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SYNOPSIS

The problems associated with detection and clearing 
of faults on overhead distribution systems, particularly 
in interconnected networks, are still of great concern. 
Most utilities employ reclosing relays with circuit 
breakers to handle transient faults. Permanent faults, 
however, require a location of the faulty line section, 
isolation and possibly rescheduling of the network, before 
normal power delivery may be resumed.

This work is mainly concerned with the design of a 
new directional fault locator, suitable for use on 
overhead power distribution systems operating typically at 
llkV. It is possible to design a protective scheme based 
upon a variety of operating principles, but the operating 
principle of the new equipment and the scheme developed 
are based upon detection of fault generated noise. In the 
past, schemes based upon this operating principle have 
relied on use of a communication link to locate a fault. 
However, the new scheme developed in this work does not 
require the presence of such a communication link.

The electronics that interface with the new equipment 
enable it to determine the direction of a fault, i.e, 
distinguish between upstream and downstream faults. The 
means by which directional fault finding is achieved are 
fully discussed. Moreover, with further signal processing 
of fault generated signals, the usefulness of the new 
scheme has been extended and, in addition to being 
directional, it is also capable of locating the faulty 
line section of an overhead distribution system, i.e, 
distinguish between in-zone and out-of-zone faults.

The effect of fault resistance, fault inception 
angle, fault position, source capacity and the effect of 
type of fault on the performance of the new equipment have 
been studied and relevant simulation results are 
presented. Finally the behaviour of a number of new 
directional fault locators on a radial overhead system has 
been evaluated using the Electromagnetic Transients 
Program, EMTP.
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CHAPTER (1)

INTRODUCTION AND LITERATURE SURVEY

1.1 LITERATURE SURVEY

There is an increasing demand for determination of 

faults in power transmission and distribution systems. 

Distribution line fault clearing is commonly performed by 

an overcurrent sensing device such as an overcurrent 

relay/circuit breaker combination, a recloser or a fuse. 

While these devices must interrupt fault currents they 

must also carry normal and emergency load currents as well 

as transient overcurrents caused by inrush or load pick-up 

surges. These operating requirements impose a compromise 

in choosing the level of current at which a device will 

operate.

The compromise involves a tradeoff between the desire 

to clear all low grade faults and the desire to minimise 

the number of occurrences of unnecessary customer outages 

due to tripping load on normal switching operations. The 

current which flows during a fault depends upon a number 

of variables, one of which is the impedance of the fault 

itself. In some instances, a faulted distribution primary 

may exhibit a very low fault current. Such faults are 

usually called high impedance faults and a solid return 

path for current is not clearly established in the case of 

such faults.
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An example of such a fault is the case of an 

energised conductor coming into close proximity with an 

object at a much lower potential than itself, without 

making solid contact with that object. The high potential 

difference that exists between them causes the air gap to 

break down and arcing occurs between the conductor and the 

object. The fault current is limited by the arc resistance 

combined with the ground resistance.

In some cases, the action of the arcing may cause a 

solid fault path to be eventually established and the 

fault may be cleared by overcurrent protection. In many 

instances, fault resistance remains high and the arcing 

fault persists indefinitely. Common arcing faults include 

a broken conductor which has fallen on earth, or a 

conductor in contact with a grounded object such as a tree 

or pole crossarm. There is a very strong desire in the 

utility industry to have the ability to detect such 

faults.

It is not easy to protect overhead distribution 

systems against such faults using existing overcurrent 

protection devices and schemes. Figure (1.1), provides an 

indication of the approximate coverage for different types 

of fault detection devices on a typical distribution 

feeder, [15]. The diagram shows the range of fault 

currents which could be observed for different faults on
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this feeder, indicating which devices may be expected to 

detect a fault with a given fault current. The coverage 

regions are marked for the existing electromechanical 

substation overcurrent relay (marked "SUB. RELAY") and the 

existing downstream protection on the feeder (fuses and 

line reclosers). The region marked "NEW" represents the 

approximate coverage region of the substation-based 

detecting devices which are currently being researched. 

The designation of the region of very low fault currents 

with a question mark means that, at present no commercial 

or developmental equipment is available which can reliably 

and securely detect faults with only a few amperes of 

current under all conditions.

The nature of high impedance faults has been 

intensively investigated and considerable interest in 

solving the problem associated with such faults has 

resulted in the development of certain schemes and 

equipments for the detection of these faults.

Balser [1], suggested a technique that is based on 

statistical hypothesis tests made on normalised sequence 

currents at the fundamental, third harmonic and fifth 

harmonic frequencies. Based on these tests the technique 

would identify the presence of a high impedance fault due 

to separated conductor incidents when levels of 

interrupted load current are roughly 5 percent or greater, 

with a 90 percent probability of detection. Arcing faults
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due to downed conductors were identified for arcing faults 

of roughly 10 amperes or greater, again with a 90 percent 

detection probability. The algorithm inhibits 

identification of a high impedance fault if a high current 

fault has been detected. The level of detection can be 

adjusted to avoid false alarms due to significant normal 

load changes.

Aucoin [2], has described the development of a 

microprocessor based feeder protection and monitoring 

system (FPMS), at Texas A&M university. The feeder 

protection and monitoring system indicates an overcurrent 

relay to provide overcurrent protection for distribution 

feeders and it includes an arcing fault detector which 

identifies some low current faults which are not cleared 

by overcurrent protection. A prototype ratio ground relay 

was developed at PP&L [3]. The relay has an operating 

element responsive to zero sequence current and a 

restraining element responsive to load level. This results 

in a pick-up value that varies with load level which 

allows the detection of many broken conductors and high 

impedance faults.

Phadke [4], has suggested a microprocessor based 

digital relaying scheme in which changes in the positive, 

negative and zero sequence components of the fundamental 

power frequency are monitored continuously in real time. 

Changes in the ratio of the symmetrical components are
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used to detect presence of a high impedance fault.

Graham [5], has suggested monitoring the distribution 

feeder input impedance at high frequencies in the range of 

50kHz to 100kHz. Tests on this impedance monitoring 

technique have shown that, broken conductor faults offer 

large changes in input impedance and should be the easiest 

to detect. The system is applicable to high transformer 

density lines as well as to residential area lines. The 

entire electronic system can be fabricated onto a single 

integrated circuit for minimal cost and ease of 

serviceability.

Russell [6], has examined the high impedance fault 

problem from the perspective of system protection. He also 

presented a fault detection theory which utilised a fault-

generated increase in the range of 2kHz to 10kHz component 

of feeder current for fault detection. Aucoin and Russell 

[7], suggested that, arcing causes burst noise signals 

which manifest a wide band of frequencies which can also 

be identified at frequencies near 60Hz. Analysis of data 

from staged fault tests indicated that frequencies 

sufficiently below 60Hz or midway between harmonics 

provided improved detection of low grade faults. In this 

paper it was also suggested that, while arcing faults 

produced only subtle changes in the fundamental current, 

they caused substantial amplitude changes in off-harmonic 

frequency components.
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A statistical algorithm was developed by power 

technology, Inc [8], for the detection of high impedance 

faults based on changes in sequence current unbalance. A 

fault detector was also designed by researchers at Texas 

A&M university [9] for the detection of those faults which 

include ground and which include arc. This detector 

identifies the burst noise caused by arcing faults at high 

frequency, specifically 2kHz to 10kHz components. This 

arcing fault detector operates on an increase in the wide 

band frequency components of current generated by arc 

burst noise.

Digital fault investigations on six PP&L 12kV 

distribution feeder have led to the development of a 

prototype ratio ground relay to theoretically provide 

better detection of broken conductors faults, reference 

[10]. The ratio ground relay concept as implemented in the 

prototype relay, relies on tripping when the ratio of 3Iq , 

the zero sequence current, to I]_, positive sequence 

current exceeds a certain pre-set level. This concept is 

implemented using an induction disc type relay with two 

windings.

Russell [11], further investigated the significance 

of the low frequency components as indicators of the 

presence of faults on distribution primary lines. Two 

frequencies, 180Hz and 210Hz were selected for study due
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to strong magnitude variations associated with arcing 

faults. A hierarchical algorithm with adaptive 

characteristics is presented along with the performance 

results when applied at these low frequencies. The 

algorithm can be implemented inexpensively in a 

microprocessor based architecture and can be integrated 

with other detection schemes for more secure fault 

identification.

Don Russell [12], has described how signal processing 

hardware and software can be used to significantly improve 

the detection of certain power system faults using 

computer relays. By using a knowledge based system, it is 

possible to dynamically adjust protection weighting 

factors and improve protection performance within the 

relay itself. Additional advantages of the proposed design 

include the ability to interface with higher level 

protection systems, the ability to provide detailed fault 

and feeder evaluation information, and the ability to 

implement sophisticated protection routines without 

hardware changes.

The behaviour of several low frequency spectra 

between 30Hz and 360Hz were investigated for arcing faults 

and normal switching events, reference [13]. It was 

observed that the in-between harmonic frequencies can be 

used to distinguish arcing faults from capacitor bank 

switching operations. There was a marked increase in the
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magnitude of the harmonic frequencies during arcing fault 

conditions. However, they are not immune to switching and 

capacitor bank operations. It was also found that the 

magnitude of in-between harmonics depends on burst 

duration and soil condition. The arcing bursts were mostly 

of short duration separated by short intervals of 

inactivity on wet soil, of medium duration separated by 

similar intervals of inactivity on dry soil and of long 

duration separated by long intervals of inactivity on 

sandy soil.

Using polymeric materials technology, a sensor has 

been built for the measurement of voltage and current on 

system voltages up to 36kV [14]. The sensor is constructed 

using polymeric materials applied to an aluminium tube, 

the whole forming a concentric cylinder capacitor with 

suitable terminations. The electronic circuits built to 

interface with this device can provide directional fault 

finding and phase angle information as well as economic 

voltage and current monitoring.

It is clearly seen that, a number of promising 

detection schemes and techniques have been developed and 

tested over the years and although all these schemes offer 

a potential solution to the problem of detecting high 

impedance faults on power distribution feeders, none to 

date has proven to be the ideal solution.
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1.2 THE MAIN OBJECTIVES OF THE THESIS

The increasing complexity of the rural distribution 

networks demands higher performance of protection and 

better control equipment. As already explained, it is 

difficult to detect the full range of possible faults on 

overhead power distribution systems using the existing 

overcurrent protection devices. Moreover, most faults 

require the location of the faulty line section, isolation 

and possibly the rescheduling of the network before normal 

power delivery may be resumed. Non-directional fault 

indicators are available both for short circuit and earth 

fault current detection [14]. However, if a network is 

interconnected, then a non-directional detector becomes 

less useful and often a directional fault locator is 

required to locate the faulty line section. Therefore the 

main objective of this work is to investigate and design a 

new directional fault locator scheme for overhead power 

distribution feeders.

It is possible to design a protective scheme based 

upon a variety of operating principles, but the scheme 

used here in this work is based upon the detection of the 

fault induced high frequency components introduced into 

the line by a fault. In the past, all schemes based upon 

this operating principle have relied upon the use of a 

communication link in order to pin-point the location of a 

fault. In the case of interconnected overhead distribution
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systems, the use of such a communication link for purposes 

of fault detection and location would be highly 

uneconomical.

The main advantage of the scheme developed in this 

work over the other schemes used so far is that it does 

not require the presence of a communication link for fault 

detection and location. The new equipment is particularly, 

but not exclusively, useful for overhead distribution 

networks operating at typically llkV.

1.3 CONSTRUCTION OF THE THESIS

This thesis consists of nine chapters. In this 

section a brief synopsis of each chapter is provided.

1.3.1 CHAPTER (1) SYNOPSIS

This chapter consists of a literature survey of 

previous works plus the main introduction to this thesis. 

It also includes a discussion on the construction of the 

thesis.

1.3.2 CHAPTER (2) SYNOPSIS

The development of the new locator, which has been 

the main objective of this work, from its first and 

simplest form to its final arrangement or design is
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discussed in Chapter (2). The representation of the 

locator using matrix notation plus the degree of 

attenuation provided by the equipment in the case of a 

fault situation are also covered in this chapter.

1.3.3 CHAPTER (3) SYNOPSIS

In this chapter, the operating principle of the new 

scheme and the new locator developed have been explained. 

The means by which the new equipment can distinguish 

between in-zone and out-of-zone faults as well as the 

direction of a fault on a given overhead power 

distribution system are discussed.

1.3.4 CHAPTER (4) SYNOPSIS

This chapter covers the digital computer simulation 

of the system network used for the design of the new 

directional fault locator. Simulation of the locator 

itself is also included. Finally the details of other 

interface programs used as the second part of the 

simulation, which is concerned with the signal processing 

of voltages and currents of interest, are provided.

1.3.5 CHAPTER (5) SYNOPSIS

In this chapter, simulation results to illustrate the 

performance of the proposed arrangement for directional

11



fault finding are presented. Also sensitivity analysis 

including the effect of fault positions, fault inception 

angle, fault resistance, type of fault and the effect of 

source capacities on the directionality of the locator are 

presented. Finally in Chapter (5), the maximisation of the 

discrimination margin which is used to determine the 

direction of a fault is discussed.

1.3.6 CHAPTER (6) SYNOPSIS

Further simulation results and sensitivity analysis 

to illustrate the capability of the locator to distinguish 

between in-zone and out-of-zone faults are provided in 

this chapter. The sensitivity analysis carried out 

includes effects of the type of fault, fault resistance, 

fault inception angle and the effect of source capacity.

1.3.7 CHAPTER (7) SYNOPSIS

The Electromagnetic Transients Program (EMTP), was 

used to simulate a more realistic radial overhead 

distribution system. The system included five such 

locators and their behaviour in the case of a fault was 

illustrated by using further simulation results.

1.3.8 CHAPTER (8) SYNOPSIS

The results obtained are summarised in this chapter

12



and their significance is critically evaluated, 

proposals for future work are discussed.

Some

13



<--- -— --------

<---- ?----->

-NEW--

<--

--- -— ---- >

<------

— DOWNSTREAM—

—  SUB. RELAY----

-- >

---->

I--------- 1- —  1---- // — - 1 ---- //-----1----— I
0 10 100 1000 10000 

FEEDER PRIMARY FAULT CURRENT (AMPERES)

Fig (1.1), COVERAGE REGIONS OF FEEDER FAULT DETECTORS



CHAPTER (2)

DEVELOPMENT OP A NEW DIRECTIONAL FAULT LOCATOR

2.1 INTRODUCTION

As previously described in Chapter (1), the problems 

associated with detection and clearing of faults on 

overhead distribution feeders are still of great concern. 

Utilities and equipment manufacturers have been 

investigating and developing automated systems for power 

distribution for the last 10 years. A fully developed 

system would reduce the amount of primary plant needed, 

and would also cut down operating costs. Immediate 

detection and isolation of faulted distribution feeders 

would reduce the time required for fault location and 

restoration of supplies. Studies in the US and Japan have 

shown that substantial savings are possible [17,18].

In this chapter, the development of a new equipment, 

(a new directional fault locator) from its first and 

simplest form to its final arrangement for use on overhead 

distribution networks operating typically at llkV is 

discussed. The main feature of this new directional fault 

locator is that, it would not only detect the high 

frequency components travelling on the line due to a 

fault, but would also attenuate them in their passage 

through it.
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The representation of the locator on a three phase 

system for simulation purposes, using matrix notation is 

also explained in this chapter. Finally the degree of the 

attenuation provided by this locator in the case of a 

fault situation is discussed.

2.2 DESIGN OF THE NEW LOCATOR

Considering the basic performance expected from this 

new locator, as briefly mentioned in the introduction, it 

is clear that, the development of this equipment basically 

hinges upon design and combination of two different 

circuit configurations as outlined below:

(i) A circuit to attenuate the high frequency 

components injected into the line due to a 

fault, i.e, a line trap circuit.

(ii) A circuit to perform the observation of these 

h.f components, i.e, a stack tuner.

When a fault occurs, it causes h.f components to be 

introduced into the line which propagate from the fault 

point along the line in both directions towards the ends 

of the line. Therefore it is decided that the attenuation 

is to be performed by inserting a circuit of some form in 

series with the line itself. And the observation of these 

signals can be achieved using another circuit connected
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between the line and the ground. It should be noted that, 

these components involve frequencies below and well above 

the power frequency, therefore the circuits to attenuate 

and observe these frequency components must be in the form 

of tuned circuits.

Therefore Figure (2.1) shows the simplest arrangement 

possible for the locator . In Figure (2.1), LI and Cl 

represent a so called line trap circuit, LP1, Cs and LP2, 

Cs will be referred to as stack tuners. It should be 

appreciated that, for signal discrimination purposes 

(described in Chapter 3), two of such series tuned 

circuits or stack tuners are needed, one on each side of 

the parallel tuned circuit or the line trap circuit.

Considering the basic task of the line trap circuit 

of the locator, the introduction of deliberate damping 

into it became essential. By this means the impedance of 

the line trap circuit could be set to a relatively high 

value within a narrow band of frequencies around the 

centre frequency fc to which the circuit was tuned. This 

in turn would provide a high degree of attenuation. The 

additional damping could have been introduced in the form 

of series resistance in the inductance or shunt 

resistance. The former was impracticable because the 50Hz 

losses would be considerably increased and therefore Shunt 

damping was used. In practice, however, it is advantageous 

to add another series resonant circuit tuned to the same
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centre frequency fc as well as the damping resistance as 

shown in Figure (2.2). With this arrangement the impedance 

of the line trap circuit is more uniform over the 

bandwidth of interest. The value of the inductor LI is set 

to a very low value (typically O.lmH) so that the line 

trap circuit of Figure (2.2) operates virtually as a short 

circuit at very low frequencies (power-frequency) and does 

not affect or influence the 50Hz steady-state performance 

of the system in which the locator is included. Figure 

(2.3) shows the variation of the impedance of the line 

trap circuit of Figure (2.2) against frequency from 0 to 

140 kHz. It is clearly evident from Figure (2.3) that, the 

impedance of the line trap circuit at 50Hz is almost zero 

due to the low value of inductor LI and reaches a maximum 

value equal to R1 at the centre frequency fc to which the 

line trap circuit of the locator is tuned.

Since the operating principle of this new digital 

fault locator is based upon observing high frequency 

components (travelling-wave signals), it is necessary to 

introduce an additional damping resistor. This is simply 

to damp down the unwanted oscillation due to the elements 

LI and Cl being connected in parallel in the line trap 

circuit. This is basically due to the fact that, this 

unwanted oscillation would influence the actual high 

frequency components on the line arising from a fault. The 

introduction of this damping resistor in series with the 

inductor LI would, as previously described, increase the

17



50Hz losses on the line, therefore it was placed in series 

with the capacitor Cl in the line trap circuit. Finally 

Rc, placed in series with LI, represents the resistance of 

the inductor LI at high frequencies due to the skin 

effect; at very high frequencies axial current flow in a 

solid cylindrical conductor is essentially concentrated in 

a thin layer or skin near the surface. Appendix 2A shows 

that the expression for resistance of the inductor LI at 

high frequencies is as given below [27].

r
7T. f .jU 

T

Rc = Rh. f = ----------- ohms/meter (2.1)
2. n . rQ

where f is frequency, /a is permeability, r is conductivity 

and rQ is the radius of the wire.

The final arrangement of the line trap circuit is 

therefore, as shown in Figure (2.4). The total impedance 

of this circuit at centre frequency fc is equal to ZT as 

given below.

Zl(jw) . Z2(jw) . Z3(jw)
ZT(jw) = ------------------------------------------ ---  n

[Zl(jw) . Z2 (j w) ] + [Zl(jw) + Z2 (jw) ] . Z3(jw)

(2 .2)

Where

Zl(jw) = Rc + jwLl n (2.3)
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Z2(jw) = Rd + 1/jwCl n (2.4)

where,
Z3(jw) = R1 + jwL2 + 1/jwC2 fi 

w = 2 n f c

(2.5)

and

fc = 90.0 kHz

Figure (2.5) shows the variation of the impedance of 

the line trap circuit of Figure (2.4) against frequency 

from 0 to 140 kHz. The bandwidth and the cut-off 

frequencies for the line trap circuit used are as given 

below.

(8f)Trap = (̂ 2 “ fl)Trap = 5000 Hz (2.6)

where,

f2 = Upper cut-off frequency =92.5 kHz

and

f]_ = Lower cut-off frequency = 87.5 kHz

Appendix 2B outlines the definition of the bandwidth 

and the cut-off frequencies used.

The stack tuners shown in Figure (2.1) are used to 

observe travelling-wave signals or high frequency 

components on the line and provide us with outputs which 

can be used for further processing in fault detection and
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location. It should be appreciated that at most 

distribution system voltages it is possible to form the 

stack tuning capacitors, marked Cs in Figure (2.1), using 

a directly connected capacitor or as a concentric 

capacitor separated from the h.v conductors by a suitable 

insulating dielectric, e.g, polymeric insulating material 

[14).

The inductors LP1 and LP2 are physically added to the 

circuit for tuning purposes. The stack tuners shown in 

Figure (2.1), each would have a zero impedance at the 

centre frequency fc to which they are tuned. Since this 

new locator has been designed to be placed between each 

phase of a three phase system and the ground, a zero 

impedance by either of the stack tuners employed on each 

side of the locator would mean, in the case of a fault, a 

short circuit between the faulty phase and the earth at 

the tuned frequency at a point where a locator is placed. 

Consequently, at the centre frequency fc, this would short 

to ground all the high frequency components, travelling on 

the line and hence completely destroy the operating 

principle of the locator for discrimination purposes. For 

this reason a linear resistor was added in series with 

each stack tuner as shown in Figure (2.6). This in turn 

would allow us to achieve the following:

(i) Match the effective impedance of each stack tuner 

to the characteristic impedance of the line at
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the centre frequency fc

(ii) Allow us to set the value of the effective 

impedance of each stack tuner in such a way 

that the locator would correctly terminate the 

line when there is a fault.

With this new arrangement each stack tuner can have a 

very high impedance, so as not to let any current flow 

through it at low frequencies (power-frequency) and an 

effective impedance equal to the value of each resistor at 

the centre frequency fc to which each is tuned. The 

variation of the impedance of each stack tuner against 

frequency from 0 to 140 kHz is shown in Figure (2.7).

For production of the best possible discrimination 

between the signals observed at both ends of the locator, 

the high frequency components that pass through the line 

trap circuit of the locator should be attenuated at the 

same centre frequency as that of the stack tuners. 

Therefore for the locator network the relationship given 

below exists.

Cs.LPl = CS.LP2 = C1.L1 = C2.L2 (2.7)

Furthermore, for more accurate results the bandwidth 

of the stack tuners must be equal to each other as given 

below.
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(9f)Stack tuners ~ (f2 “ fl)si ~ (f2 “ fl)s2 

= 5000 Hz (2.8)

where SI and S2 correspond to stack tuners 1 and 2 

respectively,

f2 = Upper cut-off frequency =92.5 kHz

and

f1  = Lower cut-off frequency = 87.5 kHz

The bandwidth and the cut-off frequencies are defined 

in Appendix 2B.

As previously mentioned, the effective impedance of 

each stack tuner at centre frequency fc to which they are 

tuned, should match the surge impedance of the line. 

Therefore the value of the resistors RP1 and RP2 in stack 

tuners SI and S2 respectively were chosen to be 500.0 n 

each. That is to say,

RP1 = RP2 = Ro

= Surge impedance of the line.

= 500.0 ii (2.9)

Knowing the values for RP1 and RP2 plus the centre 

frequency and the bandwidth of interest, the values for 

inductors LP1 and LP2 and capacitors Cs were calculated 

using the fundamental equations given below.
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LP1 = LP2
RP1

(2 .10)
2.7T.9f

and

1
Cs = ----— ---- ---- - (2.11)

( 2 n f c ) 2 . LP1

Further simulations showed that, for the largest 

discrimination margin between the two sides of the 

locator, the values of the two damping resistors R1 and Rd 

in the line trap circuit should be equal to 10000.0 n and 

2.0 n respectively. Finally, knowing the values for Rl, 

fc , LI and the bandwidth of interest, the rest of the 

elements in the line trap circuit were evaluated using 

fundamental equations for series and parallel L-C-R 

resonant networks.

The list of parameter values of the locator is 

provided in Appendix 2C.

2.3 REPRESENTATION OF THE LOCATOR

The representation of the locator on the line for the 

purposes of fault calculation was next considered and 

two-port transfer matrices were used. The voltages and 

currents, VI, II, V2 and 12, on both sides of the locator, 

as illustrated in Figure (2.8), are related to each other 

by the equation given below.
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VI A B V2

11 C D 12

X Y • Z

where the elements A, B, C and D are matrix elements 

representing the locator and are outlined in Appendix 2D. 

When representing the locator on all three phases as shown 

in Figure (2.9), X and Z in Equation (2.12) take the form 

of a (6 x 1) matrix and Y takes the form of a (6 x 6) 

matrix as given by Equation (2.13) below and outlined in 

Appendix 2D.

--
-
1

< H

__
_
i

Aa 0 0 Ba 0 0 V2a

Vlb 0 Ab 0 0 Bb 0 V2b

vic 0 0 Ac 0 0 BC V2C

H a Ca 0 0 Da 0 0 I2a

Ilb 0 Cb 0 0 Db 0 I2b

i-
-
-

H H 0 i __ 0 0 Cc 0 0 Dc

-
-
-
1

0<NH

(2.13)

In Equation (2.13),

Aa - Ab - Ac 

Ba = Bb = Bc 

ca = cb = Cc 

Da = Db = Dc

(2.14)
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The elements in Equation (2.14) are also given in 

Appendix 2D.

From the Equations (2.13) and (2.14), it is clearly 

seen that the elements A, B, C and D in Equation (2.12) 

become diagonal (3 x 3) submatrices. This is due to the 

fact that the mutual effect between the locators placed on 

three phases is zero. This is a useful feature of the new 

scheme since ,from the construction point of view, it 

would be much better and more convenient not to have any 

connections from one locator to another.

2.4 ATTENUATION OF THE LOCATOR

In the locator network, the effective impedance of 

each stack tuner at the centre frequency fc to which it is 

tuned, matches the line earth mode surge impedance. 

Therefore the equivalent circuit of the locator at centre 

frequency fc can be represented as shown in Figure (2.10). 

Appendix 2E shows that, the degree of attenuation provided 

by the locator at fc is given by the expression below.

VX 1
---- * ---------- (2.15)
VY (2X + 1)

In the above equation, X is the ratio of the 

effective impedance of the line trap circuit of the 

locator network at centre frequency fc to the surge 

impedance of the line, as given below.

25



X
ZT

(2.16)
Ro

The magnitude frequency response of the locator near 

the band of frequencies around the centre frequency fc is 

typically shown in Figure (2.11). Due to the coupling 

effect between the two stack tuners and the line trap 

circuit of the locator which are tuned to the same centre 

frequency and bandwidth, the 3dB bandwidth of this curve 

is 6200 Hz as given below.

(0f)|Vout/Vin| = (f,2 “ f'l)|Vout/Vin| = 6200 Hz

(2.17)

where,

f 1 2 = Upper cut-off frequency on attenuation curve 
=93.1 kHz

and

f'l = Lower cut-off frequency on attenuation curve 
=86.9 kHz
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FIG(2.2), THE MODIFIED LINE TRAP CIRCUIT OF THE LOCATOR.



X103

FIG(2 . 3) , THE VARIATION OF THE LINE TRAP CIRCUIT
IMPEDANCE AGAINST FREQUENCY.
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FIG(2.4), THE FINAL ARRANGEMENT OF THE LINE TRAP CIRCUIT OF THE 
LOCATOR.



XI O2

FIG(2.5), THE VARIATION OF THE FINAL LINE TRAP CIRCUIT
IMPEDANCE AGAINST FREQUENCY.



Rc LI

FIG(2.6), THE FINAL CIRCUIT TOPOLOGY OF THE NEW LOCATOR.
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FIG(2.7), THE VARIATION OF IMPEDANCE OF EACH STACK
TUNER AGAINST FREQUENCY.
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FIG(2.8), A SCHEMATIC BLOCK DIAGRAM OF THE LOCATOR.



Rc LI

FIG(2.9), REPRESENTATION OF LOCATORS ON THREE PHASES OF 
A THREE PHASE SYSTEM.



I

FIG(2.10), THE EQUIVALENT CIRCUIT OF THE LOCATOR AT CENTRE 
FREQUENCY fc.



X 1 0“ 1

FIG(2.11), THE MAGNITUDE-FREQUENCY RESPONSE OF THE 
LOCATOR NETWORK.



CHAPTER (3)

THE OPERATING PRINCIPLE OF THE LOCATOR AND THE NEW SCHEME

3.1 INTRODUCTION

Distribution systems can be damaged or disrupted in 

many ways by faults due to lightning, flashovers, 

vegetation, etc. It is therefore essential to design 

protective schemes to ensure a reliable supply of energy 

to the consumers with the highest possible continuity. It 

is possible to design a protection scheme based upon a 

variety of operating principles. The scheme used here is 

based upon the detection of the fault induced high 

frequency components in the line.

In the past, protection schemes based upon this 

operating principle have relied on the use of 

communication links to pin-point the location of a fault. 

In the case of interconnected overhead distribution 

systems the cost of such a communication network becomes 

very high. However, the scheme used here does not require 

the presence of such a communication network.

3.2 THE NEW PROPOSED TECHNIQUE

The new fault locators (described in Chapter 2) are 

inserted at convenient intervals and at strategic points 

along an overhead distribution line dividing it into
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several zones as shown in Figure (3.1) . With this 

arrangement each locator determines:

(i) Whether the fault is upstream or downstream (see 

Figure (3.1)).

(ii) Whether, or not, the fault is in one of the 

Zones adjacent to that locator or is in a zone 

remote from it beyond the next locator.

In Figure (3.1), (LOC)n, (n = 1, 2, ... , n) are the 

"locators" referred to above and (o/p)n, (n =1, 2, ... ,n) 

are the output signals from each locator which are then 

used to sense the direction and location of a fault. This 

information would then be used to effect the opening of 

the relevant circuit breakers. A flow chart to indicate 

the logic incorporated in the detection and location 

algorithm with the locator (LOC)n arbitrarily chosen for 

this purpose is shown in Figure (3.2).

The scheme would operate as follows: 

the locator (LOC)n, after observing the fault induced 

noise voltages, would first determine whether the fault is 

in-zone or out-of-zone. If the fault is out-of-zone, no 

action would be taken and no trip signal produced. However 

if the fault is identified to be in-zone, the locator 

(LOG)n would then decide whether the fault has occurred in 

its upstream adjacent zone or downstream adjacent zone,
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and in either case a trip signal would be produced. Note, 

Figure (3.1) shows only a single line diagram in which for 

a three phase line one locator is placed between each 

phase and the earth.

3.3 THE OPERATING PRINCIPLE OF THE NEW SCHEME AND THE

LOCATOR

The occurrence of a fault on a transmission or 

distribution system can be considered as equivalent to 

superimposing a voltage at the point of fault which is 

equal and opposite to the pre-fault voltage. The post-

fault voltage and current components can be considered as 

made up of the pre-fault steady-state components and the 

fault injected components as given below:

vpost = vpre + vfault

= vpre + (v)steady-state + (v)transient•

(3.1)

1post = !pre + ifault

= ipre + (i)steady-state + (i)transient•

(3.2)

The detection of the fault injected components 

representing the travelling-waves of interest is the basis 

upon which the operating principle of this new equipment 

and the scheme, is based.
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In Chapter (2) it was described how the new locator 

was developed to its final stage which is shown here again 

in Figure (3.3) for convenience. Figure (3.4) shows part 

of the line in Figure (3.1) with the effective and 

equivalent circuits of locators (LOC)n and (LOC)n+i per 

phase at the centre frequency fc to which the stack tuners 

and the line trap circuit of each locator are tuned. In 

order to understand the operating principle of the new 

scheme, first let us consider an out-of-zone fault at F2, 

which as described previously, would cause a wideband 

noise to be impressed on the line at F2. All frequency 

components generated by this fault in a narrow band of 

frequencies (±2.5kHz) around fc would be attenuated in 

their passage through the locator (LOC)n+1 in Figure

(3.4) .

It will be seen that, the in-band signal level at 

point Xn+i is, as described in Chapter (2), approximately 

(1/(2X + 1)) times the in-band signal level that appears 

at the point Yn+1- X is the ratio of the effective 

impedance of the line trap circuit of the locator network 

at centre frequency fc to the surge impedance of the line. 

Consequently the output voltages (VXn+i)F2 and (VYn+l)F2 

would have the relationship given below:

(VXn+l)F2 1
--------- * -------- (3.3)
(VYn+i)F2 (2X + 1)

The locator (LOC)n+]_ thus greatly reduces the in-band
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signals impressed on the line by F2, passing through it. 

Due to this fact the in-band signal level observed by 

locator (LOG)n is relatively low.

Now let us consider a fault at FI. In this case the 

whole of the in-band noise is absorbed by both locators 

(LOC)n and (LOC)n+i at points Yn and Xn+i respectively. 

(VYn) FI anc* (vxn+l)Fl/ which are respectively the signals 

received at Yn and Xn+i due to the fault at FI, are 

approximately (2X + 1) times higher than that of their 

corresponding fault noise generated for the previously 

considered fault at F2. This would yield the equations 

given below:

(VYn)F2 1
_______________ /V _____________________

/V

(VYn)F1 (2X + 1)
(3.4)

(V*n+l)F2 _ 1

(VXn+i)Fi (2X + 1)
(3.5)

The subscript F2 refers to the signals produced by 

the fault at F2. Also a fault at FI would yield the 

following equations:

(VXn)F1 1

(VYn)pi (2X + 1)

and

(3.6)
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(VYn+lJFl 1
(3.7)

(VXn+i)F1 (2X + 1)

However, on comparing the signals received at points 

Xn and Yn of locator (LOC)n due to an out-of-zone fault at 

F2, a completely different relationship between those 

signals appears as outlined below:

(VXn)F2 * (VYn)F2 (3.8)

This is due to the fact that, since all locators 

(LOG) n, (n = 1, 2, ... ,n) are tuned to the same centre

frequency and bandwidth, when the fault induced high 

frequency disturbance passes through locator (LOC)n+i, 

components in a certain part of the frequency spectrum are 

removed. Consequently the in-band signals received on both 

sides of any locator situated beyond the locator closest 

to a fault are almost equal. It is also evident that the 

in-band signals received by the two locators connected on 

each side of a faulty section of a line are much higher 

than those connected elsewhere.

In any scheme, such as this one, which relies for its 

operation on the pick-up of unwanted fault generated noise 

signals, it is important to use a detection scheme which 

incorporates a cancellation feature for any common mode 

signals. Such signals may be induced in the power lines 

from remote sources such as radio transmitters or from 

sources of large r.f. interference in the vicinity. The
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use of the aerial mode component of propagation makes it 

possible to achieve this.

The three output voltages across the resistors of the 

stack tuners of the three phases are then fed to a 

summation circuit as shown in Figure (3.5) where they will 

be added together according to the mode distribution 

matrix equation given below:

Modal Phasor

Vl' 1 1 1 v a

V 2 ' = 1 0  1 vb

V 3 ' 1 - 2  1 vc

The three output voltages can be added together using 

the aerial mode [1 0 -1] or they can be combined using 

the aerial mode [1 -2 1], The combination [1 -2 1] is 

particularly convenient and has been used here because it 

causes any common mode signals induced in the power lines 

from a remote source to be cancelled.

The summation circuit then produces output voltages, 

say, SVY(n) and SVX(n), (n = 1, 2, ..., n) which are fed 

into a narrow band pass filter that is tuned to the band 

of frequencies (typically ±1 kHz) around the centre 

frequency fc, to which the stack tuners and the line trap 

circuit of each locator are tuned. The filter, (see 

Section 3.4), whose bandwidth corresponds to the 3dB
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bandwidth of the locator band-stop network, produces 

output signals, FSVY(n) and FSVX(n), (n = 1, 2, ..., n). 

These output voltages are next squared and integrated 

with respect to time, t, according to the equation given 

below:

E =
•t
V2 . dt

J 0
(3.10)

producing an output which is proportional to the energy 

extracted from the filtered waveforms.

From Equations (3.3), (3.6) and (3.7), it can be seen

that, If EVXc and EVYc are respectively the energy levels 

obtained by squaring and integrating the filtered voltages 

across the resistors of stack tuners situated at sides X 

and Y of the closest locator to a fault, it should be 

appreciated that for a downstream fault, see Figure (3.4),

EVYC > EVXC (3.11)

and conversely for an upstream fault,

EVYC < EVXC (3.12)

The direction decision logic check, shown in Figure

(3.5) thus determines the fault direction by producing 

high or low logic signal outputs, Vdd and V^u according to 

the direction of the fault. These signals can be used as
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fault direction indicators and are fed to a fault zone

decision logic as shown.

From Equation (3.8), it is clear that, if EVYA and 

EVXA are respectively, the energy levels obtained by 

squaring and integrating the filtered voltages across the 

resistors of stack tuners situated at sides Y and X of any 

locator placed beyond the closest locator to a fault, for 

both downstream and upstream faults,

EVYa a EVXa (3.13)

It is evident that, the magnitude of the energy level 

difference E<̂  between the two sides of the closest locator 

to a fault is always at a much higher level than its 

corresponding EA for any other locator placed beyond the 

closest locator to a fault. Hence for both downstream and 

upstream faults, it is true to say that,

EC > eA (3.14)

where,

Ec = | EVYC - EVXC (3.15)

and

Ea = I EVYA - EVXA I (3.16)

Therefore the best and maximum possible 

discrimination margin between an in-zone and out-of-zone
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fault is achieved by comparing the magnitude of the energy 

level difference Eioc, between the two sides of any 

locator with a predefined threshold level THL in the level 

detection circuits shown in Figure (3.5). The expression 

for Eioc corresponding to any locator is given by the 

Equation (3.17).

Eioc = I EVYiqc - EVXloc | (3.17)

The threshold level THL, depends on the various 

circuit gains and it can be set to control the basic 

sensitivity to faults.

Hence for a locator seeing a fault to be in-zone,

Eioc > THL (3.18)

and for the same locator seeing a fault to be out-of-zone,

Eloc < THL (3.19)

From Figure (3.5) it can be seen that the outputs of 

the directional logic check and the level detectors are 

next fed into the fault zone decision logic, which would 

decide whether or not to produce a trip signal. The 

waveforms of Figures (3.6) and (3.7) further illustrate 

the principle of operation of the equipment for faults at 

points FI and F2 respectively as shown in Figure (3.4).
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With reference to Figure 3.6(a), the locator (LOC)n_i 

determines the fault to be an out-of-zone fault in 

accordance with the previously defined threshold level on 

the level detectors within the locator (LOC)n_i, that is 

to say;

(En-l)Fl = I (EVYn_!)F1 - (EVXn_!)F1 |

< THL (3.20)

therefore no trip signal is produced.

With reference to Figure 3.6(b), locator (L0C)n 

identifies the fault to be an in-zone fault, because the 

energy level difference (En)Fi between its two sides 

exceeds the threshold level on the level detectors within 

the locator (LOC)n, this is to say that,

(En)FI = I (EVYn)F1 - (EVXn)F1 |

> THL (3.21)

but in this case the locator (LOC)n would also determine 

the fault as downstream in accordance with the previously 

defined directional check, (Equation (3.11)), as outlined 

below:
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(EVYn)F1 > (EVXn)F1 (3.22)

therefore a trip signal is produced to indicate that the 

fault is between locators (LOC)n and (LOG)n+i. The locator 

(LOC)n+i/ Figure 3.6(c), likewise identifies the fault as 

being in-zone between locators (LOC)n+i and (LOC)n , 

because,

(En+l)Fl = I (EVYn+1)F1 - (EVXn+1)F1 |

> THL (3.23)

but in this case the locator (LOC)n+i sees the fault as 

upstream due to the fact that,

(EVXn+1)F1 > (EVYn+1)F1 (3.24)

therefore a trip signal is produced.

Figure (3.7) shows the corresponding response for a 

fault at F2 in Figure (3.4). In this case the in-band 

noise generated by F2 is attenuated by locator (LOC)n+1. 

With reference to Figure 3.7(a), the locator (LOCJn-x 

identifies the fault to be out-of-zone fault in accordance 

with the fact that,

(En-l)F2 = I (EVYn_1)F2 - (EVXn_1)F2 |
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< THL (3.25)

hence no trip signal is produced.

Similarly with reference to Figure 3.7(b), and on the 

account of

by virtue of signal attenuation by locator (LOC)n+i the 

fault is again correctly identified as out-of-zone by 

locator (LOC)n and hence produces no trip signal.

With reference to Figure 3.7(c), and due to the fact 

that there is no locator and hence high attenuation 

between locator (LOC)n+i and the fault, the energy 

difference level (En+i)F2 is above the threshold level on 

the values set on the level detector as given below:

(En)F2 = I (EVYn)F2 - (EVXn)F2 |

< THL (3.26)

(En+l)F2 = I (EVYn+1)F2 - (EVXn+1)F2 |

> THL (3.27)

and since,

(EVYn+1)F2 > (EVXn+1)F2 (3.28)
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the locator (LOC)n+i identifies the fault to be in-zone 

and downstream between it and the next locator downstream 

(not shown in Figure (3.4)), and therefore produces a trip 

signal.

3.4 DESIGN OF THE FILTER USED IN DECISION LOGIC UNIT

The filter used (which forms an essential part of the 

decision logic check unit) is a band-pass Butterworth 

filter. The design procedure described by Weinberg 

[29,30], was followed. In this section a brief description 

of how this filter was designed and how element values 

were calculated is provided.

Figure (3.8), shows the magnitude frequency response 

for a band-pass Butterworth filter. In Figure (3.8), W]_ 

and W2 are the lower and upper angular cut-off frequencies 

respectively, at which the attenuation is -3dB. For the 

magnitude frequency response curve shown, the 3dB 

bandwidth is (W2 - w^) and the relationship between W2 and 

wi is given by Equation (3.29).

w02 = wx . w2 (3.29)

The first step to design the band-pass filter was to 

design a Butterworth low-pass prototype filter with a 3dB 

cut-off frequency of (w2 - W]_) . For Butterworth

characteristics the attenuation in the stop-band is 6dB 

per octave per section.
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Hence, the larger the number of sections the steeper 

the transition region of the filter. A 9-section filter 

was chosen as this would provide an attenuation of 54dB 

per octave. This was deemed to be a sufficiently steep 

transition region. Knowing the number of sections required 

and that the filter is to be fed with a voltage source, 

the general form of the filter would be of the form shown 

in Figure (3.9). The general form of a low-pass ladder 

network varies depending upon whether it is fed from a 

voltage source or a current source, and also upon whether 

it contains an even number of sections or an odd number of 

sections. For simplicity the ratio of the source 

resistance to the load resistance was taken to be 1, i.e,

Rn
r = ---- = 1 (3.30)

R1

Next the element values for the required filter with 

n = 9, where n is the number of sections, and r - 1, are 

read from Table (1). It should be noted that these element 

values are for a normalised filter: one for which the cut-

off frequency is 1 rad/sec and the load impedance is 1.0 

n.

The frequency normalisation is removed by dividing 

the value of every inductance and capacitance by the 

required value of the cut-off frequency and leaving the 

resistances unchanged. Having removed the frequency
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normalisation, the required band-pass filter was then 

formed. For each inductance, in the low-pass filter, of L 

Henrys a capacitance of value (1 / wQ2.L) Farads was added 

in series with it and for each capacitance of C Farads, an 

inductance of value (1 / w02 .C) Henry was added in 

parallel with it, leaving the resistors unchanged. It 

should be noted that, each added element always resonates 

with the original element at the frequency wQ.

However, the band-pass filter obtained is still 

normalised for load resistance, R ̂ = in. This

normalisation is simply removed by multiplying the values 

of all resistances and inductances by the desired value of 

the load impedance (Ri), and dividing the value of all 

capacitances by the same quantity. Figure (3.10) shows the 

completed 9-section band-pass filter used and its elements 

values are listed in Appendix 3A.

The magnitude frequency response of the actual band-

pass filter used is shown in Figure (3.11).
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Downstream

To the next 
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FIG(3.1), SCHEMATIC DIAGRAM OF PART OF AN OVERHEAD LINE WITH 
THREE LOCATORS.



FIG(3.2), A FLOW CHART OF THE NEW PROPOSED TECHNIQUE.
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FIG(3 = 3), THE FINAL ARRANGEMENT OF THE NEW LOCATOR.
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gUpstrcam Downstream»

(LOC)n (LOC)n  + 1

FIG(3.4) ,  THE EQUIVALENT CIRCUITS OF (LOC)n AND (LOG) +1 PER 
PHASE AT CENTRE FREQUENCY fc.



FSVY ^ fv,,
VO

EVY Directional
Decision

logic
check

EVY > EVX, Downstream, Vd d

EVY < EVX, Upstream, VDU

¡EVY-EVXI

IEVY-EVXI >TH L,

In-Zone
- w

| EVY-EVX < THL,

Out-of-Zone

T_v
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FIG(3.5), DECISION MAKING REPRESENTATION
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FIG(3. 7 ) , THE BEHAVIOUR OF LOCATORS IN FIG(3.1) DUE 
TO A FAULT AT F2.



FIG(3.8), MAGNITUDE FREQUENCY RESPONSE OF A BAND-PASS FILTER.



FIG(3.9), GENERAL FORM OF THE REQUIRED LOW-PASS PROTOTYPE FILTER.
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TABLE (1)

Element Values (in ohms, henrys, farads) for a Normalized Butterworth Filler.

V a lu e  o f  n C ,  o r  L | ' L ,  o r  c y C |  o r  L | ' U  o r  C « ' C j  o r  L » ' U  o r  C , ' C i  o r  i y U  o r  < Y C *  o r  L » ' U *  o r  C j

• ) f  - 0
1 1 OOOO

2 0  7 0 7 1 1 .4 1 4 2
3 0  5.000 1 .3 3 3 3 1 .5 0 0 0
4 0 . 3 8 2 7 1 .0 8 2 4 1 .5 7 7 2 1 .5 3 0 7
5 0  3 0 9 0 0 . 8 9 4 4 1 .3 8 2 0 1 .6 9 4 4 1 .5 4 5 1
6 0 . 2 S 8 8 0 . 7 5 7 9 1 .2 0 1 6 1 .5 5 2 9 1 .7 5 9 3 1 .5 5 2 9
7 0 . 2 2 2 5 0 . 6 5 6 0 1 0 5 5 0 1 .3 9 7 2 1 .6 5 8 8 1 .7 9 8 8 1 .5 5 7 6
8 0 .1 9 5 1 0  5 7 7 6 0 . 9 3 7 0 1 .2 5 8 8 1 .5 2 8 3 1 .7 2 8 7 1 .8 2 4 6 1 .5 6 0 7
9 0 . 1 7 3 6 0 . 5 1 5 5 0  0 4 1 4 1 .1 4 0 8 1 .4 0 3 7 1 .6 2 0 2 1 .7 7 7 2 1 .8 4 2 4 1 .5 6 2 8

10 0 . 1 5 6 4 0  4 6 5 4 0 . 7 6 2 6 1 . 0 4 0 6 1 .2 9 2 1 1 .5 1 0 0 1 .6 8 6 9 1 .8 1 2 1 1 .8 5 5 2 1 .5 6 4 3

b) p - 1 / 8
1 9  0 0 0 0
2 1 1 .9 7 6 4 0 .09 .39
3 1 2 . 4 * 4 2 0 . 1 7 3 5 4 . 1 6 7 4
4 1 2 .5 6 0 5 0 . 2 0 3 2 8 . 9 2 9 6 0 . 0 4 9 3
5 1 2 .0 0 7 6 0  2 1 6 9 11.3 .305 0 . 1 3 4 6 2 .5 3 4 3
6 1 2 .6 1 9 0 0 . 2 2 4 3 1 2 . 6 7 9 4 0 . 1 5 3 3 6 . 1 8 9 8 0 . 0 3 3 0
7 1 2 .6 1 9 9 0 . 2 2 8 7 1 3 . 5 0 4 0 0 . 1 7 7 8 8 . 5 9 0 7 0 . 0 8 3 5 1 .8 1 2 1
8 1 2 .6 1 6 6 0 . 2 3 1 4 1 4 . 0 4 1 7 0 . 1 9 4 0 1 0 .2 2 7 9 0 . 1 1 9 0 4 . 6 9 2 9 0 . 0 2 4 8
9 1 2 .6 1 1 7 0  2 3 3 3 1 4 . 4 1 0 2 0 . 2 0 5 3 1 1 .3 8 5 6 0 . 1 4 4 6 6 . 8 2 4 8 0 . 0 6 5 3 1 .4 0 8 6

10 12  6 0 6 4 0 . 2 3 4 6 1 4 . 6 7 3 0 0 . 2 1 3 5 1 2 .2 3 0 5 0 . 1 6 3 5 8 .4 2 9 3 0 . 0 9 6 5 3 . 7 6 9 9 0 . 0 1 9 8

c) *  - 1 / 4
1 5 .0 0 0 0
n 6 .2 7 4 1 0 . 1 9 9 2
3 6  3 8 7 0 0  36v>8 2 . 1 6 9 9
4 6 . 3 8 4 0 0 .4  1 8 0 4  6 0 2 4 0 . 1 0 1 8
s 6 . 3 6 3 6 0  44.35 5.H0.36 0 . 2 3 S 0 1 .2 9 9 2
6 6 . 3 4 2 5 0  4 3 6 7 6 . 4 0 7 3 0 . 3 1 3 0 3 .1 6 0 1 0 . 0 6 7 5
7 6  3 2 3 8 0 .4 6 4 1 6  8 6 7 1 0 . 3 6 1 8 4 .3 7 2 7 0 . 1 7 0 0 0 . 9 2 2 5
8 6 .3 0 7 8 0 . 'U *8 7 7 1 2 4 4 0 . 3 9 4 0 5 .1 9 4 3 0 . 2 4 1 7 2 .3 8 3 8 0 . 0 5 0 3
9 6 .2 9 4 1 0  4 7 1 6 7 29P.4 0 . 4 1 6 2 5 . 7 7 2 0 0 . 2 9 3 2 3 .4 6 0 7 0 . 1 3 2 5 0 .7 1 4 3

10 6 .2 8 2 5 0 . 4 7 3 3 7 . 4 2 W 0 .4 3 2 1 6 . 1 9 1 6 0 . 3 3 1 2 4 .2 6 8 3 0 . 1 9 5 5 1 .9 0 9 1 0 .0 4 0 1

d ) r - 1 / 3
1 4 . 0 0 0 0
2 4 .8 2 H 4 0 .2 7 6 1
3 4 .C 4 7 3 0 .40 .34 1 . 6 7 2 S
4 4 0 1 0 3 0  5 6 7 6 3 . 5 2 3 3 0 . 1 3 A 6
5 4 7 7 4 3 0 . 5 9 9 7 )  4 2 3 9 0 .3  1 8 6 0 . 9 9 1 2
6 4  7 4  VO 0 .6 J  5 6  ~ 4  9 1 5 5 0  4 2 3 3 2 .4 0 4 2 0.0*/13
7 4 .7 2 0 0 0  0 2 4 4 5  2 0 8 5 0 .4 H H 2 3 .J2 IK J 0 .2 2 9 4 0 . 7 0 0 6
8 4 .7 0 1 2 0 . 0 2 9 5 S . 3 9 5 0 0 . 5 3 0 8 3.9.376 0 . 3 2 5 8 1 .8 0 7 5 0 . 0 6 7 8
9 4 . 6 8 5 3 0  6 3 2 6 5 . 5 2 0 0 0  5 6 0 1 4 .3 7 0 2 0 . 3 9 4 8 2 .6 2 0 9 0  1 7 8 5 0 . 5 4 1 0

10 4 .6 7 2 0 0 . 6 3 4 6 5 6 0 7 1 0 . 5 8 0 9 4 .6 8 3 3 0 . 4 4 5 4 3 .2 2 9 3 0 .2 6 3 0 - 1 .4 4 4 5 0 . 0 5 4 0

e) r - 1 / 2

1 3 0 0 0 0
2 3 .3 4 6 1 0 . 4 4 8 3
3 3 .2 6 1 2 0 . 7 7 8 9 1 .1 8 1 1
4 3 .1 8 6 8 0  H 8 2 6 2 . 4 5 2 4 0 . 2 1 7 5

5 3 .1 3 3 1 0 . 9 2 3 7 3 . 0 5 1 0 0 . 4 9 5 5 0 . 6 8 5 7

6 3.09 .38 0 . 9 4 2 3 3 .3 6 8 7 0  6 5 4 2 1 .6 5 3 1 0 . 1 4 1 2
7 3  0 0 4 0 0  9 5 1 3 3 . 5 5 3 2 0 . 7 5 1 2 2 . 2 7 2 6 0 . 3 S 3 6 0 .4 7 9 9
8 3 0 4 0 8 0 . 9 5 5 8 3 . 6 6 7 8 0 . 8 1 3 9 2 .6 8 6 3 0 . 5 0 0 3 1.2341 0 . 1 0 4 2

9 3 .0 2 2 3 0  9 5 7 9 3 . 7 4 2 6 0 . 8 5 6 5 . 2 .9 7 3 4 0 . 6 0 4 6 1 .7 8 4 6 0 . 2 7 3 5 0 . 3 6 8 5
1 0 3 .0 0 7 2 0  9 5 8 8 3 . 7 9 j 4 0 . 8 8 6 4 3 .1 7 9 5 0 .6 8 0 8 2 .1 9 4 3 0 .4 0 2 1 0 . 9 8 1 8 0 .0 8 2 5

0  r -
1

1
2 . 0 0 0 0

2 1 .4 1 4 2 1 .4 1 4 2
3 1 .0 0 0 0 2 . 0 0 0 0 1 0 0 0 0
4 0 . 7 6 S 4 1 .8 4 7 8 1 .8 4 7 8 0  7 6 5 4

5 0 . 6 1 8 0 1 .6 1 8 0 2 0 0 0 0 1 6 1 0 0 0  6 1 8 0
6 0 . 5 1 7 6 1 . 4 ! 4 2 1 9 3 1 9 1 .9 3 1 9 1 .4 1 4 2 0 . 5 1 7 6
7 0 . 4 4 5 0 1 .2 4 7 0 1 8 0 1 9 2 . 0 0 0 0 1 8 0 1 9 1 .2 4 7 0 0 .4 4 5 0
8 0 . 3 9 0 2 l . l i i l 1 6 6 2 9 1 .9 6 1 6 1 .9 6 1 6 1 .6 6 2 9 1.11 11 0 . 3 9 0 2
9 0 . 3 4 7 3 1 .0 0 0 0 1 .5 3 2 1 1 .8 7 9 4 2 . 0 0 0 0 1 .8 7 9 4 1.53 21 1 .0 0 0 0 0 . 3 4 7 3

10 0 . 3 1 2 9 0 . 6 0 8 0 1 4 1 4 2 1 .7 8 2 0 1 .9 7 5 4 1 .9 7 5 4 1 .7 8 2 0 1 .4 1 4 2 0 . 9 0 8 0 0 . 3 1 2 9
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CHAPTER (4)

THE SIMULATION OF THE TEST NETWORK

4.1 INTRODUCTION

The simulation of the network used for developing the 

new directional fault locator described in Chapter (2) , is 

based upon a standard fortran program. This program 

carries out a frequency domain analysis on a given section 

of a HV distribution network and then gives, as its 

outputs, the values of the required voltages and currents 

in the time domain via a Fourier transform 

algorithm [19,20,21,22]. The types of faults that can be 

simulated using this program are, three phase-to-earth, 

two phase-to-earth, single phase-to-earth and phase-to- 

phase.

It is discussed in this chapter, how the voltages and 

currents of interest are obtained. Details are also 

provided of other interface programs which are used as the 

second part of the simulation. This latter part of the 

simulation is concerned with the signal processing of 

these voltages and currents.

4.2 SIMULATED TEST CIRCUIT

The system used for simulation is schematically shown 

in Figure (4.1), which is a simple radial llkV overhead
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distribution line including three locators and an open 

end. Note, Figure (4.1) shows only a single line diagram 

in which for a three phase line one locator is placed 

between each phase and the earth.

Figure (4.2) shows the line configuration which is a 

horizontally constructed line with no earth wire. The line 

data [23,24] used for simulation are outlined in Appendix 

4 A .

4.3 CALCULATION OF VOLTAGES AND CURRENTS OF INTEREST

A multiconductor line is defined by its series- 

impedance matrix Z and its shunt-admittance matrix Y per 

unit length. Each element of Z varies with frequency and 

is determined by the conductor types, their physical 

geometry and the nature of the earth plane. The admittance 

matrix Y is a function only of the physical geometry of 

the conductors relative to the earth plane. Reference 

[19], details the calculation of these matrices from basic 

line data. Reference [22], shows how the system voltage 

steady-state equations, given by Equation (4.1) can be 

transformed into a series of independent differential 

equations of the form given in Equation (4.2).

2 PV (4.1)
dx

V = exp(-$x)V^ + exp(§x)Vr (4.2)
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where,

V is voltage transform, and are the incident and 

reflected voltage transforms and # is given by Equation 

(4.4).

P = Z.Y (4.3)

* = Q.T.Q (4.4)

where

Q = Voltage eigenvector matrix

and

T = Propagation constant matrix

Matrix function theory permits easy evaluation of the 

hyperbolic functions, the poly phase surge impedance and 

surge admittance [19]. These are given in Equations (4.5) 

and (4.6).

ZQ = Q.r“1.Q"1.Z (4.5)

and

Yq = Y.Q.r“1^ “1 (4.6)

With reference to Figure (4.1), the voltages of 

interest are the voltages across the resistors of stack 

tuners of each locator, when there is a disturbance on the 

line. The following sections detail the calculation of
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these voltages.

4.3.1 TRANSFER-MATRIX FUNCTIONS

The system shown in Figure (4.1), with a fault at 

point F, essentially consists of a network of cascade 

sections as shown in Figure (4.3). Two-port transfer 

matrices are useful in the solution of such problems.

The relationship between the currents and voltages at 

either end of the line is given by Equation (4.7),

A1

Cl

B1

D1

Af Bf A2 B2

Cf Df C2 D2 . *R .

(4.7)

where Al, Bl, Cl and D1 are the matrices defining the line 

section up to the point of fault, A2, B2, C2 and D2 are 

the matrices defining the line section beyond point of 

fault and the fault discontinuity is defined by the 

matrices Af, Bf, Cf and Df. In Equation (4.7),

Al Bl

Cl D1

BSI

SI

BLI

LI

B

D

S2

S2

(4.8)
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and

A2 B2 

C2 D2

L2

'L2

BL2

DL2

S3

'S3

BS3

S3

L3

'L3

BL3

L3

S4

'S4

BS4

DS4

(4.9)

From Equations (4.8) and (4.9), it can be seen that, 

the line sections SI, S2, S3 and S4 in Figure (4.1) are 

all represented by ABCD parameters with subscripts SI, S2, 

S3 and S4 respectively and locators (LOC)T., (LOC)T_ andLiJ. LiZ

(LOC)L3 are represented by ABCD parameters with subscripts 

LI, L2 and L3 respectively. In Equation (4.8),

AS1 = cosh($Xl) (4.10)

BS1 = sinh(§X1).Zo (4.11)

csi = Yo.sinh($X1) (4.12)

and

DS1 = Yo.cosh($Xl).Zo (4.13)

where

XI = Distance between sending end source and the 

first locator (LOC)T1.LiJL
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The matrices defining the transfer matrix 

representing sections S2, S3 and S4 of the line are 

similarly found by substituting the distances X2, X3 and 

X4 respectively for XI. The elements AL1, AL2, AL3 and AL4 

in the matrix defining the first locator (LOC)T1 have 

already been defined in Chapter (2). The matrices defining 

the transfer matrices of the second and third locators, 

(LOC)L2 and (LOC)L3 are calculated in the same way, since 

all the locators are identical. Finally the matrices 

defining the fault discontinuity are formulated according 

to the type of fault.

The equations given so far provide a solution to the 

steady-state response of the system. However, when a fault 

occurs on the line, the disturbance is propagated away 

from the fault towards both ends of the line. A proportion 

of this disturbance is reflected from the terminating 

busbars and from within each source network, to constitute 

a series of travelling waves which are ultimately damped 

by the system as a whole [20]. Such phenomena represent 

variations in frequency over a wide range and it is 

therefore, necessary to evaluate the system equations over 

the entire frequency spectrum of the disturbance in order 

to obtain the complete transient response.

4.3.2 FAULT TRANSIENT MODEL

The transient solution is a computation of the
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voltages and currents in the system following the 

application of a superimposed generator at the fault 

point. The basis of the method hinges upon representing 

the voltage at the fault point by the sum of two voltages 

Vfs and Vff as shown in Figure (4.4). Vfg is sinusoidal 

and is arranged to be egual to the steady-state voltage at 

the point of fault before the disturbance. is a 

suddenly applied voltage which when added to V„ ,
-L s

represents the postfault voltage. A solution may thus be 

obtained by performing two separate calculations in which 

the desired voltages and currents are evaluated when Vfs 

is applied to the energised system and the superimposed 

voltage is applied to the line with all source 

voltages set to zero.

The method is essentially one of superposition and it 

should be noted that the steady-state voltage vector V^s 

can be evaluated from a knowledge of the pre-fault 

voltages and currents at the terminating ends of the line. 

In fact, the vector V^s is only needed in so far as it 

enables the value V^f to be evaluated as a prerequisite to 

the second part of the computational process.

A pre-fault calculation is performed to provide the 

steady-state voltage and current at the source and also to 

determine the fault point voltage Vfs, at the fault point 

FI. The pre-fault calculation is determined at power 

frequency, since it is assumed that the system is in a
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steady-state condition before the occurrence of any 

disturbance on the system. Appendix 4B details the 

evaluation of Vfs which is given by Equation (4.14).

5f. - “ - V ^ s s  (4-14>

where,

As A1.A2 + B1.C2

It should also be noted that, it is necessary to 

establish the response of the unenergised circuit to the 

superimposed voltage transform V^, both for the faulted 

and healthy phases. In the case of the faulted phase or 

phases, no difficulty exists, for example, if we consider 

a single phase to earth fault on phase a, V ^ a is the 

transform of a suddenly applied voltage of the form,

Vffa = - Vfsa.sin(wQt + j8)h(t) (4.15)

where w q is nominal system angular frequency and h(t) is 

unit step function.

The superimposed voltage is simply equal and opposite 

to the pre-fault voltage at the point of fault. 

Unfortunately for healthy conductors, there is no such 

direct means of knowing the appropriate value of the 

superimposed voltages. It is shown in Appendix 4C that, 

the currents due to the application of the superimposed
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voltages are related by Equation (4.16).

r i - l “M + Rf IfSf ” IfRf

(4.16)

where, and -̂ fsf

currents at fault p 

resistance matrix and,

are the transform of superimposed 

oint, Rf represents the fault

- i  1 r - ifl----1
£__

i . C1  +  D 1 - Z S S  J L A 1  +  B 1 * z s s

C2.A2

(4.17)

It is evident from the foregoing, that the analysis 

requires the source impedance matrix over the range of 

frequency of interest. For the purpose of confirming the 

digital simulation which is.used here, a general source 

model based upon arbitrarily defined Short-Circuit Levels 

at the terminating busbars has been used. The evaluation 

of this source impedance matrix, Zgs, which is given by 

Equation (4.18) is outlined in Appendix 4D.
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(4.18)

z Z Zse mu mu

Z Z Zmu se mu

z Z Zmu mu se

where, the source self impedance Z is given by EquationS6

(4.19),

Z = Z , + se si < Zso " Zsl > (4.19)

and the source mutual impedance is given by Equation

(4.20).

Zmu (4.20)

In Equations (4.19) and (4.20) Z and Z , are theso si

zero and positive phase sequence source impedances 

respectively.

The vector of transposed superimposed voltages from 

each conductor to earth, E ^  is obtained from Equation

(4.21) given below.

+ R, (4.21)

Equation (4.16) involves (3 x 3) matrices for single 

circuit configuration and for simplicity it takes of the

52



form given in Equation (4.22)

v
f fa Zaa Zab Zac (IfSf " IfRf)a

V
ffb =

Zba Zbb Zbc (IfSf “ IfRf)b
vL  ffc J Zca Zcb Zcc (ifSf “ IfRf)c

(4.22)

For example, for single phase-to-earth fault, (a-e), 

Equation (4.22) takes the form given in Equation (4.23).

” _ .
Vf fa Zaa
v
ffb Zba

L ffc . Zca .

* IfSf “ XfRf ^a

(4.23)

This is because the currents Ifsf and IfRf are 

equal in the healthy b and c phases. The voltage transform 

Vffa is known, therefore and V ^ c can easily be

evaluated as shown below.

From Equation (4.23),

V__ = Zf fa aa ( IfSf IfRf }a (4.24)

from which,

( Ifsf IfRf )a = Zaa Vf fa (4.25)

53



therefore,

5ffb - zba ' [ zaa_1 • 5ffa ] (4.26)

and,

ffc = Zca aa Vf fa (4.27)

The final step in the process involves computing the 

spectrum of the voltages and currents of interest. The 

transformed superimposed voltages and currents at the 

sending end of the line were evaluated in order to find 

the transformed superimposed voltages and currents at 

either side of each locator along the line. Appendix 4E, 

shows that the transformed superimposed voltage on the 

left hand side of the first locator in Figure (4.1) is 

given by the Equation (4.28).

VI U

U .ASI

(4.28)

where U is a unit matrix.

Appendix 4E also shows that,
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II = B -1
SI sf As i -V1 (4.29)

where, II is the transformed superimposed current on the 

left hand side of the first locator in Figure (4.1).

Finally putting Equation (4.28) in Equation (4.29) 

would give the current 11. Similarly the transformed 

superimposed voltage, V2 and current, 12 on the right hand 

side of the first locator in Figure (4.1) are found using 

Equation (4.30).

LI

'Ll

BLI

LI

1
<1 to

__
__

1

12
(4.30)

From Equation (4.30), V2 is evaluated in exactly the 

same way as VI, which was outlined in Appendix 4E. V2 is 

therefore given by Equation (4.31).

V2 U

U DLI

VI (4.31)

It should be noted that, VI and V2 are the total 

voltages across stack tuners on both sides of the locator,
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(see Figure (4.5)), and each take the form of a ( 3 x 1 )  

matrix. However, for programming purposes these voltages 

are formed as (3 x 3) diagonal matrices as given below.

VI (4.32)

and

V2

V2 0 0a

0 V2b 0

0 0 V2

(4.33)

The transformed superimposed voltages of interest are 

the voltages across the resistors of stack tuners. Knowing 

the voltages VI and V2 and the admittance of the stack 

tuners, the voltages across the resistors of the stack 

tuners SI and S2 of the corresponding three phases are 

obtained using Equations (4.34) and (4.35) respectively.
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vRPla VIa 0 0 YS1
a

0 0

v
RPlb

= 0
™ b 0 • 0 YSlb 0

VL RPlc J 0 0 <1 H 0 1__ 0 0 YSlc

RP1d

RPlb

RPlc
(4.34)

where

YS1 = YS1. = YS1 a b c

= Admittance of stack tuner SI

and

RP1 = RP1, = RP1 a b c

= Resistance of stack tuner SI

VRP2a

VRP2b

VRP2C

where

YS2 = YS2

V2a 0 0

0 ^2b 0

0 0 ^2c

RP2a

RP2b

RP2c

= YS2

YS2 0 0

0 YS2b 0

0 0 YS2

(4.35)

c

= Admittance of stack tuner S2
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and

RP2 = RP2, = RP2 a b c

= Resistance of stack tuner S2

The inverse Fourier transform given in Equation 

(4.36) forms the basis of the method by which the 

frequency spectrum is used to determine the corresponding 

time variation of any voltage and current of interest.

f(t)
1

2n

»00

f (w) .exp(jwt) .dw 
J —00

(4.36)

References [21,22] have developed and successfully 

used a modified halfrange form of the basic Fourier 

integral as given in Equation (4.37).

f(t)
exp(at)

Re -------
n

f f
o f (w - ja).exp(jwt).dw

J 0

(4.37)

The Gibbs oscillations, which arise when a finite 

number of terms of an infinite Fourier series are taken, 

is overcome by introducing the sigma factor given below.

sin (7TW/f )

a = ----------- (4.38)
(7TW/f)

In Equation (4.37), a frequency-shift constant, a, is 

also included to ensure numerical stability when the
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integral is evaluated digitally. The relationship between 

the sigma, frequency-shift constant and truncation 

frequency, f ,  has been studied extensively [26].

4.4 SIGNAL PROCESSING OF THE DESIRED SIGNALS

The second part of the simulation is concerned with 

the signal processing of the voltages of interest obtained 

in the previous sub-section. This consists of several 

interface programes as described below.

The output results obtained in the time domain are 

fed into the first interface program, which functions as a 

preprocessor for SPICE. It should be appreciated that, the 

filtering operation has been performed using SPICE. The 

program then produces a data file which is suitable for 

being directly used as a SPICE input file. SPICE is then 

run, it processes the information in its input file, which 

also includes the electrical characteristics of the band-

pass filter used as part of the signal processing, and 

then produces an output file that is basically the 

filtered results.

According to the decision logic check unit, Figure

(4.5), Chapter (3), the filtered voltages are next squared 

and integrated to give an output which is proportional to 

the energy content in the waveforms. There are several 

ways of achieving this, but the method of integration used
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here is based on the "TRAPEZOIDAL RULE" which is again 

carried out using another standard fortran program which 

is the final interface program in the second part of the 

simulation.

By referring to Figure (4.5) and Appendix 4F, the 

total energy in a period of T, or the total area under the 

squared voltage curve from the origin to T is,

,T

E V2 dt

0

1 2 2 n _ ^(v 0) + ( v _ r  ] + s (v . )
i=l

t
2

(4.39)

where

T
n (4.40)

t
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FIO(4.1), SCHEMATIC DIAGRAM OF THE SIMULATED SYSTEM PER 
PHASE.
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FIG(4.3), FAULT TRANSIENT MODEL OF THE SIMULATED SYSTEM.
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CHAPTER (5)

SENSITIVITY ANALYSIS ON DIRECTIONALITY PROPERTY 

OF THE NEW EQUIPMENT

5.1 INTRODUCTION

The performance of the new equipment developed has 

been studied using the program and the techniques 

described in Chapter (4). In this chapter, the simulation 

results illustrating the directionality property of the 

locator are presented. Sensitivity studies were carried to 

include the effect of fault resistance, fault inception 

angle, source capacities, fault positions and the effect 

of type of fault on the performance of this new equipment.

The effect of varying the bandwidth of the stack 

tuners and line trap circuit of each equipment and that of 

the bandpass filter are also discussed. Finally the means 

by which the discrimination margin can be maximised are 

provided.

5.1.1 SELECTION OF APPROPRIATE SIGNALS

The directionality property of the new fault locator 

is best illustrated by analysing the fault induced high 

frequency voltage signals received at sides X and Y of 

locators (LOC)li and (L0C)l2 due to an in-zone fault at 

point FI in Figure (5.1). Note, this figure shows a simple
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line diagram in which for a three phase line one locator 

is connected between each phase and earth. It should also 

be noted that, the signals received are the voltages 

across the resistors of the stack tuners employed on both 

sides of locators (LOG)lx and (L0C)l2*

5.2 THE EFFECT OF TYPE OF FAULT

First consider a solid fault between phase (a) and 

earth with a fault inception angle of 90.0 degrees. Figure

(5.2) shows the primary voltage signals, i.e, unfiltered 

voltages, received across the resistors of the stack 

tuners of the first locator (LOC)li at side Y and its 

corresponding primary voltage signals at side X is shown 

in Figure (5.3). The filtered response of these signals, 

after passage through a band-pass filter, are illustrated 

in Figures (5.4) and (5.5) respectively.

It is clearly evident that, the energy content, Ey in 

the voltage signals at side Y is at a higher level than 

its corresponding energy content, Ex in the voltage sig-

nals at side X of the first locator (LOC)l x * This is shown 

in Figure 5.6(a) from which the signal processing network 

correctly determines the direction of the fault which is 

downstream. However, by analysing the voltage signals 

obtained by locator (LOC)l2 dhe to the same fault at FI, 

it is also correctly determined that, the direction of the 

fault is upstream. This is shown in Figure 5.6(b), from
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which it is clearly evident that, the energy content Ex in 

the filtered waveforms, at side X of the locator (L0C)l2 

is at a higher level than its corresponding energy level 

Ey at side Y.

The corresponding waveforms for other types of faults 

are shown as follows:

(i) Figures 5.7(a) and 5.7(b) show the waveforms for 

a double phase to earth, (a-b-e).

(ii) Figures 5.8(a) and 5.8(b) show the waveforms for 

a three phase to earth fault, (a-b-c-e).

(iii) Figures 5.9(a) and 5.9(b) show the waveforms 

for a phase to phase fault, (a-b).

From Figures 5.6(a) to 5.9(b), it is clearly seen 

that the type of fault does not effect the directionality 

property of the new eguipment as the signal processing 

network correctly distinguishes between a downstream and 

upstream fault regardless of its type.

5.3 THE EFFECT OF FAULT RESISTANCE

The effect of fault resistance on the directionality 

performance of the locator was studied by analysing the 

signals from the locator (LOC)li due to a fault at point 

FI in Figure (5.1). For a single phase (a) to earth fault 

with a fault resistance of 100 n, the voltage signals
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observed across the resistors of the stack tuners of the 

locator (LOC)li at sides Y and X are as shown in Figures 

(5.10) and (5.11) respectively. The corresponding 

waveforms showing the difference between energy content in 

the voltage waveforms on either side of the locator for a 

fault with R f  = 100 n and R f  = 50 n are shown in Figures 

(5.12) and (5.13) respectively.

On comparing these Figures with Figure 5.6(a) in 

which R f  was equal to zero it is clearly seen that, the 

amount of energy content in the voltage signals appearing 

on both sides of the locator decreases as the fault 

resistance R f  increases. This is basically due to the fact 

that, the high frequency travelling wave components on the 

line become progressively more damped as the fault 

resistance increases. There is also a reduction in the 

primary voltage signals as the fault resistance is 

increased and this can be seen by comparing Figures (5.10) 

and (5.11) with Figures (5.2) and (5.3) in which the fault 

resistance was equal to zero. Finally, Figure 5.13(a) 

shows the variation of the discrimination margin against 

the fault resistance over a range of 0ii-100n. This figure 

clearly shows that, the discrimination margin between the 

energy levels on both sides of the locator is almost 

unaffected and does not change much by the value of the 

fault resistance. For this reason the signal processing 

network correctly distinguishes between an upstream and a 

downstream fault.
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5.4 THE EFFECT OF FAULT INCEPTION ANGLE

In the results illustrated so far, the faults have 

been applied at an instant corresponding to voltage 

maximum in the faulty phase or phases. These are of course 

the worst cases from the travelling wave point of view. 

However, the other important extreme is reached when a 

fault is applied near or at zero voltage. Figures (5.14) 

and (5.15) show the primary voltage signals received by 

the locator (LOC)li due to a fault at point FI in Figure 

(5.1) with a fault inception angle of 5.0 degrees.

On comparing these waveforms with Figures (5.2) and

(5.3), it is clearly evident that, the travelling waves 

are reduced. This is because there is not a large and 

sudden voltage change at the point of fault and the 

distortion is therefore extremely small. However, no 

matter how small the distortion is, Figure (5.16) shows 

that, the discrimination margin between the energy 

contents of voltage waveforms sampled on both sides of the 

locator (LOC)l i , is still of the same order as that of the 

case with a fault inception angle of 90.0 degrees, 

previously shown in Figure 5.6(a).

The variation of the discrimination margin between 

0.0 to 90.0 degrees is further illustrated in Figure 

5.16(a). This clearly shows that, the energy content in
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the voltage signals for a fault at 0.0 degrees is zero and 

that the directionality property of the new equipment is 

almost independent of the fault inception angle from 1 to 

90 degrees.

5.5 THE EFFECT OF SOURCE CAPACITY

The directionality performance of the new equipment 

has been also studied under different source capacities. 

Figures (5.17) and (5.18) show the comparison between the 

energy content in the signals on both sides of the locator 

for short-circuit level of 150 MVA and 50 MVA respective-

ly. Figure (5.19) shows the variation of the 

discrimination margin against short-circuit level from 50 

MVA to 250 MVA. Although there is a reduction in the 

discrimination margin between the energy levels obtained 

from both sides of the new locator as the short-circuit 

level decreases, the locator however still does correctly 

distinguish between an upstream and a downstream fault 

under different source capacities.

5.6 THE EFFECT OF FAULT POSITION

The sensitivity analysis carried out on the signals 

received by locator (LOC)lx in Figure (5.1) so far, have 

been due to a fault placed at a point on the line very 

close to the locator (LOC)l2* The effect of fault position 

has been studied by analysing signals observed by (LOC)lx
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due to different fault positions on the line section 

between (LOC)li and (L0C)l 2« Figure (5.20) shows the 

variation of the discrimination margin against fault 

position. It is clearly evident that, the discrimination 

margin for distinguishing between upstream and downstream 

faults does not change much and it is almost independent 

of fault positions.

5.7 THE EFFECT OF VARYING THE BANDWIDTH

In the results illustrated so far, a bandwidth of 5.0 

kHz for the stack tuners and line trap circuit of each 

locator has been used. Figure (5.21) shows that, with the 

centre frequency fc kept constant at 90.0 kHz, if the 

bandwidth is varied between 5kHz to 10kHz, neither the 

discrimination margin nor the directionality of the new 

equipment is affected to any significant extend.

Figure (5.22) illustrates the effect of altering the 

bandwidth of the bandpass filter; this filter is used for 

processing the primary voltage signals and maximising the 

discrimination margin between the two sides of the 

locator. It should be appreciated that, all the 

sensitivity analyses so far, have been carried out for the 

minimum discrimination margin obtained with the bandpass 

filter tuned to a bandwidth of 1200 Hz. However, Figure 

(5.22) shows that, the maximum discrimination margin is 

obtained when the filter is tuned to the same bandwidth as
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that of the stack tuners and line trap circuit of each 

locator, which in this case is 5.0kHz.

5.9 MAXIMISATION OF DISCRIMINATION MARGIN

The sensitivity analysis presented in previous 

sections are the results of using a centre frequency of 

90.0kHz for both the stack tuners and line trap circuit of 

each locator.

However, further simulation studies have shown that, 

in order to maximise the discrimination margin between the 

energy content on both sides of the locator, a higher 

centre frequency of 270kHz should be used. The parameter 

values of the locator at centre frequency of 270kHz are 

outlined in Appendix 5A. Figures (5.23) and (5.24) show 

the corresponding voltage signals to those of Figures 

(5.2) and (5.3), but with the stack tuners and line trap 

circuit tuned to a centre frequency of 270kHz. Their 

corresponding filtered response after passage through a 

bandpass filter, tuned to the centre frequency of 270kHz, 

are shown in Figures (5.25) and (5.26). Finally Figure 

(5.27) shows the comparison between energy content in the 

filtered waveforms of Figures (5.25) and (5.26).

On comparing Figure (5.27) obtained at a centre 

frequency of 270kHz with its corresponding waveform of 

Figure 5.6(a) obtained at a centre frequency of 90kHz, it
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is clearly evident that 

the energy levels on 

considerably increased.

the discrimination margin between 

both sides of the locator has
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FIG (5.1), SCHEMATIC DIAGRAM OF THE SYSTEM SIMULATED PER PHASE 
WITH AN IN-ZONE FAULT, FI
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F I G  (5.2). V Y  O F  (LOC) L I  D U E  T O  A F A U L T  
A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  (5.3). V X  O F  (LOC) L I  D U E  T O  A F A U L T  
A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  -  0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION.ANGLE - 90.0 (degrees)
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F I G  (5.4). F I L T E R E D  V Y  O F  ( L O C ) L l  D U E  T O  A 
F A U L T  A T  P O I N T  FI. W I T H  fc - 3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 30.0 (degrees)



FI
LT
ER
ED
 
VO
LT
AG
E 

VX
 
(v
ol
t)

X10“ 1

F I G  (5.5). F I L T E R E D  V X  O F  ( L O C ) L l  D U E  T O  A 
F A U L T  A T  P O I N T  FI. W I T H  fc -  3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  -  0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 30.0 (degrees)
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F I G  5 . 6 ( a ) .  E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L l  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  5 . 6 ( b ) .  E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L 2  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 30.0 (degrees)
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F I G  5 . 7 ( a ) ,  E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L I  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc -  9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-b - e ]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  5 . 7 ( b ) .  E N E R G Y  C O M P A R I S O N  B Y  (LOG) L 2  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [ a - b - e ]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  5 . 8 ( a ) .  E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L l  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  = 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [ a - b - c - e ]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  5 . 3 ( b ) .  E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L 2  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  => 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [ a - b - c - e ]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  5 . 3 ( a ) .  E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L l  O U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc = 3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  = 2 5 0  M V  A

F A U L T  R E S I S T A N C E  = 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-b]

F AULT I N C E P T I O N  A NGLE 30.0 (degrees)
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T O  A F A U L T  A T  P O I N T  FI. W I T H  fc = 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  =■ 0 . 0  (ohms)
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F I G  (5.10). V Y  O F  (LOC) L I  D U E  T O  A F A U L T  
A T  P O I N T  FI. W I T H  fc = 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 1 0 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]
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F I G  (5.11). V X  O F  (LOC) L I  D U E  T O  A F A U L T  
A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 1 0 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  (5.12). E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L l  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc = S O  . O (kHz)

S H O R T - C I R C U I T  L E V E L  = 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 1 0 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

F A U L T  I N C E P T I O N  A NGLE =* 90.0 (degrees)
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FIG 5.13(a). V A R I A T I O N  OF D I S C R I M I N A T I O N
M A R G I N  A G A I N S T  F A U L T  R E S I S T A N C E
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F I G  (5.14). V Y  O F  ( L O C ) L l  D U E  T O  A F A U L T  
A T  P O I N T  FI. W I T H  fc =■ 3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE — 5.0 (degrees)
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F I G  (5.15). V X  O F  (LOG) L I  D U E  T O  A F A U L T  
A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 5.0 (degrees)
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T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A
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T Y P E  O F  F A U L T  : [a-e]
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FIG 5.16(a), VARIATION OF DISCRIMINATION
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F I G  (5.1 7 ) .  E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L l  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 1 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]
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F I G  (5.18). E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L l  D U E  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90.0 (degrees)
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FIG (5.19), V A R I A T I O N  OF D I S C R I M I N A T I O N
M A R G I N  A G A I N S T  S O U R C E  C A P A C I T Y
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FIG (5.20). VARIATION OF DISCRIMINATION
MARGIN AGAINST FAULT POSITION
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M A R G I N  A G A I N S T  B A N D W I D T H  O F  T H E  B A N D P A S S  
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F I G  (3.23). V Y  G F  ( L O C ) L l  D U E  T G  A F A U L T  
A T  P O I N T  FI. W I T H  fc - 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]
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F I G  (5.2 4 ) .  V X  O F  ( L O C ) L l  D U E  T O  A F A U L T  
A T  P O I N T  FI. W I T H  fc - 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  (5.2 5 ) ,  F I L T E R E D  V Y  G F  (LOG) L I  D U E  T O  A 
F A U L T  A T  P O I N T  FI. W I T H  fc - 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE SO . O (degrees)
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F I G  (5.26). F I L T E R E D  V X  O F  (LOC) L I  D U E  T O  A 
F A U L T  A T  P O I N T  FI. W I T H  fc - 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)



X I  o - 4

F I G  (5.2 7 ) .  E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) L l  
T O  A F A U L T  A T  P O I N T  FI. W I T H  fc - 2 7 0 . 0

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)

D U E
(kHz)



CHAPTER (6)

SENSITIVITY ANALYSIS ON FAULT LOCATING PROPERTY 

OF THE NEW EQUIPMENT

6.1 INTRODUCTION

The directionality property of the new directional 

fault locator was examined and illustrated using the 

sensitivity analysis performed in Chapter (5). In this 

chapter, further analysis and simulation results to show 

the capability of this new equipment to distinguish 

between in-zone and out-of-zone faults are presented. The 

results include the effect of type of fault, fault 

inception angle, fault resistance and the effect of source 

capacity on the discrimination margin existing between in-

zone and out-of-zone faults.

Finally the maximisation of discrimination margin and 

the determination of the threshold level THL, described in 

Chapter (3), are discussed.

6.1.1 SELECTION OF APPROPRIATE SIGNALS

The method by which the new locator configuration 

distinguishes between in-zone and out-of-zone faults on a 

given overhead distribution system was described in 

Chapter (3).
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The sensitivity analysis have been carried out using 

the signals provided by (LOC)li due to two different fault 

positions: at points FI and F2 close to (L0C)l2 as shown 

in Figure (6.1). The fault FI, represents an in-zone fault 

while the fault at F2 represents an out-of-zone fault as 

sensed by locator (LOC)l i . It should be appreciated that, 

the signals provided by (LOC)l i , are the voltages across 

the resistors of the stack tuners employed on both sides 

of (LOC)li at X and Y. Figure (6.1) shows the schematic 

diagram of the system under test per phase. The energy 

content in the filtered voltages at sides Y and X are 

again referred to as Ey and Ex respectively.

6.2 THE EFFECT OF TYPE OF FAULT

As previously described, the discrimination between 

in-zone and out-of-zone faults is accomplished by 

evaluating the difference in energy levels on either side 

of a locator arising from different types of faults.

Figures (6.2) and (6.3) show the voltage signals 

appearing across the resistors of the stack tuners of 

locator (LOC)li situated at sides Y and X respectively. 

The type of fault applied is a single phase to earth solid 

fault, (a-e) at point F2. The corresponding waveforms of 

Figures (6.2) and (6.3) after passage through a band-pass 

filter, are illustrated in Figures (6.4) and (6.5)
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respectively. It is clearly seen that, the energy content 

in the filtered voltages are almost equal, resulting in a 

very small energy level difference between the two.

The energy level difference analysed by locator 

(LOC)li due to an in-zone fault at FI and its 

corresponding waveform due to an out-of-zone fault at F2 

are shown in Figure (6.6). From the results, it is evident 

that, the energy level difference for an in-zone fault is 

at a much higher level than that of an out-of-zone fault.

The corresponding result of Figure (6.6) for a double 

phase to earth fault, (a-b-e), is shown in Figure (6.7), 

for a three phase to earth fault, (a-b-c-e), is shown in 

Figure (6.8), and finally for a phase to phase fault, (a- 

b), is shown in Figure (6.9). Figures (6.6) to (6.9), 

clearly demonstrate the capability of the new equipment to 

distinguish between in-zone and out-of-zone faults for 

different types of faults.

6.3 THE EFFECT OF FAULT RESISTANCE

Figures (6.10) and (6.11) show the voltage signals 

across the resistors of stack tuners of locator (LOC)li at 

sides Y and X respectively due to a single phase to earth 

fault, (a-e), at F2 with a fault resistance of 50.0 fi. The 

magnitude of energy level difference between these signals 

after having been filtered, should be at a lower level
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than that of its corresponding energy level difference for 

a fault at FI. This is shown in Figure (6.12), from which 

it is clearly evident that, a sufficiently large margin 

does exist between the two energy level differences, in 

order for the locator to distinguish between in-zone and 

out-of-zone faults having a fault resistance of up to 50.0 

n.

The corresponding waveforms of Figure (6.12) with a 

fault resistance of 100.0 ft is shown in Figure (6.13).

6.4 THE EFFECT OF FAULT INCEPTION ANGLE

The two possible worst cases from the travelling-wave 

point of view, are the faults at instants corresponding to 

a voltage maximum and a voltage minimum, in the faulted 

phase or phases. So far the sensitivity analysis have been 

carried out, using faults occurring at a voltage maximum 

or at an inception angle of 90.0 degrees. The 

corresponding voltage signals of Figures (6.2) and (6.3) 

are shown in Figures (6.14) and (6.15) respectively for a 

fault with an inception angle of 5.0 degrees. In this case 

the distortion is very small, and this is due to the 

absence of a large and sudden voltage change at the point 

of fault.

Figures (6.16) and (6.17) show the comparison between 

the energy level differences corresponding to in-zone and
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out-of-zone faults with fault inception angles of 5.0 and

45.0 degrees respectively. These together with Figure

(6.6) show that the discrimination margin between the 

energy level differences is almost independent of the 

fault inception angle.

6.5 THE EFFECT OF SOURCE CAPACITY

In this section the effect of source capacity on the 

fault locating property of the new equipment has been 

investigated. Figures (6.18) and (6.19), show the 

comparison between the energy level differences observed 

by locator (LOC)li due to in-zone fault at FI and out-of- 

zone fault at F2 for Short-Circuit Levels of 150 MVA and 

50 MVA respectively.

On comparing these with Figure (6.6) which 

corresponds to the case with a Short-Circuit Level of 250 

MVA, it is seen that, the discrimination margin reduces as 

the Short-Circuit Level decreases. However, even with a 

Short-Circuit level of 50 MVA, the discrimination margin 

is adequate to enable the in-zone and out-of-zone faults 

to be correctly determined by the locator (LOC)l i -

6.6 MAXIMISATION OF DISCRIMINATION MARGIN

As previously described in Chapter (5), tuning the 

stack tuners and the line trap circuit of the new
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equipment to a centre frequency of 270 kHz, would 

considerably increase the discrimination margin between 

the energy levels obtained from the stack tuners. 

Consequently, this would also result in a higher 

discrimination margin existing between the magnitude of 

energy level differences due to in-zone and out-of-zone 

faults.

Figures (6.20) and (6.21) show the corresponding 

voltage signals at a centre frequency of 270 kHz to those 

of Figures (6.2) and (6.3) at a centre frequency of 90 kHz 

respectively. Figures (6.22) and (6.23) show the filtered 

response waveforms of Figures (6.20) and (6.21) 

respectively. Once more, due to the fact that, the fault 

is beyond locator (L0 C)l 2 / the difference between energy 

content in the filtered response waveforms is very small.

Finally Figure (6.24) illustrates the comparison 

between the magnitude of energy level differences due to 

in-zone and out-of-zone faults. This clearly shows the 

increase in the discrimination margin from almost 16 times 

at a centre frequency of 90 kHz, Figure (6.6), to almost 

100 times at the centre frequency of 270 kHz.

6.7 DETERMINATION OF THE THRESHOLD LEVEL, THL

So far the results illustrated show, how the 

discrimination margin between in-zone and out-of-zone
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faults is affected by different fault conditions. However, 

as previously described in Chapter (3), the operation of 

the new equipment and the scheme developed to produce the 

right trip signal for distinguishing between in-zone and 

out-of-zone faults, depends entirely on using a threshold 

level. The threshold level to be used depends on the 

various circuit parameters and it can be set to control 

the basic sensitivity to faults.

One of the major factors influencing the 

determination of a threshold level is the fault inception 

angle. It has been seen that, when a fault occurs some 

where near a zero crossing of the voltage, there is not a 

large sudden change of voltage, resulting in a very low 

energy level difference compared with those occurring at a 

voltage maximum. However, apart from this fact and as an 

example, from the sensitivity analysis carried out in this 

chapter, it is quite evident that two or even one 

threshold level can be defined. This can be used in order 

to distinguish correctly between in-zone and out-of-zone 

faults under different fault conditions considered. These 

include different types of fault and in the case of a 

single phase to earth fault, (a-e), different fault 

resistances, source capacities and fault inception angles.

Considering Figures (6.6) to (6.9), it can be seen 

that, the maximum energy level difference due to an 

out-of-zone fault corresponds to 5.0 x 10-4 Joule ohm,
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(Jil). Also the minimum energy level difference due to an 

in-zone fault corresponds to 16.0 x 10“4 Jft. Hence it can 

be seen that, a threshold level within the range,

5.0 x 10”4 to 16.0 x 10“4 Jft, could well be used so far.

Figure (6.25) shows that, a threshold level 

corresponding to, say 10.0 x 10~4 Jn, is always exceeded 

by any energy level due to in-zone faults and always 

remains unreached by any energy level due to out-of-zone 

faults. Hence in-zone and out-of-zone faults can easily be 

distinguished.

Now consider the sensitivity analysis shown in 

Figures (6.10) to (6.19), due to a single phase to earth 

fault, (a-e), with different fault resistances, fault 

inception angles and source capacities. These figures show 

that, the highest energy level difference, 4.7 x 10“4 Jft, 

due to an out-of-zone fault, has been obtained in a case 

with fault resistance of 0.0 ft, Short-Circuit level of

50.0 MVA and fault inception angle of 90.0 degrees. Also 

the lowest energy level difference, 8.3 x 10-4 Jft, due to 

an in-zone fault has been obtained in the case: Short- 

Circuit Level of 250.0 MVA, fault resistance of 0.0 ft and 

fault inception angle of 45.0 degrees. Other in-zone and 

out-of-zone faults with Short-Circuit Level of 150.0 MVA 

or the fault resistance as high as 50.0 or 100.0 ft, have 

respectively shown higher energy level differences than 

8.3 x 10“4 Jft and lower energy level differences than
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4.7 X 10-4 Jfi.

Figure (6.26) illustrates that, a threshold level of

7.0 x 10"4 Jn could be used to correctly distinguish 

between in-zone and out-of-zone single phase to earth 

faults, (a-e), under different fault conditions. However, 

the same threshold level of 7.0 x 10”4 Jii, could also be 

used to distinguish between different types of in-zone and 

out-of-zone faults shown in Fig(6.25) as well.
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FIG (6.1), SCHEMATIC DIAGRAM OF THE SYSTEM SIMULATED PER PHASE 
WITH IN-ZONE FAULT, FI AND OUT-OF-ZONE FAULT, F2



F I G  (5.2). V Y  O F  ( L O C ) L l  D U E  T O  A F A U L T  
A T  P O I N T  F2. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  (6.3). V X  O F  (LOC) L I  D U E  T O  A  F A U L T  
A T  P O I N T  F2. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  -  0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90,0 (degrees)
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F I G  (6.4). F I L T E R E D  V Y  O F  (LOC) L I  D U E  T O  A 
F A U L T  A T  P O I N T  F2. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  (6.5), F I L T E R E D  V X  O F  ( L O C ) L l  D U E  T O  A 
F A U L T  A T  P O I N T  F2. W I T H  f c  - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 S 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  (6 . S) , E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O O  L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE = 90.0 (degrees)
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F I G  (6.7). E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O C ) L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [ a - b - e ]

FAULT INCEPTION ANGLE 9 0 . 0  (degrees)
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F I G  (6.B). E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
(LOC) L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E
F A U L T S  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [ a - b - c - e ]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  (6.93. E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O C ) L I  B E T W E E N  I N - 2 0 N E  A N D  O U T - O F - Z O N E
F A U L T S  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-b]

FAULT INCEPTION ANGLE 90.0 (degrees)
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F I G  (6.10). V Y  O F  (LOC) L I  D U E  T O  A F A U L T  
A T  P O I N T  F2. W I T H  fc - 3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 5 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE “ 30.0 (degrees)
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F I G  (6.1 1 ) ,  V X  O F  (LOC) L I  D U E  T O  A F A U L T  
A T  P O I N T  F2. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 5 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)
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F I G  ( 6 . 1 2 ) .  E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
(LOC) L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 5 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90.0 (degrees)
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F I G  ( 5 . 1 3 ) ,  E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O O  L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - 3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 1 0 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)



F I G  (6.14). V Y  O F  ( L O C ) L l  D U E  T O  A F A U L T  
A T  P O I N T  F2. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  “ 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 5.0 (degrees)



X102

F I G  (6.15) , V X  O F  (LOC) L I  D U E  T O  A F A U L T  
A T  P O I N T  F2. W I T H  fc - 3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 5.0 (degrees)



F I G  (6.1 6 ) .  E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O C ) L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - 3 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  -  2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE = 5.0 (degrees)



F I G  ( 6 . 1 7 ) .  E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O O  L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - S O .O (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 3 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 4 5 . 0  (degrees)
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F I G  ( 6 . IB). E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O C ) L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 1 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 9 0 . 0 (degrees)



F I G  (6. 19) . E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O C ) L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)
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F I G  (6.20), V Y  O F  ( L O C ) L l  D U E  T O  A F A U L T  
A T  P O I N T  F 2. W I T H  fc = 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  = 2 5 0  M V  A

F A U L T  R E S I S T A N C E  = 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)
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F I G  (6.21). V X  Q F  ( L Q C ) L l  D U E  T O  A F A U L T  
A T  P O I N T  F2. W I T H  fc =■ 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  = 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE SO . O (degrees)
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F I G  (6.22). F I L T E R E D  V Y  Q F  ( L O C ) L l  D U E  T O  
A F A U L T  A T  P O I N T  F2. W I T H  fc - 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 3 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ahms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE SO .O (degrees)
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F I G  (6.23). F I L T E R E D  V X  O F  ( L G C ) L l  D U E  T O  
A  F A U L T  A T  P O I N T  F2. W I T H  fc = 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)



X 1 Q "4

F I G  (6.2 4 ) .  E N E R G Y  D I F F E R E N C E  C O M P A R I S O N  B Y  
( L O C ) L I  B E T W E E N  I N - Z O N E  A N D  O U T - O F - Z O N E  
F A U L T S  W I T H  fc - 2 7 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)
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DIFFERENT FAULT CONDITIONS

F I G  (5.26), D I S C R I M I N A T I O N  B E T W E E N  I N - Z O N E  
A N D  O U T - O F - Z O N E  F A U L T S  U N D E R  D I F F E R E N T  
F A U L T  C O N D I T I O N S

KEY:

F I  - I N - Z O N E  F A U L T  
F 2  - O U T - O F - Z O N E  F A U L T  
S C L  - S H O R T - C I R C U I T  L E V E L  
R f  - F A U L T  R E S I S T A N C E  
# = F A U L T  I N C E P T I O N  A N G L E

F A U L T  C O N D I T I O N S :

T Y P E  O F  F A U L T :  [a-e]

SCL, (MV A) Rf, (ohms) #, ( d e g r e e s )

1 AND 8 : 50.0 Oo 90 O
2 AND 9 : 150 .O oo 90 O
3 AND 10: 250 .0 100.0 90 0
4 AND 1 1: 250 .0 50.0 90 0
5 AND 12: 250 .0

oo 90 0
6 AND 13: 250 .0 oo 45 0



CHAPTER (7)

SIMULATION OF AN OVERHEAD RADIAL SYSTEM USING (EMTP)

7.1 INTRODUCTION

So far developments and analysis on performance of 

the new equipment described here has been carried out 

using a simple llkV overhead line equipped with three 

locators. However, in order to investigate the performance 

of this new equipment more realistically, an overhead 

radial system equipped with more locators was simulated. 

The Electromagnetic Transients Program known as (EMTP) and 

widely used for modelling power systems in order to 

provide adequate transient protection, was used for 

simulation purposes.

This chapter begins with a discussion of how the line 

and the new locator were simulated using EMTP, and it ends 

by presenting more results on back the directionality and 

fault locating properties of the new equipment.

7.2 ELECTROMAGNETIC TRANSIENTS PROGRAM (EMTP)

The Electromagnetic Transients Program EMTP, is a 

general purpose circuit simulation program capable of 

solving electric power networks of considerable size [32].

It provides the time responses (voltages and currents
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as functions of time) of any given interconnections of 

resistors, inductors, capacitors, single and multiphase n -  

circuit, distributed and lumped-parameter lines, switches, 

sources and certain other elements. Inclusion of non-

linear elements and capability of simulating frequency- 

dependent parameters are other features of the 

Electromagnetic Transients Program. Further, most of the 

algorithms used in EMTP are numerically stable and avoid 

the truncation errors which may accumulate from step to 

step.

This package is available for use on nearly all 

computer systems of practical interest. While most 

computer prgrams are developed and operate on only one 

brand of computer, the EMTP is distinguished by the 

machine translation of a Universal Transients Program File 

(UTPF) to most computer systems of interest [33]. Disk 

storage is needed for the program, data file, plot files 

and output files. In large measure, minimum requirements 

are dependent upon complexity of the program and level of 

usage. The output is the FORTRAN EMTP for the computer 

system of interest. The procedure has been tested on 

number of different computer systems [34].

7.2.1 EMTP SIMULATION

The Electromagnetic Transients Program EMTP, was used 

to simulate the overhead distribution network shown in
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Figure (7.1). It is clearly seen that, the network has 

been equipped with five locators dividing it into several 

line sections. These have been modelled using distributed 

parameters as shown in Figure (7.2).

The exact partial differential equations governing 

the voltage and current on the line for N phases 

(conductors), are as given below.

- av(x) 
dx [ L ]

aiPO
at

[R] I(x) (7.1)

and

- ic] ^  (7-2>

Although the incremental section of line has been 

shown only for N=l, in general, [L], [C] and [R] are 

vector-matrix equations which are obtained from a line- 

constants program which is part of the EMTP package.

However, for a three phase assumed perfectly 

transposed line, instead of the associated resistance and 

inductance matrices having common diagonal values Zs and 

common off-diagonal values Zm , it is more convenient to 

use the associated zero and positive sequence values 

(R0,L0) and (Ri,L]_) respectively. This is shown below.
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” 1
z s Zm zm Zo 0 0

Zm Zs zm --------------—> 0 Zl 0

Zm Zm z s 0 0 Zl

where

Z0 = Zs + 2Zm (7.3)

Zi - Zs - Zm (7.4)

Similarly, the associated zero and positive sequence 

values Y0 and Y^ respectively have been used instead of 

the associated capacitance matrix having common diagonal 

values Ys and common off-diagonal values Ym . This is shown 

below.

YS Ym Ym Y0 0 0

Ym YS Ym ---------> 0 Yl 0

Ym Ym Ys 0 0 Yl

where

Y0 = Ys - 2Ym (7.5)

Yi = Ys + Ym (7.6)

The locator parameters have been simulated using 

resistive values, inductive reactance and capacitive 

reactance, in ohms, for resistors, inductors and 

capacitors respectively.
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7.3 SELECTION OF APPROPRIATE SIGNALS

As previously mentioned, the signals across the 

resistors of stack tuners situated at sides X and Y of 

each locator has been used for analysis. For convenience, 

these voltages are referred to as VX and VY respectively, 

followed by the number of each locator. The energy content 

in the filtered voltages at sides Y and X are referred to 

as EVX and EVY respectively, followed by the number of 

each locator. The two different fault positions considered 

are FI and F2 as shown in Figure (7.1).

7.4 EHTP SIMULATION RESULTS

First consider a fault at FI. Figures (7.3) and (7.4) 

show the voltage signals (VYn)pi and (VXn)pi respectively. 

Their corresponding voltage waveforms after passage 

through a band-pass filter are shown in Figures (7.5) and

(7.6) respectively. The comparison between energy contents 

(EVYn)pi and (EVXn)pi of filtered voltage waveforms 

(VYn) FI anc* (VXn) FI respectively is shown in Figure (7.7) . 

Due to the fact that, (EVYn)pi is at a higher level than 

(EVXn)pi, the locator (LOC)n determines the fault to be 

downstream. The corresponding energy levels of those of 

Figure (7.7) obtained by locator (LOC)n+1 due to the same 

fault at FI is shown in Figure (7.8). In this case, since 

(EVXn+i)pi is higher than (EVYn+i)Fi, the locator (LOC)n+i
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determines the fault to be upstream.

However, if a fault occurs at F2 as shown in Figure 

(7.1), due to the fact that, (EVXn+i ) F 2 would be lower 

than (EVYn+i)p2/ the locator (LOC)n+i sees the fault to be 

downstream as shown in Figure (7.9). The behaviour of 

locator (LOC) n + 2 due to the fault at F2 is shown in Figure 

(7.10), in which case, the fault is correctly determined 

to be upstream.

The comparison between the magnitude of the energy 

level difference, |(EVY-EVX)n |F1 and |(EVY-EVX)n |F2 of 

locator (LOC) n due to faults at FI and F2 respectively is 

shown in Figure (7.11). This clearly shows that a 

threshold level THL, corresponding to 5.0 x 10“2 Joule 

ohm, is well exceeded by |(EVY-EVX)n |F  ̂ and is well 

above |(EVY-EVX)n |F2 . Therefore the locator (LOC)n would 

determine a fault on the line section between locators 

(LOC)n and (LOC)n+i to be in-zone and a fault beyond 

locator (LOC)n+i to be out-of-zone.

Furthermore, it should be appreciated that, due to a 

fault at FI, only locators (LOC)n and (LOC)n+l would 

experience energy level difference greater than a 

predefined threshold level, THL. Figure (7.12) clearly 

illustrates that, only energy level difference of the two 

locators isolating the faulty section of the line have 

well exceeded the THL, while that of other remote
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locators, (LOC)n_i, (L0C)n_2 and (L0C)n+2 are well below 

the THL. The corresponding energy levels to those of 

Figure (7.12), due to a fault at F2 is shown in Figure 

(7.13). This also clearly shows that a fault at F2 is only 

sensed by locators (LOG)n+  ̂and (LOG)n+2 .
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FIG (7.1), SCHEMATIC DIAGRAM OF A SIMPLE OVERHEAD RADIAL SYSTEM

Open
End



FIG (7.2), DIFFERENTIAL LINE ELEMENT



X102

F I G  (7.3). V O L T A G E  S I G N A L  ( V Y n ) F l  D U E  T O  
A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)



X102

F I G  (7.4). V O L T A G E  S I G N A L  ( V X n ) F l  D U E  T O  
A F A U L T  A T  P O I N T  FI. W I T H  fc - S O  . O (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE - 90.0 (degrees)



F I G  (7.5). F I L T E R E D  V O L T A G E  ( F V Y n ) F l  D U E  T O  
A F A U L T  A T  P O I N T  FI. W I T H  fc -  9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  -  0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)



F I G  (7.6), F I L T E R E D  V O L T A G E  ( F V X n ) F l  D U E  T O  
A F A U L T  A T  P O I N T  FI. W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)



X I  o - 2

F I G  (7.7), E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) n  D U E  
T O  A F A U L T  A T  P O I N T  F I  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE “ 90.0 (degrees)



F I G  (7 . a) . E N E R G Y  C O M P A R I S O N  B Y  (LOC) n +  1 D U E  
T O  A F A U L T  A T  P O I N T  F I  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)



F I G  (7.9). E N E R G Y  C O M P A R I S O N  B Y  ( L O C ) n + 1  D U E  
T O  A F A U L T  A T  P O I N T  F 2  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90.0 (degrees)



F I G  (7.10), E N E R G Y  C O M P A R I S O N  B Y  ( L O G ) n + 2  D U E  
T O  A F A U L T  A T  P O I N T  F 2  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)



F I G  (7.1 1 ) ,  D I S C R I M I N A T I O N  B E T W E E N  F A U L T S  
A T  P O I N T S  F I  A N D  F 2  W I T H  fc - 9 0 . 0  (kHz)

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

FAULT INCEPTION ANGLE 90 . O (degrees)



X 1 0 " 2

LOCATORS

F I G  ( 7 . 1 2 ) .  C O M P A R I S O N  O F  E N E R G Y  D I F F E R E N C E S  
O F  L O C A T O R S  W I T H  T H L  D U E  T O  A F A U L T  A T  F I

F A U L T  C O N D I T I O N S ;

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

F A U L T  I N C E P T I O N  A N G L E S O  . O ( d e g r e e s )



XI O- 2

LOCATORS

F I G  ( 7 . 1 3 ) .  C O M P A R I S O N  O F  E N E R G Y  D I F F E R E N C E S  
O F  L O C A T O R S  W I T H  T H L  D U E  T O  A F A U L T  A T  F 2

F A U L T  C O N D I T I O N S :

S H O R T - C I R C U I T  L E V E L  - 2 5 0  M V  A 

F A U L T  R E S I S T A N C E  - 0 . 0  (ohms)

T Y P E  O F  F A U L T  : [a-e]

F A U L T  I N C E P T I O N  A N G L E 9 0  . O ( d e g r e e s )



CHAPTER (8)

CONCLUSIONS AND FUTURE WORK

8.1 CONCLUSIONS

Utilities and equipment manufacturers have been 

investigating and developing automated systems for the 

protection of power distribution systems for over a 

decade. Most utilities employ reclosing relays with 

circuit breakers to handle transient faults. Permanent 

faults, however, require the location of the faulty line 

section, isolation and possibly a rescheduling of the 

network before normal power delivery may be resumed. Non- 

directional fault indicators are available both for short 

circuit and earth fault current detection. However, in 

interconnected networks, non-directional fault indicators 

become less useful and often directional fault locators 

are required. The work presented in this thesis, has been 

concerned with investigations into the design of a new 

directional fault locator suitable for use on overhead 

distribution systems operating typically at llkV. The main 

features of this new protection scheme are that, not only 

does it determine the direction of a fault, i.e, whether a 

fault is upstream or downstream, but it also distinguishes 

between in-zone and out-of-zone faults, i.e, it identifies 

the faulty section of an overhead distribution system.

Development of the new equipment, using a computer
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program based on a frequency domain technique, has been 

well described. Digital simulation of the network and the 

new locator, using two-port transfer matrices, has also 

been described in full details.

The new equipment consists of a line trap circuit and 

two identical stack tuners, from which information for 

directional fault finding and locating are provided. The 

operating principle of this new protection scheme, are 

based on the detection of high frequency components of 

fault generated noise and have been fully discussed in the 

thesis. In the past, the schemes based upon this operating 

principle have relied on use of a communication link to 

locate a fault on an overhead distribution system. 

However, the main advantage of this new. directional fault 

locator is that, it does not require the presence of such 

a communication link. From the construction point of view, 

another major advantage of this new scheme is that, there 

is no need for any connections between the three 

corresponding locators each placed on one phase of a three 

phase system.

Voltage signals obtained from the stack tuners in 

each of the three phases of the system were combined 

together using the aerial mode combination [1, -2, 1]. 

This is a feature of the new scheme which successfully 

incorporates a cancellation method for any common mode 

signals from remote sources such as radio transmitters or
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from sources of large r.f interference in the vicinity.

In order to increase the difference between the 

desired signals, a filtering processing was used. This was 

carried out using a narrow band-pass Butterworth filter, 

tuned to the same centre frequency fc as that of the line 

trap circuit and stack tuners of each equipment. This part 

of the simulation was performed using SPICE .

The filtered response of the signals have shown to 

provide better results, i.e, better discrimination ratio 

between the two sides of the locator. However, to further 

increase and maximise this discrimination ratio, 

comparison of the energy content in the filtered response 

was considered. This was simply carried out by squaring 

and integrating the filtered signals over a period of 

time. As a result, a far better discrimination ratio 

between the corresponding signals from the two sides of 

the new locator network was provided, in order to 

correctly and safely determine the direction of a fault.

The sensitivity analysis has shown that, the new 

equipment does correctly determine the direction of a 

fault regardless of its type. The effect of fault 

resistance has been studied and satisfactory responses 

have shown that, the performance of the new equipment is 

almost independent of fault resistance up to 100.0 n.
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The two extreme cases from the travelling-wave point 

of view, have also carefully been examined and it has been 

shown that, the directionality property of the new 

equipment is not influenced by fault inception angles 

between 1 to 90 degrees. Moreover, satisfactory responses 

have also been obtained under different source capacities, 

and finally it was shown that, different fault positions 

did not have any effect on the performance of the 

equipment.

Further satisfactory response with the new equipment 

tuned to a centre frequency of 270 kHz rather than 90 kHz, 

which is the frequency used throughout the project, has 

also been obtained. This certainly has shown that, the 

stack tuners and the line trap circuit of each locator 

could be tuned to any frequency that may not interfere 

with other carrier frequencies.

Further simulation results have shown that, in-zone 

and out-of-zone faults could best be distinguished from 

each other by comparing the energy level difference 

obtained from each locator with a predefined threshold 

level THL. Sensitivity analyses have shown that, the 

energy level difference of any locator, sensing a fault to 

be an in-zone one, always exceeds the threshold level. 

Similarly the energy level difference of any locator, 

sensing a fault to be out-of-zone, would never reach the 

threshold level THL.
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Furthermore, for faults with resistance up to 100 n, 

short circuit levels as low as 50 MVA and fault inception 

angles down to 45 degrees, the in-zone and out-of-zone 

faults have been very well and correctly distinguished.

A more realistic radial overhead distribution 

network, incorporating more locators has also been 

simulated to further analyse the performance of the new 

locator. This has been conducted using the Electromagnetic 

Transients Program EMTP. This has resulted in a set of 

further simulation results.

From the results illustrated through out this thesis, 

it should be appreciated that, the new equipment and 

scheme can detect low level faults, which other 

conventional schemes have difficulties in coping with. 

Finally, it is hoped and planned that, this work will be 

the precursor to economic automatic fault detection and 

location.

8.2 SUGGESTIONS FOR FUTURE WORK

As previously described, the design of the new 

locator has been carried out, using computer simulation 

aids. Therefore, a major area to which a great deal of 

consideration should be given is the physical realisation 

of the parameters used to develop the new equipment.
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These, in particular, include the inductor LI in the line 

trap circuit and the capacitors Cs in the stack tuners of 

each locator, (see Figure (2.6)). Further consideration 

can also be given to the digital signal processing 

required, in order to provide a better discriminative 

ability for the locator for directional fault finding and 

locating.

It has been clearly seen that, the performance of the 

new equipment has only been evaluated on a simple radial 

overhead power distribution system. The new scheme and 

equipment could very well be applied to other typical 

arrangements for the overhead distribution networks. These 

include, network or grid system of distribution and 

parallel or loop system.

The performance of the new equipment has been 

evaluated for two different centre frequencies, 90.0 kHz 

and 270.0 kHz only. Hence further work could be carried 

out to optimise the design of the new locator for a range 

of centre frequencies and fully investigate the 

performance of these arrangements for a wide variety of 

practical fault conditions in typical overhead 

distribution networks mentioned above.

As previously mentioned, the operating principle of 

the new locator to distinguish between in-zone and 

out-of-zone faults, entirely depends on use of a threshold
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level THL. This reference level depends on the various 

circuit gains and it should be set to control the basic 

sensitivity to faults. Therefore, determination of an 

optimum threshold level that can be used in all different 

fault conditions, is clearly an area in which further work 

may usefully be done. It should be mentioned that, this 

requires more sensitivity analyses to be carried out.

Investigations into the design of this new equipment 

have been carried out for an overhead distribution system 

operating typically at llkV. However, further 

considerations regarding the application of this locator 

to other system voltages up to 36kV could also be looked 

into.
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APPENDIX :2A

Skin effect: Depth of current penetration in a round 

cylindrical conductor.

Reference [27] shows that, the expression for the 

resistance of a round wire at any frequency in terms of 

the parameter q, which is J 2 times the ratio of wire 

radius to depth of penetration of the current, is as given 

below,

Rs
R = — —-- -— - x

J 2 .n .rQ

(Ber q . Bei' q) - (Bei q . Ber' q)

(Ber' q)2 + (Bei' q)2

ohms/meter

(2A.1)

where,

J 2 .rQ j 2 . x 0 . j l
q = ------- = ------ ---  (2A.2)

S 0.066

The Ber and Bei functions are the real and imaginary 

parts of the value of JQ, the Bessel function of the first 

kind of order zero, for complex arguments, according to 

the relation given below:
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q
JQ(----) = Ber q + j Bei q (2A.3)

7j

where q is real and j =7-1

and

d
Ber'q + j Bei' q = ---- [ Ber q + j Bei q ]

dq

(2A.4)

The functions Ber q, Bei' q, Bei q and Ber' 

tabulated in many references,[28].

In Equation (2A.1),

Rs = Surface resistivity

_  _  1 ,
2

TT . f  ./Li
= --- --- n (2A.5)

r

where,

f = Frequency (Hz) 

and for the copper wire,

pi = Permeability = 4 v x 10”7 (H/m) 

r = Conductivity = 5.8 x 107 (n/m)

and

q are

99



rQ = Radius of wire = 5.0 x 10”3 (m)

However, at a frequency of 100 kHz, the ratio of 

(r0/5) is greater than 5.5, in which case, the following 

high frequency approximation for resistance may be 

used,[27] .

7T. f .¿i

T

Rh.f = -------------- ohms/meter (2A.6)
2.7r. rQ

This gives, for a 20.0m long wire, a resistance of 

0.05 il which is negligibly small.

1 0 0



APPENDIX: 2B

The bandwidth of the line trap circuit is taken as 

the frequency difference between the two points at which 

its magnitude frequency response is 0.707 times the 

maximum value. This bandwidth was found to be 5000 Hz as 

given below.

(0f)Trap = (f2 " fl)Trap = 5000 Hz

(2B. 1)

where,

f2 = Upper cut-off frequency

and

fl = Lower cut-off frequency

The bandwidth of each stack tuner is also equal to 

5000 Hz and, since it is a simple L-C-R series tuned 

circuit, it is calculated using the equation given below.

RP1 RP2
(ef)Stack tuner = =

27TLP1 27TLP2

= ( f 2 ” f l ) s i  ”  ( f 2 “ f l  )S2 

= 5000 HZ (2B.2)

where SI and S2 correspond to stack tuners 1 and 2 

respectively. Note that, RP1 = RP2 and LP1 = LP2.

1 0 1



The cut-off frequencies f2 and f^ are the frequencies

at which the attenuation is -3dB. Therefore,

5000
f2 = fc + -----  =92.5 kHz

2

and

5000
f l  = fc - -----  =87.5 kHz

2

(2B.3)

(2B.4)

1 0 2



APPENDIX: 2C

The parameter values of the locator at centre 

frequency of 90.0 kHz are as given below.

LINE TRAP CIRCUIT

LI = 0.1 mH

Rc = 0.05 n

Cl = 31.27 nF

Rd = 2.0 n

L2 = 3.183 mH

C2 = 982.46 pF

R 1  = 10.0 Kfi

STACK TUNER , SI

LP1 == 15.91 mH

Cs = 196.55 pF

RP1 == 500.0 n

STACK TUNER , S2

LP2 = 15.91 mH 

Cs = 196.55 pF 

RP2 = 500.0 n
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APPENDIX: 2D

For the stack tuner, SI, as illustrated in Figure 

(2.8), it is true to say that,

VI = Vsl (2D.1)

and

II = ( Vsl / ZP ) + Isi (2D.2)

II = Vsl . YP + Isl (2D.3)

1
where YP = — —  = Admittance of stack tuners. 

ZP

re-writing Equations (2D.1) and (2D.3) in the matrix 

notation, gives:

VI

11

1

YP
(2D.4)

for the line trap circuit, Zs, as illustrated in Figure 

(2.8), it is true to say that,

vsl ~ vs2 + Zs-Is2 (2D.5)

and

Isl = !s2 

therefore

(2D.6)
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Vsl 1 Zs VS2

Isl 0 1 Is2
(2D.7)

where Zs is the impedance of the line trap circuit. 

Similarly for stack tuner, S2, we have

v s2 = V2 (2D.8)

Is2 = ( V s2 / ZP ) + 12 (2D.9)

= V2 . YP + 12 (2D.10)

which could be written in the matrix form:

VS2 1 0 V2

Is2 YP 1 12
(2D.11)

Eliminating the column matrices including VS2 , Is2/ 

Vsl and Isl in Equations (2D.4), (2D.7) and (2D.11), we 

have

VI 1 0 1 Zs 1 0 V2

11 YP 1 0 1 YP 1 12

(2D.12)

Equation (2D. 12) can be re-written into the form:
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VI A B V2

11 C D 12

X — Y • Z

(2D.13)

In Equation (2D.13), X and Z take the form of a (6 x 

1) matrix and Y takes the form of a ( 6 x 6 )  matrix when 

representing the locators on all three phases as shown in 

Figure (2.9). These are given below.

VI

II

Vla

Vlb

Vlc

H a

H b

H e

and

V2

12

V2a

V2b

V2C

I2a

I2b

I2C

(2D.14)

(2D.15)

The A, B, C and D elements of matrix Y in Equation 

(2D.13) are as given below.
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0 0

A = +

where Aa = Ab = Ac

and

Aa

0 Ab 0

0 0 Ac

(2D.16)

B =

Ba 0 0

0 Bb 0

0 0 BC

(2D.17)

where ~ Bb —

and

ca 0 0

0 Cb 0 

0 0 Cc

(2D.18)

where Ca = Cb = Cc

and

Da 0 0
- - n

u + Zs YP = 0 Db 0

0 0 Dc

(2D.19)

107



where Da - °b ~ Dc

Also in Equations (2D.16) to (2D.19),

1

0

0

1

0

0

0

1

and

Zs

ZT(jw) 0 0

0 ZT(jw) 0

0 0 ZT(jw)

(2D.20)

(2D.21)

where ZT(jw) is given by Equation (2D.22),

ZT(jw)
Zl(jw) . Z2(jw) . Z3(jw) 

[Zl(jw) . Z2 (jw) ] + [Zl(jw) + Z2 (jw) ]
------ n
23(jw)

(2D.22)

and from Figure (2.4),

Zl(jw) = Rc + jwLl f2 (2D.23)

Z2(jw) = Rd + 1/jwCl D (2D.24)

and

Z3(jw) = R1 + jwL2 + 1/jwC2 n (2D.25)
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and finally,

where

YS(jw) 0 0

0 YS(jw) 0

0 0 YS(jw)

1
YS(jw) = ------ — ---- — — ---

1
RP1 + jwLPl + — —

jwCs

(2D.26)

(2D.27)

Note that,

RP1 = RP2 and LP1 = LP2

Finally re-arranging Equation (2D.13) to represent 

all three locators on all three phases with no mutual 

effect between them as shown in Figure (2.9), the Equation 

(2D.28) is obtained.

Vla Aa 0 0 Ba 0 0 V2a

vib 0 Ab 0 0 Bb 0 V2b

Vlc 0 0 Ac 0 0 Bc V2C

H a ca 0 0 Da 0 0 I2a

H b 0 cb 0 0 Db 0 I2b

i

H H 0 1__ 0 0 Cc 0 0 DC I2C

(2D.28)
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APPENDIX: 2E

The effective impedance of stack tuners, at centre 

frequency fc matches the surge impedance of the line as 

shown in Figure (2.10). Therefore, it is true to say that 

at fc,

Ro
RP1 = RP2 = ---  (2E.1)

2

therefore,

Ro
VY = I. ( ZT + ---- ) (2E.2)

2

and

Ro
VX = I.( ---- ) (2E.3)

2

where,

I = Current through ZT

and

ZT = Total impedance of the line trap 

circuit at centre frequency fc 

= X.Ro (2E.4)

where

Ro = Surge impedance of the line.
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I.(Ro/2)
(2E., 5)

therefore,

VX

VY I.(ZT + Ro/2)

putting Equation (2E.4) in (2E.5), the following equation 

is obtained.

VX 1
— — —  = ---------- (2E.6)
VY (2X + 1)
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APPENDIX: 3A

The following is the list of the elements values of 

the band-pass filter used in the decision logic check 

circuit of Figure (3.5).

R1 = 1000.0 (n)

LI = 0.4606 X 10“1 (H)

Cl = 0.6789 X 10“10 (F)

L2 = 0.2358 X 10“4 (H)

C2 = 0.1326 X 10"6 (F)

L3 = 0.2032 (H)

C3 = 0.1539 X 10~10 (F)

L4 = 0.1255 X 10”4 (H)

C4 = 0.2493 X 10~6 (F)

L5 = 0.2653 (H)

C5 = 0.1179 X 10~10 (F)

L6 = 0.1255 X 10-4 (H)

C6 = 0.2493 X 10“6 (F)

L7 = 0.2032 (H)

C l = 0.1539 X 10“10 (F)
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L8 = 0.2358 X 10“4 (H)

C8 = 0.1326 X 10“6 (F)

L9 = 0.4606 X 10“1 (H)

C9 = 0.6789 X 10“10 (F)

Rn = 1000.0 (fi)

-3dB Bandwidth = 1200 (Hz) 

Centre frequency = 90.0 (KHz)
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APPENDIX: 4 A

The line data for simulation of the network used in 

Figure (4.1) of this Chapter are listed below.

1 LINE DATA

NC = Number of conductors = 3.0

(XX) = Spacing between conductors = 0.65 (m)

(H) = Distance between each conductor and ground = 

7.0 (m)

LPQ = Total length of line = 10.0 (Km)

PL1 = Distance between the source and locator (L0C)L1 

=2.0 (Km)

L1L2 = Distance between locator (LOC)L1 and Locator 

(LOC)L2 =3.0 (Km)

L2L3 = Distance between locator (L0C)T_ and locator 

(LOC)L3 =3.0 (Km)

L3Q = Distance between locator L3 and the open end of 

the line

CR = Conductor radius = 0.126156 (inches)

RC = The natural resistance of each conductor at

power frequency = 0.543816 (n/Km)

XC = The natural reactance of each conductor at power

frequency = 0.339975 (n/Km)

Zgl = Positive phase sequence impedance (PPS) = Zge -

Z = 0.541 + jO.64 (n/Km) mu
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Z _ = Negative phase sequence impedance (NPS) = Z
S 16 S Gi

Z = 0.541 + jo.64 (n/Km) mu

Zgo = Zero phase sequence impedance (ZPS) = Zse +

2Z = 0.688 + j 2.0 2 (n/Km) mu

2 SOURCE DATA

VTT = System voltage = 11.0 (kV)

VAP = short-circuit-level at source = 0.25 (GVA)

QR = X/R ratio at source = 30.0

LNP = Z„ /Z _ ratio at source = 1.0 so7 si
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APPENDIX: 4B

It should be noted that, before the fault, 

sending end and receiving end currents and voltages 

related by Equation (4B.1).

vss _

1-- H
I

to to 1__

B. RS

RS

(4B.1)

but due to the open end,

IRS 0 (4B.2)

and

As Bs A1 B1 A2 B2

cs Ds Cl D1 C2 D2

from Equations (4B.1) and (4B.2),

(4B.3)

VSS As*VRS (4B.4)

therefore,

^RS -  V ^ S S (4B.5)

The vector Vfg is evaluated using Equation (4B.6)

*fs A2 B2 ^RS

JfS
C2 D2 0

(4B.6)

the

are
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(4B.7)

therefore,

vfs - A2*v rs

putting Equation (4B.5) in (4B.7) yields,

5fs - A2-As'1-iSS

where from Equation (4B.3),

A = s A1.A2 + B1.C2

(4B.8)

(4B.9)
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APPENDIX: 4C

The voltages and currents at the sending end source 

and the point of fault on Figure (4.4), assuming 

homogeneous line sections, are related to each other as 

given in Equation (4C.1).

.

®ff =
A1 B1 VSf

,"IfSf Cl D1

--
1

«HWH1
__

i

(4C.1)

therefore, from Equation (4C.1),

Eff = Al.Vgf - Bl.Isf (4C.2)

and

-ifSf = d . V sf - Dl.isf (4C.3)

the voltage and current at the sending end are related to 

the source impedance by Equation (4C.4).

VSf (4C.4)

hence,

iS f = -’' s s ^ s f  <4C-5)

putting Equation (4C.5) in (4C.2), gives

Eff = Al.Vgf + Bl.Zgg .Vgf (4C.6)

and substituting Equation (4C.5) in Equation (4C.3),
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yields

-ffSf - C1^Sf + D1- zss_1 -5s f (4C.7)

from Equation (4C.6),

Eff =  ̂A1 + Bl. 

and from Equation (4C.7),

-1 VSf

- [_IfSf C1 + D1'ZSS . VSf

(4C.8)

(4C.9)

therefore from Equation (4C.9),

V,Sf ■ - [
Cl + Dl.Z -1

SS

-1
. ifSf (4C.10)

putting Equation (4C.10) in Equation (4C.8), gives,

-1 -1
Eff . A1 + B1-ZSS . C1 + D1-ZSS .

-1

■fSf

(4C.11)

Now the voltages and currents at the point of fault 

and the receiving end are related by the Equation (4C.12).

Eff A2 B2 *Rf

IfRf . C2 D2

--
1

<wPi
IH

__
I

(4C.12)

where,
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= 0Rf

from Equation (4C.12),

Eff A2*vRf

and

= C2 V rRf Rf

from which,

-  C 2 ' K i f R f

Equation (4C.15) in (4C.13), gives

Eff = A2 . C2 * i f Rf

now from Equation (4C.11),

'fSf ■ - [
Cl + Dl.Z -1

SS A1 + Bl.ZSS

and from Equation (4C.16), 

ifRf = C2.A2-1.Eff

The vector of transposed superimposed 

each conductor to earth, Eff is obtained 

(4C.19) given below.

Jff = Vff + Rf ■fSf - IfRf

(4C.13)

(4C.14)

(4C.15)

(4C.16)

(4C.17)

(4C.18)

voltages from 

from Equation

(4C.19)
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where Rf is a diagonal matrix of the required value of

fault resistance in each phase as given below,

Rf 0 0

Rf = 0 Rf 0

0 0 Rf

Equations (4C .17)

IfSf ~ 1fRf . =

(4C.20)

Cl + Dl.ZSS

A1 + Bl.Z -1 i -1

SS

C2.A2-1 . Eff

(4C.21)

This can be re-written as Equation (4C.22) 

simplicity,

IfRf (4C.22)

therefore,

Eff (4C.23)

for
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Putting Equation (4C.19) in (4C.23), yields,

+ Rf.
" - _ “ “

IfSf ■ XfRf _
—  ““ M

IfSf ~ XfRf _

(4C = 24)

from which,

r i ”1 r i
M + Rf IfSf “ IfRf

(4C.25)

where,

r - i -1M = L C1 + D1-Zss J [ A1 + B1' zss J-
+

C2 . A2

(4C.26)
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APPENDIX: 4D

The simulation of the source network has been carried 

out using the simplified model of Figure (4.6), as 

outlined below.

•

IH

Zsl + (
Ja

+ Xb + Xc > ’ Zn

h  • < Zsl
+ Zn ) + H

I
tr + H

I
O ) • Zn

(4D.1)

where the positive phase sequence source impedance Zgl is 

given by Equation (4D.2),

Zsl Rsl + ^wLsl (4D.2)

and the neutral source impedance Zn is given by Equation 

(4D.3),

Z = R + jwL n n n (4D.3)

similarly,

Vb " Xb • < Zs! + Zn > + < Xa + Xc > * Zn

(4D.4)

and

Vc “ Jc * ( Zs! + Zn > + < Xb + Xa > * Zn

(4D.5)
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in matrix form,

Va Zse Zmu Zse

1---
IH
i___

=
Zmu Zse Zmu--

1

0
l>
__

1 Zmu Zmu Zse
--

1
0

SH
__

i

where

se - ( Zol + Z si n

and

Zmu Zso

(4D.6)

(4D.7)

(4D.8)

The self impedance Z and mutual impedance Z arese mu

calculated as follows.

SCL = 73 . IIscI * IVL I Eqn(4D.9)

where SCL is the Short-Circuit level , |vL | is the nominal 

supply voltage and |l | is the short circuit current.SO

From Equation (4D.9),

|I
J  3 .

(4D.10)
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therefore

V,
SCL =

from which

'si

VT

si1 SCL
(4D.11)

also

Zsl - RS1 + ^Xsl

- RS1 • < 1 + 3
si

si

(4D.12)

where Rgl and Xgl are the positive phase sequence source 

resistance and inductance respectively.

The neutral source impedance Zn is obtained using the 

equation given below.

Zn " . ( Z - Z , )v so si '

=  . (  —  1 ) (4D.13)

3 Zsl

Therefore, knowing the parameters such as (SCL), 

short-circuit-level, (X/R) ratio, (zso/zsi) ratio and the 

system voltage VT, the source network impedance, Zee canlj O O

be calculated.
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APPENDIX: 4E

The voltages and currents at the sending end are 

related to the fault point variables by Equation (4E.1).

-

*Sf
=

A1 Bl Eff

XSf . Cl D1 XfSf

(4E.1)

From Equation (4E.1),

- A1'Eff + (4E-2>

and

Isf = Cl.Eff + Dl.Ifsf (4E.3)

Equation (4C.17) from Appendix 4C in (4E.2), yields,

VSf A1 - Bl. Cl + Dl.ZSS

A1 + B1.ZSS Eff

(4E.4)

Equation (4C.17) from Appendix 4C in Equation (4E.3), 

gives,
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Cl Cl + Dl.Zgg

A1 + Bl.Z -1 1 -I

ss 'ff

(4E.5)

also the voltages and currents at sending end are related 

to the right hand side variables of the first locator in 

Figure (4.1) by Equation (4E.6).

*sf AS1 BS1 VI

1-- HI
W M) CS1 DS1 XI

from above equation,

VSf = ^Sl*^1 + Bs i ‘

and

Igf = CS1.V1 + DS1.I1 

from Equation (4E.7),

= BS1 * [ vsf " Asi*^1 

and from Equation (4C.8),

(4E.6)

(4E.7)

(4E.8)

(4E.9)

127



VI = c -1
SI ‘Sf - Dsi‘I;L (4E.10)

putting Equation (4E.9) in Equation (4E.10),yields,

VI
[

[

[

U

u '  ̂n r a
'SI SI SI SI

VSf

(4E.11)

where U is a unity (3 x 3) matrix as given below,

1 0 0

U 0

0

1 0 

0 1

(4E.12)
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APPENDIX: 4P

By referring to Figure (4.5) and, the total energy in 

a period of T, or the total area under the squared voltage 

curve from the origin to T is,

E = . dt

J 0

— A +  A_ + ... + A1 2  n (4F.1)

where

Ax = — . ( (VQ)2 + (V1)2 )

^ 2 2 
A2 = “ T “  * ( <V1> + (V2} }

(V , ) 2 + (V ) 2 v n-l' ' n ' )

The sum of all the areas calculated in this way, 

would result in a general form representing the total area 

or the energy as given below.

129



[ (V0) < V

n-1
+ Z

i=iv^

(4F.2)

where

T
n = — —  ( 4 F  * 3 )

t
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APPENDIX: 5A

The parameter values of the locator at centre 

frequency of 270.0 kHz are as given below.

LINE TRAP CIRCUIT

LI = 0.1 mH 

Rc = 0.05 n 

Cl = 3.474 nF 

Rd = 20.0 n 

L2 = 3.183 mH 

C2 = 109.26 pF 

R1 = 10.0 Kil

STACK TUNER , SI

LP1 = 15.91 mH

Cs == 21.839 pF

RP1 = 500.0 n

STACK TUNER , S2

LP2 = 15.91 mH

Cs := 21.839 pF

RP2 = 500.0 n
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0000 E q u ( 7 )

Figure 2 Locator arrangement

T h i s  i s  d ue  t o  t h e  f a c t  t h a t ,  t h e  i n - b a n d  
s i g n a l s  h a v e  a l r e a d y  b e e n  a t t e n u a t e d  b y  t h e  
l o c a t o r  ( L 0 C ) „ ^ x , w h ic h  i s  c l o s e s t  t o  t h e  
f a u l t .

EVYC < EVXC

The d i r e c t i o n  d e c i s i o n  l o g i c  c h e c k ,  shown i n  
f i g u r e  4 ,  t h u s  d e t e r m i n e s  t h e  f a u l t  
d i r e c t i o n  b y  p r o d u c i n g  h ig h  o r  lo w  l o g i c  
s i g n a l  o u t p u t s ,  VDd  and  VDU a c c o r d i n g  t o  t h e  
d i r e c t i o n  o f  t h e  f a u l t .

From e q u a t i o n  ( 2 ) ,  i t  i s  e v i d e n t  t h a t ,  i f  
EVY,v and  EVX*. a r e  t h e  e n e r g i e s  e x t r a c t e d  
f ro m  t h e  v o l t a g e  w a v e f o r m s  a c r o s s  t h e  
r e s i s t o r s  o f  s t a c k  t u n e r s  s i t u a t e d  a t  s i d e s  
Y and  X o f  a n y  l o c a t o r  p l a c e d  b ey o n d  t h e  
c l o s e s t  l o c a t o r  t o  a f a u l t  r e s p e c t i v e l y ,  f o r  
b o t h  d o w n s tre a m  and  u p s t r e a m  f a u l t s  t h e  
f o l l o w i n g  r e l a t i o n s h i p  e x i s t s .

EVY*. -  EVX„ Equ ( 8 )

From e q u a t i o n s  (6 )  t o  (8 )  i t  c a n  b e  s e e n  
t h a t ,  f o r  b o t h  d o w n s tre a m  and u p s t r e a m  
f a u l t s  i t  i s  t r u e  t o  s a y  t h a t ,

Ec > E» E q u ( 9 )

w h e r e ,

I f  a  f a u l t  o c c u r s  a t  F I ,  t h e  i n - b a n d  n o i s e  
i s  d e t e c t e d  b y  b o t h  l o c a t o r s  ( L 0 C ) „  and  
( L 0 C ) „ ^ x and t h e r e f o r e  t h e  f o l l o w i n g
e q u a t i o n s  a r e  v a l i d ,

( V Y „ ) „ X -  (2 P  + 1 )  . ( V X „ ) K1 E q u ( 3 )

( V X „ . x ) r l  “  ( 2P + 1 )  . ( V Y „ „ X) „ X E q u (4 )

F i g u r e  4 sh o w s  t h a t ,  t h e  t h r e e - p h a s e  o u t p u t  
v o l t a g e s  a c r o s s  t h e  r e s i s t o r s  o f  t h e  s t a c k  
t u n e r s  a r e  a d d e d  t o g e t h e r  u s i n g  t h e  
c o m b i n a t i o n  [ 1  - 2  1 ]  t o  fo rm  a  c o m p o s i t e
v o l t a g e .  T h i s  v o l t a g e  i s  t h e n  p a s s e d  t h r o u g h  
a n a r r o w  band p a s s  f i l t e r  w i t h  a c e n t r e  
f r e q u e n c y  f 0 . The f i l t e r e d  v o l t a g e  i s  t h e n  
s q u a r e d  a n d  i n t e g r a t e d  w i t h  r e s p e c t  t o  t i m e ,  
a c c o r d i n g  t o  t h e  e q u a t i o n  g i v e n  b e l o w :

E q u ( 5 )

KJ 0 II | EVYC -  EVXC | E q u ( 1 0 )

E*. = | EVYa  -  EVX*. | E q u ( 1 1 )

T h e r e f o r e  t o  d i s t i n g u i s h  b e t w e e n  i n - z o n e  and  
o u t - o f - z o n e  f a u l t s ,  t h e  m a g n i t u d e  o f  t h e  
e n e r g y  l e v e l  d i f f e r e n c e  ELOc, b e t w e e n  t h e  
two s i d e s  o f  a n y  l o c a t o r  c a n  b e  co m p ared  
w i t h  a  p r e d e f i n e d  t h r e s h o l d  l e v e l ,  THL. F o r  
an i n - z o n e  f a u l t ,

E l o c  > t h l

and f o r  an o u t - o f - z o n e  f a u l t ,

E l o c  < THL

F i g u r e  4 sh o w s  t h a t  b o t h  t h e  o u t p u t s  o f  t h e  
d i r e c t i o n a l  l o g i c  c h e c k  and  t h e  l e v e l
d e t e c t o r s  a r e  f e d  i n t o  t h e  f a u l t  zo n e
d e c i s i o n  l o g i c ,  w h ic h  w o u ld  d e c i d e  w h e t h e r  
o r  n o t  t o  p r o d u c e  a t r i p  s i g n a l .

SIMULATION RESULTS
And E i s  t h e  e n e r g y  e x t r a c t e d  f ro m  t h e  
f i l t e r e d  v o l t a g e  o v e r  t h e  t im e  t .

From e q u a t i o n s  ( 1 ) ,  ( 3 )  an d  ( 4 ) ,  i t  c a n  b e  
s e e n  t h a t  i f  EVXC and  EVYC a r e  t h e  e n e r g i e s  
e x t r a c t e d  f r o m  t h e  f i l t e r e d  v o l t a g e s  a c r o s s  
t h e  r e s i s t o r s  o f  s t a c k  t u n e r s  s i t u a t e d  a t  
s i d e s  X and  Y o f  t h e  c l o s e s t  l o c a t o r  t o  a 
f a u l t  r e s p e c t i v e l y ,  i t  s h o u l d  b e  a p p r e c i a t e d  
t h a t  f o r  a d o w n s tre a m  f a u l t ,

EVYC > EVXC E q u (6 )

s i m i l a r l y  f o r  an u p s t r e a m  f a u l t ,

To d e m o n s t r a t e  t h e  c a p a b i l i t y  o f  t h e  new 
d e v i c e  and  sch em e t o  d i s t i n g u i s h  b e tw e e n  i n -
z o n e  and o u t - o f - z o n e  f a u l t s ,  v o l t a g e  s i g n a l s  
r e c e i v e d  b y  l o c a t o r  (L O C )„  du e  t o  f a u l t s  a t  
F I  and  F 2 ,  a s  shown i n  f i g u r e  3 ,  a r e  
a n a l y s e d .  The l i n e  d a t a  a s  d e t a i l e d  i n  ( 3 )  
and  v a l u e s  f o r  s y s t e m  p a r a m e t e r s  a r e  g i v e n  
i n  t h e  A p p e n d i x .  F i g u r e s  5 and 6 show t h e  
v o l t a g e  s i g n a l s  VY„ and  VX„ o f  l o c a t o r  
( L 0 C ) „  d u e  t o  an i n - z o n e  f a u l t  a t  F I .  T h e i r  
c o r r e s p o n d i n g  v o l t a g e  w a v e f o r m s  FVYn and 
F V X „,  a f t e r  p a s s a g e  t h r o u g h  a b a n d - p a s s  
f i l t e r ,  a r e  shown i n  f i g u r e s  7 and 8 
r e s p e c t i v e l y .  I t  sh o w s  t h a t  t h e  e n e r g y

(LOC). (L O C ).,,

Figure 3 Equivalent circuits of locators (Loc)n and (Loc)n+1 
centre frequency fc
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Figure 4 Decision logic scheme
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Figure 5 Voltage across resistor Rpj of 
locator ( L o c ) q

Figure 7 Filtered voltage across resistor 
Rp2 of locator (Loc)n

Figure 6 Voltage across resistor Rpl of 
locator (Loc)n

Figure 8 Filtered voltage across resistor 
Rpl of locator (Loc)n



c o n t e n t  i n  F V Y „ ,  a c c o r d i n g  t o  e q u a t i o n  ( 5 ) ,  
i s  g r e a t e r  t h a n  t h e  e n e r g y  c o n t e n t  i n  F V X „ .  
F i g u r e  9 show s a c o m p a r i s o n  o f  t h e  m a g n i t u d e  
o f  t h e  d i f f e r e n c e  b e t w e e n  e n e r g y  c o n t e n t s  i n  
FVY„ and  FVX„ du e  t o  i n - z o n e  and  o u t - o f - z o n e  
f a u l t s  w i t h  a t h r e s h o l d  l e v e l  THL, h o w e v e r ,  
t h e  d e t e r m i n a t i o n  o f  t h i s  l e v e l  i s  n o t  
w i t h o u t  t h e  s c o p e  o f  t h e  p r e s e n t  p a p e r .  I t  
i s  c l e a r  t h a t  l o c a t o r  (L O C )„  r e c e i v e s  a 
h i g h e r  o r  l o w e r  e n e r g y  l e v e l  d i f f e r e n c e  t h a n  
THL d e p e n d s  on w h e t h e r  i t  i s  an  i n - z o n e  o r  
an o u t - o f - z o n e  f a u l t  r e s p e c t i v e l y .

XJQ-2

Figure 9 Comparison of energy level 
difference for In-zone and out-of-zone 
faults

F u r t h e r m o r e ,  f i g u r e  1 0  show s t h a t ,  d u e  t o  a 
f a u l t  a t  F I ,  t h e  t h r e s h o l d  l e v e l  THL, i s  
e x c e e d e d  b y  e n e r g y  l e v e l s  d i f f e r e n c e  i n  
l o c a t o r s  ( L 0 C ) „  and  ( L O C ) „ - x b u t  n o t  i n  
l o c a t o r s  ( L O C ) „ _ 1 (  ( L 0 C ) n_ a and  ( L 0 C ) n<.2 .

XIQ"2 11.__
-
.
.

THL
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1 ;
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Locators

Figure 10 Energy level difference of 
locators

CONCLUSIONS

A new d i r e c t i o n a l  f a u l t  l o c a t o r  h a s  b e e n  
d e s i g n e d  f o r  u s e  on o v e r h e a d  p o w e r  
d i s t r i b u t i o n  s y s t e m s  o p e r a t i n g  t y p i c a l l y  a t  
l l k v  . The o p e r a t i n g  p r i n c i p l e  o f  t h e  new 
d e v i c e  and sc h e m e ,  w h ic h  i s  b a s e d  upon 
d e t e c t i o n  o f  f a u l t  g e n e r a t e d  h ig h  f r e q u e n c y  
c o m p o n en ts  on t h e  l i n e ,  h a s  b e e n  d e s c r i b e d .  
T h i s  p a p e r  a l s o  d e s c r i b e s  a new t e c h n i q u e  t o  
d i s t i n g u i s h  b e t w e e n  i n - z o n e  and  o u t - o f - z o n e  
f a u l t s . The a d v a n t a g e  o f  t h e  new sch em e o v e r  
o t h e r  c o n v e n t i o n a l  sc h e m e s  i s  t h a t ,  t h e  
p r e s e n c e  o f  a  c o m m u n ic a t io n  l i n k  t o  l o c a t e  
t h e  f a u l t y  s e c t i o n  o f  t h e  l i n e  i s  n o t  
r e q u i r e d .  T h i s  sch em e c a n  d e t e c t  lo w  l e v e l  
f a u l t s  b u t  t h e  c o n v e n t i o n a l  sc h e m e s  h a v e

d i f f i c u l t i e s  c o p i n g  w i t h  t h e s e  s i t u a t i o n s .
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APPENDIX

The l i n e  i s  h o r i z o n t a l l y  c o n s t r u c t e d  w i t h  no 
e a r t h  w i r e  a n d  t h e  v a l u e s  f o r  t h e  l i n e  and 
s y s t e m  p a r a m e t e r s  a r e  a s  shown b e l o w :

0.65 m 0.65 m

7.0m

77777777777777777777
Line configuration

L i n e  p o s i t i v e  p h a s e  s e q u e n c e  
im p e d a n c e  = 0 . 5 4 1  + j 0 . 6 4  Q/km 
L i n e  n e g a t i v e  p h a s e  s e q u e n c e  
im p e d a n c e  = 0 . 5 4 1  + j o . 6 4  Q/km 
L i n e  z e r o  p h a s e  s e q u e n c e  
im p e d a n c e  = 0 . 6 8 8  + j 2 . 0 2  Q/km 
S o u r c e  s h o r t  c i r c u i t  l e v e l  = 2 5 0  MVA 
X/R r a t i o  a t  s o u r c e  = 30 
Z s o / Z s l  r a t i o  a t  s o u r c e  = 1 
S y s t e m  v o l t a g e  = 11 k v
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IN V ESTIG ATION S INTO A NEW D IR E C T IO N A L  FAULT LOCATOR FOR 
OVERHEAD DISTRIBUTION SYSTEMS

A . T .  JOHNS M. EL-HAMI D . J .  DARUVALA

CITY U NIV ERSITY, LONDON, UK.

ABSTRACT

The n e c e s s i t y  f o r  f u r t h e r  d e v e l o p m e n t s  o f  
p r o t e c t i o n  f o r  o v e r h e a d  d i s t r i b u t i o n  s y s t e m s  
i s  s t i l l  o f  a  h i g h  d e g r e e ,  p a r t i c u l a r l y  i n  
a r e a s  w i t h  i n t e r c o n n e c t e d  n e t w o r k s .
T h i s  p a p e r  i n v e s t i g a t e s  a new d i r e c t i o n a l  
f a u l t  l o c a t o r  w h ic h  i s  b e i n g  d e s i g n e d  f o r  u s e  
i n  o v e r h e a d  d i s t r i b u t i o n  n e t w o r k s .  The schem e 
u s e d  u t i l i z e s  f a u l t  g e n e r a t e d  n o i s e .  A t  
f i r s t ,  t h e  a r r a n g e m e n t  and  o p e r a t i n g  f u n c t i o n  
o f  t h i s  new l o c a t o r  i s  d i s c u s s e d  and  t h e n  t h e  
means b y  w h ic h  i n f o r m a t i o n  i s  p r o v i d e d  f o r  
d i r e c t i o n a l  f a u l t  f i n d i n g  i s  e x p l a i n e d .  
F i n a l l y  s i m u l a t i o n  r e s u l t s ,  i l l u s t r a t i n g  t h e  
o p e r a t i o n  o f  t h i s  d e v i c e  i n  a s i m p l e  l l k V  
r u r a l  f e e d e r  s i t u a t i o n  i s  g i v e n .

INTRODUCTION

O ve r  t h e  y e a r s ,  r u r a l  d i s t r i b u t i o n  n e t w o r k s  
h a v e  b e e n  e x t e n d e d  b y  a c o n s i d e r a b l e  amount 
and t h e  i n c r e a s i n g  c o m p l e x i t y  o f  t h e s e  
n e t w o r k s  t h e r e f o r e  dem ands h i g h e r  p e r f o r m a n c e  
o f  p r o t e c t i o n  and  b e t t e r  c o n t r o l  e q u i p m e n t .
In  a r e a s  w i t h  i n t e r c o n n e c t e d  n e t w o r k s ,  a 
d i r e c t i o n a l  f a u l t  l o c a t o r  i s  o f t e n  r e q u i r e d .  
When a f a u l t  o c c u r s  on a p o w e r  d i s t r i b u t i o n  
s y s t e m  a w id e b a n d  o f  n o i s e  w i l l  b e  i m p r e s s e d  
on t h e  l i n e  a t  t h e  p o i n t  o f  f a u l t .  The schem e 
u s e d  h e r e  i s  b a s e d  upon d e t e c t i n g  t h e  f a u l t -  
in d u c e d  h ig h  f r e q u e n c y  c o m p o n en ts  on t h e  
l i n e .  The p r o p o s e d  t e c h n i q u e  a l s o  m akes u s e  
o f  p o l y m e r i c  m a t e r i a l s  t e c h n o l o g y  [ 3 ] ,  The 
new d i r e c t i o n a l  f a u l t  l o c a t o r s  i n v e s t i g a t e d  
h e r e  a r e  i n s e r t e d  a t  s t r a t e g i c  p o i n t s  and 
c o n v e n i e n t  i n t e r v a l s  a l o n g  an o v e r h e a d  
d i s t r i b u t i o n  s y s t e m  t o  o b s e r v e  h i g h  f r e q u e n c y  
co m p o n en ts  d ue  t o  a f a u l t  and  p r o v i d e  
i n f o r m a t i o n  f o r  d i r e c t i o n a l  f a u l t  f i n d i n g .
The d e v i c e  i s  p a r t i c u l a r l y  u s e f u l  f o r  
l o c a t i n g  f a u l t s  i n  o v e r h e a d  d i s t r i b u t i o n  
s y s t e m s  o p e r a t i n g  a t  t y p i c a l l y  l l k V .

ARRANGEMENT AND OPERATING PR IN C IPLE OF THE 
LOCATOR

The a r r a n g e m e n t  o f  t h e  l o c a t o r  i s  shown i n  
F i g ( l ) ,  w h e re  a s t a c k  t u n e r  i s  e m p lo y e d  on 
e a c h  s i d e  o f  a l i n e  t r a p  c i r c u i t .  From 
F i g ( l ) ,  i t  c a n  b e  s e e n  t h a t  e a c h  s t a c k  t u n e r  
i s  f i t t e d  w i t h  an i s o l a t i o n  t r a n s f o r m e r .  W ith 
t h i s  a r r a n g m e n t ,  e a c h  s t a c k  t u n e r  h a s  a  v e r y  
h ig h  im p e d a n c e  a t  50Hz and an e f f e c t i v e  
im p e d a n c e  w h ic h  m a t c h e s  t h e  l i n e  s u r g e  
im p e d a n c e  R0 a t  t h e  c e n t r e  f r e q u e n c y  f a  t o  
w h ic h  e a c h  i s  t u n e d .  The l i n e  t r a p  c i r c u i t ,  
w h ic h  i s  n o m i n a l l y  t u n e d  t o  t h e  Game c e n t r e  
f r e q u e n c y  f 0 , o p e r a t e s  a s  a v i r t u a l  s h o r t  
c i r c u i t  a t  50 Hz i n  o r d e r  n o t  t o  d i s t u r b  t h e  
s t e a d y  s t a t e  p e r f o r m a n c e  o f  t h e  s y s t e m  and 
h a s  an e f f e c t i v e  im p e d a n c e  e q u a l  t o  a t

I t  s h o u l d  b e  a p p r e c i a t e d  t h a t  t h e  s t a c k  t u n e r  
c a p a c i t o r s  C s ,  c a n  be o f  t h e  c o n c e n t r i c  t y p e  
and s e p a r a t e d  f ro m  t h e  h . v  c o n d u c t o r s  b y  a 
s u i t a b l e  i n s u l a t i n g  d i e l e c t r i c ,  e . g ,  
p o l y m e r i c  i n s u l a t i n g  m a t e r i a l s .  E x t r a  
e l e m e n t s  a r e  ad d e d  t o g e t h e r  t o  c o n s t r u c t  t h e  
c i r c u i t  a s  shown i n  F i g ( l ) .  T h i s  l o c a t o r  i s  
p l a c e d  b e tw e e n  e a c h  p h a s e  o f  a  t h r e e  p h a s e  
s y s t e m  and  e a r t h .
To d e s c r i b e  t h e  b a s i c  o p e r a t i n g  p r i n c i p l e  o f

t h i s  l o c a t o r ,  i t s  p e r  p h a s e  e q u i v a l e n t  
c i r c u i t  a t  t h e  c e n t r e  f r e q u e n c y  f „  i s  shown 
i n  F i g ( 2 ) ;  t h e  im p e d a n c e  o f  t h e  l o c a t o r  
m a t c h e s  t h e  l i n e  s u r g e  o r  c h a r a c t e r i s t i c  
im p e d a n c e  (R0 ) on b o t h  s i d e s .  I f  a f a u l t  
o c c u r s  a t  F ,  a  w id e b a n d  n o i s e  i s  g e n e r a t e d  
and  i m p r e s s e d  on t h e  l i n e  a t  F .  A l l  t h e  h ig h  
f r e q u e n c y  c o m p o n en ts  w h ic h  a r e  i n  a n a r r o w  
band o f  f r e q u e n c i e s  a ro u n d  f 0 , w i l l  be 
g r e a t l y  a t t e n u a t e d  b y  t h i s  l o c a t o r .  I t  w i l l  
b e  s e e n  t h a t  t h e  i n - b a n d  s i g n a l  l e v e l  a t  
p o i n t  X i s  a p p r o x i m a t e l y  ( 1 / ( 2 X + 1 ) )  t i m e s  t h e  
i n - b a n d  s i g n a l  l e v e l  t h a t  i s  i m p r e s s e d  a t  t h e  
p o i n t  Y o f  t h e  l o c a t o r ,  ( f o r  a p a r t i c u l a r  
t r a p  and  s t a c k  t u n e r  p a r a m e t e r s  a s  o u t l i n e d  
i n  A p p e n d ix  B ) ,  i . e ,

V » /V y = 1 / ( 2 X + 1 ) E q n ( l )

The v o l t a g e s  V„ and Vy a r e  r e p r o d u c e d  on t h e  
s e c o n d a r y  o f  t h e  t r a n s f o r m e r s  Tj. and T ,  a s  
V.;,^ and Vo y  r e s p e c t i v e l y .  The r e l a t i o n s h i p  
g i v e n  i n  E q n ( l )  a l s o  a p p l i e s  t o  v o l t a g e s  
V„,« and  V „ y .
The t h r e e  o u t p u t  v o l t a g e s  f o r  t h e  t h r e e  
p h a s e s  f ro m  t h e  s e c o n d a r y  o f  t h e  i s o l a t i o n  
t r a n s f o r m e r s  a r e  t h e n  f e d  i n t o  a sum m atio n  
c i r c u i t  ( F i g u r e  3 ) ,  w h e re  t h e y  a r e  ad d e d  
t o g e t h e r  u s i n g  t h e  A e r i a l  mode com p on en t  o f  
p r o p a g a t i o n  [ 1 , - 2 , 1 ] .  T h i s  c o m b i n a t i o n  i s  
p a r t i c u l a r l y  c o n v e n i e n t  b e c a u s e  i t  c a u s e s  a n y  
common mode s i g n a l s  i n d u c e d  i n  t h e  p o w e r  l i n e  
f ro m  a re m o t e  s o u r c e  t o  be c a n c e l l e d .
The sum m ation  c i r c u i t  p r o d u c e s  o u t p u t s  SVy 
and  SV „  w h ic h  a r e  t h e n  f e d  i n t o  a n a r r o w  
b and  p a s s  f i l t e r  w h ic h  i s  t u n e d  t o  t h e  same 
c e n t r e  f r e q u e n c y  f 0 t o  w h ic h  t h e  l o c a t o r  i s  
t u n e d .  The f i l t e r  o n l y  p a s s e s  t h o s e  s i g n a l s  
w i t h i n  i t s  band  w i d t h  and p r o d u c e s  o u t p u t  
s i g n a l s  FSVy  and  F S V „ . I t  c a n  b e  s e e n  fro m  
F i g ( 3 )  t h a t ,  FSVy and FSV „ a r e  f e d  i n t o  a 
d i r e c t i o n a l  d e c i s i o n  l o g i c  c h e c k  w h ic h  
e f f e c t i v e l y  c h e c k s  t h e  d i f f e r e n c e  b e t w e e n  t h e  
e n e r g y  s t o r e d  i n  t h o s e  s i g n a l  c o m p o n en ts  and 
p r o d u c e s  EV„ and EVy . Thus i f  E V „-E V y i s  a 
p o s i t i v e  q u a n t i t y  t h e  f a u l t  i s  d o w n s t r e a m ,  
and i f  E V „-E V y i s  a n e g a t i v e  q u a n t i t y  t h e  
f a u l t  i s  u p s t r e a m .

SIMULATION RESULTS

F i g u r e  (4 )  show s t h e  c a s e  o f  a number o f  
l o c a t o r s  o f  t h e  t y p e  shown i n  F i g ( l )  i n s e r t e d  
a t  c o n v e n i e n t  p o i n t s  a l o n g  an o v e r h e a d  
d i s t r i b u t i o n  f e e d e r  w i t h  an o p en  e n d .  N o t e ,  
F i g ( 4 )  i s  a s i m p l e  l i n e  d i a g r a m  i n  w h ic h  f o r  
a  t h r e e  p h a s e  l i n e  o n e  l o c a t o r  i s  c o n n e c t e d  
b e t w e e n  e a c h  p h a s e  and  e a r t h .  L i n e  d a t a  [ 6 , 7 )  
i s  g i v e n  i n  a p p e n d i x  B . The s i m u l a t i o n  was 
c a r r i e d  o u t  u s i n g  an a c c u r a t e  p ro g ra m  b a s e d  
on t h e  m e th o d s  and  t e c h n i q u e s  g i v e n  i n  
r e f e r e n c e s  [ 1 , 2 , 4 , 5 ) .  The s i m u l a t i o n  r e s u l t s  
w e r e  a n a l y s e d  on b o t h  s i d e s  o f  t h e  l o c a t o r s  
L I  and L2 d u e  t o  a f a u l t  a t  F .  The o u t p u t  
v o l t a g e s  a c r o s s  t h e  r e s i s t o r s  o f  t h e  s t a c k  
t u n e r s  a t  p o i n t  Y and X a r e  shown i n  F i g u r e s  
( 5 )  and (6 )  r e s p e c t i v e l y .  The f i r s t  q u a r t e r  
o f  a c y c l e  o f  t h e i r  c o r r e s p o n d i n g  w a v e fo r m s  
a f t e r  p a s s a g e  t h r o u g h  a band p a s s  f i l t e r  o f  
t h e  same c e n t r e  f r e q u e n c y  f , .  a s  t h e  l o c a t o r  
a r e  shown i n  F i g u r e s  ( 7 )  and ( U ) .
The r e s u l t s  show t h a t  t h e  s i g n a l s  r e c e i v e d  a t  
p o i n t  X a r e  g r e a t l y  a t t e n u a t e d  b y  t h e





Fig (1), The arrangement of the locator
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Fig (4), Schematic diagram of the system under test per phase
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Modelling of a simple fau lt detection/protection system in 
S P I C E

D. J . DARUVALA A.T. joiins M.
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CITY UNIVERSITY, LONDON,, U . K .

AHSTPACT

This paper discusses the considerations which 
are involved in modelling, in SPICE, a 
directional fault locator in an overhead 
distribution system. It is explained how 
switched fault non-linearities may be 
modelled using multi-dimensiona1 dependent 
sources which are available in SPICE-2, 
finally, the use of this approach for fault 
simulations on a typical simple system is 
d i scussed.

1• INTRODUCTION

SPICE is the industry standard work-horse for 
the simulation of electronic circuits; its 
use for the simulation of power transmission 
systems is less well documented. A
directional fault location scheme has been 
described by the authors 1 1 1 , in another 
paper, at this conference. When producing 
the software for the simulation of this 
protection scheme, several options were 
studied. One of these options involved the 
study of modelling, in a single SPICE 
program, the power transmission line together 
with the associated electronic signal 
processing circuits.
In this paper the models used for individual 
parts of the system are discussed first and 
then an assessment of using this approach is 
given.

2 »WJ.KP DESCRIPTION OF THE FAULT DETECTION
SCHEME TO jfK S IMULATED

When a fault occurs on a power transmission 
line, a transient wave-form propagates from 
that disturbance. The frequency spectrum of 
this transient depends upon the type of 
d i sturbance.
In the scheme, discussed in this paper, 
Cau1 1 - 1 oca tors were inserted at convenient 
and strategic intervals in the line, thereby 
dividing the line into zones. Their function
is to:
(l) impede the flow of fault induced high 

frequency transient noise signals across 
zone boundaries without offering any 
resistance to the flow of full-load 
current at power frequencies,

(li) allow the extraction of these high 
frequency transient signals for further 
signal processing, with a view to 
dcLermini ng:

(a) whether the fault is upstream or 
downstream,

(b) whether it is in-zone or out of 
zone.

This is best explained by considering the 
schematic representation shown in Figure 1. 
When a fault, F, occurs in the length of line 
between locators L„ and L,ntl,, The fault 
induced noise signals should be easily 
tie Lee tab 1 e at sections XX and YY but should 
be below the detection level threshold at 
sections WW and ZZ; the presence of wave- 
traps in the two locators would assist in 
providing this discrimination. The main 
purpose of the simulation would be to 
optimize network configurations and component 
values to maximize this discrimination.

3. MODELLING OF POWER SYSTEM FAULT
DETECTION SCHEME USING SPICE

It was felt that a full study of a 3-
conductor, 3-phase system would be an
unnecessary complication and that reliable 
information could be gleaned from the study 
of a single phase system. This assumption is 
readily justified on the basis that any
multi-conductor system can be decomposed into 
a number of un-coupled single-phase 
equivalent circuits by using the theory of 
natural modes developed by Wedepoh1 12). The
new locators use signals that correspond
closely to, at least, one Aerial mode of
propagation and the results of a study of a 
single-phase equivalent using Aerial mode 
components, therefore, provides a realistic 
indication of performance of the new 
locators.
In developing the SPICE model for the
complete single-phase system the task was 
subdivided into two parts:

(i) the modelling of a power transmission 
line and the modelling of a fault 

(ii) the design of fault-locator networks 
to optimize element values with a 
view to maximizing the:
(a) attenuation of the passage of the 

transient signal from one zone to 
the next,

(b) extraction of the information 
contained in the transient 
signal. These will be discussed 
in turn.

4 MODELLING OF A 2-WIRE LINE IN SPICE

A length of lossy transmission 1 ine may be
modelled in SPICE in two ways (31, (41:
(i) the line may be considered to be 

lossless and all its losses lumped into 
a single resistance in series with it,

(ii) the line may be represented as a number 
of identical T-sections in cascade.

4 . 1 Lumped losses in serie« wi_th__a__ length
of lossless distributed line model

A length of lossy line is 
lumped resistance in series 
distributed lossless 1 in 
Figure 2.
Version 2 of SPICE contains 
of a lossless line which is 
program by a single stateme 

I xxx iii rij n3 n4 ¿o 'I'd 
where Txxx is the identifie 
transmission line element 
nodes at port 1 , and n 3 a 
nodes at port 2. Z0 is t 
impedance of the line 
transmission delay:

Z0 = / (L/C) and v = 
and T0 = 1/(LC),
where v is the velocity 
and, L and C are the in 
capacitance per unit length 
and 1 is the length of th 
Consequently, using this 
possible to dramatically 
node count. However, one 
that SPICE uses a transien

represented by a 
with a length of 

e as shown i n

a bui 1 L- i n mode I 
described to the 

nt of the form:

r for 1 1 i e  l o s s l e s s  
, rii and n2 are 
nd na are the
he characteristic 
and To is the

/ ( LC ) - 1 ,

of propagation, 
due La rice and tin* 
of the 1lne, 

e line.
approach it is 
educe the total 
should be aware 

t time-step which



is less than $ the minimum transmission 
delay. Hence very long run times can result 
when short transmission lines are represented 
in this way; the shorter the line the smaller 
the propagation delay, and when this time 
interval is small relative to the analysis 
time frame, inordinately long run times can 
resu11 .

4.2 Modelling of a lossy power transmission 
line using a number of T-sectiona in 
cascade

Alternatively, a number of T-sections in 
cascade can be used to model the transmission 
line. Typical element values/100 in length of 
an 11 kV l-wire distribution line are shown 
in Figure J. A fairly good approximation, to 
the true elect, ri cal performance of the line, 
can be obtained by using, at least, 10 such 
‘(’-sect, ions/e lectrica 1 wave length at the 
highest frequency of interest.
The resulting network representation of the 
line will have a large number of circuit 
nodes; a network comprising n T-sections in 
cascade has 2(2n ♦ 1) nodes.
In the cascade arrangement of the T-networks 
shown, between each pair of shunt capacitors,, 
there are two R's and two L's in series and a 
total of five nodes. By lumping together 
the two resistors and the two inductors into, 
single elements of value 2R and 2L
respectively, the node count is reduced by 
two for each pair of T-sectiona. If this is 
done for all but the first and the last 
sections, and if the latter are modified 
appropriately then the total number of nodes 
in the cascade could be reduced from 
2(2n ♦ l) to 2(n + 1); for large values of 
n the reduction in the total number of nodes 
would be guile significant.

5 .  MODELLING OF ARCS IN S P I C E

The well-known Warrington 151 formula:
R e = (20700 10 )I"1 "4 ohms gives a

simple model for a primary arc. In the above 
eguaLion 10 ia the length of the arc and is 
in metres an<i I is the r.m.s. value of the 
primary fault current.
Johns and Al-Rawi 16 I have expressed the view 
that as far as secondary arcing phenomena is 
concerned "it is extremely difficult, if not 
impossible, to model such arcs in all their 
complexities, and that for computational 
purposes it is convenient to use the 
piecewise linear approximation of a typical 
long arc eye logram as shown by the broken 
line in Figure 4." They further state that 
if lp denotes the peak value of the secondary 
arc current and Vp denotes the constant 
voltage parameter, then Vp is a function of 
lp as shown in Figure 4, where Maikopar 171, 
by collating the results of many
investigations, has deduced that the 
relationship: .. .

Vp = 75(ip) * (volts/m)
is valid for values of Ip in the range:

1 A < lp < 5 5A.
The curves shown in Figure 4 display
hysteresis but zero striking and
extinguishing voltages. This is a reasonable 
assumption because the voltage across the arc 
falls to zero when voltage reversals occur 
and during such voltage reversals the current 
remains at zero for relatively short times. 
Consequently, it can be reasonably assumed 
that the arc can be re-established without an 
appreciable re-striking voltage. The
hysteresis present in the characteristic can 
be removed to simplify the model further as 
shown in Figure 5.

5.1 Model 1 ing __ the simple arc mode 1 of
Figure 5 in ~S1MCE

A series combination of voltage dependent 
non-linear resistor and a switch, placed 
across the line, can be used for realizing 
¡the characteristic shown in Figure 7.
'Neither the model for a switch nor for a 
voltage dependent non linear resistor exists 
in SPICE-2, yet a series combination of these 
two components can be modelled using a two 
dimensional voltage dependent current source 
as explained in the next section.

5.2 Modelling of a switched non-linear 
resistor

Multidimensiona1, non-linear, dependent 
current and voltage sources are available in 
SPICE-2. A two dimensional voltage
cont ro11 od currenL source is shown
schematica 11y 
by:

in Figure 6, where Lv, is given

l « = k O + k X V i -» * k a V 3 A » k :,V34a *■ k 4V34Va0
* k3V3tta krtv**3 ♦ k,V a^av33 ♦ k»*Va.»v3«a
► . „ . ♦ . o . .

....... (1)
and in a SPICE program such a source would be 
represented by the statement:
G.* Hi na POLY (2) na n«» na rt* k0 kx ka k3

. . . . . . .  k „

To make the current source, shown in
Figure 6, simulate a non-linear resistor, 
the following three steps need to be taken:

(i) make the node na coincide with the
node nx and the node n« coincide
with the node na.

(ii) In the polynomial, given by
equation (1), make all coefficients
zero, except those of the terms
VaaVsfi i V34aVs6, V343Vsa .... etc.,*
ie. only the terms ka # ktt ......
will be non-zero.

(iii) allow the voltage V33 to switch 
between only two values: 0V and LV. 

This arrangement is shown schematically in 
Figure 7, where Iw is given by:

1« = kVxa ► k*Vxaa ♦ k"V x a J ♦ ..........
when V33 = 1;
and 1\, = 0, when V3A = 0,

and since in equation (2) the value 
the current source 1̂, is a function 
the voltage across itself, 
arrangement shown behaves like

(2)

switched non-linear conductance, 
schematically in Figure 0.

of 
of 

the 
the 

shown

6 FAULT SIMULATIONS ON A TYPICAL SIMPLE 
SYSTEM

The models described above were used to 
simulate a simple protection scheme 
incorporating two locators in a distribution 
line of total length 4 km as shown in 
Figure 9.
The line was modelled as a cascade of T- 
sections where each T-aection is like the one 
shown in Figure 3. The locator networks were 
similar in design to the type described by 
Johns, El-llami and Daruvala in Figure 1 of 
their paper at this conference 111. The 
whole system including the locator network 
and the associated signal processing circuits 
were simulated using a single SPICE program. 
Substantial use was made of the subcircuiL 
facility of SPICE and the resulting program 
was quite compact. The overall performance 
was, however, disappointing. Problems with 
convergence were encountered on several 
occasions; these problems are endemic in the 
public domain versions of SPICE; there are 
ways of overcoming them and these procedures
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