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Abstract

This research concentrates on the development and evaluation of novel single ended
impedance based fault location methods, which are easy and economical to
implement in practice. The conventional single ended impedance based fault location
methods normally suffer from negative effects associated with variability and
inaccuracies in fault resistance, distance to fault and from the impact of variable
remote end short circuit level. A novel concept of a single ended impedance based
fault location method using analysis of ‘interpole’ states, which arise during the
operation of the circuit breaker as the individual poles open sequentially, has been
developed. The proposed fault location technique has been shown to have a very
high theoretical accuracy by eliminating the aforementioned negative effects
associated with conventional single ended impedance based methods. The thesis
describes how the developed technique operates through comparing simulated
voltage and currents during the interpole states with the actual measured voltage and
currents, and searches for a match that may be indicative of fault location. When a
match is found within a pre-specified tolerance error from analysis of the initial
“during fault” state, the ranges of corresponding possible fault locations, fault
resistances and remote end short circuit levels used in the simulation are noted. The
ranges of all possible values are subsequently reduced through analysis of the
consecutive interpole stages as each pole of the circuit breaker opens sequentially to
finally interrupt the flow of current in all three phases. The final, most accurate, fault

location is obtained following on from analysis of the final state.



Another single ended impedance based fault location method has been developed
that extends the analysis to the operation of single/three phase auto-reclose schemes.
Similarly with previous method, the second method also uses the analysis of different
system states, which are arisen during the auto-reclose operation, and improves on
the accuracy of the method that only analyses the single operation of the circuit
breaker. The methods are demonstrated using EMTP/ATP simulation models for a
variety of different cases and it is shown how high accuracy has been achieved, with
improved performance when compared with conventional single ended impedance
based method (Takagi method and network impedance method). Additionally, it is a
potentially economic solution, as only local end data is required. The thesis
concludes with an overview of ongoing and future work that has the intention of
moving the work forward towards implementation within commercially available

relay hardware.
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 Basic concepts of fault location

It is critical for transmission and distribution system operators to supply power with
high continuity, dependability and reliability; this is becoming ever more important
as the level of interconnectivity grows, and the reliance on electrical power increases.
Furthermore, the increasing levels of renewable generation, particularly in the UK
where a large amount of wind energy is being installed in offshore locations, places
even greater emphasis on the need for transmission circuits with the highest possible
levels of availability, particularly for those that transmit power from remote
generation locations/offshore generation infeeds to major load centres. As a result, it
is critical that accurate and fast-acting power system protection and fault location

functions are available.

Fault location plays an important role in the overall function of system protection and
post-fault remedial actions. There are many causes of faults on transmission and
distribution lines. These include breakdown of insulation, problems initiated by
storms and other weather phenomena, overgrown vegetation, animals and human

error; any of which may result in the connection of a power line to earth or a fault
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between phases. Permanent faults involving physical damage to equipment must be
located and repaired before the supply can be restored. In today’s modern power
system, customers are more sensitive to outages and sustained outages can lead to
significant damages and financial losses for the operating companies. Therefore, fast
and accurate fault location techniques are desired to reduce restoration times and to

increase the continuity and dependability of power supply.

1.2 Motivation for research

According to the nature of the input signal(s) used, fault location techniques can be
subdivided into single ended methods, two ended methods and multi ended methods.
Single ended fault location methods are generally the simplest and most economical
to implement. Only local end data is required. It can obtain good accuracy with
minimum requirements for processing or communications. Compared with single
ended methods, two ended and multi-ended methods, which require voltage and
current data from two/multiple locations, require additional facilities such as
communication channels and, in some cases, Global Position System (GPS) timing
synchronising devices. While more complex and costly, such techniques generally

offer higher accuracy of fault location than single ended methods.

Impedance based and travelling wave based fault location methods are the main fault
locating techniques that have been implemented in practice. Impedance based
methods are relatively simple and easy to implement, and estimate the distance to
fault using measured fundamental current and voltage phasors. However, the

accuracy of conventional single ended impedance based methods, such as the simple
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reactance method and the Takagi method [1-3], may suffer from the effects of
variable fault resistance, fault position, remote end short circuit level and pre-fault
load level. Some algorithms [4-7] have been developed to reduce the negative
impacts on conventional single ended method, for example by requiring a definition
of the remote end short circuit level as an input. Very good levels of accuracy have
been achieved by such improved single ended fault location techniques. However,
the remote end short circuit level is uncertain, and changes if the system
configuration beyond the remote end bus changes, so cannot be relied upon as an

input to such techniques.

Compared with conventional single ended impedance based methods, two ended
methods [8-17] do not suffer from the effects of factors such as fault resistance, fault
distance variations and uncertain remote end short circuit level, and a generally
higher accuracy is therefore obtained when compared with single ended techniques.
As the synchronisation of the measurement data from both ends is critical within

such methods, GPS timing technology has been used in some cases [8, 9, 11, 16-18].

Travelling wave methods offer significant improvements in accuracy compared with
impedance based methods [5-7, 11, 15, 19-26]. However, this method is relatively
expensive to implement compared with impedance based method. High data
sampling frequency and dedicated devices is required. Some problems associated
with the travelling wave method still need to be improved, including accurately
waveform detection and interpretation, discriminating between initial waveforms and

subsequent reflections and time tagging of measurements.
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In summary, the single ended impedance based fault location method is the most
attractive if it can be made sufficiently accurate: it is potentially economic and
simple to implement as only local fundamental frequency phasors are required.
However, the accuracy of conventional single ended impedance based fault location
techniques may suffer from effects of variable pre-fault loading level, uncertain

remote end short circuit level, the actual fault position and the fault resistance.

To address these shortcomings, two fault location algorithms, which use only single
ended data and which analyse the electrical data during and after circuit breaker and
auto-reclose scheme operation, have been developed and are reported in this
dissertation. Such methods provide great accuracy of fault location, and not only
eliminate, but can also quantify the magnitude of the parameters that normally have a
negative impact on single-ended impedance methods (namely remote end short
circuit level and fault resistance). The developed techniques are potentially as
economic to implement as conventional single ended techniques because only the

local phasors are only required.

During circuit breaker operation, several system states, which are termed “interpole
states™, arise due to the different stages of interruption of each of the three individual
phases, which are not interrupted simultaneously due to the requirement for
interruption of current flow in each phase around the point of a current zero crossing.
There are three main elements of the algorithm: (a) transmission line modelling, (b)

matching, and (c) recording.
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(@) The transmission line modelling is to compute voltage and current phasors
using assumed fault location, fault resistance and remote end short circuit
level. The ranges of possible fault locations, fault resistances and remote end
short circuit levels are pre-estimated first using a conventional fault location
technique (Takagi method). The computations are iteratively stepped through
pre-set ranges of fault locations, fault resistances and remote end short circuit
levels. For each combination of these parameters the method calculates
voltage and current phasors during the consecutive circuit breaker interpole
states (using transmission line fixed impedance model).

(b) At each iteration, the computed data is compared with the simulated data
(matching) using pre-defined comparison tolerance levels.

(c) When a match is established between the calculated and simulated data, the
candidate group (including fault location, fault resistance and remote end

short circuit level) is stored (recording).

This process is repeated for each interpole state and this is then used to obtain the
exact fault location (and other parameters) at the final interpole state (where all
three phases have been interrupted). A steady state transmission line model
underpins the methods and is used to demonstrate the accuracy of this method.
The duration of each interpole state is short (3.33ms in theory in a 50Hz system);
it is, therefore, difficult to extract the fundamental frequency phasor in such a
short time. However, it is believed that this shortcoming can be resolved as DSP

techniques develop in the future.



Chapter 1 Introduction

In order to overcome this shortcoming associated with reliably of extracting
fundamental frequency phasors during such a short time period, a second fault
location algorithm, based on analysis of data during the operation of auto-reclose
schemes, has also been researched and developed in this thesis. This is prudent, as
auto reclose is used on the vast majority of overhead systems, and any permanent
fault will obviously involve “open-reclose-open” states as the system attempts to
reclose, which will be unsuccessful due to the permanent nature of the fault. It should
be noted that location of transient faults is also important as such faults may occur
repeatedly at the same location, and therefore, need to be identified and attended to

promptly. However, this thesis, primarily deals with permanent faults.

There are several individual system states that arise during auto-reclose scheme
operation. This new method applies the similar principle as the first fault location
algorithm that analyses interpole states during circuit breaker operation. Compared
with fault location algorithm based on the interpole state analysis, this algorithm
avoids the difficulty in accurately extracting fundamental frequency phasors as the
duration of individual system states that arise from auto-reclosing operation has
sufficient time for accurate phasor extraction, and it is believed that it could be

readily implemented in practice.

1.3 Research objectives

The objective in this research work is to study the conventional fault location
techniques and to develop novel fault location algorithms which improve fault

location accuracy by eliminating the negative factors associated with conventional
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techniques, including the negative impact of variable fault resistance, remote end

short circuit level and pre-fault load level. This research is sub-divided into three

main elements:

An investigation into the influences and impacting factors on established fault
location techniques and comparative analyses of the performance of such
techniques under these negative influences.

Design and demonstration of fault location algorithms based on the analysis of
circuit breaker operation and evaluation of the performance of the proposed
algorithm against the best existing techniques under a range of fault conditions.
Design and demonstration of fault location algorithms based on auto-reclose
operation and evaluation of the performance of the proposed algorithm against

the best existing techniques under a range of fault conditions.

1.4 Research contribution

Based on the above research objectives, the following original contributions can be

claimed:

A new fault location algorithm, which analyses the interpole states of circuit
breakers during fault clearing operation. As the basic principle is based on the
comparison between simulated data and calculated data, a steady state
transmission line modelling approach has been used to compute a range of states
relating to different fault locations (and other parameters — fault resistance and
remote end short circuit level) during circuit breaker operation has been
developed using a lumped parameter line model. Results of the novel fault

location algorithm show that the algorithm is capable of accurate fault location
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in situations where the remote end short circuit level and fault resistance are
unknown. The performance compares favourably against existing fault location
methods, and has the potential for achieving very high accuracy with low cost of
implementation

- A novel fault location algorithm, which analyses the different states arising
during the operation of auto-reclose schemes. This uses similar principles to the
previous method, but employs an increased amount of input data (from the auto
reclose phases of operation) that enhances accuracy and reliability of the output
results. A large number of evaluations, which include the negative effects of
fault distance, fault resistance, remote end short circuit level, inaccurate local
end short circuit level and measurement error, have been carried out to prove the

success of the proposed algorithm.

1.5 Scope of the thesis

Chapter 1: Introduction
In this chapter, fault location theory is defined. The motivation for the research work

is presented and the objectives of this thesis are defined.

Chapter 2: Review of fault location techniques
In this chapter, the background information of fault location is included; the main
fault location techniques that are used and/or have been the subject of research by

others are introduced.
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Chapter 3: Comparative performance analysis of impedance based fault location
techniques

In this chapter, an evaluation and comparative analyses of the simple reactance
method, the Takagi method, the network impedance method and the two-ended

method are presented.

Chapter 4: Fault location through analysis of data from inter-pole states during
circuit breaker operation

In this chapter, the novel fault location technique based on the analysis of circuit
breaker operations is introduced and described in detail. Case studies and evaluation
of this technique are included and results illustrate and quantify the accuracy of this
method. The challenges and difficulties associated with this method are also

described.

Chapter 5: Fault location through analysis of data from auto-reclose operations

In this chapter, the novel fault location technique based on the analysis of auto
reclose scheme operations is introduced and described in detail. This novel technique
is based on similar principles to the fault location technique introduced in chapter 4.
However, this method avoids the difficulties and challenges of the other technique by
analysing data from the various stages of the auto-reclose scheme operation. Case

studies using EMTP/ATP simulations and evaluation of this technique are included.

Chapter 6: Evaluation of sensitivity of auto-reclose based location to variations in

input parameters
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In this chapter, the new fault location technique introduced in chapter 5 has been
evaluated to ascertain its ability to counteract the traditional negative effects
associated with impedance based methods, such as fault resistance, uncertain remote
end short circuit level, inaccurate local end short circuit level setting and
measurement error brought by measurement instrument. A detailed comparison with

the Takagi method is also presented.

Chapter 7: Conclusions and future work

Conclusions are presented and future work is outlined.

1.6 Publications

Based on the results of the research work reported in this thesis, the following papers

have been published:

® L.Ji, C.Booth, A.Dysko, F.Kawano, G.Baber, "Improving fault location by
analysis of electric parameters during circuit breaker operation,” presented at the
PSCC, Stockholm Sweden, 2011

® L.Ji, C.Booth, A.Dysko, F.Kawano, G.Baber, "Improved Fault Location through
Analysis of System Parameters during Auto-Reclose Operations on
Transmission Lines," IEEE transaction on Power Delivery (submitted for fourth

round review)
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Chapter 2. Review of fault location techniques

2.1 Introduction

Fast and accurate fault location methods assist power system operators in locating
and repairing elements of the system that have been damaged due to electrical faults.
It is critical that the system is restored as quickly as possible following an outage so
that the overall availability and integrity of the system is maximised. This is
particularly important in modern and future systems, where the location and nature of
generation means that even greater reliance will be placed on transmission and
distribution systems. There are a large number of fault location techniques that have
been proposed, and in some cases, implemented within power systems. This chapter
reviews several of these techniques and places the work reported in the remainder of

this dissertation in the context of existing work.

2.2 Faults within power systems

2.2.1 Power line faults

As mentioned in Chapter 1, there are many causes of faults on transmission and

distribution lines. These include breakdown of insulation, problems initiated by
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storms and other weather phenomena, overgrown vegetation, animals and human
error; any of which may result in the connection of a power line to earth or a fault

between phases.

According to different voltage level and weather conditions, there are statistics
relating to faults on systems. The majority of statistics state that approximately 75%
of all faults in transmission networks are due to the inherent exposed characteristics

of the line and atmospheric conditions [1].

2.2.2 Fault types and statistics

Faults occurring on a transmission line can be categorised as open circuit, transient
(or arcing) and permanent short circuit fault. Open circuit faults usually arise from a
breakage in a conductor, as shown in Figure 2.2. In some cases, the broken conductor
may subsequently result in a single phase to earth fault, which is shown in Figure
2.2b. Transient faults only exist on the power system for a short time (as they are
cleared by the fast operating protection) and are normally resolved quickly by using
an auto-reclosing scheme. Transient faults represent the majority of faults
encountered on overhead power systems. However, faults which are permanent or
repetitive cannot be resolved quickly by auto-reclosing action and normally require

to be repaired by the maintenance team.
In short circuit faults, a phase conductor (or conductors) may be in in contact with

earth or another phase. These are the most common fault types in distribution and

transmission systems. Generally, short circuit faults can be catalogued as:
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e Single phase to earth fault, as shown in Figure 2.1a

e Phase to phase fault, as shown in Figure 2.1b

e Phase to phase to earth fault, as shown in Figure 2.1c

e Symmetrical fault (three phase/three phase to earth fault, Figure 2.1d, Figure

2.1e)

Data relating to transmission system fault statistics, in terms of fault types and causes,
are available from the literature and also from the internet. In order to briefly
acquaint the statistics, Table 2.1 shows the statistical occurrence of different
categories of short circuit faults [2]. From the table, it is clear that single phase to
earth fault represents the vast majority of faults that are encountered on overhead

systems.

Fault type Probability of occurrence (%)
Single phase to earth 85%
Phase to phase 8%
Phase to phase to earth 5%
Symmetrical fault 2%

Table 2.1. Fault category statistics[2]
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Figure 2.1. Short circuit fault types and their modelled representation

(a) (b)

Figure 2.2. Open circuit faults
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2.3 Impedance based fault location methods

The impedance method of fault location is the most widely used method in practice
as it is relatively economical and easy to install and implement in the system. In this

section, several typical single and two ended methods of fault location are reviewed.

2.3.1 Single ended impedance based algorithms

As mentioned previously, single ended impedance based methods are relatively
economical and simple to implement when compared with two ended impedance and
travelling wave based methods. The algorithms employed within single ended
schemes estimate fault location using only current and voltage measured from the
local end (i.e. the end at which measurements are taken). In the remainder of this
section, the concept of the fault loop model is introduced initially, followed by a
review of several typical conventional fault location algorithms including: the simple
reactance method which requires only during-fault data; the Takagi method, which
requires both pre-fault and during-fault data; and the network impedance, method
which requires an input quantifying the local and remote end short circuit levels.
2.3.1.1 Fault loop model

The majority of single ended impedance-based algorithms are based on the use of a
fault loop model. Through the entire dissertation, a two ended system model (i.e. a
line supplied form both ends — i.e. there are sources of fault current at both ends of
the faulted line, typical of interconnected transmission systems) is used to quantify
and verify the performance of conventional fault location algorithms (introduced in
this chapter) and the novel fault location methods that are reported in Chapters 4 and

5.
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c) Superimposed network

Figure 2.3. Two-ended transmission line network: superposition process
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Figure 2.3 represents a faulted network with a phase to earth fault. According to
superposition theory, the faulted network, as shown in Figure 2.3a, can be
represented as the summation of the pre-fault network (shown in Figure 2.3b) with
the superimposed network, as shown in Figure 2.3c. Consequently, the fault voltage

and current at local end (V, and I;) can be represented as:

VL=V pre + 44 (2.1)

I, =1p pre + I (2.2)

Note that V; .. and I, .. denote the pre-fault voltage and current; V, and I}
denote the superimposed voltage and current. In the figure, L and R denote the local

and remote end of the faulted transmission line.

In the faulted network, as shown in Figure 2.3a, the fault loop from terminal L to the

fault is represented as:

VL - TlZLIL - IfRf = O (2.3)

This fault loop equation is widely applied in majority single end impedance based
methods. Typical fault location techniques based on this equation will be reviewed in

the following section.
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2.3.1.2 Simple Reactance Method
Equation (2.3) represents the fault loop, and the relationship between the various
parameters of interest, within the single phase model. By rearranging (2.3), the

measured impedance (Z.) at the local end can be obtained:

ZL=—=TIZL+_ (24)

In the equation above, the fault location n is the solution objective. The simple
Reactance Method [3-5] has been designed to minimise the effect of I’;ﬁ by only
L

using the imaginary part of the above equation. Therefore, the fault distance n is

calculated using:

Vi

This method has reduced the potential negative impact of R; by assuming the
imaginary part of I’;ﬁ is to be equal to 0. The error associated with this method is
L

only equal to 0 if Ry = 0 or £z =ZI.. In the case of a single end sourced system, this
method has excellent accuracy, because /Isis always equal to <I,. However, the
majority of transmission systems are interconnected and fault current will be
supplied form both line ends, and this method will therefore suffer significantly from
the impact of non-zero fault resistance and angle mismatches between I; and I,

which may change as n, uncertain SCL2,R; and pre-fault load angle.
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2.3.1.3 The Takagi method

According to superposition theory, the faulted network can be treated as the sum of
the pre-fault and superimposed networks, as shown in Figure 2.3. In the
superimposed network, as shown in Figure 2.3c, the fault current I; passing through

the fault resistance is calculated using the following:

AL
r=c, (2.6)
IL=1, =11 pre (2.7)
Cn is defined as the current distribution factor [6], which is equal to:
Zrem + (1 - n)ZL .
C, = =1C, |eY
" Zy+ Zioe + Zrem | mle (2'8)
The fault loop equation (2.3) can be rewritten as:
L _ 2.9
VL—nZLIL—RfW— (2.9)

From the above equation, it is clear that y is represents the angle of the current
distribution factor, which depends on the source impedances “behind” both line ends
and the distance to fault. As to reduce the effect of Ry, Takagi [7] has developed an
algorithm which applies the correction factor I;” (* denotes the complex conjugate

of I]) at both sides of equation (2.9). Thus, the fault distance is obtained as:
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_ Im(V 1" e)
" M@ e (2.10)

The key success of the Takagi method is that the influencing element Im (IRC ! I|LZY> is

equal to 0 by assumingy = 0. In the majority of situations, there is no significant
factor that impacts on the accuracy of this method. However the angle y is not
exactly equal to 0 in the majority of situations. The fault location error arises through
a combination of this angle not being non-zero and the additional fact that there is
typically a non-zero fault resistance. The fault location error increases as the fault
resistance increases, and may become significant when high resistance faults occur.
As the angle of fault distribution factor y depends on n and Zjsc, Zrem, as shown in
(2.8), the change of n or Zjoc, Zrem Will cause a different value of y. The fault location
error may be influenced as a result.

2.3.1.4 Network Impedance Method

The algorithm introduced by Eriksson [6] attempts to address the errors associated
with the Takagi method (as explained in the previous section) by requiring both ends
source impedance or fault level as an input, normally represented as short circuit

level.

Through combining equations (2.8) and (2.9), the following can be obtained:

III,(ZL + Zloc + Zrem) -0
Zrem + (1 - n)ZL (2'11)

VL - nZLIL - Rf
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Rearranging the above (2.11) gives:

M,n? + Min + M, =0 (2.12)
Where,

M, =27,%I,

My = =V, Z, = Z 1y Zyem — Z1 21,

M, = RfIl’,(ZL + Zioc + Zrem)

In the equation, there are two unknown variables, n and R;. By using both the real
and imaginary parts of the equation, the unknown parameters n and R can be solved.
Note that this equation may produce two solutions, only one of which is
representative of the actual fault distance. The other (incorrect) solution lies outside

of the line range so usually be easily identified and discarded.

A number of other impedance based fault location techniques utilise the fact that
SCL2 is known. The extraction of the current phasor from the fault current data may
be distorted by CT saturation. [8] reported a fault location algorithm with limited
requirement to use the current phasor data. Instead, a function relating during-fault
voltage to fault distance and fault resistance is utilised. The fault location can be
determined by knowledge of the level of SCL2. Paper [9] describes a single ended
fault location method that operates by solving the zero sequence impedance network.
The local end current phasors and SCL2 are required as an input in this method. As
previously mentioned, the Takagi method reduces the effect of fault resistance

significantly. However, the angle of fault current distribution factor (y) is not equal
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to 0 in reality. A modified Takagi method introduced in [3] improves fault location
accuracy, as it allows for correction of the fault current distribution factor angle (y)

using the levels of both SCL1 and SCL2.

Attempts to reduce the negative effects of variations in R;. have been made by many
researchers as any positive developments in this respect can improve location
accuracy. Some algorithms, such as those reported in [6], can actually quantify the
value of R;. However, the value of SCL2 is required as input, which cannot normally
be known with any great degree of certainty, as the system configuration beyond the
remote end bus may change. Furthermore, the increase in intermittent renewable

energy sources will also act increase the uncertainty of source impedances.

2.3.2 Two ended impedance based algorithms

Two ended impedance methods generally display better fault location accuracy
performance when compared with single ended methods. Two ended methods
display higher levels of immunity to the detrimental influences of fault resistance,
pre-fault load angle and uncertain remote end short circuit level. However,
communications channels and data from both ends are required as a pre-requisite for

the application of such methods.

The use of either synchronised or unsynchronised data from both ends has been
considered by researchers working in this field. The methods using synchronised
data [10-15] have improved fault location accuracy with the help of GPS time coding

techniques [16, 17]. In the case of loss of the GPS facility or signal, then such

-26 -



Chapter 2 Review of fault location techniques

schemes can normally operate with unsynchronised data; other schemes using
non-synchronised data from both ends have also been developed. The key challenge
for such fault location techniques [15, 18-30] is in solving for the angle difference
between the data measured from both ends.

2.3.2.1 Two ended methods employing synchronised data

In the faulted network, as shown in Figure 2.4, the voltage at the fault point can be

calculated from both sides of the line, as shown below.

From the perspective of the L line end:

From the perspective of the R line end:

Through combining and rearranging the above equations, the fault distance n is can

be calculated as shown below:

Vi, = Ve + 17
== Vet Ir2, (2.15)
Z (I, + Ig)
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Figure 2.4. Fault network used for two ended method

The above figure represents a single phase network. In a three phase network, the
symmetrical sequence components or modal quantities are applied in the calculation
steps [31].

2.3.2.2 Use of unsynchronised data methods

In cases where no accurate common time reference (e.g. from GPS) is available, a
synchronisation operator e/is applied to ensure proper time alignment of the phasors
at opposite sides of the circuit.. The calculation of the angle 6 used by the
synchronisation operator is described later in this section. In cases where
synchronised data is available (e.g. via GPS) and a time reference provided for both
ends, then no synchronisation operator is required. In unsynchronised data methods,
there is no common time reference available, and normally the remote end data is set
as reference (terminal R in Figure 2.4), the local end data can be “synchronised” (i.e.
angle aligned) by multiplying the local end measurement data by the synchronisation
operator. Consequently, the voltage and current at the local end (terminal L in Figure
2.4) is represented as V, e/ and I,e/?. Accordingly, the fault distance is calculated

as shown below:

Vel — Ve + IpZ,

- . 216
T e + 1) (2.16)
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The objective, when using unsynchronised data from each of the ends, is to calculate

or eliminate the synchronisation operator e/°.

a) Calculation of Synchronisation operator

There are several methods to calculate the synchronisation operator. [18, 21, 25, 27]
introduced an algorithm with the use of a pre-fault quantities, as shown in Figure
2.3b. In the pre-fault network, the data from each are represented as shown below:
AtLend: I preel®, Vi, pree®

AtR end: Vg, Ir

The calculated voltage Vi ,-. at R end is represented in (2.17) using data from the

L end.

VIé_pre = VL_preeﬂ9 - IL_preejGZL (2.17)

The calculated voltage Vg .. is equal to the measured voltage at end R.

VR_pre = Vlé_pre (2.18)

Thus, the synchronisation operator is,

VR_pre

elf = (2.19)

VL_pre - IL_preZL

As the synchronisation operator has been determined, the fault location is

consequently obtained by (2.16).
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In addition to methods relying on pre-fault parameters to calculate synchronisation
operator parameters, certain algorithms [21, 25] have introduced a method of
calculating the synchronisation operator using during-fault quantities. The
unsynchronised symmetrical network quantities of both ends are used. A function
linking the fault current I;, as shown in Figure 2.4, with the synchronisation operator
e/® and the fault location n has been established. The most attractive advantage of
this method is that both the parameters of the synchronisation operator and fault

location are estimated simultaneously.

b) Elimination of the synchronisation operator

Equations (2.17)-(2.19) show the calculation of the synchronisation operator.
Algorithms reported in [19, 26, 28, 30] have calculated the fault distance by solving
the synchronisation operator equation, in which the e/¢ term does not require to be

calculated.

After rearrangement of (2.16), the synchronisation operator equation can be

expressed as shown below:

ol —IpZ, +V,
jo _ MR~ RZL T VR 220
¢ V, —nl,Z, (2.20)

le/®| = 1, therefore:

(2.21)

|nIR — IRZy + Vg|*
vV, —nl, Z, B
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The above equation can be stated in the form shown below:

M,n? + Min + M, =0 (2.22)
Where

M, = |ZLIL|2 - |ZLIR|2

My = =2Re[V,(Z,1)" + (Vg — ZLIg)(Z,1R)"]

M, = |VL|2 - |VR - ZLIR|2

The fault distance, n, can be calculated by solving (2.22). There are two solutions for
this. As is the case for equation (2.12) (used in the network impedance method), the
solution that lies within the range of the line length is selected and the other solution

discarded.

2.3.3 Fault location in special situations

There are special cases where the use of fault location is more complicated. For
example double circuit lines, multi-terminal lines, series-compensated lines, etc. For
such types of transmission line, several specific fault location techniques have been

designed and propose.

Double circuit lines are extremely common in networks, particularly in power-dense
situations and applications where high power transfers are required. As the individual
circuits are located in close proximity to each other, they are inductively coupled.
The apparent impedance of each line is influenced by the adjacent line. Due to this

phenomenon, modifications to the basic impedance based fault location method are
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required. Based on the local end data, the fault current distribution factor [32, 33] has
been modified to reflect the changes of the line impedance. Further publications [34,
35] propose a method for accurately calculating the fault current distribution factor.
In the case of limited measurements at the local end (e.g. the healthy parallel line is
switched off and earthed at both ends), [36] has reported a method which only
requires three-phase voltage and faulty phase current. Some algorithms locate fault
position by using data from both circuit ends [37-41]. As with the single ended
methods for double lines, the main task of these algorithms is also focusing on

catering for the effect of mutual inductance between adjacent circuits.

Series compensation schemes, normally affected by switching in variable amounts of
capacitance to circuits (using thyristor switching), is becoming increasingly popular
for power factor correction and optimisation of transmission efficiency and capacity
levels [42]. There have been several algorithms proposed that are concerned with
locating faults on lines employing series compensation. Among them, the typical
method is to apply the equivalent representation of series compensation elements
[43-46]. In order to reduce the effect of compensation device, [43, 46] locate the fault
position by applying this representation. Such techniques use two “‘sub-algorithms”
which cover both scenarios respectively when that fault is in front of or behind the
compensation device. A selection of the correct fault location solution is carried out

based on the computation outputs of each “sub-algorithm”.
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2.4 Travelling wave based fault location methods

Travelling wave based fault location methods are based on interpretation of relative
arrival times and patterns of travelling waves initiated by faults, as measured at the
line end(s), and subsequent reflections from line ends (due to the step change in
impedance encountered by the original travelling wave) that travel back and forth
over the line between the fault location and line ends. The fault locator detects the
fault point by recognising the high frequency travelling wave signals and analysing
its propagation time. In theory, travelling wave based fault location method can
produce extremely accurate results. When compared with impedance based fault
location methods, travelling wave methods are immune to fundamental frequency
phenomena such as power swings and current transformer saturation [47].
Furthermore, it is insensitive to fault types, fault resistance, pre-fault load flow, and
uncertain source parameters (e.g. local and remote end short circuit levels). As with
impedance based methods, travelling wave based methods can be subdivided into

single ended and two/multi ended methods.

2.4.1 Travelling wave theory

When a fault occurs on a line, voltage and current waves will be initiated and will
emanate from the fault location towards the line ends, with subsequent waves being
reflected back from the line ends (due to the encountered impedance change) towards
the fault location. Further reflections continue until the waves fully attenuate (or a
circuit breaker is opened). This phenomenon is depicted in Figure 2.5 [48]. In the
figure, L and R denote the local end and remote end. F and M are the fault point and

middle point of the line respectively. The initial waves arrive at the L and R
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terminals at times T, and T,. As a change of impedance is encountered at the line
terminals, waves are reflected from both ends back towards the fault point. The
relative timing of the second detected wave at the local end depends on the fault
position. Figure 2.5 shows the situation of fault point F is between the M point and
remote end. The second wave arriving at the local end is a reflection from the remote
end and is represented using a dashed line in the figure. In another case when the
fault point F is between the local end and M point, the second detected wave at the
local end will be a reflection from the fault point, which is represented using a solid

line on the diagram.

L M F R
|
|
Yy
I;
37,
I;+2T,
T42T;
3T
5T,
T#47,
3T,+2T;

3T,+27T,

Figure 2.5. Travelling wave propagation in a transmission line in response to a fault
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Along the transmission line, the voltage and current at any point x, as shown in

Figure 2.6, can be expressed as shown in equations (2.23) and (2.24).

ov o

Y _(R+1=)i 2.23
ox ( + Bt)l (2.23)
O (6+c a)

ox ot) (2.24)

Where L and C are the inductance and capacitance of the line per unit length, and R

and G are resistance and admittance per unit length.

i R L
— AM—Y Y Y\ —
"4

I

- G

Figure 2.6. Voltage and current at point X

If a lossless transmission line is considered, then R and G can be assumed to be equal
to 0, which is suitable for description of the travelling wave theory. According to
D’Alembert principle, the voltage and current at time t and at point x can be solved

as shown below:

v(x,t) = ve(x —ct) + v.(x + ct) (2.25)

vp(x — ct) B v-(x + ct)

2.26
Ze Ze (2.26)

i(x,t) =
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In the above equations, Z; is the characteristic impedance of the transmission line,

whichis Z, = \/%; and v is the propagation velocity of wave along the line, which is

1
v= [—

LC
In a three phase transmission line, the propagation waves of each of the three phases
can be converted into three modes using a modal transformation [49-52]. In practical

implementations, the target mode chosen for detection needs to satisfy the

requirements of small attenuation and good stability.

2.4.2 Classification of travelling wave techniques

The first implementations of travelling wave fault location were realised during the
1950s. Basically, the travelling wave based fault location techniques [53-57] can be
classified into five types, which have been denoted as Type A, Type B, Type C, Type

D and Type E by other researchers [1, 2].

When a fault occurs on the line, the local end L may receive the wave initiated from
the fault point and a subsequent wave reflected from the remote end and back along
the line. From Figure 2.5, the first arriving wave at the local end is the initial wave
from the fault point at time T;. Generally, Type A technique is single end mode,
which is based on measuring the time difference between the first arrived wave
which is initiated by the fault, and second arrived wave at local end. It should be
noted that the second arrived wave could be reflected either from the fault point or
from the remote end. The discrimination of waves that have been reflected from the

fault point or from the remote end is obviously critical in this type technique.
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Type B fault location techniques utilise the waves received at both ends. The initial
wave that propagates from the fault point is the sole requirement for the
measurement equipment which is installed at each line end. Such schemes require
communications facilities. The fault location is identified by the times of the arrivals
of the first travelling waves both ends of the circuit and the signal propagation time
through the communication facilities which may be measured in normal system

operating conditions.

Type D fault location technique utilises the waves measured at both ends. As with
Type B, only the initial waves that propagate from the fault point are required at each
end. A Global Position System (GPS) time synchronisation method is used in this
type of fault locator. The distance can be easily calculated by the waves arriving time

difference between both ends.

Unlike Type A, B and D, Type C and Type E analyse travelling waves which are
initiated by the fault sending “to” the line ends. Type C fault location technique relies
on the use of pulse generators, which are used to inject a pulse along the line and
analyse the reflected pulses from the fault point. The distance can be calculated by
measurement of the time gap between sent and subsequently received pulses. Type E
fault location techniques use analysis of auto-reclosing events on the system. The
principle is similar to that adopted by Type C. This technique utilises the transient
generated by reclosing the circuit breaker rather than using an externally-generated

pulse as is the case with Type C.
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Certain factors, such as fault inception angle, the uncertain and complex bus
connections, uncertain transmission line surge impedance, external system
interference, and extremities of fault position (e.g. very close to line ends), may
introduce difficulties to the process of capturing and analysing the travelling
waves/pulses. In recent years, the wavelet transform, which is capable of time and
frequency domain analyses has been widely used to underpin travelling wave based
fault location techniques [58-62]. Based on the wavelet transform, the magnitude of
travelling wave reflected from fault point, remote bus, adjacent bus and unexpected
noise reaches maximum in different scales. Accordingly, the target waves (i.e. initial
wave from fault and reflected wave from fault, local end and remote end) can be

detected and accurately locate the fault.

2.5 Conclusion

This chapter has presented a number of fault location techniques, considering single
ended, two ended method. Both impedance-based techniques and travelling wave
techniques have been reviewed. The features of reviewed fault location techniques

are briefly summarised as in Table 2.2.

Impedance methods based on measurement and analysis of fundamental frequency
phasors are relatively simple and economic to implement and are widely used in
transmission and distribution systems. As only the fundamental frequency phasor is
required, there is no pressing requirement for a very high data sampling rate.
However, such methods are susceptible to variable fault resistance, pre-fault loading

angle and both ends source impedance. Several proposed methods have attempted to
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reduce the impact of such effects, and notable techniques reviewed in this chapter
include the Takagi Method [7], the Modified Takagi method [3] and the network

impedance method [6].

Methods Advantages Disadvantages

May suffer from fault

Single end impedance based Economical and easy to resistance, fault distance and
method implement uncertain remote end short
circuit level

Relatively expensive to
Two ended impedance based

Good accuracy implement; Additional
method
devices may be required
Expensive and difficult to
Traveling wave method Great accuracy implement; additional

devices may be required

Table 2.2. Summary of conventional fault location methods

The Takagi method provides good accuracy by reducing the effects of fault
resistance and pre-fault load flow. A fundamental aspect of the Takagi method is that
it compensates for potential errors through the use of pre-fault and during fault
current. One of the major shortcomings with the method is that inaccuracies may
arise due to the fact that there is an assumption that the angle of current distribution

factor (v ) is equal to 0, when in reality this may not be the case.
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The actual fault position may also impact negatively on the Takagi method. There
are certain positions on the transmission line where the angle of current distribution
factor reaches a minimum, which can be seen as an “equivalent point”. When the
fault position moves away from this point, the angle y increases. As a result, the
estimated fault location error increases. Different values of SCL1 and SCL2 can be
“seen” buy the Takagi method as additions to the line length. The “equivalent point”
varies due to different value of SCL1 and SCL2, which influences the estimated fault
location accuracy. All of these shortcomings are addressed by the methods

researched and developed through the research presented in this dissertation.

Travelling wave methods possess (theoretically) excellent levels of accuracy
compared with impedance based methods. However, this method is expensive to
implement [1]. High data sampling frequency and, in some cases, external signal
generation and synchronising devices are required. Furthermore, there are
implementation challenges associated with these methods, such as waveform
detection, discrimination between initial and reflected waves, identification of faults
very close to line ends and difficulties associated with data synchronisation and time
tagging. This remains an active area of research; it is proposed that the techniques
proposed later in this dissertation may provide accurate performance without the
need for expensive implementations that are typical of travelling wave based

methods.
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Chapter 3. Comparative performance analysis of

Impedance based techniques

3.1 Introduction

Performance analysis of the fault location methods included in this chapter focuses
primarily on the accuracy aspect of the techniques. The factors which mainly
influence the accuracy of impedance based fault location techniques considered here
are:

e Distance to fault

* Remote end short circuit level

e Fault resistance

e Pre-fault load angle
An EMTP/ATP simulation model of a 400kV, 100km transmission line (supplied
from both ends) is applied to assess the performance of fault location techniques. In
the evaluations of those possible negative factors, the transmission line is assumed as
homogeneous system and the errors of the simulated data (in terms of measurement
error, sensor/sampling error) are not included. In order to improve the reality of the

simulation model, the effect of shunt capacitance has been incorporated.
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In this chapter, the comparative evaluation and performance analysis of typical
impedance fault location techniques introduced in chapter 2 will be carried out. The
accuracy of each method is denoted by fault location error in this chapter which is

defined as:

) (estimated distance — actual distance)
fault location Error = , x 100% (3.1)
line length

Some published papers have shown the performance of these existing techniques.
Paper [1] shows the implementation of simple reactance method and Takagi method.
The example represents a single phase to earth fault at middle point of the line (50%
of total line length). The fault resistance is set to 8Q and the pre-fault loading angle
is set to 15°% The fault location estimation errors of simple reactance method and
Takagi method as presented in [1] are 1.38% and 0% respectively. Based on the
same fault conditions, in the implementations of simple reactance and Takagi
methods presented in this chapter, the fault location estimation errors are found to be
1.21% and 0.1% respectively. The accuracies of the implementations in this chapter
and paper [1] are, therefore, sufficiently similar. The existing differences may result
from the unknown system conditions such as transmission line length, line voltage
level and the fundamental frequency phasor extraction accuracy (all of which are not

specified in [1] and are likely to be different from those assumed in this thesis).

Paper [2] introduces the network impedance method and shows the result of one

example based on 130kV, 76km transmission line. A single phase to earth fault has

been detected and located in 67.6km from local end (89% of the line length), while
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the actual fault position was set in 67km (88.1% of the line length). The estimated
fault location error is 0.9%. In the implementation of the network impedance method
in this chapter, the error is 0.7% based on the same fault type and similar
transmission line. The estimated errors of both implementations, the one used in this
chapter and the one in [2], are therefore, very similar. However, because the system
conditions may be different, such as transmission line parameters, local side short
circuit level and the fundamental frequency phasor extraction accuracy (all of which
are not specified in [2]), a small difference in fault location accuracy between the two

implementations exists.

Paper [3] gives an example of two ended method which is based on 345kV, 257km
transmission line. A single phase to earth fault was detected and located at 145.92km
from local end (56.77% of line length), while the actual fault position was 145.12km
(56.46% of line length). The estimated fault location error is 0.31%. In the
implementation of the two ended method in this chapter, the error is 0.14% when
actual fault position is 56.5% based on the same fault type and similar transmission
line. The estimated errors of both implementations (in this chapter and in [3]) are,
therefore, similar. Again, due to uncertainty of some system parameters and
operation conditions (which are not specified in [3]) the difference in estimated fault

location error between the two implementations exists.

Following the above verification of software implementations of the known

impedance fault location methods (developed as part of this thesis), it is further

assumed that these implementations are sufficiently accurate and can be used in
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comparative analysis presented in this chapter.

3.2 Transmission line model

A 400kV, 100km transmission line model (refer to Figure 3.1) is used to evaluate the
performances of selected algorithms. Short circuit level SCL1 is set to 5GVA. The
zero sequence line impedance Z,(,=(0.10+j0.76)Q2/km and the positive sequence line
impedance Z;1=(0.02+j0.25)Q/km. The zero sequence shunt capacitance
Y 0=(0+j2.5¢®)Q/km and positive sequence shunt capacitance Y.;=(0+j4.7e®)Q/km.
The simulated waveforms are re-sampled with a frequency of 2000 Hz to represent
typical sampling rate of existing numerical relays. The range of fault distances

considered in the simulation is from 0% to 100%.

Voltage and current

measurement
u CB1 >‘ T FAULT cB2 u
H2) e e i e e I e Bl s :

Figure 3.1. EMTP transmission line model

As the impedance based fault location techniques are to be evaluated, the

fundamental frequency phasors of phase voltages and currents are required. The
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weighted Least Square Method [4] is applied to extract the phasors. The details of

this extraction algorithm are introduced in Appendix A2.

3.3 Comparison of selected fault location algorithms

Chapter 2 introduced a number of impedance based fault location techniques that
have been developed and demonstrated by other researchers, including:

e Simple reactance method

*  Takagi method

* Network impedance method

e Two ended method (using synchronised data)
In the following sections, the performance comparison of these methods will be

presented.

3.3.1 Effects of fault resistance

Recalling the fault loop equation from earlier (2.17), the simple reactance method
aims to reduce the effect of Rsls by only using the imaginary elelment of the equation

[3, 5]. According to equations (2.20 — 2.22), the fault current I; can be represented as:

[ (32)
[CnleT”
Al = I — Lpye (3.3)
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The influencing element in the simple reactance method is the imaginary component

AIsRf
|Cm|er'

Consequently, fault resistance influences the estimation error associated
with the simple reactance method, especially at high values of fault resistance. The
Takagi method [6] reduces the effect of fault resistance by applying the complex
conjugate value of Al. In theory, the network impedance method [2] is immune to
changing values of R;; however the value of SCL2 is required as a known input
parameter to such techniques, and this is difficult to obtain in practice. The distance
to fault is obtained by solving the network impedance equation. The fault resistance
can be estimated, along with the fault position, by solving the equation. Two ended

methods [5, 7], on the other hand, are not affected by fault resistance. The effect of Ry

in this case can be fully eliminated.

In order to evaluate the effect of fault resistance in the above techniques, a model of
a transmission line has been simulated in EMTP/ATP with SCL2 set to 30GVA
respectively and the load angle fixed at a value of 10°. The evaluations of various
levels of SCL2 and pre-fault loading angle, will be carried out in the following

sections.
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R= 0.1Q R=5Q Ri= 10Q2 Ri= 25Q

Simple Reactance method 0.19% 13.2% 24.44% 49.01%
Takagi method 0.30% 2.10% 4.10% 8.40%
Network Impedance method 0.33% 0.38% 0.44% 0.76%
Two ended method 0.06% 0.06% 0.06% 0.07%

Table 3.1 Comparison of maximum estimation error in fault resistance evaluation

Figure 3.2 to Figure 3.5 shows the performances of selected fault location algorithms
for various values of fault resistance. In the scenario where Ri= 0.1€Q, all methods are
very accurate. The maximum error across all techniques is lower than 0.33%. The
error of the simple reactance method increases significantly with increasing fault
resistance. In the scenario with Ri= 25€, the error reaches 49.01%. As expected, the
Takagi method improves the accuracy by reducing the effect of fault resistance but
the error remains still significant. In the scenario with Ri= 25Q, the maximum error

reaches 8.4%.

The results confirm that the network impedance method is not influenced by fault
resistance. From Table 3.1, the network impedance method has similar accuracy to
the Takagi method for R{=0.1Q. However, for higher resistances, the network
impedance method has a clear advantage over the Takagi method as very good

accuracy is maintained for all resistance values included in the test.
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Likewise, the two ended method obtains excellent accuracy under all scenarios
regardless of fault resistance. The maximum error is lower than 0.07% in all

scenarios and is relatively better than all single ended methods.

3.3.2 Effect of remote end short circuit level

Theoretically, both the simple reactance method and the Takagi method are
influenced by changes in both end short circuit level. The local end short circuit level
can be calculated/measured by using local end data [8, 9]. In this section, the local
end short circuit level is set as known; the effect of remote end short circuit level will
be evaluated. Recalling equation (2.22), the value remote source impedance
(represented by SCL2) directly affects the current distribution factor C,. As both the
simple reactance method and the Takagi method utilise Cy,, both methods will be

influenced by changes in SCL2.

The network impedance method calculates the distance to fault by utilising the value
of SCL2. Therefore, it does not suffer from the effects mentioned above. The two
ended method solves the fault position by calculating voltage and current at the fault
position using measurements from both ends. In this case, SCL2 does not influence
the calculation. In order to comparatively evaluate the performance of selected fault
location algorithms, the fault resistance and load angle are maintained at constant
values, set to 5Q and 10° respectively in the transmission line simulations carried

out.
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Figure 3.6. Effect of remote end short circuit level when SCL2=5GVA
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Figure 3.7. Effect of remote end short circuit level when SCL2=10GVA
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Figure 3.8. Effect of remote end short circuit level when SCL2=15GVA
SCL2=5GVA | SCL2=10GVA | SCL2=15GVA
Simple Reactance method 1.92% 4.53% 6.61%
Takagi method 0.50% 1.60% 2.20%
Network Impedance method 0.48% 0.45% 0.58%
Two ended method 0.13% 0.14% 0.11%

Table 3.2. Maximum estimation error under different remote end short circuit level

levels

Figure 3.6 to Figure 3.8 and Table 3.2 demonstrate the comparative performance of
the different fault location algorithms. There are certain positions on the transmission
line where the fault location error reaches minimum as the angle of current

distribution factor reaches a minimum, which can be seen as an “equivalent point”.
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From the figure, the “equivalent point” of both simple reactance method and Takagi
method moves as the value of SCL2 changes and maximum error occurs at furthest
away point (99%) on the line. The maximum errors of both the simple reactance
method and the Takagi method increase with SCL2. Results also prove that the
estimation error of both the Network Impedance method and two ended method do

not change as SCL2.

3.3.3 Effect of pre-fault loading angle

AIsRy
|Cm|ejy.

Recall the accuracy influencing element of the simple reactance method,
Except R and Cy,, the fault location accuracy is affected by the incremental current
Alg. Al is determined by the current during the fault and pre-fault current (3.3), and
the pre-fault current depends on the pre-fault load angle. Thus, the accuracy of
simple reactance method can be affected by the pre-fault load angle. Both the
network impedance method and the two ended method obtain fault location by

solving a set of equations. The pre-fault load angle does not have an impact on such

equations.
In order to evaluate the effect of loading angle, both the remote end short circuit

level and the fault resistance are kept constant and set to 30GVA and 5Q

respectively.
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Figure 3.10. Effect of load angle with loading angle=3°
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Figure 3.11. Effect of load angle with loading angle=5°
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Figure 3.12. Effect of load angle with loading angle=10°
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Load angle 1 3 5 10
Simple Reactance method 3.86% 6.81% 9.58% 15.80%
Takagi method 2.40% 2.40% 2.39% 2.20%
Network Impedance method 0.41% 0.40% 0.40% 0.40%
Two ended method 0.10% 0.10% 0.09% 0.09%

Table 3.3. Maximum estimation error under different pre-fault loading conditions

Figure 3.9 to Figure 3.12 and Table 3.3 illustrate the performance of the alternative
fault location algorithms under various load angle scenarios. It can be clearly seen
that the accuracy of the simple reactance method suffers under increased pre-fault
load angle. The maximum error reaches 15.8% when the load angle is 10 degrees.
The other three techniques are immune to this factor, with the error levels remaining

unchanged.

3.4 Conclusion

In this chapter, evaluation and comparative analysis of the Takagi method with three
other phasor based methods, namely the simple reactance method, the network

impedance method and the two ended method, have been presented.

The simple reactance method reduces the effect of fault resistance by using the

imaginary part of calculated line impedance. Compared with the Takagi method, the

simple reactance method has lower accuracy and it suffers from the effects of
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varying remote end short circuit level and pre-fault load angle. The maximum error
reaches 49.01% in the case where R=25Q and n=99%. The simple reactance method

is relatively simple to implement as only the during fault data is required.

Results illustrate that Takagi method has a comparatively good and consistent level
of accuracy as it reduces the effect of fault resistance and pre-fault load angle
compared with the simple reactance method. However, the fault location error
increases with fault resistance. The maximum error reaches 8.4% when Ry increases
to 25Q. Both local and remote end short circuit level affects the fault current
distribution factor Cy, the angle of which directly affects the fault location accuracy.
The implementation cost of both Takagi method and simple reactance method is
relatively low, as modern numerical protection relays used for distance protection

already possess functionality to perform impedance calculation.

The network impedance improves the fault location accuracy significantly compared
to the Takagi method by taking into account the known value of SCL2. The
maximum error is only 0.76% for all evaluations. However, the value of SCL2 is
often uncertain and may vary with the changes in system configuration. It is also
more expensive to implement compared to Takagi method and simple reactance
method. A communication channel is required in cases where the instantaneous value

of the remote end short circuit level is needed.

The two ended method provides the most accurate fault location which is less than

0.13% for all evaluations. It does not suffer from the effects of fault resistance, fault
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distance, uncertain remote end short circuit level or pre-fault load angle. However, it
IS most expensive and may be difficult to implement, as communication and GPS

technology may be required.

After comparative analysis of several typical impedance fault location methods, The
Takagi method improves upon the accuracy of fault location of the simple reactance
method, but with the similar requirements. Only local data is required, the numerical
and computational complexity is moderate and it is relatively easy to implement on a
modern numerical protection relay. Thus it is one of the most widely used fault
location techniques in modern transmission/distribution system. Evaluation results
prove that both the network impedance method and the two ended method can
provide better accuracy than the Takagi method, especially in the cases of high fault
resistance. However, for the network impedance method, the value of SCL2 is
required, which is not highly certain in power system. The two ended method is
relatively expensive to implement as it requires extra devices such as communication

channel and GPS facilities.

Due to these reasons, the novel impedance based fault location methods using local
end data are developed and demonstrated as part of this PhD project. The target of
these methods is to improve upon the existing impedance based single ended
techniques in terms of accuracy, while maintaining low implementation cost and

complexity (characteristic of impedance based techniques).

- 66 -



Chapter 3 Comparative performance analysis of impedance based techniques

3.5 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

E. O.Schweitzer, "A Review of Impedance-Based Fault LocatingExperience,"”
presented at the Proceedings of the 15th Annual Western Protective Relay
Conference, Spokane WA, 1988.

L. Eriksson, et al., "An Accurate Fault Locator With Compensation For
Apparent Reactance In The Fault Resistance Resulting From Remore-End
Infeed,” Power Apparatus and Systems, IEEE Transactions on, vol. PAS-104,
pp. 423-436, 1985.

K. Zimmerman and D. Costello, "Impedance-Based Fault Location
Experience,” in Rural Electric Power Conference, 2006 IEEE, 2006, pp.
1-16.

E. Rosotowski, et al., "Adaptive measuring algorithm suppressing a decaying
DC component for digital protective relays,” Electric Power Systems
Research, vol. 60, pp. 99-105, 2001.

M. M. Saha and E.Rosolowski, Fault Locaiton On Power Network.
Wrocloaw: Springer, 2011.

T. Takagi, et al., "Development of a New Type Fault Locator Using the
One-Terminal Voltage and Current Data,” Power Apparatus and Systems,
IEEE Transactions on, vol. PAS-101, pp. 2892-2898, 1982.

G. Yaozhong, New techniques for protective relaying and fault location.
Xi'an China: Xi'an Jiaotong University Publisher, 2007.

M. Sumner, et al., "Impedance measurement for improved power quality-Part

1: the measurement technique,” Power Delivery, IEEE Transactions on, vol.

-67 -



Chapter 3 Comparative performance analysis of impedance based techniques

19, pp. 1442-1448, 2004.
[9] K. Young-Jin, et al., "A fault location algorithm using estimated local source
impedance,” in Power Systems Conference and Exposition, 2009. PSCE '09.

|EEE/PES, 2009, pp. 1-5.

-68 -



Chapter 4 Fault location through analysis of data from inter-pole during circuit breaker

operation

Chapter 4.Fault location through analysis of data
from inter-pole states during circuit breaker

operation

4.1 Introduction

As mentioned in Chapter 2, single ended impedance based fault location methods are
relatively straightforward to implement in the field. A novel fault location method on
this type is introduced in this chapter. While the implementation advantages of
single-ended impedance based method are preserved by only requiring local end data,
the accuracy has been greatly improved and the effects of the negative factors, in

terms of Ry and SCL2, are significantly reduced.

To achieve improvements over existing techniques, the proposed technique utilises
voltage and current data recorded during the various stages of circuit breaker
operation until the final clearance of the fault is achieved. The fault clearing process
of circuit breaker is separated into a number of individual states, termed interpole

states [1, 2]. Recorded data is divided into appropriate intervals and analysed to

-69 -



Chapter 4 Fault location through analysis of data from inter-pole during circuit breaker

operation

obtain individual current and voltage phasors during each state.

A fault location estimation system, based on modelling of these interpole states has
been developed and showed improved accuracy. In the following sections of this
chapter, a detailed description of the method based on circuit breaker interpole states
is included, followed by the case study and systematic evaluation of the method’s
performance. Some challenges related to the implementation of the methods are also

discussed.

4.2 Interpole states

4.2.1 Definitions

There are three possible circuit breaker opening sequences in transmission lines
supplied from two ends: (a) local circuit breaker opens before remote end, (b) remote
end circuit breaker opens before local end and, (c) two sides open simultaneously.
The number of possible states depends on the opening sequence. For example, in
sequence (a) 4 different states could arise, while in sequence (c) 7 different states are
possible. All states can be modelled by using a superposition method, as described
later in section 4.2.2. In this chapter, sequence (a) will be considered only. Other

opening sequences result in analogous calculations.

During the opening operation of a three-phase circuit breaker, the individual phase

currents are not interrupted simultaneously, as the current zero crossings of the
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consecutive phases is displaced by 120°[1, 2]. Figure 4.1 presents this effect in an
ideal system. In this case, the circuit breaker is set to initiate the opening operation at

100ms. The time interval between current zero crossings is 3.33ms in a 50Hz system.

Circuit breaker operate$ at 100ms

Current (4A)

1600 - ——
~ ~

1000

500

1*J

State 2 State 3 State 4

v/

T T T T
94 96 98 102 104 106 108 t[ms]

10
00044 - X0008A 5:X0004B - X0008B 6:X0004C - X0008C

-500—

-1000—

-1600—

Figure 4.1.Circuit breaker operation (ideal theoretical case)

In reality, several factors, such as fault resistance, fault type and circuit breaker pole
contact opening times, may impact on the duration of the interpole states. Figure 4.2
shows three phase current wave during the circuit breaker operation taken from
EMTP/ATP simulation. A single phase to earth fault is simulated. The duration of

state 2 and state 3 are 4.1ms and 1.1ms respectively.
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Figure 4.2 Circuit breaker operation (EMTP/ATP simulation)

According to the status of the individual circuit breaker poles, there are effectively
four individual system states during the opening process, namely:

— state 1: All poles are closed (no contacts have separated);

— state 2: One pole is open, two poles are closed;

- state 3: Two poles are open, one pole is closed;

— state 4: All poles are open.

4.2.2 Modelling of interpole states

For the modelling of interpole states the superposition method has been applied. As
the lumped R-L line model does not consider the effect of shunt capacitance, the
accuracy of this model is not as high as distributed line model. However, for
representing short length transmission lines, the effect of shunt capacitance can be
easily neglected and such transmission lines can be modelled by lumped R-L models

without significant loss of accuracy. In this thesis, two line models (lumped and
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distributed) are used to represent 400kV, 100km transmission line interpole states. In
fault location technique based on circuit breaker operation analysis (presented in this
chapter), a lumped R-L type model has been considered, while in fault location
technique based on auto reclose operation (presented in Chapter 5), a distributed line

type model is considered.

The tripping sequence of three phases depends on pre-fault load flow, fault inception
time, fault type and fault resistance. Considering the phase status, there are three
possible contact opening sequences: F-H-H, H-F-H and H-H-F, where F and H

denote faulty and healthy phase respectively.

Pre-fault data is required to facilitate the use of superposition. In this section, the
F-H-H sequence is investigated. The details of H-F-H and H-H-F sequence

calculations are introduced in Appendix B.

4.2.2.1 Modelling resistive fault on power lines using phase
coordinates

In three phase power lines, the general short circuit fault resistance model R, as

shown in Figure 4.3, can be represented using a 3 X 3 matrix [3-6] using phase

coordinates.
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v

Figure 4.3.Fault resistance model

The three phase current through the fault resistance Iy, is presented in (4.1).

1
I = R71E; = R—K * Eg (4.1)
f

In equation (4.1), Ry is the fault resistance; Es is the phase-earth voltage at the fault

point. Kis 3 x 3 fault matrix, which elements are depending on fault types

Rha th Rhc
K=|Kpa Kpp Kpc (4.2)
Kfa be R;c

The calculation of the fault matrix K can be divided into two steps:

1. Denote the phase(s) which is(are) involved in the fault

-1 if the phase is involved

Kij = { 0 ifthe phase is not inviloved " = b, ¢
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Note that i,j represent phases.

2. Replace the diagonal elements by the value calculated in the equation

c
Kii = |KU| i = a, b,C (43)
J

-
]

a

Table 4.1 shows the values of K of all fault types [5].

In the modelling of interpole states, the resistive fault model will be used.
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Fault types K
1 0 O
a-e 0 0 O
0 0 O
0 0 O
b-e 0 1 0
0 0 O
0 0 O
c-e 0 0 O
0 0 1
1 -1 0]
a-b -1 1 0
0 0 Ol
0 O 0
b-c 0 1 -1
0o -1 1
1 0 -1
c-a 0O 0 O
-1 0 1
2 =1 0]
a-b-e -1 2 0
0 0 Ol
0 O 0
b-c-e 0o 2 -1
0O -1 2
2 0 -1
c-a-e 0O 0 O
-1 0 2
2 -1 -1
a-b-c -1 2 -1
-1 -1 2

Table 4.1. Fault matrix for different fault types
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4222 Statel
In state 1, all three poles of the circuit breaker are closed. According to the
superposition method, the state 1 network can be seen as the sum of the pre-fault

network and the state 1 superimposed network, which is shown in Figure 4.4.

In the superimposed network (Figure 4.4b), the value of E¢is equal to the voltage at

the fault location in the pre-fault network (Figure 4.4a), which can be expressed as:

Ef = VL - TlZLlR (44)

Note that n denotes the fault location as a fraction of the line length.

Table 2.1 shows the statistical occurrence of different categories of short circuit
faults [7]. From the table, it is clear that single phase to earth fault represents the vast
majority of faults that are encountered on overhead systems. Therefore, in this
section, the single phase to earth fault is incorporated. All fault types can be dealt
with by changing the element of K, as shown in Table 4.1. Equation (4.5) represents
the fault impedance matrix, where Ryis the fault/earth loop resistance. For a single

phase to ground fault, K is represented by the matrix (4.6).

1

I = =~ K(—Ef — Vp) (4.5)
f
1 0 0

K=[0 0 0 (4.6)
0 0 O
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Figure 4.4. Superposition method in state 1
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In the superimposed network (Figure 4.4b), the Thevenin equivalent impedance Z;
from the fault point F towards two ends (the total impedance of the parallel

connection from F to L side and F to R side), can be calculated as:

_ (Zloc + nZL)(Zrem + (1 - n)ZL)

7 4.7)
¢ Zloc + Zrem + ZL
The fault current It in the superimposed network can also be obtained as:
I = o (4.8)
f - Zt "
Combining equations (4.5) and (4.8) gives:
_t KE;
Ry
Vi =1—75— (4.9)
—+—K
Zt Rf

Consequently, the fault current Iz can be inherently obtained by (4.8). The
sending-end current Iy, in the superimposed network can be calculated using the

principle of a current divider as:

Ziem +(1—n)Z
Iy = 1 x crem * A= W0 (4.10)
Zloc + Zrem +Z,
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Then the sending-end voltage Vj,is:

VIIL = Ef — lef - llanZL (411)

According to the superposition theory, the local voltage Vy; and current Iy, in

state 1 are:
VlL - VL + VZ{L (412)
IIL = IL + IllL (413)

4.2.2.3 State?2
In state 2, one pole of the circuit breaker is open. According to superposition theory,
the state 2 network can be represented as the sum of the state 1 network (refer to

Figure 4.4c) and the state 2 superimposed network, which is depicted in Figure 4.5a.

- N
id N
>((1-n)Z, Z.m
I} ~ \
2L - \
o .
Zloc 5| ng,
’ ’
| ZLV 2L > N
. N
e Zf N
| > N
f \

a). State 2 superimposed network
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- ®
rem :8

N AN
N

;ST

b). State 2 combined network

Figure 4.5. Superposition method in state 2

In the superimposed network (Figure 4.5a), the open phase is represented as a
controlled current sourcel;; ,, which has the same amplitude as the fault current in

state 1 but the opposite direction. Note that 1,;, denotes the phase A current in state

1.
IéLa =—li1q (4-14)
1
Y =—K
f Rf (4.15)

The Thevenin equivalent impedance Z, on the right hand side of the circuit breaker
can be calculated using simple principles of series and parallel connection of

impedances as shown below:

1

1 +niy (4.16)
Zrem+(1-1)Z,

-81-



Chapter 4 Fault location through analysis of data from inter-pole during circuit breaker

operation

The phase B and C superimposed voltages at the local end (V5,;,V;..) can be

calculated as follows:

V2,Lb = ZthlzléLa + ZthzzléLb + Zth13IéLC
VZILC = Zth13IéLa + Zth23IéLb + Zth3gléLC
Varb = Zsmlzra + Zsslory + ZsmIarc

VZILc = ZsmIéLa + ZsmIéLb + ZssIéLc

(4.17)
(4.18)
(4.19)

(4.20)

Note that Zthi]. are the element of Zy,; Zsn and Zg are the mutual and self-

impedances of Zj,.. After combining equations (4.17) to (4.20), the remaining

parameters in the superimposed network can be calculated as:

IéLb] _ _I, % Zsm + Zthlz] % [ZSS + Zthzz
IéLc 2La Zsm + Zth13 Zsm + Zt23
Lia
Iy, = Ly
IéLc

VZIL = ZthIéL

The pre-fault component of state 2 is effectively state 1. Thus, V,_and I,_are:

VoL = Vi, + Vyy,

Ly =1 + 13
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4224 State3

The calculations in state 3 are analogous to those in state 2. In this case two poles are
open (refer to Figure 4.6). In the superimposed network, phase A pole remains open
as in state 2 (current equals to 0) and since the pole of phase B has been tripped in
this state, it is represented by a controlled current source. Note that I,;; denotes the

phase B current of state 2.

I3,a=0 (4.26)

Iy, = =l (4.27)

The phase C superimposed voltage at the local end can be represented as:

V?:LC = ZthlgléLa + Zth23IéLb + Zth33IéLC (428)

V?:Lc = ZsmléLa + ZsmléLb + ZssIéLc (4.29)

The phase C superimposed current is:

—Lyy(Zo, + Z
I?,)LC — 3Lb( sm th23) (430)
ZSS + Zth33

Consequently, the local end currents of state 3 superimposed network are as follows:

IéLa
léL = IéLb (4.31)

!
13Lc
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VSI’L = ZthléL

(4.32)

According to superposition theory, the voltage V3 and current I3 in state 3 can be

calculated as:

V3, = Vpr + V3,

Iy, = Iy + 13

(4.33)

(4.34)

Zrem

—>
>l(1-n)z,
‘Vj"" ) >
{ Vf
ZIc:-: —@— nZ,
'3 V'3, N
> Zf

I

7T LS L7

a) State 3 superimposed network
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V;, |

%z

Vi

|

(1-n)Z,

N A

Yy

b) State 3 combined network

Figure 4.6. Superposition method in state 3

4.2.2.5 State 4

rem

L R
8

In state 4, all circuit breaker poles are open (as shown in Figure 4.7). In the

superimposed network, the current of phase C is represented by a controlled source.

The other two phases are already open. Consequently, the superimposed current and

voltage are calculated from (4.35) - (4.39).

L’LLa =0
iy =0
L’LLC = —I3¢

Laq
L’}L = H}Lb
L’}Lc

Vi, = Znlyy,
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b). State 4 combined network

Figure 4.7. Superposition method in state 4

Thus, the voltage V4. and current Iy in state 4 can be obtained as below:

Vy = V31, + Vg,

Iy, = I3, + 14
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Source impedances Z,c and Z.em can be represented by SCL1 and SCL2. Z, and
SCL1 are assumed to be known in this method. Accordingly, the local voltages and
currents during states 1, 2, 3 and 4 can be calculated if the remaining three
parameters n, Ry and SCL2 are established. Equation (4.5) represents the fault
impedance and fault type which is expressed by fault resistance R and the fault
matrix K. This enables the algorithm to deal with all fault types by changing the

relevant elements in K.

4.3  Fault location algorithm

4.3.1 Basic principles

The basic concept of the fault location algorithm, which is illustrated in Figure 4.8, is
to compare the calculated voltages and currents during the consecutive interpole
states with simulated data, and to record the possible fault locations, fault resistances
and remote end short circuit level. The number of possible solutions reduces as the
analysis of interpole states progresses from states 1 through to 4. The fault location
estimation system contains three sections:

— transmission line modelling;

- comparison;

- recording of candidate solution(s).
The transmission line modelling stage is based on the local voltage and current
calculation using the impedance based algorithm as described in section 4.2.2. The

transmission line modelling is used to iteratively calculate the voltage and current
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data associated with the range of potential n, Rf and SCL2. The comparison section
matches the voltage and current data calculated by the transmission line modelling
with simulated data. If the matching process is successful, the recording section
stores the corresponding values of n, Rf and SCL2. The three sections repeat until the
assumed range of values for all three parameters is completed. After this iteration
(for one of the interpole states), the new ranges for the three parameters are formed
and the algorithm proceeds to the next interpole state. As progress through each of
the interpole states is made, the possible range of values for each of the unknown
parameters reduces and the final accurate solution is obtained including fault location,

fault resistance and remote end short circuit level.

It should also be noted that in the comparison process, a certain tolerance has to be

assumed which determines the range of possible solutions in subsequent stages. This

will be discussed in more depth in the following sections.
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Figure 4.8. Fault location algorithm

4.3.2 Range pre-estimation

The main principle of the proposed fault location method is to compare the simulated

data with the results of voltage and current phasor model-based computations, and to

obtain the most likely combination of R¢, n and SCL2. Before state 1, the analysis of

simulated data is used to initially limit the ranges of each variable using a

conventional impedance-based fault location method (e.g. Takagi method can be

used).
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The range of SCL2 in this study is assumed to be between 5GVA and 30GVA, which
Is assumed to be representative of most transmission system fault levels, but could be
extended if required. The parameter n (fault location) pre-estimation range is

calculated using the Takagi fault location algorithm [8] as shown in (4.42).

Im(Vslsup)

| = ———— 277 4.42
= Gz (4.42)

Where, V, and I, are the faulty voltage and current. Z; is the line impedance, and
I, is the superimposed current, which is equal to fault current minus pre-fault

current (Isyp = Irquir — Ipre—fauir)- Lsup 1S CONjugate of I,

N
[¢)]
T

N
o
T

Rf = 100Q
Rf = 250 H

=
o
T

Estiated fault location error (%)
&

o

o 10 20 30 40 50 60 70 80 90 _ 100
Actual fault position (%)

Figure 4.9. Accuracy of Takagi method for different values of fault location and

resistance (SCL2 30GVA)

Figure 4.9 shows the accuracy of the Takagi method for various scenarios. In

Chapter 3, the performance of Takagi method has been evaluated. The SCL1 is set as
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5GVA. Consequently, SCL2 is set as 30GVA, which is the maximum value in SCL2
range. It is found that in the majority of cases the accuracy is very high but the error
can be significant for high resistive faults (e.g. 25.2% when R#=100Q).
Consequently, the initial fault location pre-estimation range is set to [fl—
25.2%, fl + 25.2%]. Note that in cases where fl — 25.2% < 0%, the range is set to
[0%, fl + 25.2%], while in the case of fl+ 25.2% > 100%, the range is set to

[f1 — 25.2%, 100%).

To establish the initial range for R, the assumed minimum and maximum values for
n and SCL2 are used in conjunction with equations describing state 1 from (4.4) to
(4.13) and measured values of voltage and current. For all four possible
combinations of n and SCL2 (i.e. n_min, SCL2_min; n_min, SCL2_max; n_max,
SCL2_min; n_max, SCL2 max) four different Ry values are calculated and the
minimum and maximum values of the four are used to form the boundaries of the

initial R¢ range.

4.3.3 Comparison

The fault location, fault resistance and remote end short circuit level are obtained
once there is a match between the simulated data and calculated data. However, the
calculated data based on the same settings of fault location, fault resistance and
remote end short circuit level as the simulation model may not match the simulated
data exactly due to the unexpected errors in simulated data (in terms of fundamental

frequency phasor extraction, sensor/sampling error, etc.). Therefore, the comparison
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tolerance (¢) is introduced. Both calculated data and simulated data are represented
in the form of phasor which contains magnitude and angle. In the comparison, the
angles and magnitude of both voltage and current are applied as to increase the

certainty of the comparisons.

The criteria for the comparison of the simulated data and the output of the fault

location estimation system are expressed by (4.43) and (4.44):

Ly mag(1 — &) <t mag < I mag(1+ &) (4.43)
Im_ang(1 —&) < Ic_ang < Im_ang(1 + &) (4.44)
Where

I mag: Magnitude of measured current.

Ly ang: Angle of measured current.

I¢ mag: Magnitude of calculated current.

Ic ang: Angle of calculated current.

E: Assumed comparison tolerance

Note that the voltage comparison takes the same principle as current.

In order to prove the concept of the proposed fault location technique, the simulated
data has been obtained using steady state transmission line model calculations. For
each result obtained from the fault location estimation system which matches the
simulated data (taking into account the assumed tolerance ¢), the three values n,

SCL2 and Ry are recorded as a potential correct solution (candidate). In reality the
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measured phasors used in this method are obtained from the voltage and current time

sampled values.

It is possible that more than one combination of R;, SCL2 and n could result in the
same voltage values as the correct combination group in individual states.
Fortunately, voltage and current calculations in each state are based on independent
sets of equations, which mean that only a small set of candidates in the vicinity of the

correct solution will proceed to the final state.

The comparison tolerance & determines the amount of possible combinations of Ry,
SCL2 and n in each state. Higher value of comparison tolerance results in higher
number of possible combination groups. Table 4.2 shows an example of the number
of possible combination groups resulting from different comparison tolerances. In the
example, a single phase to earth fault is assumed to have occurred in 400kV, 100km

transmission line. The fault is located at midpoint of the line (50% of the total line

length).
Comparison tolerance
Number of possible groups

1% 0.5% 0.3% 0.1%
State 1 8598 3079 715 190
State 2 1219 224 78 30
State 3 896 199 50 5
State 4 398 102 20 -

Table 4.2. Effect of comparison tolerance
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It can be seen that higher value of comparison tolerance brings more possible
combination groups at each state. Because the most probable combination groups
should be identified only, the comparison tolerance should be relatively small.
However, if the tolerance is too small, the match may fail. In the example shown in
Table 4.2, the match of state 4 fails when tolerance is set as 0.1%. Therefore, in order
to establish the optimal value, the tolerance is iteratively increased from an initially
small value until the number of possible combination groups of each state is
sufficient. Through large amount of simulation based tests, it was established that the
method is most effective when the number of possible combinations in each of the
four states are 200, 40, 20 and 10 respectively. This is achieved when the initial

comparison tolerance set to 0.1%.

The number of possible combination groups of R;, SCL2 and n reduces as the fault
location algorithm progresses through the various stages of operation. However,
there may be still more than one candidate group in the final state (state 4) because of
the non-zero value of comparison tolerance. In order to achieve the final most
accurate value for fault location, an averaging method is incorporated to assist in the
final fault location estimation. By listing the final range of fault locations, it is found
that all individual estimates within the final range are concentrated around the actual
fault location value; this has been verified through exhaustive testing. An example in

the case study section will illustrate this comprehensively.
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4.3.4 Summary of operation of the fault location system

The proposed fault location method can be summarised as follows:

1.

Obtain state 1 simulated data from the record of the real event or CT/VT
outputs in real time (fundamental frequency phasors from steady state
transmission line model are used for development and testing as reported in
this chapter).

Pre-estimate R, SCL2 and n ranges using state 1 simulated data and the existing
modified Takagi method.

Calculate the network voltages and currents in state 1 by using n, SCL2 and Rs
in pre-estimated range.

Compare calculated voltages and currents with simulated data and record the
values of n, SCL2 and R; for results falling within the assumed comparison
error ¢ interms of 3-phase voltages and currents.

Iteratively repeat steps 2 and 3 until the whole pre-estimated range of n, SCL2
and Ry is used.

Update ranges for n, SCL2 and R based on all possible candidates recorded in
stage 1.

Subsequently obtain simulated data for states 2, then 3 and 4, repeating steps
2-5 each time in an analogous way until the final set of candidate combinations
of n, SCL2 and Ryis obtained.

Obtain the final results by averaging all possible combinations of n, SCL and Rs

resulting from state 4
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Note:
1. It is assumed that the local source impedance is known. In practice, this
could be calculated from the state 1 superimposed network.
2. The ranges of unknown parameters in step 4 are:
- n:0-100% of line length in steps of 0.1%
- SCL2: 5-35 GVA in steps of 0.5 GVA (for 400kV application)

- R : 0-100Q2 in steps of 0.1Q2

4.4 Case study and performance comparisons

In order to assess the accuracy of the method, a steady state model of a 100km,
400KV double supplied transmission line with a single phase to ground fault has been
simulated in MATLAB. The local short circuit level is 5GVA. The zero sequence
line impedance Z,,=0.108+j0.88 Q/km and the positive sequence line impedance
Z,;=0.018+j0.31Q/km.

In order to prove the concept of this novel fault location algorithm, the simulated
data is obtained by the steady state simulation of interpole states. The amounts of
possible combination groups are set as 200, 40, 20 and 10 for states 1 to 4
respectively. The final result is obtained by averaging the possible candidates

remaining at state 4.

4.4.1 Case study

An example fault has been applied to test the performance of the proposed algorithm.

The settings for the measured (in this case simulated) data are:
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- fault location: 50km (50% of line length from measurement point)
-Rs: 5Q (high resistive fault)

-SCL1: 5SGVA

-SCL2: 30GVA

-load angle: 10°

Table 4.3 shows the simulated data from the steady state transmission line model.
From the table, it can be judged that the fault occurred in phase A; and the circuit

breaker phase tripping sequence is A-B-C, i.e. Faulty-Healthy-Healthy (F-H-H).

state 1 state 2 state 3 state 4

Va[kV] 256.06 + 13.09i 42.60 — 64.68i 24.16 — 60.46i 14.64 — 54.13i

Vp[kV] | —130.06 —308.56i | —132.79 —307.41i |-255.51 —305.46i |-272.61 — 297.57i

V[kV] | —212.34 +251.23i | —215.07 + 252.38i |—218.38 + 252.70i |-272.30 + 273.07i

L[KA] 6.65 — 8.97 0 0 0
l,[KA] | —0.4845 — 1.4572i | 0.2164 — 2.9177i 0 0
I[KA] | -1.0171 + 1.1453i | —0.3162 — 0.3152i |—0.3139 — 1.1995i 0

Table 4.3. Simulated voltage and current phasor data

The simulated data is achieved through the steady state modelling of interpole states.
Table 4.3 shows the simulated data of the example case. The pre-estimation ranges of
n, Rf and SCL2 are established using the simulated data, which have been shown in

Table 4.5.
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Unknown parameters Pre-estimated range

Fault location (n) 24.6% - 75.0%

Fault resistance (Ry) 0.50Q - 30Q

Remote end short circuit level (SCL2) 5GVA - 35GVA

Table 4.4 Pre-estimation ranges of n, R and SCL2

The interpole state model generates voltage and current by assuming different values
of n, Rf and SCL2 iteratively within the pre-estimated ranges. The generated data is
then compared with the simulated data. The possible values of such three parameters
are recorded when the match is found (i.e. current and voltage phasors are within
certain assumed tolerance). After the iterations from the pre-estimated ranges are
complete, new ranges are established for state 2. The above actions are subsequently
repeated until the final state is reached. The ranges of each state have been shown in
Table 4.5. As expected, the number of candidates is gradually reduced and the values
of n, SCL2 and Rsgravitate towards the correct solution as the calculation progresses

from state 1 to state 4.

Number of n Rs SCL2

Candidates (km) (9)] (GVA)

state 1 224 46.7 -52.7 4-7 29-31

state 2 60 48.9-51.1 5-5 29-31

state 3 25 49.0-51.0 5-5 29-30
state 4 11 49.5-50.5 5-5 30
Final result 1 50 5 30

Table 4.5. Results of fault location estimation system

-08 -




Chapter 4 Fault location through analysis of data from inter-pole during circuit breaker

operation

In the final state, 11 possible fault locations remain, and the final result is obtained
by the averaging method. A very accurate result has been achieved in this example as
the simulated data has been achieved from the simplified steady state transmission
line modelling, which does not contain any errors, resulting from measurement or
sensor/sampling. In practical implementations, the fault location accuracy is likely to
be influenced by these factors but this, to higher or lesser degree, applies to all

impedance based fault location methods.

4.4.2 Performance comparison of the proposed method with

selected conventional algorithms

Table 4.6 and Table 4.5 shows the performances under varying parameters n, SCL2
and Ry for the Takagi method (A), Network Impedance method (B) and the
proposed method (C). Chapter 3 has evaluated the performance of both Takagi and
Network Impedance methods. For ease of comparison these results are brought into
the combined Table 4.6 (single phase-to-earth fault) and Table 4.5
(phase-to-phase-to-earth fault). The results demonstrate clearly that the proposed
method provides the highest accuracy among the three algorithms. It is also not
influenced by fault resistance or remote end short circuit level. In case of single
phase to earth fault, the maximum error is less 0.08% when R{=100Q2, and
SCL2=5GVA. In case of double phase to earth fault, the maximum error is less 0.11%
when R=100Q, and SCL2=15GVA. The proposed method improves the fault
location accuracy significantly compared with Takagi method, especially when R¢

increases to 100Q2. The maximum error of network impedance based method is under
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0.90% and 0.94% when R; reaches 100Q2. However, the proposed method does not

require the value of SCL2 as input.

Simulation settings Maximum estimated error (%)

Rf (Q) SCL2(GVA) n (%) A B C
0.1 5 0-100 0.22 0.25 0.01
0.1 15 0-100 0.18 0.24 0.02
0.1 30 0-100 0.17 0.20 0.01
5 0-100 1.02 0.26 0.01
15 0-100 2.98 0.30 0.04
30 0-100 4.95 0.60 0.04
25 5 0-100 5.40 0.28 0.02
25 15 0-100 11.6 0.50 0.00
25 30 0-100 15.54 0.79 0.02
100 5 0-100 15.53 0.39 0.08
100 15 0-100 23.20 0.60 0.02
100 30 0-100 25.20 0.90 0.03

Table 4.6. Performance comparison results of single phase-to—earth fault

Simulation settings Maximum estimated error (%)

Rf () SCL2(GVA) n (%) A B C
0.1 5 0-100 0.47 0.42 0.02
0.1 15 0-100 0.74 0.75 0.03
0.1 30 0-100 0.78 0.79 0.04
5 0-100 3.70 0.46 0.01
15 0-100 2.60 0.49 0.05
30 0-100 2.89 0.77 0.02
25 5 0-100 6.25 0.79 0.03
25 15 0-100 7.86 0.69 0.02
25 30 0-100 8.99 0.68 0.03
100 5 0-100 12.90 0.69 0.06
100 15 0-100 16.70 0.88 0.11
100 30 0-100 21.18 0.94 0.03

Table 4.7. Performance comparison results of phase-to-phase-to-earth fault
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4.5 Limitations of the proposed method

As stated in section 4.2.1, the time interval between interpole states is theoretically
3.33ms in 50Hz system, which is 1/6 of the fundamental cycle. If there are no errors
(i.e. non-fundamental frequency components, DC offset, unexpected high frequency
oscillations) in the waveform, then the extraction of accurate phasor data from such a
short time period of data should not be a problem. Sinusoidal wave based algorithms
[9-11], which calculate fundamental phasors using a small number of samples, can
be used in such circumstances. However, the natural response of the power system
may produce imperfections such that errors in extracted waveforms when only a
small portion of the cycle is available will be introduced. Conventional phasor
extraction technique (DFT) [12] may reduce such errors, however, typically one full
fundamental cycle is required for such algorithms to complete the extraction of the
data. During the interpole states, the time window of 1/6 cycle is still a significant
challenge for existing techniques; the location scheme based on analysis of
auto-reclose schemes reported in the next chapter helps to address any potential
shortcomings associated with phasor extraction. Recently, a number of algorithms
have been investigated and proposed that attempt to reduce the time window required.
[13] has reported upon techniques which apply the direct quadrature transformation.
These techniques reduce the time for phasor extraction to 1/3 of a cycle of data. [14]
reports upon a technique which applies short window orthogonal filters. The
minimum time window required is a quarter of a cycle. Using these techniques, it is

believed that this problem can be addressed in the near future.
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4.6 Conclusion

A new fault location algorithm, which analyses the interpole states of circuit breakers
during fault clearing operation, has been developed. It compares calculated data with
simulated data; once a match is found within a specified tolerance error, all possible
fault locations, fault resistances and remote end short circuit level are recorded. The
ranges of all possible values are reduced through the analysis of the consecutive
interpole stages. Accurate fault location is obtained after the final state. The
algorithm is based on single ended data. Furthermore, it not only eliminates but also
quantifies the negative effects of conventional single ended methods. It is relatively
economical to implement. Only local end data is needed. Results show that the
algorithm is capable of accurate fault location in situations where the remote source
impedance and fault resistance are unknown. This chapter includes am example case
study, demonstrating the theoretically ideal accuracy of the method. It compares very
favourably against two well-established (and used in practice) fault location methods,
and therefore, displays good promise of achieving very high accuracy, which can be

implemented at low cost.
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Chapter 5. Fault location through analysis of data

from auto-reclose operations

5.1 Introduction

An improved fault location method based on the analysis of circuit breaker operation
has been presented in Chapter 4. The performance of the method has been verified
using a steady state transmission line model representation [1]. However, the interval
between interpole state transitions is typically of the order of 3.33ms in a 50Hz
system (this time could vary depending on the individual fault conditions and on
circuit breaker performance). It is difficult to extract fundamental frequency phasors
from such a short time window and the effectiveness of the proposed method may
therefore be questionable in real-world applications, which has been highlighted in
Chapter 4, although short-time phasor extraction techniques continue to improve, as

was also highlighted in the previous chapter.
Accordingly, in this chapter, it is proposed to enhance and extend the proposed

method using data recorded during the auto-reclose sequences. For permanent faults

on overhead systems (which are of most interest from a fault location perspective),
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auto-reclose data will provide more information related to the fault and thus
improving the fault location accuracy. Reclosing onto the same fault provides a
number of additional cycles of current and voltage waveforms during the fault and

during the subsequent opening sequence after the failed reclose.

Auto-reclose schemes applied to transmission lines are effective in terms of
improving the availability of the power system. Single phase auto-reclose scheme
(SPAR) and three phase auto-reclose scheme (TPAR) have been widely implemented
in many parts of the world [2-8]. The overall fault clearing process can be viewed as
being separated into a number of discrete states, governed and demarcated by the
activities of the protection, switchgear and auto-reclose schemes. In this chapter, the
development and testing of a fault location technique based on the analysis of data
from the auto-reclose operations is reported. Both TPAR and SPAR schemes are

investigated.

5.2 Overview of auto-reclose scheme operation

Auto-reclose schemes applied to transmission line system are effective in terms of
improving the availability of the power system [9, 10]. Generally, three types of
faults can occur in a transmission line, namely: transient faults, semi-transient faults
and permanent faults [6-8]. Transient faults are most common, occupying over 90%
of all faults in an overhead system [11]. The prevailing cause of transient faults is
atmospheric lightning. The insulator strings are normally flashed over through
lightning induced over voltages that form an arc, usually over deliberately designed

weak-points (or “arcing horns”) in the insulation — normally connected in parallel
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with the insulator string. The arc is seldom extinguished by itself. This type of
transient fault must be cleared by tripping the line temporarily to de-ionise the fault
path. In the majority of cases the line can be energised again without the fault
recurring. A semi-transient fault requires more than one de-energised interval.
Permanent faults account for only about 5% of all faults in practice and normally

require time-consuming (and costly) repair work [11].

Due to the fact that over 90% faults are transient and most transient faults can be
cleared by the tripping action only, auto-reclose scheme provide significant
advantages in terms of system availability and avoidance of unnecessary
maintenance and fault finding activities. It minimises the outage time and
maintenance cost so as to improve system reliability. The choice of single phase or
three phase reclosing depends on many factors. In this thesis, both reclosing practices

are investigated.

5.2.1 Auto-reclosing mechanism

The transient fault is cleared by tripping the line to de-ionise the arc path.
De-ionising time of the fault path depends on several factors, such as fault duration,
fault current magnitude, wind speed, air humidity and pressure, circuit voltage,
capacitive coupling to adjacent conductors, etc. Among these factors, the circuit
voltage is the predominant factor influencing de-ionising time. In order to ensure that
the fault path is thoroughly de-ionised, auto reclosing requires a dead time, which

must exceed the de-ionising time.
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Figure 5.1 illustrates the individual processes involved in an individual auto
reclosing action following a fault [12]. A system fault is induced at time t;. The line
relay detects the fault and begins to operate. The circuit breaker receives the tripping
command from relay at time t, and starts to clear the fault by opening the contacts
and thus interrupting the fault path and CB is completely tripped at t3. At time t, the
line relay is reset and the auto-reclosing device begins to operate. There is a delay
before the circuit breaker begins to reclose to ensure the dead time exceeds the
de-ionising time. At time ts, circuit breaker begins to reclose and at time ts, the
contacts of the circuit breaker are fully closed. After ts the system is restored back to
nominal operation if the fault was transient. In the case of a permanent fault, the line

relay will detect the fault again and open the circuit breaker permanently.

Line Relay Fault incorporated
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i sl :
Relay operation time i
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Circuit Breaker :Opening starts  Arc extinguished Reclosing starts Contact closed
: 3 3 1 2 3
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: Eault duration & Dead time p
4 e SY31EM, disturbance time : :
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device : l z : Reclosing Delay i "
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i ! : : Reclaim fime__ :
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tl; t2' t3l t4' tsl t6]

Figure 5.1.Progress of auto-reclosing action

-108 -



Chapter 5 Fault location through analysis of data from auto-reclose operation

5.2.2 Single phase auto-reclose scheme (SPAR)

In SPAR schemes, only the faulted phase is tripped [13], as the majority of faults in
transmission systems are single phase to earth faults. In a transmission line with
infeed sources at both ends, which is a typical situation, the circuit breaker poles
corresponding to the faulted phase should theoretically open and reclose
simultaneously at both ends of the circuit (for both transient and permanent faults).
However, in the case of a permanent fault, the measurement devices, protection
relays and circuit breakers will suffer stress at least on two occasions (in some cases
more, when multiple reclosing is attempted). With the assistance of communications
facilities, Guo [14] proposed a modified SPAR scheme, which recloses one side of
the protected transmission line first. If the reclosed side protection device judges the
fault to be permanent, the circuit breaker of the reclosing side will be tripped and the
reclosing attempt at the opposite end will be prevented using the communication
channel. Otherwise, the remote circuit breaker will be permitted to reclose if it is
detected that the fault is transient in nature and the local end circuit breaker had
reclosed successfully. Following Guo’s modified scheme, the SPAR operation
practice ensures that there is an interval between the reclosing attempts of the circuit
breakers at the opposite ends of the protected line. This interval can be assumed to be
sufficiently long to enable extraction of the fundamental frequency component from

the waveform during fault conditions.

Figure 5.2 and Figure 5.3 illustrate the local-end currents as observed during

operation of the SPAR scheme. Figure 5.2 presents the situation where the local
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circuit breaker is first to reclose, while Figure 5.3 shows the situation where the

remote circuit breaker is first to reclose. Both figures depict a permanent fault

scenario. The various states (A to E) in the figures will be described the following

section.
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Figure 5.2. Currents for local CB reclosing first for a permanent fault scenario (SPAR)
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Figure 5.3. Currents for remote CB reclosing first for a permanent fault scenario

(SPAR)
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5.2.3 Three Phase Auto- Reclose Scheme (TPAR)

In TPAR schemes, all three phases are always tripped regardless of the type of fault.
In a transmission line with infeed sources at both ends, and for similar reasons as
explained earlier relating to SPAR schemes, the circuit breakers at both ends do not
reclose simultaneously. In the case of an intermittent fault, one circuit breaker
recloses first, followed by a synchronism check and reclose of the second circuit
breaker. In the case of a permanent fault, the first reclosed circuit breaker trips again
to clear the fault and the other circuit breaker remains open. Figure 5.4 and Figure
5.5 show the local currents as measured throughout the entire process of a TPAR
operation for a permanent fault. Figure 5.4 presents the situation where the local
circuit breaker is first to reclose , while Figure 5.5 illustrates the situation where the

remote circuit breaker is first to reclose.
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Figure 5.4. Currents for local CB reclosing first for permanent fault (TPAR)
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4 Remote CB first to reclose

Current (amp)

-1.51 b

[ [ [ [ [ [ [ [ [
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time (s)

Figure 5.5. Currents for remote CB reclosing first for permanent fault (TPAR)

In both SPAR and TPAR schemes (refer to Figures 5.2 to 5.5), there are effectively

five individual system states for a permanent fault scenario, as follows:

e State A: Pre-fault, both line end circuit breakers closed

e State B: During fault state, both circuit breakers remain closed

e State C: Isolation, both circuit breakers opened, fault cleared

e State D: One circuit breaker reclosed, other remains open (“dead-line
charging state”).

e State E: Isolation, the reclosed circuit breaker trips again in response to the

presence of a permanent fault.

States A, B and D are the most interesting states from the perspective of the

developed fault location algorithm. Consequently, it is proposed to simplify the fault

location system and only analyse states A, B and D, which are re-denoted as the
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pre-fault state, state 1 and state 2. During operation of the auto-reclose scheme, state
2 can differ because of the different possible operation sequences of the circuit

breakers.

5.3 Transmission line model for auto-reclose scheme

operation

The proposed fault location algorithm described in this chapter is designed for a
double-ended transmission line, which is representative of the vast majority of
interconnected transmission system applications. The superposition method has been
applied in both state 1 and state 2 calculations. The calculation approach used for the
auto reclosing states is analogous to the interpole state analysis presented earlier in
chapter 4. However, in order to improve the accuracy of transmission line modelling,
the distributed line model has been used instead of a lumped line model in this
section. The method is applicable for all fault types by changing the elements of the
fault matrix K, which has been introduced in section 4.2.2.1. As for the previous
chapter, operation for a single phase to earth fault is presented as an example, as this
is the predominant type of fault in overhead lines. The performance of the method for
other fault types will be presented and evaluated in Chapter 6. As before, the method
relies on the comparison of calculated states (based on the impedance model) with
actual measurements taken during each state. This section describes how the various

system states are modelled.
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5.3.1 State 1 calculation

There are four different situations that must be considered for the operation of an
auto-reclose scheme on a transmission line (as depicted in Figure 5.2 to Figure 5.5).
In state 1, circuit breakers at both ends remain closed. Thus, the state 1 simulation for

all situations is identical.

According to superposition theory, the state 1 network (during fault state) can be
represented as the sum of the pre-fault state network and the superimposed network,
as shown in Figure 5.6. In the pre-fault network, V| and Vr are the local and remote
end voltages. Using the equations (5.1) and (5.2), Vr and Ir can be determined. Z.
and y are the surge impedance and the propagation constant of the transmission line

and d is length of the transmission line.

Where, A =D = coshyd,B =Z,-sinhyd,C = Zlcsinhyd
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Figure 5.6. State 1 calculation using superposition theory
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The pre-fault network is separated into two sections at the fault point, which are:

. . A, B
- the local end to fault point section [C“ D“] and,
n

n

- fault point to remote end section [Am Bm].
C, D,

m

Where, A, = D, = coshynd;
B, = Z.-sinhynd ©;
1 - -1.
C, = Esmhynd ot
A, =Dy, =coshy(1—n)d ;

Bn =Z.-sinhy(1l—-n)d o

Cm = 5-sinhy(1 —n)d o

n is the fault location as a fraction of the total line length.
E; is the voltage at the fault point in pre-fault network, which is equal to:

Ef = AnVL - BnlL (53)

In the superposition network (Figure 5.6b), the local end and remote end voltages are
zero. Considering the distributed network from the fault point to both local and

remote ends, the following relationships (5.4) and (5.5) may be obtained:

] =le ol (5.4)
l‘f,;] - [2: gi] [I?R] (5.5)
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Where: Ay = A,
By = Ap + ZjocBy,
CL =Gy,
Dy, = Cy + ZjocDy,
Agr = Ap,
Br =Am + ZremBm,
Cr = Cp,

Dr = Cpn + ZremDm

From (5.4) and (5.5), I; and I+, can be expressed as a function of V;

Iy = B, 'DLV; (5.6)

I, = Br 'DpV; (5.7)

Considering the path from the fault point to earth we can derive:

It = Ye(—Ef — Vp) (5.8)
Ig =1Ip1 +1p2 (5.9)
Y, = R'K (5.10)

By combining the above equations (5.6) to (5.10), V¢ and Iy can be resolved.

Consequently, the local end voltage and current in the superimposed network are:
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VIIL] [An Bn] [ Vf ]
r | = 511
llL Cn Dn _Ifl ( )

The remote end voltage and current in the superimposed network are:

VIIR] [Am Bm][ Vf ]
, = 512
l1R Cm Dm _If2 ( )

According to the superposition theory, the local voltage Vy;, and current Iy, in

state 1 are:
VlL - VL + VZ{L (513)
IIL = IL + IllL (514)

The remote voltage V;r and current I, in state 1 are:

Vir = Vr + Vi (5.15)

llR = IR + I:’lR (516)

5.3.2 State 2 calculation

In state 2, both SPAR and TPAR schemes have two possible situations depending on
which of the line end circuit breakers recloses first. In summary, there are four
possible scenarios that may occur in state 2, which are categorised as A, B, C and D

scenarios, as follows:
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A. SPAR local end recloses first;

B. SPAR remote end recloses first;

C. TPAR local end recloses first;

D. TPAR remote end recloses first.
5.3.2.1 SPAR with local end CB reclosing first
In this scenario, the faulty phase of the remote circuit breaker is open and the local
circuit breaker remains closed (after reclosing). Superposition theory has been
applied in this situation. As shown in Figure 5.7, the state 2 network is the sum of

state 1 and state 2 superimposed networks.

ro ,
|fL VZL I 2L |fl Vf |f2 IZRa
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b) State 2 network during reclose

Figure 5.7. Scenario of SPAR with local CB reclosing first
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In the state 2 superimposed network, the tripped pole of the circuit breaker is

represented as a controlled current source, with the current equal to:

I5r(1) = —liga (5.17)

In Figure 5.7a, the distributed network section from the fault point to the local end is

represented as:

I‘flfl] N [2 gﬂ [I:;)L] (5.18)

Where, AL = A,,
BL = Ay + ZjoBy,
CL =Gy,
D, = C, + ZjocDy

The fault path from the fault point to earth is represented as:

Ir = Y, Ve = R 'KVg (5.19)

Iy = DB 'V (5.20)
From (5.19) and (5.20) we can obtain:
Iz = Ity + It = (R7 'K+ DB ) Vg (5.21)

The network section from the remote relay point to the fault point is represented as:
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VZIR = Ame + Bmle (522)

Lr = CVs + Do (5.23)

Eliminating V; from (5.22) and (5.23) and using (5.21) gives:

Var = Xl (6.24)

Where, lf, is 31 matrix and X, Y are 3>3 matrixes, represented as:

X =[R, 'K+ DB, "]"'A, + By, (5.26)

Y =[R; 'K+ DB, ']"'Cy, + Dy (5.27)
X and Y depend on n, Rs and Zem Note that Z,n, is the remote end source impedance
which can be calculated from SCL2. Assuming n, Rf and Z.mare known, Vcan be

solved using equations (5.17), (5.21), (5.24) to (5.27).

In the superimposed network, the network section from the fault point to the local

end can be represented as:

al=1er o]l
= , 5.28
If1 C. Dplllz (5.28)

It is assumed that I, =1l . Equation (5.28) can be solved for I3, and
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consequently, Vy; = ZjocI5.. According to superposition theory, the local voltage

V,;. and current I, in state 2 are:

VZL == V1L + VZIL (529)

Iy =1y + 13 (5.30)

5.3.2.2 Situations B, C and D

The calculation of situation A, which is SPAR with local end CB reclosing first, has
been introduced. The calculations used in other situations (B, C and D) are similar to
situation A. Open CBs are represented as current sources and the superposition
method is applied to derive the voltage and current phasors. The detailed solutions

for situation B, C and D are included in Appendix C.

Accordingly, the local voltage and current during both states 1 and 2 can be
estimated assuming the values of n, R and SCL2 are known. This is the basis of the
novel fault location method; when the local voltages and currents match the
model-estimated values, then the corresponding n, R; and SCL2 can be estimated
with high accuracy. Analogous calculations are also possible for all fault types by

changing the elements in fault matrix K (4.2).
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5.4 Fault location process and algorithm

5.4.1 Basic principle

There are three main elements within the algorithm: fault data processing; initial
range estimation; and final fault location estimation. As the basic concept of this
method is similar to the fault location technique based on interopole states, the

algorithm has been shown in Figure 4.8.

The fault data processing element extracts the fundamental frequency phasor from
the actual sampled fault recorder data. In this research, the frequency phasor is
extracted by applying the weighted LSM method [15], which is explained in

Appendix A2.

The initial range estimation element which narrows down the search space by
establishing initial ranges of n, Rf and SCL2 using simulated data, has been utilised in
this algorithm. The details of initial range estimation have been introduced in section

4.3.2. This reduces the computational burden of the method.

Similar to the fault location algorithm based on interpole states, the fault location
element itself comprises three main stages of operation, which are transmission line
modelling, comparison and storing of interim outputs for use in the following states.
Transmission line modelling has been described in section 5.3, which estimates local

voltage and current for various combination groups of n, Rf and SCL2.
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Both voltage and current are used for comparison between simulated data and
algorithm-calculated phasor data. This comparison is applied separately to magnitude
and angle of the complex phasors, which has been shown in (4.43) and (4.44). The
tolerance used in the comparison determines the number of candidate solutions (each
solution comprising a value for R, SCL2 and n). Greater tolerances will result in a
greater number of candidate solutions. The tolerance is iteratively increased from an
initial setting value until the number of candidate solutions at each state is greater
than a certain value. In the following case study, the initial comparison tolerance is
set to 0.1% and the minimum number of candidate solutions for state 1 and state 2

are 100 and 10 respectively.

The modelling, comparison and storing stages are repeated until the solution is found
and the comparison condition is satisfied. As progress through each of the states is
made, the possible ranges of locations reduce and the final accurate fault location is

obtained.

In the initial fault location technique developed through this research, which
analysed only initial circuit breaker opening with no consideration of auto-reclose
states (introduced in chapter 4), the final result is obtained by applying an averaging
method of the candidates remaining after the final state, and the accurate results from
numerous evaluations have proven the effectiveness of the method. In this method
reported in this chapter, which extends analysis to include auto reclose operations,

the results are again obtained by averaging the values remaining at the final state.
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5.4.2 Summary of operation of the fault location estimation

system

The operation of the fault location system which includes analysis of auto reclose

operational states can be summarised as follows:

1.

10.

Obtain state 1 simulated data from a record of the actual event or CT/VVT outputs
in real time (during development and systematic performance assessment,
EMTP/ATP simulated results are used at this stage).

Pre-estimate R SCL2 and n ranges using state 1 simulated data.

Select the corresponding situation according to auto-reclose scheme operation —
in practical implementation this information could be derived by the protection
relay algorithm or else from external indications (e.g. circuit breaker status).
Simulate the network in state 1 using the impedance-based model applying
systematically n, SCL2 and Rs values from the pre-estimated ranges.

Compare the simulation outputs with the calculated data and record the values of
n, SCL and Rs if the result falls within the assumed comparison error.

Repeat steps 4 and 5 until the whole range of n, SCL and R have been covered.
Obtain updated ranges which cover all possible values for n, SCL and R;.

Obtain simulated data for state 2 and repeat steps 4-6 until the final possible
ranges of fault location n, SCL2 and R; generated by step 7 have been covered.
Update the ranges of n, SCL2 and Ry.

Through application of the averaging process, the final values of n, SCL2 and Rs

are obtained
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Note:

- SCL1is assumed to be a known input parameter in the transmission line
modelling process used by the developed method. The influence of inaccurate
SCL1 will be discussed in Chapter 6.

- The ranges and increment settings of n, SCL2 and Rs are currently set as listed:

*  Fault position n: 0-100% of line length in steps of 0.1%
* Remote source short circuit level SCL: 5-30 GVA in steps of 0.5GVA
* Fault resistance Rs : 0.1Q. The selections of the increment settings will

be discussed in Chapter 6.

5.5 Case study

In this section, ATP simulated data is used to evaluate the performance of the
proposed fault location algorithm. A modified Least Squared Method introduced in
chapter 2 is applied to extract the fundamental frequency phasors from the

EMTP/ATP generated waveforms.

A double supplied transmission line model has been utilised. The voltage level is
400kV; the length is 100km; SCL1 is set as 5GVA and the X/R ratio of both local
and remote ends is 30. The zero sequence line impedance Z, ,=(0.10+j0.76)2/km and
the positive sequence line impedance is Z;1=(0.02+j0.25)Q/km. The zero shunt
capacitance is Y o=(0+j2.5)|.S/km and positive shunt capacitance s
Y11=(0+j4.7)S/km. The model is similar to the one in section 4.4, but utilises the

distributed line model which covers the effect of shunt capacitance.
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5.5.1 Example fault location estimation

In the example, the fault position is assumed at 50km (50% of line length from
measurement point), the fault resistance Ry is set as 5Q, the remote end short circuit
level is set as 15GVA and load angle is 10°. In this example, the increments of n, Rs
and SCL2 are 0.1km, 0.1q and 0.5GVA respectively. The example is based on an
SPAR scheme, assuming that the local end recloses first. Figure 5.8 illustrates the

local three phase current produced by the ATP simulation.

three phase current (A)

[
0 005 01 015 02 025 03 035 04 045 05
time (s)

Figure 5.8. Three phase currents for auto-reclose example

Table 5.1 presents the progression and convergence of the estimated ranges of values

during the state-by-state estimation process.
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Pre-estimated State 1 State 2 Averaged
range range range value
n (%) 25.10-75.10 | 44.30-57.20 | 49.40-50.50 44.95
Rf (Q) 3-7 3.7-6.3 4853 4.90
SCL2 (GVA) 5-30 12-20 15-15 15.0

Table 5.1. Results of fault location estimation system

It is clear that each progression produces a drastic reduction in the number of
candidates. In this example, the final output value is computed by averaging the 11

candidates from state 2.

5.5.2 Systematic performance evaluation

In order to systematically assess the performance of the proposed auto-reclose based
fault location method, all possible auto-reclose scheme scenarios have been
simulated (i.e. SPAR LOCAL, SPAR REMOTE, TPAR LOCAL, and TPAR
REMOTE - note that, for example, SPAR LOCAL denotes a SPAR scheme where
the local end CB recloses first). In each auto-reclose scheme all possible fault
positions (from 0%-100% of protected line) and fault resistances (from 0-100Q) were
considered. SCL2 is set as 15GVA in the simulation in this section. In theory, the
varying of SCL2 does not affect the fault location accuracy of the proposed method.
The evaluations of varying the values of SCL2 are carried out in Chapter 6. The

estimated fault location errors used in this chapter are defined as

estimated fault location — actual fault location
Error = - x 100% (5.31)
line length
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Figure 5.9 to Figure 5.12 illustrates the performance for all considered cases and
Takagi method. It is clear that the proposed method can achieve very high accuracy
in the majority of situations, with average error being well under 1% (often under
0.1%) in all cases. It is only in scenarios where Ry and n are high (representative of
high resistance faults close to the remote end of the line) that relatively larger errors
(up to 1%) are encountered. In Chapter 6, evaluations of possible negative factors, in
terms variations of Ry and SCL2, inaccurate SCL1 settings and measurement error,

will be carried out.
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Figure 5.9. Results of SPAR local
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Figure 5.10. Results of SPAR remote
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Figure 5.11. Results of TPAR local
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Estimated fault location error (%)
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Figure 5.12. Results of TPAR remote

5.6 Conclusion

A novel fault location algorithm, which analyses the different states arising during
the operation of the auto-reclose schemes, has been developed. It compares
calculated data with simulated data and iteratively proceeds until a match is found
within a specified tolerance error. The ranges of all possible values are reduced
through the analysis of the consecutive auto-reclose scheme stages. When a match is
found within the specified tolerance, all possible fault locations, fault resistances and
remote source impedances are recorded. The most possible fault positions are
obtained at the final state and an averaging technique is used to select the final output
value. The algorithm is based on a single ended data and can not only eliminate, but

also quantify, the negative effects of conventional single ended methods.
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Chapter 6. Evaluation of sensitivity of auto-reclose

based location to variations in input parameters

6.1 Introduction

A novel fault location algorithm, which analyses the different states arising during
the operation of auto-reclose schemes, has been introduced in Chapter 5. It obtains
fault location using only local end data. It is immune to changes in fault resistance
and uncertainty and variability in remote end short circuit level. A number of case
studies have illustrated the performance and accuracy of the method. As the the
accuracy evaluation is carried out to assess the impact (possibly negative) of various
primary system related factors, simulated data has been processed as from a perfect

measurement instrument (i.e. sensor/sampling errors have not been included).

The increments of n, Ry and SCL2 within the ranges used for these parameters
obviously influences the accuracy of fault location error. All values in the ranges are
multiple of the corresponding increments. However, the real values of each of the
three target parameters may not be exact multiples of the increments, which causes a

mismatch between the values of possible elements in the ranges and the actual values.
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This can contribute to an error in the overall fault location accuracy. The selections

of increments will be made by considering this effect in this chapter.

In this chapter, the performance of the proposed algorithm is evaluated in order to
investigate the impact of factors that usually are detrimental to conventional single
ended methods. These include variations in R; and variations in SCL2. Comparisons
between the Takagi method, the network impedance method and the proposed
method will be carried out to show the improvements of the proposed method over

both of the other methods.

SCL1is assumed to be a known input parameter in the transmission line modelling
process used by the developed method, and this can be measured at the local end (or
the data can be estimated using techniques reported in [1-3], or made available from
the utility company). Inaccurate estimates of SCL1 will introduce an error to the
voltage and current calculations in the transmission line modelling stage.
Additionally, the instrument transformers (CTs and VTs) are likely to introduce
errors. The proposed fault location algorithm relies on the comparison of calculated
voltage and current phasors (obtained from a transmission line impedance model)
with the phasors extracted from the simulated waveforms. Therefore, the effects of
both inaccurate SCL1 and errors from measurement devices are investigated and

quantified in this chapter.

The transmission line model used in Chapter 5 will be utilised in the evaluations in

this chapter. The possible fault location in the simulation is from 0-100%. The value
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of SCL1 is required as a known input parameter to this algorithm; the value is set as
5GVA in all simulations of this chapter. The weighted least squares method [4] is
applied to extract the fundamental frequency component from the EMTP/ATP
generated waveforms. The details of this extraction algorithm are shown in Appendix

A.

As all possible situations of auto-reclose scheme (i.e. SPAR LOCAL, SPAR
REMOTE, TPAR LOCAL and TPAR REMOTE) are based on the same fault
location principle and the single phase to earth fault is the most-likely fault type in
practice the SPAR LOCAL is employed as the default situation in all evaluations
reported in this chapter. The estimated fault location errors used in this chapter are

defined as:

(estimated fault location — actual fault location)
Error = - X 100% (6.1)
line length

6.2 Selecting the increment values in the algorithm

As already stated, a mismatch between the values of possible elements in the ranges
and in the actual values may lead to a fault location error and this is determined by
the value of increment that is used. The value of maximum mismatch can reach half
of the incremental value. In theory, smaller incremental values will result in higher
fault location accuracy by reducing the magnitude of mismatch. However, the use of

smaller incremental values for the possible locations of the fault will lead to longer
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algorithm execution times. The selection of the value of the increment must,

therefore, consider a trade-off between the algorithm execution time and accuracy.

6.2.1 Selecting the fault location increment value

It is clear that the value chosen for the fault location increment will directly
determine the accuracy level of the results. Therefore, the optimal value of the fault
position increment has been established through systematic simulation. The possible
incremental value candidates of n were set to 1%, 0.5%, 0.1% and 0.01%. In order to
quantify the effect of these increments on fault location accuracy, the value of n,
which causes the maximum mismatch between the estimated and actual fault position,
was used in the simulation (i.e. fault position was set in the midpoint between two
adjacent increments). Table 6.1 presents various assumed incremental values and
corresponding assumed faults positions along the line. In all simulations, R; is set to

5Q and SCL2 is set to 15GVA.

n increment (%)
1% 0.5% 0.1% 0.01%
15 1.25 1.05 1.005
10.5 10.25 10.05 10.005
Simulated 35.5 35.25 35.05 35.005
fault location 50.5 50.25 50.05 50.005
(%) 75.5 75.25 75.05 75.005
90.5 90.25 90.05 90.005
99.5 99.25 99.05 99.005

Table 6.1 Simulation settings for the evaluations of n increment
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Figure 6.1 shows the estimated fault location errors for the assumed values of n and
its increment. In general, the results illustrate that the estimated fault location error
increases as the increment setting increases. By summarising the performance for
different incremental values, the maximum errors associated with increments of 1%
and 0.5% are 1.35% and 0.87% respectively. Comparatively, the cases where the
increments are 0.1% and 0.01% deliver much better fault location accuracy; the
maximum errors in this case are 0.27% and 0.20% respectively. In the evaluation, as
expected, the 0.01% case delivers the best results. However, the algorithm execution
time for an incremental value of 0.01% case can be up to 10 times longer than the
execution time for an incremental value of 0.1% (as the number of potential
candidates to analyse increases by the same factor). At the same time the differences
in the maximum error for these two cases are not significant enough to justify
potential tenfold deterioration in calculation speed. Therefore, by considering both
speed and accuracy of the proposed method, the increment of 0.1% was considered

to achieve the optimal trade-off.

2 T T T T T T T T T
—Increment value: 1%
—Increment value: 0.5%
—Increment value: 0.1%
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=
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=
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Actual fault position (%)

Figure 6.1 Impact of different n increments on the method accuracy

-138 -



Chapter 6 Evaluation of sensitivity of auto-reclose based location to variations in input parameters

6.2.2 Selecting the fault resistance increment value

The possible incremental value candidates of Ry are set to 0.01Q, 0.1Q, 0.5Q and 1Q.
In order to quantify the maximum effects on fault location accuracy that is
introduced by these increments, the value of R;, which causes the maximum

mismatch is used in the simulation.

Table 6.2 presents incremental values and corresponding Ry settings in the simulation.
The values Ry used in the simulation are categorised into three groups: groups A, B
and C. As SCL2 is an unknown parameter in the algorithm and the initial range is set
from 5-30GVA, the investigation of the R increment will be executed for different

SCL2 values of 5GVA, 15GVA and 30GVA in the simulation.
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R¢ in simulation (Q)
Increment values (Q2)
Group A Group B Group C
0.01 0.005 5.005 99.995
0.1 0.05 5.05 99.95
0.5 0.25 5.25 99.75
1 0.5 5.5 99.5

Table 6.2. Simulation settings for the evaluations of Ry increment

Figure 6.2 to Figure 6.4 show the estimated fault location errors of each group for
different values of SCL2. Table 6.3 summarises the results in terms of maximum
error. In general, both the figures and table illustrate that the estimated fault location
error increases as the increment setting increases. Groups A, B and C represent
different fault resistance levels. By summarising the performances fir different
incremental values, the maximum errors associated with increments of 0.5Q and 1Q
are 1.05% and 2.55% for all groups. Comparatively, the cases where the increments
are 0.01Q and 0.1Q deliver relatively good fault location accuracy; the maximum
errors of which are less than 0.27% and 0.36% for all groups. In the evaluation, the
0.01Q case causes the minimum mismatch and delivers the best results. However,
the algorithm execution times for an incremental value of 0.01Q case can be up to 10
times the execution time for an incremental value of 0.1Q, while there are no notable
changes in the maximum errors for these two cases. Therefore, by considering both

efficiency and accuracy of the proposed method, the R increment is set as 0.1Q.
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Maximum errors (%)

Increment Group A Group B Group C

() 5 15 30 5 15 30 5 15 30

GVA | GVA | GVA | GVA | GVA | GVA | GVA | GVA | GVA

0.01 027 | 022 | 021 | 01 | 0.08 | 0.08 | 0.16 | 0.14 | 0.13

0.1 034 | 032 | 0.24 | 0.24 | 0.24 | 0.20 | 0.32 | 0.30 | 0.31

0.5 09 | 105 | 08 | 08 | 065 | 0.69 | 0.50 | 0.45 | 0.45

1 235 | 245 | 255 | 18 | 160 | 1.85 | 052 | 0.81 | 0.85

Table 6.3. Results of R; increment evaluation

6.2.3 Selecting the remote end short circuit level increment

value

It is clear that the SCL2 increment may influence the results of the proposed method.
To investigate this, the possible increment candidates of SCL2 are set as 0.25GVA,
0.5GVA, 1GVA and 2GVA. In order to achieve the maximum effect on fault
location accuracy introduced by increments, the value of SCL2 which is associated

with the maximum mismatches will be used in the simulation.
Table 6.4 presents the list of incremental values and corresponding possible SCL2

settings in the simulation. The SCL2 values used in the simulation are also

categorised into three groups: A, B and C. The initial range of SCL2 is 5-30GVA.
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The investigation of the impact of the incremental value of SCL2 is carried out for

different values of Rs: 0.1Q, 5Q and 100Q in each group.

Increments SCL2 in simulation
(GVA) Group A Group B Group C
0.25 5.125 15.125 29.125
0.5 5.25 15.25 29 .25
1 55 155 295
2 6 16 30

Table 6.4. Simulation settings for the evaluations of SCL2 increment

Figure 6.5 to Figure 6.7 show the estimated fault location errors for each group with
different R¢values. Table 6.5 summarises the results by using the maximum error. In
general, both the figures and table illustrate that the estimated fault location error
increases with the magnitude of increment values. Group A, B and C represents
different remote end short circuit level levels. The maximum errors brought by
1GVA and 2GVA are 5.33% and 8.00% for all groups. Comparatively, the increment
setting of 0.25GVA and 0.5GVA delivers good results, the maximum fault location
errors are less than 0.50% and 0.57% for all groups. In the evaluation, the 0.25GVA
increment causes the minimum mismatch and brings the best results. However, the

algorithm executing time of 0.25GVA case can be double that of 0.5GVA, while
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there are no significant changes of errors brought by such two cases. Therefore, by
considering both efficiency and accuracy of the proposed method, the SCL2

increment is set as 0.5GVA.
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Maximum errors (%)

Increment
Group A Group B Group C
(GVA)

0.1Q | 5Q | 100Q | 0.1Q | 5Q | 100Q | 0.1 | 5Q | 1002

0.25 0.17 | 032 | 050 | 0.23 | 0.20 | 0.37 | 0.28 | 0.13 | 0.26

0.5 035 | 035 | 057 | 0.30 | 0.21 | 047 | 0.32 | 0.15 | 0.56

1 0.80 | 210 | 533 | 0.31 | 0.28 | 230 | 0.36 | 0.2 | 0.57

2 095 | 3.75 | 800 | 045 | 048 | 3.60 | 0.47 | 0.25 | 1.00

Table 6.5. Results of SCL2 increment evaluation

6.3 Evaluations of the effects of fault resistance and

uncertain remote end short circuit level

As introduced in Chapter 3, single ended impedance based methods may suffer from
variability in resistance and uncertainty relating to both end short circuit level. SCL1
can be calculated/measured by using local end data. Some single end methods can
avoid this effect but requiring extra information, i.e. SCL2. As introduced in Chapter
5, the proposed fault location algorithm, based on analysis of data from auto-reclose
operations, only requires local end data, and does not suffer from the negative effects,
in terms of R and uncertain SCL2. Moreover, the impact of such effects can be fully
quantified for the proposed method. In this section, the effects of varying SCL2 and

varying Rs will be evaluated for the proposed method; and the impacts are quantified.
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6.3.1 Effect of varying remote end short circuit level and

fault resistance

In order to investigate and prove that success the proposed method is immune to the
change of R and SCL2, the effects of varying SCL2 and R; will be carried out in this
section. In the simulation, the range of Rs is set from 0.01Q-100Q. The values of

SCL2 are set as 5GVA, 15GVA and 30GVA respectively.
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Figure 6.8. Evaluation results of SCL2 = 5GVA
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Maximum estimated fault location error (%)
R ()
SCL2=5GVA SCL2=15GVA SCL2=30GVA

0.01 0.50 0.50 0.30
0.03 0.45 0.43 0.20
0.1 0.17 0.16 0.07
0.5 0.11 0.25 0.07
1 0.10 0.05 0.14
2 0.20 0.22 0.18
5 0.22 0.21 0.18
10 0.27 0.20 0.37
25 0.21 0.20 0.12
100 0.30 0.30 0.10

Table 6.6. Summary of the performances with the effect of varying SCL2 and Rs
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Figure 6.8 to Figure 6.10 show the estimated fault location errors with different
values of SCL2 and Ry and Table 6.6 summarises the evaluation results by using
maximum estimated fault location errors. Note that the maximum estimated fault
location error is the maximum value of the errors of possible fault positions
(0%-100%) based on each SCL2 and Rs settings. The evaluation results illustrate that
the change of R; does not influences the estimated fault location error significantly.
The maximum change of the error based on different Ry values are less than 0.45%
when SCL2 = 15GVA. Similarly, the results illustrates that the change of SCL2
does not influences the estimated fault location error significantly as well. The
maximum change of the error based on different values of SCL2 is less than 0.25%
when Ri=0.03Q. The evaluation results show that the varying SCL2 and R¢do not

influences the performance of the proposed method.

6.3.2 Estimation of remote end short circuit level and fault

resistance

This proposed method improves fault location accuracy by eliminating the effects of
R¢ and unknown SCL2. Furthermore, it can actually provide an estimate for these
parameters based upon the observed data. The estimation error of these parameters

are defined as follows:

(estimated value — actual value)
Error = X 100% (6.2)
actual value

Table 6.7 summarises the maximum estimation errors of R; and SCL2. The error of Rs
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estimation varies in different fault conditions. Results show that the SCL2 can be
accurately estimated, the maximum error of which is less than 1.2%. The error of R¢

estimation differs from the actual fault resistance level.

In general, small change of Ry may not bring notable change of calculated voltage
and current used for comparison, which will result an error in R; estimation.
According to equation (6.2), low actual values of fault resistance may result in a high
estimation error when expressed as percentage, but the absolute error may still be
relatively low. In low fault resistance conditions, the maximum of which can reach
20%. As the actual fault resistance increases, the error decreases. When R; value
increases to 100Q2, the maximum error decreases to 0.08%. It should be noted that
the primary target of the algorithm is fault location, the ability to estimate R; and

SCL2 are merely by-products of the algorithm.

Simulation settings Maximum Estimation Error

Ry SCL2 n Ry SCL2 n
(©) (GVA) (%) (%) (%) (%)
0.1 5 0-100 20 0 0.17
0.1 15 0-100 16 0.5 0.16
0.1 30 0-100 12 1.2 0.07
5 0-100 3 0 0.20
15 0-100 2.8 0.6 0.21
30 0-100 2.8 0.6 0.18
25 5 0-100 0.12 0.20
25 15 0-100 0.12 0.21
25 30 0-100 0.12 1.2 0.18
100 5 0-100 0.06 0.30
100 15 0-100 0.02 0.30
100 30 0-100 0.08 0.7 0.10

Table 6.7. Estimation of R; and SCL2
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6.4 Comparison with conventional single end impedance

based methods

Chapter 3 has comparatively analysis the performances of conventional impedance
based method. The success of Takagi method is that it improves fault location
accuracy by reducing the effect of fault resistance significantly. The network
impedance method improves the fault location accuracy by requiring SCL2 as known
input. In this section, the comparison among Takagi method, the network impedance

method and proposed method will be carried out.

Table 6.8 and Table 6.9 show the comparison results of Takagi method (denoted A in
the table), network impedance method (B) and proposed method (C) by using the
maximum and average estimated fault location error. The results illustrate that all
methods have good accuracy in low fault resistance conditions (R=0.1Q), the
maximum error of which are less than 0.28%, 0.24% and 0.17% and the average
error of which are less than 0.07%, 0.07% and 0.05%. The errors of Takagi method
increase as the values of R;. The worst case occurs when Ry =100Q and SCL2 =
30GVA, the maximum value of error reaches 25.2%. With the same case, the
maximum errors of proposed method and network impedance method are only 0.10%
and 0.90%. Results illustrate that the proposed method improves the fault location
accuracy over Takagi method significantly. The proposed method has great accuracy
level, the average errors of all simulated cases is 0.05% while the average error of
Takagi method is 2.50%. The network impedance method has good accuracy level;

the average error of all cases is 0.18%. Comparatively, the proposed method locates

- 155 -



Chapter 6 Evaluation of sensitivity of auto-reclose based location to variations in input parameters

the fault only with local end data, while the network impedance requires known

SCL2 as extra condition.

Simulation settings Maximum Estimated error (%)
Rf (Q) SCL2(GVA) n (%) A B C

0.1 5 0-100 0.20 0.20 0.17
0.1 15 0-100 0.28 0.24 0.16
0.1 30 0-100 0.17 0.20 0.07
5 0-100 1.12 0.26 0.20

15 0-100 2.78 0.30 0.21

30 0-100 5.45 0.60 0.18

25 5 0-100 5.50 0.28 0.20
25 15 0-100 11.3 0.50 0.21
25 30 0-100 15.64 0.79 0.18
100 5 0-100 16.3 0.39 0.30
100 15 0-100 21.20 0.89 0.30
100 30 0-100 25.20 0.90 0.10

Table 6.8. Comparison among Takagi method, network impedance method and
proposed method: maximum error
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Simulation settings Average Estimated error (%)

Rf(Q) | SCL2(GVA) n (%) A B C
0.1 5 0-100 0.07 0.07 0.05
0.1 15 0-100 0.06 0.07 0.02
0.1 30 0-100 0.06 0.07 0.01
5 0-100 0.31 0.08 0.06
15 0-100 0.70 0.09 0.05
30 0-100 0.95 0.11 0.03
25 5 0-100 1.69 0.09 0.06
25 15 0-100 2.93 0.12 0.03
25 30 0-100 3.50 0.30 0.02
100 5 0-100 5.15 0.35 0.14
100 15 0-100 7.04 0.40 0.09
100 30 0-100 7.60 0.40 0.03
Average error of all cases 2.50 0.18 0.05

Table 6.9. Comparison among Takagi method, network impedance method and
proposed method: average error

6.5 Effect of variations local end short circuit level

Local end short circuit level (SCL1) is assumed to be a known parameter that can be
input to the developed fault location algorithm. The accuracy of the SCL1 data is
important and impacts upon the final result of the new method. In this section, the
performance of the proposed method when there are inaccuracies in SCL1 is
investigated. To facilitate this investigation, defined errors set of 1%, 3%, 5% and 10%

in the calculated/estimated values of SCL1 are used.

In the simulation, the SCL2 level is set to 15GVA, the range of fault distances is set

from 0% to 100% and the range of R¢ is set from 0.01Q to 100Q. Figure 6.11 to
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Figure 6.14 show the results of the proposed algorithm when three different levels of
inaccuracy are introduced to the SCL1 input data. The corresponding maximum
estimated fault location errors for each of these three scenarios are 0.63%, 1.17%, 2.4%
and 4.75%; the average estimated fault location errors are 0.15%, 0.23%, 0.46% and
0.76%. This data is also contained in Table 6.10. Results illustrate that the estimated
fault location error increases as the error in the SCL1. A number of techniques [1-3]
have been developed that strive to estimate the infeed level. It is believed that the
accuracy of the local end short circuit level data input to the fault locator can be
improved in the future. Recently, [5] has reported a technique that measures the
infeed level by using digital signal processing chip, the maximum error of which is
less than 5% through massive tests. Also, investigation on accurately estimating (or
measuring) local end short circuit level can be carried out as future work leading on

from this project.
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Figure 6.11. Inaccurate SCL1 estimation error of 1%
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Figure 6.13. Inaccurate SCL1 estimation error of 5%
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Figure 6.14. Inaccurate SCL1 estimation error of 10%
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SCL1 error Maximum Estimated Error | Average Estimated Error
1% 0.63% 0.15%
3% 1.17% 0.25%
5% 2.40% 0.47%
10% 4.75% 0.76%

Table 6.10. Summary of the effect of inaccurate SCL1 estimation

6.6 Effect of measurement error

The errors associated with current transformers (CT) and voltage transformers (VT)
will directly pollute the measured current and voltage. The accuracy of majority
impedance based fault location techniques can’t avoid this effect. In this section, the
evaluation of the effect of measurement errors is carried out. The measurement errors
for both voltage and current are set to 1%, 3% and 5% [6, 7]. Note that the results are
obtained by applying the worse cases that polarity of CT and VT errors is opposite
(i.e. CT: 5%, VT: -5%). In the simulation, SCL2 is set as 15GVA and the range of Rs

is set from 0.01Q to 100Q.

Figure 6.15 to Figure 6.17 present the evaluation results and Table 6.11 shows the
maximum and average error in location for each of the defined measurement errors.
As expected, both maximum and average fault location estimation errors increase as
the measurement errors increase, value of which reaches 8.5% and 2.24% when the
error of CT and VT reaches 5% and the value of R reaches 100Q2. The measurement
error is the negative factor to majority existing impedance based fault location

methods. The proposed method can’t overcome this weakness. However, new
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measurement transducers, often using optical and other non-conventional techniques,
are continually being developed and implemented [8-10] recently. It is believed that

the negative effect can be reduced as the development of measurement instrument.
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Figure 6.15. Measurement error of 1%
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Figure 6.16. Measurement error of 3%
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Figure 6.17. Measurement error of 5%

Measurement error Maximum Estimated Error | Average Estimated Error

1% 2.04% 0.62%
3% 5.61% 1.46%
5% 8.5% 2.20%

Table 6.11. Summary of the effect of measurement error

6.7 Evaluation of fault location performance for all fault
types

Section 4.2.2.1 described the modeling of resistive faults on transmission lines,
which makes it possible to create a transmission line model for all fault types. Recall
that the basic principle of the proposed method is to compare the computed voltage
and current with the actual fault data. The single phase to earth fault is the

most-likely happened in the system and has been widely evaluated in above sections.
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However, the proposed method is capable of performing location for all fault types.
In this section, phase-phase, phase-phase to earth and three-phases to earth faults will
be evaluated. Consequently, only the TPAR LOCAL scenario is used in this section.
Moreover, as it has been proven in the previous section, that the level of SCL2 does
not influence the performance of the proposed method; accordingly, SCL2 is set to a

value of 15GVA in the simulations.

Figure 6.18 to Figure 6.20 show the fault location results for a number of possible
fault locations and fault resistance. Table 6.12 summaries the performances of the
possible fault types by using maximum and average errors. Note that PP, PPE and
TPE denote phase-phase fault, phase-phase to earth fault and three-phases to earth
fault in the table. In general, good accuracy of fault location can be achieved for all
fault types, the maximum errors of PP, PPE and TPE are less than 0.46%, 0.44% and
0.35%, and the average errors of PP, PPE and TPE are less than 0.20%, 0.18% and
0.09% respectively. To conclude, the proposed method is capable of accurate fault

location for all fault types.
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Figure 6.18. Estimated fault location errors of phase-phase fault
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Figure 6.19. Estimated fault location errors of phase-phase to earth fault
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Figure 6.20. Estimated fault location errors of three phases to earth fault
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Maximum Error (%) Average Error (%)

Rr ()
PP PPE TPE PP PPE TPE
0.01Q 0.45 0.44 0.23 0.10 0.11 0.05
0.03Q2 0.26 0.43 0.33 0.06 0.11 0.04
0.1Q 0.38 0.42 0.23 0.07 0.12 0.03
0.5Q 0.32 0.53 0.23 0.10 0.10 0.04
1Q 0.30 0.40 0.35 0.10 0.11 0.06
2Q 0.31 0.41 0.32 0.11 0.13 0.06
5Q 0.46 0.37 0.32 0.16 0.1 0.09
10Q 0.40 0.25 0.25 0.20 0.12 0.07
25Q 0.42 0.17 0.17 0.16 0.06 0.05
100Q2 0.32 0.34 0.12 0.15 0.18 0.05

Table 6.12. Summary of all fault types

6.8 Conclusion

The incremental values that are selected as the basis for the ranges of n, Ry and SCL2
obviously influence the accuracy of the fault location and the magnitude of the errors
that may be produced. Accordingly, the influence of these incremental values on
fault location accuracy has been evaluated in this chapter. The evaluation results
have shown that, as one would expect, selecting smaller incremental values produces
more accurate results, but also leads to longer algorithm execution times. After
considering both aspects (accuracy and processing time), the increments for of n,

SCL2 and R; have been selected as 0.1%, 0.5GVA and 0.1Q respectively. The
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maximum estimated error based the settings is less than 0.57%, and the execution
time, based on a PC platform (with Matlab 2009 running on Intel core i7 processor
@ 2.66Hz with 3G RAM) is less than 15 minutes. All other evaluations in this

chapter are based on these incremental settings.

The performance of the proposed method has also been compared with conventional
fault location methods (Takagi method and network impedance method). Results
illustrate that the proposed method improves the accuracy significantly over the
Takagi method. Compared to the network impedance method, the proposed method

has similar accuracy level; however, the value of SCL2 does not need to be known.

Inaccurate input values for SCL1 introduce errors within the voltage and current
calculations used in the transmission line modelling elements of the process, as the
basic principle of the proposed method is to compare the calculated data with
simulated data. A number of evaluations have been carried out to quantify the impact
of errors between the assumed input values of SCL1 and its actual prevailing value
when the fault occurs. Investigations into accurate local end short circuit level
estimation should be carried out as future work to reduce this negative effect and

work is also being carried out into this by other researchers [1-3, 5].

The measurement devices (CT and VT) may also introduce errors. In this chapter, the
effects of measurement error has been evaluated and the results shown the error of
the proposed method increases with measurement error, again as one would expect.

It is believed that the negative factor influences all impedance based fault location
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techniques, and that no impedance based methods of fault location is immune to this

weakness. Steps to improve the accuracy of measurement transducers should assist in

reducing such errors and new devices, often using optical and other non-conventional

techniques, are continually being developed and implemented [8-10].
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Chapter 7. Conclusions and future work

7.1 Conclusions

This dissertation has presented new techniques for location of faults in transmission
lines. It has been presented in the context of a detailed review of travelling wave and
impedance based fault location methods, which are the main fault location

techniques that have been implemented in practice.

The travelling wave based method, estimates fault distance by detecting and
analysing the relative times of arrival of various high frequency travelling wave
signals and reflections that are initiated by faults. It has been demonstrated to possess
great accuracy in certain applications, but may be expensive and can sometimes be
difficult to install or retrofit within existing substations. Impedance based methods
do not possess the high levels of accuracy associated with travelling wave based
techniques. However, they can be relatively efficient from an economic perspective
and are easier to implement (often embedded within manufacturers’ relays or fault
recorder devices). Such methods estimate the distance to faults using only
fundamental current and voltage phasor data. A large number of impedance based

techniques have been developed to improve upon accuracy and mitigate the impact
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of negative effects on the location process.

Several existing impedance based fault location techniques have been presented and
reviewed in this dissertation. The Takagi method provides very good performance in
the majority of situations; it is relatively economical and easy to implement within
modern numerical protection relays and fault recorders. However, its accuracy is
compromised by a number factors, including uncertainty associated with the assumed
both ends short circuit level, varying performance as the distance to fault varies and
degradations to performance caused by certain ranges of values of fault resistance.
The network impedance method can improves upon the performance in these
respects. It does not suffer from the change of fault resistance and both end short
circuit level. However, the value of remote end short circuit level, which does not
have a high certainty (if not measured and communicated during the fault), is
required as a known input. The performances of Takagi and network impedance
method are used to compare with the novel fault location techniques introduced in

this dissertation.

The novel single ended fault location algorithm presented in this dissertation
analyses the interpole states of circuit breakers during fault clearing operation (on
both first clearance and subsequent clearance during circuit breaker operations). It
has been shown how it compares calculated data with simulated data from the initial
“during fault” state prior to the beginning of interruption in order to establish a range
of possible fault locations (and supplementary estimations of remote end short circuit

level and fault resistance). When a match is found within a specified tolerance error
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from analysis of the initial “during fault” state, the range of corresponding possible
fault locations, fault resistances and remote source impedances are recorded. The
ranges of all possible values are subsequently reduced through analysis of the
consecutive interpole stages as each pole of the circuit breaker opens consecutively
to finally interrupt the flow of current in all three phases. The final, most accurate,
fault location is obtained following on from analysis of the final state. The method
also has been extended to analyse reclose and subsequent clearances in order to
further improve the accuracy of location. The new method not only eliminates but
also quantifies the negative effects of conventional single ended methods.
Furthermore, it inherits the advantages of conventional single ended fault location
method, in that it is relatively economical to implement. Only local end data is

needed.

Case studies were included and excellent levels of accuracy have been obtained.
Furthermore, a large number of results have been shown to compare favourably
against both the Takagi and the network impedance based methods, with tests carried
out for many locations and different values of Rs and SCL2. Accordingly it is claimed
that the developed technique exhibits the potential for achieving a very high accuracy

of location, which can be implemented at low cost.

However, it is acknowledge that there remain challenges associated with the
developed methods. During the interpole states, it is difficult to extract accurate
fundamental phasor data from such a short time window (theoretically 1/6 of a cycle,

corresponding to 3.33 ms or 2.78 ms of data in a 50 Hz or 60 Hz system) at the
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present stage of development and using the signal processing techniques available at
this time. However, a number of techniques have been, and continue to be, developed
to reduce the required time window for the phasor extraction process relatively
recently. Paper [1] has reported on techniques which reduce the time delay for phasor
extraction down to 1/3 of a cycle of the fundamental waveform. Paper [2] reports on
a technique which further reduces the time required to 1/4 of a cycle (note that these
techniques are in the presence of noise — it is of course possible to extract a phasor
from as little as two consecutive samples if it is known that the input waveform is a
perfect sinusoid). Perhaps a suitable DSP method will be developed in the future to

enable the phasor extraction from even shorter time windows.

The initial investigations into the use of inter-pole states to analyse single circuit
breaker operations following a fault has been extended to develop an enhanced
method that analyses data from auto-reclose scheme operation. This is a prudent
approach to take as permanent faults, which are of most interest from a fault location
perspective, will provide more data relating to the fault due to the reclose onto the
fault providing several more cycles of fault waveform data and further inter-pole
status data as the circuit breaker opens for the second time during the same fault
event. The basic principle is similar to the original fault location method and uses
interpole states in the same fashion. Calculated data is compared with simulated data
and the process proceeds iteratively as described earlier until a match is achieved
within a specified tolerance error. The ranges of all possible values are reduced

through the analysis of the consecutive auto-reclose scheme stages.
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A 400kV, 100km transmission line model, simulated using EMTP/ATP, has been
used to evaluate the performance of the based. The evaluations results verify that that
the method displays high levels of immunity to the effect of R, n and uncertain SCL2
over a wide range of different n (from 0-100% along the line), R; (0-100Q2) and SCL2
(5-30GVA). The majority of the estimated fault location errors of the proposed

method are less than 0.5%.

The results of the evaluation also quantify the ability of the method to estimate
values for Ry and SCL2 in addition to the location of the faults. The results (from
Table 6.7) shows that the maximum estimation error of fault resistance for low
resistance fault conditions may be high (up to 20% when R;=0.1Q). The estimation
error decreases with the value of fault resistance, the maximum estimation error of
high resistance fault (R =100Q) is less than 0.08%. Comparatively, SCL2 can be
accurately estimated under all conditions, the maximum error in the evaluations
(from Table 6.7) is less than 1.2%. It should be noted that the primary target of the
algorithm is fault location, the ability to estimate R; and SCL2 are merely by-products

of the algorithm.

As previously stated, the performance of the method has been compared extensively
with the Takagi and network impedance methods. Comparatively, the results of the
Takagi method shows that R, n and uncertain SCL2 have greater impact on the
accuracy: the maximum estimated error can be as high as 25.2% when the fault
position is close to remote end (99%) with high fault resistance (100Q). In the same

case, the maximum error of the proposed method is 0.15%. Considering the average
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error across all simulated cases shows that the proposed method has an accuracy of
0.05%, while the Takagi method has an accuracy of 2.50% (Refer to Table 6.9). The
network impedance method has a generally good accuracy level; the average error
across all simulated cases is 0.18%. However, an extra condition associated with this

method is that an accurate estimation of SCL2 has to be known.

Investigations into the effects of inaccurate input data defining SCL1 and
measurement errors inherent in CTs and VTs have also been carried out. The
estimated fault location error increases in line with increasing errors in estimations of
SCL1. The results of evaluations illustrate that the estimated error can reach 4.75% in
the case where Ry = 1002 and there is a 10% estimation error of SCL1. With respect
to CT and VT measurement errors, the estimated fault location error increases with
measurement error, as anticipated. From the results of evaluation, the maximum error
is less than 8.5% when CT and VT errors are 5% (the worst case errors evaluated,
which is in line with protection class CT and VT standards [3]). However, it is
believed that such errors could be reduced as the development of sensor technology
continues in the future. Advanced DSP techniques, techniques for accurately
estimating short circuit levels from measurement data [4-6] and advances in current
and voltage measurement techniques [7-9] could all contribute to reduction, or

eliminate of these errors in the future.

7.2 Future work plan

As with any research work, there is always more work that can be done. There are

several possible expansions and improvements that are suggested for the methods
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and concepts proposed and demonstrated in this thesis.

Future work should focus on investigation and development of DSP techniques
that are capable of extracting accurate fundamental frequency component over
extremely short time windows (1/6 cycle). Recently, a number of techniques
have been proposed that can reduce the time window required to extract the
phasor data [10-13]. However, challenges remain with these techniques, for
example high sampling frequencies are often required, and the effects of
unexpected high frequency oscillations and decaying DC offset components in
the signal may still impact negatively on such techniques, so more work remains
to be done in this area.

Further investigation into the effect of the circuit breakers at the line ends
operating simultaneously. In the majority transmission systems, the feeders are
typically supplied from both line ends (or more than two line ends in
multi-terminal feeders). At the present stage, the proposed method based on
circuit breaker operation is designed to operate in a two ended circuits and
assumes that the local circuit breaker opens completely before the contacts of the
remote end circuit breaker start to separate. However, it is noted that this
situation, where one CB completely trips before another starts to operate, cannot
be guaranteed. Further investigations into the effect of the timing of circuit
breaker operations should be carried out.

The evaluation of the performance of proposed fault location algorithms using
recorded data from actual power systems is a natural next step for this work. In
this thesis, EMTP/ATP simulated data has been used to evaluate the

performance of the proposed method based on auto-reclosing operation. As the
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final target of this method is implementation in practice, evaluations using actual
power system data must be carried out as future work.

- Development of an executable program that implements proposed fault location
method. In this thesis, a Matlab user interface program has been designed which
can read EMTP/ATP generated sampled values and COMTRADE sampled
value data. As the final target is the implementation of the fault locator in a
practical system, an executable program should be designed.

- Integration of the fault location system with IEC 61850 measurement data
should be carried out. IEC 61850 [14, 15] is a rapidly emerging suite of
protocols for communication between protection, control and sensor devices and
is gaining widespread acceptance by both manufacturers and utilities. Some
researchers have already proposed integration of fault location functions with the
IEC 60850 protocol [16-18]. An IEC 61850 compliant interface to the fault
location systems proposed and developed in this thesis should be designed as an
element of future work.

—  Further investigation into the implementation of the method on double circuit
lines should be carried out. According to the principles of the proposed method,
it is believed that it is capable of application to double circuit transmission lines,
as long as the mutual coupling effect of the adjacent circuit is modelled
correctly.

—  Further investigation into the application of the proposed algorithms in location
of transient faults (e.g. by considering the effect of trapped charge in healthy

phases).
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Appendix A:  Fundamental frequency phasor

extraction technigques

The estimate of fault location using impedance based methods is a function of the
measured voltage and current. In modern power system, the majority of
computer-based protection and control functions are based on fundamental phasors
of voltage and current. The extraction of these fundamental phasors is therefore
required to satisfy a number of requirements, such as ability to quickly identify
certain situations or phenomena, to provide immunity against frequency excursions
or transients, to remain insensitive to signal pollution arising from high harmonic
content, high frequency oscillations and exponential decaying DC offset components
of the measured signal. There are various techniques have been developed to extract
fundamental phasors, such as sinusoidal wave based methods [1-3], Fourier analysis
based methods [4-8] and least squares based method [9-11]. In this section, the
leading techniques, which are Discrete Fourier Transform (DFT) [8] and Modified

Least Squared Method (LSM) [11] are introduced and analysed.
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A1l DFT

The DFT is basic algorithm can be directly used in modern digital protection systems
[8, 12]. Such methods have the ability to extract fundamental frequency components,
and other frequency components if desired, from voltage and current waveforms.

The discrete voltage/current wave can be expressed in (A.1).

N
x(k) = Xpe ¥Ts/T + Z Xm cos(mw kT — @) (A1)
1

Where:

Xo, T— Magnitude and time constant of decaying DC component
N — number of harmonics considered,

o — 27/T, the radial system frequency;

ém, Xm— initial phase angle and magnitude of the m™ harmonic.

T time

It is assumed that the transformation period is equal to the fundamental frequency
period. Thus, the function of fundamental frequency phasor extraction can be

represented as:

X(n) = %Z x (k) e~ Jk2m/N (A.2)
k=0

An EMTP/ATP-generated fault current waveform is used to illustrate the result of
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fundamental phasor extraction using DFT algorithm. Figure A.1 shows the extracted
phasor magnitude versus the example input waveform. The result displays good
extraction accuracy, but only from the point beyond which the waveform becomes of
stable amplitude (i.e. after the DC component decays to zero). In the presence of the
decaying DC offset component (which persists for a short period after fault inception
and is dependent on point of wave of fault occurrence and the X/R ratio of the fault
current path), the extracted magnitude is not stable. The accuracy of conventional

DFT methods may therefore be compromised by the presence of decaying DC offset

components.
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Figure A.1. Result of DFT estimation

A.2 Weighted LSM algorithm

As already stated, a fault current waveform in a transmission system typically

contains a decaying DC component which has an unpredictable initial magnitude and
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an uncertain time constant.

Some DSP techniques [13-20] have been designed to reduce or remove the effects of
decaying DC offset and improve the accuracy of fundamental phasor extraction
processes. [13] designed a digital mimic filter, which uses a pre-defined time
constant, to reduce such effects. However, in this method, the effect of DC offset will
not be completely eliminated in cases where the assumed time constant value
deviates from the actual value. [14-17] attempt to reduce DC effects by estimating
the time constant with two extra samples. And [18, 19] uses extra harmonic phasor to
reduce DC effect. Reference [20] introduce a method which uses only one cycle to
obtain accurate fundamental phasor without DC effect. However, potential pure DC

component may influence its performance.

[11] reports the development of an algorithm, which is termed “modified Least
Square Method”, and this is utilised within the impedance based fault location
methods reported in this thesis. This algorithm is based on a recursive full period
least square filter. This estimates the fundamental phasor components with a high
accuracy by rejecting the exponentially decaying DC component with additional
adaptive correction for DC component. The advantage of this algorithm is that it
removes the decaying DC component regardless of time constant and initial

magnitude.

Assume that the signal model can be represented as shown:
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K
x(t) = Xpe 7t + Z Xm cos(mwyt — @) (A.3)
1

Where:

Xo, T— magnitude and time constant of the decaying DC component
K — number of considered harmonics;

o =2n /T, the radial system frequency;

ém, Xm — initial phase angle and magnitude of the m™ harmonic.

To estimate the fundamental phasor from M consecutive samples of the signal, a
three-state LSM algorithm with the signal model matrix H(k) is composed as

follows:

h(k = j) = [hg(k = j), hy(k = j), ho(k = )], j=0..M -1 (A.4)

Where, hgz(k —j) = COS(%T (k=)

hy (e = ) = —sin(Gr (k — ),

. T
— i) = pbk=) p — L
ho(k —j)=e ,b Ne

The vector of estimates can be obtained using the following fundamental equation

(A.5) through one full cycle window size (M=N):
X(k) = P(k)HT(k)x(k) (A.5)

Where P(k) = (HT(k)H(k))™ 1,
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x(k) = [x(k = N + 1), x(k = N + 2) ... x ()],

X(k) = [Xp(K), X; (), X, (K],
Note that T represents the action of matrix transposition.

For this three-state LSM method, P(k) represents the full matrix, within which the
off-diagonal elements are dependent on the exponential component. Consequently,
the accuracy of Xg and X, are highly dependent on the constant T and fault inception

time Ty.

A modified LSM method, which aims to convert P(k) into the form of a diagonal
matrix, has been developed to reduce the effect of the constant = and fault inception
time T;. In theory, the weighted LSM estimator hg is the original LSM estimator
multiplying the weighted factor G. In this method, the factor d.(k) and d¢(k)
have been introduced instead of the weighted factor G. The LSM estimator is defined

as follows:

He(k —j) = [he(k — ), hs(k — j), ho(k—)],  j=0.M—-1 (A.6)
Where, h.(k — j) = cos (%” (k — j)) —d.(k),
hsCle = ) = =sin (3 (k = )) = dsCh0),

ho(k —j) = e?®k=D, p=—2L

Nt

The requirement for Pg(k) is diagonal, which could be represented as:
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T . .
Pe(k) = [q;;] =HEWH(k), gq;; =0,fori # j

Based on the above condition, d.(k) and d,(k)could define as:

I cos(or (k — ))

4l = bR S exp(—b))
oy~ 2rmosinG (k=)

) = ) S exp (b))
Where, b = —%

(A7)

(A.8)

(A.9)

In the above equations, d.(k) and dg (k) could can be determined if exp(b)

could can be solved. During the given transient, the time constant does not change

physically. As a consequence, exp(b) can be calculated as,

Xa(k)

r = exp(b) = m

2 N-1
Xo(k) =+ ) x(e =)
j=0

Note that X, (k) is for a sum of N elements of the geometric progression.

Finally, the following equation can be derived:

X (k) = Pg(K)HE(K)x(k) = [X (k), X5 (k), Xo (K)]”
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The fundamental frequency phasor is represented as shown below:

(A.13)

X(k) = X (k) + iX5(k)

An ATP generated current waveform is used to show the result of phasor

estimation/extraction using this technique in Figure A.2. From the figure, it is clear

that this algorithm has an excellent property of rejecting the exponentially decaying

DC component.
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Figure A.2. Result of modified LSM estimation
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Appendix B:  Interpole states modelling

Chapter 4 has introduces a novel fault location method based on the analysis of
circuit breaker operation. This novel fault location method is built on the interpole
states computation, which applies the superposition method. This calculation
algorithm is based on a lumped R-L line model with two supplies of both ends with
the assumption that remote end circuit breaker keeps closing. A single line to ground

fault is involved.

The tripping sequence of three phases depends on load flow, fault inception time,
fault type and fault resistance. According to phase status, there are three tripping
sequences, which are F-H-H, H-F-H and H-H-F. F and H denote as faulty phase and
health phase respectively. In the chapter 4, the calculation of F-H-H tripping
sequence has been introduced. In Appendix A, the calculations of H-F-H and H-H-F

will be presented.

B.1 H-F-H sequence computing algorithm

1) Statel

In State 1, all three poles of the circuit breaker are closed. The calculation is identical
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for all scenarios of different tripping sequences, which has been introduced from (4.4)

~(4.12)
VlL == VL + V{L (Bl)
IIL = IL + I:IlL (BZ)

Note that, V_ I_ are pre-fault voltage and current; Vy,, I3, are state 1 superimposed

voltage and current

2) State 2
In state 2, one health phase (assume phase B) is tripped. According to superposition
theory, the state 2 network is presented as the sum of state 1 network state 2

superimposed network, which is shown in Figure B.1.

In the superimposed network (Figure B.l1a), the tripped pole is represented as a

controlled current source I5;,.

IéLb =—lip (B-3)
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Figure B.1 State 2 network compuation

rem

b

In state 2 superimposed network, the Thevenin equivalent impedance Z; behind the

circuit breaker is presented in (4.7). The remaining parameters in superimposed

network can be calculated as:
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IéLa] _ —I, x Zsm + Ztlz] x [ZSS + Ztll Zsm + Ztlg] (B 4)

L. b N Zm + Ze, Zsn +Zp,y Zss+ Zyg, '
Lia

Iy, = | zp (B.5)
IéLc

VoL =Z X Iy (B.6)

Note that Zs and Zg, are self-impedance and mutual-impedance of Zoc. Zu1, Zu2, Zus,
Zp3 and Zs are the elements of Zi. Z¢ is the fault impedance, which is represented in
4.2).

The pre-state of state 2 is effectively state 1. Thus, V,_ and I, are:

VoL = Vi + Vo (B.7)
Iy =1 + 13 (B.8)
3) State 3

The computation principle of state 3 and state 4 are the same as for state 2. In state 3,
shown in Figure B.2, two poles are open. In state 3 superimposed network, one
health phase (phase B) pole has already been open in state 2 and therefore is valued 0
at this stage. Pole of faulty phase (phase A) is tripped in this state, which is
represented as the controlled current. So, the currents of state 3 superimposed

network are

IéLa =—lq (B.9)
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Figure B.2 State 3 network computation
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Consequently, the voltages of state 3 superimposed network are

314

léL = IéLb (B.12)
IéLc

Vi, = Ze X Iy (B.13)

According to superposition theory, voltage V3  and current I3 at state 3 are

calculated as:

V3L = VZL + V?iL (814)
13L = IZL + IéL (815)
4) State 4

In state 4, all circuit breaker poles are open, shown in Figure B.3. In state 4
superimposed network, the current of health phase (phase C) is tripped and
represented as controlled source. Consequently, the superimposed current and

voltage are calculated as

Lia =0 (B.16)

I,=0 (B.17)

Lipe = —I3pc (B.18)
"

Ly = liﬂ (B.19)
LiLe

Vi = Ze X Iy, (B.20)
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Thus, the voltage V4 and current Iy in state 4 are as below:

Vy = V31, + Vg,

Ly, = I3, + 13
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B.2 H-H-F sequence computing algorithm

1) Statel
In State 1, all three poles of the circuit breaker are closed. The calculation is identical

for all scenarios of different tripping sequences, which has been introduced from (4.4)

—(4.12)
ViL = Vs + Vq, (B.23)
llL = IS + IZ,lL (B24)

Note that, Vs I are pre-fault voltage and current; Vy,, I3, are state 1 superimposed

voltage and current.

2) State 2
In state 2, one health phase (assume phase B) is tripped. According to superposition
theory, the state 2 network is presented as the sum of state 1 network state 2

superimposed network, which is shown in Figure B.4

In the superimposed network (Figure B.4a), the tripped pole is represented as a

controlled current source 1.

Ly = —Iipp (B.25)
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Figure B.4 State 2 network compuation

In state 2 superimposed network, the Thevenin equivalent impedance Z; behind the
circuit breaker is presented in (4.7). The remaining parameters in superimposed

network can be calculated as:

_ li
= —Ipp X

Iéw] (B.26)

Zom + Ztlz] o [ZSS +Zi, Zsmt Zt13]
IéLc

Zem + Ziys) " NZon + Zeyy  Zss +Zigy

-199 -




Appendix B Interpole states modelling

IéLa
I3, = Ly (B.27)
IéLc

The pre-state of state 2 is effectively state 1. Thus, V,_ and I,_ are:

VZL = VlL + VZIL (829)
IZL = IlL + IéL (830)
3) State 3

The computation principle of state 3 and state 4 are the same as for state 2. In state 3,
shown in Figure B.5, two poles are tripped. In state 3 superimposed network, one
health phase (phase B) pole has already been open in state 2 and therefore is valued 0
at this stage. Pole of another health phase (phase C) is tripped in this state, which is
represented as the controlled current. So, the currents of state 3 superimposed

network are

Ie = —Ly (B.32)

—Le X [Zsm +Z
ZSS + Ztll

Consequently, the voltages of state 3 superimposed network are
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IéLa
I3, = |l31p (B.34)
IéLc
Vi = Zg X I3y, (B.35)
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Figure B.5 State 3 network computation

-201 -



Appendix B Interpole states modelling

According to superposition theory, voltage V3  and current I3 at state 3 are

calculated as:

V3L == VZL + VéL (836)
I3L = IZL + I:I;L (837)
4) State 4

In state 4, all circuit breaker poles are open, shown in Figure B.6. In state 4 network,
the current of faulty phase (phase C) is tripped. Thus, phase C represented as
controlled source in state 4 superimposed network. Consequently, the superimposed

current and voltage are calculated as

Iira = —l1a (B.38)

Iy, =0 (B.39)

I =0 (B.40)
I

ta, = | s (B.41)
Y

Vy =Z, X Iy (B.42)

Thus, the voltage V4 and current 4 in state 4 are as below:

V4-L = V3L + V‘{-L (B43)

I4L = I3L + LII.L (B44)
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Appendix C:  Auto-reclose modelling

Chapter 5 has introduced a novel fault location technique which based on the auto
reclose modelling. The proposed fault location algorithm is designed for a
double-ended source transmission line, which is representative of the vast majority of
interconnected transmission system applications. Superposition method has been
applied in both state 1 and state 2 computations. In order to improve the accuracy of
transmission line modelling, the distributed line model has been used instead of
lumped line model in this section. Single phase to ground fault is involved at the
current stage as a predominant type of fault in overhead lines. There are 4 different
scenarios of auto-reclose scheme, which are

- SPAR local end reclose first;

- SPAR remote end reclose first;

- TPAR local end reclose first;

— TPAR remote end reclose first.

The modelling of scenario A is presented in chapter 5. As state 1 of all scenarios are

identical, state 2 modelling of other 3 scenarios will be introduced in this section.
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C.1 SPAR remote end reclose first

In this scenario state 2 superimposed network of the remote end CB recloses first.
The open pole of the local circuit breaker is represented as a controlled current

source, as shown in Figure C.1a, with the current equal to

Lo = —111a (1)
! !
| \ 2R I 2R |fR
f2 N
t Am Bm N
I’ Vol “|Cm  Dm Z. .. \
If|_ 2La f 'f1 7 N
7 _®_> An Bn
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a) State 2 superimposed network
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b) State 2 network during reclose

Figure C.1 Scenario of SPAR with remote CB reclosing first
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In Figure C.14a, the distributed network section from the fault point to the remote end

IS represented as

vl =ler ool (€2)

I, = DgBg 'V; (C.3)

Where, Ag = Apm, BR = Anm + ZremBm, CR = Chy DR =Ciy + ZremDPm

The fault path from fault point to earth is represented as

It = Z¢'V; = R TKV; (C.4)
From equation (C.3) and (C.4), we can obtain

Ity = It + I, = (Ry 'K+ DgBr 1) Vg (C.5)
The network section from the local relay point to the fault point is represented as,

VZIL = Aan + Bnlfl (C6)

léL = Can + Dnlfl (C?)
Eliminating V¢ from (C.6) and (C.7) using (C.5) gives:

VoL =Xy (C.8)
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I, = Yl (C.9)

Where, If; is 31 matrix and X, Y are 3>3 matrixes, represented as
X = [R;"'K+ DgBg']7'A, + B, (C.10)

Y = [R; 'K + DgBg']71C, + D, (C.11)

X and Y depend on n, Rs and Zem Note that Z,en, is the remote end source impedance
which can be calculated by SCL2. Assuming n, Rs and Zem are known, Vi can be

solved using equations (C.1), (C.5), (C.8) to (C.11).

In the superimposed network, the network section from the fault point to the local

end can be represented as:

) =le ol

= / C.12
Ity CL Dylllg (€12
It is assumed that I;; = I, Equation (C.12) can be solved for Iy, and

consequently, Vi, = Zjo.I3.. According to superposition theory, the local voltage

V,;. and current I, in state 2 are:

VZL = V1L + VZIL (C13)

IZL = IlL + IéL (C14)
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C.2 TPAR Local end reclose first

In this scenario, all three phases of the local end circuit breaker reclose and the
remote end circuit breaker remains open. Similarly to the previous cases, the
superposition theory has been applied in this situation. In superimposed network
(Figure C.2a), the remote opened circuit breaker is represented as a controlled
current source.

Ly = —Ii (C.15)

In Figure C.2a, the distributed network section from fault point to local end is

represented as:

l‘:fl] - [‘2 gﬂ [I?L] (C.16)

Where, AL = An, BL = An + ZlocBnr CL = Cn, DL = Cn + Zloch, |f|_=|2|_
The fault path from fault point to earth and fault point to local end are represented as:

It = Z¢'V; = R TKV; (C.17)

I;; = DB, V¢ (C.18)
The fault current Iy, is equal to

le == Ifl + lf == MVf (Clg)
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M=R;'K+D.B, ! (C.20)
\V | Vg 2R
, le, A I Vi | p
1 7 ) An Bn[® Am Bm 2
/\ loc [~ Cn Dnl* Cm Dm rem
A€ < -
I
A 4
Z;
YV v v v

a) State 2 superimposed network

Va1,

7 An Bn Am Bm
loc

Cn Dn Cm Dm| rem

(/!

b

PP

;ST LSS

b) State 2 network during reclose

Figure C.2 Scenario of TPAR with local CB reclosing first
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The network section from the remote relay point to the fault point is represented as:

VZIR = Ame + Bmle (C21)

I3r = Cn Vi + Dylgz (C.22)

M, Cn, and Dy, depend on n, Rf and Zem Note that Z.m is the remote end source
impedance which can be calculated by SCL2. Assuming n, R and Zem are known, V¢

can be solved using equations (C.15), (C.19), (C.20) and (C.22). Thus:

I, = B, 'V (C.23)

Vo = 131 Zoc (C.24)

According to superposition theory, the local end voltage and current of State 2 are:

VZL = V1L + VZIL (C25)

IZL = IlL + IéL (C26)

C.3 TPAR Remote end reclose first

In this scenario, all three phases of the remote end circuit breaker reclose and the
local end circuit breaker remains open. Similarly to the previous cases, the
superposition theory has been applied in this situation. In superimposed network
(Figure C.3a), the remote opened circuit breaker is represented as a controlled

current source.
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I = Iyt (C.27)

The network section from the fault point to the remote end is represented as:

wl=ler ol
= ' C.28
Iz Cr Dglllzr ( )

I, = DgBr Vi (C.29)
Where, Ag = Ay, BrR = Am + ZremBm, Cr = Cm» Dr = Cim + ZremDm

The fault path from fault point to earth is represented as:

I; = R, 'KV; (C.30)
In superimposed network (Figure C.3a),

lfl = lf + le = MVf (C3l)

M =R; 'K+ DgBg " (C.32)

The network section from the local relay point to the fault point is represented as:

AR
) = 1Cn Dol (C.33)
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M depends on n, Rf and Zyem Assuming n, Rs and Zemare known, V,; can be solved

using equations (C.27), (C.31) to (C.33). Thus:

V; = (C, + D,M)" (A, + B,M)I5; (C.34)

According to superposition theory

VZL = V1L + VZIL (C35)
IZL = llL + léL (C36)
V’ |' ’ ’

ala V.ol
| | V. | 2R " 2R
o ~ f1 flf2 R
1 7 < |An Bn |Am Bm S 7
< loc 2 rem
/‘\ -
If
v v
Zf
ST LSS

a) State 2 superimposed network
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Va1,

Cn Dn

. ——
Zloc _~ An Bn
8 ~

Am Bm|

Cm Dm

N A

7,7/

b) State 2 network during reclose

Figure C.3 Scenario of TPAR with local CB reclosing first
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Appendix D MATLAB user interface design and operation

Appendix D:  MATLAB user interface: design and

operation

In order to facilitate convenient way of testing the proposed fault location algorithm
and to enable more effective demonstration, a MATLAB graphical user interface has

been designed.
Figure D.1 shows the user interface panel. Generally, there are four main elements

within the user interface panel, which comprise: transmission line settings; local

source settings; ATP simulated/COMTRADE data file selection; results presentation.
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n user_interfacing_GUI

— Transmission Line Settings
Line length (km} :

R1 (Q/km) :

X1 (Qfkm) :

RO (Q/km) :

X0 (Qfkm) :

Y1 (Skm) :

YO0 (Sfkm) -

FAULT LOCATION —-- SPAR LOCAL
University of Strathclyde, Sponsored by TOSHIBA

CTAT Settings
CT ratio :

VT ratio :

fault record data file

Browse
Sampling frequency (Hz):

Calculate

~ RESULT

—Local Source Settings

X/R ratio :
SCL1 (GVA) :

Z1/Z0 ratio :

Fault Position (%) :

Fault Resistance (Q) :

Remote SCL (GVA) :

to

—Remote SCL Range Settings (GVA)—

TAKAGI RESULT (%) :

reset

Figure D.1.User interface in MATLAB
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Item Function

Line length [km] Total length of transmission line in km

R1[Q/km] Positive sequence resistance of transmission line

X1 [Q/km] Positive sequence inductance of transmission line

RO [Q/km] Zero sequence resistance of transmission line

X0 [©/km] Zero sequence inductance per km of transmission line
Y1 [Q/km] Positive sequence admittance per km of transmission line
YO [Q/km] Zero sequence admittance per km of transmission line
X/R ratio Local source X/R ratio

SCL1 Local source short circuit level

Z1/Z0 Local source positive impedance vs zero impedance ratio
CT ratio Current transformer ratio

VT ratio Voltage transformer ratio

Open file ATP simulated/COMTRADE data file selection

Sampling frequency

Sampling frequency of selected data

Locating

Debug the fault location method

Fault position

Estimated fault position by proposed fault location method

Fault resistance

Estimated fault resistance by proposed fault location
method

Remote SCL

Estimated remote end short circuit level by proposed fault
location method

TAKAGI RESULT

Estimated fault location using TAKAGI method

Reset

Reset fault location algorithm

Table D.1. User interface instruction

Table D.1 includes some guidance regarding the usage and the settings of the user

interface. This system can estimate fault location using simulated and/or recorded

fault data. The system accepts data file formats of ‘*.txt’, ‘*.csv’, ‘*.dat’ and

“* xlsx’.
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The operation sequence of this tool is as follows:

1. Select the fault recorder/simulation output data file using the “browse” utility

B user_interfacing_GUI = =
B select File =
THTE O ‘ | SPE_LOCAL_HOR_Ef j & e Ev R LOCAL
& =5 : A - ||y TOSHIBA
ﬁjﬁ%ﬂwﬁ i]SPR_LOCAL_FPO1_ROL_FLOL 2011/8/29 16:42
i5]SPR_LOCAL_FPO1_ROL_FLOZ 2011/8/29 16:42
! {ZSPR_LOCAL FPO1_RO1 FLO3 2011/8/29 16:42
=5 iE]SPR_LOCAL FPO1_R02_FLOL 2011/8/29 16:42
iXjSPR LOCAL FPO1 ROZ FLO2 301178729 16:42 open file
- 4]5PR_LOCAL_FPO1_R02_FLO3 2011/8/29 16:42
'EJ i]SPR_LOCAL_FPO1_RO3_FLOL 2011/8/29 16:42
i5]SPR_LOCAL_FPO1_RO3_FLOZ 2011/8/29 16:42
:;.5 EZ{]SPR_LOCAL FPOL R0O3_FLOZ 2011/8/29 16:42 lquency :
Ey, iZ]SPR_LOCAL FPO1_RO4 FLOL 2011/8/29 16:42
)5PR_LOCAL FPO1_RO4 FLO2 2011/8/29 16:42
(".4 fEicon 1A o0t s f10a meae iaa T LOCATING
25
TikE W [sPR_LoCAL_FPO1_ROZ_FLOZ2 =~ 15 0)
JIAZSENM):  [A1 TEXT-Files e csw) -] HE

Y1 (S): Fault Position (%) :

YO (8):
Fault Resistance (Q) :

 Local Source Settings —————————————
XiR ratio : Remote SCL (GVA) :

SCL1 (GVA) :

oy -
71720 ratio - TAKAGI RESULT (%) :

reset

2. Input the data file sampling frequency, transmission line and local source settings

B user_interfacing_GUI == x

FAULT LOCATION ----- SPAR LOCAL
University of Strathclyde, Sponsored by TOSHIBA

T ission Line Setti

TR I By C:\Users\Liang Ji\Desktop\SPR_LOCAL_FP08_R04_FLC oOpen file
Line length (km) : 100

R1(Q): 0.02 Sampling frequency : 2000

X1 (Q): 0.25

- LOCATING

RO () : 0.1

X0 (Q) : 0.76 RSt

Y1(S): 2.5e-6 Fault Position (%) :

Y0 (S): 4.7e-6

Fault Resistance (Q) :

—Local Source Settings————————————————
XIR ratio : 30 Remote SCL (GVA) :
SCL1 (GVA) : 15

oy -
Z1/Z0 ratio : 1.5 TAKAGI RESULT (%) :

reset
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3. Press the “Calculate” button to execute the fault location algorithm

Bl user_interfacing_GUI = =

FAULT LOCATION ----- SPAR LOCAL
University of Strathclyde, Sponsored by TOSHIBA

T ission Line Settings——————————
M IO SR C:\Users\Liang Ji\Desktop\SPR_LOCAL_FP08_R04_FLC  Open file
Line length (km) : 100
R1(Q): 0.02 Sampling frequency : 2000
: 0.25
M@ __LOCATING__|
| RO(Q): 0.1
X0(Q) : 0.76 [ RESULT
Y1(S) : 25e-6 Fault Position (%) : 50
Y0 (S): 4.7e-6
Fault Resistance (Q) : 8
—Local Source Settings
| XIR ratio : 30 Remote SCL (GVA) : 15
, SCL1 (GVA) ; 15
TAKAGI RESULT (%) : 50
Z1/Z0 ratio : 1.5 (%)

reset

The program calculates the estimated fault position with both the proposed method

and TAKAGI method.
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