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ABSTRACT 

Analog type distance relays used for transmission line protection iden-
tify the faulted zone but do not provide any information concerning the ex-
act location of the fault. Fault locators, that estimate the distance tq a 
fault point on a transmission line, conventionally measure the apparent im-
pedance to the fault from a line terminal. This impedance is then converted 
to the line length. The fault location estimates are adversely affected by the 
presence of a fault resistance. 

The advent of microprocessor-based relays has made it possible to es-
timate the location of a transmission line fault with reasonable accuralcy. 
The interest in fault location algorithms has, therefore, increased considerahly 
among the utility engineers and researchers. 

This thesis presents a technique that is suitable for estimating the lOca-
tion of a transmission line shunt fault. The technique uses the fundamental 
frequency voltage and current phasors measured at the line terminals. The 
estimation procedure is independent of the type of fault and the identity of 
the faulted phases. In addition to estimating the fault location, the propoSed 
technique identifies the type of fault and identifies the faulted phases inde-
pendent of the relay targets. The estimation procedure does not require that 
the measurements taken at the line terminals be synchronised. Source im-
pedances, distribution factors and pre-fault currents are not used by the 
proposed technique. 
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Results from computer simulations of faults on a two machine mod 1 
and a six bus model of the transmission network of the Saskatchewan Pow r 
Corporation are presented. The results indicate that the proposed techniq e 
is capable of accurately estimating the location of a transmission line shu t 
fault even if the fault resistance is numerically comparable to the line 1 - 
pedances. Results also indicate that the proposed technique is suitable f' r 
determining the type of fault and identifying the faulted phases independe t 
of the relay targets. 
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1. INTRODUCTION 

1.1. General Background 

Electric power systems have undergone rapid growth during the last 

fifty years. The number and total length of transmission lines in operatilm 

have increased substantially. The primary objective of an electric power ss-

tern is to maintain continuity of supply to the customers and to minimise 

the duration of outages. Most faults in electric power systems are sin0e-

phase-to-ground faults. They are caused primarily by insulation failure due 

to lightning-induced high voltages and due to contact with trees. However, 

ice, snow, and wind during severe storms can cause transmission line faults 

It is 

fault. A 

damage 

The 

not possible 

transmission 

which must be 

to predict the 

line fault 

repaired 

is generally 

promptly and 

restoration can be expedited if the location 

or can be estimated with reasonable accuracy. 

used for transmission line protection identify the zone 

faulted but do not determine the location of the fault 

the exact location of transmission line faults has, therefore, been 

interest to utility engineers and researchers for over two decades. 

location and time of occurrence of a 

accompanied with mechankal 

the line returned to service. 

of the fault is either knoWn 

Analog type distance relays 

in which the line is 

exactly. Estimating 

a subject of 
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1.2. Fault Locating Methods 

Several methods of locating transmission line faults have been proposed 

during the last decade. The primitive approach for locating faults consist d 

of visual inspection [1]. This procedure included patrolling the line on fo t, 

automobile, helicopter or airplane with or without the help of visual ai s. 

Sectionalizing switches have often been used on long lines to reduce the 

length of line to be patrolled. Simple targets mounted on one leg of each 

steel tower have also been used to identify the fault location. These 

procedures are slow, inaccurate and expensive. Other methods, used in the 

past, were annunciator ammeters, magnetic links, and automatic oscillographs 

[1]. These methods are not widely accepted because they require prepa a-

tions in advance, need skilled personnel to use them and are time consuming. 

Another previously proposed approach for estimating the location of a 

transmission line fault is based on the theory of travelling waves [1, 2]. 

Specialised equipment such as radar, carrier transmitter and receiver, and 

skilled operator are required. The method is accurate but is complex and 

difficult to apply. The accuracy depends upon the accuracy of the measured 

line parameters (line inductance and capacitance). 

Several researchers have reported methods that use the line model and 

the fundamental frequency voltages and currents measured at the terminjals 

of the line [3, 4]. These methods calculate the apparent impedances as seen 

from the line terminals and estimate the fault location from these measure-

ments. The methods are simple and economical compared to the travelling 

waves technique and are suitable for implementation on microprocessOrs. 

However, the presence of fault resistance adversely affects their accuracy 

when the fault is fed from both terminals of a line. The estimation errors 

are large because the fault resistance appears to be an impedance that 

both resistive and reactive components. 

A recent development in this area uses measurements taken by dig 

as 

tal 



3 

impedance relays installed at the line terminals [51. This approach also uses 

the estimated phasors representing the fundamental frequency voltages and 

currents at the line terminals. The method requires that the digital rela 

provide information concerning the type of fault and the identity of t 

faulted phases. In case of incorrect identification of the fault type and 

faulted phases, the fault location estimates are substantially inaccurate. 

1.3. Objectives Of The Thesis 

The objectives of the research work reported in this thesis are: 

• to develop a new technique for estimating transmission line shunt 
fault locations using the phasors of the fundamental frequency vol-
tages and currents at the line terminals, 

• to eliminate the effect of fault resistance on the accuracy of the 
estimates of the fault locations, 

• to make the technique independent of the type of fault and the 
identity of the faulted phases and 

• to develop a technique for determining the type of fault and the 
identity of the faulted phases independent of the relay targets. 

1.4. Outline Of The Thesis 

The thesis is organised in seven chapters and six appendices. The fi st 

chapter briefly reviews the advances in the technique of fault location and 

outlines the material presented in this thesis. 

Chapter 2 describes the shunt faults usually experienced on a transmis-

sion line. Symmetrical component representation of transmission line shunt 

faults are briefly described. The fault resistance and its components are a so 

discussed. 

Chapters 3 and 4 review the previously proposed fault location tech-

niques. The techniques described in Chapter 3 use phasors representing the 
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fundamental frequency voltages and currents at one terminal of the line 

whereas the techniques discussed in Chapter 4 use data from both terminals 

of the line. 

A new technique is presented in Chapter 5. This technique estima es 

the location of a shunt fault from the voltages and currents measured at he 

two terminals of a transmission line. Line charging is neglected initially ut 

is later taken into consideration. A procedure for determining the type of 

fault and the identity of the faulted phases independent of the relay targets 

is also presented in this chapter. 

Chapter 6 presents studies conducted for testing the technique propoSed 

in Chapter 5. The technique was tested using simulated steady state and 

transient fault data. Some test results are also presented in Chapter 6. 

A brief summary of the work and the conclusions from this project 

reported in Chapter 7. The references are listed in the order of citation 

the thesis. 

re 

in 

Appendix A lists the system data for the two machine model used in 

testing the technique. Data of the six bus model of the transmission net-

work of the Saskatchewan Power Corporation are presented in Appendix 

B. Appendix C briefly describes the Electro-Magnetic Transient Progrlam 

used for generating the fault data for testing the proposed technique. he 

design of a low-pass digital filter is presented in Appendix D. The Least 

ror Squares technique used for calculating the real and imaginary components 

of the fundamental frequency voltage and current phasors is briefly described 

in Appendix E. Test results are presented in Appendix F. 
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2. SHUNT FAULTS ON 
TRANSMISSION LINES 

2.1. Introduction 

Methods for locating transmission line shunt faults have been briefly 

outlined in the first chapter. As stated in that chapter, the objective of this 

thesis is to develop a technique for locating transmission line shunt faults. 

Before discussing the fault location techniques, it will be useful to review the 

shunt faults that are generally experienced on transmission lines. This chap-

ter examines the faults and the fault resistance that might be present. 

2.2. Types Of Shunt Faults 

Most faults experienced on a power system are unsymmetrical shunt 

faults. For a three phase power system, shunt faults can be classified in the 

following four categories. 

1. Single-phase-to-ground faults. 

2. Phase-to-phase faults. 

3. Two-phase-to-ground faults. 

4. Three-phase faults. 

The theory of symmetrical components proposed by C. L. Fortescie, 

provides a powerful tool for modelling power systems experiencing unbalancd 

system conditions [6, 71. Symmetrical components are widely used or 

analyses of faulted power systems. The fault location technique proposed in 

this thesis is also based on the theory of symmetrical components. Syfn-
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metrical component analyses of shunt faults generally experienced on tran-

mission lines are briefly presented in the following sections. 

2.2.1. Single-phase-to-ground faults 

Approximately eighty percent of faults experienced on transmission lin 

are single-phase-to-ground faults. These faults are of the following thr 

types. 

1. Phase A-to-ground faults. 

2. Phase B-to-ground faults. 

3. Phase C-to-ground faults. 

e 

Figure 2.1(a) shows these faults when a fault resistance, R1 is present. 

Phasors representing voltages and currents in a power system experiencing an 

unbalance can be resolved into phasors of positive, negative and zero se-

quence components [6, 7]. The sequence networks connection for a phase A-

to-ground fault can be obtained using the following procedure. 

1. Determine the boundary conditions of currents and voltages at the 
fault location. 

2. Transform the phase currents and voltages to sequence currents 
and voltages using the symmetrical component 
transformation [6, 7]. 

3. Examine the sequence currents and voltages to determine the con-
nections between the positive, negative and zero sequence net-
works. 

The sequence network diagram representing a phase A-to-ground fault ob-

tained in this manner is shown in Figure 2.2(a). Sequence network diagrams 

for phase B-to-ground and phase C-to-ground faults can be obtained by fOl-

lowing the procedure described in this section. 
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2.2.2. Phase-to-phase faults 

The three types of phase-to-phase faults experienced in a power syste 

are as follows. 

1. Phase B-to-phase C faults. 

2. Phase C-to-phase A faults. 

3. Phase A-to-phase B faults. 

Figure 2.1(b) shows these faults when a fault resistance, Rf is present. The 

sequence network connections for a phase-to-phase fault can be determined 

using the procedure outlined in the previous section. Sequence network 

diagram for a phase B-to-phase C fault is shown in Figure 2.2(b). 

2.2.3. Two-phase-to-ground faults 

The following three types of two-phase-to-ground faults are experiencled 

in a power system. 

1. Phase B and phase C-to-ground faults. 

2. Phase C and phase A-to-ground faults. 

3. Phase A and phase B-to-ground faults. 

Three two-phase-to-ground faults are shown in Figure 2.1(c). R11 and Pf2

are the fault resistances and R9 is the ground resistance. Assuming that RA

are equal and using the symmetrical component analyses it can be and R12 
shown that a phase B and phase C-to-ground fault can be represented by 

the sequence network diagram shown in Figure 2.3(a). 
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(c) double-phase-to-ground faults, and (d) three-phase 
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2.2.4. Three-phase faults 

Three-phase faults are most severe but are easy to analyse. 

balanced three-phase system remains symmetrical after the occurrence of a 

three-phase fault with equal impedance in each phase. Figure 2.1(d) shows a 

three-phase fault that involves the ground and also a three-phase fault that 

does not involve the ground. Symmetrical components analysis of the e 

faults shows that the electrical conditions for both faults are the same. It 

can be shown that a three-phase fault can be represented by the sequenCe 

network diagram shown in Figure 2.3(b). 

2.3. Fault Resistance 

The majority of system faults are accompanied by a fault resistane. 

Two major components of a fault resistance are, arc resistance and ground 

resistance [8, 9]. For faults involving the ground, the fault resistance coin-

prises both the arc and the ground resistances. However, for faults that do 

not involve the ground, the fault resistance is entirely due to the resistance 

of the arc. The resistance of the arc is a nonlinear function [9] that can he 

expressed by the following equation. 

87501 
Rarc —  

11.4 

where: 

I 

is the length of the arc in feet in still air and 

is the current in the arc in amperes. 

(2J) 

Initially, the arc length is the spacing between the conductors; but the arc 

length increases due to its elongation caused by the wind. Arc resistarke 

can be expressed in terms of the conductor spacing, wind velocity and time 

as follows. 
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Rarc -

where: 

S 

U 

8750(S + 3U7) 
I1.4 

is the conductor spacing in feet, 

is the wind velocity in miles/hour and 

T is the duration of the arc in seconds. 

(2. ) 

However, there are limits to which an arc can stretch without extinguishing 

and restriking. 

In the case of ground faults on transmission lines, the current path in-

cludes the arc, tower impedance and tower footing resistance. When over-

head ground wires are used, they provide a parallel path to the current, 

thereby, reducing the effective ground resistance. If a conductor breaks arid 

falls to the ground, the current path will include contact resistance between 

the conductor and the ground and the path through the ground loop. The 

contact resistance depends on several factors. Some of these factors are, 

geology of the location, moisture in the soil and the line voltage. The con-

tact resistance is generally larger than the tower footing resistance that can 

vary from less than 1 ohm to several hundred ohms. For some ground 

faults, fault resistance is exceptionally large, such as, contact with trees or 

the conductor lying on dry pavement. In general, the fault resistance ranges 

from a few ohms to several thousand ohms. 
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2.4. Summary 

This chapter has described various types of shunt faults experienced 

transmission lines. Sequence networks diagrams of shunt faults generally 

perienced on transmission lines have been presented in this chapter. Fa It 

resistance and its major components have also been examined. 
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3. ONE-TERMINAL DATA METHODS 

3.1. Introduction 

The shunt faults generally experienced on transmission lines have been 

examined in Chapter 2. Substantial research has been done in the past to 

accurately estimate the location of shunt faults on transmission lines. The 

methods proposed in the past can be classified into two categories. The first 

category includes the methods that use measurements from one terminal 

only. The methods under the second category use measurements taken from 

both terminals of a line. This chapter presents a brief discussion on the 

methods that use data from one terminal of the line. 

3.2. Methods That Use Data From One Line Terminal 

Several methods that use data from one terminal of a line have ben 

proposed for accurately estimating the location of a fault. Some of the 

methods are: 

1. reactive component method, 

2. Sant and Paithankar algorithm, 

3. Takagi et al algorithm, 

4. Schweitzer algorithm and 

5. other methods. 

A brief discussion on these methods is presented in this chapter. 
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3.3. Reactive Component Method 

The reactive component method [9, 10] estimates the reactance of th 

line from its terminal to the fault and converts the calculated reactance t 

distance in kilometers. 

A single phase line connected to a source at one end only and supply-

ing no load is shown in Figure 3.1(a). The fault resistance appears to be 

purely resistive to a relay located at the source end of the line. The current 

at the relay location is approximately equal to the current in the fault be-

cause the line charging current during a fault is negligible compared to the 

fault current. The apparent impedance as seen by the relay can be math-

ematically expressed as follows. 

Zx = Vx/Ixf = nZi Rf (3.1) 

where: 

Zx 

V x 

I x 

n 

Z1

Rf 

itis the apparent impedance as seen by the relay located t 

bus X, 

is the voltage at bus X, 

is the current flowing from bus X to the fault at F, 

is the distance to the fault from bus X, expressed as a 
fraction of the total line length, 

is the impedance of the line and 

is the fault resistance. 

The effect of fault resistance on the impedance as seen by the relay is shovin 

in Figure 3.1(b) and (c). Figure 3.1(c) shows that the impedance as seen by 
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Figure 3.1: The effect of fault resistance on the fault location es-
timates, for a line fed from a single end and supplying no 
load: (a) single line diagram of a single phase system, (b) 
phasor diagram for line current and voltage at bus X, 
and (c) impedance diagram for the selected case. 
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the relay is greater than the impedance of the line from the relay location to 

the fault. 

In Equation (3.1), R f is a real quantity, whereas, Zz and Z1 are co - 

plex. The imaginary component of Zz is, therefore, equal to the imaging y 

component of nZi. The distance of the fault expressed as a fraction of the 

line length can, therefore, be calculated as follows. 

n 
Irn(Zz) 

Im(Z1) (3. ) 

In most cases, lines are connected to energy sources at both terminals. 

Consider the power system shown in Figure 3.2(a). The apparent impedanCe 

seen by the relay located at bus X can be mathematically expressed as fOl-

lows. 

Zz = nZ1 Rf(IflIzt) (3.3) 

where: 

Zx is the apparent impedance seen by the relay located at bus 

X, 

I II 

is the impedance of the line, 

is the post-fault current flowing through the relay located 

at bus X, 

is the fault current flowing in the fault at F, 

is the fault resistance and 

n is the distance of the fault from bus X, expressed as a frac-
tion of the line length. 

If the currents I xf and flowing towards the fault from the line ter-
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X Y 

Vx 

(c) 

A 

Figure 3.2: The effect of fault resistance on the fault location es-
timates, for a line fed from both ends: (a) single line 
diagram of a single phase system, (b) phasor diagram for 
line currents, and (c) impedance diagram for the selected 
case. 
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minals are not in phase with each other, the current flowing into the fault 

at F will not be in phase with the currents at the line terminals. Becaue 

of this displacement the relays at each end will see impedances that are dif-

ferent from the line impedance from the relay location to the fault. Figu e 

3.2(c), shows that the impedance seen by the relay located at bus X is le s 

than the impedance of the line from the relay location to the fault. Th s 

figure also shows that the impedance seen by the relay located at bus Y s 

larger than the impedance of the line from the relay location to the faul . 

The reactive components of the observed impedances will not provide correct 

estimates of the fault location. Therefore, the reactive component method is 

not generally acceptable. 

Sant and Paithankar [11, 12] proposed a method based on the principle 

of the reactive component method. Reference 11 assumes a short transmiH 

sion line connected to energy sources at one terminal only. The technique 

calculates the distance to the fault, expressed as a fraction of the line length, 

by taking the ratio of the reactance of the line from the fault locator to the 

fault to the total reactance of the line. The approach is, therefore, suited to 

lines connected to energy sources at one terminal only. In Reference 12, the 

authors took the line charging effects in a long transmission line into cob-

sideration. However, they assumed that the line is a lossless line and that 

the fault resistance is negligible. The fault location estimates obtained usiiig 

this approach, therefore, have substantial errors. 

3.4. Takagi et al Algorithm 

Takagi et al [13] developed an algorithm that uses one-terminal voltage 

and current data of the transmission line. Consider that the power system 

shown in Figure 3.2(a) is experiencing a symmetrical three-phase fault at 

F. A single phase diagram of the system under consideration is shown in 

Figure 3.3. The single phase diagram of Figure 3.3 can be represented D3r 

two equivalent circuits, one representing the pre-fault conditions and the 

other representing the Thevenin equivalent of the faulted system. These 

equivalent circuits are shown in Figure 3.4(a) and (b). 
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The post-fault currents / and I xf yf' are obtained by superposition 
I I 0 I 

the pre-fault and fault currents (by adding Ix! and Ill, and I yf and /yf). 
, 0 I 

The currents Ixf and / are the difference between the post- and pre-fault 

currents. 

I x! =I x! — 
I x! 

I — I I 
Yf Yf 

where: 

/ xf, Iyf 

I xf, I yf 

I xf5 yf 

are the fault currents at buses X and Y, respectively. 

(3.4) 

(U.) 

are the pre-fault currents at buses X and Y, respectively. 

are the post-fault currents at buses X and Y, respectively. 

The current, If, flowing through the fault is the sum of the currents /x a: 

I "Y/' The ratio of I f to I x may be defined as follows. 

I f = I xfA 

= Arg (A) 

In Figure 3.3, the voltage at bus X can be expressed by the following equa-

d 

tion. 

(316) 

(3 7) 
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Multiplying both sides of Equation (3.7) with the complex conjugate 

(./xfA), Equation (3.8) is obtained. 

r A * r  A * D 7. 7. 
V 2 (., x f ri) nZ x f(i x f n.) + It f.t f(a f

of 

In Equation (3.8), the component Rf/ f(/xfA) is a real quantity. Equati4g 

the imaginary parts of both sides of Equation (3.8) and rearranging the fol-

lowing equation is obtained. 

n — 

* 
Im(VzI xf e- 3 ) 

Im(ZiI xf1.2f e —'°) 

Takagi et al assumed that /f and /xf are in phase and, therefore, the angle 

ö is zero. Equation (3.9) thus reduces to the following form. 

n 
Im(VxI xf ) 

Im(ZiI xfI xf ) 

This algorithm has weaknesses [14]. Some of these are: 

1. The accuracy of the algorithm depends on the value of the angle 
(5 used in estimating the fault location. In turn, the value of ö 
depends on the source impedances that are not readily known be-
cause the system configuration changes from time to time. Also, 
source impedances can change during faults due to switching ac-
tions. The fault location estimates obtained by this method can, 
therefore, have substantial errors. 

2. The algorithm uses the difference between post-fault and pre-fault 
currents. The accuracy is, therefore, affected by the fault current 
decrement due to the changing source impedances and by the ac-
curacy of the current measuring devices. 

(3.10) 
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3. The algorithm assumes that the fault locating process can be 
based on single phase analysis. Power systems are three-phase 
systems in which the phases are mutually coupled. A single-phase 
fault changes currents in all phases. Also, pre-fault load currents 
in the unfaulted phases affect the current in the faulted phase. 

4. Line charging has been neglected. In long EHV lines, line charg-
ing can be appreciable. 

However, this technique offers substantial improvement over the reactire 

component method if the angle b is zero or is nearly zero. The improve-

ment is due to the method taking into consideration the effects of the pre-

fault load currents. 

3.5. Schweitzer Algorithm 

Schweitzer [14] suggested a method for improving the performance of 

the algorithm proposed by Takagi et al [13]. The method estimates the 

angle b instead of assuming it to be zero. 

The angle b is the argument of the fault current distribution factor, A. 

The factor, A, can be determined from the single phase circuit shown in 

Figure 3.4(b). The ratio I f / I x f is 

A = I f xf = 1 + 
(Z.z/Zi n) 

(Zsy/Zi + (1—n)).

Equation (3.11) shows that the argument of A, b,, will be zero if the phase 

angles of all impedances are equal. The choice of (5 is, therefore, dictated by

the system parameters. Schweitzer suggested the following possible ap-

proaches. 

1. Use a constant value for b. 

2. Calculate n using Equation (3.10). Estimate (5 by substituting the 
value of n in Equation (3.11). Re-estimate the value of n using 
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Equation (3.9). The author used an iterative approach to obtain 
the final estimate of n. 

This procedure requires that the source impedances be known. The source 

impedances are not readily known and can also change during faults due tb 

switching actions. 

3.6. Other Fault Locating Algorithms 

Wiszniewski suggested another algorithm that uses fundamental fr,-

quency voltages and currents measured at one terminal of a line [15]. Th e 

method is similar to the algorithm suggested by Takagi et al [13 

Wiszniewski assumed that, for most cases, the phase angle of the fault cur-

rent distribution factor would be zero. He also suggested that the phae 

angle can either be assumed to correspond to a fault at the far end of the 

line or can be assigned an expected value considering that faults can occur 

along the line with equal probability. The algorithm also assumes that the 

fault locating process can be based on a single phase analysis. This is not 

valid for three-phase systems that have mutual coupling between phas0. 

Moreover, this method neglects the line charging currents. The fault locatiqn 

estimates obtained by this method, therefore, have substantial errors. 

Erikson et al [16] also suggested a method similar to that of ReferencOs 

13 and 15. This method also suffers from the shortcomings of the methods 

of References 13 and 15. The fault location estimates obtained by this tech-

nique are not accurate. 

Richards and Tan [17] considered the fault location as a parameter es-

timation problem of a dynamic system. The response of the physical system 

is compared with that of a lumped parameter model of the transmission li e. 

In this model shunt capacitances are neglected. The Thevenin equivale t 

model used by the authors includes system impedances and an unknolkn 

fault resistance as shown in Figure 3.5. 
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Figure 3.5: The system model used by Richard and Tan [171. 

In the estimation procedure, the voltages in the model are considered to be 

known inputs derived from the recorded data. The currents that form the 

model output are compared with the corresponding currents obtained from 

observation of the physical system to find the distance to the fault from the 

measurement point. The parameters identified by the estimator are fault 

distance and fault resistance. The method needs an accurate model of the 

physical system including the transmission line and the equivalent sources. 

This technique is an iterative process and is computationally expensive. 

3.7. Summary 

The algorithms that estimate the transmission line fault locations froin 

fundamental frequency voltages and currents measured at one terminal of the 

line have been briefly described in this chapter. The shortcomings of each 

algorithm are also discussed. The fault location estimates obtained using the 

one-terminal data algorithms of References 13, 14, 15, 16 and 17 are, in 

general, affected by the equivalent source impedances selected to model tie 

sources. The estimates of fault locations are adversely affected by te 

presence of fault resistance. 
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4. TWO-TERMINAL DATA METHODS 

4.1. Introduction 

The methods that determine the locations of faults from fundament41 

frequency voltages and currents measured at one terminal of a transmissi4r 

line have been discussed in Chapter 3. Accurate fault location estimates can 

be obtained using the one-terminal data methods if the line is connected to 

energy sources at one terminal only and if the system impedances external to 

the monitored line and line parameters are known. In most situations, lines 

are connected to energy sources at both terminals. Also, the parameters ex-

ternal to the monitored line are not always known; therefore, the one-

terminal data methods are not generally acceptable. However, several 

methods have been proposed that do not use the parameters external to the 

monitored line. These methods use data recorded at both terminals of a line 

and are, therefore, expected to provide better estimates of fault locations. 

Chapter 3, these methods were classified as methods of the second category. 

This chapter presents a brief discussion on these methods. 

4.2. Methods That Use Data From Both Line Terminals 

Several methods that use measurements taken at both terminals of a 

line have been proposed for estimating the location of a fault. Some of tile 

methods are 

1. Schweitzer and Jachinowski algorithm, 

2. Schweitzer algorithm and 

3. Sachdev and Agarwal algorithm. 
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A brief discussion on these methods is presented in this chapter. 

4.3. Schweitzer And Jashinowski Algorithm 

The algorithm suggested by Schweitzer and Jashinowski [18] can 

described by considering the single phase model of a power system and i s 

equivalent circuits shown in Figures 3.3 and 3.4. These figures are 

reproduced as Figures 4.1 and 4.2 . The voltage at the fault , 171, computed 

from the data recorded at bus X is 

V 
f 

= V
x 

— n Z/Ixi' (4. ) 

The voltage at the fault can also be computed using the data that can be 

recorded at bus Y. The following equation can be used for this purpose. 

V = V — (1—n)Z I f Y  1 YI 
(4.2) 

The phasors representing the fundamental frequency voltages and cul--

rents at both line terminals are calculated by digital impedance relays using 

different time references. Therefore, Equations (4.1) and (4.2) cannot be 

solved for n unless the measurements taken at the two line terminals are 

synchronised. It is shown in Reference 18 that the measurements taken at 

the two line terminals can be synchronised by observing the pre-fault ciir-

rents. The authors assumed that, for a short line, the shunt capacitandes 

can be neglected. The pre-fault currents at both ends are, therefore, ex-

pressed as follows. 

I yf = -I xf (4 3) 

The difference between the phase angles of the two pre-fault currents can be 

obtained by using the estimated phasors. The authors used this phase angle 
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difference to synchronise the voltage and current measurements taken at t 

line terminals. 

Reference 18 applied appropriate phase angle corrections to Vx and I 

in Equation (4.1) or to Vy and /yf in Equation (4.2). These equations we e 

then solved for n. Subtracting Equation (4.2) from Equation (4.1) and rea 

ranging provides the following equation for calculating n. 

(Vx — Vy) ZI/yf
n —  

Z (/ / ) xf yf 
(4.4) 

Equation (4.4) should provide a real number for n. However, in practice, n 

can be complex. The imaginary component of n is due to errors in the line 

parameters, such as angle of the line impedance, and in the measurements of 

voltages and currents. These errors can also cause errors in the real part Of 

n. The complex value of the fault location, n, can be expressed as follows. 

n = M+ (a + ifi) 

where: 

M 

(a +j$)

is the true distance of the fault from bus X. 

is the complex error in the measurement of M. 

(4.5)-

The authors suggested that the error in the real part of n is very small; 

therefore, estimated fault locations can be either taken as the real part of n, 

or as the magnitude of n. 
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4.4. Schweitzer Algorithm 

Schweitzer [14] suggested that the method proposed by Reference 18 

can be extended for estimating fault locations on lines longer than 50 mil s. 

He re-wrote Equations (4.1) and (4.2) using the distributed parameter mode 

(4. ) V I = V zcosh('ynl) — Z 81. x fsinh(7nl) 

VI = V ycosh(-1(1— 0) — Z 81. y fsinh(!-y(1-72)1) 

where: 

1 

1 

z
8 

is the propagation constant for the line, 

is the total line length and 

is the surge impedance of the line. 

(4.7) 

Equations (4.6) and (4.7) cannot be solved for n unless the measurements 

taken at the two terminals of the line are synchronised. As stated 

previously, Reference 18 showed that the measurements taken at the two tar-
r 

minals of a line can be synchronised by comparing the pre-fault current, / 
Yf' 

with an estimate of / obtained from the line model and the pre-fault cir-

rent

Y1

observed at bus X. The estimate of /
Y f 

can be obtained as follows. 

I yf = (Vx /Z
8
)sinit(71) — Ix fcosh(11) 

where: 

is the pre-fault voltage at bus X. 

8) 
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Using the first-order approximations, Equation (4.8) can be simplified to the 

following form. 

I yf = v x(eyll Zs) — I xf 
(4.9 

In this manner the phase angle difference between the observed pre-fault cur-

rent, IYP and the estimate of I f can be used to synchronise the voltage and 

current measurements in Equations (4.6) and (4.7). 

Reference 14 applied appropriate phase angle corrections to Vx and 

in Equation (4.6) or to Vy and /yf in Equation (4.7). These equations were 

then solved for n. Subtracting Equation (4.7) from Equation (4.6), using the 

first-order approximations for the exponentials in the hyperbolic functioilis 

and rearranging, the following equation can be obtained. 

n = 

where: 

ZI = -y1 

(V, — vy) ziryf

zgxf + Iyf) — V y'1212

is the line impedance. 

Reference 14 used this equation to estimate the fault location. 

4.5. Discussion Of The Schweitzer Algorithm 

(4.10) 

The two-terminal data methods proposed by the authors of References 

14 and 18 have overcome the shortcomings of the one-terminal data methods 

discussed in Chapter 3. The desirable features of the technique described 

the previous section are: 

1. The method does not require or assume values of the system 
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parameters external to the line. This is a desirable feature, since, 
the system parameters are not readily available in all cases. 

2. The estimation procedure uses the difference between the line ter-
minal voltages instead of the line terminal currents used by the 
one-terminal data methods. This procedure is preferable for two 
reasons. 

a. The voltage changes due to faults are much less than the 
current changes. The problem of fault current decrement 
due to changing source impedances is, therefore, substantially 
eliminated. 

b. The potential transformer measurements are more accurate 
than the current transformer measurements during faults. 

This method is, therefore, expected to be more accurate than the one-

terminal data methods. 

However, there are some undesirable features associated with this 

method. The measurements recorded at the two line terminals are required 

to be synchronised. Also, the fault locating procedure is based on single 

phase analysis. In practice, power systems are three-phase systems in which 

phases are mutually coupled. The currents in the unfaulted phases are af-

fected by the currents in the faulted phases. The method is, therefore, not 

suitable for estimating fault locations when unbalanced faults occur. 

4.6. Sachdev And Agarwal Algorithm 

Sachdev and Agarwal [5] suggested a technique that estimates the 104-

tions of shunt faults using phasors representing the fundamental frequency 

voltages and currents measured at the line terminals. The algorithm can be 

described by considering a balanced three phase power system whose single 

line diagram is shown in Figure 4.3. The system consists of two power sys-

tems connected by a transmission line. GI and G2 are generators that 

represent the power systems. The transmission line connects bus X, of the 
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Figure 4.3: A single line diagram of a balanced three phase power sys-
tem experiencing a fault at F. 

first system, to bus Y, of the second system. Digital impedance relays, Rex

and Rey, in conjunction with the circuit breakers protect the line. The 

transmission line sections are represented by nominal pi models in this 

presentation. 

The technique can be explained by considering that the system shoWn 

in Figure 4.3 is experiencing a phase A-to-ground fault at F and that the 

fault resistance is R 1. The fault can be represented by a sequence network 

diagram that is shown in Figure 4.4 [5]. In this figure: 

Zlxf' Z2x 1, Zoe f are the positive, negative and zero sequence impedances of 

the line from bus X to the fault, respectively, 

Zlyf' Z2y1, ZOyf are the positive, negative and zero sequence impedances of 

the line from bus Y to the fault, respectively, 

V1z, V2x, Vox are the positive, negative and zero sequence post fault vent-

age phasors of phase A at bus X, respectively, 

Vly' Vey, VOy are the positive, negative and zero sequence post fault wilt-

age phasors of phase A at bus Y, respectively, 
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Figure 4.4: The sequence network diagram for a phase A-to-ground 
fault. 
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lx fl I 2x f' I Oxf are the positive, negative and zero sequence post fault cut-

rent phasors of phase A at bus X, respectively, and 

/ lyt I 2yfl I Oyf are the positive, negative and zero sequence post fault cu 

rent phasors of phase A at bus Y, respectively. 

The phase A-to-ground fault digital impedance relays located at buses 

X and Y estimate the apparent impedances, Zx1 and Zyi defined by Equa-

tions (4.11) and (4.12). 

Zxl = Vax axf 3kIOxf) 

Zyl = Vayi(i ayf 3kIOyf) 

where: 

/Tax' Vay 

I az f, I ayf

(4.12) 

are the phase A voltages at buses X and Y, respectively. 

are the phase A line currents at buses X and Y, resepec-

tively. 

k is (Z0 — Z1)/(3Z1); Z0 and Z1 are the zero sequence and 

the positive sequence impedances of the line. 

The other two phase-to-ground fault relays use corresponding voltages and 

currents for estimating the apparent impedances. 

It is shown in Reference 5 that the apparent impedance seen by the 

relay is the sum of the line impedance from the relay location to the fault 

and the fault impedance as seen from the relay location. It was shown in 

Reference 5 that the impedances of the line sections from the relay locaticr 

to the fault can be calculated using the following equations. 
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Z lx = Z xl (U xl 3v x1)(1 P1Z--81) R f 

Z igf  Z — (U jic 1)(1 (1/ p1) L— 011R 

where: 

PiL°1 

Uxi 

Vxl 

Uy1 

V 
Y1

IoyflIozp

= Re[(3I0x f)I (lax f 3ki0x1)], 

= IM[(31ox f)I (Tax f + 3k i ox f)1, 

= Re[(Voyf) I (i nt  + 3k100 )] and 

= /m[(3/00)/(/".0  3k/oyf)]. 

(443) 

(4. I4) 

The distance of the fault from the relay location to the fault can, therefore, 

be calculated using the following equations. 

and 

FD x = L[Im(Zixf)/Im(2.1)] (4,15) 

FDy = L[Im(Z1o)1Im(Z1)] (4.16) 

where: 

FD x

FD y . 

is the distance of the fault location from bus X, 

is the distance of the fault location from bus Y and 

L is the length of the transmission line from bus X to bus Y. 
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4.6.1. Inclusion of the line charging effect 

FDx and FD as calculated using Equations (4.15) and (4.16) give the 

initial estimates of the fault location. The authors of Reference 5 neglect d 

the line charging currents to obtain the initial estimate of the fault locatio 

Using the initial estimate, the capacitances of the line sections X-F and Y-F 

were calculated. Half of the charging capacitance of each section was con-

sidered to be located at each terminal of the section. The line charging c4-

rents were then calculated using the measured bus voltages and capacitances 

of the line sections estimated from the initial estimates of the fault locatioii. 

The currents lxf and lyf were calculated by subtracting the charging cur-

rents from the line currents measured at the line terminals. The authors Of 

Reference 5 used these values of Ilxf and /lyt to re-estimate the fault loca-

tion, following the procedure described earlier in this section. 

The fault locations of two-phase, two-phase-to-ground and three-phaSe 

faults, were estimated using a similar procedure but different equations 

depending on the type of the fault. 

4.7. Discussion Of The Sachdev And Agarwal Algorithm 

The technique proposed by the authors of Reference 5 uses fundamental 

frequency voltages and currents at the line terminals. It is not necessary Ito 

synchronise the measurements taken at the two line terminals. Also, the es-

timation procedure does not use information concerning source impedances, 

distribution factors and the pre-fault currents. 

However, the technique assumes that the digital impedance relays lo-

cated at the line terminals provide the information concerning the type of 

fault and the identity of the faulted phases. In some situations, distance 

relays provide incorrect information in this respect. The calculated distance 

of fault can, therefore, be incorrect in some situations. 
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4.8. Summary 

In this chapter, two-terminal data methods have been briefly describ4. 

These methods do not use source impedances, distribution factors or pre-faint 

currents. The problems associated with each algorithm have been discusse 

The techniques of References 18 and 14 need the measurements taken at tle 

two line terminals to be synchronised. The technique proposed by Referene 

5 does not need to synchronise the measurements taken at the two line t4- 

minals. However, the technique requires that the relay provide informatiOn 

concerning the type of fault and the identity of the faulted phases. 
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5. THE PROPOSED TECHNIQUE 

5.1. Introduction 

The fault location methods proposed in the past have been briefly 

reviewed in Chapters 3 and 4. These methods use phasors representing the 

fundamental frequency voltages and currents measured at the line terminals. 

The accuracy of the methods presented in Chapter 3 depends on the values 

used for the source impedances. The accuracy of the methods discussed in 

Chapter 4 depends on the synchronisation of the measurements taken at the 

line terminals. The technique of Reference 5, that uses data measured at 

both terminals of a line, does not require the measurements to be 

synchronised. However, the technique requires that the relays provide infor-

mation concerning the fault type and the identity of the faulted phases. In 

some situations, distance relays provide incorrect information in these 

respects. 

This chapter presents the mathematical basis of a technique that is 

suitable for estimating locations of shunt faults on transmission lines. The 

technique uses phasors of the fundamental frequency voltages and currents at 

the line terminals. Microprocessor-based relays either have this informatiOn 

or have sufficient data for generating this information. The proposed tech-

nique does not: 

1. require that the measurements taken at the two line terminals be 
synchronised, 

2. need information concerning the impedances of the sources for the 
estimation procedure and 
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3. need to know the type of fault and the identity of the faulted 
phases. 

A procedure for determining the type of the fault and the identity of the 

faulted phases, independent of the relay targets, has also been presented in 

this chapter. 

5.2. The Fault Location Technique 

This section describes the proposed technique for estimating the location 

of a shunt fault on a transmission line. The basis of the technique is eX-

plained with the help of a two machine system. Consider two power sys-

tems connected by a transmission line as shown in the single line diagram of 

Figure 4.1. This figure is reproduced here as Figure 5.1. 

On the occurrence of a fault, the protective relays will measure the fun-

damental frequency voltages at the line terminals and the fundamental fre-

quency currents in the line. They will decide from these measurements if 

the fault is on the line or not. If the relays decide that the fault is on the 

line, they will disconnect the line from the system. After disconnecting the 

line from the system, the relays will estimate the location of the fault using 

the proposed technique. They will provide this information to the operator 

or transmit it to a control center from where it can be passed on to the 

maintenance staff. 

5.2.1. Development of the technique 

Consider that the two machine system shown in Figure 5.1 experiences 

a shunt fault at F. The system is usually analysed using the symmetrical 

component technique. One of the steps in that technique is to draw the se-

quence networks of the system. Figure 5.2 represents the sequence netwok 

diagram for a fault experienced on the system. In this figure: 
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represents the fault impedance, 

is the positive sequence impedance of the transmission line 

from bus X to bus Y, 

is the positive sequence impedance of the line from bus 

to the fault, 

is the positive sequence impedance of the line from bus Y 

to the fault, 

is the phasor of the positive sequence line current of phaSe 

A at bus X, 

is the phasor of the positive sequence line current of phase 

A at bus Y, 

is the phasor of the positive sequence voltage of phase A at 

bus X, 

is the phasor of the positive sequence voltage of phase A at 

bus Y and 

is the phasor of the positive sequence voltage of phase A at 

the fault location F. 

The sequence network diagram of Figure 5.2 is valid for all balanced and 

unbalanced faults. Z f is the fault resistance if a three-phase fault is elx-

perienced. However, Z1 has other appropriate values for unbalanced faults. 

For example, in the case of a single phase-to-ground fault, Z1 is equal to the 

impedances of the negative and zero sequence networks connected in 

series [6, 7, 8]. 

The positive sequence voltage at the fault location, F, is a function of 

the voltages and currents at bus X. This voltage is also a function of the 
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voltages and currents at bus Y. The following equations express the 

relationships. 

Vlf = Viz — lxfZlxf 

V =V — Z lf ly lyf lyf 

(5-

(5-

e 

1) 

2) 

The voltages and currents in these equations are phasors that can be written 

as real and imaginary components. Also, the impedances are complex quan-

tities. The following substitutions are, therefore, valid. 

a + jb 

Ilxf = e + jf 

Vly = c jd 

I lyf = g jh 

Z11 = R11 11 

where: 

a, c 

(5.3) 

(5.4) 

(5i6) 

(57) 

are the real parts of the positive sequence voltages at buSes 
X and Y respectively, 

b, d are the imaginary parts of the positive sequence voltages at 
buses X and Y respectively, 

e, g are the real parts of the positive sequence currents at buses 
X and Y respectively, 

are the imaginary parts of the positive sequence currents at 
buses X and Y respectively, and 

are the positive sequence resistance and postive sequeri,ce 

reactance of the transmission line respectively. 
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The left hand-sides of both Equations (5.1) and (5.2) are V11' —therefore, 

the right-hand sides of these equations must be equal. Equating the m4-

nitude of the right-hand sides of these equations provides 

1171, — I1x fzlx f l = IV1y — I
1yf

z ly f l. (5.13) 

Now consider that the length of the transmission line is 1.0 p.u. and the line 

is homogeneous. The impedances of the line sections from bus X to the 

fault and from bus Y to the fault expressed as a fraction of the total line 

impedance are: 

and 

Z f = nZ11 = n(R11 + jX11)

Zio  = (1-n)Z 1/ = (1—n)(R11 + JX11). 

where: n is a fraction less than one. 

(o) 

(5.x.0) 

Substituting Equations (5.3), (5.4), (5.5), (5.6), (5.9) and (5.10) in EquatiOn 

(5.8) provides the following equation. 

i(a jb) — (e + j f)(1111 + jXidn1 

= + jd) — (g +jh)(R11+ .7X11)(1 — n)1 

Using the well known procedure of complex algebra provides 
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R (eRid2+ (fx11)2+ (ex11)2+ (fR11)2}n2 

— 2{(aR1/ bX11)e — (aX11 — bR11)f}n 

▪ (a2 ▪ b2)]1/2 

(hX11)2+ (gX11)2+ (hR11)2}(1 — n)2R (gRid2+ 

— 2{(cR11 dX11)g — (cX11 — dR1dh).(1 — n) 

▪ (c2 ▪ d2)]1 /2.

Rearranging Equation (5.12) provides the following quadratic in 'n'. 

(5.12) 

An2 Bn C = 0 (5.13) 

where: 

A = (e2+ f2_g2—h2N 
AR112 + X112),

B = — 21(aR11 — (aX11 — bRid f 

(cR11 d.Xidg —(cX11 — dR11)h 

_ (g2+ 
h2) (R112 X112)} and 

C = a2+ b2 — c2 d2— (g2 h2N 
AR112 + X112) 

2{(cR11 dX11)g — (cX11 — 



46 

It is now possible to solve Equation (5.13) for 'n'. Having found 're 

and knowing the total length of the line, estimating the distance of the 

shunt fault from bus X, FDx, is straight forward. The following equation ps 

used for this purpose. 

FD. = nL 

where: L is the total length of the transmission line. 

(5. 4) 

Equation (5.14) provides the initial estimate of the distance of the fault 

from bus X. However, the initial estimate is expected to have some error. 

The expected error is due to the fact that the line charging effect has been 

neglected so far. The effect of the line charging currents can be included in 

the estimation procedure as described in the following section. 

5.2.2. Inclusion of the line charging effect 

The line charging effect was neglected in the last section. Line chai* 

ing becomes increasingly important if the line has large shunt capacitancp; 

for example, an EHV line or an HV underground cable. In such cases, the 

line charging currents are substantial and, therefore, the distances estimated 

by the proposed technique will have large errors. The sequence network 

diagram of Figure 5.2 can be re-drawn for a fault experienced on the system, 

by including the shunt capacitances of the two line sections and is shown in 

Figure 5.3. The following procedure is suitable for improving the estimate 

by including the effects of line charging. 

1. Estimate the capacitances of the line sections X-F and Y-F, from 
the initial estimates of the fault location obtained by using the 
procedure described in the last section. 

2. Consider that half of the line charging capacitance of each section 
is located at each terminal of the section. 

3. Calculate the positive sequence charging currents I iez and I icy 
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using the measured bus voltages and the estimated capacitances of 
the line sections. 

4. Calculate the positive sequence currents I  ixf and / , by sub-

tracting the line charging currents from the line currents measured 
at the line terminals. 

5. Re-estimate the fault location using the procedure described in the 
last section and the modified currents I xf and I 

The procedure for refining the fault location estimates can be applie 

repeatedly until the location estimates converge. 

5.3. Summary Of The Proposed Technique 

This section presents a summary of the technique that has bee 

developed in this chapter. It has been shown in the previous section th t 

the sequence network diagram shown in Figure 5.2 is valid for all shu t 

faults. The fault location technique can, therefore, be generalised for a 1 

shunt faults and consists of the following steps. 

1. Calculate the real and imaginary components of the phasors 
representing the positive sequence voltages and currents at the line 
terminals defined by Equations (5.3) to (5.6). 

2. Calculate the coefficients A, B and C of the quadratic equation 
defined in Equation (5.13). 

3. Solve the quadratic equation for n. 

4. Calculate the estimated distance of the fault from the line ter-
minals using Equation (5.14). 

5. Re-estimate the fault location by including the effect of line charg-
ing described in the previous section. 

6. Provide the distance of the fault from bus X. 

Using the procedure mentioned in this section and substituti 

(1—n)Zii for Zizf and nZii for Z1y1 in Equations (5.9) and (5.10) respe 

tively, provides the distance of the fault from bus Y. 
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5.4. Determining The Fault Type 

The procedure for estimating the locations of shunt faults on transm s-

sion lines described in this chapter is independent of the type of the fa It 

and the identity of the faulted phases. However, the information concerni g 

the type of the fault and the identity of the faulted phases can be obtain d 

independent of the relay targets. This information can be used to c r-

robor ate the fault type and the identity of the faulted phases provided by 

the relay targets. This section presents a procedure for determining the tyke 

of the fault and the identity of the faulted phases independent of the relay 

targets. 

Consider that the system shown in Figure 5.1 is experiencing a shunt 

fault at F. The sequence network diagram for a fault experienced on the sys-

tern has been shown in Figure 5.3. The fault location estimation proce4re 

calculates the positive sequence currents, / lxf and / iyi. Once the locatiOn 

of the fault has been estimated, the positive sequence voltage at the fault 

location, V11, can be calculated using Equations (5.1) and (5.2). Now, tie 

positive sequence component of the line charging current, / icx, can be c/.1-

culated using the voltage Vi f, obtained from Equation (5.1) and the es-

timated capacitance of the line section from bus X to the fault locatiOn. 

The positive sequence current / — ix f flowing into the fault can then be cal-

culated by subtracting / icx from /, ixf. Similarily, the positive sequenIce 

component of the line charging current, / icy, can be calculated using TAif

obtained from Equation (5.2) and the estimated capacitance of the line sec-

tion from bus Y to the fault location. Subtracting I icy from / 

provides the positive sequence current r lyf flowing into the fault. 

The phase angle difference between V11 obtained from Equations (5.1) 

and (5.2), provides the difference between the time references used for tie

measurements taken at the two line terminals. Using this phase angle dif-

ference, an appropriate phase angle correction can now be applied to the cir-

rents flowing into the fault either from bus X or from bus Y. Adding the 
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, , 
corrected currents / ixf and / iyf provides the positive sequence 

/if flowing in the fault. 

current 

The negative and the zero sequence network diagrams for the system 

Figure 5.1 are shown in Figures 5.4 and 5.5, respectively. The negative a d 

the zero sequence components of the fault currents, /2f and /of, can be c 1-

culated using the measurements taken at the relay locations and a proced4e 

similar to that described in the previous paragraph. 

f 

A zero sequence current flowing into the fault indicates that one or tWo 

phases are short circuited to the ground. No zero sequence current into the 

fault means that the fault does not involve the ground. If the magnitude bf 

the zero sequence current is greater than a threshold value, a flag `G' m'y 

be set. 

From the sequence components (III , / 2f and /of), the phase currents 

(la p I bf and /c f) flowing in the fault can be calculated. Having calculatOd 

the phase currents, the logic for determining the type of the fault and t 

identity of the faulted phases can be initiated. The flowchart shown 

Figure 5.6 describes the procedure for determining the fault type and iden-

tifying the faulted phases. The procedure consists of the following steps. 

1. If the magnitude of /af is greater than a threshold value, go to 
step 10; otherwise proceed to the next step. 

2. If the magnitude of I bf is greater than a threshold value, go to 
step 5; otherwise proceed to the next step. 

3. If the magnitude of /cf is greater than a threshold value, proceed 

to the next step; otherwise go to step 21. 

4. The line is experiencing a phase C-to-ground fault. Proceed to 
step 22. 

5. If the magnitude of I cf is greater than a threshold value, go to 
step 7; otherwise proceed to the next step. 
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6. The line is experiencing a phase B-to-ground fault. Proceed to 
step 22. 

7. If the flag G is set, go to step 9; otherwise proceed to the next 
step. 

8. The line is experiencing a phase B-to-phase C fault. Proceed to 
step 22. 

9. The line is experiencing a phase B and phase C-to-ground fault. 
Proceed to step 22. 

10. If the magnitude of I bf is greater than a threshold value, go to 

step 16; otherwise proceed to the next step. 

11. If the magnitude of /c f. is greater than a threshold value, go to 

step 13; otherwise proceed to the next step. 

12. The line is experiencing a phase A-to-ground fault. Proceed to 
step 22. 

13. If the flag G is set, go to step 15; otherwise proceed to the next 
step. 

14. The line is experiencing a phase C-to-phase A fault. Proceed to 
step 22. 

15. The line is experiencing a phase C and phase A-to-ground fault. 
Proceed to step 22. 

16. If the magnitude of I ef is greater than a threshold value, 

step 20; otherwise proceed to the next step. 

go to 

17. If the flag G is set, go to step 19; otherwise proceed to the next 
step. 

18. The line is experiencing a phase A-to-phase B fault. Proceed to 
step 22. 

19. The line is experiencing a phase A and phase B-to-ground fault. 
Proceed to step 22. 

20. The line is experiencing a balanced three phase fault. Proceed to 
step 22. 

21. The line is not experiencing a shunt fault. Proceed to the next 
step. 
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22. Display the decision concerning the fault type and the identity of 
the faulted phases. 

5.5. Summary 

A technique for estimating transmission line fault locations has bee 

presented in this chapter. A procedure that determines the fault type an 

the identity of the faulted phases, independent of the relay targets, has also 

been presented. The technique uses fundamental frequency voltage and cmi-

rent phasors measured at the line terminals. The estimation procedure does 

not require that the measurements taken at the line terminals bye 

synchronised. Source impedances are not used by the technique proposed ii 

this chapter. Also, the estimation procedure is independent of the fault typle 

and the identity of the faulted phases. 
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6. TESTING THE PROPOSED 
TECHNIQUE 

6.1. Introduction 

A technique for estimating locations of transmission line shunt faul s 

has been presented in Chapter 5. Steady state fault data from comput r 

simulations of faults on a two machine model were used for testing the 

proposed technique. The technique was also tested using transient fault dat 

generated by the Electro-Magnetic Transient Program, EMTP [19], and a si 

bus model of the transmission network of the Saskatchewan Power Corpora-

tion, SPC. The power systems that were modelled to obtain the fault data 

are briefly described in this chapter. The steady state and transient faut 

data were simulated on the VAX 11/780 digital computer available at the 

University of Saskatchewan. The proposed technique was tested using ti- e 

simulated fault data. The tests included 

• estimating the locations of faults, 

• determining the type of faults experienced and 

• identifying the faulted phases. 

The test results are also presented in this chapter. 
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.2. Testing The Technique Using A Two Machine Test 

System 

The two machine test system consists of two power systems 

represented by two equivalent sources. A 500 kV transmission line that 

300 km long connects the two systems. The single line diagram of this sys 

tem is shown in Figure A.1. The electrical parameters of the transmission 

line and the equivalent sources are given in Appendix A. This sectio 

presents the simulation of the steady state fault data. Test results are als 

presented in this section. 

6.2.1. Simulation of the fault data 

Consider the single line diagram of the test system shown in Figure 

6.1. The transmission line connecting the two systems, G1 and G2, wa; 

modelled by an equivalent pi model. The pre-fault load current of phase 4. 

was calculated. Using the pre-fault load current of phase A, the pre-fault 

voltage of phase A at bus X was calculated. Consider that the test system 

of Figure 6.1(a) is experiencing a balanced three phase fault at F. Each se 

tion of the transmission line was modelled by an equivalent pi model. Th 

single line diagram for the test system experiencing a fault is shown in 

Figure 6.1(b). Using the pre-fault voltage of phase A at bus X and the ad-

mittance, Y'/2, the line charging current /cx was calculated. Subtracting the 

line charging current Icx from the pre-fault load current provided the pre-

fault current of phase A, /xf flowing in the line. The Thevenin's voltag, 

Veql at the fault location was then calculated by subtracting the voltage drop 

across the line section from bus X to the fault from the pre-fault phase A. 

voltage at bus X. 

The Thevenin equivalent of the sequence network diagram for the test 

system experiencing a fault is shown in Figure 6.2. The positive sequenCe 

voltage and current at buses X, Y and F1 were calculated using the Newton-

Raphson load flow technique [20]. For applying the Newton Raphson lo d i 
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Figure 6.1: A single line diagram of a balanced three phase power sys-
tem (a) before experiencing a fault and (b) after ex-
periencing a fault at F. 
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flow approach, bus F was treated as the swing bus and the other buses were 

regarded as load buses. 

Swing Bus 

0 V
e q 

Reference Bus 

Y°/2 

I t 
1 cx 

Y' /2 

1 g 1 Z1 g 2 

X 

Z
1 x f 

F 

Y "/ 2 

icy 

I 
1 y f 

Y " /2 

Rf

T
Figure 6.2: The sequence network diagram for a fault experienced op. 

the system shown in Figure 6.1. 

It is shown in Figure 6.1(a) that the pre-fault load current, ./L floods 

from bus X of the system G1, to bus Y of the system G2. Therefore, the 

positive sequence current, '13  was calculated by adding the pre-fault load 

current to the current /L f. Subtracting the pre-fault load current from the 

current /10  provided the positive sequence current /iyf. The positive se-

quence voltage at bus X, V1z was calculated by adding the positive sequence 

voltage drop across the section X-F to the positive sequence voltage at tle 

fault location. Adding the positive sequence voltage drop across the secti n 

Y-F to the positive sequence voltage at the fault location provided the po 1-

tive sequence voltage at bus Y, lily. Using the positive sequence voltages at 

buses X, Y and F1, and the positive sequence impedance of the line sectio s li 
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X-F and Y-F, the positive sequence currents flowing in the line sections wer 

calculated. The positive sequence currents at the line terminals were ob 

tained by adding the positive sequence line charging currents I ez and / t cy 

the respective positive sequence line currents. 

The positive sequence voltage and current at the line terminals fo 

other unbalanced faults were calculated using appropriate sequence netwo4 

diagrams and a procedure similar to that described in the last paragraph. 

Computer programs were written to implement the simulation of the fault 

data as described in this section. The positive sequence voltage and current 

at buses X, Y and F1 for shunt faults at 50% of the line length are listed 

in Table 6.1. 

Phase A-to-ground, phase B-to-phase C, phase B and phase C-t 

ground and balanced three-phase faults were simulated at different locations 

on the selected transmission line. The selected fault locations are 30 k4 

apart and a fault resistance of 12.5 ohms was used. 

6.2.2. Testing the proposed technique 

The proposed technique was tested using the simulated steady stale 

fault data. The simulation programs provided the positive sequence voltage 

and current at the line terminals. The input to the proposed procedure coi-

sisted of 

• the positive sequence voltage at the line terminals, 

• the positive sequence current at the line terminals and 

• the positive sequence impedance of the transmission line. 

The test results are presented in this section. 

The proposed technique was tested for estimating locations of shunt 
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Table 6.1: The positive sequence voltage and current at the line to 
minals and the fault location, for shunt faults at 50% 
the line length. 

f 

Case 1 Case 2 Case 3 Case 4 

Vlx 

Ilxf 

Vly 

Ilyf 

Vlf 

Iif

0.90L-22.41 ° 

0.46L-66.05 ° 

0.92L-21.75 ° 

0.55L-66.76 ° 

0.81L-26.42 

1.23L-76.56 ° 

0.78L-23.12 ° 

1.24L-94.04 ° 

0.83L-22.32 ° 

1.46L-93.29 ° 

0.51L-27.74 ° 

2.91L-95.21 ° 

0.78L-26.07 ° 

1.40L-83.41 ° 

0.82L-24.44 ° 

1.63L-82.81 ° 

0.52L-41.65 ° 

3.21L-85.59 ° 

0.64L-13.76 

2.48L-87.28 

0.72L-28.24 

2.97L-86.51 

0.27L-87.64 ° 

5.50L-88.01 ° 

Case 1 

Case 2 

Case 3 

Case 4 

Vlx 

Ilxf 

Vly 

Ilyf 

Vlf 

Iif 

phase A-to-ground fault at 50% of the line length. 

phase B-to-phase C fault at 50% of the line length. 

phase B and phase C-to-ground fault at 50% of the lie 
length. 

balanced three phase fault at 50% of the line length. 

is the positive sequence voltage at bus X. 

is the positive sequence current at bus X. 

is the positive sequence voltage at bus Y. 

is the positive sequence current at bus Y. 

is the positive sequence voltage at the fault location. 

is the positive sequence current in the fault. 
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faults simulated on the selected transmission line. The estimated fault loc - 

tions and the estimation errors were calculated and are shown in Tables 

6.3, 6.4 and 6.5. The estimation errors for phase A-to-ground, phase B-t 

phase C, and phase B and phase C-to-ground faults are less than 0.6 k 

For balanced three phase faults, the estimation errors are less than 0.7 k 

The estimation errors are due to the approximations used for modelling the 

transmission line; the line was modelled using lumped parameters. 

6.3. Testing The Technique Using A Six Bus Test 

System 

The six bus model of the transmission network - of the Saskatchewan 

Power Corporation was chosen for testing the proposed technique. TliLe 

single line diagram of this system is shown in Figure 6.3. Transmission line 

P2C was selected for the studies. This line is 174.4 km long; it connects t4e 

Poplar River (PR) and the Condie (CON) substations of the SPC system. 

The nominal operating voltage of this line is 230 kV. Details of the SPC 

six bus model are given in Appendix B. This section presents the simulatiOn 

of the transient fault data and the test results obtained using the proposed 

technique. 

6.3.1. Simulation of the fault data 

Transient fault data were generated using the EMTP and the six bus 

model of the transmission network of the Saskatchewan Power Corporation. 

The capabilities of the EMTP are briefly described in Appendix C. The tran-

sient voltages and currents at the line terminals of the line P2C, calculated 

by the EMTP were recorded in a data file. Instantaneous values of the 41-

tages and currents at the line terminals were recorded using a sampling fie-

quency of 23040 Hz. 

Power system voltages and currents include high frequency components 

during system faults. Therefore, to make the recorded information useful for 
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Table 6.2: Fault location estimates for phase A-to-ground faults. Faul 
resistance is 12.5 ohms. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
Bus X Bus Y Bus X Bus Y Bus X Bus Y Bus X Bus 

0.0 300.0 0.0 300.0 0.0 300.0 0.0 0.0 
30.0 270.0 7.2 291.0 30.3 269.7 0.3 -0.$ 
60.0 240.0 38.7 265.3 60.5 239.5 0.5 -0.5. 
90.0 210.0 73.6 227.1 90.3 209.7 0.3 -0.$ 

120.0 180.0 118.9 183.4 119.8 180.2 -0.2 0.2 
150.0 150.0 149.4 150.8 150.1 149.9 0.1 -0.1 
180.0 120.0 189.3 113.4 179.7 120.3 -0.3 0.3 
210.0 90.0 207.7 78.6 209.7 90.3 -0.3 0.$ 
240.0 60.0 265.7 33.5 239.4 60.6 -0.6 0.6 
270.0 30.0 281.5 8.6 269.1 30.9 -0..1 0.6 
300.0 0.0 298.2 16.8 298.9 1.1 -1.1 1.1 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances are 

neglected. 
FDF is the final distance of fault calculated when line capacitances are coni-

pensated. 
DIF is the difference between calculated and actual fault distance. 
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Table 6.3: Fault location estimates for phase B-to-phase C fault. 
Fault resistance is 12.5 ohms. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
Bus X Bus Y Bus X Bus Y Bus X Bus Y Bus X Bus 

0.0 300.0 1.0 298.8 0.2 299.8 0.2 -0.2 
30.0 270.0 29.3 286.1 30.2 269.8 0.2 -0 2 
60.0 240.0 53.6 249.7 60.7 239.3 0.7 -0,17 
90.0 210.0 87.2 211.6 90.8 209.2 0.8 -04; 

120.0 180.0 106.5 188.3 119.9 180.1 -0.1 0 1 
150.0 150.0 145.3 156.1 149.8 150.2 -0.2 0 2 
180.0 120.0 164.9 137.7 179.7 120.3 -0.3 0 3 
210.0 90.0 215.3 84.1 209.6 90.4 -0.4 0 4 
240.0 60.0 242.5 51.9 239.3 60.7 -0.7 0 7 
270.0 30.0 269.8 28.3 269.1 30.9 -0.9 0 9 
300.0 0.0 300.0 0.0 300.0 0.0 0.0 CO 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances 

neglected. 
FDF is the final distance of fault calculated when line capacitances are 

pensated. 
DIF is the difference between calculated and actual fault distance. 

are 

cori-
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Table 6.4: Fault location estimates for phase B and phase C-to-groun 
faults. Fault resistance is 12.5 ohms. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
Bus X Bus Y Bus X Bus Y Bus X Bus Y Bus X Bus 'Y 

0.0 300.0 8.3 300.0 0.3 299.7 0.3 -0.0 
30.0 270.0 18.5 283.2 30.3 269.7 0.3 -0.4 
60.0 240.0 54.7 229.9 60.7 239.3 0.7 -0.7 
90.0 210.0 81.2 218.2 90.8 209.2 0.8 -0.18 

120.0 180.0 114.7 181.5 119.9 180.1 -0.1 0.1 
150.0 150.0 127.4 156.2 149.8 150.2 -0.2 0.2 
180.0 120.0 181.4 119.2 179.7 120.3 -0.3 0.3 
210.0 90.0 217.1 83.7 209.6 90.4 -0.4 0.4 
240.0 60.0 245.7 53.2 239.2 60.8 -0.8 0.8 
270.0 30.0 283.8 17.3 269.7 30.3 -0.3 0.3 
300.0 0.0 298.5 13.2 299.3 0.7 -0.7 0,I7 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances a4e 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between calculated and actual fault distance. 
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Table 6.5: Fault location estimates for balanced three-phase fault 
Fault resistance is 12.5 ohms. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
Bus X Bus Y Bus X Bus Y Bus X Bus Y Bus X Bus Y 

0.0 300.0 0.0 294.6 0.5 299.5 0.5 -05 
30.0 270.0 21.2 285.7 30.5 269.5 0.5 -05 
60.0 240.0 52.5 237.8 61.2 238.8 1.2 -1.2 
90.0 210.0 81.8 217.7 90.3 209.7 0.3 -03 

120.0 180.0 115.4 184.2 120.1 179.9 0.1 -0.1 
150.0 150.0 149.4 152.5 149.7 150.3 -0.3 03 
180.0 120.0 183.5 116.5 179.4 120.6 -0.6 OS 
210.0 90.0 216.8 82.3 209.3 90.7 -0.7 0 7 
240.0 60.0 247.2 53.6 238.7 61.3 -1.3 13 
270.0 30.0 278.7 19.1 269.5 30.5 -0.5 0.5 
300.0 0.0 300.0 2.0 300.0 0.0 0.0 0 0 

ADF is the actual distance of fault. 
IDF 

FDF 

is the initial distance of fault calculated when line capacitances ate 
neglected. 

is the final distance of fault calculated when line capacitances are coin-
pensated. 

DIF is the difference between calculated and actual fault distance. 
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Figure 6.3: A single line diagram of the six bus model of the trans-
mission network of the Saskatchewan Power Corporation.
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the digital relay, the voltages and currents recorded at the line terminal 

must be filtered. Also, depending on the rate at which the signals are 

sampled, some high frequency components can appear to be components of 

lower frequency. This can cause digital relays to arrive at incorrect decision 

[21]. The filters used for band-limiting the input signal are described in th 

next section. 

6.3.1.1. Implementation and testing of the low-pass filter 

A fourth-order low-pass digital filter with a cut-off frequency of 180 11 

was designed. The three phase voltages and currents recorded at the line 

terminals were pre-processed using the designed filter. The design of this fil 

ter is described in Appendix D. The transfer function of the fourth-order 

low-pass filter is given by the following equation. 

H(z) 
N[1 + 4z-1 + 6z-2 + 4z-3 + z-4] 

+ D 1Z-1 D 2z-2 + .rs 3z- 3 + D4z-41 

where 

N = 0.8149x10-5

D1 = —3.572564 D2 = 4.786206 

D3 = —2.849838 D4 = 0.636327 

Equation (6.1) can be re-written as follows. 

Y(z) N[1 + 4z-1 + 6z-2 + 4z-3 + 1 -4] 

X(z) — [1 + D1z-1 + D2z-2 + D3z-3 + D4z-4] 

( 

(6• ) 

To implement the designed filter on a digital computer, Equation (6.2) 

can be re-written to obtain the output of the low-pass filter at the nth time 

interval. Equation (6.3) provides the output y(n). 
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y(n) = 0.8149x10-5[x(n) + 4x(n-1) + 6x(n-2) + 4x(n-3) + x(n-4)] 

+ 3.572564y(n-1) - 4.786206y(n-2) + 2.849838y(n-3) 

- 0.636327y(n-4) (6.3 

Equation (6.3) was used to implement the fourth-order low-pass digital filter 

) 

The digital low-pass filter designed in this section was tested using the 

pre and post fault data recorded at the line terminals. The three phase vo 

tages for a balanced three phase fault at 50% of the line length are show 

in Figure 6.4(a). These voltages were pre-processed using the designed low-

pass filters; the outputs obtained from the filters are shown in Figure 6.4(b). 

Figure 6.5(a) shows the three phase currents for a balanced three phase fault 

at 50% of the line length. These currents were also pre-processed using the 

designed low-pass filters; the outputs obtained from the filters are shown in 

Figure 6.5(b). These figures show that the high frequency components ha'e 

been substantially attenuated by the designed filters. 

After pre-processing the three phase voltages and currents at the line 

tcrminals obtained from the EMTP, every 32nd sample was taken to achieVe 

a sampling rate of 720 Hz. The data obtained in this manner are shown irn 

Figure 6.6. This data contains decaying dc, fundamental frequency and high 

frequency components. The fundamental frequency components must be eX-

tracted for applying the proposed technique. The algorithm used for this 

purpose is described in the next section. 

6.3.1.2. Implementation of the Least Error Squares algorithm 

The Least Error Squares algorithm is described in Appendix E. This a,l-

gorithm allows modelling of the decaying dc, fundamental frequency and no -J.-

fundamental frequencies that might be expected in the fault waveform. 

parameters used for the Least Error Square algorithm are as follows: 
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Sampling rate 720 I-1 , 

Window size 12 samples, 

Terms representing the decaying d.c. component 2 an 

Highest order harmonics modelled 4t 

The cosine and the sine filter coefficients were used for computing the 

real and imaginary components of fundamental frequency voltage and current 

phasors. These filter coefficients are listed in Table 6.6. Using the -

transform technique, the frequency response of the filters were calculated; tlie 

responses of the cosine and the sine filters are shown in Figure 6.7. 

A computer program was written to implement the Least Error Squares 

algorithm. Using the coefficients listed in Table 6.6, the fundamental 

frquency components of the voltage and current phasors were calculated. 

6.3.1.3. Simulated shunt faults 

In this study the following shunt faults were simulated on line P2C. 

• Phase C-to-ground faults. 

• Phase C-to-phase A faults. 

• Phase C and phase A-to-ground faults. 

• Balanced three-phase faults. 

Fault resistances of 0, 5, 10, 25 and 50 ohms were used. The EMTP 

provided data as if the sampling of the voltages and currents at the line ter-

minals were synchronised. Sampling skews of 3.75, 7.5, 11.25 and 15 .0 

degrees were used to obtain unsynchronised data. Both sets of data were 

used for testing the proposed technique. 
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Table 6.6: The filter coefficients of the Least Error Squares algorithm. 

COSINE FILTER SINE FILTER 

0.571399 -0.160988 

-0.622611 -0.117851 

0.153634 -0.043137 

-0.256057 0.043317 

-0.212920 0.117851 

0.161709 0.160988 

-0.161709 0.160988 

0.212920 0.117851 

0.256057 0.043317 

-0.153634 -0.043137 

0.622611 -0.117851 

-0.571399 -0.160988 

6.3.2. Testing the proposed technique 

The simulation of the transient fault data has been described in Section 

6.3.1. Three phase voltages and currents sampled at the two line terminals 

were filtered using the fourth-order low-pass digital filters as described 

Section 6.3.1.1. The outputs from the low-pass digital filters were record d 

in a data file as described in Section 6.3.1.1, to achieve a sampling rate of 

720 Hz. Using the Least Error Squares approach described in Secti n 

6.3.1.2, the fundamental frequency components of the voltages and curren s 

were calculated. The positive sequence components of the fundamental fr-

quency voltages and currents at the line terminals were then calculated. 
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The simulated fault data was used for testing the proposed techniqu 

The tests included 

• estimating the locations of shunt faults and 

• determining the fault type and the identity of the faulted phases. 

The results are presented in this section. 

6.3.2.1. Estimating the locations of shunt faults 

For estimating the locations of the simulated shunt faults, the input o 

the proposed procedure consisted of 

• the positive sequence voltage at the line terminals, 

• the positive sequence current at the line terminals and 

• the positive sequence impedance of the transmission line. 

Test results obtained using the synchronised fault data are presented in this 

section. The results obtained by using the data unsynchronised by a sari-

piing skew of 7.5 degrees are also presented in this section. 

The estimated fault locations and the estimation errors were calculatd 

and are shown in Appendix F. The estimation errors for phase C-to-ground 

faults, when the data was synchronised are shown in Figure 6.8. Figure 6.9 

shows the estimation errors, when the data was unsynchronised by a sari-

pling skew of 7.5 degrees. The estimation errors, in general, are less than 

0.4 km. 

The estimation errors for phase C-to-phase A faults, when the data was 

synchronised are shown in Figure 6.10. Figure 6.11 shows the estimation Eir-

rors, when the data was unsynchronised by a sampling skew of 7.5 degre4s. 

The estimation errors, in general, are less than 2.0 km. 
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The estimation errors for phase C and phase A-to-ground faults, when 

the data was synchronised are shown in Figure 6.12. Figure 6.13 shows the 

estimation errors, when the data was unsynchronised by a sampling skew f 

7.5 degrees. The estimation errors, in general, are less than 2.0 km. 

The estimation errors for balanced three phase faults, when the data 

was synchronised are shown in Figure 6.14. Figure 6.15 shows the estim-

tion errors, when the data was unsynchronised by a sampling skew of 7.5 

degrees. The estimation errors, in general, are less than 2.0 km. 

6.3.2.2. Determining the fault type 

The technique for determining the type of the fault and the identity Of 

the faulted phases has been presented in Chapter 5. This technique was 

tested using the simulated transient fault data obtained from the EMTP. 

The sequence components of the current flowing in the fault were cai-

culated using the procedure described in Chapter 5. From the sequence 

components of the current, the three phase currents flowing in the fault were 

calculated. Once the phase currents flowing in the fault were calculated the 

logic proposed for determining the type of the fault and the identity of the 

faulted phases was initiated. 

For determining the type of the fault and identifying the faulted 

phases, the input to the proposed procedure consisted of 

• phase A current flowing in the fault, 

• phase B current flowing in the fault and 

• phase C current flowing in the fault. 

The proposed procedure was tested using fault data obtained by simulating 

shunt faults at different locations on the selected line. Results obtained froM 

the logic for fault resistances of 5 ohms are presented in this section. 
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The voltages and currents for a phase C-to-ground fault at 87.2 kri 

from bus PR with a fault resistance of 50 ohms are listed below. The data 

from both line terminals (PR 

Sequence voltages: 
at bus PR: 

Vi  = 1.2266L 166.0942 ° 

V2 = 0.1655L-134.2286 

Vo = 0.0788E 106.1159 ° 

Sequence currents 
at bus PR: 

I i  = 4.6106E 121.6840 ° 

= 3.0701L-42.9125 

= 3.3905L-162.1424 ° 

and CON) is synchronised. 

Sequence currents flowing into F: 
from bus PR: 

I i  = 4.7732L 119.4341 ° 

/2 = 3.0149L-42.8490 

/0 = 3.3409L-161.9552 ° 

Positive sequence voltage at F: 

at bus CON: 

Vi  = 1.1341/ 149.5027 ° 

V2 = 0.2077/ -143.4521 ° 

V0 = 0.3341L 83.2205 ° 

at bus CON: 

I i  = 3.0597L 16.8751 ° 

/2 = 2.3706L-30.9393 ° 

I o = 2.0405L-150.7305 ° 

from bus CON: 

I i  = 3.2276E 19.9019 ° 

/2 = 2.3140L-30.4623 ° 

/0 = 1.9816L-149.7983 ° 

calculated from bus PR = 1.0246L 157.0528 ° 
calculated from bus CON = 1.0242L 157.0877 ° 

Sequence currents flowing in the fault at F: 

/ if  = 5.3008E 82.5292 ° 

I 2f = 5.2985L-37.4734 ° 

/of = 5.2946L-157.4346 ° 

The logic described in Chapter 5 was used to identify the fault type and the 

identity of the faulted phases. It was concluded that the line P2C is 

periencing a phase C-to-ground fault. 
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The voltages and currents for a phase C-to-ground fault at 87.2 km 

from bus PR with a fault resistance of 5 

from both line terminals (PR. and CON) 

skew of 3.75 degrees. 

Sequence voltages: 
at bus PR: 

Vl  = 1.2266L 166.0942° 

ohms are listed below. The data 

is unsynchronised 

at bus CON: 

by 

Vi  = 1.1341L 153.2399 °

a sampli 

V2 = 0.1655L-134.2286 ° V2 = 0.2077L-139.6354 ° 
Vo = 0.0788Z_ 106.1159 ° V0 = 0.3340E 87.0007 ° 

Sequence currents 
at bus PR: at bus CON: 

I l  = 4.6106E 121.6840° I l  = 3.0585E 20.6013751° 

/ 2 = 3.0701L-42.9125° / 2 = 2.3691L-27.1658 °

/ 0 = 3.3905L-162.1424 ° I o = 2.0411L-146.9850 °

Sequence currents flowing into F: 
from bus PR: from bus CON: 

I l  = 4.7732L 119.4341° I l  = 3.2315L 23.5384° 

/ 2 = 3.0149L-42.8490 ° / 2 = 2.3132L-26.6315 °

/0 = 3.3409L-161.9552° 10 = 1.9836L-145.9770 °

Positive sequence voltage at F: 

calculated from bus PR = 1.0245L 157.0528 ° 
calculated from bus CON = 1.0242L 160.8227 ° 

Sequence currents flowing in the fault at F: 

I li  = 5.2959E 82.4547° 

/ 21 = 5.2972L-37.4480° 

101 = 5.2963L-157.4126° 

The logic described in Chapter 5 was used to identify the fault type and 

identity of the faulted phases. It was concluded that the line P2C is 

periencing a phase C-to-ground fault. 

g 

he 

x-
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The voltages and currents for a phase C-to-phase A fault at 87.2 k 

from bus PR with a fault resistance of 5 ohms are listed below. 

from both line terminals (PR and CON) is synchronised. 

Sequence voltages: 
at bus PR: at bus CON: 

Vi  = 1.0608E 167.42328 ° 

V2 = 0.3329L-78.3316 ° 

Vo = 5.9304E-05L-12.6469° 

Sequence currents 
at bus PR: 

Vl  = 0.92167E 149.5479 ° 

V2 = 0.4197/ -87.1069 °

Vo = 5.1237E-05L 1.6127° 

at bus CON: 

The data 

I l  = 6.9653/ 100.9457° I l  = 4.6330Z_ 44.9964° 

/ 2 = 6.1705/ 13.1730° /2 = 4.7735Z_ 25.3494° 

/ 0 = 1.2401E-03L-168.1646 ° 10 = 1.4637E-04L-128.7055 °

Sequence currents flowing into F: 
from bus PR: from bus CON: 

I l  = 7.1354Z_ 100.2481 ° I l  = 4.7989Z_ 45.6477° 

/ 2 = 6.0592Z_ 13.2392° / 2 = 4.6599Z_ 25.8297° 

/ 0 = 1.2288E-03L-167.6537 ° / 0 = 1.4458E-04L-122.3435 °

Positive sequence voltage at F: 

calculated from bus PR = 0.6795L 158.2165 ° 
calculated from bus CON = 0.6791L 158.0196 ° 

Sequence currents flowing in the fault at F: 

/ = 10 6591/ 78.7179 ° if '  
1 2 = 10•6556L 18.7094 ° 

/of = 1.3345E-03L-163.2362 ° 

The logic described in Chapter 5 was used to identify the fault tyIe 

and the identity of the faulted phases. It was concluded that the line P2C 

is experiencing a phase C-to-phase A fault. 
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The voltages and currents for a phase C-to-phase A fault at 87.2 k 

from bus PR with a fault resistance of 5 ohms are listed below. 

from both line terminals (PR and 

skew of 3.75 degrees. 

Sequence voltages: 
at bus PR: 

Vl = 1.0608L 167.4233 ° 
V2 = 0.3329L-78.3316 ° 
Vo = 5.9303E-05L-12.6469 ° 

Sequence currents 
at bus PR: 

The da a 

CON) is unsynchronised by a sampling 

at bus CON: 

Vi  = 0.9214E 153.3095 ° 
V2 = 0.4199L-83.3808 ° 

Vo = 3.7723E-05L-7.8112 ° 

at bus CON: 

I l  = 6.9653L 100.9457 ° 11 = 4.6374L 48.7299° 

12 = 6.1705L 13.1730 ° /2 = 4.7761L 29.0528 ° 
/0 = 1.2401E-03L-168.1646 ° /0 = 1.4049E-04L-94.5746 ° 

Sequence currents flowing into F: 
from bus PR: from bus CON: 

I l  = 7.1355E 100.2477 ° I l  = 4.8049E 45.5766 ° 

/2 = 6.0591L 13.2393 ° /2 = 4.6640L 25.8384 ° 

/0 = 1.2288E-03L-167.6532 ° /0 = 1.4709E-04L-92.7572 ° 

Positive sequence voltage at F: 

calculated from bus PR = 0.6793L 158.2067 ° 
calculated from bus CON = .6789L 161.7969° 

Sequence currents flowing in the fault at F: 

/if = 10.6608L 78.6736 ° 
I 2f = 10.6594L 18.7160° 
/ 01 = 1.2751E-03L-161.2586 ° 

The logic described in Chapter 5 was used to identify the fault type and 

identity of the faulted phases. It was concluded that the line P2C is 

periencing a phase C-to-phase A fault. 
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The voltages and currents for a phase C and phase A-to-ground fault 

at 87.2 km from bus PR with a fault resistance of 5 ohms are listed below. 

The data from both line terminals (PR and CON) is synchronised. 

Sequence voltages: 
at bus PR: 

V1 = 0.9946/ 167.3718 
V2 = 0.2675L-79.9376 ° 

° 

at bus CON: 

V1 = 0.84012/ 148.5935 ° 

V2 = 0.3376L-88.6720 ° 

V0 = 0• 0627/ 48.3704 ° Vo = 0.2657E 25.5867 ° 

Sequence currents 
at bus PR: at bus CON: 

= 8.1290/ 97.6969 ° I i  = 5.3454Z_ 52.3980 ° 

12 = 4.9400Z_ 11.6863 ° 12 = 3.8215Z_ 23.9719 ° 

10 = 2.7449L 139.8529 ° /0 = 1.6463Z_ 151.1086 ° 

Sequence currents flowing into F: 
from bus PR: from bus CON: 

/1. = 8.2828E 97.2211 ° I l = 5.4945/_ 52.6536 ° 

12 = 4.8507Z_ 11.7538 ° /2 = 3.7303L 24.4583 ° 

/ 0 = 2.7047Z_ 140.0401 ° /0 = 1.5988L 152.0271 ° 

Positive sequence voltage at F: 

calculated from bus PR = 0.5445/ 156.5919 ° 
calculated from bus CON = 0.5441Z_ 156.3191 ° 

Sequence currents flowing in the fault at F: 

I i f = 12.7923L 79.6784 ° 

12 f = 8.5293/_ 17.2733 ° 

/01 = 4.2816/ 144.4882 ° 

The logic described in Chapter 5 was used to identify the fault type and Ole 

identity of the faulted phases. It was concluded that the line P2C is ec-

periencing a phase C and phase A-to-ground fault. 
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The voltages and currents for a phase C and phase A-to-ground fault 

at 87.2 km from bus PR with a fault resistance of 5 ohms are listed belovr. 

The data from both line terminals (PR and CON) is unsynchronised by 'a 

sampling skew of 3.75 degrees. 

Sequence voltages: 
at bus PR: 

Vi  = 0.9946L 167.3718 ° 

V2 = 0.2675L-79.9376 ° 

Vo = 0.0627L 48.3704 ° 

Sequence currents 
at bus PR: 

I l  = 8.1290Z_ 97.6969 ° 

12 = 4.9400Z_ 11.6863 ° 

/ 0 = 2.7449L 139.8529 ° 

Sequence currents flowing into F: 
from bus PR: 

I l  = 8.2828L 97.2211 ° 

/2 = 4.8507L 11.7538 ° 

/0 = 2.7047L 140.0401 ° 

Positive sequence voltage at F: 

at bus CON: 

Vl  = 0.8399Z_ 152.3556 

V2 = 0.3379L-84.9531 ° 

Vo = 0.2657L 29.3343 ° 

at bus CON: 

I i  = 5.3491Z_ 56.1123 ° 

12 = 3.8255L 27.6769 ° 

10 = 1.6444L 154.8258 ° 

from bus CON: 

I i  = 5.4989Z_ 52.5791 ° 

/2 = 3.7355Z_ 24.4686 ° 

10 = 1.5980L 152.0712 ° 

calculated from bus PR = 0.5442L 156.5819 ° 
calculated from bus CON = 0.5439L 160.1119 ° 

Sequence currents flowing in the fault at F: 

/if = 12.7928Z_ 79.6409 ° 
121 = 8.5342Z_ 17.2821 ° 

/of = 4.2805Z_ 144.5030 ° 

The logic described in Chapter 5 was used to identify the fault type and the 

identity of the faulted phases. It was concluded that the line P2C is 

periencing a phase C and phase A-to-ground fault. 

x-
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The voltages and currents for a balanced three phase fault at 87.2 km 

from bus PR with a fault resistance of 5 ohms are listed below. The dat 

from both line terminals (PR and CON) is synchronised. 

Sequence voltages: 
at bus PR: at bus CON: 

V1 = 0• 7308/ 170.0753 ° 

V2 = 8.6138E-04/ -5.2155 ° 

VD = 5.6422E-05/ 9.6968 ° 

Sequence currents 
at bus PR: 

71 = 12.7726L 87.8045 ° 

/ 2 = 4.1576E-02L 145.6502 ° 

1.9291E-03L 12.4381 ° 

Sequence currents flowing into F: 
from bus PR: 

I i  = 12.8516L 87.7559 ° 

/ 2 = 4.1226E-02L 145.9270 ° 

1.9062E-03L 12.3999 ° 

Positive sequence voltage at F: 

V1 = 0.5053/ 147.0779 ° 

V2 = 3.9003E-03L-32.0099 ° 

Vo = 4.9224E-05L 26.1498 ° 

at bus CON: 

I i  = 8.8825Z_ 65.2184 ° 

/ 2 = 7.3629E-02L 145.1824 ° 

/0 = 4.1077E-04/ 156.5443 ° 

from bus CON: 

I i  = 8.9366k 65.1665 ° 

/ 2 = 7.3306E-02Z_ 145.6037 ° 

/0 = 4.2826E-04L 158.3340 ° 

calculated from bus PR = 4.9154E-03/ 20.0987 ° 
calculated from bus CON = 5.0001E-03/ 20.0319 ° 

Sequence currents flowing in the fault at F: 

/ if = 21.3801L 78.5165 ° 

/21 = 0.1145L 145.7201 ° 

/ 01 = 1.5699E-03L 21.1893 ° 

The logic described in Chapter 

identity of the faulted phases. 

5 was used to identify the fault type and 

It was concluded that the line P2C is eC-

periencing a balanced three phase fault. 
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The voltages and currents for a balanced three phase fault at 87.2 kin 

from bus PR with a fault resistance of 5 ohms are listed below. The data 

from both line terminals (PR and CON) is unsynchronised by a samplig 

skew of 3.75 degrees. 

Sequence voltages: 
at bus PR: 

Vl  = 0.7308z_ 170.0753 ° 

V2 = 8.6138E-04/ -5.2155° 

Vo = 5.6422E-05L 9.6968 ° 

Sequence currents 
at bus PR: 

I l  = 12.7726/ 87.8045 ° 

/ 2 = 4.1576E-02L 145.6502 ° 

/ 0 = 1.9291E-03L 12.4381° 

Sequence currents flowing into F: 
from bus PR: 

I l  = 12.8516/ 87.7559 ° 

/2 = 4.1226E-02L 145.9270 ° 

/ 0 = 1.9062E-03Z_ 12.3999 ° 

Positive sequence voltage at F: 

at bus CON: 

Vl  = 0.5053Z_ 150.8322 ° 

V2 = 3.8996E-03L-36.5238 ° 

Vo = 5.2048E-05L 23.4581 ° 

at bus CON: 

I l  = 8.8831Z_ 68.9308 ° 

/ 2 = 6.9798E-02Z_ 145.2842 ° 

/0 = 4.3714E-04L 166.8942 ° 

from bus CON: 

I l  = 8.9372Z_ 65.1293 ° 

12 = 6.9509E-02Z_ 141.9792 ° 

/ 0 = 4.5665E-04Z_ 164.4360 ° 

calculated from bus PR = 4.8237E-03L 20.0326 ° 
calculated from bus CON = 5.6176E-03L 24.0017° 

Sequence currents flowing in the fault at F: 

I li  = 21.3792Z_ 78.5010 ° 

121 = 0.1106Z_ 143.4487 ° 

/of = 1.5180E-03Z_ 20.5089 ° 

The logic described in Chapter 5 was used to identify the fault type and he 

identity of the faulted phases. It was concluded that the line P2C is ex-

periencing a balanced three phase fault. 
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The results indicate that the logic is suitable for determining the fault 

type and identifying the faulted phases. 

6.4. Summary 

Simulation of the steady state and transient fault data for testing th 

performance of the 

Test results 

proposed 

of the proposed 

been presented. The 

transient fault data. 

e 

technique has been presented in this chapte . 

location estimation technique have also 

was tested on steady state and 

that the proposed technique is 

fault 

proposed algorithm 

The results show 

capable of accurately estimating the location of a transmission line shu t 

fault, from either relay location, even if the fault resistance is numerical y 

comparable to the line impedances. For a line length of 174.4 km, the 0-

timation errors, in general, are less than 2.0 km. Results also indicate thitt 

the proposed technique is suitable for determining the fault type and idei-

tifying the faulted phases independent of the relay targets. 
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7. SUMMARY AND CONCLUSIONS 

A fault locator is judged by its ability to determine quickly and 4-

curately the location of a fault. If the fault locator can be relied on to a4-

curately locate faults, the standard patrol maintenance procedure wound 

naturally be to concentrate on the reported locations. An accurate estimate 

of a transmission line fault location would expedite the restoration of tbe 

damaged line. This would substantially minimise the durations of outages. 

The objectives of the research work reported in this thesis were: 

• to develop a new technique for estimating transmission line shunt 
fault locations using the phasors of the fundamental frequency vol-
tages and currents at the line terminals, 

• to eliminate the effect of fault resistance on the accuracy of the 
estimates of the fault locations, 

• to make the technique independent of the type of the fault and 
the identity of the faulted phases and 

• to determine the type of the fault and the identity of the faulted 
phases, independent of the relay targets. 

Work on fault locators reported in the literature has been briefly surn-

marised in Chapter 1. Various types of shunt faults experienced on trans-

mission lines have been described in Chapter 2. Fault resistance and its 

major components have also been discussed in that chapter. 

The previous methods reported in the literature that use fundamental 

frequency voltages and currents at one terminal only are briefly discussed 

Chapter 3. The fault location estimates obtained using these methods afre 
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mainly affected by the equivalent source impedances selected to model the 

sources. Presence of fault resistance adversely affects the performance 

these methods. 
fp' 

The methods that use fundamental frequency voltages and currents 

measured at both line terminals have been presented in Chapter 4. The 

two-terminal data methods do not use the source impedances, distributidn 

factors or pre-fault currents. However, they either require synchronisation Of 

the data recorded at the line terminals or are sensitive to the informatidn 

concerning the type of the fault and the identity of the faulted phases, 

provided by the realys. 

A new technique that is suitable for estimating the locations of shunt 

faults on transmission lines has been proposed and developed in Chapter 5. 

The technique is simple, accurate and independent of the the type of the 

fault. Source impedances, distribution factors and pre-fault currents are not 

required by the estimation procedure. Also, the estimation procedure does 

not require that the measurements taken at the line terminals 'be 

synchronised. A procedure for determining the type of the fault and the 

identity of the faulted phases, independent of the relay targets, has also been 

presented in Chapter 5. 

Simulation of the steady state and transient fault data for testing the 

performance of the proposed technique has been presented in Chapter 6. 

The proposed algorithm was tested on steady state and transient fault data 

simulated on the VAX 11/780 digital computer that was available at the 

University of Saskatchewan. Steady state fault data was obtained from com-

puter simulations of shunt faults on a two machine model of a power sys-

tem. Transient fault data was generated by the Electro-Magnetic Transiert 

Program using a six bus model of the transmission network of the S4s-

katchewan Power Corporation. Tests were conducted with data obtained 

from computer simulations of shunt faults at different locations on the 
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selected transmission lines. Different values of fault resistances were also 

used. The results have also been presented in that chapter. The results ixi-

dicate that the proposed technique can determine the distance of the shunt 

faults from either relay location with reasonable accuracy. Also, the logic 

proposed in Chapter 5 is suitable for determining the fault type and identify-

ing the faulted phases, independent of the relay targets. 

In conclusion, the studies reported in this thesis have demonstrated 

that the proposed technique is simple and accurate. For estimating the loca-

tions of transmission line shunt faults, the proposed technique is independent 

of the type of the fault and the identity of the faulted phases. The fau t 

location estimates obtained from simulation studies indicate that the proposed 

technique has acceptable accuracy even for fault resistances that are con).-

parable to the line impedances. Simulation test results have also shown th4t 

the proposed logic is suitable for determining the type of the fault and the 

identity of the faulted phases, for shunt faults on transmission lines. 

The proposed technique has not been tested in the field. Further wok 

in the form of testing the proposed scheme using field data would provide a 

good indication of its suitability. If acceptable, the scheme can be imple-

mented on a digital impedance relay for post-fault analysis. This could be 

followed by testing the proposed technique on a transmission line. 
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A. ELECTRICAL PARAMETERS OF THE 
TWO MACHINE MODEL 

The two machine test system selected in Chapter 6 for testing the 

proposed technique is shown in Figure A.1. 

G
1 

X 
Y G2 

Figure Ad: A single line diagram of two equivalent power systenks 
inter-connected by a 500 kV transmission line. 

The electrical parameters of the system are given in Tables A.1 and A.2. 

All values are expressed in per unit (p.u.) on the following base quantities. 

Base Voltage =500 kV. 

Base Capacity =1000 MVA. 

Length of line =300 Km. 
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Table A.1: Transmission line data. 

Series Impedance (p.u.) Shunt Admittance (p.u.) 

Positive & Negative 
Sequence 

Zero 
Sequence 

Positive & Negative 
Sequence 

Zero 
Sequence 

0.072939+j0.423766 0.985420+j1.310720 0.0-I-j0.341229 0.0+j0.262480 

Table A.2: Equivalent power system source data. 

Gen. Voltage Positive Seq. Negative Seq. Zero Seq. 
No. (p.u.) Impedance(p.u.) Impedance(p.u.) Impedance(p.u.) 

G1 1.000000+j0.000000 0.0-Fj0.15 0.0+j0.12 0.0+j0.034 

G2 0.906308+j0.422618 0.0+j0.10 0.0±j0.033 
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B. ELECTRICAL PARAMETERS OF THE 
SPC SYSTEM 

A six bus representation of the Saskatchewan Power Corporation (SPO) 

transmission system was considered for testing the proposed technique can 

transient fault data. Single line diagram of the selected system is shown in 

Figure B.1. The system consists of three generating stations and six tranS-

mission lines. Generating stations at Poplar River (PR) and Boundary Darn 

(BD) are represented as sources at 230 kV level; whereas the Queen 

Elizabeth (QE) station is represented as a source at 138 kV level. Trans-

former and generator impedances are combined into an equivalent impedance. 

Loads are assumed at all the three generating stations and the remaining 

three substations [Condie (CON), Regina (RG) and Wolverine (WOL)]. The 

following base quantities are used for the studies reported. 

Base Voltage =230/138 kV. 

Base Capacity =100 MVA. 

Table B.1 presents the transmission line data. Generators and loads 

data are listed in Table B.2 and B.3. Table B.4 lists the pre-fault load flow 

data. 
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Figure B.1: A single line diagram of the six bus model of the trans-
mission network of the Saskatchewan Power Corporation. 
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Table B.1: Transmission line data. 

Line Line 
Name Length 

Positive and 
Negative sequence 
Impedances (p.u.) 

Zero sequence 
Impedance (p.u.) 

R X B R X 

B2R 182.8 0.0210 0.1214 0.4506 0.0940 0.3877 0.2404 
B3R 182.8 0.0210 0.1214 0.4506 0.0940 0.3877 0.2404 
ClW 158.5 0.0172 0.1428 0.2909 0.0950 0.3614 0.2016 
P2C 174.4 0.0151 0.1134 0.4377 0.0966 0.3568 0.2612 
R4C 21.40 0.0023 0.0181 0.0362 0.0118 0.0469 0.0235 
Q1W 104.6 0.0913 0.2651 0.0685 0.2308 0.7811 0.0450 

Table B.2: Generator data. 

Gen. Connected 
No. Bus Name 

Positive and Zero sequence 
Negative sequence Impedance 

Impedances (p.u.) (p.u.) 

R X R X 

1 BD 0.000603 0.037343 0.000543 0.016062 
2 PR 0.000897 0.054236 0.001291 0.045230 
3 QE 0.002160 0.096514 0.001291 0.045230 

Table B.3: Load data. 

Load 
No. 

Connected 
Bus Name 

Real Power 
P (p.u.) 

Reactive Power 
Q (p.u.) 

Equivalent 
Impedance (p.u.) 

1 BD 0.798 0.177 1.3158+j0.2919 
2 PR 0.250 0.100 3.7996+j1.5198 
3 QE 2.709 0.680 0.3549+j0.0891 
4 CON 0.608 0.0545 1.6859+j0.1511 
5 WOL 0.419 0.075 2.4277+j0.4346 
6 RG 2.925 0.735 0.3280+j0.0824 
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Table B.4: Pre-fault load flow data. 

Bus Bus Load Generation Voltage 
No. Name (p.u.) (p.u.) (p.u.) 

1 BD 0.798+j0.177 2.784+j0.129 
2 PR 0.250+j0.100 2.910+j0.184 
3 QE 2.709+j0.680 2.200+j0.775 
4 CON 0.608+j0.0545 0.000+j0.000 
5 WOL 0.419+j0.075 0.000+j0.000 
6 RG 2.925+j0.735 0.000+j0.000 

1.0496+j0.00 
1.0275+j0.2148 
0.9476-j0.3524 
1.0136-j0.0767 
1.002-j0.2142 
1.0038-j0.1103 

Pre-fault three-phase currents in line P2C. 

/ a = 2.49668 + j0.44409 (p.u.) 

= —0.86652 — j2.38263 (p.u.) 

= —1.63016 + j1.94174 (p.u.) 
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C. ELECTRO-MAGNETIC TRANSIENT 
PROGRAM 

The Electro Magnetic Transient Program (EMTP) [191 was developed 

at the Bonneville Power Administration, Portland, Oregon. The transients 

program can be used to solve the ordinary differential and/or algebraic equa-

tions associated with an arbitrary interconnection of the following elements. 

1. Lumped resistance (R). 

2. Lumped inductance (L). 

3. Lumped capacitance (C). 

4. Multiphase pi-equivalents. 

5. Multiphase distributed parameter transmission lines and frequency 
dependent representation of transmission line parameters. 

6. Nonlinear resistors. 

7. Nonlinear inductors. 

8. Time varying resistance. 

9. Switches, used to simulate circuit breakers, lightning-arrestor 
flashover, or any other network connection change, diodes and d.c. 
converter valves. 

10. Voltage or current sources. 

11. Dynamic synchronous machines. 

12. Control system dynamics. 

13. Rotating electro mechanical energy converters of various sorts, in-
cluding induction machines and d.c. machines. 
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Trapezoidal-rule (second order) implicit integration is used on the 

describing equations of the component elements so as to form an associated 

set of real, simultaneous, algebraic equations that must be solved at eac 

time step. Program output consists of voltages and currents, as functions 

time, for those variables requested by the user. 

In the work reported, the EMTP was used to simulate transient fault 

data for shunt faults on a six bus representation of the SPC system model. 

The transmission lines were represented as multiphase distributed parameter 

elements. Synchronous generators were represented as voltage sources and 

generator/transformer impedances were represented as multiphase pi-

equivalent circuits. Shunt faults on the system were simulated by closing 

switches at the desired time. Transient fault data was recorded at the 

prespecified buses and the proposed technique was tested. 
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D. DESIGN OF LOW-PASS FILTER 

A low-pass digital filter was designed to pre-process the sampled data 

and to avoid the problems of aliasing. The principle of anti-aliasing dictatOs 

that the cut-off frequency of the designed filter should be less than one hOf 

of the sampling frequency [22] . For this study a sampling frequency of 720 

Hz was used. 

Fourth-order low-pass digital filter with cut-off frequency of 180 Hz was 

designed and used to pre-process the voltages and currents recorded at the 

line terminals. Design of this filter is described in this section. 

A fourth-order digital filter is obtained by cascading four first order fit-

ters [23]. The transfer function of a fourth-order low-pass filter can be given 

by Equation (D.1). 

H(s) — 

where: 

k 4

[2 + 

k is a constant. 

The amplitude response of this filter should be -3dB at the cut-off frequency. 

This requirement dictates that the following equation must be satisfied. 

k 1 

k14 — I—V 2 
D2) 
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wc. 

where: 

we is the cut-off frequency in radians/sec. 

11 Solving Equation (D.2) for k provides the following relation between k an 

k = 2.29896we (D.#) 

Since the selected cut-off frequency is 3607r radians/sec, the value of k should 

be 2600. Substituting "this value of k in Equation (D.1) provides the transfOr 

function for the analog low-pass filter. 

2600 4
H(s) — (s 

+ 2600)
(D4) 

The low-pass filters were simulated on the VAX 11/780 computei. 

Digital implementation of the analog filters was performed using bilinear 

transformation [24]. Due to the warping effect, the cut-off frequency of the 

digital filter is some what different than that of its corresponding analog fil-

ter. The cut-off frequency of the analog filter for a selected digital filter cut-

off frequency is given by Equation (D.5). 

2 Si c AT 
we AT 2 = tan( ) 

where: 

AT 

Si c

is the inter sampling time. 

is the cut-off frequency of the digital filter. 

The cut-off frequency of the digital filter was chosen to be 180 H. 
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The inter sampling time used for the design was selected to be 4.3403E-

sec. Substituting these values in Equation (D.5) provides the cut-off fre-

quency of the equivalent analog filter and is equal to 1131.200506 

radians/sec. 

The transfer function for a fourth-order low-pass filter that has a 

off frequency of 1131.200506 r/s can, therefore, be expressed as follows. 

2601 14

11(s) (s + 2601' 

The Laplace operator, s, can be replaced by the operator z using Equation 

(D.7). 

2 1 — z-1
s —  

AT ( z-1) 
(D.7) 

Equation (D.8) can be obtained for the digital low-pass filter by substituting 

Equation (D.7) in Equation (D.6). 

1 + z-1
H(z) = 0.8149x10-5 ( )4 

1 — 0.893141z-1
(D. 8) 

Taking the fourth powers in Equation (D.8) and rearranging the terms, the 

transfer function of the designed low-pass digital filter can be obtained as 

follows. 

H(z) 
0.8149x10-5[1 + 4z-1 + 6z-2 + 4z-3 + z-4] 

[1 — 3.572564z-1 + 4.786206z-2 — 2.849838z-3
+ 0.636327z-4] 

The frequency response of this filter is shown in Figure I).1. 

(D,9) 
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Figure D.1: Frequency response of the fourth-order low-pass filter. 

Equation (D.9) was used to implement the fourth-order low-pass filter. 
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E. THE LEAST ERROR SQUARES 
ALGORITHM 

Luckett et al [25] proposed the use of the Least Error Squares algO-

rithm for computing the amplitudes and phase angles of voltages and cur-

rents. Later Brooks [26] also used this algorithm assuming that the input 

signal consists of a d.c. component and a fundamental frequency component. 

Sachdev and Baribeau [4] reported further development in this approach. 

The authors of Reference 4 demonstrated that this algorithm can be applied 

without prespecifying the decay rate of the d.c. components and that the fil-

ter coefficients can be computed off-line. The mathematics of the Least Er-

ror Squares approach is presented in this section. 

The three phase voltages and current waveforms during a fault are 

composed of a decaying d.c. component and many harmonic components. 

For time t=T this waveform can be mathematically expressed as follows. 

N 

v(T) = koe — VM + E kmsin(mwot + O m) 

m=1 

where: 

/co

T 

(E4) 

is the magnitude of the decaying d.c. component at T=0, 

is the time constant of the d.c. component, 

k m is the magnitude of the mth harmonic component, 

Bm is the phase angle of the mth harmonic component and 
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N is the highest order of the harmonic component present 
the signal. 

Assuming that the voltage signal is composed of a d.c. component and 

fundamental frequency component, Equation (E.1) can be written as follows. 

v (T) = koe — (777) kisin(wot Oi) 

a 

(E.2) 

Expanding e — (771) by using Taylor series and taking the first two terms and 

replacing the sine terms using trignometric identities, Equation (E.2) can be 

written for time T=t i as shown below. 

v(t1) = /co — (kolr)t i (kicos01)sin(coot1) 

(kisin0i)cos(wot i) (E.3) 

Equation (E.3) can be rewritten as Equation (E.4) by making the following 

substitutions. 

x1 = k0 all = 1

x2 = —kok a12 = t1 

x3 = kicosei a13 = sin(woti) 

x4 = klsin01 a14 = cos(wot1)

v(t1) = a11x1 a12x2 + a13x3 + a14x4 (E14) 

The next voltage sample would be received at t2 = t1 + AT. This voltage 

can be represented by the following equation. 
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v(t2) (E. ) = 4211 a22x2 a 23x3 a 24x4 

In this manner, n equations can be written for n samples of a voltag 

received at the specified rate. These equations can be written in the matri 

form as follows. 

[A] [X] [V] (E. 

nx4 4x1 nxl 

If the number of equations (n) is greater than the number of unknowns (4), 

a Least Error Square solution can be obtained for the vector of unknowns 

[X] using the left pseudoinverse of [A] as defined in the following equation. 

[X] = [A]+ [V] 

4x1 4xn nxl 

where: 

[A]+ is the left pseudoinverse of [A]. 

= ([A]T [A])-1 [A]T 

4xn nx4 4xn 

(E. ) 

The row elements of [A]+ are the filter coefficients that can be used fdr 

computing the desired components of the modelled phasors. These filtn-

coefficients can be determined off-line so that the on-line calculations required 

to estimate the desired components of the modelled phasors are substantiall* 

reduced. 
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F. TEST RESULTS 

Table F.1: Fault location estimates for phase C-to-ground faults. Fault 
resistance is 0.0 ohms. Data from both terminals are 
synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 
43.6 130.8 
87.2 87.2 

130.8 43.6 
174.4 0.0 

0.0 174.4 0.2 174.2 0.2 -0.2 
40.4 134.0 43.7 130.7 0.1 -0.1 
87.4 87.0 87.1 87.3 -0.1 0.1 

136.5 37.9 131.0 43.4 0.2 -0.2 
174.4 -9.3 174.0 0.4 -0.4 0.4 

Table F.2: Fault location estimates for phase C-to-ground faults. Fault 
resistance is 0.0 ohms. Sampling skew of 7.5 degrees is 
used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.2 174.2 0.2 -0.2 
43.6 130.8 40.4 134.0 43.6 130.8 0.0 0.0 
87.2 87.2 87.4 87.0 87.1 87.3 -0.1 0.1 

130.8 43.6 136.4 38.0 130.9 43.5 0.1 -0,1 
174.4 0.0 174.4 -9.7 174.3 0.1 -0.1 0,1 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances are 

neglected. 
FDF is the final distance of fault calculated when line capacitances are coni-

pensated. 

DIF is the difference between actual and calculated fault distance. 
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Table F.3: Fault location estimates for phase C-to-ground faults. Fauit 
resistance is 5.0 ohms. Data from both terminals are 
pynchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.2 174.2 0.2 -0.2 
43.6 130.8 40.4 134.0 43.7 130.7 0.1 -0.1 
87.2 87.2 87.4 87.0 87.2 87.2 0.0 0.0 

130.8 43.6 136.5 37.9 131.0 43.4 0.2 -0.2 
174.4 0.0 174.4 -9.4 174.0 0.3 -0.4 0.3 

Table F.4: Fault location estimates for phase C-to-ground faults. Fault 
resistance is 5.0 ohms. Sampling skew of 7.5 degrees is 
used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.2 174.2 0.2 -0.2 
43.6 130.8 40.4 134.0 43.6 130.8 0.0 0 0 
87.2 87.2 87.4 87.0 87.2 87.2 0.0 0 0 

130.8 43.6 136.4 38.0 130.9 43.5 0.1 -0.1 
174.4 0.0 174.4 -9.7 174.3 0.1 -0.1 0.1 

ADF is the actual distance of fault. 
IDF is the initial distance of fault 

neglected. 
FDF is the final distance 

pensated. 
DIF is the difference between actual and calculated fault distance. 

calculated when line capacitances aie 

of fault calculated when line capacitances are coni-
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Table F.5: Fault location estimates for phase C-to-ground faults. Fault 
resistance is 10.0 ohms. Data from both terminals are 
synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.2 174.2 0.2 -0 2 
43.6 130.8 40.4 134.0 43.7 130.7 0.1 -0 1 
87.2 87.2 87.4 87.0 87.1 87.3 -0.1 01 

130.8 43.6 136.5 37.9 131.0 43.4 0.2 -0 2 
174.4 0.0 174.4 -9.3 174.0 0.4 -0.4 0 4 

Table F.6: Fault location estimates for phase C-to-ground faults. Fault 
resistance is 10.0 ohms. Sampling skew of 7.5 degrees is 
used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.2 174.2 0.2 -0 2 
43.6 130.8 40.3 134.1 43.6 130.8 0.0 0 0 
87.2 87.2 87.4 87.0 87.1 87.3 -0.1 0,1 

130.8 43.6 136.4 38.0 130.9 43.5 0.1 -0,1 
174.4 0.0 174.4 -9.7 174.3 - 0.1 -0.1 0,1 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances ate 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.7: Fault location estimates for phase C-to-ground faults. Fault 
resistance is 25.0 ohms. Data from both terminals are 
synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.2 174.2 0.2 -0.2 
43.6 130.8 40.4 134.0 43.7 130.7 0.1 -0.1 
87.2 87.2 87.5 86.9 87.2 87.2 0.0 0.0 

130.8 43.6 136.6 37.8 131.1 43.3 0.3 -0.3 
174.4 0.0 174.4 -9.4 174.0 0.3 -0.4 0.3 

Table F.8: Fault location estimates for phase C-to-ground faults. FaUlt 
resistance is 25.0 ohms. Sampling skew of 7.5 degrees 
used. 

is 

ADF (km) IDF (km) FDF (km) DIF (km)

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -0.3 
43.6 130.8 40.4 134.0 43.6 130.8 0.0 0.0 
87.2 87.2 87.5 86.9 87.2 87.2 0.0 0.0 

130.8 43.6 136.5 37.9 131.0 43.4 0.2 -0.2 
174.4 0.0 174.4 -9.7 174.3 0.1 -0.1 0.1 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances ate 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.9: Fault location estimates for phase C-to-ground faults. Fau4 
resistance is 50.0 ohms. Data from both terminals are 
synchronised. 

ADF (km) IDF (kin) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.2 174.2 0.2 -0 2 
43.6 130.8 40.4 134.0 43.7 130.7 0.1 -0,1 
87.2 87.2 87.4 87.0 87.2 87.2 0.0 0 0 

130.8 43.6 136.5 37.9 131.0 43.4 0.2 -0 2 
174.4 0.0 174.4 -9.5 174.1 0.3 -0.3 0 3 

Table F.10: Fault location estimates for phase C-to-ground faults. Fault 
resistance is 50.0 ohms. Sampling skew of 7.5 degrees is 
used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -013 
43.6 130.8 40.3 134.1 43.6 130.8 0.0 0,0 
87.2 87.2 87.4 87.0 87.2 87.2 0.0 0,0 

130.8 43.6 136.5 37.9 130.9 43.5 0.1 -0,1 
174.4 0.0 174.4 -9.8 174.3 0.0 -0.1 0,0 

ADF 
IDF 

FDF 

DIF 

Actual distance of fault. 
Initial distance of fault calculated when line capacitances are neglected. 
Final distance of fault calculated when line capacitances are comp,-
sated. 
difference between actual and calculated fault distance. 
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Table F.11: Fault location estimates for phase C-to-phase A fault S. 
Fault resistance is 0.0 ohms. Data from both terminals 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -0.3 
43.6 130.8 42.1 132.3 43.6 130.8 0.0 0.0 
87.2 87.2 87.6 86.8 87.4 87.0 0.2 -0.2 

130.8 43.6 131.3 43.1 129.2 45.2 -1.6 1.6 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

Table F.12: Fault location estimates for phase C-to-phase A faultS. 
Fault resistance is 0.0 ohms. Sampling skew of 7.5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -0.3 
43.6 130.8 42.3 132.1 43.8 130.6 0.2 -0.2 
87.2 87.2 87.7 86.7 87.5 86.9 0.3 -0.3 

130.8 43.6 131.7 42.7 129.5 44.9 -1.3 1.3 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances are 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.13: Fault location estimates for phase C-to-phase A faults. 
Fault resistance is 5.0 ohms. Data from both terminals 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CO 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 
43.6 130.8 42.1 132.3 43.6 130.8 0.0 0.6 
87.2 87.2 87.6 86.8 87.5 86.9 0.3 

130.8 43.6 131.3 43.1 129.1 45.3 -1.7 1. 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.$ 

Table F.14: Fault location estimates for phase C-to-phase A faults. 
Fault resistance is 5.0 ohms. Sampling skew of 7.5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From 
PR CON 

From 
PR CON 

From 
PR CON 

From 
PR CON 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -0.3 
43.6 130.8 42.3 132.1 43.8 130.6 0.2 -0.2 
87.2 87.2 87.7 86.7 87.5 86.9 0.3 -0.3 

130.8 43.6 131.6 42.8 129.5 44.9 -1.3 1.3 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances are 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.15: Fault location estimates for phase C-to-phase A faults. 
Fault resistance is 10.0 ohms. Data from both terminMs 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From 
PR CON 

From 
PR CON 

From 
PR CON 

From 
PR CON 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -013 
43.6 130.8 42.1 132.3 43.6 130.8 0.0 0 
87.2 87.2 87.6 86.8 87.5 86.9 0.3 -0k3 

130.8 43.6 131.3 43.1 129.2 45.2 -1.6 16 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 L8 

Table F.16: Fault location estimates for phase C-to-phase A faults. 
Fault resistance is 10.0 ohms. Sampling skew of 7,5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From 
PR CON 

From 
PR CON 

From 
PR CON 

From 
PR CON 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -0,3 
43.6 130.8 42.3 132.1 43.8 130.6 0.2 -02 
87.2 87.2 87.7 86.7 87.5 86.9 0.3 -113 

130.8 
174.4 

43.6 
0.0 

131.7 
174.4 

42.7 
0.0 

129.5 
172.6 

44.9 
1.8 

-1.3 
-1.8 

1,3 , 
1.8 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances are 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.17: Fault location estimates for phase C-to-phase A faults. 
Fault resistance is 25.0 ohms. Data from both terminals 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From 
PR CON 

From 
PR CON 

From 
PR CON 

From 
PR CON 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -0.3 
43.6 130.8 42.1 132.3 43.6 130.8 0.0 0.0 
87.2 87.2 87.7 86.7 87.5 86.9 0.3 -0.3 

130.8 43.6 131.3 43.1 129.2 45.2 -1.6 1.16 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

Table F.18: Fault location estimates for phase C-to-phase A faultS. 
Fault resistance is 25.0 ohms. Sampling skew of 7.5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From 
PR CON 

From 
PR CON 

From 
PR CON 

From 
PR CON 

0.0 174.4 0.0 174.4 0.5 173.9 0.5 -0.5 
43.6 130.8 42.3 132.1 43.8 130.6 0.2 -0.112 
87.2 87.2 87.7 86.7 87.6 86.8 0.4 -0.4 

130.8 43.6 131.7 42.7 129.5 44.9 -1.3 1.3 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances aile 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.19: Fault location estimates for phase C-to-phase A faults. 
Fault resistance is 50.0 ohms. Data from both terminal's 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CO N 

0.0 174.4 0.0 174.4 0.3 174.1 0.3 -0 3 
43.6 130.8 42.1 132.3 43.6 130.8 0.0 0,0 
87.2 87.2 87.7 86.7 87.5 86.9 0.3 -0 

130.8 43.6 131.3 43.1 129.2 45.2 -1.6 16 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1,8 

Table F.20: Fault location estimates for phase C-to-phase A faultS. 
Fault resistance is 50.0 ohms. Sampling skew of 7;5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From 
PR CON 

From 
PR CON 

From 
PR CON 

From 
PR CON 

0.0 174.4 0.0 174.4 0.5 173.9 0.5 -05 
43.6 130.8 42.3 132.1 43.8 130.6 0.2 -02 
87.2 87.2 87.7 86.7 87.6 86.8 0.4 -0;4 

130.8 43.6 131.7 42.7 129.5 44.9 -1.3 13 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 L8 

ADF Actual distance of fault. 
IDF Initial distance of fault calculated when line capacitances are 

FDF Final distance of fault calculated when line capacitances 
sated. 

DIF difference between actual and calculated fault distance. 

neglected. 

are compei-
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Table F.21: Fault location estimates for phase C and phase A-tO-
ground faults. Fault resistance is 0.0 ohms. Data from 
both terminals are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.3 173.1 0.0 174.4 0.0 0. 
43.6 130.8 42.6 131.8 43.7 130.7 0.1 -0.1 
87.2 87.2 87.5 86.9 87.4 87.0 0.2 -0.2 

130.8 43.6 130.9 43.5 129.2 45.2 -1.6 1.0 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

Table F.22: Fault location estimates for phase C and phase A-tO-
ground faults. Fault resistance is 0.0 ohms. Sampling 
skew of 7.5 degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From 
PR CON 

From 
PR CON 

From 
PR CON 

From 
PR CON 

0.0 174.4 1.4 173.0 0.0 174.4 0.0 0.0 
43.6 130.8 42.7 131.7 43.8 130.6 0.2 -0.2 
87.2 87.2 87.6 86.8 87.4 87.0 0.2 -0.2 

130.8 43.6 131.2 43.2 129.5 44.9 -1.3 1.3 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.$ 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances are 

neglected. 
FDF is the final distance of fault calculated when line capacitances are coml-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.23: Fault location estimates for phase C and phase A-to-
ground, faults. Fault resistance is 5.0 ohms. Data from 
both terminals are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.4 173.0 0.0 174.4 0.0 0 0 
43.6 130.8 42.6 131.8 43.7 130.7 0.1 -0 1 
87.2 87.2 87.5 86.9 87.4 87.0 0.2 -0.2 

130.8 43.6 131.0 43.4 129.3 45.1 -1.5 L5 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1J8 

Table F.24: Fault location estimates for phase C and phase A-tO-
ground faults. Fault resistance is 5.0 ohms. Sampling 
skew of 7.5 degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CO

0.0 174.4 1.4 173.0 0.0 174.4 0.0 0.0 
43.6 130.8 42.7 131.7 43.8 130.6 0.2 -0.2 
87.2 87.2 87.6 86.8 87.4 87.0 0.2 -0.2 

130.8 43.6 131.3 43.1 129.5 44.9 -1.3 1.3 
174.4 0.0 174.4 0.0 - 172.6 1.8 -1.8 1.8 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances axe 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. ' 
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Table F.25: Fault location estimates for phase C and phase A-t,-
ground faults. Fault resistance is 10.0 ohms. Data from 
both terminals are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.4 173.0 0.0 174.4 0.0 0,0 
43.6 130.8 42.6 131.8 43.7 130.7 0.1 -0,1 
87.2 87.2 87.5 86.9 87.4 87.0 0.2 -0,2 

130.8 43.6 130.9 43.5 129.2 45.2 -1.6 16 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 L8 

Table F.26: Fault location estimates for phase C and phase A-tO-
ground faults. Fault resistance is 10.0 ohms. Sampling 
skew of 7.5 degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.4 173.0 0.0 174.4 0.0 olo 
43.6 130.8 42.7 131.7 43.8 130.6 0.2 -0.2 
87.2 87.2 87.6 86.8 87.5 86.9 0.3 -0,3 

130.8 43.6 131.2 43.2 129.5 44.9 -1.3 1,3 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1,8 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances aiie 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.27: Fault location estimates for phase C and phase A-tO-
ground faults. Fault resistance is 25.0 ohms. Data frorn 
both terminals are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.4 173.0 0.0 174.4 0.0 0.0 
43.6 130.8 42.6 131.8 43.7 130.7 0.1 -0.1 
87.2 87.2 87.5 86.9 87.4 87.0 0.2 -0.2 

130.8 43.6 131.0 43.4 129.3 45.1 -1.5 1.5 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

Table F.28: Fault location estimates for phase C and phase A-to-
ground faults. Fault resistance is 25.0 ohms. Sampling 
skew of 7.5 degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.2 173.2 0.0 174.4 0.0 0.0 
43.6 130.8 42.8 131.6 43.9 130.5 0.3 -0.3 
87.2 87.2 87.6 86.8 87.4 87.0 0.2 -0.2 

130.8 43.6 131.3 43.1 129.5 44.9 -1.3 1.3 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances are 

neglected. 
FDF is the final distance of fault calculated when line capacitances are corn, 

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.29: Fault location estimates for phase C and phase A-to-
ground faults. Fault resistance is 50.0 ohms. Data froth 
both terminals are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.5 172.9 0.0 174.4 0.0 0.0 
43.6 130.8 42.6 131.8 43.7 130.7 0.1 -0.1 
87.2 87.2 87.5 86.9 87.4 87.0 0.2 -0.2 

130.8 43.6 131.0 43.4 129.3 45.1 -1.5 1.5 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

Table F.30: Fault location estimates for phase C and phase A-tO-
ground faults. Fault resistance is 50.0 ohms. Sampling 
skew of 7.5 degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.3 173.1 0.0 174.4 0.0 0.0 
43.6 130.8 42.7 131.7 43.9 130.5 0.3 -0.3 
87.2 87.2 87.6 86.8 87.4 87.0 0.2 -0.b 

130.8 43.6 131.3 43.1 129.5 44.9 -1.3 1.3 
174.4 0.0 174.4 0.0 172.6 1.8 -1.8 1.8 

ADF 
IDF 
FDF 

DIF 

Actual distance of fault. 
Initial distance of fault calculated when line capacitances are neglected. 
Final distance of fault calculated when line capacitances are compen-
sated. 
difference between actual and calculated fault distance. 
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Table F.31: Fault location estimates for balanced three phase faults. 
Fault resistance is 0.0 ohms. Data from both terminals 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.4 174.0 0.6 173.8 0.6 -0.6 
43.6 130.8 44.0 130.3 43.9 130.5 0.3 -0 3 
87.2 87.2 87.6 86.8 87.4 87.0 0.2 -0 2 

130.8 43.6 128.9 45.5 129.3 45.1 -1.5 15 
174.4 0.0 173.8 0.6 172.8 1.6 -1.6 1.6 

Table F.32: Fault location estimates for balanced three phase faulth. 
Fault resistance is 0.0 ohms. Sampling skew of 7,5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.4 174.0 0.6 173.8 0.6 -0,6 
43.6 130.8 43.9 130.5 44.0 130.4 0.4 -044 
87.2 87.2 87.5 86.9 87.4 87.0 0.2 -042 

130.8 43.6 129.8 44.6 129.6 44.8 -1.2 1,2 
174.4 0.0 173.8 0.6 172.8 1.6 -1.6 16 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances ate 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.33: Fault location estimates for balanced three phase faults. 
Fault resistance is 5.0 ohms. Data from both terminals 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.5 173.9 0.5 173.9 0.5 -0 5 
43.6 130.8 44.1 130.3 43.8 130.6 0.2 -0 2 
87.2 87.2 87.8 86.6 87.4 87.0 0.2 -0,2 

130.8 43.6 129.4 45.0 129.5 44.9 -1.3 13 
174.4 0.0 173.5 0.9 172.7 1.7 -1.7 1,7 

Table F.34: Fault location estimates for balanced three phase fault . 
Fault resistance is 5.0 ohms. Sampling skew of 7,5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.5 173.9 0.5 173.9 0.5 -0,5 
43.6 130.8 43.9 130.4 43.9 130.5 0.3 -0 3 
87.2 87.2 87.6 86.8 87.4 87.0 0.2 -02 

130.8 43.6 130.6 43.8 129.9 44.5 -0.9 0,9 
174.4 0.0 173.5 0.9 172.7 1.7 -1.7 17 

ADF is the actual distance of fault. 
IDF is the initial distance of fault 

neglected. 
FDF is the final distance of fault calculated when line capacitances 

pensated. 
DIF is the difference between actual and calculated fault distance. 

calculated when line capacitances afe 

are coni-
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Table F.35: Fault location estimates for balanced three phase faults. 
Fault resistance is 10.0 ohms. Data from both terminals 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.6 173.8 0.4 174.0 0.4 -0 4 
43.6 130.8 44.1 130.3 43.6 130.8 0.0 0 0 
87.2 87.2 87.9 86.5 87.4 87.0 0.2 -0,2 

130.8 43.6 130.4 44.0 129.8 44.6 -1.0 1.0 
174.4 0.0 173.3 1.1 172.7 1.7 -1.7 1,7 

Table F.36: Fault location estimates for balanced three phase faults. 
Fault resistance is 10.0 ohms. Sampling skew of 7.5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km)

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.6 173.8 0.4 174.0 0.4 -0 4 
43.6 130.8 44.0 130.4 43.7 130.7 0.1 -0 1 
87.2 87.2 87.7 86.7 87.4 87.0 0.2 -, 

130.8 43.6 132.0 42.4 130.2 44.2 -0.6 0 6 
174.4 0.0 173.3 1.1 172.7 1.7 -1.7 1 7 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances are 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.37: Fault location estimates for balanced three phase faults. 
Fault resistance is 25.0 ohms. Data from both terminals 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 0.8 173.6 -0.1 0174.5 -0.1 0.1 
43.6 130.8 44.2 130.2 43.4 131.0 -0.2 0.2 
87.2 87.2 88.4 86.0 87.5 86.9 0.3 -0.3 

130.8 43.6 132.2 42.2 130.5 43.9 -0.3 0.3 
174.4 0.0 172.6 1.8 172.5 1.9 -1.9 1.9 

Table F.38: Fault location estimates for balanced three phase faults. 
Fault resistance is 25.0 ohms. Sampling skew of 7.5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.4 173.0 0.7 173.7 0.7 -0.7 
43.6 130.8 44.2 130.2 43.3 131.1 -0.3 0.3 
87.2 87.2 88.0 86.4 87.3 87.1 0.1 -0.1 

130.8 43.6 133.4 41.0 131.1 43.3 0.3 -0.3 
174.4 0.0 172.6 1.8 172.5 1.9 -1.9 1.9 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances axle 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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Table F.39: Fault location estimates for balanced three phase fauls. 
Fault resistance is 50.0 ohms. Data from both terminals 
are synchronised. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.1 173.3 0.1 174.3 0.1 -0.1 
43.6 130.8 44.6 129.8 43.6 130.8 0.0 0.0 
87.2 87.2 89.2 85.2 87.8 86.6 0.6 -0.6 

130.8 43.6 129.9 44.5 132.2 42.2 1.4 -1.4 
174.4 0.0 171.7 2.7 172.1 2.3 -1.9 1.9 

Table F.40: Fault location estimates for balanced three phase faults. 
Fault resistance is 50.0 ohms. Sampling skew of 7.5 
degrees is used. 

ADF (km) IDF (km) FDF (km) DIF (km) 

From From From From 
PR CON PR CON PR CON PR CON 

0.0 174.4 1.9 172.5 0.8 173.6 0.8 -01.8 
43.6 130.8 44.7 129.7 43.5 130.9 -0.1 0.1 
87.2 87.2 88.8 85.6 87.4 87.0 0.2 -0.2 

130.8 43.6 131.3 43.1 133.2 41.2 1.5 -1.5 
174.4 0.0 171.7 2.7 172.1 2.3 -1.9 1.9 

ADF is the actual distance of fault. 
IDF is the initial distance of fault calculated when line capacitances aie 

neglected. 
FDF is the final distance of fault calculated when line capacitances are com-

pensated. 
DIF is the difference between actual and calculated fault distance. 
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