Hz European railway power transmission network, and in use for
many decades [39]. So far, this application is one of the implemented low frequency
power systems. However, still the voltage level applied for the electric trains that operates
at 16.7 Hz is 15 kV. The large series-wound traction motors were designed to operate at
low frequency in order to overcome the high inductive reactance of the motor windings.
Recently, for the longest rail tunnel in the world (Gotthard Base Tunnel, opened in 2016

in Switzerland) a 15 kV, 16.7 Hz AC Electrification system was implemented.

The rapid development of HVDC systems has advanced power electronic converter
technology. Nowadays, most HVDC converters utilise high rated power electronics
switches such as thyristor or Insulated Gate Bipolar Transistors (IGBTs) which have the
ability to control the transmitted power rapidly and efficiently [7]. A power electronic
direct AC-AC frequency changer device called a cycloconverter has been used widely in
many applications such as, large-power low-speed variable-voltage variable-frequency
(VVVF) AC drives, large ore mining roles mills and variable-speed constant-frequency
(VSCEF) systems in aircraft and ships [40-42]. Unlike other types of frequency converters

the cycloconverter is a direct frequency changer and no intermediate DC link or energy
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storage component is required. Additionally, the cycloconverter has the ability to allow
bidirectional power flow between source and load [43]. Another important characteristic
of the cycloconverter is the high power ratings that reaches to about 20 MW has made it

preferable for high power applications such as grinding mill drives [41, 43].

The basic principle of the cycloconverter is to construct a lower frequency voltage
waveform from a higher frequency AC supply by a consecutive switching operation of
the power electronic switches [39, 42]. This can be described as two full wave bridge

rectifiers with back to back connection, see figure 2.7 [39].
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supply o ———¢ supply

Py ig Ps Ny ;Z Nj

Bridge 1 (Positive) Bridge 2 (Negative)

Figure 2.7: Circuit of single-phase to single phase cycloconverter [39].

For example, if an output frequency of one fifth of the input frequency is required, the
positive converter (P group) only conducts for five positive half cycles supplying current
to the load. The negative converter (N group) conducts for the next five cycles to supply
negative half cycle to the load see figure 2.8 [40]. When one of the converters is
conducting the other one is off in order to avoid current circulating between both groups.
In case any of two thyristors in positive and negative conducting at the same time a short

circuit will result on the supply terminals.
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Vo

Vx Vy

Figure 2.8: Single phase cycloconverter voltage output at f, = fin/5 [40].

Therefore, the firing pulses need to be controlled so that when one of the positive or
negative group is conducting and the other one is off. This mode of operation of the
cycloconverter is called a blocking operation mode. Another solution is connecting a
centre tap reactor between the positive and negative groups so that the circulation current
is limited [40]. Thus, in case of inductive load, any current lagging the voltage will be
limited by the intergroup reactor (IGR). A brief description on cycloconverter control and

modes of operation is given in next subsection.

2.4.2 Cycloconverter Control

The output voltage shown in figure 2.8 tends to be a square wave rather than a continuous
sine waveform. This means the output voltage will contains a large low order harmonics.
Hence, a firing angle delay (o) need to be introduced to each thyristor in order to shape
the output waveform as closer as possible to the desired output sinewave. For example,
the three phase to single phase cycloconverter given in figure 2.9 is used to supply single

phase load at maximum output voltage.
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Figure 2.9: Three phase to single phase Cycloconverter structure.

The thyristor firing angle () is controlled to switch on each thyristor with a specified
delay so that the constructed output voltage follow as closely as possible to the desired
output waveform. Figure 2.10 shows the input and the output voltage waveforms of a 60

to 20 Hz single phase cycloconverter connected to a resistive load.
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Figure 2.10: Input and output waveforms of 60 Hz to 20 Hz cycloconverter.

The fundamental output voltage of the positive and negative converters (V, and Vy) of

the cycloconverter are given by [39, 42].

Vp = V4, cos[ap(t)] (2.3)
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Vy = —Vy, coslay (t)] (2.4)
ap =T — Ay (2.5)
Where, V/,, is the average dc output voltage when the firing angle delay is zero (as

depicted in figure 2.8), and obtained as follows [42]:

Vio = Viomax COS & (2.6)
T
Vaomax = V2 Vph%sinE (2.7)

where, V,p, is the per-phase input voltage, p is the cycloconverter number of pulses, a,,

is the firing angle of the positive converter, and a,, is the firing angle of the negative
converter. Figure 2.11 shows the maximum voltage obtained from three phase
cycloconverter by varying the firing angle (o) from 0 to « for all thyristors in each group.
Therefore, the positive group or negative group thyristors receive firing pulses which are
timed such that each group delivers the same mean terminal voltage. This is achieved by
adjusting the firing angle limits of the two groups so that ap = ™ — ay; where ap and a;,

are the positive and negative groups firing angles respectively.

a=mn2 n3 w6 0 e '3 2 /3 Smi6 x  Swe 23} w2

Figure 2.11: The maximum output voltage of a cycloconverter [40].
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Thus, the average dc output voltage Vp of the positive or negative group in a 6-pulse

cycloconverter that is controlled by adjusting the firing angle (o) can be given as follows

[39]:

Ve = Viomax- COS (2.8)
and

Vaomax = %Vph (2.9)

where, Viomax IS the dc output voltage with zero firing delay (given in figure 2.8), V,,
is the per-phase supply voltage. A common control method has been introduced to control
the firing angle delay called cosine wave crossing control [40]. In this method, the firing
angle delay is obtained by comparing the desired output waveform with a cosine reference
of the input voltage. According to equations 2.3 and 2.4, the required variation of a to
obtain a sinusoidal output can be given by [39]:

Vore f

domax

a = cos™! [ sin 27 f,t (2.10)

where, Voo is the maximum value of the desired cycloconverter output, and f; is the
output frequency. The term (Vj,er/Vaomax) 1S defined as the voltage magnitude control
ratio (r) [39]. Figure 2.12 illustrates the basic layout of the cosine wave crossing control
method applied for three-phase to single phase cycloconverter. In this method, a cosine
timing signal is obtained from the supply input voltage using integrator. Then, a sinewave
reference signal that has the desired output frequency is compared with the obtained
cosine signal, in this case using a phase locked loop (PLL) given in figure 2.12. The
intersection of the reference voltage with the corresponding cosine wave determines the

trigger pulse for each thyristor in the cycloconverter group. Therefore, the amplitude and
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frequency of the output voltage can be controlled by controlling sinewave reference

signal.
-Ve group
converter
F W
Desired Ve
3 Phase output wave pulses
power ry
source l
ICasine — Load —
|l:iming wave PLL
h A
+Ve
pulses
AR
+Ve group
converter

Figure 2.12: Control scheme of three phase to single phase cycloconverter [40].

The utilised control method tries to construct the output voltage of the cycloconverter as
close as possible to a sinusoidal waveform, see figure 2.11. However, it is clear that the
output voltage waveform of the cycloconverter contains other frequencies components,
or so called harmonics, in addition to the desired output frequency as a results of the
modulation of the firing angle. These harmonics are highly dependent on the several
factors related to the design of the cycloconverter such as, the pulse number of the
converter and the ratio of the output to input frequency. Numerous studies have been
conducted on the minimisation of those harmonics by improving either the control
method, the filtering system, or the cycloconverter topology [35, 41, 43, 44]. A recent
study by Xu et al [44] has proposed a hybrid-cycloconverter that utilises additional
auxiliary forced commutated inverter in order to improve the control of the
cycloconverter and so the quality of the output voltage. A wide range of control methods

have been proposed, but the cosine crossing method sill in wide use for cycloconverter
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applications [43]. Therefore, in this thesis it has been utilised for the control of the

frequency stepdown cycloconverter applied to the HVLF system.

There have been a number of frequency changer types such as the multi-level matrix
converter and the DC link (AC-DC-AC) converter that have been proposed in literature
as well as practical applications[33, 34]. However, still theses configurations require large
filtering systems in addition to the complexity of its configuration and control system.
Nevertheless, the cycloconverter is preferred as a step-down frequency changer for high
power ratings applications due to its mature technology and low cost. With the rapid
development in the semiconductor devices technologies, a high power rating
cycloconverter can be implemented using high rating thyristor switches (rated up to 5kv)
[41]. In contrast, the utilisation of the cycloconverter as a step-up frequency changer, in
which a higher frequency output is constructed from lower frequency input, still not an
ideal choice. In addition to the force commutation control that the step-up cycloconverter
requires, the output voltage and current waveform will have large unwanted low order
harmonics which are very difficult to filter out. Hence, this thesis adopts a high voltage
three-phase to three-phase cycloconverter as a step-down frequency changer located at

the sending end for the HVLF system.

2.4.3 Sending End Transformer

The sending end transformer is used to step-up the voltage to a required level for
transmission. As mentioned previously, several studies have proposed HVLF system
structure that employs the generation of electrical power at lower frequency from
renewable power plants with a low frequency step-up transformer [15-17, 22]. These
studies did not take into account, when generating power at low frequency, the sending

end step-up transformer needs to have a larger core cross-section area and a higher
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number of winding turns [33]. This is because, the induced voltage of a transformer is

proportional to the operational frequency as given in equation (2.11) [33]:

2T

Erms = ﬁfNa (2.11)

Where, Erms is the induced voltage of the transformer, N, is the primary or secondary
number of turns, B is the maximum flux in the core, and f is the operational frequency.
So reducing the frequency by any factor will require a corresponding increase in the
number of turns. Furthermore, the primary inductance must be increased to maintain the
same magnetising current. This is achieved by also increasing the number of turns and/or
the core-cross-sectional area. Increasing the core area and numbers of turns will result in
increasing the weight and footprint of the transformer. A recent study in [33] shows that
a transformer operating at low frequency of 16.7 Hz (1/3 of 50Hz) will be heavier and
larger in size in comparison with 50 Hz transformer of the same rating. Figure 2.13 show
a comparison between 50 Hz conventional transformer and 16.7 (1/3 of 50 Hz)

transformer proposed in [33].

5.59m 7.50m

@ ' (b)

[ ]

Figure 2.13: (a) 50Hz conventional transformer and (b) 16.7 (1/3 of 50 Hz) transformer [33].

Implementing this type of transformer for OWFs power collection is not preferred, as the
offshore platform needs to be redesigned in order to accommodate the heavy weight and

larger size transformer. In addition, the total cost of the transformer and the platform
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implementation will be relatively high. Although many researchers have been carrying
out work on HVLF transmission, no single study adequately found an optimum design
for the sending end transformer [22, 33]. As a solution to the limitation of the sending
end transformer, a high voltage power electronic frequency changer is still required at the

sending end [35].

2.4.4 HVLF Cables

The submarine power cable technologies used for power transmission in both HVAC and
HVDC systems have developed rapidly in recent years [15, 22]. In the last several
decades, submarine cables of high voltage level (up to 420 KV) have been implemented
on offshore power transmission [22]. Nowadays, single core and multi core cross-linked
polyethylene (XLPE) cables with low dielectric losses and lower mutual capacitance are

in operation for HVAC and HVDC power transmission.

However, in high voltage long AC transmission cable, the reactive power flow will limit
the maximum transmission distance due to the large cable capacitance. The reactive

power (Q.) generated in the transmission cable is given by [15]:

Q, = 2nfCLV? (VAR) (2.12)

Where f is the frequency in Hz, C is the cable capacitance (F), [ is the cable length (m),
and V is the rated voltage (\Volt). Therefore, the charging current of XLPE cables will
increase as the line capacitance increases. Additionally, the charging current on power
transmission cables is proportional to the voltage level and frequency as given in equation

2.13 [15]:

I = 2nfClV (2.13)
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In contrast with HVDC, the limitation of charging current for long transmission cables
does not exist. However, HVDC cables have the limitation of insulation aging and
possible breakdown due to accumulation of space charge in the insulating material. The
space charge accumulation in an AC cable insulator could be neglected, as the electric
field direction reverses causing the flow of charges to reverse direction as well. Hence,
an alternative solution to avoid these limitations, the HVLF transmission system is
proposed. A test system presented by Mau et al in [25] has investigated the characteristics
and the maximum transferable active power of an HVAC cable operating at various
frequencies. The test cable was supplied with 220 kV AC voltage in order to deliver active
power to a pure resistive load. The cable RLC parameters values were set to 0.0128 Q/km,
0.437 mH/km and 233.0 nF/km, with a rated current of 2200 A. At each tested power
frequency, the length of cable was increased until the current supplying the load reached
approximately zero. The reduction in the load current is a result of increasing the cable
length, and so increase the current flow through the capacitance of the cable. As shown
in figure 2.14, it was found that the maximum active power can be transferred at
frequencies of 50Hz, 16Hz, 15Hz, 10Hz, 5Hz and 1Hz when the cable length is 140km,

437km, 465km, 630km, 1280km and 14945km respectively.
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Figure 2.14: Maximum power transmission on HVAC cable at different frequencies [25].
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2.4.5 HVLF protection and circuit breaker systems

In the literature, the HVLF system only has been proposed for point-to-point power
transfer from remote generation stations [33]. This system could also be developed into
an interconnected network comprising more terminals and links. As mentioned earlier,
one of the limitations of an HVDC system is the design of the circuit breakers to interrupt
high level fault currents with the absence of a zero-crossing. Although, a recently
developed ABB HVDC hybrid breaker is able to break the constant high current level in
very short time using combined mechanical and power electronics switching system, still
the complexity and the cost of such device are high [45]. The zero current crossing exist
in the HVLF system will makes the development of low frequency circuit breaker not a
challenging task. Therefore, such a system only requires a full understanding of its
operation and behaviour during normal and faulty conditions. Additionally, a protection
and breaker systems need to be evaluated effectively in order to ensure the security and

reliability of HVLF system.

In an HVLF system, the protection system of the frequency converters is a mature
technology and has been implemented for several decades [22]. In general, the protection
of frequency converters is based on pre-set limits for voltage and/or current levels. The
HVLF transmission line protection is based on the analysis of transients occurring during
fault conditions. These transients are highly influenced by several factors including the
power frequency, system loading and transmission line lengths. With the high current
level of the HVLF transmission line, a special attention is required for fault detection and
clearing time. In addition, the existence of harmonics generated by the frequency changer
that injected into the line makes the conventional transients based protection methods

encounter difficulties in fault diagnosis.
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This research has been focused on developing an HVLF transmission line protection
system that is able to provide accurate and reliable protection performance. To achieve
this, an analysis of the HVLF system including the control and operation of the frequency
changer and the generated harmonics was carried out. The harmonics that exist in HVLF
transmission line during normal and fault conditions has been captured and analysed. The
selection of a suitable analysis tool in order to provide comprehensive details of those
harmonics, in term of magnitude and time, has been investigated. This analysis was
performed by simulating the system in the Matlab-Simulink software. Additionally, the
study has investigated the system behaviour under different transmission line fault

conditions.

2.4.6 HVLF Advantages and Disadvantages

It was shown in the previous sections that the HVLF systems have many advantages over
the conventional HAVC and HVDC transmission systems. These advantages can be

summarised as follows:

e The active power transfer capability of the transmission line is increased by
reducing the operation frequency that results in reactive power reduction.

e Although the HVLF systems operates at high rated current, the presence of zero
current crossing allows mature HVAC circuit breakers technology to be used with
minor modification if necessary. Hence, the realisation of HVLF multi-terminal
offshore grid becomes feasible.

e The service life of the subsea cable will increase as the alternating field mitigates
the space charge accumulation mechanism and thus reduces the aging effects of

the XLPE cable.
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e The conventional wind turbine generators, offshore collection network, and
conventional HVAC transformers can be retained by introducing a frequency

changer at the sending end.

However, there are some disadvantages that need to be considered when implementing

HVLF system like:

e The frequency changer at the sending end generates high frequency harmonics.
Therefore, ac filters are required to supress harmonics and supply reactive power
to the frequency changer.

e The HVLF system is highly dependent on the reliability of the frequency
charger.

e The implementation of multi-terminal HVLF network need to meet the grid code

in terms of voltage stability and frequency synchronisation.
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Chapter 3
Wavelet Transform for Fault Transients

Analysis

R ecently, digital relays have been used to detect power system faults by analysing
the high frequency transients associated with the fault [46, 47]. Since, in many
cases when a fault occurs many transient components with multiple frequencies will be
generated, these transient components could be utilised to obtain fault information such
as fault type and location [46]. A fault identification algorithm based on the utilisation of
the higher frequency contents of the transient signals was firstly proposed by Dommel et
al in [48]. The authors used voltage and current waveforms at the relay point in order to
detect the fault on the transmission line. Later, numerous algorithms have been proposed
to improve the performance of digital relays by introducing several signal analysis tools
such as Fourier Transform, Short Time Fourier Transform (STFT) and wavelet transform
(WT) [49]. The aim of these signal processing tools is to provide a more understandable
and accurate time or frequency representation of the analysed signals. This chapter
presents a brief review on the development in signal processing techniques applied to the

transient signals analysis.

3.1 Fourier Transform

The Fourier Transform has been widely applied as a signal processing tool to represent

signals from the time domain into the frequency domain [50]. This is done by
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decomposing the signal into a sum of sine and cosine functions over the time window of

interest. The Fourier transform X(f) of a continuous time signal x(t) is given by:
X(f) = f x(t) e 2™ tdt (3.1)

The discrete Fourier Transform (DFT) is applied to convert a sampled signal x[n] (where
n is an integer) to another discrete sequence X[k] of frequency coefficients. The DFT is

defined as:

N-1

X(k) = z x[n] e~t2mkn/N (3.2)

n=0

or in terms of sine and cosine functions as:
X[k] = x[n] cos 2mkn — j x[n]sin 2mkn (3.3)

Where, N is the total number of samples in the input signal, and k = 0,1,2,....N — 1.
Fourier analysis requires the input signal to be a complete cycle waveform and sampled
according to the Nyquist sampling theorem [51]. An example of the output from the
Fourier analysis of an input signal contains frequencies of 20, 100 and 313 Hz is shown
in figure 3.1. The figure shows there are two frequency peaks at 20 and 100 Hz and there
are frequency sidebands around 313 Hz. These sidebands are the result of the presence of
non-periodic (not multiples of the fundamental 20 Hz) components in the analysed signal.
The percentage magnitude of each frequency presents the existence of that frequency
existence during the analysed period. Hence, it is clear that the Fourier transform has a
limitation of obtaining transient frequencies that are not multiple of the fundamental.
These frequencies are represented by a lower magnitude sidebands distributed around the

actual frequency that exist in the signal as shown in figure 3.1. Therefore, another
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technique has been introduced to overcome the limitation of the Fourier transform, which

Is the Short Time Fourier Transform (STFT) or Windowed Fourier Transform [52].
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Figure 3.1: Example of Fourier Transform for a signal x(t).
3.2 Short Time Fourier Transform (STFT)

In the STFT the analysis is performed over a sliding window translated in time. The part
of the signal within the sliding window is assumed to be periodic. Therefore, for a discrete

signal x[n] having N samples the STFT can be obtained by:

N-1 )
_i2mkn

STFT(k,m) = z x[n]wln — mle™ N (3.4)

n=0

where, w [n] represents the window function in which the Fourier transform is being

performed, [n — m] is the width of the windowand k = 0,1,2,....N — 1.

The analysis window function could be a rectangular, Gaussian or Hamming etc.
depending on the application of the analysis. Figure 3.2 shows an example of the STFT
performed on the signal x[n], at every window function w[n-m], shifted by time 7 along
the time axis. Subsequently, the Fourier Transform is performed on the entire signal
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through consecutive steps of the analysis window. Hence, the STFT decomposes a time

domain signal into a two dimensional time-frequency representation.
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Figure 3.2: STFT for an input signal x[n].

The STFT provides frequency information of the signal during a time range that is limited

by the window function, see figure 3.2. This will show what particular frequencies exist

in the signal at that time and a time-frequency localisation can be obtained. However, the

accuracy of this time-frequency localisation is determined by the size of the analysis

window. Figure 3.3 illustrates three analysis windows of different width applied to

perform an STFT on a signal x[n]. It is obvious that selecting a narrow analysis window

provides good time resolution but have poor frequency localisation, because only high

frequencies can be detected. While, selecting wide analysis window results in good

frequency localisation as the low and high frequencies can be obtained, but poor time

resolution.
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Figure 3.3: Different window sizes of STFT analysis.

Therefore, STFT analysis needs a compromise between the time and frequency
localisation. Figure 3.4 shows how the fixed size of the analysis window is resulted in
either a good time localisation or good frequency resolution but not both. Therefore, by
using STFT in the analysis of non-stationary transient signals it is not possible to obtain
the exact time-frequency representation of a signal. But it is possible to find what interval

of frequencies exist during each time interval.
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Figure 3.4: Time and frequency resolution at different window sizes of the STFT.
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3.3 Wavelet Transform

For a solution to the fixed window size of the STFT, the Wavelet Transform has been
introduced [53]. The fixed width window function of the STFT is replaced by a wavelet
function or so called mother wavelet. The wavelet analysis is performed by comparing
the input signal to scaling and translating versions of the wavelet. The scaling or dilation
of the wavelet function refers to stretching or narrowing of the analysis function. While,
the translation of the wavelet function is defined as the shift of the analysis function along
the time axis of the input signal. Figure 3.5 illustrates an example of the Wavelet

Transform analysis of the signal x(t) using a mother wavelet shifted by time, 7 [52].

WAk

Figure 3.5: Wavelet transform for the signal x(t) [52].

The figure above shows how the Wavelet Transform function has the ability to adjust in
width with high and low frequency components of the analysed signal. This gives the
Wavelet Transform the ability to extract frequency components of fast transient signals.

There are two main types of wavelet transforms; the Continuous Wavelet Transform
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(CWT) and the Discrete Wavelet Transform (DWT). A brief description of these two

types of Wavelet Transform is given in the next subsections.

3.3.1 Continuous Wavelet Transform

The continuous wavelet transform (CWT) of an input signal x(t) is given by:

CWT(ab) = % f_oo x(©) g° (ﬂ) dt (3.5)

a
where x(t) is the input signal, the mother wavelet is g*(t), and the scale and translation
factors are a and b respectively. The CWT analysis operates by varying the wavelet
scaling parameter a and the shifting parameter b and compares it with the signal along
the time axis. Starting with a low scale parameter (narrow wavelet), this obtains the high
frequency components of the input signal; the higher the scale (stretching) then the lower

frequency features can be extracted, see figure 3.5.

In the above equation, the applied mother wavelet g*(t) is a limited duration wave
function that satisfies certain mathematical requirements. This function is normalised

(I g*(®) I’= 1) so that all wavelets at any analysis level have the same energy of the
mother wavelet and have a zero average (ffooog*(t)dt = 0). There are many types of

mother wavelets and each have different characteristics that applies to various
applications for example Haar, Daubechies, Symmlet, etc., see figure 3.6. Most of these
wavelet functions are oscillating in time and the wavelet order (for example db4)
determines its vanishing time. The selection of the mother wavelet has a major impact on
the analysis of the decomposed signal. The wavelet type and order is determined by the

nature of the application and the signal characteristics to provide optimum results.
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Figure 3.6: Different types of wavelet functions.

As given in equation 3.5, the result from the CWT at a particular scale and translation is
a two dimensional time-frequency representation of the input signal. This results in a high
redundancy, where the continuous wavelet transform produce a two dimensional

representation of a one dimensional time series signal.

3.3.2 Discrete Wavelet Transform

The digital implementation of the CWT is the Discrete Wavelet Transform (DWT). The

DWT applied for the analysis of a sampled input signal x[n] is given by:

DWT(m, k) = \/%Z x[n] g* (k B b) (3.6)

Where k is a particular sample of the input signal.

For a discrete signal analysis, the DWT is applied to decompose the input signal into a
series of scaled wavelet components. These components are obtained by the scaling and
translation of the mother wavelet with the processed signal. This is achieved by passing
the input signal into multiple stages of lowpass and highpass filter banks. When the input
signal is passed through a lowpass filter the approximation coefficients are obtained, and
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when passed through a highpass filter the detail coefficients are obtained simultaneously,

see figure 3.7.
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Figure 3.7: The DWT multi-resolution analysis.

The output of the lowpass filter (the approximation coefficients) is fed again into another
set of highpass and lowpass filters for obtaining further detailed and approximation
coefficients. This process is repeated until the original signal is decomposed to the
required level. At each stage, the sampling frequency of the output signal is halved to
overcome the redundancy. Since a different frequency resolution obtained on each
analysis level, this type of analysis called multi-resolution wavelet analysis (MRA).
Figure 3.8 illustrates time and frequency resolution obtained from the wavelet MRA.
Each box represents a particular band of frequencies (scaled) that exist in the analysed
signal during a particular time window. The dimensions of each box correspond to time-
frequency resolution. Starting from low scale (top of the figure) narrow boxes provides
good time representation with wide frequency range (poor frequency resolution). As the
scale increases, the height of the boxes decreases providing a good frequency resolution
over a wider time range (poor time representation). Thus, low frequency content of the

signal is obtained at the final analysis level.
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Figure 3.8: frequency and time resolution from the wavelet analysis.

In the Fourier Transform, the orthogonality relationship of the sine and cosine functions
is employed in the analysis of periodic signals [51]. Similarly, the wavelet transform
utilises two orthogonal scaling and wavelet functions for frequency analysis. At each
level of the DWT the input signal convolutes the scaling function (LPF) and the wavelet
function (HPF), see figure 3.7. These two functions determine the filters coefficients from
the applied mother wavelet. As mentioned earlier the HPF and LPF divided the input
signal into subsignals of high frequency components and low frequency components, see
figure 3.9. It should be mentioned that the frequency response of the highpass and lowpass
filters must be symmetric. This allows the wavelet MRA divided the signal into two
symmetric halves of high frequency and low frequency components. Figure 3.9 illustrates
how the signal spectrum has been spilt into two equal frequency bands by lowpass and
highpass filters at each level of three level analyses. The symmetrical property of the
highpass filter and lowpass filter is achieved by reversing and negating odd coefficients
of each filters, see figure 3.10. For example if the lowpass filter have four coefficients (a,

b, ¢, d) the highpass filter coefficients will be (d,-c, b, -a). This type of filter bank has
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been used widely in signal processing and they are known as Quadrature Mirror Filters

[51].
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Figure 3.9: Highpass and lowpass filter frequency bands on each analysis level.
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Figure 3.10: Highpass and lowpass filter coefficients applied in WT analysis.

As mentioned earlier, the filter coefficients are obtained from the scaling and wavelet
functions that are derived from the applied mother wavelet. Figure 3.11 shows examples
of scaling and wavelet functions with the associated filters coefficients for Haar,

Daubechies 2, and Daubechies 4 mother wavelets.
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Figure 3.11: Scaling and wavelet functions with associated filters coefficients (a) Haar (b) db2
(c) db4.
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3.3.3 Implementation of the Wavelet Transform

As previously illustrated, the Wavelet Transform convolves the input by the shifting and
scaling of the wavelet (highpass) and the scaling (lowpass) functions obtained from the
mother wavelet function. In this section a simple example is given to clarify the procedure
of one level wavelet analysis into an input signal. Assuming that an input signal x[n]
having a number of samples equal to N is being decomposed with the Wavelet Transform
using daubechies mother wavelet (db2). As shown in figure 3.11 (b), the db2 mother
wavelet has four coefficients in each one of the wavelet and scaling functions. The values
of these wavelet (highpass) and the scaling (lowpass) functions are given as follows:
Wavelet function coef ficients (h):

hl =—-0.129, h2 = 0.224, h3 = 0.836, h4 = 0.482

and according to figure 3.10 the scaling function coefficients can be given as:

Scaling function coefficients (s):

s1 =-0.482, s2 = 0.836, h3 = —0.224, h4 = —0.129
Then, by applying equation 3.6, the wavelet analysis can be represented by the products

of the matrices following:

s1 52 53 s4 0 0 0 0 1 [y

h1 h2 h3 h4 0 0 0 0 - X,

0 0 s1 s2 s3 s4 0 0 -- X3

we [0 0 Rl h2 h3 R4 0 0 - X4
0 0 0 0 sl s2 s3 s4 | |[Xs

0 0 O 0 hl h2 h3 h4 | |%e

0 0 0 0 0 0 sl s2 | |*

0 0 0 0 0 0 hl h2 =

Xy

Note that, in the last iteration only two coefficients of the wavelet transform exist, because
the following two elements of the input data will be processed. Figure 3.12 shows the

frequency response of the lowpass and highpass filters obtained from the scaling and
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wavelet functions respectively. Figure 3.13 shows the analysis results of four levels
Wavelet Transform. The high frequencies details were extracted during the four levels,

and the final signal represents the input signal that have the fundamental frequency only.
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Figure 3.12: Frequency response characterises of the lowpass and highpass filters.
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Figure 3.13: Four levels Wavelet Transform analysis of an input signal x[n].
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3.4 Wavelet Transform Application for Transmission

Line Protection

3.4.1 Transmission line protection

Transmission line protection is an extremely important and very complex field. Protection
relays that are designed to protect a transmission line should meet many different
requirements in order to provide primary and backup protection, and at the same time
ensure correct operation for different faults and other abnormal power system conditions.
In any electrical power system when a fault occurs on a transmission line, it is essential
to detect and discriminate its type accurately in order to make necessary maintenance and
to recover the faulted line for power restoration. In many cases when a transmission line
fault occurs, many transient components with multiple frequencies are produced. Fault
information could be extracted from these transient components. Recently the transient
components of fault signals have been used to predict the fault type or disturbances in
power system equipment [54-56]. Improving the reliability and accuracy of the fault
detection algorithms will greatly reduce the impact of the fault on the power system.
Nowadays, new techniques based on utilisation of transient signals for fault diagnosis
have been proposed. Therefore, to identify the fault and discriminate its type a powerful
signal processing tool is required.

This thesis has discussed the HVLF system structure, and a cycloconverter at the sending
end of the transmission line was proposed. By operating the transmission line at low
fundamental frequency using a power electronic converter, it is expected that the fault
generated transients will have different signature from those of the conventional HVAC
systems. In addition, during the pre-fault condition some harmonics are exist in the
system due to the utilisation of the cycloconverter. Therefore, the conventional transients

based protection system may misjudge the occurrence of fault, if they applied to the
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HVLF system. A high time-frequency localisation tool is therefore required to the

analysis of HVLF fault signals.

3.4.2 Protection Based Wavelet Analysis

As illustrated above, the wavelet transform allows precise time and frequency localisation
of transient signals. It is able to analyse a localised portion of a larger signal using its
mother wavelet, and to focus on short durations where high frequency information is
required; and on long durations where low frequency information is desired. Due to these
properties, the wavelet transform has been successfully applied to power systems for
analysing abnormal transient phenomena. Understanding these transient phenomena

helps in detecting the fault within the power system.

The wavelet transform has been used widely as a mathematical tool for many applications
in signal processing. It was first introduced into power systems by Riberio in 1993 [57].
The author introduced the concept of the wavelet transform for power system distortion
analysis. Robertson et al [53] have presented a comparative study on fault detection using
different signal analysis techniques including the Fourier transform (FT), Short Time
Fourier transform (STFT) and the wavelet transform (WT). The study proved that wavelet
transform provides relatively more accurate results in the analysis of non-stationary fault
signals. Later, according to much literature wavelet transform for transmission line fault
identification has been applied [58], including, classification [59], and fault location [60,

61].

Taking into consideration, the results from the wavelet analysis is highly dependent on
the sampling frequency and the applied mother wavelet [62]. Kim and Aggarwal in [50,
63] applied the DWT analysis with different mother wavelets (Daubechies4, Symlet5

and Biorthogonal3) for fault detection on a 154 kV, 26 km long HVAC transmission line.
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The fault information was extracted from the current signals with a 60 Hz fundamental
power frequency and sampled at 64 samples per one cycle (3480 samples/sec.). The
analysis was carried out for one level and the detailed coefficient, d1, was used for fault
indication. The study showed that the DWT analysis provides an accurate fault detection
decision and identify correctly the faulted phase. Also, it was shown that db4 mother

wavelet has a better resolution analysis compared to the other mother wavelets.

3.4.3 Selection of Mother Wavelet

Numerous studies was carried out later applying wavelet transform analysis for fault
detection and classification on transmission lines. These studies have tried to improve the
detection algorithm by applying the same mother wavelet (Daubechies) with different
mother wavelet orders and analysis levels. The order of the mother wavelet obtains the
number of samples associated with that wavelet, for example the db2 mother wavelet has
four samples while db4 has eight samples and so on, see figure 3.11 (b, c). The number
of samples in these mother wavelets determines the size of the analysis window and hence
the choice will depend on its application.

For transmission line fault detection, the Daubechies of order 4 mother wavelet (db4) has
been used in [64-67]. In some of these studies the fault information was obtained from
one level of analysis, whereas in other cases the analysis was carried out to several levels.
The analysis level in all studies was obtained according to the frequency information
required for fault identification. Therefore, the sampling frequency of the fault signals
was varied in a range of 1-200 kHz. Additionally, other types of mother wavelets have
been applied for fault detection for example, Bior2.2 in [68], Haar wavelet in [69] and
Sym2 in [70]. EkKici et al tested in [71] different types of mother wavelet used in fault
detection and location on a 380 kV, 360 km transmission line. By processing the three
phase voltage and current signals at the sending end with five different mother wavelets
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(db5, bior5.5, coif5, symb, and rbio5.5), the study proved that in multi-resolution analysis
the Daubechies mother wavelet was the most effective choice for extraction of the

frequency feature from the fault signal.

3.4.4 The Wavelet Analysis Level Selection

As mentioned above, the level of the wavelet analysis was varied from one level up to
several levels depending on the frequency band required to capture the fault signature.
Hence, the coefficients that obtained at the required level were processed for fault
decision and classification. In many of the proposed protection algorithms, the spectral
energy of the detail coefficient at the final analysis level was used as a fault indicator. If
the spectral energy of any phase signal exceeded a pre-set threshold, a trip signal is sent
to the circuit breakers, and the fault classification is carried out by comparing the spectral
energy from all three phase signals.

The three phase current and voltage signals have been employed to enhance the reliability
of the proposed algorithms [59, 72-74]. However, many studies have employed wavelet
analysis to the current signals only in order to reduce the processing time and improve
the detection speed [46, 61, 75]. In both cases these signals where obtained at either single
end or at both ends of the transmission line. The studies in [55, 59] have applied the
Wavelet Transform to the current signal only obtained at both ends of the line and
synchronised with the help of GPS satellite to obtain the fault location. Other studies have
used the current signals that was obtained at one end of the line in order to eliminate the

need for the data transmission link [46, 67, 76].

All the above studies have proved that the Wavelet Transform analysis has the ability to
extract fault information from the captured signals and provide an accurate fault detection

decision. The wavelet analysis has been applied to different transmission lines with
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different configurations and power capacity. For HVAC systems wavelet analysis has
been successfully able to detect and classify faults on the transmission line as given in
[46, 55, 59, 64, 67, 68, 71, 73-75, 77]. In the HVDC transmission systems the transient
current signals were analysed with the wavelet transform and many protection algorithms

have been proposed [8-10, 78-80].

Barros et al in [56] and Perez et al in [61] proposed a Discrete Wavelet Packets Transform
(WPT) for signal frequency decomposition in order to improve the overall performance.
In the WPT both the detailed and approximation coefficients at any level of the analysis
are decomposed again to produce new detailed and approximation coefficients [81].
Figure 3.14 illustrates a two levels WPT of an input signal having a sampling frequency
equal to F. As a result, the wavelet packet analysis provides a better high frequency
resolution of the decomposed signal. In this research, an investigation into the application
of the WPT to transmission line protection was carried out in the past years. A paper was
published by the author of this thesis in 2014 proposing an HVAC transmission line
protection algorithm based on the analysis of fault transient signals [82]. In the summary,
it has been shown that the Wavelet Transform is a powerful analysis tool for time-

frequency localisation of transient signals.
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Figure 3.14: The Discrete Wavelet Packets Transform structure.
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As previously mentioned, the HVLF system requires a high time-frequency resolution
tool for the analysis of the fault signals. Therefore, in this research, the WPT is proposed
for transmission line transient analysis of the proposed HVLF systems. The WPT
provides higher frequency details by extracting frequency features from both the
approximation and detailed coefficients, see figure 3.15. This allows the WPT to provide
details on high frequencies within short analysis level, resulting in a high accuracy

detection of faults.
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Chapter 4
HVLF System Modelling and
Simulation

4.1 Overview

This chapter presents the design details of the proposed High Voltage Low
Frequency (HVLF) power system. Firstly, this system is designed to transfer 200
MW offshore generated power over a 200 km, 20 Hz HVLF transmission line. Figure 4.1
illustrates a schematic diagram of the HVLF system modelled with Matlab-Simulink
software [26]. Matlab software has been chosen for this modelling due to its ability for
both power systems simulation and signal analysis. As discussed in the literature survey
of this thesis, unlike the HVAC or HVDC systems, to date there is no standard benchmark
for steady-state or transient studies of the HVLF system. However, in this thesis the
modelling of the HVLF system was built up using standard data provided by either IEEE
standards or manufacturers. Hereby, the line parameters and transformer configurations
etc. were set according to the practical electrical parameters [83]. This was carried out to

ensure accurate results obtained from the model when performing various experiments.

In this model the power was generated and collected with the conventional topology.
Hence, this study adopts a cycloconverter at the sending end in order to step down the
transmission frequency. This design had the advantages of eliminating the need for the
large size low frequency transformer.

Note that another frequency changer is required to step-up the frequency at the receiving
end in order to inject the transmitted power to the utility grid. However, utilising a

cycloconverter as a step-up frequency changer is not a suitable choice for the HVLF
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system application, due to its highly distorted output voltage waveform and the
requirement for forced commutation control [22]. Furthermore, a complex filtering
system is required in order to eliminate the switching generated harmonics. The selection
and utilisation of the receiving end frequency changer is retained as part of the future
work.

In this research, the step-up frequency changer was not considered, and it was replaced
with a parallel connected load and a 20 Hz voltage source. This is because the main
objective of this study was to investigate the effect of the sending end cycloconverter
generated harmonics on the fault generated transients and the protection system as well.
Additionally, the main objective was to investigate the system behaviour under
transmission line fault conditions. This was achieved by applying short circuit faults on
the line phases and monitor the voltage and current signals from a single line end. The
measurement point is set near to the sending end at busbar 3 of the system. The captured
signals were analysed initially with the Fast Fourier Transform (FFT) in Matlab. The FFT
is used to identify the frequency range of these transients. This will help in developing a

line protection scheme based on the utilisation of these transients.

Cydoconverter

wind power
equi valent
vdtage
source

‘ To signal Processing with WT ‘

Figure 4.1: The schematic diagram of the modelled HVLF system.
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4.2 HVLF System Modelling

The HVLF system modelled with Simulink is comprised of a power collection point at
Busl, a cycloconverter at the sending send, harmonic filters and the transmission line.
The wind turbines connected to a 60 Hz step-up transformer and the collection network
are represented by an equivalent three phase AC source in order to simplify the system.
The AC sources at the sending of the model each had a resistance of 0.025Q and a
reactance of 1.85Q at 60Hz frequency, this was based on a 230kV transmission system

as shown in table 4.1[84].

Table 4.1: Parameters of the sending end Source

Resistance/ohms
0.025

Reactance/ohms
1.85

Frequency/ Hz
60 Hz

Base voltage/V
230e3V

The cycloconverter is used to step down the 60 Hz frequency of the transmission voltage
to 20 Hz. A 60 Hz frequency was chosen for the transmission voltage in order to obtain
an integer number (20 Hz) when stepping down the frequency by 1/3 conversion factor
of the cycloconverter. However, the cycloconverter control still can be modified to
convert 50 Hz system to 16.7 Hz. The onshore end of the line was represented by a load
connected at Bus 4 equivalent to the onshore station and the grid. The receiving end

source and load details are shown in table 4.2.

Table 4.2: Parameters of the receiving end source and load.

Base voltage/ V | Resistance/ohms | Reactance/ohms | Frequency/ Hz
Source | 230e3 1.02 0.25 20
Load | 230e3 191.2 16.58e-3 20

In this chapter, the cycloconverter configuration, control and harmonics filtering are

given in detail. Then, the frequency conversion and the power transfer have been

validated by observing the power flow during normal operation.
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4.2.1 AC-ACFrequency Conversion

As mentioned earlier, in the proposed HVLF system, the frequency converter located at
the line sending ends is required in order to step-down the transmission frequency. Hence,
this research adopts a high voltage three-phase to three-phase cycloconverter as a
frequency changer. The cycloconverter model consists of three sets of three-phase to

single-phase units as shown in figure 4.2.
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Figure 4.2: Three-phase cycloconverter simulated in Matlab Simulink.

A 6 pulse-36 thyristor, in which each 12 thyristors form a three phase to single phase
cycloconverter, has been simulated using the Matlab Simulink software, see figure 4.3.
The cosine wave crossing control method was used to control the firing delay angle [40].
In this method, the firing delay angle is obtained by comparing the desired output
waveform with a cosine reference synchronised with the input voltage. The firing delay
determines which individual thyristor is triggered so that the required output voltage
waveform is constructed. The firing angles are adjusted so that the output voltage is kept
close to a sinusoidal form. The cycloconverter given in figure 4.3 consists of two anti-
parallel three phase bridges, in which one of the bridges carries the positive current while
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the other one carries the negative current. This allows the cycloconverter to operate in a
four-quadrant operation providing a lagging or leading power factor output, and bi-

directional power flow [42].
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Figure 4.3: Circuit diagram of three phase to single phase Cycloconverter.
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The cycloconverter control was designed so that thyristors of either positive converter or
negative converter is firing at each half cycle of the output frequency, in order to produce
a current in the required direction. Therefore, if the firing angle of the positive converter
is a,, then the negative converter firing angle will be = — a,,. This means when one of
the converters is in the ON period the other converter is blocked. Taking into
consideration, when the current changes direction, both converters must be blocked for a

short time.

The Pulse Generator provided by Matlab-Simulink is designed to generate a periodic
pulse train to the positive and negative converters. This Pulse Generator is controlled by
an angle obtained from the desired output signal and by a synchronisation signal (wt)
obtained from the input voltage signal, see figure 4.4. The synchronisation signal (wt) is

a ramp function synchronised with the zero crossing of phase-A voltage signal obtained

62



4. HVLF System Modelling and Simulation

using the phase locked loop (PLL) system. The pulses generated with the corresponding
thyristor order on the positive converter of a three-phase bridge is shown in figure 4.5.

The Matlab modelling of the control system details are given in appendix-A.

—— 60_Hz_input —— Alpha — = 20_Hz_output

Normalised Mag.

ol
0.2000 0.2125 0.2250 0.2375 0.2500 0.2625 0.2750 0.2875 0.3000

TIME (Sec.)

Figure 4.4: Input control signals to the Pulse Generator.
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Figure 4.5: The pulses generated to the positive converter of a three-phase bridge.

63



4. HVLF System Modelling and Simulation

The configuration and control of the cycloconverter have been tested by connecting an
input voltage source at a frequency of 60 Hz, and a resistive load on the lower frequency
side. As previously mentioned, the cycloconverter is designed to step down a 60 Hz input
power to 20 Hz low frequency. The three phase output voltage and current waveforms
obtained from the cycloconverter at a sampling frequency of 4 kHz are demonstrated in
figure 4.6. It is clear that both voltage and current waveforms contain harmonics
generated due to the cycloconverter switching. Hence, a number of filters need to be

introduced in order to attenuate these harmonics.
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Figure 4.6: The cycloconverter output voltage and current waveforms.

4.2.2 Harmonics and Filtering System

It is clear that the cycloconverter current and voltage output waveforms contain
harmonics. If these harmonics are injected directly into the transmission line, it will result
in serious power quality problems. In the proposed HVLF system, these harmonics need

to be suppressed in order to comply with the IEEE Standard-519 [85].
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The harmonic content of the output voltage and current of the cycloconverter is affected
by several factors such as, the number of pulses per output period, or the output to input
frequency ratio [39]. A cycloconverter with a higher number of pulses generates fewer
low order harmonics in the output waveform. In addition, if the output frequency is closer
to the input frequency the output harmonics will increase. The applied six-pulse

cycloconverter in the HVLF model produces harmonic frequencies (f;,) defined by [39]:

fageny = 6kf; £ 2n+ 1f, (4.1)

Where k is an integer between 1 to infinity that represents the harmonic order, n is an

integer between 0 to infinity, f; the input frequency and £, is the output frequency.

In this study, the harmonic content of the voltage and current waveforms was analysed
by applying a Fast Fourier Transform (FFT) over a one cycle window based on a power
frequency of 20 Hz having a sampling frequency of 4 kHz. The harmonic content of the
output voltage from the simulated six-pulse cycloconverter with a resistive load and
without any filtering is shown in figure 4.7. Table 4.3 shows harmonics with a magnitude

above 3% of the fundamental frequency.
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Figure 4.7: Harmonic spectrum of the six-pulse cycloconverter output voltage.
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Table 4.3 Harmonics of the cycloconverter output current

Harmonic Order | Mag (%of 20Hz)
1 100
3 5.84
7 4.8
9 5.16
11 5.93
13 6.49
15 7.77
17 7.49
19 3.80
21 10.77
23 7.23
25 7.02
27 6.99
37 3.51
41 4.26
49 5.00
51 3.76
61 3.88
73 3.29
75 3.00
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It is obvious that the cycloconverter generates harmonics with a total harmonic distortion
of approximately 27%. Thus, suitable filters are required to be implemented in order to
attenuate these harmonics and to improve the overall power quality of the network. The
filters need to be designed so that all highlighted harmonics given in table 4.3 are
eliminated. Therefore, a typical filter comprises of passive elements, such as resistance
(R), inductance (L), and capacitance (C) passive filters were used to suppress these
harmonics. The utilised passive filter are classified into; a tuned filter to suppress a
specific harmonic frequency, and a highpass filter to suppress higher order harmonics.
Both types are designed so that the filtered harmonics flow to the ground, rather than
travelling to the power system. Numerous studies have been conducted on harmonic filter
design for power electronic converters in the HVDC system applications [21, 86, 87].
CIGRE HVDC system benchmark given in figure 2.6 utilises multi-stage passive
harmonic filters on both sides of the transmission line. These filters have been designed

to attenuate harmonics generated by the HVDC converter stations.

The Band-pass filter is constructed by connecting an inductor in series with a capacitor,
see figure 4.8. For harmonic suppression, this type of filter provides a low impedance at
the designed resonant frequency. A high-pass filter is designed by connecting a resistor
in parallel with the inductor in the bandpass filter. The introduction of the resistor will
result in filtering all high frequency characteristics and higher filter losses at the
fundamental frequency. Therefore, high-pass filters are usually used in combination with
bandpass filters to eliminate the high frequencies bands of the harmonics spectrum only.
Both types of filters have been widely applied in practice for high voltage power system
applications. A practical example of these filters is the HVDC system filters

manufactured by ABB in [88].
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Band-pass filter Band-pass filter High-pass filter
(Single tuned) (Double tuned) (C-type)

Figure 4.8: Types of AC harmonic filters.

For cycloconverter applications, AC multi-stage passive filters have been introduced to
suppress the harmonics and supply reactive power [21, 43]. Matlab-Simulink provides
several types of three-phase filter such as, single tuned, double tuned and C-type. The
single tuned is a band-pass filter applied to suppress the lowest order harmonics such as
5t 7™ and 9" individually. The double tuned filter is designed using a series LC circuit
with a parallel RLC circuit in order to remove two consecutive harmonics. The C-type
filter is an improved type of the highpass filter, in which the inductance L of the high-
pass filter is replaced with series LC circuit. This LC circuit is tuned to resonate at the
fundamental frequency, and therefore, the resistance is shorted at the fundamental

frequency, resulting in lower filter losses.

All filter types are designed in Matlab-Simulink using the specified tuning frequency or
band, quality factor (Q) and the required reactive power. The quality factor of the filter is
determined by [89]:

nXy, _ X

= (4.2)

Where, R is the filter resistor, X; is the inductor reactance (2nf;L), X, is the capacitor
reactance (1/2nf;C), both at fundamental frequency (f;), and n is suppressed harmonic
order (f,,/f1)- The sharpness of the tuning frequency is determined by the filter bandwidth
which is determined by:
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B="=" (4.3)

where, f,, the tuned frequency and Q is the quality factor. Note that, for a double tuned

filter the tuned frequency (f,,) is the geometric mean of both tuned frequencies (f3, f2),

inwhich f,, =+/fi f>.

The reactive power supplied by the designed filter is determined as follow [89]:

V2 n?
0, = <X_c> S — (VAR) (4.4)

where, n is the suppressed harmonic order, V' is the RMS value of line to line voltage.

As stated on the IEEE 519 standards, harmonic distortion in power systems should be
limited to about 5.0% total harmonic distortion (THD) and on each individual harmonic
is limited to about 3% [85]. Hence, the multi-stage filter applied in this study is tuned to
attenuate the third and ninth harmonics as well as the higher frequency bands (the 23"
harmonic and above), see figure 4.9. Figure 4.10 shows the frequency response of the
filters, in which each filter has a low impedance at the tuned frequency providing a flow

path to ground. The specifications of the filters are given in table 4.4.
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Figure 4.9: Multi-stage filter banks.
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Figure 4.10: Frequency response of the multi-stage filter banks.

Table 4.4: Multi-stage filters specification

Filter type | Tuned frequency (Hz) | Reactive power supplied/ VAR
Single tuned 60 (third) 50e6
Single tuned 180 (ninth) 50e6
Double tuned 260 and 300 80e6
C-type 460 and above 80e6
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4.3 HVLF System Steady-state Analysis

The simulated cycloconverter and the filter bank were integrated into the Matlab-
Simulink model as shown in figure 4.11 with the following specifications: 230 kV, 60 Hz
supply, 200 MW load via 200 km XLPE cable. The three phase AC source in figure 4.11
represents a collection of wind turbines connected to a 60 Hz step-up transformer. The
cycloconverter is utilised as a step down frequency changer, in which 60 Hz supply
frequency is converted to 20 Hz. The 200 km transmission cable was modelled as a three-
phase transmission cable with parameters lumped in four PI sections. The resistance (R),
inductance (L), and the capacitance (C) parameters of the line are uniformly distributed

and were set by the positive, negative and zero sequence components given in table 4.5.
The cable is characterised by the values of the surge impedance (Z. = /L/C) and the

wave propagation speed (v = 1/VLC ). The self and mutual parameters of the resistance
and the inductance as well as the ground capacitances are also taken into consideration in
this model. All these parameter values are taken from the 230 kV rated cable specification

manufactured by ABB [83].

Table 4.5: The transmission line parameters specification.

Parameter Positive /Negative-sequence Zero-sequence
Resistance 0.01273 Q/km 0.3864 Q/km
Inductance | 0.9337 mH/km 4.1264 mH/km
Capacitance | 12.74 nF/km 7.75 nF/km
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4. HVLF System Modelling and Simulation

Under normal conditions, the simulated voltage and current waveforms measured at the
sending end (busbar B3) and the receiving end (busbar B4) are given in figure 4.12. These
waveforms are obtained from the simulation output file based on a sampling frequency
of 4 kHz. A sampling rate of 4 kHz is chosen in order to capture the higher frequency
contained in transients according to Nyquist sampling criteria [51]. Whereas, applying a
lower sampling rate will result in losing the high frequency information, and a higher
sampling rate will increase the cost in real system. For harmonic measurements, the
captured signals are analysed with Fast Fourier Transform (FFT) over a 0.05ms window,
i.e. one cycle of 20 Hz. As a result of connecting the AC filters and the cable, the
harmonics in the system have been suppressed and the THD is reduced to about 4.5% and

3.2% at busbars 3 and 4 respectively, see figure 4.13.

B3_Va B3_Vb B3_\Vc

0.25 0.30 0.35 0.40 0.45

Time (Sec)
Figure 4.12: Voltage and current waveforms under normal conditions measured at busbar B3
and B4.
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Figure 4.13: Harmonic spectrum of current and voltage signals at the sending and receiving

ends.

The HVLF system is designed to have a unidirectional power flow from the OWFs to the

load, the current flowing in the line can be seen to be around 750A peak phase current,

see figure 4.13. The simulation validation was carried out by monitoring the power flow

under the steady-state condition at the system busbars and the load as shown in figure

4.14. The real power received at the load point is about 200 MW.
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Figure 4.14: Active power flow on the simulated HVLF system.

4.4 HVLF System under Line Fault Conditions

The main objective of this modelling is to investigate thoroughly the HVLF system
behaviour during transmission line disturbances and failure. This was achieved by
simulating short circuits on the line phases and observe the fault voltage and current
signals signature, see figure 4.15. Various fault scenarios such as, different fault phases,
fault locations and fault inception angles were carried out. In this section, a single phase
to ground, phase to phase, double phase to ground, and three phase faults obtained through
simulation from the HVLF transmission line were demonstrated. All these fault types
were simulated at different locations from the measurement point (B3). The fault
inception angle was also taken into consideration in this study. The observed voltage and
current signals from the voltage transformers (VTs) and current transformers (CTs)

respectively, were used to develop an accurate fault detection and location algorithm.
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Figure 4.15: Single line diagram of HVLF system under line fault conditions.

Initially, a study on the effect of the line faults on the harmonic spectrum was carried out.
A comparison between the pre-fault and post-fault harmonics distribution is achieved by

investigating the corresponding frequency spectra with the FFT analysis.

4.4.1 Single-Line to Ground Fault (LG)

The proposed HVLF system uses a three-phase line for power transfer, in which a single
line to ground fault is the most common fault type. This assumption is based on the most
common type of fault occurring on the conventional HVAC system. Over 70% of line
failures are involving a single phase to ground and the other two phases will remain
healthy [59]. Figure 4.16 shows the three phase current signals of the HVLF system when
a phase to ground fault (LG) occurs at time 0.3s and cleared at 0.45s, i.e. three cycles of
20 Hz frequency. The fault is simulated at locations 20, 60, 120, 180 km away from the
sending end and the measurement point at Bus3. In this case, the fault resistance was set
to 5Q and ground resistance to 1 Q. A low fault resistance was chosen based on the
assumption of subsea cable conductor interruption given in [90] . The waveforms show
clearly that, after the fault incident the magnitude of the faulty phase (phase-A) voltage
drops and the phase-A current rises. This result is expected as the resistance reduces

between the faulty phase and the ground.
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Figure 4.16: The captured waveform at B3 when an LG fault occurs (a) voltage (b) current.
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The waveforms given in figure 4.16 show that the faulted phase current signal has a higher
magnitude when the fault occurs at a distance closer to the measurement point located at
the sending end. In addition, the magnitude of the high frequency (ripple) transients when
the fault distance increases. Therefore, the FFT analysis was carried out for only two fault
locations, in which one of them was at very close location to the source and the other at
the extreme end of the line, i.e. 20 km and 180 km. This was done in order to investigate
the maximum and the minimum fault generated transients that could be captured at the
measurement point. The results from the FFT show that the magnitude of the harmonics
generated due to the fault has decreased with increasing fault location, see figure 4.18.
Also, the total harmonic distortion (THD) is reduced from about 16% to 13% at distances
20, 180 km respectively. This behaviour is expected, because with distance, increasing
the transmission line parameters (R, L and C) will form a passive filter suppressing the
high frequency transients. However, the presence of odd and even harmonics with a
higher magnitude for both locations is noticeable compared to those harmonics obtained
at the normal condition. The highlighted harmonics given in figure 4.17 have a magnitude
of over 3% of the fundamental frequency (20 Hz). These harmonics were presented after
the fault occurred, and need to be captured with its time signature in order to be used for
fault diagnosis. An accurate analysis tool is required in order to utilise these features for
developing new protection scheme. This tool should have the ability to obtain these
transient and its time of existence precisely. Note that similar trends were also observed
in the simulation of the other two phases faults, i.e. BG and CG faults as given in appendix

B.1.

78



4. HVLF System Modelling and Simulation

100 T T A T T N
Harmonic Spectrum of Current signal Harmonic Spectrum of Current signal
at LG fault@20 km % at LG fault@180 km
80 - - _ 0 i
"(0,3.(629; ,, THD=16.00% ooy D= 13.63%
0 e N Harmonic order, Magnitude
T { (3847)  (Harmonic order, Magnitude) I (71D ( g )
691 Ci@ro 601 (44.21) 1
G (54.17) ko) ‘ car
> 20 " (6211) | S 40 63D |
g ‘ (8:351) 2 (625)
204 | T (15,2.4) i 20 I i
: : P T (9.2.02)
0L -y . ,

0 10 20 30 0 10 20 30
. Hamonic Order . Hamonic Order
Figure 4.17: Harmonic spectrum of the faulty phase current signal for an LG fault at 20 km and

180 km distances.

4.4.2 Line to Line Fault (LL)

Similar scenarios of the line to ground fault were carried out on a line to line fault. In this
type of fault, the two phases are shorted without being connected to the ground. The
voltage and current waveforms for a phase A to phase B fault (AB fault) are shown in
figure 4.18. The fault position was also varied to 20, 60, 120 and 180 km away from the
sending end and the measurement point at busbar 3. It is observed that the magnitude of
faulty phase currents rise while the healthy phase remains unchanged at all locations. The
current waveforms of the faulty phases show a higher magnitude at a closer fault location
in comparison with the extreme far location. Also, the voltage magnitude of two faulty
phases drops at closer locations. But, with increasing distance it shows an unbalanced
voltage. This is a result of the fault is being supplied from the receiving end and the
unbalance load distribution on the cycloconverter switches. This unbalanced load on the
cycloconverter output has resulted in loosing voltage synchronisation on its control
system. Similar results were also obtained from the simulation of the other line to line

faults, i.e. BC and AC faults, as given in appendix B.2.

FFT analysis of the two faulty phase current waveforms was also carried out at the

selected two fault locations at 20 km and 180 km from the sending end. The results from
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the FFT show that the magnitude of the harmonics generated due to the fault is decreased
with the fault location being increased, see figure 4.19. The total harmonic distortion
(THD) is reduced from about 16% to 8% at distances 20, 180 km respectively. This
behaviour is very similar to the line to ground fault analysis obtained previously. Taking
into account, the remaining healthy phase has a lower THD with a low harmonic

magnitude.
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Figure 4.18: The captured waveform at B3 when an AB fault occurs (a) voltage (b) current.
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Figure 4.19: Harmonic spectrum of the faulty phases (la and Ib) signals of an LL fault, at 20 km
and 180 km distances.

4.4.3 Double Line to Ground Fault (LLG)

In this type of fault, the two phases are shorted and connected to the ground. The voltage
and current waveforms for a phase A and phase B to ground fault (ABG fault) are shown
in figure 4.20. These waveforms are also obtained by changing the fault location to 20,
60, 120 and 180 km away from the sending end and the measurement point at busbar 3.
It is observed that the magnitude of the faulty phase currents rise while the healthy phase

remains unchanged at all locations.
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Figure 4.20: The captured waveform at B3 when an ABG fault occurs (a) voltage (b) current
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The results of the FFT analysis show a similar trend with phase to phase fault obtained
previously, see figure 4.21. The only difference is one of the faulty phases has a higher
distortion on the current waveform, in this case phase b shown in figure 4.20(b). This is
due to the timing of the fault occurrence with respect to the cycloconverter switching
control. However, still the presence of odd and even harmonics during under post-fault

condition with a higher magnitude is clear.
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Figure 4.21: Harmonic spectrum of the faulty phases (la and Ib) signals of an LLG fault, at 20
km and 180 km distances.

83



4. HVLF System Modelling and Simulation

4.4.4 Three-Lines Fault (LLL)
The three line fault is simulated by applying a short circuit on the three phases (ABC) of
the line and without any connection to the ground. The voltage and current waveforms

for a phase A and phase B to phase C fault (ABG fault) are shown in figure 4.22.
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Figure 4.22: The captured waveform at B3 when a ABC fault occurs (a) voltage (b) current.
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The captured waveforms demonstrate that there is a high voltage drop with an increase in
the current magnitude of all phases after the fault occurred. However, the closest distance
fault shows a higher level of high frequency transients in comparison with the fault at
further locations. As given earlier with other fault types, the harmonic spectra of the faulty
phases was investigated by applying an FFT analysis to the current waveforms. This
analysis was performed on the fault waveforms obtained at the selected two locations of
20 km and 180 km from the sending end.

The harmonic spectra of the LLL fault current waveforms clarify that the magnitude of
the highlighted harmonics has decreased with the distance of fault being increased, see
figure 4.23. The time of fault occurrence with respect to the phase of the current signal
has a significant effect on the magnitude of the harmonics generated. In figure 4.24, phase
C shows a higher THD because the fault occurs when the magnitude of the current signal
was at a peak value, see figure 4.22. Therefore, an investigation will be carried out (in
chapter 6) in order to clarify the effect of the fault inception angle on the harmonic

distribution.
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Figure 4.23: Harmonic spectrum of the faulty phases (la, Ib and Ic) signals of an LLL fault, at
20 km and 180 km distances.
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4.4.5 Three-Phase to Ground Fault (ABCG)

The three lines to ground fault is the worst fault scenario occurring on the transmission
line, in which a short circuit of all three phases (ABC) to ground takes place. Figure 4.24
demonstrates the voltage and current waveforms obtained at the sending end (busbar 3)
when an LLLG fault is conducted. The waveforms show a very similar system behaviour
between an LLLG fault and the LLL fault given in figure 4.23. The harmonic spectra of
the LLLG current waveforms illustrates high frequency transients after the fault occurs,
see figure 4.25. The post fault harmonics that exist are very close in magnitude to those
obtained for an LLL fault. As mentioned previously, the harmonic magnitude decreases
with increasing the fault distance. All the highlighted harmonics show a magnitude of
over 3% of the fundamental frequency (20 Hz). However, the FFT analysis has provided
the frequency range of those harmonics but without time information. The time signature

of those transients is required in order to be used for fault diagnosis.
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Figure 4.24: The captured waveform at B3 when an ABCG fault occurs (a) voltage (b) current.
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Figure 4.25: Harmonic spectrum of the faulty phases (la, 1b and Ic) signals of an LLLG fault, at
20 km and 180 km distances.
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4.5 FFT Results Analysis

In this chapter the simulation of the HVLF system with Matlab-Simulink is presented.
The system’s components were modelled using practical data that was taken from the
manufacturer’s database. Since the HVLF system is a proposal, the Matlab model could
be considered as a benchmark for an HVLF offshore wind power transmission system. In
this research, the model was used to investigate the system behaviour under the
transmission line failure. Hence, a comparative analysis was done between all possible
transmission line fault scenarios. These scenarios were performed over different fault
locations. Then, the three phase current waveforms captured at the sending end of the line
were analysed with the Fast Fourier Transform (FFT). The analysis was done in order to
investigate the harmonics generated after the fault occurred. The effect of the fault
location on the magnitude of the post-fault harmonics was also investigated. This was
achieved by comparing the harmonic spectra of the two fault signals initiated at close and

remote distances from the sending end, i.e. 20 and 180 km.

It was observed that for a fault located closer to the measurement point at the sending end
the harmonics magnitudes were higher than those of a remote fault. Nevertheless, the
analysis has illustrated the presence of even and odd harmonics on the captured post-fault
waveforms. Taking into account that these harmonics did not exist during normal
conditions, see figure 4.14. The main objective of the FFT analysis was to clarify the
frequencies of the post-fault generated transients. These frequencies were highlighted in
the harmonic spectra obtained under different fault conditions, as given above. It was
found that as the system operates on a low frequency (20 Hz), the transients generated
after the fault occurred have frequencies up to 350 Hz (17" order harmonics). Thus, the

required protection system should have the ability to identify these transients accurately.
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However, as discussed previously, the FFT has a limitation on providing a time stamp for
the captured transients. As a result, another analysis tool is required in order to detect
these transient and their time of existence. The next chapter will address the design of a
new protection system based on Wavelet Transforms (WT). The Wavelet Transform has
been chosen because it has the ability to provide better details for a noisy signals. This
characteristic is due to the fact that the mother wavelet behave as a bandpass filter.
However, the filters of the wavelet transform need to be tuned in order to capture the
frequency transients highlighted previously. This will lead to an improvement in the
accuracy of the proposed protection system. To date, there has been no study that has
been conducted on developing a protection scheme for the proposed HVLF transmission

system.
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Chapter 5
The HVLF Transmission Line

Protection System

5.1 Overview

This chapter aims to contribute to the utilisation of the post-fault transients of the HVLF
transmission line for fault identification and location. The previous chapter has shown
that the HVLF system faults introduces additional transient components to the spectrum
of the power frequency and the pre-fault cycloconverter harmonics. These transients were
identified using the FFT analysis of the three-phase current signals. It was shown that
these transients range from DC to high frequency of up to 350 Hz are distributed
throughout the three-phase current signals spectrum. However, the FFT analysis has
provided the frequency information of these transients but without time information. The
time information of the captured transients is essential to determine the instant in which
the fault was initiated. Therefore, a frequency extraction tool is required to determine the

frequency composition and the time details in order to identify and locate faults.

The conventional protection algorithms applied to the HVAC or HVDC systems have
been proven to be of great reliability in practice. Nevertheless, it was shown, through FFT
analysis of faulty phase current waveforms, that for an HVLF system the fault generated
transients have a different frequencies range. Therefore, in this research the realisation of

a compatible HVLF protection algorithm has been addressed. This protection algorithm
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is required to accurately differentiate between post-fault generated transients and pre-fault
frequencies generated by the cycloconverter.

In this chapter the utilisation of the Wavelet Packets Transform (WPT) to analyse the
three-phase current signals under all possible fault scenarios of the HVLF transmission
line is demonstrated. This was achieved by the simulation of different fault scenarios on
an HVLF transmission line. This chapter illustrates the impact of different fault scenarios,
such as fault type, and the fault location, on the sensitivity and reliability of the proposed

protection system.

5.2 Wavelet and Packet Wavelet Transform

It is described in the research literature that the Wavelet Transform has been utilised for
the protection of HVAC and HVDC transmission systems. Numerous studies have proved
it is a fast and efficient tool to analyse transients of the voltage and current signals. Unlike
the Fourier Transform, the Wavelet Transform decomposes a signal into divisions of the
frequency domain by using a short window wavelet function for high frequencies and a
longer one for lower frequency analysis. This process called the multi-resolution analysis
(MRA), in which the input signal is processed with a set of highpass (HPF) and lowpass
filters (LPF) at multiple levels, as discussed in chapter 3. The lowpass filter represents
the mother wavelet function, while the highpass filter is the scaling function derived from
the wavelet function. The high frequency details (d1) is obtained from the HPF and an
approximation of the original signal is obtained from the LPF (A1), see figure 5.1. A
further analysis level is introduced in order to extract another band of high frequencies
that still exist in the signal. The process is repeated until nearly all the high frequency
information is extracted. Note that at each level of the analysis the output signal is down

sampled by a factor of 2 to avoid redundancy, as shown in chapter 3.
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Figure 5.1: A three level wavelet transform MRA.

In this research, the Wavelet Transform is proposed to extract the frequency information
from the fault signal of the HVLF system. As was shown in the previous chapter, the fault
signal has transients with frequencies ranging up to 350 Hz contributed along the
frequency spectrum. It is clear in figure 5.1 that in the first level of analysis the
frequencies contained in the signal are divided into two halves. This makes all higher
frequencies extracted in one frequency band (d1). In the next analysis level, the lower
half of the frequency band (the approximation coefficient) is then subdivided into another
low and high frequency components. Hence the wavelet MRA provides less detail on the
high frequency resolution of the analysed signal. Taking into consideration that the
frequency resolution of the analysis filter might also result in losing some of the necessary
information contained in the signal. Therefore, applying the wavelet MRA could result in

losing certain important information that is located in the higher frequency components.

The solution to this limitation is achieved by processing the detailed and the
approximation coefficients of the first analysis level by another set of highpass on lowpass
filters. This method of analysis is called the Wavelet Packets Transform (WPT). The WPT
is a generalisation of the wavelet MRA, in which a better high frequency detail is obtained
from the analysed signal. Figure 5.2 shows that at the first level of analysis, the frequency

contents of the input signal is divided into high and low frequencies represented by detail
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and approximation coefficients respectively. Unlike the wavelet MRA, in the second level
of analysis the detail coefficient is also divided into low and high frequency coefficients,
and the process is repeated for further levels. As a result, the information of the high
frequencies contained in the signal are extracted with higher resolution. Therefore, this
research adopts the utilisation of the WPT analysis to extract frequency features from the
HVLF fault signals. This was done to obtain all high frequency information from the fault

signal.

[ o)

HpE 21D

HPF Dl LPF D1A32

Input
signal

Lpp A1 | ypp | AID2

LPE AlAD

Figure 5.2: One level analysis of the Wavelet Packets Transform (WPT).

The wavelet toolbox provided by Matlab-Simulink provides signal processing with
different mother wavelet functions with a friendly user interface [26]. The toolbox
includes algorithms for the Continuous Wavelet Transform (CWT), Discrete Wavelet
Transform (DWT) as well as the Wavelet Packets Transform (WPT). All the resulting
analysis coefficients can also be displayed visually. The visual display shows how the
frequency content of the analysed signal changes over time. This is presented by multiple
signals or coefficients each one refers to a particular frequency band. In this chapter, the
captured fault signals from the simulations of the HVLF system model, given in chapter

4, are processed with the WPT analysis.
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5.3 Selection of the Mother Wavelet Function for Fault

Algorithm

It can be seen in the research literature that many mother wavelet functions have been
applied to the analysis of power system transients, such as Haar, Daubechies and Morlet.
In this section, the selection of the most appropriate mother wavelet function applied to
the analysis of HVLF system transients is addressed. A DWT analysis was carried out to
examine the variation between the different mother wavelet functions and the effect of
the wavelet order. The comparison was achieved by applying Haar and different orders
of Daubechies mother wavelets to analyse a fault signal obtained from the HVLF system,
see figure 5.3. However, other types of mother wavelet applied for fault transient analysis
was described in subsection 3.4.3. In this section, the Haar mother wavelet function was
chosen because it is the simplest mother wavelet. This mother wavelet is a step function
taking values 1 and -1, on (0 to 0.5) and (0.5 to 1), respectively. The Daubechies mother
wavelet function of the first order (db1l) is the same as the Haar function. A higher order
mother wavelet such as, db2 and bd4 have a higher number of samples based on the
following equation [91]:

Number of samples = 2 X order of the mother wavelet (5.1
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Figure 5.3: Haar, Daubechie’s 1, 2 and 3 mother wavelet functions.

The window shape of the mother wavelet function determines the filter characterises in
the wavelet transform analysis. Therefore, for fast transients and an oscillating signal the
rectangular shape of these functions does not provide an accurate detail for high
frequencies. Hence, a higher order oscillating mother wavelet functions such as, db2 or
db4 were also selected for the analysis of these signals. In this study, the selected mother
wavelet functions were tested to extract transients from a line to ground fault signal. The
faulty phase current signal was captured at busbar 3 of the simulated HVLF system shown
in figure 4.12. The results of the three levels DWT analysis are illustrated in figure 5.4.
These results show the approximation and the detailed coefficients obtained using Haar,
dbl, db2, and db4 mother wavelets respectively. The approximation coefficient
represents the original input signal after all high frequencies were removed. The detail
coefficients represents the high frequencies removed at the last stage of the analysis. The
results demonstrate the variation in the accuracy of the different mother wavelet functions
for identification of different frequency details within the signal.

The results show clearly that a rectangular form waveform of the input signal after the

high frequency contents were extracted using Haar and db1 mother wavelets. However,
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db2 and db4 mother wavelets provided a better high frequency contents extraction of the
analysed signal. However, it can be noted that when db2 is applied, some high frequency
contents still exist in the signal at the last level of analysis, see figure 5.4. This means that
db2 mother wavelet required a further analysis level to extract all the high frequency
content from the signal. Whereas, db4 mother wavelet shows at the third level of analysis
that all high frequency content is removed and a smoother version of the input signal is
obtained. This means that the db4 mother wavelet has the ability to extract high frequency
content within a shorter analysis level. Nevertheless, selecting a higher order mother
wavelet such as db5 or higher will increase the number of samples and consequently the
processing time. Hence, the db4 mother wavelet was selected in this research due to its

ability to detect the variations in frequency content more precisely.
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Figure 5.4: Faulty phase signal analysed with wavelet transform using Haar, dbl, db2, and db4
mother wavelets respectively.
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5.4 Modelling of the Wavelet Packets Transform

In this research, the Wavelet Packets Transform (WPT) has been used due to the ability
to decompose a signal from low frequency to high frequency at high resolution, and
without losing the time domain information. Additionally, the WPT provides extraction
of the frequency features within a shorter analysis level, allowing high speed of fault
detection. Therefore, this technique was used to enhance the ability of the proposed
protection system to differentiate between the system harmonics and the fault generated

transients.

In this work, a three level WPT analysis with the db4 mother wavelet has been applied to
extract the fault signature. Figure 5.5 (a) shows the distribution of the lowpass and the
highpass filters to obtain the approximation (A) and the detailed (D) coefficients
respectively. The number associated with each coefficient refers to the analysis level.
Figure 5.5 (b) illustrates the number of coefficients obtained at each level of the WPT. It
is clear that at level 1 of the analysis only two coefficients (A1, D1) were obtained, while
four coefficients are obtained at the next analysis level. It is clear that the number of
coefficients obtained at each level is equal to 2/, where j refers to the level number. Hence,

the number of samples in the input signal should not be less than 2.

In this study, the input signal to the WPT was obtained from the CTs in the HVLF system
at a sampling rate of 2 kHz. This sampling frequency was chosen based on the range of
the fault transients obtained from the FFT analysis in chapter 4, and therefore, only three

levels of analysis was applied.
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Figure 5.5: Wavelet packet transform tree (a) filters distribution (b) coefficients.

The coefficients obtained from the WPT represents the frequency details contained in the
input signal. Each coefficient indicates how a specific frequency band is distributed over
a time scale. Table 5-1 illustrates the frequency range of each coefficient obtained at the
third level of the WPT tree shown in figure 5.5. Taking into account that the sampling
frequency of the input signal was set to 2 kHz, then the highest frequency detail can be
determined is 1 kHz according to Nyquist's sampling theorem [51]. In table 5.1 it can be
noted that the power frequency is contained in the WPT coefficient CWO0. Hence, this
coefficient represents the lowest frequency band contained in the signal.
Correspondingly, the higher frequency details are distributed in the other coefficients.
Therefore, for high frequency transients detection the coefficient CWO will be neglected.
In this study, the WPT was designed for only three analysis levels and the bandwidth of
each coefficient obtained was set to 125 Hz, i.e. about 6" harmonic of the 20 Hz power
frequency. A lower sampling rate was not chosen because this would have resulted in

losing details of the higher frequencies contained in the input signal.
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Table 5.1: frequency range of the WPT coefficients obtained at the third analysis level.

Coefficients at level 3 | Frequency range
CWo 0 Hz - 125 Hz
w1 125 Hz -250 Hz
cw2 250 Hz - 375 Hz
CwWs3 375 Hz - 500 Hz
Cw4 500 Hz - 625 Hz
CW5 625 Hz - 750 Hz
CWe 750 Hz - 875 Hz
Cw7 875 Hz - 1 kHz

The WPT tree shown in figure 5.5 was implemented with the wavelet toolbox provided
by Matlab-Simulink, see figure 5.6. In this model, the three-phase current signals obtained
from the CTs at busbar B3 of the HVLF model were processed with WPT filter banks.
Each WPT filter bank consists of sets of lowpass and highpass filters that are distributed
to form the wavelet tree shown in figure 5.5. In this block the mother wavelet was
specified to db4 and the number of analysis levels to 3. The input signals were pre-
processed using Matlab buffer blocks in order to convert the signal input from array
format to frame based format. The input frame size to the wavelet block should have a
number of samples that is a multiple of 27, where n is the number of levels. The number
of levels was set to 3, thus, each block has 8 ports in the output representing the WPT
coefficients. Later, the obtained coefficients were processed for spectral energy

calculations.

The WPT model was initially tested by simulating a transmission line fault on the HVLF
model given in chapter 4. A single line to ground fault (AG) at distance of 60 km from
the sending end at time 0.3 second was demonstrated as an example. The captured three-
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phase current signals at the measurement point was fed to the WPT model shown in figure

5.6.
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Figure 5.6: Wavelet Packets Transform with Matlab-Simulink.

The WPT analysis results from the faulty phase signal (phase A) are shown in figure 5.7.
The results obtained shows the WPT coefficients behaviour over the selected time scale.
Each coefficient represents a specific frequency band given in table 5-1. The coefficient
CWO refers to the lowest frequency band including the power frequency, i.e. 20 Hz.
Therefore, this coefficient represents the original input signal after most of the high
frequency contents have been extracted. The results show that there is a significant change
in each coefficient after the fault occurrence at time 0.3 sec. The two detailed coefficients
CW1, CWa3 at level three of the analysis provides the high frequency details extracted
from the approximation and the detailed coefficients of level 2 respectively, see figure

5.5(a). Hence, these two coefficients have very distinctive features with the highest
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obtained magnitude. Although coefficient CW2 shows a considerable change after the
fault occurrence, but it is representing only the lower frequency band of the detailed

coefficient obtained at level 2.
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Figure 5.7: The WPT analysis of phase-A current signal when an AG fault occurs at 60 km.
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Also, coefficients CW4, CW5 were extracted from the approximation coefficient of the
detailed signal at level 2 given in figure 5.5(a). These two coefficients have not shown a
significant change as their magnitudes are still low in comparison with CW1 and CW3.
As was shown previously in chapter 4, the FFT analysis has demonstrated that some of
the high frequencies were filtered by the transmission line after the fault occurrence.
Hence, coefficient CW5 shows a lower magnitude after the fault occurrence. Finally, the
highest frequency band exist in the input signal is contained in coefficient CW?7, showing

negligible change with insignificant increase in magnitude.

The results have demonstrated that the WPT analysis is capable of capturing all the
frequency details contained in the faulty phase current signal. Hence, the proposed fault
detection algorithm applied to the HVLF system utilises the WPT analysis for fault
diagnosis. A simulation of different transmission line fault types at various locations of
the HVLF transmission line was carried out. The next section represents the results
obtained from the WPT analysis of the three-phase current signals under all possible fault

scenarios.

5.5 HVLF Fault Signals Analysis using WPT

In this section, the ability of the designed WPT to extract the high frequency information
from the HVLF current signals was tested thoroughly. Simulation of different fault types
at various locations of the transmission line was carried out. Then, the three-phase current
signals measured with the CTs at the sending end were processed using the WPT. The
results of the WPT analysis were studied in order to obtain the characteristics of the fault
transients. These characteristics are used for extracting the fault features applied to the
protection system. As shown above, the fault type and location information are preserved
in the high frequency details.
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These features were obtained by evaluating the spectral energy of the WPT coefficients

obtained at the third analysis level. The spectral energy is obtained as follows:

n
2
SEa@,cwx) = z [laa,cwa)| (5.2)

k=0

where |I] is the magnitude of the sample k at the corresponding analysis coefficient, n is
the maximum sample number, and CWx is the order of the WPT coefficient at the third

analysis level.

The spectral energy of all WPT tree coefficients were obtained by simulating various fault
types such as, line to ground (LG), double line to Ground (LLG), three lines (LLL) and
three lines to ground (LLLG) faults. Therefore, a total of 11 fault types were simulated at
four locations of the transmission line. The arbitrary selected locations were at distances
of 20, 60, 120, 180 km from the measurement point at the sending end. Under all fault
conditions, the fault resistance and the ground resistance were set to 5Q and 1 Q,
respectively. A low fault resistance was chosen based on the assumption of subsea cable
conductor interruption given in [90]. The effect of the fault inception angle on the
proposed protection system is also investigated thoroughly in next chapter. In this chapter,
for all fault scenarios the fault was simulated to occur at 0.3 sec, and the measured current
signals were sampled at 2 kHz. The WPT analysis of the three-phase current signals was

carried out as previously discussed in Section 5.4.

In order to determine a reliable fault detection decision, the spectral energy of all the WPT
coefficients vs. time stamp plot was obtained. Then, the spectral energy plot of the WPT
coefficients was used to determine whether the corresponding phase was involved in the

fault or not. The phase selection criteria is based on two main requirements:
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1) The faulty phase with a maximum spectral energy obtained from certain
coefficients appears at fault incident due to the fault generated high frequency
transients.

2) The selected coefficient or coefficients for fault identification must provide a

substantial response under all fault conditions, such as fault type and location.

Based on these criteria, a comparison of the spectral energies of the resulted WPT
coefficients for different fault types and locations have been investigated, and the

results are presented in detail in the following subsections.

5.5.1 Single Line to Ground Fault (LG)

In order to evaluate the performance of the designed WPT based protection system, a
single line to ground fault on the HVLF transmission line was initially simulated using
Matlab-Simulink. Then, the measured three-phase current signals were processed with
the modelled WPT. Note that, the waveform of these signals was previously shown in
figure 4.17. The fault resistance was set to 5Q and ground resistance to 1 Q, and the fault
was simulated to take place at time 0.3 seconds. The fault resistance was chosen according
to the . The WPT analysis results of phase-A to ground fault at locations of 20, 60, 120
and 180 km from the sending end are given in figures 5.8 to 5.11. Since, coefficient CWO0
represents the input signal with most of the high frequencies are filtered out, then the
results given in this chapter illustrate the remaining 7 coefficients obtained at the third
level analysis. These coefficients show the existence of the corresponding frequency band
given in table 5-1 over the specified time scale.

In figure 5.8, it can be noted that under pre-fault condition all coefficients of the three
phases A, B and C have a relatively low spectral energy amplitude. The low energy

amplitude in these coefficients is due to the presence of the cycloconverter generated
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harmonics. However, high energy spikes produced in the coefficients such as CW1, CW2,
CW3 and CW6 of the faulty phase signal when a phase-A to ground fault occurs at time
0.3 seconds. Note that, for other healthy phases B and C the energy amplitude remains
low after the fault incident. Other WPT coefficients such as CW4, CW5 and CW7 shows
an oscillatory behaviour with low energy amplitude. The energy content of each
coefficient is highly dependent on the frequency of the post-fault generated transients.
Therefore, the highest energy amplitude was obtained for coefficients CW1 and CW3 as
they represent the high frequency components of the analysed signal. Taking into account,
these coefficients are the output of the high-pass filters at the previous analysis level, see

figure 5.5.
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Figure 5.8: Wavelet Coefficients of the three-phase current signals of an LG fault at 20 km from
sending end.
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Figure 5.9: Wavelet Coefficients obtained from the three-phase current signals of an LG fault at

60 km from sending end.
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Figure 5.10: Wavelet Coefficients obtained from the three-phase current signals of an LG fault
at 120 km from sending end.
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Figures 5.9 to 5.11 show the phase-A to ground fault at further distances from the
measurement point. It can be observed that the energy amplitude of coefficients CW1,
CW2, CW3 and CW6 decease when the fault distance increases. Also, it is clear that at
extreme remote fault distances such as 120 and 180 km, coefficients CW2 and CW6
obtained from the faulty phase-A signal have an insignificant change in the energy
amplitude after the fault occurs. This is because the transmission line segment between
the fault point and the measurement point increases and consequently the line impedance
increases too. The additional line impedance forms a passive filter in which the
frequencies within the frequency band of these coefficients are suppressed.

Other WPT coefficients (CW4, CW5 and CW7) have shown negligible change in the
energy content after the fault incident at all simulated distances. This confirms that the
fault generated transients are not in the range of these coefficients frequency band. In
addition, the energy amplitude of the WPT coefficients of the non-faulty phases B and C
remain relatively low at all tested distances. Finally, it was recommended that the
frequency components obtained from the two WPT coefficients CW1 and CW3 are a

useful choice to the protection algorithm.
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5.5.2 Line to Line Fault (LL)

A double line fault with similar fault scenarios to the previous LG fault simulations was
carried out. Figures 5.12 to 5.15 demonstrate the WPT analysis results of the three-phase
current waveforms for a phase-A to phase-B fault occurring at time 0.3 secs. In this case,
the fault resistance was set to 5Q.The spectral energy obtained from the WPT coefficients
shows high magnitude spikes in the analysed faulty phases A and B signals after the fault
occurrence. This high spectral energy is clearly visible on the WPT coefficients CW1,
CW2, CW3, CW6 and CW7 when the fault occurs at 20 km distance. However, the
spectral energy magnitude of those phases decreases when the fault distance increases,
see figures 5.13 to 5.15.

It can also be noticed that coefficients CW2, CW6, CW7 obtained from the faulty phases
signals show unimportant change at extreme fault locations such as 120 and 180 km.
Also, coefficients CW4 and CW5 have shown negligible change in the obtained spectral
energy under all conditions. Keeping in mind, the spectral energy obtained from the WPT
of phase-C signal keeps at a low level during pre- and post-fault conditions. It was found
that the fault generated transients of the double line fault can be consistently captured

with the WPT coefficients CW1 and CW3 at all tested distances.
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Figure 5.13: Wavelet Coefficients obtained from the three-phase current signals of an LL fault
at 60 km from sending end.
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Figure 5.14: Wavelet Coefficients obtained from the three-phase current signals of an LL fault
at 120 km from sending end.
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5.5.3 Double Line to Ground Fault (LLG)

The performance of the WPT was tested when a double line to ground fault occurs on the
HVLF system. This type of fault was simulated with similar to the previously carried out
fault parameters and locations. In this case, the fault resistance was set to 5Q and ground
resistance to 1 Q. The WPT analysis results of the three phases current signals obtained
from double phases (phase A and Phase B) to ground fault are given in figures 5.16 to
5.19. The obtained spectral energy of all three phases of all WPT coefficients is relatively
low before the occurrence of the fault. Then, the results show that a high spectral energy is
obtained from the faulty phases A and B when the fault occurs at time 0.3 sec. Also, in
terms of the coefficients behaviour during pre- and post-fault conditions, a similar
observation to the double line fault can be noted. The WPT coefficients CW1 and CW3
have shown a consistent behaviour when the fault occurs at all locations. The spectral
energy of those coefficients of the faulty phases rises immediately after the fault incident.

All other coefficients have shown uneven behaviour when the fault distance changes.

In this type of fault, the only difference noted was the magnitude of the spectral energy
of the coefficients is slightly higher compared to those of the double line fault. This is
due to the ground return path and hence less electromagnetic coupling between phases.
Therefore, for the detection of ground involvement in the fault, the zero sequence
component of the three-phase current was utilised. The zero sequence component is
obtained by summing up the three phase currents, and then analysed with the WPT model,
see figure 5.6. The detailed results obtained from this analysis are given in subsection
5.5.6 later. It is also clear, the magnitude of the spectral energy of coefficients CW1 and
CWa decreases when the fault distance increases. However, the spectral energy of WPT
coefficients obtained from the healthy phase (phase-C) signals remain low during all

times.

118



0.35 0.40 0.45

Time (Sec)
— CW3 A+ CW3B—-CW3C

035  0.40
Time (Sec)

—CW5 A —— CW5 B — CW5_C

0.45

035 040
Time (Sec)

0.30

5. The HVLF Transmission Line Protection System

1400

CW2 A~ CW2 B—— CW2_C
1200 B

1000 - B

0.30 0.35 0.40

Time (Sec)

0.45 0.50

1400

——CW4 A——CW4 B ——CW4C
1200 | E

1000 - B

Phase_C

03 0.40
Time (Sec)

1400

Phase_B

——'cwW6_A—— CW6_B——CW6_C
1200 | _

1000 1

Phase_ A

0 NI\
025 030 035 040
Time (Sec)

NN

0.45

0.50

1400

1200 -

1000

——CW7_ A —— CW7_B ——CW7. C

.35
Time (Sec)

0.40

Figure 5.16: Wavelet Coefficients obtained from the three-phase current signals of an LLG fault
at 20 km from sending end.

119



5. The HVLF Transmission Line Protection System

1400 . . r r T 1400 T T T T T
1200 —— CW1_A—— CW1_B——CWI1_C | 1200 L. —— CW2_A——CW2 B—— CW2_C |
1000 1 1000 | J
L 4 800 |- g
.. 800 -
(@) (@]
o bt
© 600 @ 600 | J
c c
w w
400 400 | J
200 200 | g
0.20 0.25 0.30 0.35 040 045 050 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Time (Sec) Time (Sec)
1400 . T : T T 1400 . T T T T
1200 CW3_A cw3_B CW3_C | 1200 F—— CW4_A —— CW4_ B —— CW4_C -
1000 E 1000 E
800 E 800 | E
> >
o o
= 2
@ 600 | E © 600 R
c c
L L
400 g 400 | i
200 A /" A B 200 + B
0 Xt X \‘&A‘i& 0 are Aot mn A N A e
0.20 0.25 0.30 0.35 0.40 0.45 0.50 020 025 0.30 0.35 040 045 050
Time (Sec) Time (Sec)
1400 T T T T T 1400 : T T T T
—CW5 A —CW5 B —CW5_C —CW6 A—CW6 B——CW6_C
1200 |- - 1200 | — — —
1000 [ p 1000 |- J
L i 800 |- 1
5,800 -
o =y
@ 600 [ ] o600t J
c c
o w
400 | | 400 | J
200 | 1
020 025 030 035 040 0.4 0.50 020 025 030 Ti 0'3?8 )0'40 045 050
Time (Sec) ime (Sec
1400 T T T T T
—— CW7_ A —CW7_ B ——CW7_C
1200 R
1000 |
800 [ R
>
(@]
o
@ 600 [ |
c
L
400 R
200 [ R
0O IXMOAAMRANA AN Dt
0.20 0.25 0.30 0.35 0.40 0.45 0.50
Time (Sec)

Phase_C

Phase_B

—— Phase_A

Figure 5.17: Wavelet Coefficients obtained from the three-phase current signals of an LLG fault
at 60 km from sending end.
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Figure 5.18: Wavelet Coefficients obtained from the three-phase current signals of an LLG fault
at 120 km from sending end.
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Figure 5.19: Wavelet Coefficients obtained

from the three-phase current signals of an LLG fault

at 180 km from sending end.
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5.5.4  Three Lines Fault (LLL)

Although this type of fault is less frequent to occur, but it is considered as the worst fault
case on the transmission system. Therefore, the three phase fault current signals were
processed with the designed WPT in order to test performance of the protection system.
In this work, a simulation of a short circuit on the three phases A, B and C of the HVLF
transmission line was carried out. The fault parameters and locations applied in this test
were the same as the previously simulated LG and LL faults. Therefore, the fault
resistance was set to 5Q and ground resistance to 1 Q. The WPT coefficients obtained
from the analysis of the captured current signals are given in figures 5.20 to 5.23. The
results show clearly that for some coefficients the spectral energy rises immediately after
the fault occurrence. The frequency distribution of the fault generated transients almost
agrees with those obtained when a double line fault occurs. Where, at close locations
coefficients CW1, CW2, CW3, CW6 and CW?7 of all the three phases A, B and C show
significant increase in the energy after the fault occurrence. However, at extreme remote
locations, i.e. 120 and 180 km, only CW1 and CW3 have shown clearly the presence of
the fault transients. In addition, it is important to notice that the magnitude of the spectral
energy of the two coefficients CW1 and CW3 decreases with the fault distance being

increased.
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Figure 5.20: Wavelet Coefficients obtained from the three-phase current signals of an LLL fault
at 20 km from sending end.
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Figure 5.21: Wavelet Coefficients obtained from the three-phase current signals of an LLL fault
at 60 km from sending end.
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Figure 5.22: Wavelet Coefficients obtained from the three-phase current signals of an LLL fault
at 120 km from sending end.
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Figure 5.23: Wavelet Coefficients obtained from the three-phase current signals of an LLL fault
at 180 km from sending end.
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5.5.5 Three Lines to Ground Fault (LLLG)

The ability of the WPT to differentiate between the three lines and three lines to ground
fault was investigated in this section. A three lines to ground fault was simulated by
applying a short circuit to the three phases A, B and C and ground. The fault resistance
was set to 5Q and ground resistance to 1 Q. As mentioned earlier in the double line to
ground fault, for ground involvement the three phase current zero sequence components
were utilised. The waveform of the zero sequence component was then processed with

the WPT, and the results of the WPT analysis are given in detail in section 5.5.6.

In this section, the results of the WPT analysis of the current signals obtained when a
three phases to ground fault are given in figures 5.24 to 5.27. The WPT coefficients of
the three phases show very similar trends with those obtained from the LLL faults.
Correspondingly, only coefficients CW1 and CW3 have shown a significant increase in
the spectral energy at all fault locations. Also, when the fault distance increases the

magnitude of the spectral energy of those coefficients decreases.
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Figure 5.24: Wavelet Coefficients obtained from the three-phase current signals of an LLLG

fault at 20 km from sending end.
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Figure 5.25: Wavelet Coefficients obtained from the three-phase current signals of an LLLG
fault at 60 km from sending end.
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Figure 5.26: Wavelet Coefficients obtained from the three-phase current signals of an LLLG
fault at 120 km from sending end.
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Figure 5.27: Wavelet Coefficients obtained from the three-phase current signals of an LLLG
fault at 180 km from sending end.
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5.6 Selection of WPT coefficients for fault Algorithms

In the previous section, it was shown that the WPT analysis is used to decompose each
input signal to its frequency detail. The obtained WPT coinfections were monitored
during various transmission line fault types such as, single-phase to ground faults, phase-
to-phase faults, double-phase to ground faults and three-phase to ground faults occurred
at various locations of the line. The results from the WPT analysis have showed that this
information was visible within the two coefficients CW1 and CW3. These two
coefficients represents two separate frequency bands of a lower and higher frequencies
details respectively, see table 5-1. However, the frequency band of those two coefficients
agrees with the frequencies of the fault generated transients obtained using FFT analysis
in the previous chapter, see section 4.4. A lower and higher frequency bands were selected
to enhance the robustness of the protection algorithm. This is because the power system
transients are highly affected by fault conditions as well as other system disturbances such
as switching and lightning. In these case a wrong decision can produced by the fault
detection algorithm if only one higher frequency coefficient is utilised. Therefore, these
two coefficients were selected to obtain fault identification features applied to the

protection system.

5.7 Ground Faults

As previously discussed, in order to investigate whether the ground involved in the fault
or not, the three phase zero sequence component was utilised. At all fault conditions the
three phase zero sequence component was obtained by summing up the three-phase
current obtained by the CTs at the measurement point, and the captured waveform was
processed with the WPT, see figure 5.6. The zero sequence component was obtained as

follows [92]:
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1
Iy = 3 (Ig+1, +1.) (5.4)

Where, I, is the zero sequence current, I, , . represents phase A, B and C currents. The
zero sequence current is the current flowing to the ground through the system neutral
connection. Therefore, when the ground is not involved in the fault such as LL or LLL
faults, then the zero sequence current is equal to zero.

Figures 5.28 and 5.29 show the WPT coefficients CW1 and CW3 obtained from a double
line (LL) and double line to ground (LLG) faults respectively. The fault parameters and
locations were kept the same as the previously carried out scenarios. A comparison study
between the two coefficients at all tested distances of the two fault types was carried out.
The results show that when the ground is involved in the fault, the spectral energy of the
two coefficients obtained from the zero sequence current increases immediately after the
fault occurrence, see figure 5.29. Whereas, the spectral energy of the two coefficients
obtained from the zero sequence current of non-ground fault remains relatively low, see
figure 5.28. The low energy exist in the zero sequence current for a non-ground fault such
as LL fault or at normal condition is a result of the cycloconverter generated harmonics
contained in the three-phase current signals. A similar result was obtained from a
comparative study between three-phase and three-phase to ground faults, and the analysis

of the results is given in appendix C.
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Figure 5.28: WPT coefficients CW1 and CW3 of the zero sequence current of an LL fault at
distances 20, 60, 120, and 180 km from the sending end of the HVLF transmission line.
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Figure 5.29: WPT coefficients CW1 and CW3 obtained from the zero sequence current of an
LLG fault at distances 20, 60, 120, and 180 km from the sending end of the HVLF line.
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5.8 Design of the Protection Algorithm

5.8.1 Fault Detection

It is evident from the foregoing results that the WPT provides accurate fault detection
from the analysis of the HVLF current signals. In this study, the proposed fault
identification algorithm uses the three phase current signals measured at sending end of
the line only. The fault was detected by observing the two WPT coefficients CW1 and
CW3 obtained at the third analysis level. An extensive series of test results demonstrated
the capability of the WPT based protection to identify the correct faulty phase as well as
the ground faults. The analysis of the zero sequence current signal has shown promising
results to discriminate between double line and double line to ground fault, as well as
three lines and three lines to ground faults. A close observation reveals that the WPT
based protection system offers a high performance and robustness at all tested fault
locations. It has been clearly demonstrated that the features extracted from the WPT
coefficients CW1 and CW3 have a more distinct and informative property than other
coefficients. These coefficients have shown a clear localisation of the fault generated
transients within a good time scale; thus in this work the utilisation of the WPT based

fault classification and location algorithm on the HVLF transmission system is proposed.

Figure 5.30 illustrates the fault detection process of the proposed HVLF transmission
protection scheme. Firstly, the three-phase current signals were measured at the sending
end of the HVLF system by CTs. Then, the three-phase measured current signals are
sampled at a 2 kHz sampling rate. This sampling based on the Nyquist’s criteria in order
to ensure the detection of the requisite fault transients. The selection of higher sampling
frequency will increase the processing time of the digital microprocessor. At this stage,

the zero-sequence current is obtained by adding up the three phase current values.
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Through the signal pre-processing stage, the signals data is processed to fit the input

requirements of designed WPT.

Acquiring sending end three-phase current
Measurement (la, Iy, I cand lo) from CTs

y

Signals Pre-processing

v

A 4

Perform WPT analysis on
Each measured signal

}

Calculate the spectral energy of coefficients
CW1, CW3 at third level

FAULT DETECTED

No No

Fault

No No
Q Fault

Yes Yes

Phase B Fault Ground Fault

Figure 5.30: flow chart of the proposed protection algorithm

Phase A Fault Phase C Fault

The WPT analysis is used to decompose each input signal to its frequency detail. As
shown previously, the most appropriate fault transients are captured by the WPT
coefficients CW1 and CWa3. Therefore, the complete tree of the complete WPT is not
necessarily implemented, but only the filters required to obtain those coefficients. The

proposed fault identification is based on the calculation of the selected WPT coefficients,
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and the associated spectral energy is then chosen as identification features. For the
selection of the faulty phase, extensive studies were carried out by simulating several fault
types such as, single-phase to ground faults, phase-to-phase faults, double-phase to
ground faults and three-phase to ground faults at various locations of the line. Under all
fault conditions, the fault resistance and the ground resistance were set to 5Q and 1 Q,
respectively. Further, the magnitude of spectral energy of the selected coefficients was
calculated for each fault scenario. This procedure was carried out to find the minimum
and maximum spectral energy in each case, and then set thresholds for fault detection. In
the HVLF system these thresholds are set to have a magnitude higher than the pre-fault
cycloconverter generated harmonics in order to prevent the protection system from
wrongful fault identification. Also, this setting helps in avoiding wrongful fault detection
decision in case of lightning transients or any other system short time transients.
Therefore, the proposed protection system utilises two WPT coefficients of different
frequency bands to accurately obtain the fault detection. The spectral energy of those
coefficients is compared with the predefined thresholds, and if the defined condition of
any phase is met then the fault detection and classification system is activated. For fault
classification, the WPT coefficients of each phase current signals are compared
individually with the predefined threshold. If one of the phase’s coefficient has met the
pre-set condition then a trip signal will be sent to the corresponding circuit breaker for

fault isolation.

Figure 5.31 shows that the WPT coefficients CW1 and CW3 samples are at a low energy
level before the fault occurrence i.e. before 0.3 sec. When a line to ground fault occurs,
the energy level of phase-A increases to a magnitude above the predefined threshold. This
test is carried out for two extreme locations, in which one is very close to the sending end

while the second one at the other line end, i.e. 20 and 180 km from the measurement
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point, see figure 5.31 (a) and (b). These two locations are chosen in order to find out the

highest and lowest energy level those two coefficients can reach after the fault incident.

The energy levels from these locations are used to accurately define the fault detection

thresholds. The results clearly illustrate that the spectral energy of the faulty phase can be

detected within a few samples after the fault occurrence. In this study, it was set that the

fault decision can only be made when the WPT analysis output continues to satisfying the

threshold for approximately 10 msec, i.e. within four obtained samples. This condition is

applied for the two obtained WPT coefficients CW1 and CWa3. Although this might cause

a delay for the fault detection but also to increase the robustness of the protection

algorithm and avoid decision making errors.
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Figure 5.31: Samples of the WPT coefficients CW1 and CW3 obtained from the three-phase
current signals when an LG fault occurs at distances of (a) 20 km (b) 180 km.

The previous test was also carried out for a phase to phase (LL) fault and for three phases

faults (LLL) and the results are given in figures 5.32 and 5.33 respectively. These figures
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show a sampled form of WPT coefficients CW1 and CW3 obtained from three-phase
current signals. Two locations were selected at 20 and 180 km away from the
measurement point at sending end in order to investigate the effects of fault location and
type have on the post-fault energy calculations of the WPT coefficients. Additionally,

these experiments were carried out to determine accurate fault detection thresholds.

The results show that the components of the spectral energy of the faulty phases exceed
the predefined thresholds after the fault occurs at time 0.3 sec. Furthermore, it was
observed that the fault decision also can be made within approximately 10 msec after the
fault occurrence i.e. within 4 samples of the determined WPT coefficients. The results
obtained show that the protection algorithm is accurately predicting the fault occurrence

time as well as the fault type.

1400

Bl cwv: Allcwi Bl lcwi C (A) M "Il CW3 A Il cw3_E [ oW _C

1200 1200 F 5o fault Post-fault

Post-fault

[ Pre-fault

1000 10 ms. 1000

10 ms.

0.28 0.30 0.32 0.34 0.36 0.38 0.28 0.30 0.32 0.34 0.36 0.38
Time (Sec) Time (Sec)
400 T T T 400 T T T
Bl cwv: Al cw1 Bl cw1 C Bl cws AN cws BILIcws C
300 | Pre-fault Post-fault 300 | Pre-fault Post-fault
200 10 ms. B 200 10 ms. 1

B Phase A [l Phase B[] Phase C.

0.28 0.30 0.32 0.34 0.36 0.38 0.28 0.30 0.32 0.34 0.36 0.38
Time (Sec) Time (Sec)

Figure 5.32: Samples of the WPT coefficients CW1 and CW3 obtained from the three-phase
current signals when an LL fault occurs at distances of (a) 20 km (b) 180 km.
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Figure 5.33: Samples of the WPT coefficients CW1 and CW3 obtained from the three-phase
current signals when a LLL fault occurs at distances of (a) 20 km (b) 180 km.

However, the results show that the minimum spectral energy of the selected coefficients
under all fault types, were obtained when the fault occurs at the other end of the line, i.e.
180 km. Therefore, adaptive thresholds can be set using an artificial intelligence tool such
as neural network. This neural network can be integrated with the protection algorithm
for decision making [82]. This will result in enhancing the fault detection robustness and

sensitivity.

5.8.2 Fault Location

Once the fault detection algorithm has identified the fault occurrence and a trip signal is

sent to the circuit breaker, then the offline data obtained from the WPT analysis can be
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used to determine the fault location. As previously demonstrated, the WPT coefficients
CW1 and CW3 have shown a significant change in the magnitude of the spectral energy
with changes in the fault location of the line. In this section, an algorithm is described for
calculating the fault location using the WPT coefficients of the three-phase current signals
measured at the sending end of the line. The concept that forms the basis of the proposed
location algorithm is that the spectral energy of a specific coefficient is affected by the
length of the line segment between the fault point and the measurement point. This is
because the traveling wave between the fault point and the measurement point will lose
energy in accordance with changes in the transmission line parameters (R, L and C), see
figure 4.16. Thus, the proposed algorithm was designed to calculate energy contained in
each phase current signal over a time window of 10 msec (4 samples). The location
algorithm determines the summation of each four samples in sequence obtained from the
wavelet coefficients CW1 and CW3. Though, any of the coefficients can be used for

calculating the fault location, only one coefficient (CW1) has been utilised for simplicity.

Various fault type tests were carried out in order to validate the fault location algorithm.
Different fault types such as single line to ground (LG), double line (LLG) and three
phases (LLL) faults were considered, and in each test the fault resistance and the ground
resistance were set to 5Q and 1Q, respectively. The fault location was varied in steps of
40 km from 20 to 180 km from the measurement point at the system sending end.
Therefore, for location calculations the faults were initiated at five points of the line
specifically 20, 60, 100, 140 and 180 km from the sending end. Table 5.2 shows the pre-
and post-fault calculated energy samples of the WPT coefficient CW1 when a line to
ground (LG) fault occurs at the selected locations. Four pre-fault samples (X1 to X4) and
eight post-fault samples (X5 to X12) for each phase were selected for fault location

calculations. Each set of four samples represent a time window of 10 msec. The algorithm
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is designed to calculate location features (FL) by summing up each of the four samples

in sequence, as follows:

Fault Location feature (FL) = X, + X;,41 + Xp42 + Xna3 (5.5)

Where n is the sample number of the spectral energy calculated from the WPT coefficient
CW!1 of each phase. The results given in table 5.2 shows that the location feature of the
faulty phase (Phase-A) obtained under healthy conditions is relatively low compared to
those obtained after the fault incident. Also, for other healthy phases the location features
(FL) obtained from pre- and post-fault conditions remains approximately constant. It is
clearly observed that the magnitude of the obtained location feature decreases with the
fault location being increased. Thus the transmission line can be divided into four fault
zones used for fault location estimation. Figure 5.34 shows the fault location features (FL)
of the faulty phase (phase-A) obtained at various locations of the line. It is clearly shown
that the magnitude of calculated fault location features decrease with the increase in the
fault distance. Thus, pre-set thresholds can be used to break the transmission line into
several zones. These thresholds can be optimised by simulating several fault types at
various locations of the line. It is important to note that for remote fault locations such as
140 and 180 km the calculated features have marginal decrease in magnitude, see figure
5.34. Thus, any fault located with a distance of over 140 km is considered with one fault

zone (zone-4).
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Table 5.2: The frequency features of the WPT coefficient CW1 obtained from the three-phase
current signals when an LG fault occurs.

" Location | Location | Location
Distance | Phase
X1 |x2 | x3 |x4| X5 | X6 | x7 | x8 | X9 | X10 |X11 |x12 | featre | feature | feature
(Sum) (Sum) (Sum)
a__ [47.0]17.0] 91.4 [115[719.3[ 92.9] 750.7 |387.7|312.2]13430]705.8[871.7] 166.9 | ICEONMMING2c20N]
2 b |185[454|51.8(30.1{81.3|305] 21.7 | 05 | 1.9 | 311 | 80 [1288] 1548 | 1340 | 1698
c_ 148|906 836442 268|482 201 |513| 05| 996 |220[303| 1572 | 1555 | 1525
a__ |445]17.7] 89.9 [13.0]402.3[201.8] 1952 |107.5|147.0] 514.0 |244.5[2814] 1651 | COGIENMIEIGO0N]
60 b [169[404] 56.5[46.2| 736|207 | 160 | 31 | 15 | 352 | 5.2 [147.4] 1600 | 1233 | 1894
¢ |81[7.7[1008[430[ 509261 | 445 |47.6] 90 | 014 | 98 [205] 1606 | 169.2 | 1307
a__ [42.2[205] 3.0 [16.8[201.4[1199] 1088 |1255[117.0] 3195 |155.6{1053] 1135 |NGCOINMNNGORGN
100 b |19.0[37.7[49.7[39.4] 63.7] 616 38.7 | 1.2 [135] 6.3 | 92 |402| 1467 | 1652 | 692
¢ |116/45[20.0[437[352]478] 47.1 |165|411] 681 | 7.0 |440| 887 | 1466 | 1503
a__ [42.7]17.9] 33.3[17.2[194.1[1086] 1612 | 0.3 | 90.7] 233.6[1153] 230| 1111 | iCACHRINdccn]
140 b [203[368]36.0[64.1 527|103 | 131 | 52 |17.5] 459 |155[115.2] 1573 | 813 | 1940
¢ [106[85[324[432[617| 54 | 499 |6L2| 7.8 [127.3] 2.2 [37.8] 046 | 1781 | 1751
a_ [43.1]18.0] 39.0 [18.1[175.1[120.2] 34.7 | 136]127.0[ 1856503 26 | 1723 |NCACOMNCiacH
180 b [20.7]58.3[48.2[54.2 47.6 | 344 | 60.2 | 63 | 254 49.7 | 13.6]1038] 1814 | 1484 | 1925
¢ [110[00[504(404[404]102] 37.5 | 656126 1023] 64 | 450 1108 | 1538 | 1663
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Figure 5.34: The calculated fault location features of LG faults distributed over the
transmission line.

The results shown in figure 5.34 demonstrates that the fault location can be estimated
within 10 to 20 msec. after the fault occurrence, i.e. 4 to 8 samples of the WPT coefficient.
This scheme allows a delay in the trip signal that was initiated by the fault identification
algorithm that enhances the reliability of the protection system as well as allowing a better
fault location estimation. As the HVLF transmission system adapts 20 Hz as power
frequency (one cycle period of 50 msec.), then the algorithm is able to detect and locate

the fault within approximately less than half a cycle after the fault incident. This provides
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sufficient time for the trip signal to be initiated and the circuit breaker to operate on the

next zero crossing current.

The fault location algorithm was also tested for other fault types such as line to line fault
(LL) and three lines fault (LLL). The algorithm was tested by simulating these fault types
at the same previously carried out fault locations and time. Tables 5.3 and 5.4 shows the
frequency features of the WPT coefficient CW1 obtained from the three-phase current
signals when an LL and LLL faults occurs, respectively. Then, the fault location features
(FL) were obtained from the pre- and post-fault frequency features marked as (X1 to
X12). As previously given, the location features were obtained by summing each four
samples in sequence, in which four samples were selected for the pre-fault and eight
samples for the post-fault conditions. The results show that the faulty phases have a higher
magnitude of the location features in comparison with the healthy phase(s) for both fault
types. However, it was found that the magnitude of these features decreases with the
increase in the fault distance. It is clearly demonstrated in figures 5.35 and 5.36 that the
fault location can be estimated from the assigned location features. Then, the total length
of the line was divided into fault zones by defining fault location thresholds. These
thresholds were set in accordance with the calculated location features in each fault
scenario.

It is important to mention that the calculated location feature (FL1) in the case of a three
phase fault (LLL) has a higher magnitude when the fault occurs at 20 km distance, see
figure 5.36. This is because this type of fault involves all the three phases that leads to
high disturbances on the system as well as on the cycloconverter terminals. Hence, high

transients are captured from the first four samples of coefficient CW1.
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Table 5.3: Frequency features obtained from the WPT coefficient from the three-phase current
signals when a LL fault.

Pre-Fault
. Location |Location
D Ph i
istance | Phase X1 (X2 | X3 | X4 | X5 | X6 X7 | X8 | X9 | X10 | X11 | X12 | feature | feature Location
feature (Sum)
(Sum) (Sum)
a |[47.0(17.0]| 95.5|14.3(231.3|1123.2|632.7(464.5|349.4|662.2| 869.3 (210.9| 173.8
20 b [18.5|65.4| 66.1 [19.1|172.7(1224.6|632.1(488.9|327.9(720.9|1128.6| 43.5 169.1
c [|148[9.6] 789495 41.6] 41.7 [176]50.7] 44.0] 426 ] 59.3 [ 225] 1529 | 1516
a |44.5(11.7| 97.5|14.6/236.9( 110.8 [103.9|263.9|173.4|161.1| 283.8 [100.9( 168.3
60 b ]16.9|70.4| 68.0 [32.1({216.8| 52.4 |122.6|318.5(452.8 2.8 | 281.8 | 49.7 187.4
c [81[7.7]79.8]|42.8[23.6] 32.4 | 55.2 | 41.2|160.8] 52.5 | 103.8 | 21.9 138.3 152.5 188.5
a |42.2(20.5| 52.5|51.2|227.5( 67.6 | 6.4 |113.2]| 98.4 |113.8| 225.4 | 15.7 166.4
100 b [19.9|67.7]| 64.8 [ 6.2 |211.4 49.2 | 40.8 [140.0|138.3[167.4| 70.7 | 95.7 158.6
c |11.6[ 45| 35.248.2| 385 30.5 [ 35.6|56.9| 38.3| 68.6 | 45.0 | 30.2 99.4 161.5 182.1
a |[41.1(18.4]| 56.9 |40.7(162.7| 67.1 | 46.1| 89.2 |131.2| 37.3| 89.0 | 82.4 157.1
140 b |[21.3|70.3| 47.9 [ 6.3|172.3 41.0 | 72.4 | 94.8 |179.8[ 86.3 | 38.0 | 85.6 145.8
c [95(12.8] 57.3|43.2 40.7| 28.2 | 38.2 | 45.4| 38.0 | 62.2 | 43.0 [ 29.7 122.8 152.5 172.9
a |46.9(74.7| 18.0|119.4|153.2 23.9 | 22.8 | 79.6 | 38.4 |120.0| 36.1 | 64.7 159.0
180 b |[21.3|75.3] 49.2 [24.1|1166.8 18.4 | 21.8 [ 73.2 | 72.9 [158.4]| 41.3 | 21.4 169.9
c [18.6[ 6.7 79.6 |58.0( 82.3| 25.0 | 10.3 | 47.0| 11.6 | 63.3 | 26.9 [ 45.6 163.0 164.7 147.4
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Figure 5.35: The calculated fault location features of LL faults distributed over the transmission
line.
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Table 5.4: WPT features of coefficient CW1 from the three-phase current signals when a LLL

fault.
Pre-Fault
. Location | Location | Location
Distance [Phase
X1 | X2 | X3 | X4 | X5 X6 X7 X8 X9 | X10 | X11 X12 | feature | feature | feature
(Sum) | (Sum) [ (Sum)
a [44.0/20.0| 91.1 | 37.1 | 351.9 | 1981.2 | 809.4 | 408.8 [489.3(285.6| 957.1 | 1279.1( 192.2
20 b |17.9(61.7| 72.4 | 29.5 | 491.3 | 3575.2 | 2138.2| 705.6 | 815.6|634.4 [ 948.0 | 717.5 | 1815
¢ |13.6]| 7.6 | 80.5 | 26.1 | 513.6 | 4400.1 | 2143.7 | 1047.6 [ 899.9| 483.0 | 1799.9| 58.4 127.9
a [445]11.7|100.3| 17.1 | 697.2 | 438.0 | 205.9 | 493.1 | 476.8(334.6| 677.8 | 496.4 | 173.6
60 b |16.9(70.4| 70.9 | 23.3 | 852.4 | 872.0 | 215.5 | 245.0 | 487.8|591.6 [ 237.6 | 628.9 | 181.5
c |11.1]87[1355|18.8 | 994.5| 323.7 | 173.2 | 765.0 | 628.5|790.5| 129.1 | 383.4 | 174.0
a [422]|205| 84.4|325| 388.2 | 323.7 | 126.5 | 296.3 [396.2(208.6| 14.8 | 4281 | 179.5
100 b |19.9(67.7| 66.7 | 24.3 | 466.8 | 350.0 | 213.9 | 48.6 |223.1|381.7 [ 110.4 | 454.9 | 1785
c |11.6{ 45[138.9|27.0 | 693.8 | 275.6 | 144.7 | 385.6 | 152.3|449.5( 22.7 | 390.5 | 181.9
a |42.7|17.9( 64.6 | 26.5 | 313.0 | 239.6 | 88.3 | 164.6 |210.0(382.8( 55.2 | 112.1 151.7
140 b |20.3[66.8] 68.2 | 39.5| 220.9 | 179.1 | 164.8 | 137.5 | 198.0(229.0 43.9 | 309.2 | 194.8
c |[10.6] 85|135.0| 223 | 281.2 | 176.3 | 214.9 | 157.4 |113.1|281.7| 3.7 353.0 176.4
a [43.1]|18.0/104.2| 249 | 137.8 | 1704 | 75.0 | 93.2 [100.0(179.0| 93.1 | 828 190.3
180 b |20.7(66.3] 67.8 | 12.6 | 2339 | 60.4 | 1259 | 66.2 |141.3|118.8 14.8 | 206.7 | 167.4
c |11.0/ 90| 944|554 | 190.5 | 123.1 | 164.8 | 51.9 |147.5[/183.0| 8.0 119.0 169.8
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Figure 5.36: The calculated fault location features of LLL faults distributed over the
transmission line.

From Tables 5.3 and 5.4, it can be observed that the location algorithm is not affected by
the cycloconverter generated harmonics. Hence, the magnitude of the fault location
features obtained during pre-fault conditions were relatively low. It was found that the
post-fault location features are dependent on the fault characteristics such as fault location
and type. However, for all fault types the obtained fault features from the WPT coefficient
were less sensitive when the fault occurs at remote locations, i.e. 140km to 180km form
the measurement point. Therefore, the location algorithm is sensitive to about 70% of the

total line length. For precise fault location, the current signal at the receiving end can be
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also processed with the location algorithm using a communication link between the

sending and receiving points.

Other fault characteristics such as the fault resistance and fault inception angle impact on
the detection and location algorithms has been investigated thoroughly in chapter 6 of this
thesis. Additionally, the presence of the cycloconverter and the corresponding harmonics
was also addressed. The proposed algorithms were applied to an HVLF transmission
system supplied with 20 Hz pure sine wave voltage source. The detailed simulation and

results are given in chapter 6 of this thesis later.

In the proposed HVLF system, it was found that the fault information is typically
contained in the low frequency details. Unlike conventional protection systems that only
operate effectively when high frequency transients of up to 1 kHz are detected in the
current or voltage measured signals [67]. However, it was proven that for the HVLF
system more low frequency details, which contain other useful fault features, need to be
considered. Thus, the protection algorithm applied to the HVLF system has shown its

ability to identify the transmission fault type and location reliably.

5.9 Advantages of the Proposed Protection Algorithm

In chapters 4 and 5 the principles and results of the protection algorithm proposed to the
HVLF transmission system were demonstrated. This section discusses the advantages of

this scheme, as follows:

1. The proposed protection algorithm uses a single-end measurement of the three phase
current signals to detect and locate faults. In this proposal, the protection principles are
based on the detection of transients contained in the reflected current signal from the
fault point. Hence, this scheme does not require to exchange information between two

measurement points for decision making. Also there will not be any communication
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delays to effect the operating time of the tripping signal. Taking into consideration, the
protection reliability will not depend on the reliability of the communication link as in

the case of protection schemes based on two-end measurements.

. It is not affected by the cycloconverter generated harmonics. The results have shown
that the fault generated transients were clearly identified by the use of the suitable
wavelet analysis and the selected mother wavelet. The fault generated transients were
detected by monitoring specific wavelet coefficients, such as CW1 and CW3 as
illustrated in this study. These coefficients have the ability to detect the fault generated
transients of frequencies located within its filter frequency band. The wavelet analysis
has shown the ability to provide a time-frequency representation of those transients.
The results demonstrate the feasibility and reliability of the proposed protection
scheme. Thus, the proposed scheme can be realised for practical implementation to the

HVLF transmission system protection.

. The transmission line faults were detected within less than half a cycle of the power
frequency. The total time required by the protection system to detect a fault was about
10 to 20 msec. This time comprises the time required to identify the fault type as well.
It was found that the fault classification algorithm performs effectively for all tested
faults type at various locations on the line.

. The proposed location algorithm is capable of locating various types of fault, for
various locations along the HVLF transmission line. It is capable of locating faults
using the offline data obtained from the WPT coefficient CW1 only. Nevertheless,
since the location algorithm uses offline data obtained from the WPT analysis, other
coefficients such as CWa3 can still be used to support the location decision. Hence, this

will enhance the flexibility and reliability of the proposed algorithm.

150



5. The HVLF Transmission Line Protection System

5. The algorithm described in this chapter takes the electrical behaviour of the HVLF
system into account. This includes the power frequency of the line and the resulting
transients due to the fault occurrence, as well as the presence of harmonics due to the
utilisation of the cycloconverter at the sending end. Unlike the conventional HVAC
protection systems that usually rely on the fault generated high frequency transients of
up to 1 kHz [54, 56, 60, 61, 67, 93, 94].

6. The protection and location algorithm can be implemented with an artificial intelligent
(Al) tool such as Artificial Neural Networks (ANN) or Fuzzy Logic for decision
making. As shown in chapter 2, numerous studies have been conducted in the last few
decades addressing the advantages of the combination of signal processing techniques
and artificial intelligent systems applied to power system protection. At an early stage
of this research, an evaluation study has been presented on the combination of wavelet
analysis with Modular Neural Networks (MNNSs) applied to the conventional 50 Hz
HVAC transmission line protection [82]. Although, neural networks were not
presented in this thesis, it is possible to apply the same previous proposal to the
designed HVLF protection algorithms. The Neural networks proposed by the author
of this thesis in [82] were utilised as fault type and location classifiers only. The input
to these networks was fed from the WPT analysis. Hence, with the modification of the
WPT applied to the HVLF system in this research, the input to these networks can still

be maintained.
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Chapter 6
Impact of the Fault Parameters and
System Structure on the Protection

Algorithm

6.1 Overview

The robustness of the new protection algorithm has been further evaluated by
investigating the impact of the HVLF system parameters, namely the fault inception angle
and the switching and control of the cycloconverter. In this chapter, the fault inception
angle effects the magnitude of the fault generated transients that were obtained by means
of the WPT coefficients energy analysis. Therefore, the fault inception angle was varied,
and the energy of the WPT coefficients obtained from the three-phase current signals was

observed under various fault types and locations.

Recently several HVLF transmission systems of different configurations have been
proposed in the literature [15, 20-22, 24, 33, 34, 95]. Some of these topologies proposed
includes power generation at a lower frequency, such as 20 or 16.7 Hz. Therefore, in order
to provide an overview of the generality of the proposed protection algorithms, this
chapter discusses the possible factors affecting the performance of the protection system.
This study focused on the impact of the cycloconverter utilisation at the sending end. In
chapter 4 and 5, the spectral analysis of the pre- and post-fault three-phase current signals
obtained from the cycloconverter based HVLF system was given in detail. Therefore, a

comparative study has been conducted to determine the effects of the cycloconverter and

152



6. Impact of the Fault Parameters and System Structure on the Protection Algorithm

its corresponding harmonics on the proposed protection algorithm. Hence, the
cycloconverter was replaced by its internal reactance, and the HVLF system was supplied
with a 20 Hz pure sine wave source. Simulations of various fault scenarios were carried
out, and harmonic spectra of the current waveforms were analysed. The results have been

compared with those obtained for the cycloconverter based HVLF system.

6.2 Impact of the Fault Inception Angle

The post-fault generated transients are affected by the point where the fault takes place
during the phase current cycle [48]. In this study the phase-A current signal was taken as
the reference signal in which the fault inception angle was determined. Thus, the phase-
A fault inception angle has been varied in order to evaluate its impact on the fault induced
transients. The HVLF system described in chapter 4 has been used to simulate several
fault types at various locations on the line, and in each case the fault angle was changed
in a step of 45°. Thus, the selected fault inception angles for this study were 0°, 45°, 90°,
135° and 225°. The transmission line faults where firstly initiated when the voltage of
phase-A at minimum (fault inception angle = 0). Then the fault timing where changed
accordingly in order to obtain other fault inception angles (45°, 90°, 135° and 225°). At
all tested short circuit faults (LL, LLL. etc.) the phase-A voltage signal was taken as
reference. As given in chapter 5, the WPT analysis for fault detection was carried out for
two fault location points. The selected locations were 20, and 180 km from the sending
end. These locations were chosen in order to find out the highest and lowest energy levels
of the WPT coefficients that can be obtained after the fault incident at a given fault angle.
Therefore, these two locations were selected in this test, and the fault angle was varied
accordingly. Figures 6.1 and 6.2 show the three-phase current signals when an LG fault

occurs at locations of 20 km and 180 km, respectively. The figures clearly show that the
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angle at which the fault occurs was set to 0°, 45°, 90°, 135° and 225° in subplots (a), (b),
(c), (d) and (e), respectively. Although the waveforms plot does not clearly show the
transients, high frequency transients were produced after the fault occurrence. It was also
noted that after one cycle of the fault incident, the cycloconverter tries to synchronise the
fault current to a 20 Hz power frequency. Therefore, the following cycles were of higher
magnitude and approximately uniform. This is because the cycloconverter control uses
the cosine crossing method, in which the output is synchronised to a reference control

signal, as described in chapter 3.

(@)

la_Odeg Ib_0Odeg Ic_0Odeg

ONDdO
~

2

Ié o ~ Faultt _ - | . | .

6 (b) la_45deg Ib 45deg Ic_45deg
[ T T T T T ' J

4 ]

4 .

0 -

-6 F , . Faullt, - ,
la_225deg
I ! —

'6-_ L 1 M 1 1 L -

. 0.35 I 0.40 0.45
Time (Sec)

Figure 6.1: The three-phase current signals when an LG fault occurs at 20 km with fault
inception angle = (a) 0, (b) 45, (c) 90, (d) 135 and (e) 225
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Figure 6.2: The three-phase current signals when an LG fault occurs at 180 km with fault
inception angle = (a) 0, (b) 45, (c) 90, (d) 135 and (e) 225.

It is also noticeable that some of the high frequency fault generated transients are
suppressed in the line when the fault occurs at a remote location such as 180 km, see
figure 6.2. Therefore, the frequency content of the three phase current signals obtained

under all tested inception angles was investigated by means of the WPT analysis.
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The WPT analysis to the captured current waveforms shown in figures 6.1 and 6.2 was
carried out, and the resulted coefficients CW1 and CWa3 are given in figures 6.3 and 6.4,
respectively. These coefficients were selected for the fault detection and location
algorithms given in chapter 5. These results depicts the spectral energy of the selected
coefficients under the corresponding fault inception angle. Figure 6.3 clearly shows that
the spectral energy of the WPT coefficients CW1 and CW?2 varies with changes in the
fault inception angle. This is because the magnitude of the captured transients is affected
by the magnitude of the faulty phase current signal at the fault occurrence instant.
Although the magnitude of the spectral energy varies, the results demonstrated that both
coefficients have significant increase in the energy level after the fault incident at all
tested inception angles. Also, at both fault locations the energy magnitude exceeds the
predefined fault thresholds, and the detection algorithm was accurately able to detect the
fault within 10 mesc. i.e. (4 samples) after the fault occurrence. This test proves that the
method proposed earlier for fault detection using the selected WPT coefficients works

independently of the fault inception angle.

By observing the reduction in the magnitude of the spectral energy shown in figures 6.3
and 6.4, it is obvious that the selected coefficients can be utilised for fault location as
proposed in chapter 5. The results of both tested fault locations illustrate that the spectral
energy reduces with the increase in fault distance, and the fault inception angle has not
shown any effect. It can be stated that the proposed detection and location algorithms are
independent of the fault inception angle. However, for further validation, tests were
carried out to investigate the effect of the inception angle on the protection algorithm in

case of other fault types such as, line to line fault (LL) and three lines fault (LLL).

156



6. Impact of the Fault Parameters and System Structure on the Protection Algorithm

Angle

WPT coifficent CW1

WPT coifficent CW3

1400 . . — CW1 1400 CW3
T : T
I 12_0deq I 1b_Odeg [N Ic_Odeg N '=_ocell 1b_Odeg[IT Ic_Odeg
1200 |- 1200 |- B
Pre-fault Post-fault Pre-fault Post-falfit 1
0 1000 1000
800 | 800
> >
> >
@ 600 @ 600
= =
i} i}
400 | 400
200 [-Threshold 200
0
0.28 0.30 0.32 0.34 0.36 0.38 0.28 0.30 0.32 0.34 0.36 0.38
Time (sec.) Time (sec.)
Cwi1 CW3
T T T 1400 T T T T
1800 (N1 45deg Il 1b_45deg ] Ic_45deg B 1= 45degllll 1b_45deg Ic_45deg
1600 |- 1 1200 - |
1400 |- Pre-fault Post-fault ] Pre-fault Post-faul
1000
45 1200 |- 1
5 800
Z}o0o - 10 ms. 1 )
@ 800 |- S 1 @ 600
= v \ c
w w
600 |- d 400
400 |-
200
oIl | ]
o bl chma s ptllols 0
0.28 0.30 0.32 0.34 0.36 0.38 028 030 032 034 036 038
Time (sec.) Time (sec.)
Cwi Cw3
2200 F T T T 1400 —— : : . "
B 1=_o0deg I 1b] 20deg IR0 Ic_90deg B = o0deollll 1b_90deglIiT] Ic_90deg
2000 | ] 1200 - ]
1800 - Pre-fault Post-fault ] Pre-fault Post-fault]
1600 H -] 1000 f= e -|
90 1400 - ]
>4200 | 10 ms. K >800 F
= ' 2
@©1000 - © 600 -
c =
L 800 - i}
600 | 400
400 |-
Threshold 200
200 T
0o inlldll clbma g [ 0
0.28 030 032 034 036 038 028 030 032 034 036 038
Time (sec.) Time (sec.)
W.
1400 . T r T - Cwi 1400 T T T T T Cws
B 12_135deq I 1b_135deq 00 Ic_135deg [ 1a_135degllll Ib_135deg Ic_135deg
1200 | 1 1200 - ]
Pre-fault Poptpfault Pre-fault Post-fault] L
1000 - 1000
800 800
> >
e >
@ 600 @ 600
= C
i i}

225

0
0.28 0.30 0.32 0.34 0.36 0.38
Time (sec.)
1400 T T T T Wil
I 1a_225deg I 1b_225deg ] Ic_225deg
1200 —
Pre-fault Post-fault
1000
800
>
(=g
D 600
fe
w

0.28 0.30 0.32 0.34 0.36 0.38
Time (sec.)

0
0.28 0.30 _0.32 0.34 0.36 0.38
Time (sec.)
1400 T T T T CW3
B 1a_225deqllll 'b_225deglln] Ic_225deg
1200 + —

Pre-fault Post-fault

1000

0.28 0.30 032 0.34 0.36 0.38
Time (sec.)

-

I Phase Al Phase B[ | Phase C

Figure 6.3: The WPT coefficients obtained from an LG fault of different fault inception angle at
location of 20 km.
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Figure 6.4:

The WPT coefficients obtained from an LG fault of different fault inception angle at
location of 180 km.
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Therefore, the effect of the inception angle on the fault detection scheme was also
examined under different fault types. For each type of fault, the same procedure was
carried out, and the fault was initiated at fault inception angles of 0°, 45°, 90°, 135° and
225°. Taking into consideration that the fault inception angle is correspond to the fault
inception angle of phase-A. Figures 6.5 to 6.12 illustrate the waveforms and the WPT
coefficients in the case of a line to line (LL) fault and three lines fault (LLL) at locations
of 20 and 180 km from the sending end. For each fault scenario the WPT coefficients
CW1 and CW3 are given in the following figures. The results shows that similar trends
were obtained for both fault types at all examined inception angles. It is clearly
demonstrated that the fault can be detected within approximately 10 msec after its
occurrence. Also, the magnitude of the spectral energy of the analysed faulty phases show
a significant decrease with the increase in fault distance. All results show that faults
occurs at various inception angles, types and locations were correctly detected. This
means that the fault detection and location schemes have shown their ability to detect and

locate line faults despite fault types or parameters.
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Figure 6.7:

The WPT coefficients obtained from an LL fault of different fault inception angle at
location of 20 km.
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Figure 6.8: The WPT coefficients obtained from an LL fault of different fault inception angle at
location of 180 km.
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Figure 6.11: The WPT coefficients obtained from an LLL fault of different fault inception angle
at location of 20 km.
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Figure 6.12: The WPT coefficients obtained from an LLL fault of different fault inception angle
at location of 180 km.
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6.3 Impact of Cycloconverter Utilisation

In the previous chapters, the proposed protection scheme has been evaluated based on the
adopted HVLF system configuration. This topology of the HVLF system implements a
cycloconverter at the offshore station as a frequency changer, taking into consideration
that the offshore wind power is generated and collected at the conventional 50/60 Hz. The
results of this configuration have shown the presence of harmonics generated by the
cycloconverter are injected into the transmission line. Therefore, filter banks were
implemented to suppress these harmonics and to improve transmission system efficiency.
However, it was shown in the previous chapters that these harmonics interfere with the
fault generated transients. This results in difficulties for the protection system to
differentiate between these harmonics and the fault generated transients. In this study, it
was shown that the designed protection algorithms have the ability to detect faults despite
changes to the fault or system parameters. Nevertheless, a further test was undertaken in
order to validate the protection algorithm’s performance under different HVLF system
topologies. The aim of this experiment was to illustrate the effects of cycloconverter

harmonics and control on the transmission line fault signature.

In this section, an evaluation of the cycloconverter influence on the fault generated
transients was carried out. This was achieved by replacing the cycloconverter in the
Matlab model given in chapter 4 (figure 4.12) with its inter-group reactance, see figure
6.13. The system was supplied with a 20 Hz sine wave voltage source, and the
transmission line parameters (R, L and C), as well as the receiving end load are kept the

same. Figure 6.13 shows the simulated model in Matlab-Simulink.
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Figure 6.13: Matlab model of the HVLF system supplied with 20 Hz voltage source.

Then, the same fault scenarios in the previous tests of transmission line fault were carried
out. In this section, a single line to ground fault (LG) was initiated at locations 20, 60,
120 and 180 km from the measurement point at the line sending end was taken as a case
study. The three-phase current waveforms obtained at the measurement point are shown

in figure 6.14. The waveforms show that there are high frequency transients present after

the fault occurrence at time 0.3 sec.

Current (A)

0.25 0.30 0.35 0.40 0.45 0.50
Time (Sec)
Figure 6.14: The three-phase current waveforms for an LG fault at 20, 60, 120 and 180 km, with
the cycloconverter replaced.
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Initially, the frequency spectra of the simulated line to ground (LG) fault at locations 20
and 180 km was investigated using FFT analysis, and the results are displayed in figure
6.15. These results show the presence of even harmonics in addition to odd harmonics. In
comparison to the harmonic spectrum of the same fault scenario given in chapter 4, it is
clear that due to the cycloconverter switching and control the transients of the post fault
current are significantly attenuated. Thus, the magnitudes of the post-fault current

harmonics are higher as shown in figure 6.15.
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Figure 6.15: Harmonic spectrum of the current signal when an LG fault occurs at 20, 180 km
locations on the HVLF transmission line supplied by a 20 Hz sine wave voltage source.

Moreover, some harmonics were attenuated in the line when the fault occurred at the
location of 180 km, and thus the total harmonic distortion (THD) reduced from about
96% to 40%. However, in order to test the performance of the proposed protection
algorithm, the WPT analysis of the three-phase current signals was carried out. Figure
6.16- a and b shows the WPT coefficients CW1 and CW3 obtained for locations at 20 and
180 km, respectively. These coefficients represent the transients contained in the current
signals within the corresponding frequency band, as given in table 5.1. The results show
that the captured fault generated transients have the same frequency range of those

captured from the cycloconverter based system. Yet, unlike the cycloconverter based

170



6. Impact of the Fault Parameters and System Structure on the Protection Algorithm

results, the analysis shows that for all coefficients the obtained pre-fault spectral energy
is nearly zero. This is because that the HVLF system is supplied with a 20 Hz pure sine

wave, and hence no harmonics exist under the pre-fault condition.
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Figure 6.16: Samples of the WPT coefficients CW1 and CW3 obtained from the three-phase
current signals when an LG fault occurs at distances of (a) 20 km (b) 180 km, with the
cycloconverter replaced.

However, the absence of pre-fault harmonics enhance the protection system sensitivity to
any high frequency transients occurring. Nevertheless, at both locations the results
demonstrate that the fault was detected within approximately 10 msec of its occurrence.
Additionally, by comparing the spectral energy of coefficient CW1 obtained at 20 km and
180 km, it is obvious that there is a significant reduction in its magnitude. Hence, the

proposed location algorithm can accurately identify the fault zone. This test proves that
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the proposed protection algorithm can be applied to an HVLF system of any topology

despite of the presence of per-fault harmonics or not.

However, the configuration of an HVLF system, including the low frequency generated
power topology, requires a reactive power compensation of any size. Thus, the filters
were kept in this simulation as a compensation system. In any electrical power system,
this reactive compensation system is also contributes to the post-fault transients. Hence,
from practical point of view the implementation of a transmission system without the
utilisation of reactive power compensation is not possible. It was shown in this study, the
frequency range of the post-fault transients is relative to the fundamental power frequency
of the system in spite of the system structure or line parameters. However, the designed
protection algorithms have shown high sensitivity to the presence of the post-fault

generated transients of the tested HVLF system structures.
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Chapter 7
Conclusions and Future Research

7.1 Conclusions

This thesis shows that the HVLF transmission system is a viable alternative to HVAC
and HVDC systems for long distance offshore power transmission of distances over 50

km, due to the following factors:

e Reducing the fundamental power frequency results in a reduction in reactive
current, and consequently increases the active power transfer capability of the
line.

e The mature HVAC circuit breakers technology can be adapted to implement a
multi-terminal HVLF grid through minor modifications if necessary.

e The alternating field albeit at a much lower frequency mitigates the space charge
accumulation mechanism and thus reduces the aging effects of the XLPE cable.
Therefore, the failure rate of the cable is reduced and accordingly increases its

service life.

A detailed study on the structure of the HVLF system was presented. It was found that
utilising frequency changers at both ends of the transmission line has significant

advantages such as:

e Eliminates the need for any wind turbine modification as well as a large low
frequency step-up transformer. Thus, this topology retains the conventional wind
turbine generators, offshore collection network, and conventional HVAC

transformers.
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e On the offshore platform only a step-down frequency changer is required.
Therefore, for the HVLF system presented in this thesis, a high power naturally
commutated cycloconverter was chosen due to its mature and well developed technology
for high power applications. The frequency spectrum analysis has shown that even with
the characteristics of tuned AC filters to prevent cycloconverter generated harmonics
from being injected into the line, some high frequency harmonics were still present in the
line. The Total Harmonic Distortion (THD) of the current and voltage signals during pre-
fault condition were 11.5% and 4.5% respectively. Hence, a detailed investigation into
the harmonic distribution during post-fault condition and their effects on the protection
system was carried out.

It was also concluded in chapter 2, a signal processing tool is required to enable faults to
be detected and their distances from a reference point evaluated in the presence of
cycloconverter harmonics. In chapter 3, a brief description of the signal processing
techniques applied to the power system transient analysis was carried out and the

following points were noted:

e The Discrete Fourier Transform (DTF) and the Short-Time Fourier Transform
(STFT) have limitations in providing accurate time-frequency representation of
the analysed signal.

e Although, the Wavelet Transform has shown a comprehensive time-frequency
representation in the analysis of transient signals, it was found that a higher level
of analysis was required, but it still yielded poor high frequency resolution.

e The Wavelet Packets Transform has shown higher frequency details within a
lower level analysis. Hence, the WPT using Daubechies (db4) mother wavelet

was selected for fault feature extraction from the three-phase current waveforms.
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In chapter 4, it was established, through FFT analysis of faulty phase current waveforms
for various fault types and locations, that the post-fault transients have a frequency range
of up to 350 Hz. Thus, the conventional HVAC protection systems are not compatible for

the HVLF system because:

e The frequency range of the fault generated transients in the HVLF system is lower
than those of in HVAC system.

e The presence of the pre-fault harmonics in the HVLF system need to be
considered in order to prevent the protection system from falsely triggering.

e Hence, the lowpass and highpass filters of the WPT analysis are required to be

tuned in order to extract the HVLF fault generated transients.

A new fault detection and location algorithm based on the WPT analysis with
Daubechies-4 (db4) mother wavelet analysis was developed in this research, as shown in
chapter 5. The algorithm was designed to detect the fault generated transients contained
in the faulty phase(s) current signals measured at the sending end of the line. The
algorithm’s performance has been tested for various types of fault at several locations

along the line, and the results showed that:

e The fault transients can be detected using the WPT coefficients CW1 and CW3
only.

e The transmission line faults can be detected within 10 to 20 msec. after the fault
incident.

e The predefined thresholds set for fault detection have prevented the detection

algorithm from reacting to the pre-fault generated harmonics.
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e Additionally, the offline data of the WPT analysis were used for fault location
estimation. The fault location was estimated using only one of the WPT
coefficients (CW1).

e The WPT coefficients and thresholds were set so that the protection system is
effective for a fault towards the receiving end.

In chapter 6, the impact of the fault inception angle variation on the response of the
protection system was examined by simulating various fault types occurring at different
inception angles. The system detected faults in spite of different transient levels due to

variation in fault inception angle.

Finally, replacing the cycloconverter by its equivalent inter-group reactance and suppling
the system with a 20 Hz sinewave voltage source has revealed the impact of its switching
and control on the fault transients. The results showed that the post-fault current
harmonics are of a higher magnitude compared to those generated when in the presence
of the cycloconverter. However, the protection algorithms have shown higher fault
detection sensitivity due to the absence of the cycloconverter pre-fault generated
harmonics in the system.

In conclusion, under all tested fault scenarios the designed WPT based protection system
has successfully detected and located transmission line faults. This thesis seeks to
contribute to both the understanding and applications of transmission technologies in the
field of large scale offshore wind power integration to the utility grid. Although, this
research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors, the research has opened up the possibility of
developing the next generation of offshore transmission technology to enable a reliable,

efficient and high capacity provision of renewable energy.
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7.2 Future Work

The following issues were noted during the research, however due to time limitations,

were recommended for possible future work.

1. Interms of the HVLF system structure, it was shown in the literature survey, there
is ongoing research to introduce high performance power electronic based
frequency changers, such as the Hybrid Cycloconverter or Multi-level Matrix
Converter (MMC). Additionally, a standard benchmark to the HVLF system
structure needs to be introduced, as in the CIGRE HVDC benchmark for example.
Introducing a standard benchmark to the HVLF system will provide a better
comparison of the various operational, control, and integration to the grid
strategies, as well as system behaviour under steady-state and fault conditions.

2. In terms of the protection system, an artificial intelligent (Al) tool such as
Anrtificial Neural Networks (ANN) or Fuzzy Logic can be integrated with the
proposed protection algorithm for decision making.

3. One of the requirements for the implementation of large scale HVLF offshore
networks in the future is the implementation of reliable and high current
interruption performance HVLF circuit breakers. Detailed design and
performance tests at realistic voltage and current levels are required.

4. The fault detection and location algorithms were tested through computer
simulations of various transmission line fault scenarios using practical system
parameters. However, the hardware implementation of the HVLF system
including the protection algorithm will provide a better realisation for a practical
application.

5. In this work only the sending end cycloconverter generated harmonics effects on
the fault transients were considered. However, still another step-up frequency
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converter is required at the receiving end. This converter will behave as a
nonlinear load that produce harmonics injected into the transmission line. Thus,
those harmonics effects on the fault signature need to be considered by the
protection algorithm. This can be achieved by readjusting the pre-set fault

identification thresholds.
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Appendices

Appendix-A: Matlab model of the cycloconverter control
system.
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The input voltage signal was synchronised with a cosine reference signal having the
desired output frequency. The control method was described in chapter 4, section 4.2.1
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Appendix-B: Voltage and Current Waveforms of Different
Fault Types

1. The three-phase current waveforms measured at busbar 3 when (a) Phase-B to ground
and (b) Phase-C to ground faults occur at various locations of the line.

—— 20B3_la—— 20B3_Ib —— 20B3_Ic

A6 F T T B R IR
o
c -
24
-6
%
< 25‘
o
-6k - - - .
6k —— 120B3 la—— 120B3 |b —— 120B3 Ic
_RE PR R P R
< 2k E
2 op
6k —— 180B3_la—— 180B3_Ib —— 180B3_Ic
$2(|§‘ =
o
-6k
0.25 0.30 0.35 0.40 0.45

Time (Sec)

—— 20B3_la— 20B3_Ib —— 20B3_Ic
< §
§-§3 g N ; 3

:62— A | Rt AN ISR ARt
ok —— 60B3_la —— 60B3_Ib —— 60B3_Ic
5 %
8 2k
= Ik E
-6k
2('
< 2k k
:
= 4k
-6k
N
Rl
S 2k F
2-4k‘
-6k
0.

Time (Sec)

187



2. The three-phase current waveforms measured at busbar 3 when (a) phase-B to phase-
C and (b) Phase-A to phase-C faults occur at various locations of the line.
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Appendix-C: Ground Fault Calculations

Ground fault detection using the zero sequence current signal analysis with the WPT. The

selected WPT coefficients for fault detection were CW1 and CW3 of the third analysis

level. A comparison between these coefficients obtained from three phase fault and three

phase to ground fault was carried out. These faults were simulated at locations of 20, 60,
120, and 180 km from the sending end.
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