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This thesis describes a new accurate fault location
technique for power transmission lines. The technique is
based on a distributed parameter line model which
inherently accounts for line conductor asymmetry and shunt
capacitance. The accuracy of the new technique is not
significantly affected by fault resistance, source network
configuration or line length. Also, in most cases no fault
type identification is required.

The new fault location technique uses the current and
voltage phasors at power frequency measured at the line
ends. These measurements are synchronised from a knowledge
of the prefault phasor data.

For a single-phase network the basic idea is to equate
two equations obtained for the fault point voltage; one
from the sending end phasor data and the other from the
receiving end phasor data. The resultant equation is
solved for the distance to fault.

For multiphase systems the idea is generalised by
using the theory of natural modes which involves the
evaluation of eigenvalues and eigenvectors of the lines..
In this way a multiphase system is decoupled into a number
of single-phase modal circuits; each circuit can be solved
for fault location. For perfectly transposed lines the
eigenvalues can simply be evaluated from the sequence
components and a real eigenvector matrix can be defined
for all the lines. For untransposed lines the new
algorithm maintains its high accuracy when assuming

perfect transposition to simplify the evaluation of -

eigenvalues and eigenvectors. Also for double-circuit
applications a circuit-by-circuit fault location, without
any link between the two circuits, is possible.

The test results for different fault conditions
presented in this thesis show the higher accuracy in fault
location achieved by the new . algorithm in comparison with
the algorithms used in the best commercially available
fault locators.
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INTRODUCTION

1.1 The Need For Accurate riult Location

Po&er transmission lines require a dedicated monitoring
and protection system against faults and malfunctions
because of their indispensable role fbr eiectricity supply
in‘today‘s highly electrified adéiety. As they usuﬁlly
traverse vast areas, a good accuracy in fault location'can
reduce the time reéuired to repair the damage caused by

Athe fault and to restore the service.

Faults on transmission lines are either permanent or
transient. A permanent fault is normally accompanied by
mechanical damage that must be repaired to return the line
to service. Even where the helicopters are immediately
available for patrol following a permanent fault, fault
locators pe?form a valuable service. Troubles cannot be
found with a routine patrol unless there is some
indication of where the fault occurfed. For example, trée
growth could reduce clearances, résulting in a flashover
during severe conductor sagging. By the time the patrol
arrives,'the éonductors have cooled, reducing the
clearance to the tree, so that the weak spot is not
evident. The imporfance of fault locators is more obvioué
where foot patrols are relied upon, particularly on long
lines in rough terrain. Also, locators can help wheré

maintenance jhrisdiction is divided between different



companies or divisions within a company.

Fault looatore are valuable even where the line has
been restored either automatically or non-automatically
following a transient fault. Although a transient fault
will not cause interruption of the service (successful
reclosing is likely), it may damage equipment, e.g. an
isolator. Consequently a transient fault may cause a
permanent fault in the near future. Faults in this
category are those caused bj cranes swinging'into the
line, bushfiree; damaged or contaminated insuletors,
weather exposure, bird activity and vandalism. The locator
allows rapid arrival at the site before the evidence is
removed or "the trail becomes cold®. Also the knoWIedge
that faults are repeatedly occurring in the same area can
be valuable in deteoting the cauee.*Weak epots that are
not obvious may be found because a more thorough
inspection can be focussed in the limited area defined by

the fault locator.

- Although fault location has been of interest to
electricity utilities for many years, in recent years it
hae assumed much greater importance because:

(a) The trend towards much faster fault clearance often
results in there being no visual evidence of damege.‘,
(b) The need for economy in high voltage plant is
resulting in a move away from parallel feeders in
long distance transmission applications. There is a

consequent need to effect repairs more quickly, but



this can only be done if the fault point is
accurately located. The threat to system security and
the loss of revenue caused by sustained outages are
important considerations in the context of fault
location means.

(c) There is a global tendency towards 1onger
transmission routes which often traverse difficﬁit

terrain.

At this point, it is worth mentioning the differences
in the tasks of distance relays and fault locators.
Distance relays are the essential ingrédient of
transmission line protection which provide a very crude
indication of the general region of a fault. No accuracy
in the estimate of fault location is necessary in distance
protection as the primary question is whether the fault is
on a particular line or not. On the other hand the
decision has to be taken within a very small time interval
to isolate the fault as quickly as possible. Once the
fault has been cleared the fault location function is
initiated using the recorded data during the fault, but in
this case the time is not.critical at all.

1.2 Objective of the Work

The objective of the work presented in this thesis is to
find a new solution for the problem of fault location on
transmission lines which meets stringent accuracy
requirements and various practical and operational

constraints, all of which are essential factors for the



success in its future commercial application. The
technical requirements to be met by a new fault locator
are described in the start of Chapter 4. They are derived

from the study of the present locators in Chapter 2.

Generally it is aimed to develop a new algorithm which
in most‘cases gives an accuracy better than +1.5% over the
total line length. Assuming the same error due to signal
acquisition and processing, the total error should bé
smaller than *3%. An extensive survey of the technical
literature shows no locators achieving such a high

accuracy under different fault conditions.

1.3 Structuie of the Thesis o

The main body of the thesis consists of eight‘Chapters.
Chapter 1 is devoted to the introduction describing the
objective and structufe of the thesis. In Chapter 2 a
thorough and extensive survey of the present techniques of
fault location is given. Chapter 3 describes the theory of
multiconductor and natural modes used in the simulation of
transmission lines. Chapter 4 describes the theory of a
new method of fault location on transmission lines.
Chapters 5 to 7 are devbted to the simulation study of the
new algorithm to establish its practicability and accuracy
in comparison with the commercially available techniques.
The synopses of Chapters 2 to 7 are given in this Chapter.
Chapter 8 concludes the work and puts forward some

suggestions for future work.



1.3.1 Chapter 2 Synopsis

There has been quite considerable research into fault
location on two-ended transmission lines. The advent of
microprocessor-based relaying has provided considerable
analytical capabilities to implement more accurate fault
location techniques. Basically there are two approaches in
‘fault location; many techniques use’power frequency based
measurements at one or both ends of a line, while theré
are some techniques relying on high frequency
measurements. At high frequencies, data acquisitién‘and
processing are not véry reliable due to;the poor“fideiity
of standard trénsducers,\as weli as hérd&aré'limifationé,
but power ftequéncy medsurementé are more aCcurateiahd
well éstabiished in power systems proté¢£ion.ﬂThis
research is therefore concerned with the techniques using

data at power frequency.

Study of the modern techniqﬁes is essential in the
recognition 6f the factors affecting the accuracy in fault
location. In a new technique these fadtbrs:must]be
considered in order to impro#é‘the accur&cy without
impairing the‘practical aspects of’the téchniqﬂé. The
other important objective of such study is to eﬂsure that
no similar work has been publishéd befofe. Furthermbre,
the literature survey should be cbntinued duringvthe

course of the new research work.

Nearly all of the power frequency based fault location

techniques presented during the last decade are studied in



qhapter 2. The commercially available fault location
.algorithms are mathematically described in Chapter 2 and
the results of their simulation tests are given in
Chapters 6 and 7 and are compared with those of a new

technique.

The Chanter starts with a description of thevreactance
relayrwhich shows the main problem with the techniques
which use the measurements at one end of the line, a
problem caused by thebremote source infeed currentkthrough
the fault path. In these techniques the pnase angle of
fault path current‘oryvoltage is required. Since there is
no means, as yet,ito precisely determine this angle,
different methods and assumptions are employed yhichlmay
reduce the accuracy. DoubleQend measurement faultilocators
are more accurate because they do not need to determine

this angle.

1.3.2 Chapter 3 Synopsis

Prior to the‘on-site tests, which are associated with high
cost and‘otherdifficulties, computer‘simulation is a
simple and flexible method_in the accuracy assessment of
any algorithm. Non-algorithmic errors which are introduced
by hardware limitations and incorrect settings can ‘also be
1nvestigated in this way. However, in the simulation study
of fault locators a very accurate modelling of
transmission lines is required to take into account all
important parameters in the real system. A very small

error caused by a neglected parameter in the simulation



could lead to kilometres of error in locating the fault.
For example, though the sequence component theory is an
effective tool in the analysis of a faulted line for many
purposes, it assumes the line is perfectly transposed, but
such lines do not egist in real life. This assumption in
fault location can introduce some error. A distributed
parameter simulation for two-ended transmission lines was
therefore developed which takes into account the effect of
line asymmetry and shunt capacitance. In Chapter 3 the
theory underlying this method is described and the basic
equations requiréd ére derived. Also the theory of natural
modes for decomposing a multiphase system into a number of
uncoupled single-phase circuits is explained. In the third
part of the Chapter'the technique using the concept of
multiconductor theory ‘for the simulation df :auited
trénémission lines is given. The Chapterlconcludés Qith‘a

descriptibn of the program structure.

1.3.3 Chapter 4 Synopsis
From the survey of Chapter 2 it is learned that the
present fault location techniques have a variety of
limitations in terﬁs of system application and attainable
accuracy. Most of them neglect the effect of shunt
capacitance and use a‘sequence component model which
assumes the line is perfectly transposed. Some algorithms
require a representative value of the fembte sourde

impedance.

In Chapter 4 a new power frequency based algorithm is



derived from the theory of multiconductor lines and
natural modes. The technique takes into account line
transposition status and distributed shunt capacitance.
Also it is independent of source configuration and fault
path complexity. The phasor data required by the technique
are measured at both ends of the line. A simple technique
is used to synchronize the phasor measurements at each end
with each other. There is no heed for continuous data link
between the two ends as only the phasor values to be
transferred and this can be done by voicerover a telephone
link, forkexémple. A proﬁotypé hardware descriptioﬁ ié

given at the end of the Chapter.

1.3.4 Chapter 5 Synopsis

The new algorithm gives no error when the exact.line
parameters and phasor data are available. However, in a
conventional relaying system allythe required data for the
new algorithm are not usually available. To adapt the new
algorithm with the present system, it is necessary to test
its accuracy when using the input data and simplifying
assumptions utilised in conventional‘relaying‘systems;:ln
this respect thgre_ére two main aspects to be considered:
double-circuit line applications and the assumption of

perfect transposition for untransposéd lines.

The new aigorithm in its general form requires‘current
and voltage‘phasors from both circuits of a double-circuit
- line, but in conventional relaying systems, each circuit

“has its own fault locator and the effect of the other



circuit is compensated by its residual current. with this
restriction in mind, in Chapter 5 the performance of the
new algorithm is tested for a double-circuit 1line
configuration using the phasor data from the faulted
circuit only. It is interesting to note that the new
algorithm gives no error when the line is perfectly
transposed and still maintains a very high accuracy in
untransposed lines using phasor data from the faulted

circuit only.

In general, the new algofithm is required to evaluate
eigenvalues and an eigenvector matrix for any line
application. However, for all transposed lines a real
eigenvector matrix can be defined and the eigenvalues are
simply evaluated from the line sequence impedances. The
simulation test results of Chapter 5 show an important
aspect of the new algorithm; it maintains its accuracy
when using transposed line eigenvalues and eigenvectors
for untransposed lines. In other words, in the new
algorithm any untransposed line can be assumed perfectly
transposed, obviating the need for difficult mathematical
operations involved in evaluating the eigenvalues and the
eigenvector matrix. Moreover, in untransposed double-
circuit line applications there is a good accuracy even
. when using the transposed parameters and data from the

faulted circuit only.

1.3.5 Chapter 6 Synopsis

As part‘of the performance evaluation of the new fault



location algorithm a number of tests were garried out to
establish its accuracy in comparisoniwith the best
commercially available algorithms. The test results given
in Chapter 6 reveal the accuracy achieved by the new
algorithm compared to that of the commercial algorithms

under the same fault conditions.

A very févourable test circuit is chosen in 6.3 such
that any algorithm can’accurately locate the fauit.kSome
parameters affect the accurécy of algorithms, e.g. faﬁlt
resistancé,.source impedancés, etc. In order to evaluate
the effect of each parameter independently, in moathaseé
one or two parameters are varied from the reference
conditions. When all parameters have been tested, a
typical test case compounding different parameteré is
given. In 6.4 test cases are for transposed lines, while
in 6.5 the same cases are repeated fbr untransposed lines.
It is worth emphasising that in the simulation studies for
all the algorithms perfect transposition was assumed for
untransposed lines as this is the normal practice in real

systems.

1.3.6 Chapter 7 Synopsis :
As the input data from the line simulation program
contains no error and perfect setting was also assumed,
test results‘qf Chapter 6 reveal the algorithmic error
associated with different locators. In practice this will
not be the case and some non-algorithmic errors due to

incorrect setting and data acquisition and processing are

10



inevitable. These errors must be considered in any overall
accuracy assessment of the locators. In Chapter 7 the
errors introduced by incorrect‘setting of the remote
source impedance, line impedance matrix and line length
are independently investigated. In 7.5 hardware errors are
simulated by introducing erfors into the phase angle and .
the magnitude of voltage and current phasors. This method
reveals the sensitivity of different algorithms to the
errors created during signal acquisition and=procéssing'in

real systems.

11



PRESENT FAULT LOCATION TECHNIQUES

2.1 Introduction

The need for very accurate fault location has long been
the incentive for numerous research activities carried out
in this field. With the advent of the microprocessor-based
relaying devices (and the analytical capabilities provided
by such devices), electricity utilities have shown
increased interest in implementing accurate fault location
techniques.:Consequently in recent years, several
microprocessor-based approaches to the problem of fault
location have been developed and, to varying degrees,
implemented. It should be noted that small computers can
also ‘be used as the fault location calculations can be
done off line once the fault has been cleared and the

required data have been recorded.

Before commencing new research work in this area, the
study and analysis of modern fault location algorithms is
helpful in the recognition of their deficiencies and
sources of inaccuracy. From such study the objectives to
be achieved by a new algorithm can be outlined. While the
new research is being conducted, it is important to
continue monitoring modern fault location research to be

sure that no similar work has been published.

From the frequency point of view, fault location
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algorithms involve two main approaches. Most techniques
employ power frequency evaluation of the system based on
the phasor measurements at one or both ends of a line.
Some other techniques rely on high frequency measurements,
e.g. to inject an electrical pulse into the faulted line
segment and take recordings of subsequent reflected
voitage and current signals. Due to the poor fidelity of
the standard transducers, as well as the inaccuracy
associated with data recording and processing at high
frequencies, the latter approach is not very popular. On
the other hand, power frequency measurements are more
accurate and well established in power systems protection.
This thesis is therefore concerned with studies of power

| frequency based fault location.

In this Chapter the inaccuracy of most fault location
techniques pdbliehed since 1979 is discussed and some
encouraging methods are described. Simulation studies were
also performed on commercially available fault locators
and these’were compared with a new technique which is
described in Chapter 4. An independent simulation test was
théfefore avoided as it would be easier to make judgment
on fhe performances of different algorithms under the same
fault conditions. Cbmparative simulation test results aré

given in Chapters 6 and 7.

2.2 Reactance Measurement Fault Location
The technique used in reactance relaying is to measure the

apparent impedance of the line. This is a simple technique
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which is usually used in distance protection. Its
description reveals the main problem caused by the fault
infeed current from the remote source in a single-end
measurement fault location. Under fault conditions, the
idea is that the apparent impedance should equal that of
the line to the fault point plus the fault impedance.
Given that the transmission line is predominantly
reactive, and that the fault impedance tends to be
resistive, the reactance component of the apparent
impedance is proportional to distance to fault. For
example, using'éhe single—phase line shown in Frigq. 241,
the voltage drop at the sending end (relaying point) is:

Dividing both sides of Eq.'(z-l)iby Is'and ﬁaking the
imaginary bart yields the abbarent reactance, that is:

Vs Ip |
XrSIm[i-;]=Im[lp.ZL]+Rf.Im[i-s:] A | (2-2)
From the apparent reactance presentedvto the relay, the
exact locatioh 6f the fault can be found,\providedvﬁhﬁt
the phése angles of Is and‘IF are éqdal or can be
determined precisely. Otherwiée there is an error which
depends 6n the éngle between Ig and Ip as shown in Fig.
2-2. The error is aifected by the remote end infeed, the
prefauit ioad, and the line and source angles; An accurate
estimation of the phase angle of I, (or V;) is the main

concern of any fault location algorithm which uses phasor

data only from one end of the line. In this Chapter
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different approaches to solve this problem will be shown.

2.3 The ASEA Algorithm

This fault location technique introduced by Eriksson et.
al. [1], is in commercial use in the ASEA RANZA equipment.
The authors use the sequence component concept and ignore
the effect of shunt capacitance. The input data to the
algorithm is collected from the near end data acquisition
system and a representative value for the remote. end
source impedance is applied. Prefault load current samples
are stored to determine the change in line current caused

~ by the fault (superimposed current).

2.3.1 Basic EQuations
Considering the single-phase faulted line shown in Fig.

2-1, Eq. (2-1) can be rewritten as:
VomI..p.z. +SE.R | 2-3
S R A : ' (2-3)

where ISf is the sending end superimposed current and Dp

is the current distribution factor given by:

. Igs (1-P)Zpt2gp

- | (2-4)
AT, Bggtiptlgy

Substituting Eq. (2-4) in Eq. (2-3) and rearranging,
yields:

p?-p.K +Ky-K4.Rc=0 | (2-5)
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The comﬁlex expression of Eq. (2-5) contains the unknowns
p and R;. However, Eq. (2-5) can be separated into two
simultaneous equations, one real and one imaginary. By
eliminating Rg a single expression results with the single
unknown p. This is solved by'the program, using the phasor
values, taken from the Fourier analysis routine which

yields the fundamental components of the signals.

In order to use Eq. (2-5) for multiphase systems, the
sequence components are employed. The algorithm assumes
the current distribution factor for the positive and
negative sequence networks are the same. As the zero
sequence current distribution factor is not known as
reliably as thaﬁ for the positive sequence, the zero
véequence'éurrent has been extracted from the superimposed
~current at the sending end for single-phase-to-earth
faults. Therefore for all types of fault on multiphase
systems, the positive sequence éurrent distribution factor
is used and consequently the positive sequence line and
source impedances are used in Eq. (2-4) for locating the
fault. However, depending on the fault type, the voltage
and current Values in Eq. (2-5) should be defined. For

single-phase-to-earth faults, say, involving phase ‘a‘’,
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the voltage and current values to be used are:

Vo=V

S "Sa

z. -2
Lo~%p .
Igat3z 1

I
LO Sa

3
Ige=3(Igra~Ig0?

where Z;, and Z,, are zero and positive sequence line
impedances and Igo is the sending end zero sequence fault
current component. The factor 3/2 in Eq. (2-6) for
evaluating Ig, provides a heavier weighting to compensate

for the removal of the zero sequence current.

For inter-phase faults including double-phase-to-earth
and 3-phase faults, the voltage and current expressions to
be used in Eq. (2-5), say, involving phases 'a' and 'b°’

are:

Vs*Vsa~Vsb

Ig=Iga~Ig, I (2-7)

Ige=(Igsa~Isep!

The algorithm can be modified for double-circuit or
parallel line applications. Assuming an identical parallel

line, the positive sequence hetwork is completeiy

described by redefining Eq. (2-4) as:

,(l'p)(zss+sz+zsn)+zsa

D = (2-8)
A ZZSS+ZLP+ZZSR
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Using Eq. (2-5) for a double-circuit or parallel line, the

values for Kl' K2 and K3 are:

x Vs 14 Zsr
1 Ig2rp * Zgg+%1p+2sR
Ko=1 ZS ‘l'z“““zgg'i‘")
sltp  %gs+lrp+lsr
< Igse (14 Zgr*igs
31,32 T T 7

S"LP SS+"LP+ SR

It should be noted that in using the above equations the
positive sequence source impedances must be applied. Zero
sequence mutual coupling between the two circuits can be
compensated for by interconnecting two fault locators.
with a fault locator on the parallel line its residual
current reading can be input to its companion lécator; the
mutual resistance and reactance are required as additional
input settings. For example, it can be shown that for an

‘a'-earth fault, Ig is defined as:

2r0-%1p 4

M |
Is'ISa"‘§E;;“'ISN1'E"Isuz (2-9)

LP

where Z,, is the mutual impedance between the two circuits
and ISNl and ISNZ are the sending end residual currents of

circuits 1 and 2 respectively. V., and Ige in Eq. (2-6)

S
remain unchanged for double-circuit lines.

2)3.2 Comments on the ASEA Algorithm
It is obvious from the foregoing that the ASEA algorithm

neglects the effect of shunt capacitance. The field test
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results given in the paper are for a short line (76 km)
where the line capacitance current is not significant.
Also the algorithm uses the sequence components which are
necessarily applicable to perfectly transposed lines. The
locator is therefore prone to large errors when applied to
untransposed lines. The remote end impedance seﬁting
required by the ASEA algorithm can be another source of
error as the source configuration may change from time to
time by switching operations. It is apparent that efrdrs
can occur if the remote source impedance differs from ﬁhe
set value. The computer simulation test results given in
Chapters 6 and 7 show that any of the above sources of
error could lead to significant inaccuracy in fault

location.

2.4 The Toshiba Algorithm

The technique was first presented by Takagi, et. al. [2]
and is used commercially in the Toshiba SEL-121 fault
locator equipment. The technique basically neglects the
effect of shunt capacitance; however after the first
estimate of fault location the effect of shunt capacitance
is compensated. The major novelty introduced by this
scheme is the use of a phase network instead of the
sequence component networks for modelling the faulted
line. Also, by assuming that the fault path current is in
éhaée with Fhe superimposed‘current at the sending end,

the technique requires data from one end only.
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2.4.1 Basic Equations

If the shunt capacitance is ignored then the voltage

vector of a faulted line at the sending end is obtained

from:

Vs-x,[Z].TSfVF | | | | ’(2;19)
The fault point voltage vector can be written as:
TeolRe) Ty e
In Eq. (2-11), Tf is the fault path current consisting of
the sending and receiving end superimposed currents, and
[Rf] is a diagonal matrix of required values of fault
resistance inﬂeach phase. If it is assumed that both fault
path infeedwéur:ents from the sources are in phase, then

thepfault‘point ﬁoltage will be in phaéeywith the sending

end superimposed current, i.e.:

where ¢ is a :eal value. Putting Eq. (2-12) in (2-10),
yields: | |

Vssx.[zl.fs+g.igf o : | : : (2-13)

For simplicity, consider an 'a‘'-earth fault. Then Eq. (2-

13) can be written as:

VSa'x'izak‘ISk+g'ISfa o - ; (2-14)

‘where ksa;b,c for single-circuit lines and k=a,b,c,A,B,C

for double-circuit lines. Multiplying both sides of Eq.
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(2-14) by the conjugate of Igsar i.e. I;fa,,and equating
the imaginary part of the equation gives the distance to

fault, x, as:
o * * :
x=Im[VSa.ISfa]/Im[(Ziak.Isk).Isfa] (2-15)

Eq. (2-15) is valid for any single-phase-to-earth fault by
using the corresponding phase voltages and currents. For a
phase-to-phase fault, say, involving phases 'a' and 'b'
on a double-circuit line, the fault location expression

has the following form:

* *
x=Im[Vgap-Igranl/I™ Vgrap Igfan) (2-16)
where VSab'vSa'VSb .
* -* %*
Issap~Isfa~Istb
vSLab’(zaa'zab)ISa'(zbb'zab)ISb+(zca'zcb)ISc

*(Zan-Zpa) Igat(245=2pp) Igp*(Zac=2pc) Isc

In Eq.'(2-16) double-phase-to-earth and 3-phase faults are
included. |

The authors suggest the following formula to
compensate for the error caused by neglecting shunt

capacitance for line lengths more than 100km:
x1=x-p2.x3/3 - (2-17)

where X, is the compensated fault location and 8 is the

imaginary part of the line propagation constant.

2.4.2 Comments on the Toshiba Algorithm

The algorithm uses data from oné end and assumes the fault
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point infeed currents from the sources are in phase.
However, in practice there could be cases where a
significant discrepancy between these phase angles exists.
The difference between the phase angles generaliy varies
with the distance to fault. When the remote end source is
stronger, the main contribution of the fault path current
is from the remote end source, particularly for faults
nearer to the remote eno. In this case the fault current

phase angle is governed by the infeed from the remote end.

The effect of shunt capacitance is negleoted in the
first estimation of the fault point. A compensated fault
point estimate is then obtained from the first estimation.
It is apparent from Eq. (2-17) that in compensating for
the shunt capacitence effect, a value is subtracted from
the first estimate of fault location, i.e. it considers
that because of the capacitance current the locater always
overreaches the fault point. However, it is shown in
Chapter 6 that there are cases for untransposed lines
where the relay underreaches in its first estimate and
hence the compensation method will actually increase the

error.

The algorithm can be used for untransposed linestif
the self and mutual impedances of each phase are
available. In practice the average values of all phases
are set for each phase, assuming the line is perfectly
transposed. In Ref. 3 which also gives details of the

Toshiba algorithm, the authors accept that when the line
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parameters are represented by the averaged values, a
substantial error will'bccur due to asymmetry amongst the
phases. There is a good example of line asymmetry in Table
2 of Ref. 3 which shows a dispersion of about 5% to 10% in
the loop impedance with respéct to ﬁhe avefaged impedance,

depending on the faulted phase(s).

The field test results given in Ref. 3 also show some
cases where the equipment did not satisfactorily locate
the fault. The comparative simulation test results of this

locator are given in Chapters 6 and 7.

2.5 Modification of the Toshiba Algorithm by Schweitzer

2.5.1 Basic Equations

In Eq. (2-12) suppose’there is a,phase difference T
between the sending end superimposed current and the fault

point voltage. Then Eq; (2-12) can be written, say, for an

‘a'-earth fault as:

v T
VFasg.Isfa.eJ (2-18)

Hence Eq. (2-15) takes the general form of:

* -47 * - o
x=IN[Vg - Igpq+S /100 (324 Tgy) - Tggq - 3T, (2-19)

In the Toshiba‘algorithm, T is set equal to zero.
Schweitzer [4] suggests that T can be determined from the
" ecircuit model. It is obtained from the following

expression:
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Zaatl,+2

§S "L "SR

(2-20)

The angle T is zero if all impedances share the same angle
and T is constant if"zSR and 2, have equal angles. The
improvement Schweitzer offers is to use Eq. (2-19) and to
provide an estimate of the angle, instead of setting it
equal to zero as assumed by the Toshiba algorithm. Two
estimations are possible, and the choice depends on the
knowledge and variability of the system parameters:
(a) Set T equal to a constant. This appfoach is
particularly effective when the second condition

above is met, i.e. when 2 and zL are of equal

SR
angle.

(b) Determine T from a function of the first fault
location estimate using Eq. (2-19) and the expression
for T given in Eq. (2-20). Other choices include a

linear approximation or piecewise 1linear

approximation.

2.5.2 Comments on ﬁhe Schweitzer Modification

The phase angle T hsed by the Schweitzer modification is
dérived“from the concept of current distribution factor
given by Eq; (2-4) for the ASEA algorithm. However, here
it is hot clear.which sequence component is used in Eq.
(2-20) for estiﬁating T. The zero sequence curreht
distribution factor is quite indeterminate which leads to
inaécuracy in determining‘the ph&se angle T for earﬁh

faults. The error will be higher for untransposed lines as
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the expression for T is not valid.

The simulation;eét results of Chapters 6 and 7 show
thaﬁ the modificatidn impfoVes the accuracy of the Tdshiba
aigorithm for transposed lines provided that the phase
angle T is equal fof all the éequence networks and
therefore the pbsitive sequence impedances can be used in
Eq. (2-20){ HoweQer, there are cases for untransposed
lines where the modification reduces the accuracy of the
Toshiba algorithm quite substantially. The fequiremeht for
setting the remote source impedance in the Schweitzer
modification can itself be another source of error as the
femote source'impedance may change‘from the value set into
the locator. The test results for this effect dre shown in

Chapter 7.

2.6 The cdok Algotithms

In his paper, V. Cook (5] p:esents three fault location
methods based on the sequence components} He also néglects
thé effect of shunt capacitance‘in his methods. Two of the
ﬁéthods use the(impédances measured by the proﬁectivé
relayé at both ends of a line, while the third one uses
impedance data from one end. Considerable attention has
been given to the influence of prefault current as the
author assumes this as the major source of error. The
impedance presented to a reiaying point is a function of
distance to the fault, fault resistance and current

distribution factor, i.e.:

25



v, , | - , ‘
Zr=T;=p.ZL+Kr Rg | N - (2-21)
In Eq. (2-21)‘vr and Ir are the voltage and current
signals input to the relay depending on fault type. The
complex coefficient K? is a function of the network
current-distribution foctor, fault location and fault
typer For example, for a phase-to-phase fault K. is given

by:
Krso.S/DA' S : ‘ (2-22)

where D, is the current distribution‘factor given byrEq.
(244) The effect of prefault loed current is coneidered
in Eq. (2~ 22) by multiplying the coefficient by the
ratio of the superimposed relay current to the total fault
current. Using the measured faulted phase imoedance at
each end of the line, the unknown distance to fault is
obtained by solving a quadratic equation. The second
algorithm which uses data from both ends is a simplified
form of the quadratic algorithm. However, in the second
method, the relay current magnitudes at both ends are also
required. A different routine is presented when these

current magnitudes are equal.

The author also oresents an'algorithm using the
impedance measured at one end. Howeuer, in order to
evaluate the current distribution factor,van aesumed value
is used for the remote source impedance which inevitably
introduces an error in fault location. But it is claimed

that the error is negligible as only the argument of the
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current distribution factor is used and the major error
appears in the magnitude of the current distribution

factor.

2.6.1 Comments on the Cook Algorithms

In the conclusion of the paper the author states that the
fault location estimates are influenced by the system
being non-homogeneous; nevertheless it is not shown how
the algorithms account for this source Of error. By using
the seqﬁence components“the aigorithms eannot be‘used for
ontransposedilines. The effect of‘line shunt cepeoitance
has also‘been negieoted. The simulation study‘results
given in the paper are for very simple cases where the
fault resistance is quite small (2 In) and the line length
is very short (10 miles).‘In these simple cases any

locater is expected to perform very well.

In a simulation study of the simplified two-ended
algorithm it has been observed that the algorithm is prone
to high errors for fault positions in the vicinity of a
point on the iine,where the magnitudes of the infeed
currents from the sources are equal. For example, for an
'a'-earth fault at 140km of a 250km transposed single-
circuit line, more than 5% error (over the total line‘
length) was recorded. The fault resistance was 108 and
both source capacities were 1MVA. In this case the
magnitudes of the currents from both sides are equel at
the mid-point (125km) as the sources are identical. It has

also been observed that the ‘error is increased in
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proportion to the fault resistance.

. The algorithm using data from one end is based on the
same idea as that by the’Toshiba algorithm, i.e. it
assumes a very smali value for the argument of the current
distribution factor; the Toshiba algorithm assumes this

argument is zero.

Overall, the proposed algorithms are based on
assumptions which have already been used in previous work
(though the fault location equations look different). On
this basis no improvement in the accuracy of fault
location is expected. The paper, however, considers some
fundamental problems in the analysis of distance
protection and fault location which are therefore useful

as a tutorial study.

2.7 Th; Yang and Morrison Algorithm .

The authors present a method in their paper [6] for high
resistance fault distance protection to calculate fault
distance independent of fault resistance. The method uses

the sequence components and neglects the effect of shunt

capacitance.

The basic principle of the proposed algorithm is that
it is not necessary to actually find the fault current;
any current proportional to it will suffice. If such a
current can be found that is measurable from the relaying
point, a number of basic problems will be overcome. The

fault path current may be expressed as a sum of zero,
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positive and negative sequence components, and each
component may be broken into two contributions, one from
the near end of the line and the other from the remote
end. Only the superimposed currents need to be considered,
as the prefault quantities may be simply extracted. As
stated in the paper, the appropriate sequence networks
show that'while‘the zero sequence current on'the relay
side may not be in phase with the fault path current, the
positive and'negative sequence faultccurrents flowing from
the relay side must be Virtually in phase with the same
components of fault path current, because the arguments of
pOSitive and negative sequence impedances for high voltage
transmission lines are almost the same as those of
generators. Noting further that all sequence components of
the fault pathvcurrent are in phase, it is conciuded that
the sum of the positive and negative sequence superimposed
currents at the relaying point is approximately in phase
with the fault path current This analysis suggests that
the current obtained by subtracting the zero sequence
current from the superimposed current at the relaying
point will be a current proportional to the fault path

current.

Once the proportional current has been found, the
fault equation based on the instantaneous current and

voltage at the relaying point is written which contains

two unknowns, one of which is the distance to fault. The
equation is evaluated at two different times, and can then

be solved for the unknowns. The authors suggest that the
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accufacy will impfove if a measuring time close to the
zero-crossing of the superimposed current is chosen. This
is because of a reduction in the effect of the non-
linearity of arc resistance due to smaller voltage drop

across the fault resistance near zero current {71.

Although the algdrithm has been proposed‘for high
resistance'earth'fault'distance'proteétion, its study
could be useful for the analysis of problems aséociated
with accurate fgult location. The'authors make a more
reasonable assumption'tﬁan the Toshiba';lgorithm by
assuming the.fault path currenﬁ is in phase with the
sending end superimposed cufrent when its zero sequence
current is extracted. This can result in smaller errors as
the zero sequence network is quite inéetermihate. ﬁdwever,
the tedhnique has been proposedibnly for earth faults and
test results given in the‘paper show high errors in some -
cases. Overall;lthe method has some good features which
can be used}as a basis for evolving a new fault location

technique.

2.8 Other Fault location Algorithms

Nearly'all the possiblé'éiﬁplifying assumptions for an
Accurate fault location have been discussed in the
foregoing Sections. Theré is other pubiished work which
deriveé other algorithms of essentially the same type. it
is not therefore expected that these methods significantly
increase the attainable accuracy. They are, however,

briefly described here to complete the survey.
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Sachdev and Agarwal [8] suggest a technique in which
use is made of a local digital impedance relay and its
current data plus the corresponding data from the remote
end. An estimate of the fault location is first obtained
by neglecting the shunt capacitance. The estimate is then
compensated for the effect of shunt capacitance. The
technique uses the sequence components and does not
require synchronized measurements at the two line
terminals. The procedure should result in a precise
estimate of fault 'location as it uses data from both ends
of the line,-but appreciable errors have been reported in
the paper for certain fault locations. Also, the technique
does not consider line asymmetry by using the sequence
components. The proposed compensation for the effect of
shunt capacitance, though improving the accuracy for
perfectly transposed lines, can increase the error for
untransposed lines as is shown in Chapter 6 for the
Toshiba algorithm, which uses essentially the same
technigue“ Like the Cook algorithm, considerableyerror has
been‘reported in Ref. 9 for faults‘at the points on the
line where the fault current contributions from the

sources have similar magnitudes.

wiszniewsky [10]) considers fault resistance as the
reason for errors in the fault location technique based on
reactance measurement from one end. He states that fault
reSistance is comparatively small during interphase faults
'while for: earth faults it may be substantial. By using the

remote source impedance, a correction is proposed for the

31



apparent reactance measured during high resistance faults.
fhe4correction is based on an estimation of the phase
difference between the total fault current at one end of
the line and the fault path cgrrent. It also assumes that
the phase angle of the measured impedance can be
considered equal to the angle of the line impedance. No
test results have been given in the paper. However, it is
obvious that in terms of attainable accuracy no
improvement is expected over the previously described
algorithms which use the same éssumption, e.g. the ASEA
algorithm. )

The paper by Jeyasura and Rahman [11] gives a method
which uses the phasor voltage and current measured at the
line terminals. These measurements are not required to be
synchronized as the algorithm uses the apparent impedance
measured by the faulted phase impedance relays at both
ends to evaluate the phase shift between the sending and
receiving end measurements. The sequence components are
used by the method and the effect of shunt capacitance is

neglected. .

sant and Paithénkar (12] proposg a fault location
technique that uses data from one end of the line. But
this technique assumes the line is connected‘tb a éource
at onevend only. The fault locatioﬁ,estimate obtained by
this approach is not therefore accurate if fault current
is contributed by both sources in the presence of fault

resistance.
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Richards and Tan [13] propose an iterative technique
which estiﬁates the impedance to a fault as seen from the
line terminals, and convert the estimate to a line length.
This approach is also sensitive to fault resistance,
particularly if the fault is fed from both terminals. The
technique uses a sequence component approach that treats
both the fault location and fault resistance as unknown

quantities. Shunt capacitance is also neglected.

A reéent paper by'Lawrence and Waser [14] uses a time
dohain rather than a frequency domain representation of
voltage and current. The phase network mbdel of the line
is used, permitting explicit treatment of self and mutual
impedance effects for multiphase systems. This method
permits the inclusion of unbalanced system impedances
associated with untransposed lines. A lumped model of
shunt capacitance may also be included. The analysis
procedure employed in the fault location algorithm is
based on the Z—transform‘technique to model the system
response to a fault. As shown for a simplified single-
| phase circuit in the paper, the remote end source voltage.
ig evaluated from the prefault condition, i.e. it assumes
the remote source voltage does not change during the
fault. Knowing that the effective source impedance of
éynchronous machines, for example, changes during the
fault conditions, the use of prefault source voltages
during fault conditions could be a major source of error.
Another major problem with this technique is that it

requirgs an experienced engineer to view the faulted
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waveform and select prefault and fault data windows and
execute the.faulﬁ location program. Even though the
control dispatch or control centre is manned 24 hours a
day, the technical personnel necessary to do the analysis
may not be available if immediate fault location is
required. It is claimed by the authors that the estimated
errors are within 3 to 4 percent of the actual fault

location.

2.9 Summary 7

In this Chapter most 6f the :auit locatioh‘algdrithms
which utilise phasof measurement at one or both ends of a
line have been studied. Thésé employvpower frequehcy
wavefbrmkevaluation and then use an iterative or non-
jterative technique to solve a set of non-lineaf eQuations

containing the distance to fault as a variable.:

,fﬁoée algoritﬁms which use phasor data from one end
should solve the problém of the remote-source curfent
contribgtion to the fault path current. Sant and
Paithankar proposé an algorithm which assumés the line is
connected to a source at one end only. In ﬁhe Toshiba
élgorithm it is assumed that fault path current infeeds
.~ from remote and near ends are in phase. Eriksson, et. al.
.(the ASEA algorithm), Cook and Wiszniewsky propose methods
which use fault current distribution factors determined
from a knowledge of the remote end source impedance. Also
Schweitzer modifies the Toshiba algorithm to form an

'iterative method by using the remote source impedance.
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Richards and Tan put forward an iterative method which
estimates the impedance to fault, and converts the
estimate to a line length. Lawrence and Waser use a time
domain representation of voltage and current and assume
the remote source voltage remains unchanged after the

occurrence of fault.

Ssachdev and Agarwal, Jeyasura and Rahman,'and Cook
propose algorithms which use the data from both ends of a
line. These techniques are much the same and require the
apparent impedance measured by distance relays a£ the line‘
ends and the amplitude of the voltage and/or current from

the remote end. These techniques do not require

synchronized measurement at the line ends.

All algorithms, except the Toshiba algoritﬁm and the
algorithm proposed by Lawrence and Waser which use a phase
network,fuse a sequence network representation of the
faulted lige, i.e. they cannot consider the effect of line
asymmetry. The sequence components are only applicable to
perfectly‘transposed lines. Only the algorithms by
Toshiba, and Sachdev and Agarwal consider the effect of

shunt capacitance by using a lumped model of it.
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3.1 Introduction

The performance evaluation of the fault location
algofithms for different fault conditions necessitates an
accurate simulation of the transmission line. The
algorithmic errors of the locators can then be tested and
by introducing errors in the input data add settings their
gsensitivity to non-algorithmic errors can also be
evaluated. The non-algorithmic errors are mainly produced
by non-ideal>performance~of_the transducers, signal

processing inaccuracies and incorrect settings.

In order to study the effect of line unbalance and
shunt capacitanceonféqéuracy, a distributed model of the
line is needed for ihe éimulation. It should be noted that
even with balanced generation, the asymmetrical position
of the phase ¢onduc£ors y;th respect to the surface of the
eﬁrth leads to line becoming unbalanced and hence the
sequence component theory is not a reliable tool for the
purpose of this study. The theory underlying the
'distribﬁted simulation study, known as the theory of
multiconducfor lines, is mainly developed by Wedepohl
[(15]. In this Chapter the theory is briefly explained and
the basic equations required for studying the fault
jocators are derived. Also the theory of natural modes for

decomposing a multiphase system into a number of uncoupled
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single-phase circuits is described. Then the technique for
the simulation of faulted transmission lines at power
frequency is given. In the last part the structure of the

simulation program is given.

3.2 Theory of Multiconductor Lines

Any a.c. transmission or distribution line consists of at
least three phase conductors. In some cases EHV lines may
comprise two 3-phase circuits; strung or suspended from
the same tower structure as in double-circuit lines having
a vertical configuration (Fig. 3-1) or two circuits
running in parallel, as in a twin-circuit line with
horizontal configuration. Other conductors may also be
present in the form of earth wires for the purpose of
ahielding the phase conductors from lightning sﬁrokes, and
these are usually bonded to grpund at each tower. An
important part is.also played by the grouhd over which the
line runs as this can also be considered as an additional
lossy conductor having a complex distributed

characteristic.

Thus it may be seen that the practical transmission
line is a complex arrangement of conductors, all of which
are mutually coupled not only to each other but also to
earth. Even with balanced generation, the earth path plays
a part since the asymmetrical positions of the phase
conductors with‘réspect to thé surface of the earth leadé
to line unbalance and hence to currents flowing in the

earth return path. Thus unbalanced conductor geometry may
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also lead to voltage unbalance at supply points. As a
-result it is often the practice to minimise the effects of
line unbalance by transposing the phase conductors at
regular intervals in order to achieve some averaging of
the line parameters. At frequencies which a line can be
considered electrically short (e.g. line lengths less than
a qﬁarter of the wavelength), the net unbalanée may be
considered as though it was averaged out and ignored.
Hence at power frequencies, the line may be considered
ghort so that line unbalance is relatively unimportant. As
a result, for most applications the sequence component
theory has ldng‘been a useful tool for the analysis of
baladcéd power systems under both operational and fault
conditions. However, consideration of a very accurate
fault location technique requires that mutu;l effects
between the phases must be represented more accurately, as
'the distance to fault evaluated by a locator clearly
depends upoﬁ line unbalance. It is shdwn in Chaptér 6 that
the fault location techniques which use the sequence
components produce erroneous valués of fault position,

even for short untransposed lines.

The aim of this Section and the foilowing Section is
to consider and apply the concepts of multiconductor line
theory in which phase variable relationships are derived
for distributed parameter lines and to illustrate‘the
theory and applications of natural modes of propagation to

overhead transmission circuits.
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3.2.1 Basic Equations

Any multiconductor line section is defined by its series
impedance matrix per unit length [Z] and its shunt
admittance matrix per unit length [Y]. Consider a
homogeneous line containing n conductors and taking an
element of infinitesimal length &x, when current Ij flows
in the jth conductor (where j=1,2,..,n), the voltage

developed in length 6x of the kth conductor is:
n (] 3 .
5Vk”§=1zk3136x | (3-1)

where k goeé from 1 to n to include all conductors and Zyj
.is ;he mutual impedance per unit length of the kth
conductor for current in the jth conductor. The negative.
sign appears because the changé in voltage is negative for
increasing x. Similarly, there is a shunt diﬁplgcement
current due to the potential.applied to the jth conductors
which is: | -

61 =(-Ykak+$ Yk iV4)6x -
k (e%cgpt k) - (3-2)

Alternatively in matrix form and fbr 6x~0 the following

definitive equations are appfopriate,

a7 /dx=-[21T | | (3-3)
dT/dx=-[Y]V o , (3-4)
From Egs. (3-3) and‘(3-4) can be obtained:

42¥/dx?=[2]( Y1V (3-5)
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a2T/ax=[7)(21T = : ' (3-6)

I1f [e]=([z][r])*, then [et]-([Y][Z])i because [Z] and [Y]
are symmetrical, but in general [©] and [et] are not
équal. The solutions to Egs. (3-5) and'(3—6) for a point

at a distance x along the line are:
V =exp(-[8]x)V;+exp([0]x)V, o (3-7)
T =exp(-16,1%)T;+exp([0,1x) T | (3-8)

Eqs. (3-7) and (348) may bé interpreted on the basis of
‘forward and reverse trnvelling waves where Vi' Vr, Ti
and Tr are vectors required to satisfy conditions at the
boundn:ies. In practice the suffices i and r refer to
incident and reflected values. By differentiating Eq. (3-
7) and substituting in Eq. (3-3), Eq. (3-5) can be

expressed in a different form as:
T =[Y,][exp(-[0]x)V;-exp([€]x)V, ] ' (3-9)

where'[YO] is the gharécteristiC‘admittance matrix and is

defined as:

[Yol=[21'1[91 (3-10)

i.e., the input admittanée of the semi-infinite
homogeneous line. Conversely the characteristic impedance

matrix (or surge impedance matrix) is formulated by

inversion as:

(z,1=(017112] | (3-11)
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Also by using Eq. (3-9) in Eq. (3-4):

[Y,1=(¥I(0]™" o (3-12)
and
[21=001(Y1"" (3-13)

Alternatively by‘using Eq. (3-8) in Eq. (3-4), the voltage

may be expressed in terms of the current to give:

V. =(2,1[exp(-[0,1X)T;-exp([©,]1x)TI ] (3-14)
where the characteristic impedance matrix is:

[251=[Y] "[8:] (3-15)

But this can be shown to be the transpose of Eq. (3-13),
“from which it follows the (2,] and (Y,] are symmetrical

matrices even though {(©] in general is not.

3.2.2 Two-Port Equations

in order to evaluate voltage and current valuea at the
1ine_termihals or éectionsvit is often more convenient to
formuia;euéisolution‘in terms of the tonport equations.
For a homogeneous multiconductor line of length L (Fig.

3-2), putting x=L in Egs. (3-7) 9nd (3-9) yields:

ngexp(-[e]L)vi+exp([e]L)Vr (3-16)
TR=[Y01[exp(-[G]L)Vi-exp([9]L)Vr] (3-17)
For x=0

V=V, +7, (3-18)
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Tg=[Y(1(V3-Vp) - | (3-19)

In these equations subscripts S and R stand for sending
end and receiving end quantities. From Eq. (3-19) we

obtain:

[291Tg=V;-V, (3-20)
Solving Egs. (3518).§nd (3-20) for Vi and Vr, yields:
Vi=(Vg*t(2p1Tg)/2 B (3-21)
U =(Vg-[241T5)/2 f (3-22)

Substituting Eqs. (3-21) and (3-22) in Eq. (3-16) and

rewriting the equations we have:

where jA=(exp(-[91L)+exp([9]L))/2-coeh([9]L)
Bf(eXP(lelL)-eXP(-telb))[zo]/z-sinh(lelh)[zo]

similarly using Eqs. (3-21) and (3-22) in Eq. (3-17) it

can be shown:

 Ig=-CVgtDIg | | (3-24)

where C=[Y]sinh([@]L) and D=[Y,]cosh([O]L)(Z,]

Oor in matrix form:

(3-25)
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For\the homogeneous line Eq. (3-25) can be written, for

the same A, B, C and D constants, in the following form:

<l
5
<!

(3-26)

|
!
|

The current directions must be considered in constructing
the ABCD-matrix. In the above equations, the direction of

currents flow1ng from S to R is assumed positive.

An advantage of this form of transfer function matrix
is the ease with which a number of line sections with
dlfferent constants can be combined, e.g. for a line

consisting of three different line sections we can write:

B,||a, B.||¥
S N B § IR | (3-27)
€1 DP1f|C2 DP2f|%3 DP3|{Ir

3.2.3 Evaluation of [Z] and [Y] Matrices
nepresentation of the homogeneous multiconductor line in
phase variable terms in the foregoing requires the
umerical evaluation of the [Z] and [Y]) matrices. The
calculation methods of these matrices‘are briefly
described in Appendix 3A, though a more detailed
description can be found in Ref. 16. Generally the
.calculation of [Z] and [Y] is based on the data from the
line geometry, electrical parameters and earth path
 resistivity. Also in Appendix 3A the effect of the earth

wire on the [Z] matrix and the single-conductor equivalent

43



of the bundled conductors are explained.

3.2.4 Calculation Methods of the [2])[Y] Functions

In order to use the transfer function equations, it is
required to evaluate A, B, C and D constants which are in
. turn determined from the matrix product [Z][Y]. This is
not undertaken readily and in order to resolve the
numerical difficulties a linear transformation is
introduced such that the eiggnvalues and eigenvectors of

the matrix product (Z][Y] must be determined.

Taking [r2] as the diagonal eigenvalue matrix it

follows from :
2 -1 ,
(Z1(Y]=[Q](T™][Q] (3-28)

that the relevant matrices used in the two-port equations
for example can be evaluated by the theory of matrix

functiohs leading to:
ter=foirricr™t (3-29)

[Q] being a matrix of eigenvectors in which each column

corresponds to an eigenvalue of the [2])[Y] product.

since [2,]=(8]17'(2]) and [Y,]=(¥][0] ! the following

may be written:
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[241=11(T1 " (017 (2]
(Yy1=(¥i0Q1r1 " 017t
A=[Q]cosh([T]L)[Q]™
B=[Q]sinh((TIL) Q) (2]
C=[Y,1[Q]sinh([TIL)[Q] "
D=[Y,]1{Q]cosh(([TIL) (@] (2]

1
- (3-30)

Methods are available for calculating the eigenvalues
and eigenvectors of‘a matrix but the form of the solution
determines which method is the most suitable, e.g. the
roots may be repeated 6r close together, real or complex.
The calculation methods of eigenvalue and eigenvector
matrices used by the simulation program are described in

Appendix 3B for both transposed and untransposed lines.

3.3 Natural Modes of Propagation

It has been shown how the practical multiconductor 1line
can be represented in terms of phase variables with little
difficulty provided that functions of the matrix [©] can
be evaluated. A procedure leading to the diagonalisaiion
of [©] has been suggested so that the functions can be
obtained from the functions of the diagonal [I'] matrix.
The diagonalisation leads to the concept of natural modes
of propagation and this is of benefit in_obtﬁining a
clearer insight into the nature of wave pfopagation on
complex transmission systems. In dealing with the theory
of naturalvmodes it is perhaps useful to point out thét

the sequence components are in fact modes of propagation

45



which corresponds to the case of a perfectly balanced 3-

phase line [21].

3.3.1 Modal voltages
consider the voltage propagation equation for a semi-
infinite line (i.e. a line without reflection) using Eq.

(3-7):
¥, =exp(-[€]x)V; | - - (3-31)

where Vi is an incident voltage vector. Furthermore

finding the eigenvalues and eigenvectors of [6]:
v, =[Q]exp(-(T1x)[Q1 'V} | | (3-32)

and introducing the variables V*n and vin such that

7, =10177, and ¥, =[Q)71V; it follows that:

1

T =exp (- [T1%) ¥ (3-33)

Butyexp(-[r]x) is diagonal; indicating that each element
of Vxn can be considered to the mutual exclusion of all
other eleménts. For any such element, it is possible to
thinkﬂin terms of aAsingle-phase line characterised by the
corrésponding element of the trj matrix, there being aé

many such lines as there are distinct values of T.

A solution in terms of each component voltage is
exactly analogous to the solution of a single-phasélline
problem. Each component voltage is associated with its own
propagatidn constant Ty, where for T =atif,, a, and B,

define attenuation and phase shift constants per unit
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length respectively. The latter also define phase velocity
such that uk=w/pk.

The concept of component voltages leads to the simple
interpretation that at any point x the actual voltagé
vector may be cqnsidered as being composed of a number
components; fhe relativé distributioh of voltage
corresponding to a given cbmponent being defined by a
particular column of [b], known as the modal matrix. These
columns in turn define natural modes of propagation. Thus
if one of the natural modes is generated at oné end of a
multiconductor line it will propagate withoﬁt changing ité
voltage distribution but it will of course be atﬁehuated
and shifted ip phase, In'general there are as many modes

as there aré effective conductors.

3.3.2 Modsi Currents

so far only voltage‘modes have been considered, but
eQually well, current modes having the same propagatioﬁ
characteristic as the corresponding voltage modes can be
defined, Howevér, aé a result of line unbalance the
.relative distributions for the current modes are not in
the strictest sense equal to those for voltage. From

a2T/dx2=(¥](2]T it follows that:

e 1=ctmiizn }=simst (3-34)

Hénce corresponding to the voltage équations it may be
seen that [t] defines propagation constants for the

natural modes of current defined by the columns of matrix
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[(S], the modal matrix for current. However, as the
determinant of a matrix and its transpose are equal, it
follows that the eigenvalues of [©] and (6.1 are equal,
i.e. t=I'. Considering this results and [et]t-[e], it is
seen that [e]=[st]"1[r][st] which can be compared with the
matrix [€]=[Q][0o] L (T][0]1[Q]"}; where the arbitrary
diagonal matrix (o] is introdﬁced for generality.lBy
comparison, the relationship [St][Q]-[a] can be obtained.
In particular,_suitable normalisation can be used to set
[c]=[U] in which eaee the current eigenvector matrix ceh
be considered to be defined in such a way that [S]'-[Qt]"1
and notvas [S]#[Q]-unless it is‘a perfectly balanced
system which would give [e]-[et]. It may be shewn that ;
particular voltage mode will only produce currents of the

same mode and vice versa.

3.3.3 Decomposition of Two-Port Equations

As an example of the application of the theory of natural
modes in the analysis of transmission lines, consider fhe
two-port equation given by Eq. (3-25) from which the
receiving end voltage vector can be obtained:

VRsAVS-BTS ' (3-35)

In the above equation each phase voltage at the receiving
end is electromagnetically coupled to the all phase
voltages and currents at the sending end as A and B in
general are not diagonel. Representing phase values in Eq.
(3-35) by the modal ones (shown by subscript n) and

putting the values for A and B from Eq. (3-30) we have:
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- -1 -
[Q]VRn=[Q]C°5h([r]L)[Q] (Q)Vg,
-101sinh((TIL) Q17 (241181 g, (3-36)

Rearranging Eq. (3-36):

vRnSAnVSn'BnISn : (3-37)

where A =cosh([r]L) and B -sinh([r]L)[Q]'l[zo][S] Knowing
.that cosh([r]L) and sinh([T]L) are diagonal matrices and
also [Q] [zo][S] is a dlagonal matrix it follows that an
n-phase system has been decoupled into n independent
single-phase circuits. Solving ‘each modal circuit
separately, at any point on the line all modal voltages
and currents can be evaluated. Having evaluated the modal
values at a point on the line, the phase values at that
point can be obtained hsing {Q)] and ([S] matrices.
Conversely, the modal values can be evaluated from the

phase ones using [Q]” ! or [s]7?

. For example, for a 3-
phase perfectly transposed line comprising phases ‘'a‘', 'b'
and 'c' using [Q]} -1 from Appendix 3B and V -[Q] v, the

modal values for voltage are:

V18Va+Vb+V c

Vy=v -V s (3-38)

where subscripts 1,2 and 3 refer to the mode numbers. The
same relationships between modal and phase quantities are

obtained for current as for perfectly transposed lines

49



[(S]=[Q)]. In Eq. (3-38) it is obvious that the mode-1
voltage (or current) is electromagnetically coupled to the
earth while the other two modes are coupled to the phase'
conductors. For this reason mode-1 is called earth-mode

while mode-2 and mode-3 are aerial-modes.

3.4 Simulation of Faulted Transmission Lines

In the conventional method, a faulted transmission line is
solved by transforming its phase network into the sequence
networks. This method is simple and effective for many
purposes, but cannot take into account fhe line asymmetry
and distribﬁted shunt capacitance. The technique employed
here is based on the multiconductor theory. The method
essentially is one of superposition, i.e. when a fault
occurs it effectively superimposed a voltage on.the normal
steady-state system voltages. The superimposing source is
located at the fault point and is equal and opposite to
the normal’system voltage at that point. The superimpdéed
voltages énd‘currents thus set up can be considered as
existing in their own right in an otherwise de-energised
system, i.e. in a model of the system in which each source

voltage is hypothetically zero.

3.4.1 Transfer Matrices of Faulted Transmission Lines

A faulted transmission system essentially consists of a

network of cascaded sections as shown in Fig. 3-3. Two-
port transfer matrices are particularly useful in the
gsolution of such problems. For example, the transfer

matrix representing .the line section up to the point of
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faultlis‘given by Eq. (3-39), and this can be used in
combination with the corresponding matrices representing
the fault discontinuity and the fault section between the
fault and the receiving end busbar, to yield a
relationship between the currents and voltages at each end
of the line. Eq. (3-40) shows the multiplication process
involved to yield the latter relationship.

B E » : :
- 1| | Fs | (3-39)

D1 Fs

[l

where Al, Bl,'C1 and D1 are found from Eq. (3-30) for the
length Xx.

v A, B A' B.||A, B
's|. 1 1|7 Pf£1 72 (3-40)
Ig| |€1 DP1f|% DPg|{%2 D2]['r

‘The submatrices A,, By, C, and D, defining the transfer
matrix fepresehting the line section beyond the fault are
found by substituting the length (L-x) involved, and the
matfix‘defining the fault discontinuity is formuiated
according to.the type of fault simulated. The source side
network is similarly represented and incorporated in the

system equations as detailed later [17].

3.4.2 Fault-Transient Model
As mentioned the fault-transient model is based on the
superposition method which hinges upon representing the

voltage at the fault point by the sum of two voltages;
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steady-state prefault voltage, st, and superimposed

~voltage, fo as shown in Fig. (3-4). V. is a suddenly
applied voltage, which when added to ¥, 6 represents the
postfault voltage. A solution may thus be obtained by
performing two separate calculations'in which the desired

voltages and currents are evaluated when Vpg 18 applied
to the energised system, and the superimposed voltage va
. is applied to the line with all source voltages set at
zero. It should be noted that the steady-state voltage
vector VFB can be evaluated from a knowledge of the
prefault voltages and currents at the terminating busbars.
In fact, the vector st is only needed insofar as it
enables the vﬁlue of va to be evaluated as a
prereduisite to the second part of the computational

process.

3.4.3 Formulation for Two-Ended System

The prefault voltage at the fault point, st' is easily
evaluated from a knowledge of the prefault voltages at the
terminating busbars. It should be noted that before the
fault ﬁhe sending and receiving end current and voltage
vectors are related by Eq. (3-41).

Vrs

rs| |C Irs

(3-41)

The sending and receiving end currents before the fault

are thus given by:
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1

- ~1. .= -1—= ‘

T =(C-DB™'A)¥, +DB™ 17, | - (3-42)

‘T =-p~1a7. _+B"1¥ (3-43)
Rs Rs ; Ss

and

V. =(a,-B,B"1a)V, +B.B"1¥ | (3-44)
Fs 2 "2 Rs ~2 Ss :

Each of the above equations are evaluated at power
frequency because the prefault condition is essentially a
steady-state one, irrespective of the postfault frequency
domain of'interest; For the purpose of the work presented

- in this thesis the postfault equations are also evaluated

at power frequency.

3.4.4 Sound Phase Voltage Problem

In order to complete the solution, it is necessary to
establish the response of the unenergised circuiﬁ to the
superimposed voltage V... A value is required for both
faulted and sound phases. In the case of a faulted phase
or phasee no difficulty exists. For example, if we
consider a single-phase-to-earth fault on phase ‘'a‘', then
the superimposed voltage is simply equal and opposite to -

the prefault voltage at the point of fault, i.e.:
VFfa=-stasin(wot+¢)h(t) (3f45)

For the unfaulted phases, there is no such direct means of
knowing the appropriate values of superimpesed voltage.
However, it is shown in Appendix 3C that the currents due
to the}application of the superimposed voltaée are related

by Eq. (3-46):
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Tps=-{[(C1¥Dy (2551 ™0) (A ¥By (2651 ™H) ™1 4(Cy*D, 31 ™)

(Ry*B,y2gp1 1) " 1T (R 11 (Tpge-Topy) (3-46)

It should be noted that because in double-circuit
lines both circuits are normally connected to the sgmé
busbar, th; extensive source’impedance maﬁ:ix for double-
circuit lines is singul#r and therefore cannot be
inverted, so that Eq. (3-46) is ﬁot applicable. To solve
this problem a matrix partitioning technique is used in

Appendix 3D to find the relationship between Vpe and

(Ipge=Ipr

f) for double-circuit lines.

The above mentioned rel&tiohshipe involve a 3x3 matrix
for single-circuit lines and 6x6 matrix for double-circuit
lines. Taking the former case first, Eq. (3-46) will take

the form:

- - -

13| | Irsfa~Irrfa

Vesal |%11
Veen|™1%21 222 %23||Irsep-IrreD

Z p/

12
(3-47)

Vrec| (%31 232 %33 |IrsecIFRec

3 -

Consider now an ‘'a‘'-earth fault, the currents Tfo and

Irr

are healthy and Eq. (3-47) takes the simplified form:

£ will be equal in the 'b' and 'c' phases because they

Vegal 1211
Veen| =221 | (Trsfa~IrrEa) (3-48)
_VFf ] _z 31]
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With reference to Eq. (3-48), the voltage Vrsa is known so
that the superimposed voltages in the sound phases are'

easily evaluated.

Appendix 3E shows the routines for solving the sound
phase voltage problem for the other types of fault,
including faults on double-circuit lines and inter-circuit

faults.

3.4.5 Superimposed Voltages and Currents at Busbars

HaGing calculated the vectors of éuperimposed voltﬁge,
va' and current, fFSf'TfRf' using one of the routines
given in 3.4.4 or Appendix 3E, then the superimposed

voltage vector, EFf' is obtained from:
Epe=Vpe*Re(Ipse~Trre) © (3-49)

With reference to Fig. 3-4, if homogeneous line sections

are assumed, two principal relationships emerge:

Fre || PaflVse o (3-50)
~Ipgel [C1 DP1||-Ist - S

E A. B.|IV ' ;

fre ||P2 P2||Vre L | o a-s1)
Iere| |C2 D2l |Igre

The voltages and currents at each end are related to the

sourqé impedance matrix by:

Vse=-[2gglIge (3-52)
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Vee=l2grlIRe (3-53)

From these equations voltages and currents at the sending

and receiving ends are evaluated by:

- -1.-1=

V. =(A,+B,[2en] 1) 1E - (3-55)
re=(Ra¥Byl2gp Ff |

= T | -1.-1z

Igg=-[Zgg] "Vge=-[Zgg) "(A;+By[Zgg] ™) "Epg (3-56)

T . =[Z00] ¥, =[3es] (A, +B té "H-lE (3-57)
re~l2gr] "Vre™[Zgr 2*BalZgr) ) “Epg

Again it should be noted that these equations are valid
for single-circuit lines. Appendix 3D gives the

expressions for double-circuit lines.

3.5 Structute of the Program

As mentioned the program is concerned with the simulation
of two-ended faulted transmission lines at power
frequency. ‘It can be used for single- and double-circuit
lines, and different types of fault, including
simultaneous earth fault on both circuits and fnter-
éircuit faults, can be épplied. Different values of fault
resistance can be included for any type of fault. The
program also can be run for perfectly transposed lines and
lines without shunt capacitance. The following steps

summarize the routine used for the simulation.

(a)'The input data are read in. These include the
physical geometry of the line, stranding factors

appropriate to the bundling arrangements, earth
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. resistivity, conductor permeability and resistivity.

(b) Shunt admittance matrix [Y] and series'impedance
matrix (2] are constructed using the methods
explained in Appendix 3A.

(c) If the line is untransposed the matrix product [Z][Y]
is fdrmed to evaluate thekdiagonal eigenvalue matrix
[r2] and eigenvector matrix [Q]. If the line is
perfectly transposed separate routine is used to
calculate eigenvalue and eigenvector matrices. The

calculation methods for these matrices are shown in
Appendix 3B. From these matrices the characteristic
impedancé and admittance matrices, (2] and [Y,], are
formed. Then the transfer function sub-matrices
A,B,C,D can be constructed for.any section of the
line. If the line is considered capacitance-free,
i.e. [Y)=0, then A=C=[U] ([U]) is unit matrix), D=0
and B=[Z].L where L is the line section length. |

(d) Having calculated the A,B,C,D matrices for Aifferent
sections of the line, the prefault phasors of current
aqd voltage are evaluated. |

(e) Depending‘on fault type it has been shown in Section
3.4 how the program useé éuperposition technique to
find postfault voltage and current vectors at the
busbars. Total postfault values are simply evaluated

by adding superimposed values to the steady-state

ones.

Details and order of the input data to run the program

are given in Appendix 3F entitled "Program User Manual®.
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3.6 Sumary

In this Chapter, two-port equations have been derived from
the theory of multiconductor lines. These equations
account for line unbalance and shunt capacitance. Using
the theory of natural modes, it has been shown that a
multiphase system can be decoupled into a number of
single-phase networks. A simulation program has been
‘developed to model faulted transmission lines at power
frequency by using two-port equations and the concept of
natural modes. The program is used for the study of power

frequency based fault locators.
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CHAPTER 4
NEW_APPROACH TO TRANSMISSION LINE FAULT LOCATION

4.1 Introduction

At the present time, fault location techniques are
generally subject to a variety of limitations both in
terms of the system applications to which they can be
applied and the accuracy of fault location that can be
obtained. Such limitations derive primarily from the use
of fault location algorithms that neglect at least one or

more of the foilowing sources of error:

(a) Lihg_ggxmmg;zx: The self and’mutual impedances and
admittances of each phase of transmissidn'linee are
determined by the line geometry and they are not
identical for ali phases as reesoned in Chapter 3. It
has been shown in Chapter 2 that‘most fault loeation
techhiques use the sequence'components which are only
applicable to perfectly transposed lines. There are
some techniques which cen be applied to untransposed
lines if the impedances for each phaee can be set,
otherwise they give substantial errors. For»exeﬁple,
the technique proposed’ih Ref. 2_whieh uses‘phese
hetworks, gives lerge errors when the mean impedancee
of all phases of an untransposed line afe used fer
each phase [3], i.e. the aseumption of perfect
transposition for untransposed lines should not be

used for such algorithms.
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(b) §hun;_§§g§giggngg£ Capacitance current.for long

(c)

(d)

lines, particularly under high resistance fault
conditions, can be comparable with the current in the
fault path. Most algorithms do not consider shunt
capacitance and the vast majority of those that do,
use a lumped model for shunt capacitance [2,8); this
in turn is not an exact representation of the line
and does not permit very high accuracy in fault
location. In Ref. 2 the effect of shunt capacitance
is compensated after the first estimation of the
fault location. However, it is shown in Chapter 6
that this method can aggravatevthe error for
untransposed lines. .

Fault resistance: Unknown fault resistanqe and the
phase difference between the fauit current
contribution frbm the local Aﬁd remote souréés
introduceé error. Hende'the'reactance measurement
technique,'as used in distanée protection‘and some
fault locatoré, is very préné to errors due to out of
pﬁdse remote source infeed through fault resistance.
Analyéié of such errors has been shown in 2.2.
3gmQ;g_ggn:gg_impﬁdgngﬁ_gg;;ing; Some prévioué fault
location algorithms require a setting for the remote

source impedance. In modern transmission networké

_normally several lines and generators are connected

to the line terminals. Switching operations often

change the source operating configuration from those

assumed in setting the fault location equipment which
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in turn can lead to a large error in fault location.
The changing reactance of synchronous machines during
fault conditions adds another layef of uncertainty to
the source equivalent model setting.

(e) Capacitive voltage transformer: Difficulties are
often encountered in the use of capacitor voltage
transformers, which are generally incapable of
passing higher frequency phenomena. Thus,
difficulties can arise for the algorithms utilising -
high f:equeqcy.components. An example of such

algorithms is given in Ref. 22.

The new technique presented in this thesis was
developed specifically with the objective of overcoming
the foregoing limitations and thereby significantly
improves the accuracy with which transmission system
faults can be located. In doing so, many of the
fundamental limitations on the accuracy achievable' are
revealed. The results of simulation studies to determine
the basic accuracy of the new technique are given in
Chapters 5,6, and 7. The tephnique has also the merit that
it does not require a determination of the phase(s)
involved in a particular fault. Previous techniques use
different algorithmic routines for different types of
fault, thus seriously impairing accuracy if incorrect
fault identification occurs under contingency or difficult
fault situations. |

The new techniqué is essentially a narrow band method
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that does not require wide band transducers and can be
used in applications employing capacitor voltage
transformers. It involves capturing the prefault and
postfault voltage and current waveforms measured at two
ends of a line, cyclically filtering the waveforms to
derive the power frequency component waveforms, converting
the latter to phaeor form and displaying such phasor
values for manual transmission between the fault locators
at the line ends (automatic transmission could obvieusly

be used where a dedicated link is available).

It is doubtful whether any particular novelty could be
claimed in respect of the procedures outlined in the above
paragraph since e variety of filtering arrangements could
be developed to derive phesof quantities and the
transmission of information between monitoring points has
been used in various guises for many years. The particular
novelty claimed lies in the method of processing the
infermation derived via the above'outlined precedure in
order to derive a more accurate and reliable indication of
the actual fault position-than has hitherto been poseible;
This thesis is therefore primarily cencerned with
deecribing'the methods of processingAthe’derived
informetion and the algorithms for implementing the

methods.

4.2 Basic Principles
The voltages and currents measured at each end of a

transmission line are filtered so as to produce a measure
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of the steady-state power freéuency voltage and current
phasors. The latter are obtained as data described by
means of postfault processing applied to data captured
during the fault clearance process. A hardware description

is given at the end of this Chapter.

4.2.1 Simple.81nglo-Phase Line

Consider the fwo-port :elationship appliéable to an
assumed single-phase line application. With reference to
Fig.v4-1, the postfault steady-state voltage Vp across the
fault at a distance x from end S is readily expressed in
terms of the voltages and currents mgasured at the line

’ends:

VF-cosh(I‘x)Vs-zosinh(rx)IS o (4f1)
stcosh(r(L-x))vR+zosinh(r(L-x)}IR | (4-2)

The surge (or characteristic) impedance, Zy, and line
propagation constant, I, are given by.zo-(Z/Y)i and

I‘-(ZY)i

respectiVely, where Z is the line series impedance
and Y is the line shunt admittance per unit length} Egs.
(4-1) and (4-2) are edudted S0 as to elimindﬁe any
necessity for defining the fault point network, thereby
eliminating"any uncertainties as to the precise value of
the fault path impedance.
cosh(I'x)Vg-2gsinh(I'x)Ig=cosh(I'(L-x))Vr+2¢sinh(T(L-x))IR
(4-3)
[-Zgcosh(TL)Ig-sinh(TL)VR+2oIg]}sinh(Tx)+

[cosh(TL)VR+2gsinh(IL)Ig-Vg]cosh(Ix)=0 (4-4)
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_Rearrangement of Eq. (4-4) provides an exact evaluation of
the distance to the fault, x, as given in Eq. (4-5).

x=[tanh~l(-N/M)]/T = |  (4-5)

where Mé-zocosh(rn)x -sinh(rL)v +z01S

N=conh(rL)v +zosinh(I'L)IR g

A useful, but not exclusive, method of solving for the
fault distance x is to use the convergent expansion given

in Eq. (4-6).
x= [~ (/M) =/ 3-8 s- ey T 1 yr (4-6)

It should be noted that Eq. (4-5) is indeterminate in any
case where it is appligd to a healthy line. In this case,k
it can be shown that M-Nid. This fact proviQes‘useful
confirmation of a héalthyrline where the pfoteCtinn,
triggers the fault location process under, for’éxnmpie,

rémote back-up conditions.

If all relevant line parameters could be specified
without error, Eq. (4-5) would lead to an exact evaluation
~of the distance to fault, x. In such a hypothetical case,
X wouid be calculated as a real value, Howener, in
practice the calculated value of x has a very small
‘imaginary part which is ignored; the real part is thus
taken to represent the fault distance. The imaginary part
accounts for some errors in line parameter settings and/or
measurements and data processing errors. Eq. (4-5)
requires only known line data (2 and Y) and known phasor

values derived from measurands at the llne ends. Any fault
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location estimate thereby derived is therefore independent
of both the fault impedance and the source impedance. The
method can of course utilise superimposed measurands of
the type used in high speed directional comparison
protection equipment [18]. In this respect, it is found
from the simulation studies given in the following
Chapters that generally the accuracy of fault location is
better for most line configqurations when superimposed
components are used. Furthermore, the fault\location
algorithm relates to a distributed parameter line model,
and inherently includes for the effect of shunt

capacitance.

It is of interest to note that a paper by Schweitzer
(4], which is primarily concerned with the fault location
algorithm by Takagi (2], derives an algorithm using Eq.
(4-3). However, the approach suggested is developed only
for single-phase lines and there is no indicated method of
extending the idea to a practical multiphase system. The
indications are that the idea was dropped due to
difficulties of applying the method to multiphase lines
and perhaps also due to expected difficulties in choosing
and selecting a suitable set of measurands to deal with
various fault types. Much of the work performed and
detailed in this thesis is therefore concerned with

finding a method of overcoming the latter difficulties.

It should be noted that because power frequency phasor

voltages and currents are extracted through the postfault
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filtering process, Eqs. (4-1) and (4-2) remain linear even
in the case where some degree of fault point non-linearity
is present, e.g. arc non-linearity. Furthefmore, provided
that the fault location algofithm is derived only using
the linear Egs. (4-1) and (4-2), any source side non-
linearities, e.g. shunt reactors, generator non-
linearities, etc., cannot affect the accuracy of the fault
location. In what follows, only those equations derived
from the essentially linear equations are therefore used
and it is assumed that sufficient postfault filtering is
performed to ensure that the power frequency components of
voltage and current are utilised within the algorithm

derived.

4.2.2 thens;on to Single-Circuit Lines

The method described abdve cannot be applied directiy to a
multiphase power line since a number of phases are
involved. Consider a single-circuit 3-phase transmission
line in which the phases are identified by a,b,c as
indicated in the single-line equivalent of Fig. 4-2. In
this case, the vector of the various voltages and currents
([vFa,b,c]"[ISa,b,c]’ etc.) are related using the two-
port matrices Ag, Bg, Ap and Bp which in turn are 3x3
matrices defined using the line series impedance matrix
(2] and the line shunt ahmittance matrix (Y]. With
reference to Fig. 4-2, the multiphase equivalents of Eqgs.
(4-1) and (4-2) are:

(v

Sa,b,c]'BS[ISa,b,c]

(4-7)
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[Vea,b,c)®R[VRa,b,c)*BrIRa,b, ! | (4-8)

where [vFa,b,c]’[VSa,b,c]'[IRa,b,c]' etc. are vectors
defining voltages and currents for each phase, e.g.
15V .

[VRa,b,c]’[VRa VRb ch R

It is important to note that the two-port matriées
Ag/Bg, etc. can, if necessary, be formed to include any
discrete line transposition, which in turn is conductive
to maintaining very high levéls of measurement accuracy in
long line applications. In most cases, however, it is
sufficient to treat each line section as homogeneous. It
is worth also'noting that the two-port equations can, in
the multiconductor transmission line case, include for the
effect of conductor asymmetry, shunt capacitance and the
effect of any composite ground return, i.e. they can
include the combined effect of the earth and earth wire

return as discussed in Chapter 3.

The basic fault location algorithm can be extended to
multiphase transmission lines by decoupling Egs. (4-7) and
(4-8) into uncoupled or independent single-phase networks
of ﬁhe type shown in Fig. 4-1. This is done using the
theory of natural modes and matrix function theory ([15] as
commonly used in the digital simulation of faulted EHV
transmission systems ([17). The theory underlying such
techniques has been described in Chapter 3. Briefly, it is
reminded that the method involves finding the eigenvector
matrices of the [Z][Y] product ([Q] say) and the ([Y][Z]

product ([S] say). The voltages and currents are thereby
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derived from each phase a,b,c and are transformed to
corresponding modal voltage and current quantities 1,2,3
by means of the corresponding [Q] and [S] eigenvector

matrices:

-1 t

- t.
Ven™[Vs1 Vgz Vg3l =[Q) "[Vg, Vg Vgl

- ‘ S | (4-9)
Ign=lIgy Iga Ig3] =[8] "(Ig, Igy Ig,]

t

Application of the transformation to modal quantities
results in a multiphase line being decomposed into a
number of single-phase uncoupled models of the type shown
in Fig. 4-1. Details of the two-port equations
decomposition'have béen given in Section 3.3.3. For each
modallcompbnent, there is an equation pair of the form of
Egs. (4-1) and (4-2). Thus for a single-circuit line;
there are three pairs of such equations corresponding td
the modes 1,2;3'60 that for mode-2, for example, the

equation pair used would take the form of Egqs. (4-10) and

(4-11).
Vpa=AgaVga-Bgalgs (4-10)
Vra=RraVR2*BralR2 (4-11)

Any one or more mode pair equations can be used to
determine the fault location. For example, a mode-2 based

evaluation given by Eq. (4-12) yields:

x-[tanh-1

(fyz/Mz)]/r2 (4-12)
where M2=-Zozcosh(r2L)IRz-sinh(rzL)VR2+zozls2

Nz-cosh(I'ZL)VR2+zozsinh(I‘2L)IRZ-VS2
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Eq. (4-12) and any companion equations formed using
the other modes is the exact equivalent of Eq. (4-5). The
appropriate modal)surge impedances required are readily
Ltartzis)

in which [T'] is a diagonal matrix of so-called modal

determined from the matrix product [ZOn]-[r]'

propagation constants comprising the square root of the
eigenvaluesvof the matrix produdt {z)(Y), [(15,16]. Matrix
[ZOn] thus takes the diagonal form of (251 202 203] for a
3-phase line, the individual values being the modal surge

impedances.

4.2.3 Extension to Douhlo-Cireuit Lines
The fault location technique can be extended to

double-circuit applications by utiliéing the phasdr values

| Fa,b,c,A,B,c] and
[Iga,b,c,a,B,c] (€€ Fig. 3-1). In this case, the two-port

from the second circuit e.g., [V

matrices Ags Bgs Ap and B are 6x6 matrices. Eqs. (4-10)
and (4-11) .can then be generalised for a double-circuit

line, i.e.:

(VFa,b,c,A,B,cl” 251 Vga,p,c,a,8,c]

~[BgllIga,p,¢,a,B8,c! | (4-13)
[Vea,b,c,a,B,c)*2R1VRa,b, c,a,B,c!

Consequently the modal form of Eq. (4-9) consists of 6

modes of current and voltage in a double-circuit line: .
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v
V. =|.51|a .t
Ven™|o " |7lVs1 Vs2 Vs3 -v- Vsel
Vs6_ | |
=101 Vg, Vgp Voo oo Vgel®
- - . (4-15)
I
= s1|_ t
Tsn™[;- < ["lTs1 Ts2 Is3 --- Ts6]
=fg_1-1 t
[Sp) "[Iga Igp Igc =+ Igcl™ |

where [QD] and [SD] are double-circuit line eigenvector

matrices.

| The decoupled form o£ Eq. (4-15) results inyﬁ‘pairs df
equations, all of the basic form of Eqs. (4-7) andr(4-8);,
The rest of fault locating rputine for double-éircuit
lines is exactly as previousiy described. In_this forﬁ

inter-circuit faults can also be located.

4.3 Practical Aspects of the New rault iocator

4.3.1 Eigenvalue and Eigenvector Matrix Evaluation

The eigenvalues and eigenvector matrix requi#ed by the new
fault location technique are readily evaluated at powerh
frequency and can be programmed for any application into
the algorithm from a knowledge of the line geometry.
Alternatively, the algorithm can be arranged to accept
physical geométries and to determine eigenvaluesland
eigenvector matrix when a locator is installed. These
techniques are general and include for the effect of line
asymmetry. However, it is shown in Chapter 5 that in most

cases (even for untransposed lines) an’ acceptable accuracy
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can be achieved if perfectly line transposition is
assumed. In this case, irrespective of the line geometry,
the eigenvalues and eigenvector matrix take the simplified
form given in Appendix 3B for any transpission line
application. By doing so, the modal components can easily

be evaluated.

4.3.2 Synchronisation of Sending and Receiving End Data

It is gvident from Eq. (4-3) that the bhsic fault locating
algorithm involves entering data derived‘frdm both ends:of
the line and this in turn requires that the relevant
phasor quantities are related to a common time reference.
Time synchronisation of the measurands at both ends could
be achieved by means of a continuous data channel linking
each end, but this approaéh is unwieldy. In practice,
prefault voltage and current data at one end can be used
to provide a common reference to relate such data to that
measured at the receiving end. For example, the prefault
mode-2 voltage at the sending end can be calculated in the
equipment at the receiving end from the two-port network
equations for an unfaulted line as given in Eq. (4-16).
This approach obviates the need for data synchronisation

via a communication link.

\'4 -cosh(rzL)VRz-zozsinh(I'ZL)IR2 (4-16)

S2

Evaluation of Eq. (4-16) gives the phase angle between
the sending and receiving end voltages and thereby
provides the time between the prefault zero—crossing’of

the measurands at each end. The latter time'is used to
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provide a common time reference which in turn relates the
sampled voltage data derived at each end. A similar
process is applied in respect of sampled current data,
where the relevant two-port relationship used to derive a

common current reference is as given in Eq. (4-17):
Isz=sinh(I‘zL)VRzlzoz-cosh(I‘zL)IR2 | | “(4-17)

However, for short line applications where the 1line
capacitance current is negligible, the prefault currents
at both ends of the line are the same. That is, the

prefault condition is:

IS=-IR | (4-18)

Thus observation of the prefault current yields the phase
relationship between the "clocks" at the two ends with

which all the voltages and currénts are compared.

It is shown in Chapter 7 that the performance of the
new algorithm against voltage and current phase angle
errors is quite well. It maintains its high accuracy even
in the presence of an error of up to +10° in the current
or voltage phase angle. In other words, for most line
lengths a short line assumption to use Egq. (4-18) for the

synchronisation of phasor data can be justified.

4.3.3 Hardware Description
Voltage ahd cufrent waveforms are sampled in real timg’at
both line ends. When a start signal is received this

process continues until the postfault data'h;s qléo been
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captured. All further process;ng can be done off-line. The
data is band pass filtered and the power frequency phasor
information extracted. The modal transformation is then
applied to these phasors using the previously calculated
eigenvector matrix. The modal voltage and current are then
exchanged with those from the equipment at the remote line
end. Note that it is only the phasor values that need to
be transferred and not the entire data set. This can be
done automatically or by voice over a telephone link, for
example. Once the values are exchanged, the modal A, and
Bn coefficients e.q. ASZ' BSZ' ARZ and BR2 of Egqs. (4-10)
and (4-11) are formed using the input line parameters and

the distance to fault is then determined.

Fig.'4-3 shows in block‘diagram form the main hardwa;é
elements‘required for the distahce to fault locator
eqﬁipment; Tﬁe three phase voltage and current signals
from the line transformers afe fed, via isolation
transformers and anti-alias filﬁérs, into a mulﬁiplexer.
The output from the multiplexer is‘then passed through a
édmple and hold gate and into an anaiogue to digital
convertor for digitisation. The resultént digitised
sigﬁals are stored in a cyclic buffer in ‘the
microprocessor's random access memory (RAM),iby the‘direct
memory access unit (DMA). The input/output unit is also
sampled continuously, until alétart signdl is feceived
from the line prbtection equipment (typically a distance
relay)f Also required are a keypad and aipha numeric

display. These are used to display and transfer the modal
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voltage and current vectors, and to display the final
distance to fault result. They are also used to enter the
line settings for storage in the microprocessors

electrically erasable PROM.

4.4 Summary

A new fault location algorithm has been described and the
basic equations derived. The technique uses the phasor
values of current and voltage at the line ends which are
synchronised from a knowledge of prefault phasor data. For
a single-phase network, the idea is to equate two
equations obtained for the fault point voltage;‘one from
the sending end phasor data and the other from the remote
end phasor data. In order to generalise the idea to
multiphase systéms, the l;ne eigenvalues and éigenvector
matrix are used to coqvért a muitiphasefsystem into a
number of single-phase modal networks. Each modal network
can be solved for fault iocation, provided that the
corresponding modal‘voltage and current are produced by
the fault. In general the number of modal networks are
equal to the number of phase conductors. In deriving the
fault location equations, no‘ABsumptions are made‘in
respect of fault resistance, source network, line shunt
capacitance and fault type. The new technique can also
take into account line conductor asymmetry. The phasor
data from the remdte end can be transferred by‘voice over

a telephone link.
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5.1 Introduction

It is necessary to determine the accuracy of the new fault
location algorithm using simulation tests prior to any
on-site tests because the latter are normally associated
with high cost and other difficulties. The simulation
method primarily reveals the inaccuracies in the algorithm
itself and does not include any errors introduced by the
hardware and/or transducers i.e., it reveals the highest
accuracy that can be expected from the fault location
algorithm. However, non-algorithmic errors which are
introduced by hardware limitations and incorrect settings
can also be investigated by this method. For the
simulatien,studies a program was developed and is
described in Chapter 3. The program uses distributed line
parametera to ‘derive phase variable relationships and
thereby gives a detailed and realistic line representation
under operating and fault conditions. The values of
voitage and curreat phasors at the terminating'busbars are
produced for any fault'type and aource condition. This
Chapter and the foiloﬁing ones are devoted to different
aspects of the simulation studies in order to establish
the accaracy of the new algorithm; In this Chapter the
simplifying aspects of the new fault location algorithm

for its future commercial application are considered._
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It has been ascertained that if the new locator is set
using the exact parameters derived from the actual
eigenvalues/eigenvectors for an untransposed line, the
only errors that occur are those due to hardware i.e,, the
algorithmiﬁ error ié zero. However, the new algorithm
should méintain its accuracy for line parameﬁers‘and phasé
quantitieé which are normally aVailable in the convention-
alvreléying system. This enables the use of the new fault
iocator for anyltype of transmission line without‘any need
for special arrangement and setting. Two major issues of
thié category is invéstigatéd in the following Sections;
adapting a éingié-cifcuit fault locator to a double-
circuit line and using transposed line parameters for
untransposed lines. It is worth mentioning that in tﬁe
simulation studies presented in this thesis the term
*transposed line" means a line which is-peffectly

transposed and balanced.

5.1.1 Test Circuits |
Thé(following line cbnfiguratioﬁs were chgsén for the teaﬁ
purpose. | | R !
(a) Single-ci:cuit SOOkVJhorizontally constrﬁcted‘lihehas,
B ‘éommonly ?sed in the USA (Fig. 5-1).
“(b) - Single-circuit 400kV vertically constructed line
- (Fig. 542). Thié line configuration is an example of
maximum line conductor asymmetry. This 1line
configuration could happen when one circuit of a
double-circuit line tower is wired, and it was chosen

in order to measure the maximum inaccuracy resulting
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from non-transposition of the line.
(c) Double-circuit 400kV line as commonly used in the UK

supergrid system (Fig. 5-3).

For all test results presented in this thesis the zero
and positive sequence source impedances were assumed
equal. The wiring data and earth resistivity for the line
configurations were as follows:

-Phase conductor= 4x54/7/0.33cm s.c.a. with .305m bundle
épacing (s.c.a=steel core aluminium conductor)
-Earth wire= 54/7/0.33cm s.c.a

-Earth resistivity, assumed homogeneous= 100Qm.

5.1.2 Test Procedure

In this Chapter the test results are first given for
unloaded shortv(100km), medium (250km)‘and loﬁg (400km)
lines with identical sources and faults at positions
between lkm from the sending end and 1lkm from the
receiving end inclusive. Then for the case which gives the
highest error, i.e. fault at lkm distance from the
receiving end, different prefault loading conditions and
source configurations are considered. A very high fault

resistance (100Q) is included in most cases.

5.1.3 Fault Resistance Arrangements

For each type of fault, an example of fault resistance
arrangemgnt used by the line simulationrprdgram is shown
in Fig. 5-4. Throughout the‘simulation studies in this
thesis, these ar:angements are used, but different

phase(s) may be involved. However, as mentioned in Chapter

77



4 the new algorithm is independent of the fault point
network, e.g. the complex form of fault point network on a
double-circuit line which is shown in Fig. 5-5 has no

effect on the accuracy of the new algorithm.

5.2 Double-Circuit Line Application

The new fault location algorithm is general, i.e. it can
be used for ahy multiphase system. Only the phase values
at both ends of the line are required. For example, for
double-circuit lines six phase voltages and six phase
currents at each end are used and therefore the algorithm
can locate inter-circuit as well as intra-circuit faults.
Howe#er, it is a}normal practice in double-circuit lihe
relaying to deal with each circuit separately and the
effect of the other circuit is coneidered only by iﬁs

residual current and voltage.

5.2.1 Transposed Double-~Circuit Lines

In order to see the effect‘of the sound circuit on the
faulted circuit in the new algorithm, the fault location
equation‘from Chapter 4 using an aerial mode, say mode-z;

is rewritten:

Rg2Vs27Bs2l52™AR2VR2*BR2IR2 (5-1)

where Asz-cosh(rzx) ’ Bsz-sinh(rzx)zo2
ARz-cosh(rz(L-x)) ’ BR'z-sinh(I'z(L-x))z02
r2=mode-2 propagation constant
Z,,=mode-2 characteristic impedance

L=line length , x=distance to fault
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As shown in Appendix 3B, for double-circuit perfectly
transposed lines the mode-2 currents and voltages are

evaluated from the phasor ones as follows:

Vg2"Vsa~VsctVsa-Vsc
Ig=Iga=IgctIga—1
v

Vr2"VRa~Vrc*VRra~Vre

sc | (5-2)

Ip2"IRa~Irc*IRa~IRC

-l

For the faults on circuit-'abﬁ', it can be seen from Eq.
(5-2) that when using mode-2 only the phase-'A' minus
phase-'C' voltages and currents from circuit-'ABC' are
required to be linked to the fault locator of circuit-
'abc', instead of the residual current and voltage as
linked conventionally. Also in using the earth-mode

(mode-1) the modal currents and voltages are:

Vg1*Vsa*Vsb*Vsc*VsatVsetVsce

Ig1=Iga*Isp*Isc*Isa*Isp*Isc

I | (5-3)
Vr1*VRatVrb*VRc*VRa*VRE VRE
IR1™TRa* IRb Y IRc* IRat IR IRC

Eq. (5-3) shows that when using mode-1 the conventional
relaying scheme provides the necessary data from the sound

circuit which are the residual values, e.q.:

Vv..=V_, +V_ . +V_ +V

s1°Vsa*tVeptVsc (from circuit-'ABC') (5-4)

S,residual

It should be noted that the ea:th—mode cannot be used
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. for phase-to-phase and 3-phase faults as these types of
fault do not produce earth-mode current and voltage.
Moreover, in a transposed line the prefault earth-mode
component which is produced by the asymmetry of line
conductors is not present. However; an aerial-mode, e.q.
mode-2, can be used for any type of fault on transposed

lines.

Considering a fault on circuit-'abc', the fault
location equation using mode-2 can be written in the

followingvform:

Rgo(Vga-Vec) *Rga (Vaa-Vec) -Bga(Ig,- Sc’ -Bga(Igp- sc)

Ap2(VRa~VRc) *AR2(VRa~VRC)*Br2 (TRa~TRc)*BR2 (Ira~IRc) (5-3)

Knowing that in a transposed double-circuit- line one
circuit has the same effect on each phase of the other
circuit because of identical mutual impedances, Zys and
mutual admittances, YM' in the (2] and [Y] matrices,
therefore subtracting phase-'c' voltage or current from
phase-'a' values in Eq. (5-5), e.g. (VSa SC), cancels out
the effect of circﬁit-’ABC'. This means the terms
associated with the data from the sound circuit, i.e.
VSA’ISA' etc., can be ignored in a transposed doubléty
circuit line when mode-2 is used and therefore Eq. (5-5)

is reduced to the following form:

)=Apa (¥

Ra'VRc)’BRZ(IRa‘IRc) (5-6)

ASZ(VSa Sc) -B 2(ISa Sc

The same discussion applies to mode-3 (the other

aerial-modé) where modal values are evaluated as below:
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Vs3*V5a=2Vsp*VsctVsa-2Vgp*Vse

I 2T +I, 1

s3"Isa=2Isp*IgctIsa~2Igp* Isc

-ZVRb+VRc+VRA-2VRB+VRc

(5-7)

VR3=vRa

IR3"TRa~2Irb*IRc*'RA™2 IR  IRC |

Results of the simulation tests shown in Table 5-1 for
phase-'a'~-to-earth faults and in Table 5-2 for phase-'a’'-
to-phase-'b' faults confirm the above discussion. It can
be seen that for any fault condition there is no error
using the aerial-modes (modes 2 and 3). In Cases 18 to 30,
different source configurations and prefault loadings are
considered for the extreme case of a fault at 399km on a
400km line. Also, it is seen that there is very little
error using earth-mode (mode-1) for ‘'a‘'-earth faults. This
is because the line is balanced and therefore the residual
current and voltage from circuit-'ABC' are insignificant
which results in a very small error when the terms
associated with the sound circuit are ignored. But as it
has been explained eariier in this Chapter the test
results given in Table 5-2 show that the earth-mode can
not be used for phase-to-phase faults. Many other tests
were carried out for different types of fault involving
different phases of circuit-'abc' withodt any data from
circuit—'ABC'; The results are the saﬁe as those shown in
Table 5-1 for earth faultq,'including double-phase-ﬁo-
earth faults, and Table 5-2 for phase faults, including
3-phase faults. For reasohs of brevity these reaults'gre

not included. Furthermore the same resulté are obtained
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using superimposed voltages and currents or postfault

total voltages and currents.

’To summarize, it has been shown that for a transposed
double-circuit line the new algorithm gives no error when
it is used on one circuit without any data’linked from the
other circuit. Knowing that nearly all preuiously proposed
algorithms assume a perfectly balanced system‘then this
makes the job complete if the'most‘accurate‘fault location
algorithm for a transposed line is intended.vThe algorithm
is simple to apply for transposed lines and one of the
aerial- modes can be used for any type of fault.
Irrespective of line configuration a unique eigenvector
matrix canvbe dsfined for<901tage,and current. For
example; using the eigenvector matrix defined in Appendix
3B for transposed lines, mode-2 currents and voltages can
easily be derived by subtracting phase-‘'c' voltage and
current from phase-'a' values. Given the line propagation
constants and the line length, the values of cosh(I'L) and
sinh(rL) in the fault location equation can be pre-

evaluated and set into the relay's processing unit.

5.2.2 Untransposad Double-Circuit Lines

Now we proceed to investigate the case for’untransposed
lines.~Because of the complexity associated with
untransposed lines it is difficult to discuss the effect
of the ‘sound circuit in fault location equations for
different modes as has been done for transposed lines.

However, the line simulation program makes it possible to
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examine the accuracy of the new algorithm when the data
from the faulted circuit only are available. Again, for
reasons of brevity, results for 'a'-earth and 'b'-'c

faults shown in Tables 5-3 and 5-4 have been selected from
the results of the tests carried out for all types of
fault. The results obtained for other types of earth
faults (including double-phase-to-earth faults) and those
results for other phase faults (including 3-phase faults)
are very similar to the results shown in Table 5-3 and 5-4
_respectively. It should be noted that double-circuit 1line
eigenvalues and eigenvectors are applied in cases of both
transposed and untransposed line. However, this will not
degrade the results obtained as eigenvalues and
eigenvectors of a line are predetermined values from the

line geometry.

Table 5-3 for 'a'-earth(faults‘shows that for any
fault condition, using mode—l'and superimposed values of
voltage and current, the modulus of error is less than
0.6% of the total line length. However, for phase-to—phase
faults shown in Table 5-4 the best results are achieved
using mode-2 and the superimposed values of current and
voltage. It can also be seen from Table 5-4 thatﬂfor
faults close to the stronger source the error is smaller,
e.g. compare Cases 18 and 19. There are some Cases in
Table 5- 4 where the modulus of error is higher than 1%,
but this high error occurs for the faults very close to
the source. For example, in Case 19 where the fault

position is at 249km of a 250km line and the source near
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the fault point is 7 times weaker than the other source
capacity, the error modulus is 2.4%. This Case is not a
very realistic one and it cannot degrade the accuracy of
the new algorithm. Other fault location algorithms cannot
handle such cases as is shown in Chapter 6. From these
results the overall conclusions for the untransposed
double-circuit line using faulted circuit data oniy are:

(a) Superimposed values of current and voltage must be
used as when the line is loaded before the fault, the
error is very high if the total values of postfault
current and voltage are used.

(b) Mode-1 (éarth-mode) should be used for earﬁh faults
while mode-2 (aerial-mode) is only suitable for phase
faults. However, it is shown in the féllowing Section
that by using the transposed line parameters for
untransposed double-circuit lines, mode-2 will be

accurate enough for all types of fault.

5.3 Simplifying the Algorithm for Untransposed Lines by
Using Transposed Line Eigenvalues and Eigenvectors
As shown in Chapter 3, the line eigenvalues and
eigenvector matrix are computed from the line series
impedance and shunt admittance matrices ([Z],([Y]) and
these are in turn computed from a knowledge of the line
conductor geometry, earth plane resistivity.and the
conductor parameters. From the line propagation constants
(which are the square roots of eigenvalues) and

eigenvector matrix the line modal surge impedances are
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evaluated. Propagation constants and modal surge
impedances are the basic parameters set into the new

locator.

Although a simple eigenvector matrix with feel
elements can be defined for all transposed lines
irrespective of their configurations, for untransposed
lines the matrix needs to be evaluated for each line
application and set into the locator. Furthermore while
voltage and current eigenvector matrices are different for
untransposed lines, they are identical for transposed
lines. The line simulation program can evaluate the
eigenvalues and eigenvector matrix for any untransposed

line.

In general, the eigenvector matrix and its inverse for
an untranspoeed 1ine have complex elements so in practice
it is difficult‘to evaluate modal quantitiee from a
complex combination of phasor velues.yFotﬂexemple, for the
transposed single;circuit verticel line ﬁodeéz voltace and

current are evaluated from:

V,=V_=V
2 'a ¢ (5-8)
I=la"Ic
but when it is untransposed we have:
Vy=(-0.16+30.08)V,+(0. 04-30 os)vb+(o .18- -jo. 05)v
-~ (5-9)

-(o 40-30.07)I _+(-0. 16+j0 oa)x +( -0.56)1
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Owing to the complexity associated with the eigen-
values and eigenvectors evaluation and application for
untransposed lines, the algorithm was tested for
untransposed lines ﬁsing their assumed transposed

eigenvalues and eigenvectors.

If‘perfect line transposition is assﬁmed, the
calculation of the propagation constants and modal sufge
impedances is simplified since it is readily shown in
Appendix 3B that, for example, using mode-2 for a single-
circuit line they can be ekpressed directly in terms of
the positive phase sequence line impedance, Zpe and shunt
admittance, Yo, per unit length of line, i.e. rz-(zPYP)i
and 202-(ZP/YP)§. Also, as mentioned earlier, the
assumption of perfect transposition leads to eigenvector
matrices for current and voltage which are equal ([S]=[Q])
and independent of the line geometry. The need to
calculate the voltage and current eigenveétor matrices is
then avoided and they take the special form given in Eq.
(5-10). It should be noted that many eigenvector matrices
can be defined for transposed lines. The eigenvector
matrix of Eq. (5-10) is real gnd simple to implemept.’

1 ‘1
(s]=[Q]=f1 O

1
2| o | |  (5-10)
1 | -

The simulation test results for different ;iné
éonfigurations aré given in the following Sections. Thé

results have been chosen for some extreme fault conditions
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which give the highest errors. The accuracy of the
algorithm is shown for 'a'-earth faults as examples of
earth faults, and ‘'a'-'b' and 'b'-‘'c' faults as examples
of phase faults. The conclusions, however, also take into
consideration the results of other types of fault,
involving different phase(s), which are not given for the

purpose of brevity.

5.3.1 Single-Circuit Horizontal Lines

The results for 'a'-earth faults Are given in Table 5-5
for mode-1 and mode-2. The results for mode-3 (not shown)
are less accurate than mode-2. In addition the results are
given for both the total postfault voltages and currents
and the superimposed ones. It can be seen from these
results that mode-l gives more accurate results than
mode-2. It is clear that the superimposed values of
current and voltage should be used since the results using
the total values are poor when the line is prefault
loaded. The results for other types of fault involving
earth confirm that mode-1 is the most accurate mode for

earth faults.

The results for 'a'-'b' and 'b'-'c' faults afe‘given
in Table 5-6 for mode-2 and mode-3. For the phase faults
earth-mode cannot be used as the only source of earth-ﬁode
current or voltage is unsymmetrical line conductor
geometry which does not give aignificant eartp-modé
values. The’superimposed values of voltage and éurréntk&:e

used inAordér to suppress the effect of prefﬁult load. It
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can be seen from Table 5-6 that there is no difference
between mode-2 and mode-3 for ‘'a'-'b' faults, but mode-3
is much better for 'b'-'c' faults. For 'a'-?c' faults much
more accurate results are obtained using mode-2 while for
3-phase fault mode-3 results are marginally better than
mode-2. The results for 'a'-'c' and 3-phase faults are not
shown for the purpose of brevity. Therefore for phase
faults on horizontal line configurations the fault type
identification is required when transposed line parameters

are used for untransposed lines.

1t should be noted that the single-circuit horizontal
line is a special case which must always be considered in
the performance evaluation of the new algorithm. The above
mentioned gselection of the appropriate mode for a fault is
not necessary in real life and the new algorithm is much
simpler and more accurate when it is implemented for
horizontal single-circuit lines. This is because the phase
arrangement of Fig. 5= l for the horizontal line, with
phase-'c in the middle, does not occur in real systems,
which have the 'a‘'-«'b'-'c' phase arrangement. The
arrangement of Fig. 5-1 was deliberately chosen as in the
simulation program the ‘routine for evaluating the
eigenvalues does not converge when phase-'b' is the middle
phase conductor. However, it is important to note that the
transposed lines eigenvector matrix of Eq. (5 10) is also
the eigenvector matrix of the untransposed horizontal line
with the 'a'=~'b'=~'c’ phase arrangement. Therefore, the

errors for untransposed horizontal lines are in practice
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much lower than the simulation results given in this
thesis. Even with the 'a‘'-'c'-'b' phase arrangement which
is used in the simulation studies throughout this thesis,

mode-2 current and voltage are simply evaluated from:

V,=V_=V
2 'a b (5-11)

Comparing Eq. (5-11) with mode-2 current and voltage of

the 'a‘'~-'b'-'c' phase arrangement which are:

2'Va'vc

I=Ia-1c

v .
(5-12)

it is seen that in both cases, mode-2 values are evaluated
from the phasor difference between the outer phase
conductors. Therefore, the mode-2 values can be simply
evaluated for any type of fault on the horizontal lines
giving no error irrespective of the line transposition

status.

Again, it 1is emphasised that the simulation errors
shown in this thesis for the untransposed horizontal line

are higher than would occur in practice.

5.3.2 Single-Circuit Vertical Lines
From the results of Table 5-7 for 'a'-earth faults it is
obvious that mode-1 and the superimposed values of voltage

and current should be used. Similar result were obtained
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for earth faults involving other phase(s).

The phase fault results are given in Table 5-8. From
these results and the results for ‘a'-'c’ and 3-phase
faults (not ahdwn) it is conéluded that except for 'b'-'c’
faults which requirés mode-3 to be applied, mode-2 must be

used for higher accuracy.

5.3.3 Dbuhlo-Circuit Lines | | ‘

The double-circuit line test: results are given in Tablés
5-9 and 5-10 for earth and phase fauits respectively. It
should be noted that in the case of the double-circuit
line, only the phasor data from the faulted circuit were
used. For earth faults, it is interesting to note that
mode-2 can be used, though mode-1 gives‘slightly better
results. Alsd mode-2 should be used for any»typ; of phase
fault including 3-phase faulﬁs. As‘befofe, for any type of
fault, superimposed values of voltage and current must be
used when the untransposed line is assumed perfectly

transposed.

It is important to note that, comparing Tables 5-3 and
5-9, for earth faults on untransposed double-circuit lines
mode-2 gives more accurate results by using the assumed

transposed parameters.

Therefore, for double-circuit lines mode-2 should be
used for any type of phase faults and no fault
identification is required. Also for these lines the

results using mode-2 are still accurate for earth faults.
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5.4 Summary

In this Chapter because of practical limitations the
accuracy of the new algorithm has been evaluated for the
input data only from the faulted circuit of a double-
circuit line and assuming perfect transposition for

untransposed lines.

It has been shown that for double-circuit lines it is
possible to use only the fgulted circuit voltages and
currents for an accurate fault location. In this way each
circuit fault location can be dealt with separately
without any data linked from the other circuit. For
transposed lines mode-2 (aerial-mode) can be used for any
type of fault on one circuit giving no algorithmic error.
However, for untransposed lines a mode selection is
required to select mode-1 (earth-mode) for earth faults

and mode-2 for phase faults.

Because of the difficultieé in evaluating the
eigenvalues and the eigenvector matrix which relate modal
voltages and currents to ;he phasor ones, the algorithm
was tested for untransposed lines using the assumed
transposed line eigenvalues and eigenvector matrix. Fof
extreme fault conditions which rarely occur in real lifé,
acceptable accuracy has been observed from the simulation
test results. Moreover, for untransposed double-circuit
lines even by assuming perfect transposition as well as
using only the data from the faulted circuit, very

accurate fesults have been observed. Also it has been
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shown that for any type of fault on single-circuit

horizontal lines and double-circuit lines an aerial-mode

can be used thereby avoiding the use of indeterminate

earth path resistivity as required for earth-mode surge

impedance and eigenvalue calculations.

In conclusion, when perfect transposition is assumed

for untransposed lines the following points must be

considered:

(a)

(b)

(c)

(d)

For'any type of fault énd line configuration the
superimposed values of current and voltage should be
used. |

For the vertical single-circuit line configuration,
mode selection is required as earth-mode must be used
for earth faults and an aerial-mode for phase faults.
For the horizontal line configuration with the phase
arrangement of Fig. 5;1, an aerial-mode can be used
for any type of fault. For the phase arrangement in
practice, i.e. phase-'b' in the middle of the other
phases, mode-2 can be used for.any type of fault
giving almost no error..

For the double-circuit line using the data from the
faultéd circuit, mode-2 can be used for any type of

fault.
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(a) ’a’-earth fault
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(b) ’a-'b-earth fault
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Fig 5-4 Fault resistance arrangment for different types of fault
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Source Data|R Load Error
No| L | x Cap.| X/R (5) angle (%)
(GVA) |ratio (deg.)

11100 1] 5| 5}40(40(100| 0.| O0.] 0.0 0.0 0.0
2|100| 20] 5| 5|40(40]|100| 0.} 0.]-0.01]| 0.0 0.0

3/100| 40} 5| 5(40|40|100} O.] O.}|-0.01}] 0.0 0.0
41100| 60| 5|1 5|40|40|100} O0.| O.} 0.01] 0.0 0.0
51100] 80| 5| 5/40|40|100}{ O0.] O.] 0.01} 0.0 0.0

6/100] 99) 5| 5(40|40]|100f O.| O.| 0.0 0.0 0.0

71250 1| 5| 5({40|40|100] O0.]| O.]| 0.0 0.0 0.0

8|250| 50| 5] 5{40|40}j100f O.| O0.|-0.06} 0.0 0.0

9]2501100| 5] 5]40|40|100| O.| O0.|-0.03}] 0.0 0.0
10|250|150| 5| 5(40|40}100| O.| O.| 0.03]| 0.0 0.0
11{250(200| S| 5|40}(40{100]| O0.] O0.| 0.06| 0.0 0.0
1212501249| 5| 5140/40}100| O0.| O.] 0.0 0.0 0.0
13(400 1| 5] 5/40]140}100|] O0.]| O.] 0.0 0.0 0.0
14(400| 80] 5] 5{40|40}j100} O.| O.}-0.17] 0.0 | 0.0
151400|160| S| 5{40/40}100} O.| O0.|-0.08] 0.0 0.0
16[(400|240] 5| 5|40|40}(100} O.,| O.] 0.08] 0.0 0.0
17|400|320) 5| 5|40|40}(100{ O.| O.} 0.17] 0.0 0.0
18|400|399| 5| 5|40|40}100} 0.} 0.} 0.19]| 0.0 0.0
19{400|399} 5| 5{40(40|100{20.}| O.] 0.19] 0.0 0.0
20/400399| 5] 5(/40|40}100} O0.]|20.] 0.19]| 0.0 0.0
211400{399]35{35/40|40|100}20.} 0.} 0.19] 0.0 0.0
22 400 399 35 35 40 40 100 00 200 0019 000 '000
2314001399] 5(35/40140|100|20.]| O0.| 0.19}] 0.0 0.0
241400(399|35] 5|40140|100| 0.]20.] 0.19] 0.0 0.0
2514001399 ] 5| 5140}140| 10|20.| 0.] 0.19] 0.0 0.0
26140013991 S| 5/10}40|100|20.| O.| 0.19] 0.0 0.0
271400§399] 5| 5/40}10}100|20.| 0.} 0.19] 0.0 0.0
28]1400|399|35|35{40(10100}20.| 0.} 0.19] 0.0 0.0
291400|399} 5|35(40]/10§100}20.] O.] 0.19]| 0.0 0.0
30/400]399|35| 5{40|10{100}20.] O.] 0.19} 0.0 0.0

Table 5-1 Computed results for 'a‘'-earth faults on a
Ltransposed double-circuit line using the
faulted circuit phasor data only.

S,R=near end source and remote end source, respectively

L=line length, x=actual distance to fault from S

6g,6gp=phase relationship of voltage at busbar S and
busbar-R, respectively. E.g. if §g=20° and &z=0°
then power transfer is from S to R and vice versa.

md-1l=mode-1, md-2=mode-2, md-3=mode-3 ‘

Error(%)-lOOx(evaluated distance to fault - actual

, distance to- fault)/total line length ‘



Source DatalR Load Error
Nol L | x Cap.| X/R (6) angle (%)
(GVA) |ratio (deg.)
km{ km| S| R| S| R 63 Sp md-1|{ md-2| md-3
11100 1| 5| 5|/40}140(100] O.]| O. * 0.0 0.0
2|100| 20| 5| 5/40(40}100} O0.] O. * 0.0 0.0
3]100] 40| 5| 5|40}40]100} O, O. * 0.0 0.0
41100| 60| 5| 5{40(40}{100] O0.] O. * 0.0 0.0
51100] 80| S| 5(40140|100] O.] O. * 0.0 0.0
61100| 99§ S| 5{40|40]|100]| 0.} O, » 0.0 0.0
71250 1] 5| 5{40|40|100] O.} O. * 0.0 0.0
81250} 50| 5] 5}40|40]|100| O.] O. * 0.0 0.0
92501100 5] 5140(40|100|] O.]| O. * 0.0 0.0
10|250}150| 5| 5{40{40|100] O0.] O. * 0.0 0.0
11/250|200| 5| 5140]/40]|100| O.] O. * 0.0 0.0
12|250|249| 5| 5|40}40(100| 0. O. * 0.0 0.0
13]400 1| 5| 5]40(40j100{ O0.| O. * 0.0 0.0
14{400] 80| 5| 5{40[/40|100]| O.} O. * 0.0 0.0
15{400]160| S| 5{40/40|100] O0.] O. * 0.0 0.0
161400(240] S]] 5]40]40}j100| O0.] O. * 0.0 0.0
171400(320] S| 54040100} O.]| O. * 0.0 0.0
18(400|399] 5| 54040100} O.]| O. * 0.0 | 0.0
19[4001399| 5] 5|40/40]100]20.} O. * 0.0 0.0
20]|400|399| S| 5(40/40|100| O0.]20.] * 0.0 0.0
21]400}399|35|35(40{40({100(20.| O. * 0.0 0.0
221400399]35|35/40]|40]100] 0.|20.}| - * 0.0 | 0.0
23]/400|399]| 5|35/40]|40]|100|20.] O. * 0.0 0.0
241400{399135| 5/40]40|100]| 0.]20. * 0.0 0.0
25400399} S| 5/40{40} 10|20.} O. * 0.0 0.0
261400)399] 5| 5/10]40)100}20.| O. hd 0.0 0.0
271400399 5| 5{40(10|100|20.]| O. * 0.0 | 0.0
281400{399135|35{40}10|100|20.| O. * 0.0 0.0
29[4001399] 5|35{40]10{100}20.| O. * 0.0 0.0
30(400]399|35] 5/40{10|100({20.]| O.] * 0.0 0.0

Table 5-2 Computed results for ‘'a‘'-

transpoged double-circuit line using the faulted
circuit phasor data only.

‘b’ phase faults on a __

S,R=near end source and remote end source, respectively
Laline length(km), x=actual distance to fault from S(km)
6g,6g=phase relationship of voltage at busbar S and

busbar-R, respectively. E.g. if 63-20
then power transfer is from S to R and vice versa.

and & -0°

md-1=mode-1l, md-2=mode-2, md-3=mode-3
*=more than 10% error
Error(%)=100x(evaluated distance to fault — actual
distance to fault)/total line length



Source Data|R Load Error (%)
No| L p'd Cap.| X/R (8) angle |Total V&I |Sup. V&I
(GVA) |ratio (deg.)
km{ km| S| R} S| R 6g| 6g|md-1|md-2|md-1|md-2
1/100 1] 5| 5|40]40]|100] O0.|] O.]| 0.3 * 0.4 *
2|100| 33| 5| 5{40(40}|100| O0.] O0.] 0.1]-7.5|] 0.1]|-7.5
3/100( 66} 5| 5]40}{40|100| 0. O0.|-0.1] 7.0|=-0.1] 7.0
4|100| 99| S| 5|40(40|100| O.| 0.}|-0.3 * 1-0.4 *
5(100] 99] 5| 5/40{40|100|10.} 0.}|-2.6]|. * |-0.4 *
6|100| 99| 5| 5{40{40]100|20.) O0.|-4.8 * 1-0.4 *
71100]| 99| S| 5|/40{40}100| 0.]20.] 4.1 * 1-0.4 *
8/100| 99| 5|35|40|40}(100| O0.}20.] 4.1] 0.3}-0.1]| 3.6
9/100| 99|35 5(40|40}100| 0.]|20.] 3.8 * [-0.6 *
10[{100] 99|35| 5{10]40}100) O0.|20.| 3.8 * |-0.6 *
11250 1| 5| 5[40(40]100} O0.] 0.} 0.1 * 0.3 *
12|250| 83| 5| 5]40|40}{100| 0.} O.| 0.0|-4.1]| 0.0]-4.2
13|250]166} 5| 5|40(40}100| O0.| O.| 0.0} 4.0| 0.0] 4.1
14(250|249] 5| 5|40]40]100| O0.| 0.|-0.1 * 1-0,3] *
151250|249] 5] 5]40(|40}100/10.| O.|-1.0 * |-0.3 *
16(250|249| 5| 5|40|40(100(/20.| O0.}|=2.0 * |1-0.3 *
17(250|249| 5| 5|40|/40{100} 0.|20.]|-1.8 * |-0.3 *
18(250|249] 5[35/40|40|100} O0.}|20.}| 1.9} 0.5|-0.1] 1.9
19(250|249|35| 5/40|40|100] 0.]20.] 1.6 * 1-0.4 *
20[250|249|35} 5/10|40}100| 0.]20.] 1.6 * 1-.0.4] 0.0
21|400 1 5| 5(40}40}{100| O0.] 0.]|-0.1}|-8.4| 0.2]|-8.6
22 400 133 5 5 40 40 100 0. 0. -001 -2a8 -001 -209
23]400|266| S| 5|40|40]100| O.| O0.}{-0,1| 2.8] 0.1} 2.8
241400399 5| 5(40|40f100{ O.} O.| 0.3} 8.4} 0.0] 8.6
25/4001399} S| 5|40/40|100{10.| O0.]-0.3| 8.4| 0.0| 8.6
261400|399]| 5| 5|40}40}100{20.| O0.|-1.0] 8.3] 0.0} 8.6
271400|399| 5| 5|40140{100] 0.]|20.| 1.6] 8.0}1.-0.0] 8.6
28(400(399| 5(35{40|40}{100| O0.|20.| 1.8] 0.4] 0.2] 1.3
291400139935 5({40/40{100|] O0.]|20.| 1.5} 8.8}-0.1] 9.5
30/400(399}135| 5j10|40({100| O0.|20.| 1.8] 0.4} 0.2] 1.3

Table 5-3 Computed results for 'a‘'-earth faults on an
untransposed double-circuit line using the
faulted circuit phasor data only.

S,R=near end source and remote end source, respectively

L=line length, x=actual distance to fault from S

6g,6g=phase relationship of voltage at busbar-S and
busbar-R, respectively. E.g. if §g=20° and &§p=0°
then power transfer is from S to R and vice versa.

Total V&I=total values of postfault voltage and current

Sup. V&I=superimposed values of voltage and current

md-1=mode-1, md-2=mode-2

*=more than 10% error

Error(%$)=100x(evaluated distance to fault - actual

distance to fault)/total line length



Source Data|R Load Error (%)
No| L | x | Cap.| X/R (5) angle |Total V&I|Sup. V&I
(GVA) |ratio]| . |[(deg.)

kmf{ km| S| R| S| R §g| Sg|md-1|md-2{md-1|md-2
11100 1{ 5| 5[40|40(100| O0.| O.| 3.7} 1.0{ 2.9| 1.0
2|{100| 33| 5] 5|40(40]100| 0.} O.] 1.3]|] 0.4] 1.0]| 0.4
3|]100f 66] 5] 5/40|40f100] O0.| O0.]|-1.2|-0.3}|-1.0|-0.3
41100 99| 5| 5|40|40]100| 0.| 0.|=3.7]|-1.0]|=2.9]-1.0
5(100] 99| 5| 5/40(40|100]|10.} 0.}|-3.5]|-6.4]|-2.9|-1.0
6(100f 99| 5| 5(40{40|100{20.}| 0.[-1.6 * -2.,91-1.0
71100] 99| 5| 5[40|40}100} 0.|20.] 0.9]| 9.2]|-2.9]-1.0
8{100| 99} 5}135{40|40{100| O0.|20.| 7.7| 8.0]|-0.6|-0.3
9|100| 99|35| 5/40(40|100] 0.}|20.}| 1.4] 6.9{-4.7]|-2.3
10{100| 99|35| 5|10|40|100| 0.|20.| 1.5| 7.0|-4.7]|-2.3
11250 11 5| 5]40(40|100| 0.] O.| 4.2{ 1.4 2.1| 1.4
12|250| 83| 5| 5|/40{40|100f 0.} O0.| 1.5| 0.5 0.7] 0.5
13|250}(166| 5| 5f(40/40}|100} O0.| O0.]|-1.5|-0.5|-0.7|-0.5
14/250]|249| 5| 5140|40}100| O0.| O0.]|-4.2|-1.4]|-2.1]-1.4
15|250(249| 5| 5|40)40|100|10.| 0.|-3.9|-3.6|~2.1]-1.4
16{250(249| 5| 5|40(40(|100|20.{ O0.|-3.0|-5.8|~-2.1}|-1.4
17(250(249] 5| 5({40|40|100] 0.]20.|~-2.7]|-2.7]|-2.1]|~-1.4
18(250|1249| 5{35(40|40f100} O0.}20.| 1.5] 2.9]-0.4]|-0.3
19/250]|249|35| 5(40{40}100} 0.20.|-3.1}] 1.6|-3.2|-2.4
20{250(249|35| 5/10|40}100| 0.|20.}-3.1} 1.6]|-3.2]|-2.4
21(400 1| 51 5{40|40}{100| O.| O.| 5.01 1.4 1.4} 1.4
22/400]133| 5| 5(/40]40}{100] O.| 0. 1.9} 0.5]| 0.4] 0.5
23/400]266| 5| 5/40140(100| O.| 0.]|-1.8|-0.5|-0.4|~0.5
24|400|399| 5| 5(40|40{100| 0.| O0.|~-4.8]-1.4]|-1.2]|-1.4
251400|399| 5] 5/40({40}100}10.| 0. |=-4.6|-2.7|-1.2]|-1.4
261400(399{ S| 5(/40{40{100{20.} O0.|-4.0}-4.1}-1.2]|-1.4
27/400]399| 5| 5/40(40}1100] 0.[20.|-3.9} 1.2]|-1.2]-1.4
28/400|399) 5|35(40140/100} 0.)20.|-0.3| 1.6]| 0.0{-0.3
29|400(399|35| 5|40{40|100} 0.|20.|-4.2] 0.4]|-2.1]|-2.0
30{400(399|35| 5/10(40}100| 0.|20.(-4.2] 0.4|-2.11-2.0

Table 5-4 Computed results for 'a'-~'b' phase faults on an
double-circuit line using the
faulted circuit phasor data only.

S,R=near end source and remote end source, respectively
L=line length, x=actual distance to fault from S
6g,6p=phase relationship of voltage at busbar-S and
busbar-R, respectively. E.g. if §g=20° and &p=0°
then power transfer is from S to R and vice versa.
Total V&I=total values of postfault voltage and current
Sup. V&I=superimposed values of voltage and current
md-1=mode-1l, md-2=mode-2
*=more than 10% error :
Error(%)=100x(evaluated distance to fault - actual
distance to fault)/total line length



Source Data|R Load Error (%)
No| L x Cap.| X/R (5) angle |[Total V&I|Sup. V&I
(GVA) |ratio (deqg.)

km| km| S| R| S| R 6g| 6g|md-1|md-2|md-1|md-2
1{100 1| 5 5{40{40{100| O0.] O.| 0.5]| 1.0 0.4]| 0.7
2|100} 33| 5] 5(40]40}100| O.| O0.] 0.2] 0.3} 0.2]| 0.3
3 100 66 5 5 40 40 100 0. 0. -002 -003 -001 -002
4|100| 99| 5| 5|40|40)100} 0.] 0.|-0.5|{-1.0({-0.4]|-0.7
5{100| 99| 5| 5|40/40}100|10.| 0.|{-2.5|=5.2|~-0.4|-0.7
6/100| 99| 5| 5[40{40(100|20.| O0.}-4.7 * |-0.4{-0.7
7(100| 99| 5| 5{40{40]100| 0.}20.| 2.7] 3.1|=-0.4]|-0.7
8{100]| 99| 5|35|/40]40{100| 0.|20.]| 2.3| 0.5|-0.1]|-0.1
91100| 99|35 5{40}40]100| 0.}|20.] 2.4| 2.1|-0.6]-1.0
10/100| 99|35| 5}10}40|100| 0./20.]| 2.4} 2.1{-0.6]|-1.0
11(250 1] 5{ 5|40|40{100| O0.| O0.| 0.6] 1.1| 0.3} 0.5
12250} 83| 5| 5|/40}j40(100| O.| O.| 0.2| 0.4| 0.1] 0.2
13{250|166] 5| 5|40}40|100| O0.] 0.[-0.2|-0.4]|-0.1]-0.2
14 250 249 5 5 40 40 100 0. 00 "'006 "1.1 -0-3 "0.5
15({250|249| 5| 5(|40|40{100{10.| O0.|-1.3]|-2.9}!-0.3]|-0.5
16{250(249| 5| 5(40|40{100|20.| 0.|-2.2}|-5.1|-0.3]|-0.5
17(250(249]| 5| 5]40|40|100| 0.]/20.|{-0.7]|-0.8]|-0.3]|-0.5
18|250|249| 5|35]40{40|100} 0.}20.| 0.6|-0.3|~-0.1]/-0.1
19/250}1249|35| 5}40(40|100] O0.|20.] 0.6] 0.6]|-0.4{-0.6
20{250|249|35| 5(10]40}(100| 0.|20.| O0.6| 0.6]|-0.4]|-0.6
21400 11 5] 5|40{40(100| 0.| 0.| 0.6| 1.3} 0.2| 0.4
22/400|133| 5| 5|40}(40{100] O0.| O0.] 0.2] 0.5| 0.1] 0.1
23]/4001266| 5| 5|40}(40|100| O0.] 0.]|~-0.2]-0.5{-0.1]-0.1
24(400(399| 5| 5|40|40]100| 0.| 0.|-0,6]-1.4|{-0.2|-0.4
25/400(399| 5| 5|40|40|100|10,| O0.|-1.1{-2.4|~0.2]|-0.4
27|400{399| S| 5|40}|40]|100| 0.}|20.}| 0.2{-0.1(-0.2|=-0.4
28|400)|399| 5(35/40|40|100| 0.]|20.] 0.1]-0.7| 0.0}!-0.1
29/400|399|35| 5/40|40|100]| 0.}20.|-0.1] 0.2]|-0.3]~-0.4
30/400({399|35| 5|10{40}100] 0.|20.}|~-0.1}] 0.2]-0.3]|-0.4

Table 5-5 Computed results for ‘'a‘'-earth faults on an

untransposed single-circuit horizontal line
using transposed line parameters. A

S,R=near end source and remote end source, respectively

L=line length, x=actual distance to fault from S

6S,6R=phase relationship of voltage at busbar S and
busbar-R, respectively. E.g. if §g=20° and 6g=0°
then power transfer is from S to R and vice versa.

Total V&I=total values of postfault voltage and current

Sup. V&I=superimposed values of voltage and current

md-1=mode-1, md-2=mode-2

*=more than 10% error - ‘

Error(%)=100x(evaluated distance to fault - actual
'~ distance to fault)/total line length



Source Data|R Error (%)
No| L p 4 Cap.| X/R (5) -'b' | 'b'-
(GVA) |ratio

km| km| S| R| S| R md-2|{md-3 |md-2{md-3
1]100 1| 5| 5|40}40}|100 -2.8{-2.8} 5.8] 0.1
2[100| 33| 5| 5{40]|40(100 -1.0|-1.0f 2.0| 0.0
3/100| 66| S| 5]40]40}100 0.9| 0.9|-1.9} 0.0
41100} 99| 5| 5140]40]100 2.8} 2.8|-5.8|-0.1
5|100| 99| 5| 5/40]40]|100 2.8} 2.8}-5.8(|-0.1
61100| 99| 5| 5140{40]100 2.8}] 2.8}-5.8|-0.1
71100 99| 5| 5|40]40]|100 2.8] 2.8|-5.8|-0.1
8|100] 99| 5]35]40]40]100 0.5 0.5|-1.1] 0.0
9(100] 99|35] 5]40(40]|100 3.9/ 3.9(-8.3|-0.2
10/100| 99|35| 5{10{40]|100 3.9} 3.9}(-8.3|-0.2
111250 1| 5] 5140{40(100 -1.94-1.9| 4.1| 0.1
12|250} 83| 5| 5(40/40]100 -0.7}-0.7| 1.4| 0.0
13{250|166] 5| 5]40|40]100 0.6| 0.6|-1.4]| 0.0
141250({249| 5| 5]40|40j|100 1.9 1.9/-4.11-0.1
151250249 5| 5{40/40}100 1.9 1.91-4.11-0.1
16|250}249] 5] 5]|40(40}100 1.9f 1.9}|-4.1|-0.1
1712501249} S| 5]40(40}100 1.9 1.9(-4.1}-0.1
1812501249 | 5]|35|40]40]100 0.3| 0.3|-0.7] 0.0
19{250)249|35| 5|40|40|100 2.3| 2.3|-5.1|-0.2
20/250(249(35| 5/10140(100 2.3] 2.3|-5.1|-0.2
211400 1] 5| 5[40]40{100 1.41-1.4] 3.1] 0.1
221400]133] 5| 5(40]40(100 0.5}-0.5} 1.1} 0.0
23]1400(266] 5| 5{40(40}(100 0.5| 0.5] 1.1] 0.0
241400|399] 5| 5/40(40]100 1.4] 1.4]|-3.2|-0.1
251400|399] 5| 5140140100 1.4} 1.4(1-3.2}-0.1
261400399 5| 5(40]40]100 1.4] 1.4]-3.2]-0.1
2714001399 S| 5(40{40)100 1.4| 1.4]1-3.2|-0.1
2814001399] 5135{40{40}100 0.2| 0.2|-0.5( 0.0
2914001399{35| 5{40(40]100 1.7 1.7|-3.7(-0.1
30(400]399|35] 5|10[40]100 1.7} 1.7|-3.7}-0.1

Table 5-6 Computed results for
on an upntransposed single-circuit horizontal
line using transposed line parameters and the
superimposed values of current and voltage.

S,R=near end source - and remote end source, respectively

and .'b'-'c'

lelne length, x=actual distance to fault from S

5g,Sg=phase relationship of voltage at busbar-S and
busbar-R, respectively. E.g. if §g=20° and &3z=0°

: then power transfer is from S to R and vice versa.

md-2=mode-2, md-3=mode-3

Error(%$)=100x(evaluated distance to fault - actual

distance to fault)/total line length




Source DatalR Load Error (%)
No| L X Cap.| X/R (3) angle |Total V&I|Sup. V&I
(GVA) |ratio (deg.)

km| km| S| R| S| R 6g| 6x|md-1{md-2|md-1|md-2
11100 11 5| 5{40]40}100| 0.| 0.}-0.7}{-4.3}!-0.5}-4.0
2 100 33 5 5 40 40 100 O. 00 "002 -105 "002 "104
3/100| 66| 5| 5|40|40|100| O.] O.] 0.2} 1.4| 0.2} 1.4
4(100| 99| 5| 54040100} O0.| 0.} 0.7| 4.3] 0.5| 4.2
5/100| 99| 5| 5|40|40(100|10.| O.| 4.3 * 0.5| 4.2
6{100f 99 5| 5{40}40{100{20.| O.| 8.6 * 0.5] 4.2
71100 99| 5| 5]40|40|100| 0.]20.|-4.0] * 0.5] 4.2
8[100| 99| 5|35|40]40|100| 0.]|20.]|-2.5 * I 0.1] 0.7
10/100] 9935| 5|10|40|100} 0.|20.{-3.4{-8.8] 0.7]| 5.5
111250 1l 5] 5}40)40f100} 0.} 0.|-0.7|-3.0|-0.3}-2.6
121250 83| 5| 5(40|40|100| O0.| 0.|-0.3|-1.0|-0.1|-0.9
13|250|166| 5{ 5}40}40|100| O.| O.| 0.3] 1.0|] O0.1] 0.8
16|250}249| 5| 5{40{40}j100}20.} O.] 4.1} 9.9}| 0.3] 2.6
18|250/249| 5/35|40/40|100{ 0.|20.] 0.9{-4.0| 0.1| 0.4
19 250 249 35 5 40 40 100 ‘Oo 200 -103 -2.5 0.4 ‘3.0
20|250|249|35| 5|10{40)100| 0.|20.|-1.3|-2.5} 0.4| 3.0
211400 1} 5] 5(40140(100| 0,.| O0.|-0.8|-2.5{-0.2}-1.9
22 400 133 5 5 40 40 100 0. 0. -004 -007 -0'01 -006
23]|400|266| 5| 5/40(40)100| 0.| O.| 0.4]| 0.7| 0.1] 0.6
241400(399]| 5| 5|40(40]100| O.| O.| 0.9]|-2.5| 0.2} 1.9
25/400]399| 5| 5|40[40|100|10.| O.] 1.9] 4.6| 0.2} 1.9
261400399} 5| 5(40|40)100}20.} 0.} 3.1| 6.7| 0.2] 1.9
28(400|399| 5|35|40{40|100| 0.|20.|-0.3]|-1.9]| 0.1] 0.3
29/400(399(35| 5(40(40|100| 0.]|20.(-0.5}-0.9] 0.3} 2.1
30/400(399|35] 5|10(40|100| 0.]|20.]|-0.5]-0.9| 0.3]| 2.1

Table 5-7 Computed results for 'a'-earth faults on an

untransposed single-circuit vertical line using
transposed line parameters.

b
S,R=near end source and remote end source, respectively
L=11ne length, x=actual distance to fault from S
6g,6g=phase relationship of voltage at busbar S and
~ busbar-R, respectively. E.g. if 6g=20° and §=0°
then power transfer is from S to R and vice versa.
Total V&I=total values of postfault voltage and current
Sup. V&I=superimposed values of voltage and current
md-1l=mode-1, md-2=mode-2
*=more than 10% error ‘
Error(%) 100x(evaluated distance to fault -~ actual
distance to fault)/total line length



Source Data|R Load Error (%)
No| L X Cap.| X/R (8) angle ‘a'-'b! ‘b'-'c!
(GVA) [ratio (deg.)

km| km{ S| R| S| R 6g| 6gp|md-2|md-3|md-2|md-3
11100 1| 5] 5|40}(40|100} O.| O.f-1.8] 3.7]|-4.3] 2.9
2|100| 33| 5| 5|40|40(|100| O.| O0,|{-0.6] 1.3}-1.5] 1.0
31100| 66 5] 5|40]40}100]| 0.] O.| 0.6]|-1.2] 1.4}-0.9
41100 99| 5] 5]40]40}(100| O0.| O.] 1.8|-3.7| 4.3|-2.9
6/100| 99| 5| 5|40|40}100}20.f 0.} 1.8}-3.7| 4.3|-2.9
7]1100| 99| 5} 5|40]40{100} 0.}{20.] 1.8}-3.7] 4.3|-2.9
8/100} 99| 5|35]40(40|100]| 0.20.| 0.3|-0.7] 0.8]|-0.6
9|100| 99]35| 5|40{40|100} 0.]|20.] 2.5|-5.4] 6.0]|-4.2
10/100| 99|35| 5|10|40|100| O0.[20.] 2.5|-5.4]| 6.0|-4.2
11{250 1| 5| 5/40|40|100| 0. O.}|-1.2] 2.7|-2.9] 2.1
12|250| 83| 5| 5|40|40|100} O0.| O0.|-0.4] 0.9|-1.0] 0.7
14(250(249] 5| 5(40(40|100} 0.] O0.] 1.2|-2.71 2.9]|=-2.1
15/250(|249| 5| 5(40|40|100{10.| O.| 1.2}-2.7] 2.9({-2.1
161250]|249| 5| 5]40(40]100}20.} 0. 1.2}-2.7] 2.9}|=-2.1
181250|249] 5|35(40(40}100]| 0.}20.| 0.2}-0.5} 0.5| 0.2
19/250(249|35| 5140]140{100| 0.}20.| 0.7}-1.5| 3.6{-2.7
20/250|249)35| 5|10({40}100| O0.]|20.] 1.5]|-3.3}| 3.6|-2.7
211400 1| 5| 5/40]40})100| 0.] 0.|~-0.9]| 2.1]|-2.2]| 1.6
221400(133| 5| 5{40|40]100| O0.| O0.]-0.3] 0.7|-0.8]| 0.6
231400|266| 5| 5(40140|100} 0.} O.] 0.3}~-0.7| 0.8]| 0.5
241400399 S| 5(40(40|100} 0.} O.| 0.9}-2.1] 2.2]|-1.6
25(4001399| 5| 5|40(40|100}10.| O0.]| 0.9}|-2.1| 2.2[-1.6
26[{400(|399| 5| 5]40{40|100}20.] O.| 0.9]|=-2.1}| 2.2]|-1.6
2714001399]| 5| 5140{40|100| 0.]20.| 0.9]|-2.1| 2.2|-1.6
281400§399| 5135(40(40|100} O0.]20.] 0.2]|-0.3]| 0.4|-0.3
29(400(399(35| 5/40|40|100{ 0.|20.] 1.0]|-2.4]| 2.6]|-1.9
30{400({399|35] 5]10|40|100| 0.]|20.] 1.0]|-2.4] 2.6|-1.9

Table 5-8 Computed results for 'a'-'b' and 'b'-‘c' faults
on an untransposed single-circuit vertical line
using transposed line parameters and the
superimposed values of voltage and current.

Key to Table

S,R=near end source and remote end source, respectively

L=line length, x=actual distance to fault from S

5§g,6p=phase relationship of voltage at busbar-S and
busbar-R, respectively. E.g. if §g=20° and &p=0°
then power transfer is from S to R and vice versa.

md-2=mode-2, md-3=mode-3 o o : it i

Error(%)=100x(evaluated distance to fault - actual

: distance to fault)/total line length



Source Data|R Load Error (%)
Nol L X Cap.| X/R (6) angle |Total V&I|Sup. V&I
(GVA) |[ratio] (deqg.)
1j100 1] 5] 5]40]40]100} 0.} 0.}-0.5|-1.0|-0.3}-0.9
21100} 33| 5| 5|40|40|100| O0.| 0.|-0.2|-0.3|-0.1]|-0.3
3]100] 66| 5| 5|40}40|100} O0.] O.| 0.2]| 0.3]| 0.1] 0.3
41100 99| 5| 5|40(40|100| 0.} O0.| 0.5| 1.0]|] 0.3] 0.9
5{100| 99| 5| 5|40|40|100}10.| O.| 4.0|-0.1]| 0.3} 0.9
61100| 99| 5| 5|40|40|100|20.] O.] 7.9|-0.6] 0.3} 0.9
71100] 99| 5| 5/40}40|100]| 0.]/20.|-4.5| 4.3| 0.3} 0.9
81100 99| .5|35|40|40/100| 0.{20.|-3.4| 4.1] 0.1} 0.1
91100| 99i35| 5|40(40]|100} 0.{20.|-3.9| 4.6| 0.5} 1.0
10{100{ 99|35| 5|10(40{100| 0.]20.|-3.9| 4.6 0.5 1.0
111250 1{ 5| 5/40}40{100} 0.} 0.]/-0.7)-0.7|-0.3]|-0.4
12|250| 83| 5| 54040100} O.] O0.|~0.3|-0.2|-0.1}-0.1
13/250|166| 5| 5]40|40|100| O.] O.] 0.3} 0.2| 0.1] 0.1
14|250|249| S| 5140|40(100] 0.] O.| 0.7} 0.7] 0.3]| 0.4
15|250|249| 5| 5|40(40(100{10.] O.| 2.2] 0.3]| 0.3]| 0.4
16|250|249| 5| 5(40({40{100|/20.| O.| 3.7] 0.1] 0.3 0.4
17]250|249| 5| 5|40]40{100| 0.(20.]-1.4| 2.0| 0.3} 0.4
18|250|249| 5{35|40/40|100} 0.|20.]| 1.0]| 1.9]| 0.1} 0.1
19(250}249|35| 5(40/40|100] O0.|20.] 1.2| 2.0| 0.4} 0.3
20(250}249|35] 5|10|40|100| 0.}20.}| 1.2} 2.0| 0.4] 0.3
211400 1] 5| 5/40|40|100} O.] 0.]=-1.0}-0.7}-0.2]-0.2
221400(133| 5| 5|40}40f100| 0.] 0.|-0.5|-0.2|-0.2]|-0.0
23]400|266| 5| 5{40]{40}100] O0.] O.| 0.5| 0.2| 0.2] 0.0
24|400|399| 5| 5{40|{40|100| 0.} 0.} 1.2] 0.7{ 0.4]| 0.2
25(400(399| 5| 5{40|40{100}|10.| O.} 2.0] 0.5| 0.4]| 0.2
2614001399| 5| 5|40{40]100|20.| O0.| 3.0| 0.4]| 0.4} 0.2
271400|399| S| 5|40}40{100| 0.|20.|-0.2]| 1.5| 0.4} 0.2
28/400|399| 5135(40(40]100| 0.}|20.]|-0.0| 1.5]| 0.2]| 0.0
29/400|399|35| 5/40]40{100| 0.|20.|-0.1] 1.5| 0.5]| 0.2

Table 5-9 Computed results for 'a'-earths faults on an

double-circuit line using the

faulted circuit phasor data and transposed line
parameters.

S,R=near end source and remote end source, respectively
L=line length, x=actual distance to fault from S
6g,6g=phase relationship of voltage at busbar-s and
: busbar-R, respectively. E.g. if §g=20° and 6p=0°
then power transfer is from S to R and vice verse.
Total V&I=total values of postfault voltage and current
Sup. V&I=superimposed values of voltage and current -
md-1=mode-1, md-2=mode-2
Error(%)=100x(evaluated distance to fault - ‘actual
distance to fault)/total line length



Source Data|R Load Error (%)
No| L X Cap.| X/R (5) angle ‘a'-'b' ‘b'-'c!
(GVA) |ratio (deg.)

km{ km! S| R| S| R 6g| 6g|md-2|md-3|md-2|md-3
1/100 1] 5| 5|40|40|{100( O.| O.| 1.0| 2.0(-0.7| 1.6
2]100]| 33| 5] 5]40(40(100| 0.} O.] 0.3]|] 0.7]-0.3]| 0.6
3{100| 66| 5| 5{40f{40|100| O.| 0.]|-0.3}|~-0.7]| 0.2]|-0.5
41100 99| 5| 5{40]40]100| O.]|] O.|-1.0|-2.0] 0.7|-1.6
5|100( 99| 5| 5({40{40j100|10.} 0.]~1.0|-2.0] 0.7]|-1.6
6{100] 99| 5| 5|40{40|100{20.| O.|-1.0|-2.0| 0.7}-1.6
71100} 99| 5| 5}40|40{100]| 0.[20.|-1.0}-2.0] 0.7|-1.6
g8(100| 99| 5(35|40f40|100| 0.]20.}|-0.2|-0.4] 0.2|-0.3
9/100| 99|35| 5|40(40}100| 0.{20.{-1.5|-3.1] 1.1|-2.6
10{100| 99|35| 5[/10]40|100| 0.]20.|-1.5]|-3.1| 1.1]|-2.6
12250} 83| 5| 5[/40|40(100| O0.] O.| 0.3] 0.6|-0.2] 0.5
13|250|166| 5| 5|40|40|100] 0.} O.| 0.3|-0.5| 0.2|-0.4
14|250|249| 5| 5/40{40{100} 0.} 0.|-0.8]|-1.6] 0.6]|-1.4
15{250|249| 5| 5/40{40{100/10.} 0.|~-0.8|-1.6] 0.6|-1.4
17]250(249| 5| 5(40|40(100| 0.(20.}|-0.8]|-1.6]| 0.6]|-1.4
18250249 5|35]|40|40f100| 0.|20.{-0.2|-0.3]| 0.1]/-0.3
20|250}249([35]| 5/10{40{100| 0.{20.|-1.1|{-2.3]| 0.8|~1.9
211400 1| 5 5|40{40(100f O.| O.| 0.7| 1.4|-0.6] 1.2
22(400{133| 5| 5{40(40|100| O,.]| O.| 0.2] 0.5|-0.2} 0.4
23]400|266| 5| 5/40{40{100f 0.} 0.{-0.2|-0.5| 0.2|-0.4
241400}399| 5f 5/40)40{100| 0.} 0.{-0.7|-1.4] 0.6|-1.1
25/400399| 5| 5]40j40|100]10.} 0.{-0.7|-1.4] 0.6{-1.1
26{400{399{ 5| 5|40{40({100{20.| 0.|-0.7({-1.4| 0.6|=-1.1
27 400 399 5 5 40 40 100 0. 20. -0-7 -104 006 -101
281400|399| 5|35|40{40({100| 0.}20.]|-0.1}-0.2] 0.1}-0.2
291400{399|35| 5|40}40{100} O0.|20.|-0.8|-1.8| 0.7}|-1.5
30{400(399|35| 5(10}j40|100| O0.|20.|~0.8|-1.8| 0.7|-1.5

Table 5-10 Computed results for 'a'-'b' and 'b'-'c' faults
: on an untransposed double-circuit line using
transposed line parameters and the superimposed
values of voltage and current of the faulted

circuit only.

Key to Table | '

S,R=near end source and remote end source, respectively

L=line length, x=actual distance to fault from S

5g,6g=phase relationship of voltage at busbar-S and
busbar-R, respectively. E.g. if §5=20° and &3=0°
then power transfer is from S to R and vice versa.

md-2=mode-2, md-3=mode-3

"Error(%)=100x(evaluated distance to fault - actual
- distance to fault)/total line length



6.1 Introduction

‘As part of the performance evaluation of the new fault
location algorithm a number of tests were carried out to
establish its accuracy in comparison with competing
algorithms. The results reveal the accuracy achieved by

the new algorithm.

Many different algorithms have been proposed. However,
many of them ere not available commercially. The
inefficiency of most of the algorithms preposed during the
last 10 years has been discussed in Chapter 2. Of those
commercially available, the ASEA aigorithm used in their
RANZA equipment and the Toshiba algorithm ueed in the
Toshiba DLL1M are gemerally considered to be ﬁhe best.
Under similar fault conditions the test results of the new
algorithm are compared with those of the ASEA and Toshiba
algorithms. Also the results of the Schweitzer algorithm
which modifies the Toshiba algorithm by using the remote
gource impedance 6111 be given. All these algorithms have
been descfibed in Chapter 2.
6.2'Test Methods -

Testing of the new and other algorithms was carried out
using a digital compﬁter simulation. This simulation

consists of the line simulation program described in
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Chapter 3 and the separate algorithm simulations. The line
simulation program ie a fully distributed model and takes
full account of the non-transposed nature of the line and
its shunt capacitance. It calculates steady-etate prefault
and postfault voltage and current phasorsvas well as
- puperimposed ones at both ends of a single- or double-
circuit line. These data are then available as input to

any fault locator simulation.

The simulations model the algorithms as published. The
reaults presented in this Chapter do not include errors

due to hardware.

‘6.3 Referenoe Test Condltions
For the"majority.of the test results presented a
horizontal line having the mean geometry illustrated in
Fig 5-1 was modelled. The reference test conditions which
were chosen for the line are: ’ R

System voltage= 400kV

Line length= 150km

Local soorce capacity- SGVA

Local source X/R ratio- 40

Remote source capacity= 5GVA

Remote source -X/R ratio= 40

Prefault load= OCdeg. (i.e. no load)

Fault type= phase-'a'-to-earth

Fault resistance= 0Q

The line conductors and earth wire had the specifications

given in Section 5.1.1.
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Regarding the reference test conditions, the tests
were on what could be described as a very favourable line.
No fault resistance was included and there wﬁs no préfault
power flow. Under such circumstances the algorithms ought -
to perform very well. In each set 6f teats'one 6r two
'parameters of the reference conditions were changed and

all the other parameterS'remained as given above.

6.4 Test Cases

The line simulation program allows a wide number of
éarameters to be}independently adjusted and the algorithm
response tested. In order to produce meaningful results,
'in most cases only one or two parameters were varied from
the reference conditions. in_ggneral, each of these errors
will tend to compognd and for some of the'mofe extreme
conditions the total error could be somewhat greater than
the results quoted here. Although'some of these test cases
(like fault position close to remote end or high
resistance faults) might appear extreme, it should be
remembered that it is precisely these cases'whefe'fault
locators are most likely to be required. It should also be
rememberéd that unlike proteétion relays, faultilocators
are requiféd tb be accurate along the full liheqlenéth and

not just at the reach points.

Tests were carried out for two major categories;
transposed‘lines and untransposed lines. For both
categories, transposed line parameters were set into the

fault locator simulations. In other words, the fault
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location algorithms were set for transposed line
parameters even when the line simulation program had

evaluated voltages and currents for an untransposed line.

6.5 Transposed‘Lines

"Although all the other algorithms make a number of

assumptions in their solutione, the new‘algorithm does not
make any simplifying aesumption; Thereforevin this seriee
of tests} i.e. for the transposed lines, the'correeponding
errors are‘zero for the new algorithm, This is because the
uew algorithm isAeble to fully‘modelythe line ano, under

these conditions, has access to the full line data; As

'mentioned-in Chapter 5, the aerial;modes can be used for

any type of fault while the eerth-mode is only applicable
to earth faults since there is_no'earth current.for phase
faults. Also there is the option of usiug either
superimposed values of current and voltage or the total
ones. In the following series of tests the effect of each

parameter on the fault locators' accuracy for the

Atransposed lines-is shown.

6.5.1 Effect of Fault Position}

For the reference conditions of Section 6.3, the.errors
for differing fault positions along the line were
measured, The results are ehown in Table 6 1. It is
important to_note that the errors quoted throughout the
simulation studies in this thesis‘are as percenteges“of
the total line lengtﬁ and not the actual distanceyto

fault. The results show that for the other three
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algorithms the errors are least for close-up faults4and‘
they gradually increase as the fault position moves

towards the remote source.

6.5.2 Effect of Line Length

It is seen from Table 6-1 that errors for longer lines,
where shunt capacitance has a greater effect, are
significant. As the new algcrithn considers a distributed
model of the line, the error is zero irrespective of line
length. The ASEA algorithm gives significant errors since
it ignores the effect of shunt capacitance, e.g. in Case 8
for a medium line length (250km) the recorded error is
more than 2% though Rg¢ is zero. The Toshiba algorithm‘
gives much better results since to some extent it compen-
sates for the effect cf shunt capacitance. Errors on
longer lines for the ASEA algorithmlare unacceptable, e.g.
5.6% error for a zero resistance fault on a 400km line
corresponds to an error of more than 22km in fault
location (Caée 12). The errors given in Cases 1 to 12 are
.entireiy due to the shunt capacitance effect as all the
other parameters, including feult resistance, are set at

the reference conditions for the transposed line.

6.5.3 Effect of Fault Resistance

Prior to the current digital techniques the majority of
fault lccators used the reactance meesurement technique
described in 2.2 to estimate the fault location. Such
measurements are very prone to error when arc resistance

is encountered This error is mainly introduced by
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differing phase angles of currents flowing through the
fault resistance from either side. In this case the fault
resistance, from the relaying pointlof view, is not pure
resistive as assumed by reactance relays. The larger the

fault resistance the more error is introduced.

Table 6-1 shows the results of the tests to determine
the effect of fault resistance. All conditions other than
fault resistance and line length are set at the reference.
Three sets of tests for 0Q (Cases 1 to 12), 10Q (Cases 13
to 24) and 509 (Cases 25 to 36) fault resistances were
carried out. For the ASEA,algorithm'there is little
.additional error over the zerovfault resistance Cases.
‘However, the Toshiba algorithm for some extreme Cases of
50Q fault resistance gives over 7% additional error (in
modulus) even for a short line (compare Cases 4 and 28).
Even the modified Toshiba algorithm by Schweitzer gives 4%
additional error for these cases. Although extreme, such
fault resistances may occur on mid-span vegetation faults
for instance, and lines prone to this type of fault are
precisely where a fault locator would prove most useful.
Apart from the extreme circumstances, the other algorithms
could be said to cope quite well with fault resistance.
Also, from the results of Table 6-1 it is seen that the
Schweitzer modification improves the performance of the
Toshiba algorithm in the presence of fault resistance. It
is shown in the follow1ng test results that the presence
-of fault resistance can exaggerate errors from other

sources.
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6.5.4 Effect 6f Prefault Power flow

Under normal circumstances there will generally be a power
flow on the line prior to a fault. Tﬁis will result in the
equivalent sources at each endvof the line being out of
phase and consequently will affect the fault current
‘distribution. It Ean be seen from iable'e-z that for the
competing algorithms, the power transfer has little effectv
on accuraéy when ;he fault resistance is zero. For the
ASEA algorithm, prefault power flow still has no signifi-
cant effect on the accﬁrady'for_a 10Q fault resistance.
However, for thequshiba algorithm and its modified form
by Schweitzer,'when the power is exporting from the remote
gource the errors are higher (cqmpared with no prefault

power flow Cases) and vice'versg.

6.5.5 Effect of Local and Remote Sources

Ref. 1 which describes the ASEA algorithm states that for
the most accurate results this locator should be.placed at
the end of the line with the strongest source. A nu@ber of
tests were therefore carried out to investigate the

effects of source capacity and X/R ratio mismatch.

Table,6-3rshoﬁs the effeét of source capacity mis-
match on éhe‘accuracy of the different fault locators. In
Cases 1 idlis»where”fault resistance is zéro}thé
addition;l‘errors for the coméetiné algofithms are
negligible in comparison to Casea 1 to 4 of T;ble 6-2

which are for the reference conditions. Cases 17 to 32 are

as Casesdl to 16 but with 10Q of fault resistance. In
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vthese Cases for all the competing algorithms the results
are in&eed worse ﬁhen the locator is placed at the weaker
end of the ling compared with those\of Caseg 13 to 16 of
Table 6-2 which are for the reference conditions but 10Q

of fault resistance.

Table 6-4 shows the effect of varying the X/R ratios
of the source impedances while the otheryparameters are
set at the reference. Again it can be seen that when fault
~ resistance is zero, the additional error is insignificant.
For a‘1on fault resistance the effect of different X/R
ratios is still negligible for the ASEA algorithm.
-However, differing X/R ratios impairs the accuracy of the
Toshiba algorithm because of thé assumption that the phase
angle of the fault path current is the same as that of the
superimposed fault current at the near end. In practice,
this is only tfue when the combined line section and
source impedanég‘on either sidé of the fault‘point have
the same argﬁment. When the sources at thé line’ends’are
not identiéai,-this ié not the case and extra errors can’
be seen to be ihtroduced.'Aé‘ihe ASEA algorithm uses the
remote source impedance data, it gives much better
results.ﬁAlso the improvement in the accuracy;of the
Toshiba §lgorithm.madg_by Schweitzer is evident here.
Schweitzér uses the reﬁote source impedance and a first
estimate of fault position by the Toshiba algorithm to
find the combined phase angle on each side of the fault
point. It can be seen that in Case 16, an error modulus of

more than 3% by the Toshiba algorithm is'significantly
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reduced to 0.7% by the Schweitzer modification.

6;5.6 Bffect}of Fault ije |

All the test results so far have “been for
single-phase-to-earth faults. However, for both the ASEA
and Toshiba algorithms, the calculation method is
dependent on the type of fault. The fault resistance
arrangements are as shown in Fig. 5-4 for typical faults.
Table 6-5 shows the results for different types of fault.
As the line‘is.perfectly'transposed, the results for the
same type of fault but involving different phase(s) are
the same. Forrexample, the results for phase-'c'Qto—earth
- are exactly the same as the results for phase-'a'-to-earth

given here.

It can be seen'ianable 6-5 that the performance of
the ASEA algorithm is uot affected by fault type even in
the presence'of fault resistance. The Toshiba and
Schweitzer algorithms give better results for multiphase
faults. However, the presence of fault resistance reduces

the accuracy of the Toshiba algorithm

6.5.7 Effect of Line Configuration

As in tuis series of testa‘the'line was considered
perfectl§vtransposed,wthe results are much the same for
all the iine configurations shown in Figs. 5-1, 5-2 and

5"3 .

6.5.8 Typical Fault Conditions

In order to get an idea of the likely cumulative errors on -

101



a typicél line, a further group of tests were run with all
pafameters differing from the reference but still aﬁ
practicable values. The single-circuit horizontal line was
modelled with the following system parameters:
System voltageé 400kVv |
Line length= 150km
.Local source capacity= 5GVA
~ Local source X/R rétios 20
Remote source capacity='10GVA
Remote source X/R ratio= 40
Prefault load=10 degs. (i.e. power flow from S to R)
Fault type= phase-'a'-to-earth
Fault resistance= 10Q.
The line conductors and earth wire had the specifications

given in Section 5.1.1.

The reéulté for these tests are plotted in Fig. 6-1.
These.résults Eepresent the sort of accuracy that could
réasonably'be expected. For the Toshiba algorithm an error
of up fo 3.4% (equivalent tb 5km) is shown while the ASEA
algorithm peffofms somewhat better giving a worst error of
0.8%. The modifiéd Toshiba algorithm by Schweitzer
improves ;he accufacy giving about 1.2% error in the worst
case. In?pfactice,fadditidnal error due to hardware and
spftware%inaccuraciesm;guld also occur. As mentioned the

new Algorithm gives no error in the case of transposed

lines. =
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5.6 Untransposed Lines

.In this series of tests the line was untransposed but its
assumed transposed parameters were used for fault
location. This is the normal practice in real life for the
analysis of transmission lines as transposed values of
" line data are usually available. The majority of the test
results presented here are for an untransposed 150km
horizontal line configuration shown in Fig. S5-1. This is a
realistic circuit because it is very reasonable that no
transposition would be made along such a line as it is
quite short and has a nearly balanced conductor geometry.
The test cases and reference'conditions were again those
mentioned in Section 6.3. The same set of tests for
transposed lines was carried out for untransposed lines.
In this way itiisupossible'to'see‘the effect of
transposition on the locators’ accuracy by comparing the
corresponding Tables. It should be noted that the
superimposed values of current andiéoltage are always used
for the new algorithm when perfect transposition is

assumed for untransposed lines.

6.6.1 Effect of rault Position

The errors for differing fault position on the -100km,
250km and 400km lines are given in Table 6-6. In. this
Table the accuracy results for the new algorithm are given
"for mode-1 (earth—mode) and mode-2 (aerial-mode). It is
gseen from these resultspthat one can still use an aerial-

mode for earth faults with good accuracy. Comparing Case 4

with the same Case in Table 6-1 for the transposed line,
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it can be seen that on a short (100km) line there is an
extra error of nearly 1% in the results from the other
algorithms caused by the'non—traneoosition~of the line.
The results also show that for the new algorithm, the
error ia higher at fault positions near both line ends
- while for fhe other algorithms the error increaeesras the

fault position moves towards the remote end.

6.6. 2 Effect of Line Length

Table 6-6 also shows the effect of line length on the
accuracy attainable. Cases 1 to 12 give a very good
indication of the effect of line length on the accuracy
- while the other parameters are set at the reference
conditioos. For.longer lengths, where shunt capacitance
has a greater effect, the errors_of the ASEA algorithm
significantly increase‘because the algorithm ignores the
effect of shunt capacitance. For the Toshiba and Schweitz-
er,algorithmspthe accuracy slightly improves for longer
lines. By a comparison of the results of Cases 1 to 12
with the similar Cases of Table 6-1 for the transposed_
line, it can be seen that for the Toshiba and Schweitzer
algorithms the’untransposed line accuracy slightly
improves. This is because the error due to line length and

l

non- transpositlon in Cases l to 12 are in different
directioos, i.e. the error caused by the line length is
poeitiVe'whi;e the error caused by non-tranoposition is
negative; tﬁerefore the overall error is smaller for'fhe
untransposed llne. However, this is not a general rule for

these algorithms, as the dlrection of the error caused by
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non-transposition is affected by different parameters like
fault type, faulted phase(s), line conductor geometry,

etc.

6.6.3 Effect of Fault Resistance
In Table 6-6 Cases 1 to 12 for zero fault resistance are

repeated for 10Q and 50Q fault resistances. From theseh
results it is evident that the accuracy of the new algo-m
rithm is not affected by fault resistance while the accu-u
racy of the other algorithms is reduced as fault resist-
ance increases.(In Case 36 for‘a 50Q fault resistance
there is more than lO% error,(which is equivalent to 40km
of the line length) in the results from the ASEA and
Toshiba algorithms, and the modified Toshiba algorithm by
Schweitzer«still gives 5.5% error in modulus. It is clear
from Table 6-6 that except for the zero fault resistance
cases, where the effect of the remote end gsource infeed
through fault is made zero (because R¢=0Q), the Schweitzer
modification on the Toshiba algorithm improves the
accuracy but still is not generally good enough for

accurate measurement of remote faults.

6. 6 4 Bffect of Prafault Power Flow

Table 6- 7 shows the effect of prefault load on the
untransposed line. Cases 1 to. 4 are the results for the
reference conditions. For the new algorithm power transfer‘
has no effect on accuracy since it uses superimposed
values of current and voltage when perfect transposition

is assumed for untransposed lines. For the other“
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algorithms, power flow has a marked effect on‘accur&cy.
when the local source is exporting power, the ASEA
algdrithm improves in accuracy but when it is importing
power the algorithm's accuracy is reduced,rinvthe worst
case, by nearly 3%. For the Toshiba and Schweitzer
"algorithms the accuracy is decreased by prefault power
flow irrespective of its direction. It should be noted
that Cases 13 to 24 are as the Cases 1 to 12 but for a 10Q
fault resistance. Again as explained in Section 6.6.3 the
Schweitzer modification is not gffecti§e when the fault

resistance is zero (Cases 1 to 12).

' 6.6.5 Effect of Local and Remote Sources

‘Table 648 shows the effect 6f source capacity on the
accuracy of the fault'lbcation algorithms; In Cases 1 to
16 where the fault resistanée is zero, there'is‘ho signif-
icant change in the accuraéy of any algorithm, Alsd iﬁ can
be seen thaﬁ in Caées 17 to 32 where f&ult resiat&hce is
10Q, the accufacf of tﬁé new algdrithm is unchénged, but
for the'competing algorithms the accuracy improves when
the near end (réiaying point)'source capacity is‘stronger
than the remote end soﬁrce capacity. Conversely if the

near end source capacity is weaker then the. error

e

apparent. In’the extreme Cases in Table 6-8 the Schweitzer
modification gives better results than the Toshiba
algorithm. -
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Results showing the effect of source‘X/R ratio are
given in Table 6-9. Different X/R ratios of the source
impedances result in different arguments of the fault
currents from the sources through the fault path.
Therefore the assumption used by the Toshiba algorithm,
'that the fault pOlnt voltage and superimposed current from
the near end source are in phase, is‘not valid. The amount‘
of discrepancy also depends on line length and sourcer
capacity because the comhined source and line section
impedance on each side of the fault point affects the
arguments of the fault currents from the sources. Cases 9
to 16 confirm that for different X/R ratios in the
presence of a-10Q fauit resistance, the error of the
Toshiba algorithm increases. Since the ASEA and Schneitzer
algorithms use the remote source impedance, they
compensate for: this type of error. As source impedance
magnitude is evaluated from source capacity, the same
reasoning can be applied to the error due to source

capacity.

6.6.6 Effect of Fault Type

Up to now, mainly single-phase-to-earth faults have been
considered as they are the most common faults on
transmission systems. However, the accuracy of the
1ocators should be tested for other types of fault as they
must be able to cope with any fault contingency. For an
untransposed line, different phase(s) involved in the same

type of fault will give different results. However, as

well as 3-phase faults, for the purpose of brevity, the
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test results for the reference conditions of Séction 6.3
are given only for 'a'-earth, 'a'-'c'-earth and 'b'-'c'

faults as examples of different typeé of fault.

Ityéan be seen from Table'6-10 ﬁhat'thepcqmpeting
'algorithmé give much higher errdrs for thgse types of
fault. The measured errors are as high as 9% for the ASEA,
é% for ﬁhé Toshiba algbrithm and 7% for‘the Schweitzef
algbrithm for a 3-phase fault (Case 32). Also it can be
seen that the Schweitzer modification on the Toshiba
algorithm gives very little improvement on the accuracy.
For the new aigorithm the results for all 3 modes are
‘given. They show that mode selection is required for
different types of fault on the untransposed horizontal
line, but for all types of fault the selection can be
restricted to the aerial-modes (mode-2 or mode-3).
However, as discusséd in 5.3.1, the new algorithm when
using mode-2, éives no error for any type of fault on the
untransposed horizontal line, provided thaﬁ the phase
afrangement of the line is taken into account. For
example, fof the untranspoaed line with the phas;
arrangement shown ;n Fig. 5-1, mode-2 voltage is evaluated

from:
Vp=Va-Vp | 7 I (6-1)

and if in Fig. 5-1 phase-'a' and phase-'c' are the outer

phasé conducto:s (as they are in real systems), then:

Va=Va-V¢ R ' . (6-2)
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6.6.7 Effect of Line Configuration

When the line is untransposed, the accuracy of each
algorithm is affected by the degree of conductor
asymmetry. For example, the vertical horizontal line
configuration shown in Fig. 5-2 has the maximuh asymmetry
'of conductor geometry and is expected to introduce more
error in fault location than the other line configura-'

tions.

For the reference fault conditions, results are given
in Table 6-11 for differeut line ccnfigurstiens; it is
seen from these results that while the competing.
;algorithms give higher errors for vertical single-circult
and double-circuit llne conflgurations, the new algorithm
still gives accurate results. As discussed in Chapter 5,
for the vertical line configuration it is necessary to use
earth-mode for earth faults and an aerial-mode for phase
faults; but for single-circuit horizontal lines and
doubie—circuit lines\sh aerial-mode can be used”for dny
type of fault Without-impairihg the accuracy. The results
of the new algcrithm for the double-circuit line were

obtained by using the faulted circuit phasor data only.

6.6. 8 Typical Fault cOnditions |
The same llne parameters and fault conditions of Sectioh
5 5.8 were chosen to measure the accuracy of the locators
for llkely cumulative errors. However, in this case the
line was untransposed but its transposed parameters were

used. The results for these tests are plotted in Fig. 6-2.
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It ia seen by comparing Figs. 6-1 and 6-2 that the
accuracy of the Toshiba and Schweitzer algorithms is
reduced owing to the non-transpasition of thehline;
Although the Schweitzer modification in thisvcase improves
the accuracy of the Toshiba algorithm, there arevcases fof
untransposed lines where it gives higher errors than the
oriéinal algorithm. This is because in the Schweitzer
algorithm the positive sequence line and source impedances
are used to estimate the argument of the current
"contribution from the remote and sourée to the current
ahrough the fault path, while the sequence components can
only be used for a perfectly transposed line. PFPig. 6.2
shows that the accuracy of the ASEA algorithm slightly
improves for the uniransposed.line. This is because the
error caused by non-transposition is in,tha opposite
direction to the.total error from other sources. However,
siﬁilar to the case for the Toshiba and Schweitzer
algorithms discussed in Section 6.6.2}”this is not general
and in most cases the accuracy of the ASEA algorithm is

reduced owing to non-transposition.

Considering that for this test the fault conditions,
line parameters, line length and line configuration were
chosen reallstlcally and the line was not too long to need
any transpositlon along its length, the-'results give a
good indication of the much higher accuracy achieved by
the new fault location algorithm.
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6.7 Summary |

The test fesults showing the effect of different
parameters on the accuracy of tﬁe new and competing
algorithms have been presentediin this Chapter. It has
been'showﬁ that, for both‘transﬁosed’and ustransposed
~ lines, the‘eccuracy of the new algorithm is not affected
by fault resistance, line.length, source network or
prefanlt power flow, while the competing algorithms, in
different degrees, are affected by these parameters. The
ASEA algorithm is more affected by line length as it |
ignores the effect of shunt capacitance which is
significant for long iines; Prefault power flow, and
different source capacities and X/R ratios at the line
ends have more effect oh the Toshiba and Schweitzer
algorithms. The'accurecy of all the competing algorithms
is redueed for larQer fault resistances. For untransposed
lines the'new elgorithm‘performs better than the cempeting
algorithms. Ih mest'cases the'maximum error for the new

algorithm is less than 1%.
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Error (%)
L p.4
km| km
100 1
100| 33
100| 66
100] 99
250 1
250( 83
250{166
250|249
400 1
10]/400[133
11|400(266
12|400]399
13{100| 1| 10
114|100| 33| 10
15|100| 66| 10
16100 99} 10
171250 1| 10
18|250| 83| 10
19]250/166] 10
20|250]249]| ‘10
21|400] 1| 10
22/400§133} 10
231400|266]| 10
24/400]399] 10
25/100| 1] 50
26|100| 33| SO
271100} 66| 50
28|100] 99| 50
291250 1| S0
30{250| 83} SO
31/250|166| 50
32250249 50
33|400| 1| SO
34|400{133| 50
351400(266]| 50
36/400{399| 50
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Table 6-1 Effect of fault position, line length and fault
' resistance on the fault locators' accuracy for .a
- transposed horizontal line (Fig. '5-1) subjected
| to 'a‘'-earth-faults. The other parameters are
i set at the reference conditions of Section 6.3.

S,R=near end source and remote end source, respectively

L=1line length(km), x=actual distance to fault from S(km).

Error(%)=100x(estimated distance to fault -~ actual
distance to fault)/total line length



R Load Error (%)
No| L X (5) angle ‘
’ (deg.)

km| km 6g| S6p|New |ASEA|Tosh|Schw
11150 1 o{ o.{ 0.| 0.0f 0.0] 0.0{ 0.0
21150 50 o|] 0.| 0.] 0.0f{ 0.0|] 0.0} 0.0
3j150(100 0| 0.] 0.] 0.0 0.2}-0.1|-0.1
41150149 0o} 0.1 0.f 0.0 0.7|{-0.2|-0.2
51150 1 0|10.]| O0.{ 0.0| 0.0] 0.0] 0.0
6{150]| 50 o(1i0.| 0.} 0.0 0.0] 0.0| 0.0
71150(100 0{10.} 0.} 0.0| 0.2|-0.1}|-0.1
81501149 0j10.| 0.} 0.0| 0.7|-0.2}|-0.2
91150 1 o] 0./10.] 0.0] 0.0} 0.0] 0.0
10/150] 50 0] 0./10.} 0.0| 0.0| 0.0] 0.0
11(150{100 0oy 0.{10.| 0.0} 0.2{=-0.1{-0.1
12 150 149 0 0.’ 100 000 007 -002 -002
13150 1} 10| 0. O0.| 0.0|] 0.0} 0.2} 0.1
14150} 50f 10| O.| O0.] O.O0| 0.0| 0.1] 0.0
15|150]100| 10} 0.} O.] 0.0] 0.2(-0.3]|-0.1
161150|149} 10| O.{ O.| 0.0} 0.7|-1.8}|-0.9
17{150 1{ 10}10.| 0.} 0.0 0.0} 0.2] 0.1
. fis|150| SO} 10}10.} O.] 0.0 0.0] O.1| 0.0
-119}(150}100y 10|10.| O.| 0.0] 0.,2|-0.,1}|-0.1
20(150(149| 10{10.| O.} 0.0} 0.7|-1.6|-0.8
211150 1{ 10{ 0.|10.| 0.0 0.0 0.2}] 0.1
22|150| 50| 10} O.}10.] 0.0 0.0} 0.1} 0.0
23(150|100} 10} O0.|10.} 0.0 0.2]|-0.3]|-0.2
24 150 149 10 oo 100 0.0 007 -201 -101

Table 6-2 Effect of prefault load on the fault locators'
~ accuracy for a transposed horizontal line (Fig.
5-1) subjected to ‘'a'-earth faults. The other
parameters are set at the reference conditions

~'of Section 6.3.

S,R=near end source and remote end source, respectively.

L=line length(km), x=actual distance to fault from S(km)

Tosh=Toshiba, Schw=Schweitzer S

5g,5g=phase relationship of voltage at busbar-S and
busbar-R, respectively. E.g. if 6g=10° and 5p=0°

, then power transfer is from S to R and vice versa.

Error(%)=100x(estimated distance to fault - actual
| distance to fault)/total line length



R¢ |Source Error (%).
No| L b 4 (5) caps. :
- (GVA) ;
km{ km Qg| Qr{New |ASEA|Tosh|Schw
1]150 1 0 5 1} 0.0 0.0} 0.0} 0.0
2/1150] SO 0 5 1{ 0.0} 0.0} 0.0] 0.0
3|1501100 0] S 1} 0.0 0.2|-0.1]|-0.1
411501149 0 5 1{ 0.0 0.7|-0.2{-0.2
5|150 1 0 1 5/ 0.0f{ 0.0{ 0.0| 0.0
61150| S0 0 1l 5} 0.0 0.0|-0.1]-0.1
71150}100 0 1 5f{ 0.0/ 0.0|-0.3]-0.3
8|150]149 0 1 5| 0.0f 0.3|-0.61-0.6
91150 1 0 25 5{ 0.0{ 0.0 0.0} 0.0
101150] S50 0] 25 5{ 0.0{ 0.0} 0.0{ 0.0
11/150)100 0] 25 5 0.0] 0.2| 0.0] 0.0
12 150 149 0 25 5 0.0 008 -001 -001
131150 1 0 5| 25| 0.0] 0.0] 0.0] 0.0
141150| 50 0 5{ 25( 0.0| 0.0] 0.0! 0.0
15/150|100 0| 5| 25| 0.0| 0.2|-0.1]|-0.1
16]/150]149 0 5| 25| 0.0| 0.7j-0.2}-0.2
171150 1) 10 5 1f{ 0.0f 0.0] 0.0] 0.0
181150| 50] 10 5 1}y 0.0f{ 0.0|-0.1} 0.0
19{150({100| 10 5 1 0.0 0.2]|-0.2]~0.2
201150149 10 5 1} 0.0f{ 0.7]-0.5]|-0.4
21150 1] 10 1 5] 0.0y 0.0} 1.1 0.5]
221150) 50| 10 1 5 0.0 0.0|] 1.0} 0.5
23/150(100} .10 1| 5| 0.0} 0.0] 0.5| 0.1
251150 1| 10} 25| 5§ 0.0| 0.0| 0.0| 0.0
26150 50 10| 25| 5} 0.0) 0.0]-0.1]-0.1
271150100 10| 25 5} 0.0 0.2|-0.4]-0.2
2811501149| 10| 25 5| 0.0y 0.8}-1.6|-0.7
29150 1y 10y 5} 25 0.0 0.0( 0.4} 0.1
30/150| 50| 10 5| 25| 0.0} 0.0} 0.5] 0.1
31]150]100] 10 51 25] 0.0} 0.2] 0.4 0.1
321150(149| 10 5| 25f 0.0} 1.5}{-7.0{-4.5

Table 6-3 Effect of source capacities on the locators'
accuracy for a transposed horizontal line (Fig.
5-1) subjected to ‘'a'-earth faults. The other
. parameters are set at the reference conditions
! of Section 6.3.

S,R=near end source and remote end source, respectively.
L=line length(km), x=actual distance to fault from S(km)
Tosh=Toshiba, Schw=Schweitzer
QS,QR-Source.capacities at near end and remote end,
respectively. '
Error(%$)=100x(estimated distance to fault - actual
distance to fault)/total line length



R¢ |Source Error (%)
No| L p 4 (5) X/R _
r ratios
km| km S R |New |ASEA|Tosh|Schw
2{150| S50 0| 40| 10| 0.0] 0.0 0.0] 0.0
3(1504}100 0| 40] 10} 0.0| 0.2]|-0.1|-0.1
4|150|149 0| 40} 10| 0.0] 0.7]|-0.2}-0.2
5(150 1 0f 10| 40| 0.0] 0.0} 0.0]| 0.0
61150 50 0o} 10| 40} 0.0 0.0} 0.0| 0.0
71150100 0| 10| 40} 0.0| 0.2{-1.0]=-0.1
8|150]149 0| 10| 40} 0.0] 0.7]-0.2]|-0.2
91150 1| 10| 40} 10| 0.0} 0.0] 0.4] 0.0
10150} 50| 10| 40| 10} 0.0} 0.0| 0.5| 0.0
11(150|100] 10} 40f 10| 0.0} 0.2} 0.2]|-0.2
12|150]149] 10] 40| 10| 0.0} 0.7} 1.7]|-0.7
13150 1} 10| 10| 40| 0.0} 0.0}-0.2| 0.1
14)150{ 50| 10| 10| 40} 0.0 0.0|{-0.4] 0.1
15/150|100} 10| 10} 40| 0.0]|] 0.2]|-1.0| 0.0
16150149} 10| 10| 40| 0.0} 0.7{-3.1{=-0.7

ﬂTable 6- 4 Effect of source X/R retios,on the fault

to

locators'.
line subjected to

accuracy for a transposed horizontal

'‘a'-earth faults. The other

parameters are set at the reference conditions
of Section 6.3.

S,R=near end source and remote end source, respectively.
L=11ne length(km), x=actual distance to fault from S(km)
Tosh=Toshiba, Schw=Schweitzer L
Error(%)=100x(estimated distance to fault -~ actual ;
- distance to fault)/total line length ‘



R Error (%)
No| L | x (5) Fault = 5
km| km - New |ASEA|Tosh|{Schw
1 150 1 0 a-e . 0.0 .
2]150| 50 0 a-e 0.0 .
3/150]100 0 a-e - -0.
41150149 0 a-e - -0.
51150 1] 0| a-c-e 0.
6]150| 50 0] a-c-e .
71150100 0| a-c-e .
8/150]149 0] a-c-e .
9150 1 0 b-c .
10]150] 50 0 b-c
'111]150100 0 b-¢c -
1121150}149 0 b-¢c
13]150 1 0| a-b-c
14]150] 50 0| a-b-c.
15/150/100] 0] a-b-c
161150149 0| a-b-c

17]150 1] 10| " a-e
18/150] 50| 10| a-e
-119]150/100] 10|  a-e -
201150|149| 10| a-e
21[150 1| 10| a-b-e
221150} 50| 10| a-b-e
2311501100| 10| a-b-e
241150|149| 10| a-b-e
251150 1| 10 b-c
26150 50| 10 b-c
271150(100| 10| b-c
281150{149| 10| . b-c.
291150 1} 10| a-b-c
30]150| 50| 10| a-b-c
31/150/100| 10| a-b-c
32|150{149| 10| a-b-c
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Table 6 5 Effect of fault type on the fault locators'
- accuracy for a transposed horizontal 1line

- subjected to 'a'-earth faults. Other parameters

-, are set at the reference conditlons of Section

e o P . o
S,R=near end source and remote end source, respectively.v-
lelne length(km), x=actual distance to fault from S(km)
a-e=phase—'a'-to—earth fault
a-c-e=phase-'a'-to-phase-'c —to-earth fault
b-c=phase-'b'~-to-phase-'c’ fault

a-b-c=3-phase fault -
Tosh=Toshiba, Schw=Schweitzer : ' :
Error(%) 100x(estimated distance to fault - actual
: dlstance to fault)/total line length
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Table 6-6 Effect of fault position, line length and fault

‘I resistance on the fault locators' accuracy for
-+ an untransposed horizontal line represented by
- * I the transposed line data, subjected to 'a'-earth
The other parameters are set at the
" reference conditions of Section 6.3.

S,R=near end source and remote end source, respectively
L=1line length(km), x=actual distance to fault from S(km) -
Tosh=Toshiba, Schw=Schweitzer, * more than 10% error '
Error(%)=100x(estimated distance to fault - actual
distance to fault)/total line length
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R Load Error (%)

No| L X (5) angle

(deg.) New ASEA|[Tosh|Schw
km| km 6g| 8g|md-1|md-2 |

11150 1 ol o.] 0.| 0.4| 0.6/ .0.0| 0.0| 0.0
2]150| 50 o 0.] 0.} 0.1] 0.2| 0.3] 0.3] 0.3
3|150}100 0| 0. 0.}-0.1{-0.2| 0.7| 0.5| 0.5
41150}149 0y 0. 0.|-0.4|-0.6f 1.6| 0.7 0.8
5[150 1 0j10.| 0.| 0.4} 0.6} 0.0| 0.0{ 0.0
6{150] 50 0{10.{ 0.| 0.1} 0.2|-0.2}-0.2(-0.2
7 150 100 0 100 0. -001 -002 -0.6 -009 -0.9
8/150]149 0/10.|( 0./-0.4|-0.6{-1.0|-1.8|-1.8
9/150 1 0| 0.]10.| 0.4| 0.6| 0.0| 0.0| 0.0
10{150| 50 0| 0.{10.| 0.1| 0.2| 0.8| 0.8| 0.8
11j1s0j100f{ O} 0.}10.}{-0.1{-0.2| 2.2| 1.9} 1.9
- 112]150(149 0] 0./10.}|-0.4|-0.6| 4.4| 3.5| 3.5
113|150 1| 10f 0.} O.| 0.4| 0.6| 0.0] 0.2] 0.1
- |14]150| 50{ 10} O.| O.| O.1| 0.2] 0.3| 0.4] 0.3
: 15 150 100 10 '00 0. ‘001 -002 007 002 0.4
16 150 149 10 00 0- -0.4 -0.6 1-6 -100 -001
17150 1} 10j10.| O0.| 0.4| 0.6 0.0| 0.2] 0.1
18 150 50 10 100 00 001 002 -001 -001 "0.2
-119|150(100| 10|10.} O0.]-0.1}-0.2|-0.4]|~1.0[-0.9
20|150/149| 10{10.|- 0.|-0.4}{-0.6|-0.7}-3.1]|-2.3
21{150( 1} 10 0.v10. 0.41 0.6| 0.0] 0.2] 0.1
22|150| 50| 10} O.|10.| O.1] 0.2} 0.9]| 0.9]| 0.8
23|150(|100) 10| 0.|10.(-0.1}-0.2] 2.2| 1.7| 1.8
241150]149| 10| 0./10.}-0.4]|-0.6| 4.6] 1.5]| 2.7

Table 6-7 Effect of pre-fault load on the fault locators'
horizontal line
(Fig. 5-1) represented by the transposed line
data and subjected to
other parameters are set at the reference

S,R=near end source and remote end source, respectively.g
L=1ine length(km), x=actual distance to fault from S(km)

accuracy for an

‘a'-earth faults.

n condltlons of - Section 6.3,

Tosh=Toshiba, Schw=Schweitzer
md-1l=mode-1, md-2=mode-2

55, 6g=phase relationship of voltage at busbar S and .
and &p=0°

busbar-R, respectively. E.g. if &g =109

then power transfer is from S to R and vice versa.
Error(%)-lOOx(estimated distance to fault - actual dis—

~tance to fault)/total line length TR




Error (%)
No| L X

~ A
Oth
A4
143
(o}
[
A
(9}
(0]

(GVA) New ASEA |Tosh|Schw
‘km| km Qg| Og|md-1|md-2 o

150 1
150] 50
1501100
150149
150 1
150{ 50
150100
150|149
150 1
150 50
150{100
150149
150 1
150 50
1501100
150 149
150 - 1| 10
150| 50| 10
1501100} 10
150(149| 10
150 1] 10
150| 50{ 10
150|100 10
150149 10
150 1| 10| 25
26|150| 50| 10| 25
27]150|100] 10| 25
281150(149| 10| 25
291150) 1| 10
30(150| 50| 10|
31|1501100} 10
32[150(149] 10
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Table 6- 8 Effect of source capacities on the fault
locators' accuracy for an untransposed
horizontal line (Fig. 5-1) represented by the

. transposed line data, subjected to 'a‘'-earth
! faults. The other parameters are set at the
. reference conditlons of Section 6.3.

o

S,R=near end source and remote end source, respectively.

L-llne length(km), x=actual dlstance to fault from S(km)

md-1l=mode-1, md-2=mode-2

Tosh=Toshiba, Schw=Schweitzer ‘ '

Qg,Qgr=Source capacities at near end and remote end,

respectively. -

Error(%) 100x(est1mated distance to fault — actual

distance to fault)/total line length
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S
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‘Table 6- 9 Effect of source X/R ratios on the fault
locators' untransposed
horizontal line (Fig. 5-1) represented by the
transposed line data, subjected to-‘'a‘'-earth
faults. The other parameters are set at the

S,R=near end source and remote end source, respectively.
leine length(km), x=actual distance to fault from S(km)

accuracy for the

reference conditions of Section 6.3,

md-1=mode-1, md-2=mode-2
Tosh=Toshiba, Schw=Schweitzer

Error(%)=100x(estimated distance to fault - actual

distance to fault)/total line length




R - Error (%)
No| L p 4 (S) Fault
|  type ~ New . |ASEA|Tosh|Schw
km| km md-1|md-2|md-3 SO
1}150 1 0 a-e 0.4| 0.6|-5.4| 0.0| 0.2} 0.0
2]150| 50 0 a-e 0.1} 0.2|-1.8} 0.3] 0.3| 0.3
3/150]100 0 a-e -0.1|-0.2} 1.8] 0.7| 0.5| 0.5
5{150 1 0| a-c-e |-0.1} 1.3}|-1.9| 0.0{ 0.2} 0.0
6 150 50 0 a-c-e 0-0 005 -0'6 -104 "104 -1.4
71150100 0| a-c-e 0.0{-0.5| 0.6|-2.6|-2.9]|-2.9
8{150|149 0| a-c-e 0.1j-1.3] 1.9]|-3.6|-4.4|-4.4
91150 11.- 0 b-c ok 5.1} 0.1] 0.0| 0.0] 0.0
10{150| 50 0 b-c * 1.7] 0.0|-1.4|-1.4]|-1.4
11|150|100 0 b-c * - 1=-1.7} 0.0|-2.6(-2.9]|-2.8
121150149 0| b-c * 1-5.,1|-0.1|-3.7{-4.4|-4.4
131150 1 0| a-b-c * 1 1.5|-1.2] 0.1} 0.0| 0.0
) 14 150 50 0 a‘b—c * 005 "004 2-9 -106 -1.6 :
15/150{100 0| a~b-c * 1 0.41-0.5{ 6.0{-3.3]|-3.3
16|150(149| 0| a-b-c * -1.5| 1.2| 9.4|-5.0(-4.9
171150 1] 10 a-e 0.4|] 0.6|-5.4]| 0.0} 0.2] 0.1
18{150| 50} 10 a-e 0.1} 0.2}-1.8| 0.3| 0.4| 0.3
19/150]100| 10 a-e -0.1y-0.2| 1.8} 0.7]| 0.2} 0.4
20]150|149| 10 a-e -0.4{-0.6| 5.4| 1.6{-1.0{-0.1
21150 1| 10| a-c-e 0.0f 1.3|-2.2]|-0.1} 0.1]-0.1
22 150 50 10 a-c-e 000 0.5 -008 -104 -1.3 -104
23 150 100 10 a-c-e 000 ‘0.5 008 "206 "3»0 "2.8
24]|150|149| 10| a-c-e | 0.0]|-1,3| 2.2}-3.4|-5.0}-4.2
25{150| 1| 10}y b-c | * 5.1] 0.1} 0.0f 0,1 0.0
26|{150| 50| 10 b-c * 1.7 0.0}-1.4|-1.3{-1.4
27|150{100} 10| b-c * -1.7} 0.0|-2.6(-2.9]-2.8]"
28|150(149)-10 b-c * -5.11-0.1|~3.7{-4.9|-4.5
29 150 1 10 a‘b-c * 1.5 -102 0-1 006 004
30(150| 50| 10| a-b-c * 0.5{-0.4] 2.9(-1.3|-1.4
311150{100{ 10| a-b-c * -0.5| 0.4{ 6.0|-3.8{-3.8
32(150{149} 10| a-b-c * -1.5| 1.2} 9.8(-8.1|-7.3

Table 6 10 Effect of fault type on the: fault locators’
~ accuracy for an untransposed horizontal 1line
A'"(Fig. 5-1) represented by the transposed line
i parameters, subjected to ‘'a‘'-earth faults. The

1 ‘other parameters are set at the reference‘
b condltlons of Section 6.3. , :

I -

I . ; . , AN
L=line length(km), x-actual distance to fault from S(km)
a-e=phase-'a’'-to-earth fault
a-c-e=phase-'a'-to-phase-'c'-to-earth fault
b-c=phase-'b'-to-phase-'c' fault, a -b-c-3-phase fault.
md-1=mode-1, md-2=mode-2, md-3=mode-3
* more than 10% error, Tosh=Toshiba, Schw=Schweitzer , :
Error(%)-IOOx(estlmated distance to fault - actual
distance to fault)/total line length



R Line Error (%)
No| L | x (S) config-
uration New ASEA|Tosh|Schw
km| km md-1|md-2 '
2|150| 50 0 H 0.1 0.2| 0.3} 0.3| 0.3
3{150]|100 0 H -0.1|-0.2f 0.7} 0.5| 0.5
4150|149 0 H -0.4{-0.6] 1.6| 0.7 0.8
6 150 50 0 V -0.1 “1.2 101 101 101
71150100 O \' 0.1 1.2| 2.4 2.2] 2.2
8|150]149 0 \'4 +0.4] 3.4} 4.1} 3.1| 3.1
9(150 1 0 D  [-0.3]|-0.6] 0.0] 0.0] 0.0
10 150 50 0 | D -001 "002 103 1-3 1.3
11{150({100 0 D 0.1 0.2 1.9{ 1.6} 1.6
11211501149 0 D 0.3 0.,6{~1.0|-1.8|-1.8
13(150 1] 10 H - 0.4| 0.6} 0.0| 0.2 0.1
14/150| 50| 10 H 0.1] 0.2} 0.3| 0.4| 0.3
15|150/100| 10| H -0.1{-0.2] 0.7| 0.2| 0.4
16|150(149| 10 H -0.4|-0.6| 1.6|-1.0}{~0.1
171150 1] 10 v 0.0/ 0.0|] 0.0] 0.2} 0.1
18|150} 50| 10 v ~-0.4/-3.4| 0.0| 0.2} 0.0
19/150(100| 10 v -0.1(-1.2| 1.2) 1.2] 1.2
20|150(149| 10 v 0.1] 1.2| 2.5| 2.0} 2.2
21(150 1{ 10 D -0.3{-0.6| 0.0} 0.1} 0.0
22 150 50 10 . D -001 "002 1.3 103 103
23|150(100| 10 D 0.1 0.2} 2.0| 1.6} 1.7
24{150|149| 10 D 0.3] 0.6(-0.9|-3.2]-2.1
Table 6-11 Effect of line configurations on the fault
locators' accuracy for an upntransposed line
represented by the transposed line data, sub-
- jected to 'a'-earth faults. The other parame-
ters are set at the reference conditions of
: Sectlon 6.3.
Key to Table

S,R=near end source and remote end source, respectively.
L=11ne length(km), x=actual distance to fault from S(km)
H=horizontal single-circuit line (Fig. 5-1)

v=vertical single-c1rcu1t line (Fig. 5- 2)

D=double-circuit line (Fig. 5-3)

Tosh=Toshiba,. Schw=Schweitzer.

md-1=mode-1, md-2=mode-2 '
Error(%) 100x(estimated distance to fault - ~actual
distance to fault)/total line length -
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7.1 Introduction

" In the simulated performance tests described in the
previous Chapter it was assumed that perfect setting data
and perfect input data were available to the algorithms.
In practice this will not be the case and some non-
algorithmic errors due to incorrect settings and hardwarew
iimitations are inevitable.rThese errors must be
considered in any overall accuracy assessment of the
locators and a number of simulation tests were therefore
run to determine whether the new algorithm is particularly
gsensitive to any of these factors. Again the tést results
for the competing algorithms are given tg see if any
improvement on the accuracy is achieved by the new algo-

rithm under the same circumstances.

Oﬁce again the transmission line modelled is that
described in Seétion 6.3. The tests were‘carried out for
“both transpoeed‘and untransposed lines. It should be noted
that likq.the'preQidus simulation tests for untransposed
lines, i&eélly transposed line parameters were used even
though tﬂe actual lin;”was untransposed. As before, the
superimposedvvalues of current and voltage shoﬁld be used
in the new aigorithm whén perfect transposition is assumed

for untransposed linés, but in other cases either the
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superimposed or total values can be used. In the following
Sections, setting and hardware inaccuracies on the

locators' performance are investigated.

7.2 Effect of Remote Source,Settings

" Both the ASEA and the Schweitzer algorithms require a
setting for}the remote source impedance. In practice, this
value may’well_change ee different combinations of plant
are connected or disconnected with changing load
conditions. It is thus of interest to know how much effect
errors on this setting will hare on the fault location

accuracy for the different loCators.

t

The test conditions of Section 6.3 were used for a 10Q
fault resistance thereby having the remote source capacity
and X/R ratio set in the line simulation program to 5GVA
and 40, respectively. For the algorithms, however, the
remote source capacity setting was varied from 1 to 25 GVA
and for two settings of the X/R ratio at 20 and 40. The
results‘of the tests are shown in Table 7-1'£or tne
transposed line and in Table 7-2 for the untransposed
line. Cases 1 to 4 in these Tables give the results when
the correct remote source data were set into the locators
and shouid be considered ae ‘the reference Cases to measure
the extre errors introouced»by‘incorrect remote source
settings; Cases 5 to 16 show the effect of chanoing'source

capacity on the accuracy while the X/R ratio remains at

the correct setting. Cases 17 to 32 are as Cases 1 to 16
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but with X/R ratio set at 20.

As expected, the new and the Toshiba algorithms are
unaffected by the remote source impedance setting since
they make no use of it. Also the ASEA algorithm is not
affected significantly by the remote source settings and a
'max1mum 0.5% extra error was recorded (Case 16 of Table
7-2). Therefore, it can be said that the ASEA algorithm is
quite immune against inaccurate remote source settings.
But the results of the.Schmeitzer algorithm are more
affected by incorrect settings, particularly by any
inaccuracy in the X/R ratio setting. It is seen that for
both the transposed and untransposed lines more than 1%
‘extra error was recorded in Case 20 when the X/R ratio is
set at 20. These results show that the Schweitzer
modification to the Toshiba algorithm does not improve the
accuracy achieved and in most cases when there are errors
in the remote source settings the results are worse than

those of the original algorithm.

7.3 Effect of [2Z]) Matrix Errors ~

All input parameters are derived from line geometry and
electrical parameters which are in turn.converted into (2]
and [Y] matrices. To investigate-the effect of inaccurate
input oarameters, the [2] matrix was adjusted for the
fault location algorithms only, the values used by the

line simulation remaining as described in Section 5. 1 1.

The [Y] matrix, which mainly represents the effect of
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shunt‘Capacitance, has much smaller effect and most
algorithms ignore its effect. The results of [2] matrix
errors are shown in Table 7-3 for the traneposed line and
in Table 7-4 for the untransposed line; The test

’

conditions were as described in Section 6.3.

Cases 1 to 4 give the reeults’of the reference condi-
tions with no errors in the (z] matrix. Cases 5 to 12 are
the results for is%'ertorsain the magnitude and Cases 13
‘to 20 are for *5% errore in the argument;of the (2] matrix
elements. As line fZJ’matrik'elements are predominantly
inductive, 5% error in the argument is equivalent to about

4 degrees error. The combined effect of magnitude and
'argument errors on the accuracy are shown in Cases 21 to
}28. It ie evident ffom these results that any erfor in
magnitude has a larger effect on the accuracy; but it is
important to note that in all cases the new fault location
algorithm maintains its high accuracy and is less affected
by the errors in the [2Z] matrix setting. For example, in"
Case 12, for a -5% error in the [Z] matrix magnitude, the
errors for the other algorithms are at least twice that
for the new algorithm for the transposed line, while for
the untransposed line the errors are at least four times
~ higher’ than the new algorithm. Also the Schweitzer
algorithm gives no improvement over the Toshiba algorithm

and even .in some cases reduces the accuracy.

The results for -5% error in magnitude and in argument:
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of the'[ZJ matrix are plotted in Figs. 7-3 and 7-4 for thé
transposéd'and~untransposed lines respectively. Fault
conditions are as described in Secﬁion 6.3 for a 10Q fault
resistance. The results for the new algorithm;‘are those
obtained using mode-2 which gives highérferrors than
mode-1 in this fault study. In order to see how much extra
error is introduced, these graphs can be compared with the
graphs of Figs. 7-1 and 7-2 which are for the reference
test conditions of transposed and untransposed lines for a
10Q fault resistance. It is clear from Figs. 7-3 and 7-4
that the errors offthe compéting aigorithms increase as
the fault position moves towards the remote end. Also it
can be seen that the Schweitzer modification reduces the

accuracy of the Toshiba algorithm.

To summarize, all the algorithms’are affécted by
inacéuracy’of the (2] ﬁatrix seﬁting; For the competiﬁg
algorithms the results are nearif ﬁhe>eame; at the remote
end of the line a 5% error in the magnitude giving roughly
a further 5% of érror and a 5% error in the argument
‘giving at least 2% additional error. At the nearvena the
additional errors are less but still significant. éy
contrast the new algorithm performs very well; a.S% error
in the [55 matrix magnitude and/or Argument resulting in
only a m;ximum 1% additional error usingleaftthode
(mode-1) and 1.6% using aerial—modé (mode-2). |

'
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7.4 Liae Length Setting Errors

A fufther source of setting errors relates to the line
length. For the reference test cooditione with 10Q fault
resistance the results are plotted in Figs. i-s and 7-6
for the transposed and untransposed lines fespectively. It
.is seen from theee‘graphs that the new algorithm is
significantly affected by the line length setting errors.
A -5% error in the line length keyed into the locator will
introduce up to -3.5% error in the fault location estimate
for the transposed line. Since when the correct value of
line length is set into the new algorithm there is no
error for transposed lines, then the errors shown in Fig.
'7-5 for the new algorithm are‘entirely“due to the line
length setting error. By comparing these graphs with
graphs 7-1 and 7-2. for the'reference fault condltions, it
is seen that the competing algorithms are not affected

very much by these line length setting errors.

Note, however, that the reason for the higher accuracy
of the competlng algorithms is that they calculate,
directly or indirectly, distance to fault as a percentage
of line length. Also, the new algorithm gives no error if
the fault positioh is displayed as‘a oercentage of line
length. fh other words, if the fault is actually, say, 10%
down the%line, the distance to fault is etill calculated
At 10%'by the new algorithm. Therefore if the fault loca-
tion is displayed in terms of number of towers from the

relaying point, then there will be no error. For eiample;
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if the'actual‘length of a line is 150km and it is set intb
the locator 160km, then for a fault at 80% of the line the
new algorithm evaluates 128km by using the 160km setting,
instead of actual fault position at 120km, thereby giving
8km error in fault location. Now if, instéad; the fault
location is converted into 80% of the number of toﬁers
along the line the exact position of the tower can be
found and the accuracy of the new locator is not affected
by the line length setting errors. In general it was found
that the maximum error introduced is less than the setting
error if the fault position to be displayed in actual
length (e.g. kin). |

7.5 Simulatediuardﬁara Errors

Sﬁch errors érise due to the combined effect of franaducer
errors, hardwareyérrbrs~in the.calcﬁlatidn of the vbltage
'and current‘phésors thch are used in ﬁhe fault location
algorithms. Akgood indication of the likely.effect of
hardware erroréydn the accuracy of fault locators can be
obtained by'ihtfoducing various combinations of érrors in,
the mégnitudewahd’phase angle of the voltage and current

phasors éntered ihpo the fault location algorithms.

Table%7-5 shows_four cases involving a 2% error in
the magnitude of the near and remote end vbltagé and
current phasors which were obtained from the f&ult
conditions of Séction 6.3 for a gransposed’line; Since

distance to fault is evaluated from the voltage to current
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ratio, the fault location error is zero when all voltage
and current phasors are simultaneously subjected to the
same proportion of magnitude and/or argument errors.
Therefore, in Cases 5 to 12 there is no extra error for
the competing algorithms (in comparison to the reference
Cases 1 to 4) as they use the single-end phasor data and
the proportional errors in voltage and current phasors of
the relaying end are the same. However, in Cases 13 to 20
‘the extra errors of the competing algorithms are
significant. Overall, the competing algorithms all have
maximum errors of at least twice the maximum of the new

algorithm.

Table 7-6 shows some corresponding cases involving
tho error 1n the argument of the voltages and currents
entered into the locators. The maximum modulus of the
errors over all Cases using the new algorithm is 1 9% for
mode-2. But in Cases 13 to 20 the accuracy of the other
algorithms is severely impaired by the argument errors; in
most of these~Cases the additional error is more than 10%
while there is_at least 7% additional error in the other
Cases. As these}algorithms are very sensitive to the
argument error they require more accurate hardware
equipment and software data processing. By contrast,
because of good performance of the new algorithm against
these errors, it requires less delicate equipment and data
processing. As discussed in Section 4,8, the need for a

very accurate synchronisation of phasor data at the line
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ends is therefore obviated.

7. 6 Summary
The sensitiVity of the different algorithms has been shown
'against ‘various non- algorithmic errors. Except for the |
~ line length setting, the accuracy of the new algorithm is
much less affected hy setting errors thau the competing
algorithms. Also the errors due to the signal recording
and processing, which appear in the phase values, have
less effects on the accuracy of the new algorithm. It
hould be noted that for the purpose of brevity, the
results presented ‘in this Chapter have been selected from
_ the'simulation tests carried out for different lines and
fault conditions and they well represent the general
performance of the algorithms when subjected to non-

algorithmic errors.
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R¢ |Remote- Error (%)
No| L X (3) source |- i -
setting B
km| km Qr|X/R|New |ASEA|Tosh|Schw
1/150 1| 10 5| 40f 0.0| 0.0] 0.2 0.1
2|150| 50| 10 5| 40 0.0| 0.0f 0.1] 0.0
3|/150(100] 10 5| 40| 0.0| 0.2}|-0.3|-0.1
"4]1150|149| 10 5| 40(-0.0| 0.7|-1.8]|-0.9
51150 1} 10 1|40{ 0.0f{ 0.1| 0.2} 0.2
6]150| 50 10 1| 40} 0.0 0.1} O0.1]| 0.1
71150100} 10 1| 40| 0.0} 0.2|-0.3|-0.1
8{150(149] 10 1] 40f 0.0| 0.2{-1.8|-1.4
91150}y .1} 10} 10} 40} 0.0}|-0.1] 0.2} 0.0
10(150{ 50| 10| 10| 40} 0.0{-0.1} O0.1]|-0.1
11/150}100| 10| 10| 40| 0.0f.0.1}-0.3|-0.3
12{150(149{ 10} 10{ 40| 0.0| 0.9|~-1.8({-0.8
13|150 1] 10} 25| 40| 0.0| 0.1|-0.2}{-0.1
141150| 50| 10| 25| 40} 0.0|-0.2] 0.1}{-0.2
15}1501100] 10] 25} 40| 0.0| 0.2]|-0.3]-0.5
16|150{149| 10| 25| 40| 0.0| 1.0|-1.8]-0.7
171150 1} 10 5| 20} 0.0|-0.1] 0.2} 0.0
18150} 50| 10 5 20 0.0}-0.1] 0.1{-0.1
19{150}100} 10 5} 20} 0.0}-0.2]-0.3}-0.5
201150(149| 10 5| 20| 0.0|~-0.5]|-1.8]-2.0
211150 1] 10 1t 20 0.0| 0.1} 0.2} 0.1
221150| 50{ 10 1{ 20f 0.0{ 0.0} 0.1] 0.0
23(150{100| 10 1] 20| 0.0} 0.0({-0.3]|-0.4
2411501149} 10 1] 20} 0.0/-0.4|-1.8|-1.9
251150} 1| 10| 10| 20| 0.0|-0.1] 0.2 0.0}
271150100} 10} 10} 20| 0.0}|-0.3}-0.3]|-0.6
28(150/149| 10| 10| 20| 0.0}-0.6}-1.8|-2.1
291150 1] 10} 25| 20| 0.0{-0.2| 0.2]|-0.1
30|1s0| 50| 10| 25| 20| 0.0]|-0.3]| 0.1}|-0.2
31/150(100} 10| 25| 20} 0.0|{-0.4}{-0.3}-0.7
3211501149 10} 25| 20} 0.0}|-0.5{-1.8}-2.0

Table 7-1 Effect of the remote source eettings on the

i
|

i
e
i

|
i

locators' accuracy for a ;;gngggggg horizontal
line (Fig. 5-1) subjected to 'a‘'-earth faults.
The actual values of source capacity and X/R

ratio at both ends are 5GVA and 40

-respectively. The other parameters are set at

the,reference conditions of~Section 6.3..

R

L=line length, ‘x=actual distance to fault from near end
‘Tosh=Toshiba, Schw=Schweitzer -

QR,x/R-Source capac1ty and XIR ratio settings at the‘
remote end. . ,
Error(%)=100x(est1mated dietance to fault - actual

Ve distance to fault)/total line length



RS) Remote- Error (%)

13]150 1} 10| 25| 40
141150| 50| 10| 25} 40
15|150|100| 10} 25| 40
16[150]|149| 10| 25
171150 1] 10 5|20
18/150]| 50| 10| 5| 20
19/150(100| 10 5
20]/150|149] 10| - 5
21|150 1| 10y 1
221150} 50} 10 1
23{150/100] 10| 1
24(150|149| 10} 1
25(150 1} 10| 10| 20
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9/150{ - 1| 10| 10} 40 . -
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Table 7-2 Effect of the remote source settings on the
locators' accuracy for an untransposed horizon-
- -tal line (Fig. 5-1) represented by the trans-
* . posed line data, subjected to 'a'-earth faults.
‘- The actual values of source capacity and X/R
‘ratio- at both ends are 5GVA and 40
- respectively. The other parameters are set at
i~ the reference conditions - of Section 6.3. :

L=line length, x=actual distance to fault from near end
Tosh=Toshiba, Schw=Schweitzer
Qr(X/R=Source capacity and X/R ratio settings at the
remote end :
Error(%)=100x(estimated distance to fault - actual
distance to fault)/total line length :



Ra) % error| Error (%)

No| L | x [(§)|in [2Z]-
matrix New ASEA|Tosh|Schw
km| km mag|arg|md-1|md-2

150 1] 10| O
150| 50{ 10| O
150|100 10| O
150|149 10| O
150 1| 10|+5
150| 50f 10|+5
150|100] 10|+5
150149} 10|+5
150} 1| 10|-5
10|150| 50| 10{-5
11]150|100] 10|-5
121150(149| 10|-5
13/150 1{ 10| O
14]150] 50} 10| O
15/150{100f 10| O
0

0

0

0

0

+5

+5

+5

+5

+5

+5

+5

OCOTANS WK
|

16/150]149} 10

171150 1| 10
18{150| 50| 10
19|150|100| 10
20|150(|149]| 10
21150 1| 10
221150| 50{ 10
23|150|100| 10
24|150(149| 10
251150 1| 10
26150 50| 10
27(150(100| 10
28(150(149| 10§+5
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Table 7-3 Effect of the [2] matrix errors on the locators'
accuracy for a transposed horizontal line (Fig.
5-1) subjected to 'a'-earth faults. The other
parameters are set at the reference conditione
of Sectlon 6.3. : : ok

L=line length, x=actua1 distance to fault from near end

‘mag=magnitude, arg=argument » , .

Tosh=Toshiba, Schw=Schweitzer ‘

Error(%)=100x(estimated distance to fault - actual
| distance to-fault)/total line length



RS) $ error| . Error (%)

{No| L | x [( in [(2]-
matrix New ASEA|Tosh|Schw
km| km| - . |magl{arg|md-1|md-2| .
150 1] 10 . 0.6
150} 50| 10 . 0.2
150/100(| 10 - -0.
150|149 10} - -0. - -

0

0

0

0
150 1| 10{+5
150| 50| 10}+5
1501100{ 10(+5
1501149 10|+5
150| 1| 10(-5
10|150| 50| 10}-5
11/150|100| 10|-5
121150{149} 10(-5
13150 1] 10} 0
14|150| 50| 10§ O
"115(150(100} 10| O
16|150(149| 10| O
0
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0
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U
!
i

L L] ® -0 L) L) L ] L) ] * * * [ ] [ ) . L ) L] - ® [ J L] * L ] [

P +4+4+4+0 00+ 4+ 4+ +
LULLOLLILLLLNLULLLLOMULLOLUTOLLUOOOOOOOOOOOO
'
SOV WELEWUNNOWHMEWSNEINNNSSIWOIOIW R D
|
HPNNHEONNMHSNWWSNSNONNNOWWOONINIO N
1
O ONOHEBNNONNNONNMNREUOHRWALVWNONEN
]

[ ) [ ) L ] L] * [ ] L ] . L ] [ ] L] [ * L] L] [ L ] L[] L] L] [ ] L] L L]

25150 1 10 - -0.2
26|150| 50| 10 -1.2|-1.0(-1.2
27|1501100{ 10 -0.5|-0.7{-1.7|-2.4{-2.1
28|150|149( 10 -1.4|-2.1|-1.0|-4.9]|-2.5

Table 7 4 Effect of the [Z] matrix errors on the locators'
"accuracy for an untransposed horizontal line
(Fig. 5-1) represented by the transposed line
data, subjected to ‘a‘'-earth faults. The other
parameters are set at the reference conditions
of Section 6 3. :

L=line length, x=actual distance to fault from near end ;

mag=magnitude, arg=argument .

Tosh=Toshiba, Schw=Schweitzer ~ ~

Error(%)leOx(estimated distance to fault - actual
~distance to fault)/total line length



Magnitude errors - Error (%)

Nol L | x | in the phasors

_ (%) _ - New ASEA|Tosh|Schw
km| km Vs IS R IR’ md-1|md-2

1]150 1 0 -0 0o} o 0.0f 0.0| 0.0| 0.2} 0.1
2|150(| 50 0 0 0 0 0.0{ 0.0{ 0.0{ 0.1 0.0
3 150 100 0 O 0 0 000 0.0 002 -0.3 -0.1
4[150]149 0 0 0 0 0.0 0.0) 0.7]-1.8|-0.9
5]150 1} +2 +2 -2 | =2 1.1} 2.0} 0.0| 0.2] 0.1
71150(100| +2 +2 -2 | -2 l1.6| 2.4| 0.2|~-0.3({-0.1
8 150 149 +2 +2 -2 ~"2 1.1 201 0-7 -108 -009
9[150| 1| -2 | -2 | +2 +2 |-1.1}-2.0} 0.0] 0.2} 0.1
10|150| 50| -2 -2 | +2 +2 |-1.6}-2.4} 0.0| 0.1] 0.0
11{150|100| -2 | -2 +2 | +2 |-1.6(-2.4] 0.2]-0.3|-0.1
12 150 149 -2 -2 +2' +2 ‘101 -2.1 007 -1-8 -009
13150 1] +2 -2 +2 -2 |-0.8]|-1.2| 0.0} 0.2] 0.1
14]150| 50| +2 | -2 | +2 -2 |-0.3|-0.4| 1.4| 1.5| 1.4
15|150]|100} +2 -2 +2 -2 | 0.3] 0.4| 2.4| 2.4| 2.6
16(150]149] +2 | -2 | +2 | -2 0.8] 1.2| 4.9| 2.1] 3.2
17{150 1| -2 +2 | -2 +2 0.8{ 1.2 0.0f 0.2 0.0
18 150 50 ‘—2 +2 -2 +2 003 0.4 -103 -102 “103
19/150(100| -2 | +2 -2 | +2 |-0.3]|-0.4|-2.5|~2.9]|-2.8
20/150]149| -2 +2 | -2 +2 |-0.8]|-1.2|-3.4|-5.6|-4.8

Table 7-5 Effect of the phasor magnitude errors on the
locators' accuracy for a transposed horizontal
line (Fig. 5-1) subjected to 'a'-earth faults.
The other parameters are set at the reference
conditions. of Section 6.3 for a 10Q fault

- resistance.

L=line length, x=actual distance to fault from near end

S,R=subscripts for sending and receiving end, respectively

ToshsToshlba, Schw=Schweitzer

Error(%) 100x(estimated distance to fault - actual
_ distance to fault)/total line length ‘ '



Arqument errors Error (%)
No| L | x | in the phasors
_ f(degrees) _ New ASEA|Tosh|Schw
km| km Vs Is VR I md-2

1150 1| o 0 0 0.0f{ 0.0] 0.0| 0.2 0.1
2l150| s0| o 0 0 0.0/ 0.0/ 0.0/ 0.1| 0.0

3|(150[100] o 0 0 0.0] 0.0] 0.2]-0.3}-0.1
4|150(149| o f o l o 0.0| o.0| 0.7|-1.8]/-0.9
5/150| 1f+107|+10°0f-100]|-102|-1.8(-1.8| 0.0[ 0.2| 0.1

6|150| 50|+10_(+10°0|-100(-10°0(-1.1/-0.9| 0.0 0.1] 0.0
7{150{100]+107|+100(-1001-1001-0.1| 0.1} 0.2|-0.3|-0.1
8|150|149|+100|+100[-1001-100| 0.2f 0.8] 0.7|-1.8[-0.9
9{1s0| 1|-109}-109|+10°|+10°|-0.2]|-0.8| 0.0] 0.2] 0.1
10/150] s0]-10°]|-10°|+10°|+10°| 0.1|-0.1] 0.0] 0.1] 0.0
11]150(100 -103 -103 +1og +100| 1.1] 0.9] 0.2(-0.3f-0.1
12(150(149(-102|-100|+100(+100} 1.8( 1.8| 0.7/-1.8(-0.9
13150 1]|+10°1-102(+10°(-100f 1.6| 1.9| 7.4| 7.6| 7.5
14|150| 50|+105|-10_|+100]|-100| 0.5| 0.6| 8.6| 8.6| 8.6
15(150|100{+100|-100+1020|-102]-0.5(-0.6] * * *
16(150(149(+100(-100(+100(-102]-1.6]-1.9] + 3
17(150| 1|-1001+107(-102 +10°| o0.8| 1.6|-7.3]| 7.3|-7.4
18(150| 50(-100|+10°0(-1001+102| 0.3[ 0.6 * *
191150{100|-102+100(-100]+102(-0.3]-0.6| * *
20/150{149|-10°|+10°|-10°]+10°|-0.8|-1.6] * | =

Table 7-6 Effect of the phasor argument errors on the
locators' accuracy for a
line (Fig. 5-1) subjected to ‘'a’'-earth faults.
The other parameters are set at the reference
conditions of Section 6.3 for a 10Q fault

. ‘ | |
L=1line length, x=actual distance to fault from near end
S,R=subscripts for sending and receiving end, respectively
Tosh=Toshiba, SchwsSchweitzer

‘resistance.

* more than 10% error

‘Error(%)=100x(estimated distance to fault - actual

horizontal

distance to fault)/total line length
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8.1 General Conclusions

- It has been shown that the new technique can successfully
utilise modal quantities to render an accurate estimation
of fault location. A modal transformation has been used to
decouple a multiphase system into a number of single-phase
circuits. In other words, a modal transformation
eliminates mutual coupling'effects inherent in a
mult;phase system. The particular transformations adopted
'for}3-phasé systems define Qave propagétion in three
modes; ah earth-mode and two aeriéi-mddes; Each'modal
circuit can be solvéd for faﬁlt location, proQided that
the cqrresbonding modalkvoltages and cﬁrrénésharé produced
by the'fgult. ﬁowevef,butilising an aerial qiréuit’is more
deéiréble since the fault location is evaluated
indepeﬁdently of thé indetefminate earth path :esistiﬁity.

For‘example, it has been shown that for a perfectiy
transposed line an ae:iai-mode (mode-2) network is only
dependent upon the positive sequence network.. Also,
aerial;ﬁodevcoupling between each circuit of double-
circuitflines is~éliminated for perfectly tranéposed
systems,?i.e. the fault location technique can be applied

to a double-circuit line on a circuit4by-circuit basis.

The line eigenvalhes'and eigenvector matrix requirgd

for the modal transformation are évalﬁated from the line
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geometry and line parameters. For.perfectly transposed
lines an eigenvector matrix with real elements can be
defined and the eigenvalues aré gimply evaluated from the
sequence networks. Howevef, for each untransposed line
application, a set of eigenvalues and én eigenvector
" matrix are required to be evaluated which involves some
mathematical:operations.}The line simulation program
described in Chapter 3 can evaluate‘eigenvalues and
eigenvectors for any line‘application. Once the line
eigenvalués and eigénvector matrix are evaluated they ar;

then set into the loc&tors.>

Given the exact line eigenvalues and eigenvector
matrix, the new algorithm gives no error in fault location
irrespective of line transposition status, line length,
fault position, fault resistance, source configuration,
etc. An aerial-modé-cah be used for any type of.fault‘and
no fault type identification is required..Previous fault
location algorithms use different routines for different
types‘of fauit. Either superimposed or total postfault

voltages and currents can.be used.

Because of diffiguities associgﬁed with thezevaluation
of eiéen?alues anduthe eigén?ector matrix for untrénspdged
lines, ﬁhe perforﬁénge qf.the‘newkalgorithh vas tested
using ;ssumed ‘tranéposed ~lihe eigenvaluea and
eigenvecfors. For extreme‘fault conditions which rarely
occur in practice,'acgeptable §cchracy has‘been observed

from the simulation test results. Méreover, for
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untransposed double—circuit lines even by assuming perfect
transposition as well as using only the data from the
faulted circuit, very accurate results have been obtained.
Also it has been shown that for any type of fault on
single-circuit horizontal lines and doubie-circuit lines
- an aerial-mode can be used thereby avoiding the use of
indeterminate earth path resistivity as required for

earth-mode surge impedance and eigenvalue caiculations.

In summary, wnen perfect transposition is assumed for
untransposed lines the following points must be
considered: |

(a) For any type of faultrand line configuration the
superimposed values of current and"voltage should be
used. - |

(b) For the vertical single-circuit line. configuration

| (Fig. 5-2), mode selection is required as the earth-
mode must be used for earth faults and an aerial-mede
for phase faults.

(c)‘For the horizontal line configuration with the phase
arrangement of Fig. 5-1, an aerial-mode can be used
for any type of fault. In practice, mode- 2 can be
used for any type of fault giving almost no error. |

(d)»For the double- circuit line configuration using the
.data from the faulted circuit only, mode 2 can be

used for any type of fault.

.Knowing'that'the single-circuit horizontal*line

configquration with 'a'-'b'-'c' phase arrangenent and the

S 123



double;circuit line-configuration are commonly used in
practice, it is concluded that for most untransposed
lines, assumed transposed eigenvalues and’associated
eigenvector matrix can he used. It has been shown that for
these lines the accuracy of fault location is’better than
: l% in nearly all cases, even by using an}aerial-mode for

all types of fault.

In a comparative analysis of different techniques it
has been shown that the new algorithm has achieved much
higher accuracy than the other algorithms used in the best
commercially available fault locators for which published
information is available. For transposed lines while the
new algorithm gives no error irrespective of fault
position, line length, fault‘resistance, prefault power
flow, source configuration or fault type, the competing
algorithms are affected (in different scales) by these

parameters.

For untransposed lines, some errors are inevitable if
the transposed line parameters are used. However, the new
algorithm gives more accurate results than the
alternatives. The accuracy of the new algorithm is not
affected by fault resistance, prefault power flow or
source impedances. The _maximum error recorded for the new.
algorithm was less than 1% in nearly all test cases. For
the competing algorithms it has been shown~that non-

transposition of lines exaggerates the errors from other

sources, and very large errors have been observed in some
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cases.

The effect of non- algorithmic errors has also been
considered in the performance evaluation of the
algorithms. These errors are caused by incorrect settings

and inaccuracy in signal recording and processing.

AThose algorithms which require a remote source
impedance setting are prone to errors if the set value ie
different from the actual one. This ueually occurs as the
remote source configuration changes under different load
conditione. The new algorithm doee not require a remote
source setting and therefore itkis immune to this source

of error.

Any fault location algorithm requires a setting either
for the [Z] matrix or the sequence impedances per unit
length. The [Y] matrix; which mainly represents the effect
of shunt capacitance, has much smaller effect and most
algorithms ignore its effect. It has been shown that for
typical test cases the competing algorithms give 5% extra
error for a St error in the magnitudes of the [2] matrix
elements and 2% extra error for a 5% error in the
argumente. By contrast the new algorithm performs very
well; a 5% error in the magnitudes and/or the arguments

resulting in only a maximum 1.6% extra error.

A further source of setting errors relates to the line
length. The competing algorithms are not affected very

much by line length setting errors since they calculate
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distance to fault, directly or indirectly, as a‘percentage
of the line length. The new algorithm also gives no error
if the fault location is displayed as a percentage of the

line length.

.A good indication of the likely erfect of hardware
errors on the accuracy has been obtained by introducing
various combinations of errors*in'the‘magnitudes and
arguments of the voltage and current phasors entered into
.the fault location algorithms. It has been shown that for
magnitude errors the maximum error of the competing
algorithms.is at least twice the maximum error of the new
valgorithm.,Forsthe typical‘fault cases involving +10°
error‘in the arguments therelis at least 7% additional
error for the competing algorithms, while the maximum
error for the new'algorithm is 1.9%. The high sensitivity
of the competing‘algorithms necessitates more accurate
hardware equipment and software signal processing to
minimise the errors in the phasor data input. On the other
" hand - the insensitivity of the'newialgoritthfis
"advantageous in some cases. For example,. the‘
synchronisation of the phasor data at the line ends can be

obtained ' by assuming the prefault current at both ends is
1

equal, even for long lines, therefore the zero crossing of

these currents can be used as common reference for phasor'

measurements at the line ends,‘in spite of some phase

shlft caused by the capacitance currents.
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8.2 Suggestions for Future Work
Pursuit of the work in some major areas is discussed in

this Section.

8.2.1 Further Simulation Tests |

Many simulation tests were carried out for different line
configurations and fault types for both transposed and
untransposed lines. Further tests can be performed by
using the line simulation program and the algorithm
simulations; but it is most probable that the tests
- performed up to now are conclusive for the research part
of the work. .In the simulation studies, however, for
~untransposed lines it was assumed that no discrete
transpositions were made along the line. a series of
tests, similar to those for transposed and untransposed
Vlines, can be carried out for untransposed lines with some
discrete transpositions‘along the lines. The line
simulation program can be used section by»section and
voltages and currents at any point:on the line can be
~evaluated. It.is expected that all the algorithms will
give more accurate results for this'caselthan the similar
case for untransposed lines without any discrete

transposition.
|

‘i\ ’

8 2. 2 site Tests -

The accuracy of the new algorithm should be tested by
' input data captured from real systems. These data could
also ‘be used to measure the accuracy of the competing

algorithms. As fault location estimation is an off line
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procesé, the fault location techniques can be programmed
on a small computer at any‘site; For the new algorithm,
the line simulation program may also be hsed‘to evaluate
the required eigenvalues ahd eigenvectors. Another method
of impleméntingAthe new technique i§ to develop a
- prototype unit type fault locator for site trials. In the
future commercial application the new locator could, if
necessary, be an integral part of a microprocessor-based

protection unit. -

8.2.3 Single-End Measurement Fault lLocation |

The new teéhnique requires phasor data from both ends of a
- transmission line. However, .there is no need for a
vcontinuous data link between the line ends and data can be
trénsfer;ed‘by voice over a telephone link, for example.
In return, the new technique renders a more accurate
estimation of fault iocation when compared with other
fault location techniqueé. Also, as discussed previously,
its insensitivity to most sources of error, either
"algorithmic or non-algorithmic, is a considerable
achievement. ﬁevertheless, a considerablé effort has been
made in applying the modal principles when thekphasor data
from the'near end and a representative value of sourée
impedanc; from th;Vremote end are available. The idea was
to obtai? the fault path current for two different modes
in termé of the sending end data and the&equivalent
circuit beyond the fault point. Then}from the eigenvector
matrik thé relatibnship between thesedﬁrrenté a:é

obtained. For exampie; if for a particular fault mode-1
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and mode-2 fault path currents are équal, equating the
equations eliminates the need for defining the fault path
currehts and distance to fault is evaluated. The idea,
however, could only be applied to a perfectly transposed
line with a balanced source network; becéusé the mode-2
and mode-3 eigenvalues are identical in a perfectly
transposed line, one of the two ﬁodes considered should be

mode-1.

For untransposed:  lines, the source and line
eigenvector.matrices are generally different and therefore
- the equivélent circuit beyond the fault point cannot be
defined in modal networks. In other words, for
untransposed lines, the ‘source VOltage-current
relationship is not decoupled in modal networks by using
the same eigenvalues and eigenvectors of the line. It will
be very,difficuit tb find similar eigen§alues and
eigenvectors for the source and line. A solution to this
problem is to transfer modal source impedances from the
/remoté source, obtained by dividing modal voltages to
corresponding modal currents, following a fault.
Obviously, this may be considered as a two—énd}measurement
techniqug. Perhaps the only merit of this technique is
that the%synchronisation can be obviated as only the modal
impedanées are tranéierred; this requires exténsive‘

investig&tions for a practical system.

The simulation test results show that thé above

technique gives no error for transposed systems if all the
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input data are.set‘accurately, otherwise substantial
errors can occur, i.e. the technique is very sensitive to
' nonéalgorithmic errors. Some further work in this area can
be carried out when the remote source modal impedances are
available, otherwise the single-end measurement algorithms
used by Toshiba and ASEA studied in this thesis generally

have better performances.

8.2.4 Téed Transmission Line Fault Location

~ It appears from the literature survey that no research
work in pqwe:‘frequency based fault loc&tioh has been
published for.Teed transmission lines. The growing number
of such lines necessitateq‘research in this area.
Extending the new iault location ideg t6 Teed lines could
be the subject of another PhD study. This thesis gives an
_6utline fo: conducting such work.'It should be noted that
the'protectioh schéme of Teed lines provides the data link
be;weeﬁ the terminals as will be required for fault
location‘pufposes. A line simulation program, on the same
basis developed in this thesis for two-ended_lines, is

required.
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Agggngrr_za-~

The admittance matrix is a function only of the physicai,
geometry of the conductors relative to the earth plane,
~ because the conductor and earth surface may each be
regarded as equipotential\surfacee [19]. The (Y] matrix
has no real part because the conductance of the earth path
is negligible. The physical location of the conductors is
}defined/with respect to a coordinate system, with the
earth plane as horizontal reference axis and the axis of
symmetry of the tower as vertical reference. From the
coordinates of the conductors and the conductor radii,
elements of a matrix [T] are calculated with i,jth element

~

defined as:
Tij’1°ge(Dij/dij) | - - BA-D)
where Di]=dlstance between ith conductor and the image of

the jth conductor K |
dij-distance between ith conductor and jth
conductor for i+ - I

'dij=radiue of ith conductor for i=j

The matrix [T] has order 3p+q where p is the number of

clrcults and q is the number of earth wiree. If the charge
ector is represented by ¢ and the voltage vector by V,

then°
V=(1/2me)((T)®) o o (3A-2)
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it follows that:

T=2ne[T] "7 B |  (3a-3)

but V is a column matrix whose last q elements are zero

(the voltage of the earth wires), so that the last q

- columns of [T] -1

['I']'1 give the earth wire charges, and as these are not

can be discarded. The last q rows of

generally required, these g rows are also discarded. The
matrix obtained by discarding the last g rows and columns

of ['1‘]'1 is [TA]'ltand has order 3p.

The shunt admittance matrix is defined by the equation

, T=(YI]V and since:

-d¢/dt=]w0=32nwe[ ] - o |  (3a-4)
therefore;
[Y]-j2nwe[ ] IR B : . o k(3A-5)

where [Y] includes for the effect of earth wires.

The series impedance matrix consists of five components as

is given by°'
!

[Z]=[Rc+Re+j(Xc+Xg+Xe)] 3 \»ﬂ | ey - (3A-6)

here R and X are series resistance and inductance
matrices per unit length with the suffices standing for.
c-contribution of the conductor B o

e=contribution of the earth path
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g=contribution of the reactance due to physical geometry

- of the conductors

Reactance due to physical geometry, xg,‘is calculated
directly from. : | |

Xg=wp[T]/2n - : o v ‘ (3A-7)

where [T] was derived for the [Y] matrix and is of order

3p+q.

‘The contribution of resistance and reactance R, and
Xé, due to the earth return path, is calculated by using
infinite series developed by Carson [20]

The calculation of R, and x_ is complicated by the
irregular surface profile .0f the conductor due to
stranding. At power frequency it is assumed that R, is
equal to the d.c; resistance per unit length of the
conductor. However, if skin effect is significant, the
manufacturer's power frequency value is used. The internal
inductance and hence xc.is calculated in the standard Vay

by the concept of geometric mean radius [19].

In general the [2] matrix calculated‘in the above
manner uill'have order 3p+q, where p is the number of
circuits?and q is the number of earth wires. As in the case
of [Y] matrix, the last q rows and columns are discarded,
.land the nodified matrix of order 3p is reinverted to give
the corrected [Z] matrix which allows for the effect of

the earth wires.
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B‘ ‘ tors
Transmission lines are usually constructed with more than
one conductor per phase separated at regular intervals
along the span length by metal spaces. The purpose of
these bundled conductors is to reduce potential‘gradients _
at the surface’of the conductors and hence minimise losees
due to corona which must also be considered from the point

of view of noise generation.

One method of dealing with the bundled conductors in
analysis is to replace them by means of an equivalent

| phase conductor whose diameter Di is given by:
pi={ndg(P~1);1/n

where: d=diameter of the bundled conductor
n=number of bundled conductors
G=the diameter of the circle through the centres of

the bundled conductors

The internal impedance of the equivalent conductor is
~ obtained by taking the impedance of one of the bundled
conductors and dividing by the number of conductors in the
bundle.
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Putting [Z][Y]=[P] then [P]=[Q][T?][Q] ' or

[P][Q]s[Q][rz],-so that‘the kth eigenvalue ri of [2]([Y])
is given by:

[P11Q,]=[Q, JTZ or ([P]-TZ[U])(Q,1=0 (3B-1)

The trivial solution is Q,=0 applies unless the

determinant of the coefficient is zero, i.e. unless:

det([P]-ri[U])=0 for k=1,2,..,0 ' (3B-2)

Tnis leads to n eqnations with n roots rf,r%,,.,rg

which are the eigenvalues of [P].

The root squaring methodlof finding eigenvalues.and
eigenvectors has been found particularly useful in
processingfthe [Z][Y]imatrix.‘lt must be pointed out,
however, that in the case of near equal roots direct
application of the method can lead to an excessive'number
of squaring in order to separate them out and so reach
convergence. Methods are available for improving the rate
of convergence and of taking advantage of symmetry in the

system and are discussed in Refs. 15 and 16.

h. .
| Thefforegoing method cannot be used to evaluate
eigenvaluesgand eigenvectors when the line is perfectly
transposed as the matrix product of [2](Y) gives two equal

eigenvalues and the routine does not converge. Instead a
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matrix'of'eigenvectors can be defined for transposed
lines. It should be noted that this matrix is not unique
and as an example the sequence component transformation
matrix given in Eq. (3B-3) is well-known in the ahalysis

of power systems.

1 1 1 : _
[Q1=]|1 az a | where a-exp(j120°) (3B-3)
1 a a° ’

" But the eigenvector matfix and its inverse given in Eq.
(3B-4) has the advantage of:having real elements only and
it is more suitable for the purpose of the work presented
in this thesis. Also, for this special caée,‘the modal
propagation_constants (which are the square root of the
eigenvalues) and the'surgé.ihpedances take a §implified
form as given in Eq. (38-5).‘Having the géneral form of
the [2]) and (Y] matrices shown in Eq; (33-6) the assumed
gelf and mutual parameters (zé,zm,YS,Ym) in this case”aré

as given in Eq. (3B-7).

e1=|1 0 -2, (@17'=¢{3 o0 -3 (3B-4)
1 -1 1| 1 -2 1 |

i Sy }
rl’[(zs+%zm)(Ys‘2¥m)] (24Y,)

¥ ¥

r2=r3'[ (zs'zm) (YS+Ym) ] (3B-5)

=(2pYp)

}

}
r Zo2™203™(Zp/¥p) "

291=(2¢/7y)
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ol - p- -

Zaa Zab Zac « Yaa Yap ~Yac
[2)=12pa -Zpp Zpe (¥1=1-Ypa Ypp ~Tpe
_zca Zcb zcc_~ _;Yca “Yeb ch_

- Bg™(Za9%2pptlce) /3 ! ¥ (Yaa*Tppt¥cc)/3

zm'(zab+zac+zb¢)/3 ' Ym'(Yab+Yac+ch)/3 |

(3B-6)

(3B-7)

If perfect transposition of a double-circuit line is

assumed, where the conductors are ordered a,b,c,A,B,C,

say, the eigenvector matrix take the form of Eq. (3B-8).

The modal parameters are likewise obtained in the

A simplified form of Eq. (3B-9) where the self and mutual

terms are obtained from series impedance and shunt

admittance matrices as shown in Eq. (3B-12).

: 1 1 1
[(Qj= | where [Q,]=|1 0 -2
(Qa]  [Qp]) 1 -1 1
i -
T =[(2g+28,+30,) (Yg=2Y, -37) 10

Tp=P3=T5=Tg[(Zg-Zp) (Yg+¥p)]

‘ }
r4=[(zs+gzm-3zM)(stzvm+3YM)]

i' . — p

= : ‘ i
251 [(Zsf22m+3ZM)/(YS-2Ym—3YM)]

- \
2927203295206 [ (2g=2p) /(Yg*T) ]

‘ |
Zoa=[(2g+22,-32,)/(Yg-2Y +37))"
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bB

(z]=

N NN N
S
NN N N

(Y]=

Zg=(2ga%2pp*2ec) /3= (2pp+2ppt2nc) /3

Zn=(Zap*2actlpc)/3=(2pp*epctipe)/3

% +3 _+Z

sz( aA “aB ac+sz+sz+sz+ch+ch+ch)/9 i

(3B-10)

(3B-11)

(3B-12)

Similarly, Yg, Yﬁ and Yy are obtained from thé (Y] matrix

elements.
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| with‘reference,to‘Fig

+ 3-4, if homogeneous line sections

are assumed, two principal relationships emerge:

Bre (|21 Baf|Vst
“Irsg] (€1 D1 |~Ist
Ere|_[B2 Bz2||Vre

Trre| [C2 D2 |Ire

(3C-1)

(3C-2)

Tﬁé voltéges and currents at each end'ére related to the

source impedance matri

x by:

Vge=-l2g51Tgs (3C-3)
Vre=[2gr1TRs (3C-4)
Substituting Eq. (3C-4) into Eq. (3C-2) gives:
E=(A 4B, (3 1747, ]

Fe V4272l %sr RE

i - (3C-5)

_ | -

Ipre™(C2*D2l2gg] ") VR

from which:-
o e=(A,+B,[Zap] 1) (Co*D,[Zapn] 1) 1T 3C-6
FE- (Ra™Balégp 2tP0slégp FRE (3C-6)
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Likewise using Egs. (3C-1) and (3C-3):

= o -1 -1l ,-1=
EFf -(A1+BI[ZSS] )(lenl[zss] ) %st | (3C-7)

Now considering any generai earth fault:
Epe=Vpet[(Rel(Ipge=Ippe) | ~ (3c-8)

where [Rf] is a diagonai matrix of the required values of
fault resistance in each pﬁase. Using Eqs; (3C-6) and
(3C-7) we have: o

‘Tfo‘TFRf"'f(¢1+D1[zssl°1)(A1+81[zssl'1)'1+ |
 (CyD,[Bgp] ) (Ay#By (21 N THE,,  (3C-9)
Finally substituting Eq. (3C—9$ in Eq. (3C-8):
Vo pme {1(Cy 4D, [Zgq1™1) (Aq B, [Zgq]™1) " 14(C, D, 12 1)
Ff 1*D1(%gg 1*81(%gs) 2*P2l%gr] )

a (A2+Bzfzsalf1’-?]-lf[Rf]}‘Tfo‘TFRf) | (3C-10)
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Bécduse both circuits ih a double-circuit line are

connected to the same busbar at each end, Eq. (3-46) is
‘not valid for double-circuit line because of the
singularity of the source impedance matrix. To solve this

problem a maﬁrix partitioning technique is used.

For simplicity Eq. (3C-1) and (3C-2)‘are rewritten,

noting that Ayse044D, are 6x6 matrices and VggresorIpe

are 6x1 vectors for double-circuit lines:

re || Paf|Vst | , (3D-1)
“Ipse| |1 Dif|~lsg]

E A. B.||V

re ("2 P2f|VRel o (3p-2)
Ipre| |€2 D2 |igrs

At double-circuit busbars, source voltage-current

relationships, say, for sending end have the following
. form: | |
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vSaSVSA 2s8 Zem Zem ISa+ISA ~

Vsb=Vse|~|%em %8s Zsm||Isb*Iss|. - (3D-3)
_Ych SC| stm Zem zsé__ISc+ISC_



Partitioning‘Eq.'(BD-l) yields:

p 1 I d - - - ! . 1 .
Ff1 A17 RAyp Byp By, SE1
A,.. A,, B.., B 1 W
P21 P22 Par Pazf) Vsea . {304}
Ci1 €12 D11 Dyaff-Ise1 '

i
<l

=)
<

Ff2

-t

FSf1
“Irse2 | (€21 C22 P21 Dazf["Is;a

In the above equat;on An,...,D22 are 3x3 matrices,

~ Knowing that Vge,=Vge,=Vge then:

Vgg=-[2gg1(Ige1 +Iggr) T (3D-5)

- e i SEEEOE I
Is£2™-[2g5] "Vge~Isea R - (3D-6)

Similarly‘at receiving end using VRe1™VRea"Vred
T (Zen] Woe-Toe, . (3D-7)
Rf2-'“SR! "RETTREL B R L P TR g

It iétbeious [Zgg1] and [zéR] are 3x3 matrices. Now using

‘Eq. (3D-4) and substituting fo: Igear Vge1 and Vggat

Epe1™(R11*212)Vse~Bralse1 BraTses
. o ) — . e ‘ . : . ,-1—. B - | .
- SRy *Ryo)VgeBy gy Tge1 By (=l2g5] VgemIgey)
=(R11*R12¥B1al2gg] IVggm(Byy=Byadlgey  (3D-8)

i
ir;
i

Bpga=(Ry1+R37)Vge-ByyIge1-Bo2

Isga

! T 4 aelgt =
(R *Rr2 Vs Ba1Tsr17Baa(~l2g5] VgeTgey)

o U B ST e |
=(Rg PRy *tByalZgg] TIVge=(Byy-Byy)lgey - (3D-9)
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“Ips£1™(C11%C12) Vs P11 g1 P12 lss2

- ' n T v 15 =
(C11%C12)Vgs D1113f1'D12('[?ss] Ver~Igf)

= -1 G T
(C11%C12*D120%5g) "IVgg-(Dy;-Dyp) Iggy (3D-10)
Cyq)V

~Ipgga=(Ca1* s P211s£17P221sf2

= - -1=' =
=(C31%C32) VgD Igg1 Do (~[2g5] "Vgg=Iggy)
| L | .
=(C31%C23%Dp2255] "IVgg=(Dy1-D32)Igg (3D-11)
Writing the above equations in matrix form:

_ o -1 : '
Epe1 | |P11*R12%B12(%gg] “By11*B12| | Vst

_ = 2 1 | (3D-12)
Epga | [R217222%B22(%55] & -Bp1*Bya||Issa
T .. | [, +c, 4D, 120a1"t  -D,.+D..][7:
FS£1 11%C12*P120%55 11*P12 [Vse 3
-7 |- -1 e (3D-13)
Ipgez | [C21%C22%D220%55) & =D31*D33) |Ist1
Similarly for the,redeiving end busbar:
E Al +A! +B!.[Zo0]” L B!,-B!.||¥.
F£1 11*R12%B15 %R 117B12||Vre
v - = ' ’ ' -1 ' ' T (3D-14)
Epga | [P21*222%B2202%sr] ©  B217Bia|[Ire
I es+cr4pr 12001t pr.-p:l ][
FRE1 11%C12*P120%g5 117012 [Vre .
_FREL |71 2 P | (3D-15)
Ipre2 | |©21%C22*0220%sr) © D217D22)|Ire1 R

!
whegglAil,f..,Déz are obtaiged’by ghe partitioning of
A,/BysCysDy matrices. For brévity, the following

abbreviations are used for the above transfer matrices:
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- - 1 - .
A, +A, +B,5[Zec]”" =B, +B..|.
112 Pi2lss] - Path) ) |  (3D-16)
B21*Ra*Baal2gg] & ~Byy*Baal 0
-C11‘“:12‘“D12[zssl-1 ‘911+°12- | S |
' -1 =(K] : (3D-17)
€21%C22%P22l2gg) = ~Dp1*Dy ] | |
-Ai1+Ai2+Bi2[zsnl-1 Bi1‘3i2-
' -1 =[M] (3D-18)
A21*A22*Baal%gR] © B317B3a
Cj1¥Ci,*Di,l2gg] ™" Dj;-Dj,
1 =(N] (3D-19)
C21%C22D32[2gR] D217D3,
E
FEL |5 (3D-20)
E
F£2

From the above equations we can write:

T m(K1I)  Ep, | (3D-21)

TFRf-[N][M]_lﬁFf (3D-22)

B = ((K1LI) 24N M) ™) " (- Toa g+ Tipe) (3D-23)
FE | rstlpre

Now conéidering any general earth fault:
| = ‘

- = | - = e , /
Vpe=Bpe=(Rel(Ipge=Ippe) - (3D-24)

Tpem- LRI +INION ™) TR 1) (Tpge-Tyeg)  (3D-25)

Postfault superimposed voltages and currents at sénding

end busbars are evaluated from Eq. (3D-12), i.e.:
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Ve E _
S |apgy | FEL |apaylE

(3D-26)
sf1 | Erg2

T Ff

Subg;itutlng Vge and Igeq in Eq. (3D-6) Iges is
obtained. Likewise using Eq. (3D-14) for the receiving end

busbar:’
RE | pyy-l| FEL _[M]-1EFf (30-27)
Ipfl |Ere2 / :
(3D-28)

- -1=' =
Ire2=[2gr] "VRe-Irf1
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‘ Similar to the method shown in 3.4.4 for single-phase-to-
earth faults, using Eq. (3-46) for single-circuit lines
and Eq. (3D-25) from Appendix 3D for double-circuit lines,

solution can be found for other typeé of fault,

For . a double¥phase-to-earth fault on a single-circuit
line involving , say, the ‘'a’ and 'c' phases the currents
are calculated from the knowledge of faulted phases
superimposed voltages, that is:

VFfa

vac

2

z

Ipsfa—Irrfa| |%11 13

I I

(3E-1)

rsfc-Irree| (%31 Z33

From Eq. (3E-1) the superimposed voltage vector is

evaluated:

Vrea| (%11 Pasir,

' FSfa “FRfa - . :
Veep|®|%21 Za3f|, . | (3E-2)
v FSfc “FRfc '

Vrec| |231 %33
i . . . .
Obviqusly there is no sound phase voltage problem for
3-phase faults on éingle-circuit lines as all phase
" voltages in the voltage vector va are known and there is

no sound phases.
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For double-circuit lines, by analogy, the superimposed
current for the mentioned earth fault is evaluated. For
example, for ‘'a‘'-'c'-earth faults using Eq. (3D-25) from

Appendix 3D we have:

Vrfa| |11 %13

Vreb| |%21 %23

Ych - z31,:33 ;FSfa'IFRfa o (3E;3)
Veeal {Z41 %43||*rstc IFREc ’ | |
Vrep| [Zs1 Zs3 ’

Vrec| (%61 263,

For phese-to-phase faults the following matrices are
'fi:stly eonetrﬁcted*(for faults on circuit-'abc'):

cq L

" 1T .

Vil Vr£a~Vreb

V2" |Vreo~VrsC | ‘ L (3E-4)
MIBMITRGTIE

z! '

11 %12 %i3| |%117%21 2127%22 Z137%23

221 %22 %23|7|%217%31 2

22-%32 2237233 - (3E-9)
231 zszs 33 |®a17%11 %327%12 |

Z

337213

Now, for the phase faults involving, say, phaaes 'a' and

o the currents are evaluated from:

- 147



(Ipgfa~Iprfal~V3/(Z33-%31+R¢)
(IpgenTrren) =0 T B | (3E-6)

(IpgecTIrrec) ™ (Irsea~Irrea)

|
¢

Then using Eq. (3-46) for single-circuit lines or Eq.
(3D-25) for double-circuit lines the superimposed voltage

vector is evaluated.

Simultaneous earth faults on both‘cifcuits (at the
same location on the liné) are dealt with as shown in Eq.

(3E-7) for 'a’'-earth and 'B'-earth simultaneous faults:

Z.. 3. v .
_|%1 15 Ffa| . (3E-7)

. 251 255 \'

Irsta~lrrfa

Irstn~IFreB FE£B

Then a similar equation to Eq. (3E-3) gives the

superimposed voltage vector.

A\

For inter-circuit faults the routine will be as shown

below for the fdults,-say, involving phases 'b' and °‘A':

Z5=22272427224% 244 | (3E-8)
[ | B

(Ipseb~Irren) ™ (Vrep~Vrea)/2e | - (3E-9)
i » ks | PO

Tpgea~Trren) ™ (Irsep~Irreb) . © . (3E-10)

T 148



APPENDIX 3F

Program User Manual

The prcgrem written in‘etandard 'FORTRAN' can print out
_prefanlt and postfanlt'voltage and current phescre as well
as the superimposed ones. If other}linee are connected to
the busbers of a line; their effect\cen be coneidered in
the scurce‘impedance matrices. Examples cf fanlt
resistance arrangemente used by tne program are shown in

Fig. 5-4., A brief description of the parameters in each

line of the input data is given here:

#1 NB,NC,KRE,JC,.EPR
NB=No. of conductors per bundle
NC=No. of conductors (inciuding earth wires)
KE=No. of earth wires |
JC=No. of terms in Carson formulas
EPR=Earth plane resistivity (Q-meter)

#2 CR,EWR

CR=Conductor radius (equivalent bundle radius,inches)

EWR=Earth wire radius (inches)

3 ZX(D) . (I=1,NC) |
XX is the distance between conductors from the centre
line of the tower in meter. E.g. in the double-
circuit line configuration shown in Fig. 3-1 the

distances are given in the following order:

XorZp1 X1 Xp 1 Xp 1 Xo i Xpy

- 149



#4

#5

#6

#7

#8 .

#9

H is the height of a conductor from the earth plane

" in meter. For the double-circuit line shown in Figq.

3-1 the heights are given in the order of:

HorHyHo o By Hy Hoy Hpy

It should be noted that the above order of the
physical geometry  (XX(I),H(I)) must be examined in
the input data, as the order of output phase values

is specified by the»input line geometry.

'RC,REW,XC,XEW

These are the natural resistance and inductance of
each conductor'and'earth.wire at power frequency,
respectively (Q/mile).

KTRAN, KSHUNT

These are iogicallstatements used as below:

KTRAN=1 Untransposed line

. KTRAN=2 Perfectly transposed line

KSHUNT=1 Line with shunt capacitanée

KSHUNT=2 Line without shunt capacitance

YLL=Systeh voltage (volts)

YSPM.VSOM - | :

VSP&=Voltagé’mégnitude felationship’in'p.u.‘atys-end

VSQ§=Voltage magnitude relationship in p.u. at R-end
[ - , ‘ .

; |

PSP=Phase angle relationship at S-end (degrees)

PSQ=Phase angle relationship‘at R-end (degrees)
For;éxample, if psp=20° and‘PSQ=0° then thé‘power,,

transfer is from S to R and vice versa. If PSP=0° and
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#10
#11
#12

$13

#14

#15

#16

psp=0° then there is no power transfer.
LPF=Distance to‘fault from S-end (km)
LPO=Line length(km)

FPOS,.FTYPE,FF1,FF2

FPOS=Fault position

FPOS=1 Fault on circuit 1

FPOS=2 Fault on circuit 2

FTYPE=Fault type

FTYPEQI Phase-to-éarth

FTYPE=2 Doﬁble-phase;to-earth

FTYPE=3 Phase-to-phase J |

FTYPE=4 3-phas¢-to-earth

FTYPE=5 Simultaneous fault on circuits 1 & 2
FTYPEsé Inter-circuit phase-to-phase
FFl=Faulted phase o |
FF2¥Faulted'phase (for a doublefphase f;ult)
EzéFaulp resistance

VAP,VAQ

VAP=Lumped source capacity at S-end

VAQiLumped source capacity at R-end
OP.00 |

QP=X/R ratio.of_thehs-end source
QQ=%/R ratio of the R-end source
LNP;ZsO)ZSP ratio at the S-end source

LNQ=ZSOIZSP ratio at the R-end source
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NEW ACCURATE TRANSMISSION LINE FAULT LOCATION EQUIPMENT

A.T. Johns and S, Jamali ' N

The City University, Lohdon. UK
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INTRODUCTION

The use of longer distance transmission lines coupled
with demands for . reduced circuit outage times is
stimulating a requirement for reliable and accurate
fault location methods.
accuracy is generally becoming more important since, in

The need for very high’

ehv systems, there is often little visual evidence of a’

fault, and post-fault clearance tests performed at
reduced system voltage can be inconclusive, In
general, the degree of accuracy required is increasing
and is much higher than can be obtained using simple
conventional inmpedance to fault measuring techniques;
even a small measurement error may require detailed

local examination over several kilometres of a typical

- in

1ine. ‘ »

The foregoing considerations account for the activity
the development of improved fault location

techniques which has occurred in recent years;

particular contributions being recorded in references 1
- 4. This paper vill first outline the basis of an
sccurate fault location . technique that has been
designed to achieve an extremely high location accuracy
and which, in particular, has been developed to
overcome long standing problems_ caused by loss of
accuracy due to:-

Non-transposition of ebnductors'and neglect of

(a)

circuit shunt capacitance,
" (b) Fault path impedance non~linearity and the

: effect of remote source infeeds.

(¢) - Changes in the power system source operating

- configuration from those assumed in setting
fault location equipment. : :

(d) The need to utilise voltage #ignals derived
from conventional capacitor voltage
transformers. :

An extensive survey of the literature shows that, at

the present time, there is no single fault location
technique which considers all the above causes of
error. Most previous proposals for example assume
perfect line transposition and/or neglect line shunt
capcitance. require some means of determining . the
phase(s) involved in a particular fault and involve
making assumptions regarding both the form and
linearity of the fault point impedances. 1In the case
of wide band type neasureyents e.g,, 80 called
travelling-vave methods, difficulties are often
encountered in the use of capacitor voltage
transformers, which are generally incapable of passing
the necessary higher frequency phenomena,

In Lhig paper, the results of simulation studies to
ymine the basic accuracy of the new methods will be

::::n. The paper concludes with a description of the
hardware implementation of the new fault lacation
equipment that is currently under development.
paSIC_PRINCIPLES

The method involves monitoring - and '(ilterins the

voltages and currents measured at each end of a line so
as to produce a measure of the steady-state power
treque“cy voltage and curreant phasors, vThe latter are
obtained as data described by means ‘of post-fault

S.M. Haden

GEC Measurements Ltd., Stafford, UK

L

processing applied to data captured during the fault
clearance process. ) ) N

Single-Phase Rélationshig

For ease of explanation, it is first convenient to
consider the relationship applicable to an assumed
single-phase line application. With reference to Fig.
1, the post-fault steady~state voltage Vp for a fault
at a distance x from say end $ is readily expressed in
terms of the voltages and currents measured at the

ends:~ L ) f -
Vp = cosh(yx)Vg = Zgsinh(yx)Ig ’ ' B
Vp = cosh(y(L = X))Vg = Zgsinh(7(L = x))Ig 2

In equations 1 and 2, the surge (or characteristic)
impedance Zg and line propagation constant y are given
by Zg = (Z/Y)? and v = (ZY)? respectively, where Z is
the line series impedance and Y is the shunt admittance
per unit length. Equating equations 1 and 2 eliminates
any necessity for defining the fault point mnetwork;
resort to this artifice is useful practically due to
uncertainties  as to the nature of the (ault path,
Rearrangement of equations ! and 2 provides an exact
evaluation of the distance to the fault x as given in
equation 3. : S :

x = [tann~l(-B/M) )17 - , 3
vhere A = Zgcosh(yL)Ig = sinh(yL)Vg * Zolg

and B = cosh(yL)VR = Zpsinh(yL)IR = Vg

Equation 3 is seen to require only known line data (2Y)
and known phasor voltages derived from measurands at
the line ends.  As such, any fault location estimate
thereby derived is independent of both fault impedance
and source impedance values,
practical importance due to their
indeterminate and variable nature. It is also of
interest to note that the equation is valid for both
total and superimposed values of voltage and current,
Thus for example, the method could readily utilise
superimposed measurands of the type used in high speed
directional comparison protection equipment (Johns et
al (5)). Furthermore, the fault location algorithm
relates to a true distributed line i.e., the practical
situation, and inherently includes for the effect of
shunt capacitance. :

Application to )-fhase Power Lines

The foregoing techniques cannot be appliedtdirectly to
a multi-phase pover line since a number of voltages and

currents are involved and mutual inductive and
capacitive coupling exists between phases. For
simplicity, congider a ~ single-circuit 3-phase

transmission line in which the phases are identified by
a.b,c as indicated in the single-line equivalent of

Fig. 2. In this case, the vector of voltages and
currents ([Vpa p.cl+{Isa,b,c) e€tc) at the -various
points of intérest are related using the 2-port

matrices {Ag]l, [Bg), [Ag]. [Bg) which in turn are 3 x]
matrices defined using the line series impedance matrix
(Z) and the line shunt admittance matrix [Y]. . With
reference to Fig. 2, the multi-conductor equivalent of

equations 1 and 2 is thus:-

(Vea,b,e} = [As)Vsa,b,c) = (Bs}lIsapel 0 4

a fact which is of .
somewhat



{Vra.b.c} = (A} {VRa,b,c) = (BRllTRa,b,c] 5

e [V 1. (v .els lIra,b,c) etc are vectors
;",‘?Ini..lg'%'itiges g:dbccur'rents associated with each

phase e.8.. (VRa.b.c] = [VRa VRb VRedT, [ 1T denoting a
matrix transpose. .

1t is important to note that the 2-port matrices [Agl,
Bg] etc. can. if necessary, be formed to include any
discrete line transpositions. which in turn is
conducive to maintaining very high levels of
measurement accuracy in long-line applications. ' In
nost cases hovever it is sufficient to treat each line

section as homogeneous,

The key to extending the fault location algorithm for
use in actual multi-phase transmission lines lies in
de-coupling equations 4 and 5 into uncoupled . or
jndependent equations which ia effect describe
equivalent single-phase networks of the type shown in
o ‘o
:.1\: matrix function theory (Wedephol (6)) as commonly
used in the digital simulation of faulted ehv
transmission systems (Johns and Aggarwal (7)),  The
theory underlying such techniques, though well known to
ower system analysts, is wuch too long and involved to
:xpllin in a paper of this type; the reader is
therefore referred to the latter references for further
details. Briefly, the method involves finding the
patrix of Eigenvectors of the [Z][Y] product ([Q] say)
snd the [Y][Z} product ([S] say). In this way, the
voltages and currents derived from each phase a,b,c at
say the sending end would - be transformed to
':he corresponding [(Q) and {S] Eigenvector matrices
7)s- S .

( M. T . (g1 1
(vsn) = |Ys2] = [Vs1 Vs2 V531" = [QI77(Vsa Vsp Vscl
Vs ‘ ‘ )
: 6

Is1 T =11 T

(1snl = }gg = [I51 Isz Is3)® = [S)MIg,e Isp Isc)

The significance of applying the transformation to
modal quantities is that even a multi-conductor line is
dgcomposed into a number of single-phase uncoupled
models of the type shown in Fig. 1. Ffor each modal
component, there is an equation pair of the form of
equations 1 and 2. Thus for a asingle circuit line,
there are three pairs of such equations corresponding
to the modes 1,2,3 so that., for mode 2 for example the
equation pair used that would form the basis of the

gault location in an actual )-phase line would take the
gorm of equations 7 and 8. :

vpz = As2¥s2 = Bs2ls2 ?
vpz = Ar2VR2 = Bralr2 i , : : 8

it

The method is general in ' that, for a double-circuit -

ne for example, six modes are involved which in turn
results in six pairs of equations all of the basic form
¢ - equations 7 and 8. Any one or more mode pair
o uations can be used to effect a fault location x by
eq“.un‘ such equations to obtain for example a mode-2
pased evaluation given by equation 9. :

11

x = {tanh~1(-B3/A2) /73 . .9
where A2 = Zgzcosh(yL)Ipy = sinh(y3L)Vga + 292152
By = cosh(yL)Vgy = Zg8inh(yaL)Igg = V52

mugtion 9 and its companion equations formed using the

ther modes is the exact equivalent of equation 3 which
°,, derived for the single phase model in section 2.1,
The appropriate modal surge impedances required are

adily deteminid from the matrix product
re® 1 = Ly1=liQ=l(21(s] in which [y] is a diagonal,
L,Z(z'x!i" of so called modal propagation constants

mprisina the square root of the Eigenvalues of the
com? x product [Z](Y] (6,7). Matrix [Zgn) thus takes
mee form of (201 2oz 203] diag for a 3-phase line, the
:ndividual values being modal surge impedances,

This is done using the theory of natural modes .

oresponding modal voltage quantities 1,2,3 by means of’

Practical Considerations

The modal surge impedances and propagation constants
are pre-computed as indicated in the previous section
from the line impedance and shunt admittance matrices
({21, [Y]). The latter are in turn computed from a
knowledge of the line conductor geometry, earth plane
resistivity and the conductor parameters. In essence
they represent basic parameters set into the algorithm

. sccording to the line application involved. However,

the algorithm has been found to be so accurate that,
even if perfect line transposition is assumed, the

-resulting accuracy is more than acceptable for most

applications. If perfect 1line transposition 1is
assumed, the calculation of the modal surge impedances
and propagation constants is simplified since it is
readily shown that, (for example, the wmode=-2 surge
impedance for a single circuit line can be expressed
directly in terms of the well known positive phase
sequence line impedance (Z;) and shunt adpittance (Y))
per unit ler;gth of line as Zgy = (Z2/Y))%, stuihrly
72 = (21Y1)1, Furthermore, the assumption of perfect
transposition leads to Eigenvector matrices which are
equal ([S] = [Q]) and which are independent of line
geometry, The need to calculate the voltage and
current Eigenvector matrices is thereby obviated and in
this case they take the special form given in equation

10, -

o=} 3] S

PERFORMANCE EVALUATION

The fundamental characteristics of the new fault
location algoritha have been determined by testing
using a steady-state line simulation programme. This
means  of testing reveals the inaccuracies in the
algorithm itself and does not include any errors
introduced by the hardware and/or transducers i.e., it
reveals the best that can be expected dy way of fault
location accuracy. The programme uses distributed line
parameters in deriving phase variable relationships and
thereby gives a more detailed and realistic line
representation under operating and fault conditions,
The values of voltage and current at the terminating
busbars - are produced for any fault type and source
conditions. :

The results presented in this paper relate to one
circuit of a typical 400 kV vertical constructed line
of the type commonly used on the UK supergrid system
and to a typical. single-circuit 500 kV horizontally
constructed iine as commonly used in longer distance
transmission applications in the USA, Details of the
line configuration involved are given in Figs. Ja and
b. A wvide range of line lengths and source conditions
have been considered but, for reasons of brevity, the
results presented are necessarily limited, though they
give a clear indication of the accuracy obtained under
typical operating earth fault conditions, Relevant
parameters used are:- . *

(l)’ Rarth resisuvity; usuned‘honoceneouo = 100 Qa,

(b) Terminating source short circuit levels = 5 GVA
and X/R ratio = 40, - :
(¢) Fault resistance = 100 Q.

(d) Line lengths = 100 km and 250 k. -

) (e) Prefault line loading is zevo.:

The lines considered are deliberately vuntrmsposed so
as to adequately reveal the effect on accuracy of
assuming perfect  transposition when - setting the

. parameters into the new locator., The results relate to

typical earth faults, fault location estimates bdbeing
those obtained using mode=1 (earth-mode) quantities,

It will be appreciated from the foregoing that, il the
new locator is set using the exact parameters derived
from the . actual Eigenvectors/Eigenvalues for an



untransposed line, the only errors that occur are those
due to hardware i.e,, the algorithmic error is zero.
The resuits presented are for a locator having
approximate settings derived on the assumption of ideal
1ine transposition. Table 1 shows the percentage error
in fault locationm that occurs for an "a"-earth fault on
a 100 km horizontal configured line., - The error is
_expressed as a percentage of the total line length

f.e.:~

{(estimated location)-(actua]l location)]x100

% error = total line length

It can be seen from Table 1 that despite the assumption
of perfect line transposition, the new locator gives an
extremely accurate evaluation of fault position that is
jargely independent of the actual fault point. Table 2
shows the corresponding performance for a  long line
application (250 km), It will be evident that the
accuracy attainable is largely unaffected by the line

jength, & factor that is a consequence of the fact that .

the algorithm inherently takes account of shunt
capacitance. In particular, the latter results enable
the exteant of the improvement in accuracy made possible
using the nevw algorithm to be put in perspective.

FAULT POSITION|Z ERROR
km FROM END_-S

0 0.4

8 0.4

25 . oo 0.2

50 0.0

15 -0.2

95 0.4

100 =0,4

- TABLE 13 Measurement errors for "a"-earth faults on
100 km, horizontal line configuration. . .

AULT POSITION|% ERROR
km_FROM END -S
6

10

50
100
150
200
245
230

TABLE 2: Measurement errors for "a"-earth faults on
250 km, horizontal line configuration.

Libboood

e o ®» o o o o

Figs. 4a and b show a comparison of the performance

ob"ined for short 100 km lines of vertical (Fig. 4a)

and horizontal (Fig. 4b) lines. The consistency of the
ew “algorithm and its relative independence of line
conuguration is apparent, the magnitude of the error
always being less than 0.5%3 for all ’fault positions.
Tables 3 and & - gshow the response  for a
double-phase-to-earth fault - on a vertical line
construction involving a {100 @ fault resistance to
earth in each faulted phase. In this case, the error
for the nevw algorithm is less than approximately 1.1
for all fault positions, The consistency of operation
petween long and short line applications is again
arent. It is of interest to note that the new
“;;orithll is independent of fault type and, unlike many
“ its predecessors, does not ‘require any fault-type
:d,ntitication routine, This is a desirable feature in
that potential problems due to incorrect fault-type

deté€

gault location algorithm being applied, are avoided.
- FAULT POSITION|A ERROR
. km_FROM END =S
: 0 -1.1
5 -1.0
25 -0.5
50 . 0.0
75 0.6 -
95 1.0
100 1.1 _

fABLB 3: Measurement errors for "a"-"b"-earth fault on -

100 kms vertical line configuration.

- negligible,

ymination, which can in turn result in an incorrect’

FAULT POSITION]Z ERROR
km FROM END =S
0 -0
10 -} -0
50 ‘ . =0
-0
0
0
0

100
150
200
245
250 0.7

TABLE 4: Measurement errors for "a"-"b"-earth fault on
250 km, vertical line configuration.

The foregoing results are typical of very many studies
performed over a range of fault type (including fault
resistance), fault location, source capacity, prefault
line loading and line configuration conditions; in all
cases, the algorithmic  error was less than
approximately 1,5% when the algorithm was set assuming
perfect line transposition, - Algorithmic wmeasurement
errors observed under conditions when untransposed
parameters are set into the locator are generally

.

HARDWARE . DESCRIPTION

- Voltage and current waizetoms are sampled in real time

at both line ends, When a start signal is received
this process continues until the post fault data has
also been captured. All further processing can be done
off-line, The data is band pass filtered and the power
frequency phasor information extracted. The wmodal
transformation is then applied to these phasors using
the previously calculated Eigenvectors. The modal
voltage and current phasors are then exchanged with
those from the equipment at the remote line end. Note"
that it is only the phasor values that need to be
transferred and not the entire data set, This can be

' done either automatically or by voice over a telephone

1ink, for example. Once the values are exchanged, the
A and B coefficients e.g. A7 and By of equation 9, are
formed using the input line parameters and the distance
to the fault is then determined. i

Fig. S shows in block diagram form the main hardware
elements required for the distance to fault locator
equipment, The three phase voltage and current signals

from the line transformers are fed, via isolation

transformers and anti-alias  filters, into a

multiplexer. The output from the multiplexer is then

passed through a sample and hold gate and into the

analogue to digital converter for digitisation.  The .
resultant digitised signals are stored in a cyclic

buffer in the microprocessors ‘random access memory, by

the direct memory access unit. The input/output unit

is also sampled continuously, until a start signal is

received from the line protection equipment (typically

a distance relav), . Also required are a keypad and

alpha numeric display. These are used to display and

transfer the modal voltage and current vectors, and to

display the final distance to fault result, They are.
also used to enter the line settings for storage in the

wnicroprocessors electrically erasable PROM.

In addition to the above requirements, all inputs and
outputs to the equipment must be fully protected for
use in the electrically  hostile environment of a
typical substation. A prototype fault locator
equipment is now under development, -
available in either a panel or rack mounting 19" case.
It will include a built in battery backed real time
clock to allow time and date tagging of the fault data. .
Also included will be an RS2)2 communications port
allowing the equipment to be set and interrogated
remotely, in addition to  locally with the built in
keypad and display. Output to & printer will also be
supported., i
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Fig. § Hardware block diagram
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A VERY ACCURATE FAULT LOCATION FOR TRANSMISSION LINES

s. Jamali and A.T. Johns

city University, London., UK.

bstract- This paper describes a very
:ccurate fault location technique which uses
steady-state voltage and current
line ends. The technique
the - fault independent of fault
resistance and source impedances. It
maintains its high accuracy for uqtraqspo:gd
lines and no fault type identification is

_required. The paper presents the basic theory

some results of
deternmine its

of the technique and
studies to

. performance are also given.

" INTRODUCTION

' ghe need for very high accuracy in fault

location is generally becoming more important
because, in ehv systems, there is . often
little visual evidence of a fault, and post-

fault clearnce tests performed at reduced
system voltage can be inconclusive. The
degree of accuracy is therefore increasing

‘ and is much higher than can be obtained using

cma v e sme

simple conventional impedance to fault
measuring - techniques; even a small
measurement error may require detailed local
examination -over several kilometres of a

typical line. . ] :

the

For a Qery accurate fault - location

following sources of error should be

considered: :
(a) Line asymmetry: The self and mdtual

impedance and admittance of each phase
_of transmission lines is determined by
line geometry and are not exactly the
same values for all phases. Most
previous fault location techniques use
symmetrical components which are only
applicable to transposed lines
{references 1,3 and 4). The fault
location technique proposed in reference
2 can be applied to untransposed lines
if the impedance for each phase can be
- set. However in reference 5 it has been
reported that when using this technique
for untransposed line represented by
symmetrical parameters a substantial
error will occur due to an asymmetry
among phases.
Shunt capacitance: Capacitance current
for long line can be comparable with
fault current, particularly for high
-resistance faults. Many of the previously
reported algorithms use a lumped model
for shunt capacitance which is not
an exact representation of line if a
very high accuracy in fault location is
required,
Fault resistance: . Unknown fault
resistance and different phase angle of
fault current contribution from remote
source will introduce error. .
Remote source impedance setting: Some
previous fault location algorithms
require a setting for the remote source
impedance. In modern transmission:
networks, normally several lines and
generators are connected to the line
-.terminals... Switching operations often

(b)

e

(d)

change the source operating
: configuration from those assumed in
' setting the fault location equipment

which in turn can lead to a large
in fault location.

 (e) Capacitve voltage transformer: In the
case of wide band type measurement e€.g.,

error

! s0 called travelling-wave methods,
! difficulties are often encountered in
i the use of capacitor voltage
i ‘tranaformers,which are generally

incapable of passing the necessary

]
i higher frequency phenomena.
. -

iA  fault location technique which considers
jall the above causes of error is presented
‘and the results of simulation studies to
‘determine the basic accuracy of the methods
jare given. The technigue has also the merit
iof no . requirements for determining the
‘phase(s) involved in a particular fault.
iPrevious techniques use different routines
ifor different types of fault,

1 N

‘The " proposed technique requires data from
‘both ends. However, it should be noted that
iit is only the phasor values that need to be
jtranlferred from the remote end and not the
‘entire data set. This can be done either
‘automatically or by voice over a telephone
{link, for example.

_:BASTC PRINCIPLES

The voltages and currents measured at each
end of a transmission line are filtered smo as
'to produce a measure of the steady-state
‘power frequency voltage and current phasors.
‘The latter are obtained as data described by
‘means of post-fault processing applied to
data captured during the fault clearance

‘process.

.'8imple Single-Phase Line

Consider the relationship applicable to an
assumed single-phase line application., With
reference to Fig. 1, the post-fault ateady-

state voltage Vp for a fault at a distance

‘from ,say, end 8 is readily expressed in

terms of the voltages and currents measured

at the ends:

Vpzcosh(Ix)Vg-Zgsinh(Pxilg 1
" Vpecosh(F(L-x))Vp-Zgsinh(F(L-x))1g 2

In equations 1 and 2, the ' surgelor

characteristic) impedance 23 and - lin?

propagatio? constant ' are given by 2y=(2/Y)
and 's(2Y)? respectively, where Z is the line
series impedance and Y is the
admittance per unit length, Equating
equations 1 and 2 eliminates any necessity
for defining the fault point network. In
practice this is useful due to uncertainties
as to the nature of the fault path.
Rearrangement of the equations 1 and 2
provides an exact evaluation of the distance
to the fault x as given in equation 1.

line shunt



xe(tanh™l(-B/mr1/r - 3
where A=zZgcosh(IL)Ig-sinh(IL)VR+Zglg
and - B=cosh(ITL)Vg-Zgsinh(IL)IR-Vg

In the above equation x is complex but has a
predominantly real part. The imaginary part
of x ‘arises due to computational errors
though its magnitude is small relative to the
real part which can be taken to represent the
fault distance. Equation 3 requires only
known line data (2 and Y) and known phasor
voltages derived from measuranda at the line
ends. Any fault location estimate thereby
derived is therefore independent of both 'the
fault - impedance and the source impedance
values, a fact which is of  practical
importance - due to their aomewhat
- indeterminate and variable nature. It is also
of interest to note that the equation is
valid for both total and superimposed values
"of voltage and current. Furthermore, the
fault location algorithm relates  to a

distributed line, and inherently includes fo

the effect of shunt capacitance. . :

Is ) Ir
— R —_

— x —1
L

gig. il-”single-phase - faulted

line/source
- network, - ‘

Bxﬁension to_l-Phase Power Lines °

rhe method described above cannot be directly
applied to a multi-phase power line since a
number of ~phases are involved. - For
simplicity, 1
phase transmission line in which the phases
are identified by a,b,c as indicated in the
gingle line equivalent of Fig. 2. In this
case, the vector of the various voltages
and currents ([Vpy p o], [Iga,b,c). etc.) are
.related using ' the -port matrices
{Agl,[Bgl.[ARl,IBg]l which in turn are 3x3
matrices defined using the line series
jmpedance matrix (2] and the line shunt
admittance matrix [Y]. With reference to Fig.
2 the multi-conductor equivalent of equations
1 and 2 is @ : :

(Vpa,b,cl'lhsl(VSa b,el=(BgllIga p,el " 4
(Vpa,b,c!*IAR)VRa b cl-lBR1IRa b c] 5

where [Vra,b.cle(Vga b,cl/[Ipa,b,cl etc. are
vectors defining voltagel and currentlT fof
each phase e.q,, (Vpa,b,c}=IVRaVRhVRe]) /1)
denotinq a matrix transpose.

¢ is important to note that the 2-port
matrices {Ag),[Bg], etc. can, if necessary,
formed - to include any discrete line
t‘.an.posit:ion. which in turn is conductive to
intaining very high levels of measurements
accuracy in long line applicationa. In most
cases however it is sufficient to treat each
1ine section as homogeneous. :

rhe key to éxtending - the fault - location

malti-phase
de~coupling
- uncoupled - or

gorithm for use - in actual
ansmission lines lies in
gations 4 and. 5 into

al

ed

matrices (7):~-

[Ignlallgy Ta2 Ig31T=181 M 1g, 1gp 14017

consider a single circuit 3-

independent single-phase networks of the type
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Fig. 2- Single-line diagram of faulted line
described by 2-port’matrices.

shown in Fig. 1. This is done using the

theory of natural modes and matrix function
theory (wedepohl (6)) as commonly used in the
digital simulation of faulted ehv
transmission systems (Johns and Aggarwal
(7)). The theory underlying such techniques,
though - well known to power system analysts,
is much too long and involved to explain in a
paper of this type; the reader is therefore
referred to the latter references for
further details. Briefly, the method
involves finding the matrix of Eigenvectors
of the [2]1lY] product ([Q] say) and the
[YI1Z) product (IS) say). In this way, the

“* voltages and currents derived from each phase

a,b,c at, say,the sending end would be
transformed to correaponding modal voltage
quantities 1,2,3 - by  means of . the
corresponding [Q1 and {s] Eigenvector

[Vanl®{Vge1 Vg2 v.;l?-lo)'llv.; Vab VaclT

The . significance of applying the
transformation to modal quantities is that
even a multi-conductor line is decomposed
into a number of single-phase uncoupled
models of the type shown in Fig. 1. For each
modal component, there is an equation pair of
the form of equations 1 and 2. Thus for a
single circuit line, there are three pairs of
such equations corresponding to the modes
1,2,3 s=mo that , for mode-2 for example the
equation pair used that would form the basis-..
of the fault location in an actual 3-phase
line would take the form of equations 7 . and
8. ‘ ~

Vp2=AgaVg2-BgaIga . , 1
Vp2=AR2VR2-Br2IR2 . 8

The method is general in that, for a double-.
circuit line for example, six modes are
involved which in turn results in six pairs

. of equations all of the basic form of
_equations 7 and 8. Any one or more mode pair

equations can be used to find a  fault
location x by equating such equations to.
obtain for example a mode-2 based evaluaation’
given by equation 9. ; . ”

x=ttanh " l(-Bp/a) /Ty e

where Aztzozco-h(rzL)Igg-linh(rzL)Vaéozoztsg

and  Byscosh(l3L)VRa-Zg2sinh(IL)Iga=Vg2

Equation 9 and its companion equations formed
using the other modes is the exact equivalent
of equation 3 which was derived for the
single phase model in the previous ' section.
The  appropriate modal surge . impedances
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.required are readily determined from the, variable relationships and theréby gives a

‘matrix ‘ ‘product’ (Zg,)=(T] “(Q] “(2}[S] in: more "' detailed - and realistic line
iwhich [T] is a diagonal matrix of so-called] ‘representation under operating and fault
‘modal propagation constants comprising  the: conditions. The values of voltage and current
;gquare root of Eigenvalues of matrix product ?t the terminating busbars are produced for
frzitYyl (6,7). Matrix {Zgpy thus takes the any fault type and source conditions.
ydiagonal form of (Zg3 Zg2 Zg3) for a 3-phase i : .
1line, the individual values being modal surge The results presented in this paper relate to
impedances. ’ . Pne circuit of a typical 400kV vertical
constructed line of the type commonly used on
practical Considerations the UK supergrid system and to “a typical
single-circuit 500kV horizontally constructed
iThe modal surge impedances and propagationi ﬂine as commonly used in longer distance
'‘constants are pre-computed as indicated in transmission applications in the USA. Details
ithe previous section from the line impedance bf the line configuration involved are given
and shunt admittance matrices ((2], [¥]). The hn Figs., 3a and 3b. A wide range of line
latter are in turn computed from a knowledge lengths and source conditions have been
of the line conductor geometry, earth plane tonsidered but, for reasons of brevity, the
resistivity and the conductor parameters. 1In results presented.are | necessarily limited,
essence they represent basic parameters set though they give a clear indication of the
into the algorithm according to  the line; accuracy obtained under typical operating
application involved. However, the algorithm! earth fault conditions. Relevant parameters
has been found to be so accurate that, even; used are:-
if perfect line transposition is assumed, the :
resulting accuracy is more than acceptable (a) Phase conductors are 4x54/7/0.33cm 8.c.a
ifor most applications., If perfect line with 0.305m bundle spacing.
‘transposition is assumed, the calculation of (b) Earthwire is 54/7/0.33cm s.c.a
the modal surge impedances and propagation (c) Earth resistivity, assumed homogeneous =
constants is simplified since it is readily! - 100Qm
shown that, for example, the mode-2 surge (d) Source short circuit levela=5GVA and X/R
impedance for a single-circuit line can be ratio=40 at both ends.
expressed directly in terms of the well known| (e) Fault resistance= 1009
ipositive phase sequence line impedance (2;) (f) Line lengths= 100km and 250km.
.and shunt admittance*(Y1) per unit length gf (g) Prefault line loading is zero.
!1ine as Zg2=(Z2;/Y3)%. Similarly T[2=(21Yy3)7%,
iPurthermore the assumption of perfect EW
.transposition. leads to Eigenvector matrices
iwhich.i are . equal({S}={Q]) and which are
iindependent of line geometry. The need to - e )
‘calculate the voltage and current Eigenvectori ' - ) 636::
‘matrices is thereby obviated and in this casej ' LS EW1 8.10m _8.10m EW2
‘they take the special form given in equation; _ . %nmn
110, R - ‘ b 0s. 1200m_ ?.-‘.‘9.'!'_,,.(.;
- 2 . . . : it 41Sm ; ) b
! 1 1 1 ' ! 1020m _ :
I 1 0 -2 10' 3il4m
i(s1=lQl= i , a .
; 1 -1 1 g 8.30m 21/0m 21/00m
‘ ) ! 122m
‘Mode Selection
: .. ” TITIITITIIIIIITITIIIIIIIIS TITTTTIITIIITIIITITIITITITIIIY
‘Any type of fault will excite aerial- . . . .
imodes,e.g. mode-2 here, while the earth-mode a- Vertical configuration b - Horizoatal configuration
i4m excited by earth faults only. Therefore if : : :
‘the line is transposed or the line parameters fig. 3~ Line configurations
‘for untransposed line are available then the ] :
faerial—mode can be used for any type of fault The . lines considered are deliberately
and no mode selection is required. It is untransposed 80 as to adequately reveal the °
'worth mentioning that by using the aerjal-~ effect on ' accuracy of assuming perfect
‘mode, the fault location is evaluated . transposition when setting the parameters
ijndependently of the indeterminate earth path into the 'locator. The rasults relate to
iresistivity. However,:when transposed line typical earth faults, .- fault location
'parameters are used for untransposed line as estimates being those obtained using mode-l
discussed in the previous section it has been (earth-mode) quantities. .
found from simulation studies that the earth- ! .
'mode gives more accurate results for earth It will be appreciated from the foregoing
faults. Mode selection in this case can! that, if the locator is set using the exact
leasily be done by detecting the presence of ! ' parameters derived from the actual
‘yesidual current at the line ends. : Eigenvectors/Eigenvalues for an untransposed
i ] . : : : line, - the only errors that occur are those
'pERFORMANCE EVALUATION SR due to hardware i.e., the algorithmic error
‘ : { is zero. The results presented are for a
'The fundamental characteristics of this taulti locator having approximate settings derived
‘jocation algorithm have been deterqined by! on assumption of ideal line transposition.
“gesting using a steady-state line simulation: Fig. 4 shows the percentage of error in fault
‘srogramme, This means of testing reveals the; location that occurs for 'a'-earth faults on
jpaccuracies in the algorithm jitself and does: different line configurations. The error is
not include any errors introduced by the! expressed as a percentage of the total line
pardware and/or transducers i.e., it reveals; length, It can be seen from these figures
“ghe best can be expected by way of fault, . that' the locator gives extremely accurate

Jocation"’ ‘accuracy. The programme uses ! evaluation of fault position that is - largely
distributed line parameters in deriving phaleg independent of the actual fault point. It can
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be seen that the:accuracy is not affected by
line length; this is a consequence of the!
fact that the algorithm inherently takes
account of shunt capacitance. The consistency
‘of the new algorithm and its relative
‘jndependence of line configuration is also
‘apparent, the magnitude of error always being
‘lJess than 0.6% for all fault positions.
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Fig. 4~ Measuring accuracy for ‘a'-earth
fault on different line configurations.

fig. 5 shows the response for double~phase-
to-earth (a-b-e) faults involving a 1008
fault resistance to earth in each faulted

hase. The response for the horizontal line
gsubjected to an a-b-e fault is closely
gimilar to 'a'<earth fault shown in Pig. 4a.
It can be seen that the error is always less
than approximately 1.1% for all fault
po-itlon-. ‘

.The results presented above are typical of
those obtained. In all cases satudied error:
was less than approximately 1.5% when the
algorithm was assuming . perfect line
transposition for untransposed line.

 CONCLUSTON

A very accurate method of fault location for
tranamission lines has been presented. It has

been:. shown that in apite of simplifying the
algorithm by using transposed line parameters
for untransposed system it gives a very high
accuracy in locating faults irrespective of
the fault type, line length and
configuration. Moreover the accuracy is not
affected by fault resistance and source
impedances., The algorithm does not require

fault-type identification which avoids
possible problems due to incorrect fault-
type determination.
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0F curve 1 for 100km 1ine application .-
8 curve 2 for 250km line application.”” |
’ s . ‘0" //’
~ - ',’ ’/ e
N . P
\\r 4 - 'v"// -
5 2 g ]
$ o i
—
2 =21 /'.4' 4
; -
a -4 P -
g P
£ -S,. g/, 'v" e
- d
-8 1’ el 4
=10, "‘4" -
-12 N s . N R N L s N .
Q 2 3 4 S [3 7 8 9 0

Actual Fault pasition x10!
(% From end S on Fig. 2)

?ig. 5= Measuring accuracy for ‘a'~'b'-earth

i~ fault on vertical line (see Fig. 3a).
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