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Preface

Importance of fault location

Electric power systems have grown rapidly over the past fifty years. This has re-
sulted in a huge increase of the number of overhead power lines in operation and their
total length. These lines experience faults due to various causes. In most cases, electri-
cal faults manifest themselves in mechanical damage, which must be repaired before
the line is put back to service. The restoration can be expedited if the location of the
fault is either known or can be estimated with good accuracy. Fault locators provide
estimate for both sustained and transient faults.

The subject of fault location has been of considerable interest to electric power
utility engineers and researchers for several decades. Most of the research done to date
has been aimed at finding the locations of transmission line faults. This is mainly be-
cause of the impact of transmission line faults on the power systems and the time re-
quired to physically check the lines is much longer than in the case of faults occurring
in other power system components. Recently, the location of faults has received grow-
ing attention as many utilities operate in a deregulated environment and compete with
each other to increase the availability of power supply to the customers, assuring at the
same time adequate quality of power.

Research on fault location conducted at the Wroclaw University of Technology

The research into transmission line fault location at the Institute of Electrical
Power Engineering of the Wroctaw University of Technology (WrUT) has been initi-
ated by Prof. Andrzej Wiszniewski more than 25 years ago. In 1983, Prof. Andrzej
Wiszniewski developed the fundamental one-end fault location algorithm, which is
still often referred to in the fault location literature worldwide. Then, in 1994, our team
of researchers started co-operation with the ABB AB in Visterds (Sweden), under the
supervision of Dr. Murari Mohan Saha (ABB) and Prof. Eugeniusz Rosotowski
(WrUT). It was a great pleasure for me to be a member of this team and to be given
the possibility of joint work on the fault location and protective relaying issues. Also,
I appreciate very much the co-operation with Dr. Bogdan Kasztenny, previously affili-
ated with the WrUT and presently with the GE Multilin—-Markham, Canada. For the
last three years the research has been governed by the ABB Corporate Research Cen-
ter in Krakow. A part of the research was conducted within the grants of the Ministry
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of Science and Higher Education of Poland, as well as within the Ph.D. theses com-
pleted by Dr. Rafal Kawecki, Dr. Przemystaw Balcerek and Dr. Rafal Molag, under
my supervision.
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A Note for the Reader

This book deals with fault location on transmission lines. Among many fault loca-
tion methods, the impedance-based method has been taken for detailed considerations.
In this method, the impedance parameters of the faulted line section are considered as
a measure of the distance to fault. The impedance-based fault location appears to be
still the most popular method. This is so, since impedance-based fault location algo-
rithms exhibit various advantages and can be easily implemented into the products
offered by the numerous manufacturers.

The book begins (Chapter 1) with explaining the aim of fault location and its im-
portance. In particular, the fault locators are considered as the devices that differ in
many aspects from protective relays. Then, different fault location methods are shortly
characterised.

In Chapter 2, the basics of the impedance-based fault location are presented. Divi-
sion of fault location algorithms with respect to the fault locator input signals is per-
formed and time intervals of fault locator input signals are defined. Then, signal proc-
essing methods for fault location are shortly reviewed. In relation to use of distributed
digital measurements to fault location, their synchronisation with the aid of the GPS or
by analytical synchronisation is described. The fault location error is defined and the
sources of errors are characterised.

Chapter 3 reviews different configurations of the networks. The networks contain-
ing single-circuit lines, double-circuit lines, multi-terminal and tapped lines, composi-
tion of overhead line and cable, and series-compensated lines are presented. Then, the
lumped-parameter and distributed-parameter line models are presented. The modal
transformations are gathered.

In Chapter 4, the basics of transmission line faults are provided. The fault models
are formulated using symmetrical components and phase co-ordinates approach. The
analysis of arcing faults, including typical waveforms of current and voltage signals,
obtained from the ATP-EMTP simulation, is presented.

Chapter 5 is focused on the measurement chains of fault locators. Transient per-
formance of capacitive voltage transformers and their dynamic compensation are con-
sidered. The basics for current transformers are given. It has been shown how to coun-
teract the negative effects of the possible saturation of current transformers, when
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deriving fault location algorithms. The design of analogue low-pass filters is ad-
dressed.

In Chapter 6, a variety of one-end impedance-based fault location algorithms are
presented. To this end, a uniform description of the faults and the fault loops has been
applied. The algorithms presented are designed for locating faults on single-circuit
lines, double-circuit lines and series-compensated lines. Both transposed and untrans-
posed lines are taken into consideration. The algorithms are formulated for the lumped
line models, however, at the end of the chapter, the way of improving fault location
accuracy by introducing the distributed-parameter line model is presented.

Chapter 7 is focused on two-end and multi-end fault location algorithms. First, the
algorithms utilising two-end synchronised measurements are presented for both pha-
sor-based and time domain approaches. Then, the unsynchronised measurements as
applied to fault location are considered in detail. Different options for measuring the
synchronisation angle are introduced and various fault location algorithms are pre-
sented. Complete and incomplete two-end measurements are taken into account. Algo-
rithms utilising measurements of distance relays from line terminals are described.
Fault location on three-terminal and multi-terminal lines is addressed.

The author presents fault location algorithms developed by himself or in co-
operation, as well as algorithms selected from the vast literature of the subject. When
presenting fault location on series-compensated lines, the considerations are intention-
ally limited to the basic network configuration with a single-circuit line and to using
the one-end measurements. The other fault location algorithms can be found in the
literature.



1. Introduction

1.1. Aim of fault location and its importance

Rapid growth of electric power systems over the last decades has resulted in
a large increase in the number of transmission and distribution lines [B10, B12,
B23] in the world. At the same time, free marketing and de-regulation introduced all
over the world impose more and more restrictive requirements on providing a con-
tinuous and good quality power supply, without any significant increase in the cost
of energy being delivered. The terms such as continuity of power supply, depend-
ability and reliability play a very important role in contemporary power systems. As
a result of imposing restrictive requirements, an increased demand for high-quality
power system protection and control devices together with their supplementary
equipment became a matter of prime importance. Among the different functions of
those devices the fault location is considered to be very important [B.7, B.9, B.11,
B.16, B19, B20, 21, 162].

Fault location is a process aimed at location of the fault with the highest accuracy
possible. Fault locators are in general the supplementary protection equipment, which
apply the fault location algorithms for estimating a distance to the fault. When locating
faults on a line consisting of more than one section (multi-terminal line), initially
a faulted section has to be identified and then a fault on this section has to be located.

Fault location function can be implemented in [B.9, B.16]:

1. microprocessor-based relays,

2. digital fault recorders (DFRs),

3. stand-alone fault locators,

4. post-fault analysis programs.

Including the fault location as an additional function in microprocessor-based re-
lays is a common practice. In this case, high computational capability and communi-
cation with remote sites of modern relays are taken advantage of at little or almost no
additional cost. Also, digital fault recorders enable an easy and not costly incorpora-
tion of the fault location function. In turn, stand-alone fault locators are applied in the
case of using sophisticated fault location algorithms and on condition that higher cost
of the implementation is accepted. Yet, there is another possibility which concerns
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post-fault analysis programs [64] with fault location algorithms included. Such pro-
grams are mainly used for verification of the operation of protective relays.

Transmission and distribution lines experience temporary and permanent faults.
Temporary faults, which are most frequent on overhead lines, in many cases could be
self-cleared. In consequence, the continuity of power supply is not permanently affected,
which is advantageous. In turn, upon the occurrence of permanent fault, the protective
relaying equipment, using circuit breakers, enables the faulted sections to be de-
energized. If a given line is put out of service, the connected loads are not supplied or,
if possible, the other lines are forced to supply the loads of the tripped line. It is also
possible that a series of cascading trippings may happen, taking out of service succes-
sively larger and larger parts of the system. Under some unfavourable circumstances,
this may even lead to blackouts of large power systems, as has recently happened in
some countries. Contemporary power systems get closer and closer to their operating
limits. Therefore, in order to avoid blackouts special attention must be paid to equip-
ping power systems with protection and control devices, as well as to their settings.

In the case of permanent faults, power supply can be restored after the mainte-
nance crew have finished the repair of the damage caused by the fault. For this pur-
pose, the fault position has to be known, otherwise the whole line has to be inspected
for finding the place of damage. Thus, it is important to know the location of a fault or
to locate it with possibly high accuracy. This allows us to save money and time spent
on inspection and repair, as well as to provide a better service due to the possibility of
faster restoration of power supply. Also, blackouts can be avoided this way.

Temporary faults are self-cleared and do not permanently affect the continuity of
supply, however, the location of such faults is also important. In this case, the fault
location can help pinpoint the weak spots on the line, and therefore, it should be in-
cluded in maintenance schedules to avoid serious problems in the future.

Even if helicopters are immediately available for patrol following unsuccessful re-
closing, fault locators perform a valuable service. Trouble cannot always be found by
a routine patrol with no indication of where the fault occurred. For example, tree
growth could reduce clearances, resulting in a flashover during severe conductor sag-
ging. By the time the patrol arrives, the conductors have cooled, making the clearance
to the tree increase. The weak spot is not well recognized [64].

The importance of fault locators is more obvious where foot patrols are relied
upon, particularly on long lines, in rough terrain. Also, these can help where mainte-
nance jurisdiction is divided between different companies or divisions within a com-
pany.

Fault locators are valuable even where the line has been restored either automati-
cally or non-automatically. In this category are the faults caused by cranes swinging
into the line, brushfires, damaged insulators and vandalism. The locator allows rapid
arrival at the site before the evidence is removed or the “trail becomes cold”. Also, the
knowledge that repeat faults are occurring in the same area can be valuable in detect-
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ing the cause. Weak spots that are not obvious may be found because a more thorough
inspection can be focused in the limited area defined by the fault locator.

1.2. Fault locators versus protective relays

Fault locators and protective relays are closely related, however, there are some
important differences between them. These differences can be considered as related to
the following features [B.16]:

1. accuracy of fault location,

2. speed of determining the fault position,

3. speed of transmitting data from remote site,

4. used data window,

5. digital filtering of input signals and complexity of calculations.

The above can be further explained as follows:

1. Fault locators are used for pinpointing the fault position accurately and not only
for indication of the general area (defined by a protective zone) where a fault occurred
—which is provided by protective relays.

2. In the case of protective relays, both the measurement and decision making are
performed in an on-line regime. High speed of operation of protective relays appears
as a crucial requirement imposed on them. This is so since in order to prevent spread-
ing out the fault effects, the faulted line has to be switched-off as quickly as possible.
Therefore, high speed measuring algorithms are applied in contemporary protective
relays, and use of high-speed operating circuit breakers is also of prime importance.
Fault clearing time is an important consideration in the selection of protective relays
and requirements for relaying speed must be carefully determined. If the relaying is
too slow, system instability, excessive equipment damage, and adverse effects on cus-
tomer service may result. On the other hand, faster protection tends to compromise
relay system security and selectivity. The requirement for the fast clearing of faults
demands that the decision for tripping transmission lines has to be made in a short
time, even faster than in one cycle of the fundamental frequency (20 ms for the sys-
tems operating at 50 Hz). In contrast, the calculations of fault locators are performed
in an off-line mode since the results of these calculations (position of the fault and in
the case of some algorithms also the fault resistance involved) are for human users.
This implies that the fault location can be longer and take seconds or even minutes.

3. Low-speed data communications or Supervisory Control and Data Acquisition
(SCADA) can be applied for fault location purposes, which differs from communica-
tion used by protective relays.

4. The best data window segment from the whole available window can be se-
lected for fault location to reduce errors. This is so since the computations are per-
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formed in an off-line regime and searching for the best data window can be easily
applied. The fault interval lasts from a fault incipience up to a fault clearing by a cir-
cuit breaker, and usually this takes around three fundamental frequency cycles, which
is sufficient for fault location.

5. In the case of the protective relays the high speed required causes that the calcu-
lations are not to be too complex nor much time-consuming. In contrast, fault location
calculations have no such limitations. Therefore, more accurate phasor calculation for
fault location, including rejection of dc components, can be applied. Also, the models
of the power line and the fault in fault location algorithms are usually more advanced
than for relaying.

Among different types of relays commonly used for protecting power lines, dis-
tance relays [B.3, B.18, B.21, B.24, B.25, 18] are the most related to fault locators.
These relays are desiged for fast and reliable indication of the general area where
a fault occurred. If the fault is recognized as occurring within the pre-defined protec-
tive zone, then a trip signal to the corresponding circuit breaker is sent immediately. In
consequence, the fault becomes isolated quickly, which minimises the impact of
a fault on a power network.

Distance relays have multiple protection zones for providing back capability. The
relay that detects the fault in the 1st zone is designed to trip first. Generally, a pair of
distance relays is used to protect a two-terminal line. Usually, they can communicate
with each other, forming a pilot relaying. As a result of exchanging information be-
tween the distance relays from the line terminals, they both could trip within the 1st
zone.

The operation of a distance relay may be significantly influenced by the combined
effect of load and fault resistance, which is known as the reactance effect [18, 31,
182]. The distance relay may misoperate for a forward external fault, or may not oper-
ate for an internal fault if the value of the fault resistance is too large. The value of the
fault resistance may be particularly large for ground faults, which are the most fre-
quent faults on overhead lines.

The influence of fault resistance on measurement performed by distance relays is
explained in Figs. 1.1 and 1.2. The explanation is performed in relation to a single
phase case, which can be easily extended to a three-phase one, with different fault
types being considered [18, 31, 182]. Figure 1.1 shows a circuit diagram of the trans-
mission network experiencing a fault (F), involving resistance (Rg), on a homogeneous
single-phase line with impedance (Z,) between buses S and R. For the sake of simplic-
ity, a lumped line model is taken into account, with shunt capacitances being ne-
glected. Parts of the network behind the local (S) and remote (R) terminals are re-
placed by the Thevenin equivalents containing EMFS and equivalent source
impedances [B.1].

The fault loop seen from the bus S can be described with the following formula,
using the phasor notation:
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Vs—dZ Is—Rel=0 (1.1)
where:
d — distance from the bus S to fault point F, expressed in relative units (p.u.),
Vs, Is — voltage and current measured at the measurement point (here at the bus S),
1Ig —total fault current (flowing through the fault path resistance), which for the
assumed lumped line model and neglected shunt capacitances, equals:
le=ls+1g (1.2)
The formula (1.1) can be written as:
V
gsz——szd;LJrRFl-—F (1.3)
Is Is

where Zs — impedance determined on the basis of the voltage and current measured at
point S.

From (1.3) it is seen that the impedance Zs is a strict measure of the distance to
fault (d), only if the fault resistance is equal to zero or is very low and can be ne-
glected. Otherwise, the fault resistance Rr is seen, in general, as a certain impedance:

1s+15

#
BF:

R (1.4)

Is
Depending on the currents at both line ends (Is, Ir), the fault resistance R can be
seen as R!, which presents:

e pure resistance (Fig. 1.2a),

e resistance and capacitive reactance (Fig. 1.2b),

e resistance and inductive reactance (Fig. 1.2c).

In the last two cases (Figs. 1.2b and c), the reactance (capacitive or inductive) is
observed to contribute to resistance, and that is why such an effect is called “reactance
effect” [31, 36, 68, 120].

Fig. 1.1. Circuit diagram of transmission network with line S-R affected by fault (F)
involving fault resistance Re
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Fig. 1.2. Influence of remote in-feed on one-end fault-loop impedance
measurement by protective distance relay

1.3. Fault location methods

In a natural way fault location can be done by foot patrols or by patrols equipped
with different transportation means (including helicopters or airplanes) and binoculars.
Such a way of the faulted line inspection is considered to be time-consuming. Also,
calls from witnesses of damage on the power line, or customer calls, can provide the
required knowledge about the fault position. However, such primitive ways do not
satisfy the requirements imposed on fault location.

In spite of the various attempts at different techniques, the automatic fault loca-
tion still appears to be the most widely used. It is based on determining the physical
location of a fault by processing the voltage and current waveform values. Automatic
fault location can be classified under the following main categories:

1. technique based on fundamental frequency currents and voltages, mainly on im-
pedance measurement,

2. technique based on the phenomenon of travelling waves,

3. technique based on measuring high frequency components of currents and volt-
ages generated by faults,

4. pulse methods,

5. use of fault indicators,

6. monitoring the induced radiation from the power system arcing faults, using
VLF and VHF reception,

7. knowledge-based approaches.

Making use of the fundamental frequency voltages and currents at the line terminal
(or terminals), together with the line parameters, appears to be the simplest way of
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determining the fault location. It is assumed that the calculated impedance of the
faulted line segment is a measure of the distance to fault. The algorithms belonging to
this category are called as impedance-based fault location algorithms. Such fault
location algorithms are economical and simple to implement. Depending on the input
signals of the fault locator, these methods can be further classified. This issue is con-
sidered in Chapter 2. Formulation and description of different impedance-based fault
location algorithms are presented in Chapters 6 and 7.

Travelling wave methods consider the voltage and current waves, travelling at the
speed of light from the fault towards the line terminals. These methods are considered
very accurate, being at the same time complex and costly for application, since they
require high sampling frequency [109, 173].

The technique based on measuring high frequency components of currents and
voltages generated by faults, which travel between the fault and the line terminals, is
not widely used either. This method is considered expensive and complex, since use of
specially tuned filters for measuring high frequency components is required [10, 110].

Pulse methods [B.19, B.20] are the other fault location methods in use. They are
based on injecting the testing signals (pulses) into the line. Knowledge of the propaga-
tion speed of the pulse signal together with time required for reaching the fault place
are the basis for determining fault location. Single- and double-pulse methods are
applied for locating permanent and temporary faults, respectively. The testing signal
can be injected into the operating line or into the line already switched-off.

Valuable information on fault location can be obtained also from fault indicators,
installed either in substation or on towers along the transmission or distribution line
[173]. Additional use of a radio link allows the information from indicators to be used
even during inclement weather.

Another, unconventional fault location system for monitoring transient induced ra-
diation from power system arcing faults, using both VLF and VHF reception, has
been tested in the experimental installation [179]. In the near future, such systems
could compete with the conventional fault location systems.

Recently, a lot of research effort has been focused on fault location techniques us-
ing knowledge-based approaches, such as artificial neural networks, fuzzy sets the-
ory and expert systems. There is a huge number of scientific papers in journals and
conference proceedings dealing with the knowledge-based fault location. This issue,
though deserving wide consideration is out of the scope of this book.
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2.1. Fault locator input signals

Depending on what input signals of the fault locator are used, the fault location
methods can be further classified into respective sub-categories. In the case of a two-
terminal and single-circuit line, the methods utilising the following input signals can
be distinguished:

o three-phase current and three-phase voltage measured at one line end, Sections
6.2,6.5-6.7,6.12,6.14, 7.4 4,

o three-phase current or three-phase voltage measured at one line end, Sections
6.10, or 6.11, respectively,

e three-phase current and three-phase voltage measured at two line ends, Sections
72,73,

e incomplete three-phase current and three-phase voltage measured at two line
ends, in particular:

— three-phase voltage from two line ends, and current from one line end, Section

7.4.2,
— three-phase current from two line ends, and voltage from one line end, Section
7.4.3,

— three-phase voltage from two line ends, Section 7.4.1.

Also, different availability of measurements for the fault locator can be considered
for double-circuit lines, Sections 6.8, 6.9. Similarly, different availability of the fault
locator input signals could be distinguished in application to the three-terminal (Sec-
tion 7.5), and multi-terminal and tapped (Section 7.6) lines. The above sub-categories
can be further sub-divided with respect to other features, as for example, the technique
applying two-end measurements can be sub-divided into the methods using:

e unsynchronised measurements, Section 7.3,

e synchronised measurements, Section 7.2.

Various fault location methods, with acceptable accuracy for most of the practical ap-
plications, have been developed using one-end techniques. These techniques utilise meas-
urements of three-phase current and three-phase voltage from one line end (Fig. 2.1).
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A major advantage of these techniques is that no communication means are needed and
simple implementation into digital protective relays or digital fault recorders is possible.
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Fig. 2.1. Schematic diagram of one-end fault location

The fault location algorithms could be more accurate if more information about the
system were available. Therefore, if communication channels are available, then the
two-end fault location methods (Figs. 2.2 and 2.3) may be used. The two-end tech-
nique offers improved fault location determination, without any assumptions and in-
formation regarding the external networks such as impedances of the equivalent
sources. In this way, if the two-terminal technique can be applied, the compensation
for the reactance effect becomes immaterial.

Following fault isolation, relays or other digital devices at the substations can
transmit the fault data to a substation computer via a modem or other communications
link. The fault data can also be transmitted, through the dedicated communication link,
directly between the relays or other devices at both ends of the protected line. The
substation computer and/or digital relays can process the data and obtain a fault loca-
tion estimate with minimal assumptions, reducing the estimation error. Only low-
speed communication is necessary for this application. If needed, the data could also
be retrieved manually for estimation of the fault location and sent via internet or using
some other means.
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Fig. 2.2. Schematic diagram of two-end unsynchronised fault location
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Fig. 2.3. Schematic diagram of two-end synchronised fault location using GPS synchronisation

Figures 2.2 and 2.3 present schematically a two-end fault location on a two-
terminal transmission line S—R. The fault locator (FL) is here shown as a stand-alone
device, however, it can also be incorporated into the measurement unit at either side of
the line (MUg or MUg). At both terminals (S, R) there are current transformers and
voltage transformers which transform signals to the measurement units.

In the measurement units the digital measurements are performed. It is considered
that in the case of Fig. 2.2 the A/D converters in the measurement units are not pro-
vided with the GPS signals. Therefore, the determined phasors of currents and volt-
ages, which are the fault locator input signals, do not have common time reference;
i.e. the measurements are unsynchronised.

Fault location with two-end synchronised measurements is depicted in Fig. 2.3.
This is accomplished with use of technical means for providing a common time refer-
ence of the measurements acquired at the line terminals. Here, the satellite Global
Positioning System (GPS) [B8, 19] is considered as the synchronisation means.

The satellites of the GPS are owned and operated by the US Department of De-
fense but civilian users also have access. There are 24 satellites that are positioned in
such a way that four or more of them are observable at every location on the earth.
Each satellite contains a highly accurate clock. Satellites maintain the so called Coor-
dinated Universal Time with the accuracy of £0.5 ps.

In order to show how high accuracy is assured let us relate the GPS accuracy to:

e a single cycle (T)) for the fundamental frequency of 50 Hz:

— the accuracy of £0.5 us corresponds to + (1/40000)T;, (note: T, =20 ms);

— the accuracy of +0.5 us corresponds to (£1/40000)360° = +0.009°, note: T; —

360°.
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e a single sampling period, for example, for sampling frequency equal to
1000 Hz:

— the accuracy of £0.5 us corresponds to +(1/2000)Ts;

— the accuracy of £0.5 ps corresponds to +(1/40 000)360 = 0.009°, note T, —

360/20 = 18°.

If no GPS signal is received during 8§ hrs, the time drift of the backing up crys-
tal oscillator in the application reported [19] does not exceed 20 us. The ability of
GPS to provide a time reference signal, synchronised at widely separated locations
has been lately recognised as having great potential for power system applications
[B8, 19].

2.2. Time intervals of fault locator input signals

Figure 2.4 presents examples of waveforms of three-phase voltage recorded under
a single phase-to-earth fault. The following time intervals can be distinguished con-
sidering their position with respect to this fault incipience and its clearance (achieved
as a result of the protective relay operation and switching off the line by the circuit
breaker):

e pre-fault interval: lasting from the beginning of the recording up to the fault in-
cipience instant detected (¢a; incipience)

e fault interval: lasting from the fault incipience instant (¢u; incipience) UP to the fault
clearance instant detected (g cicarance),

e post-fault interval: lasting from the fault clearance instant (¢n; ciearance) Up to the
end of the event recorded.

According to the kind of the time interval, one can distinguish:

e pre-fault quantities — signals recorded within the pre-fault interval,

e fault quantities — signals recorded within the fault interval,

e post-fault quantities — signals recorded within the post-fault interval.

However, there is no uniform usage of this nomenclature in the literature related to
the fault location issue. Sometimes, instead of “fault interval” and “fault quantities”,
the terms “post-fault interval” and “post-fault quantities” are used, since the prefix
“post- has the meaning “after the fault (incipience)” and not “after the fault (clear-
ance)”.

Usually, it is the fault quantities (voltage and current) that are used in fault loca-
tion. There are also many fault location approaches in which the pre-fault quantities
are additionally included as the fault locator input signals. However, sometimes, usage
of the pre-fault measurements is treated as the drawback of the fault location method.
This is so, since in some cases the pre-fault quantities could not be recorded or they do
not exist, as for example, in the case of the current during some intervals of the auto-
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matic reclosure process. Also, the pre-fault quantities may not be of pure sinusoidal
shape, due to the appearance of the fault symptoms just before its occurrence. Also, in
some hardware solutions, measurement of pre-fault (load) currents is accomplished

with lower accuracy than for much higher fault currents. Therefore, if possible, the
pre-fault measurements are usually avoided.
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Fig. 2.4. Time interval positions with respect to instances of fault incipience and its clearance

As opposed to the fault and pre-fault quantities, the post-fault quantities are rather

rarely used for the fault location purposes. One of such techniques is presented
in [169].

2.3. Signal processing methods for fault location

Input signals of the fault locator provide information necessary for determination
of a distance to fault. The measurement chains of the fault locator are described in
Chapter 5. The continuous-time voltages and signals at the line terminal undergo
transformation in these chains (containing instrument transformers, analogue low-pass
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filters and A/D converters) to discrete-time signals. These signals are applied for de-
scription of the faulted network. One can distinguish the following main methods for
description of the state of the faulted network:

e phasor approach,

e instantaneous state of the system representation.

The multi-resolution analysis, which is connected with application of such signal
processing tools as the Short Time Fourier Transform (STFT), the Wavelet Transform
(WT) and others [B.15, 138] is also utilised for fault location.

In the phasor concept, the post-fault state is assumed to be a steady one. Conse-
quently, the processed voltage and current signals are represented in the form of sinu-
soidal waveforms with constant magnitude and angle velocity @. The faulted network
may thus be entirely described using the voltage/current phasors and imped-
ance/admittance data of the network. Such a treatment is also called the frequency-
domain circuit analysis [B.4].

Applying the phasor approach, the phasors of phase voltages and phase currents
are determined. Also, phasors for the voltage and current symmetrical components
are processed. A vast majority of fault location algorithms are based on the phasor
approach.

Symmetrical components approach appears to be a very effective technique for
transposed lines and therefore it is advantageous that the fault location algorithm is
formulated in terms of these components. In general, the following symmetrical com-
ponents of the quantities measured can be processed in the algorithm, namely:

e positive-sequence components,

e superimposed positive-sequence components,

e negative-sequence components,

e zero-sequence components.

Due to uncertainty of the impedance data of transmission lines for the zero-
sequence as well as the presence of mutual coupling of parallel lines for this sequence,
in the case of double circuit lines, usage of the zero-sequence voltages and currents is
not advantageous, and whenever possible, they are not included in the fault location
algorithm [31]. Therefore, practically, the remaining symmetrical components can be
considered as the input quantities of the fault location algorithm, however, with some
restrictions. Namely, utilisation of the negative-sequence components is not applicable
in the case of three-phase balanced faults. In contrast, the positive- and superimposed
positive-sequence components are present in all faults and thus the fault location can
be performed without selection of the fault type. It is worth noting that the super-
imposed (incremental) positive-sequence components are calculated by subtracting the
pre-fault quantities from the fault quantities. In certain cases, the pre-fault signals re-
corded are not in the form of pure sinusoids since the symptoms of the fault can be
observed just before its occurrence. Therefore, in such cases use of the superimposed
positive-sequence quantities is not recommended either. When utilising the positive-
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sequence quantities, higher (than for the other symmetrical components) fault location
errors are obtained if the shunt parameters of the line are not taken into account [127].
However, this drawback is overcome if the distributed parameter line model is em-
ployed in formulation of the algorithm [60].

In the case of untransposed lines the symmetrical components approach cannot be
utilised, however, there is a possibility of determining a transformation matrix, which
can be applied for transforming the coupled phase quantities to decoupled modal
quantities based on the eigenvalue/eigenvector theory [74].

Besides the phasor approach, the instantaneous-based state of the system represen-
tation is commonly applied for description of the state of the faulted network. Dy-
namical relations are represented by discrete differential equations [153] or partial
differential equations [B.2].

Digital signal processing methods deserve wider consideration than presented here,
however, this is beyond the scope of this book.

2.4. Synchronisation of distributed digital measurements

Digital measurements at different line terminals can be performed synchronously if
a GPS (Global Positioning System) is available. A synchronised measurement system
requires that measurements taken at different substations include, in addition to mag-
nitude, the phase angle data with respect to an arbitrary but common reference. Phase
information is obtained from knowledge of the absolute time at which the measure-
ments were taken (time tagging). The time for all measurements must be synchronised
with a time reference that must be the same for all local systems. This time reference
is commonly obtained from the GPS [33].

If there is no GPS synchronisation or in the case of loss of the GPS signal, the digi-
tal measurements from the line terminals are performed asynchronously and thus do
not have common time reference, as shown in Fig. 2.5.

In two-end unsynchronised measurements [60, 64, 127, 143, 187] the sampling
instants (marked in Fig. 2.5 with small circles) of the A/D converters from terminals
S and R do not coincide since the converters are not controlled by the GPS. As
a result, there is a certain random shift (A7r_g) between the sampling instants of the
A/D converters at both ends. Moreover, an instant at which the fault is detected, is
usually considered as the time stamp: 5= 0 (at terminal S) and #z = 0 (at terminal R),
which in general case do not coincide either. In consequence, the measurements
from both line ends do not have a common time reference. In order to assure such
a common base, one has to take measurements from the particular terminal as the
base (for example, from terminal R, as will be assumed in further considerations),
while for the other terminal (terminal S) to introduce the respective alignment.
When formulating the fault location algorithm in terms of phasors of the measured
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quantities, such alignment is done by multiplying all the unsynchronised (the super-
script: ‘asynchr.’) phasors from terminal S by the synchronisation operator exp(jd),
as for example, in the case of positive-sequence voltage (likewise for the remaining
phasors of signals from terminal S):

Vo =V e @.1)

where 6 is unknown synchronisation angle.
In general, the synchronisation angle can be:
e measured from the pre-fault quantities [3],
e climinated by mathematical manipulations [187],
e calculated with processing the fault quantities [60, 64, 127].
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Fig. 2.5. Illustration of the need of phase alignment
in the case of two-end unsynchronised measurements

2.5. Fault location errors

In [B.7], and in other numerous references, the following definition of the fault lo-
cation error is given:

“Percentage error in fault location estimate based on the total line length:
e (error) = (instrument reading — exact distance to the fault) / total line length”.
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This definition can be written down as the following formula:

error(%) =%1OO% (2.2)

where:

d, dexact — €stimated and exact distance to the fault (in km or in relative units: p.u.);

¢ —total line length (in km, or if relative units are used: £ =1 p.u.).

In statistical evaluation of the accuracy of particular fault location methods, differ-
ent measures for the fault location error are determined, as for example, maximum,
average, and standard deviation values. It is characteristic that the absolute value is
usually taken for the nominator from the definition formula (2.2), thus obtaining [71]:

error(%) = %100% (2.3)

Note that usage of (2.3) assures that, when for example the average error is deter-
mined for a given population of the evaluation tests, the errors having identical magni-
tude but different signs do not compensate each other.

In evaluation of the fault location accuracy, different factors are taken into ac-
count. The main factors commonly considered are the following:

e fault position (location),

o fault type,

o fault resistance including presence of an arc,

e level of pre-fault power flow and its direction,

o strength of equivalent sources behind the line terminals,

e line imbalance due to the lack of transposition,

e inaccuracy in providing impedance data for the overhead line (or underground
cable),

e inaccuracy in providing impedance data for the vicinity of the overhead line in
question, as for example, the possible mismatch with respect to the source impedances
(if they are involved in the evaluated fault location algorithm) is considered,

e presence and status of series and shunt devices in the line, as for example, instal-
lations of the banks of series compensating capacitors equipped with Metal Oxide
Varistors (MOVs),

e fault inception angle,

e identification of a fault, in terms of the correctness and accuracy of fault incipi-
ence detection, fault clarification detection, fault type classification,

e transient and steady errors of instrument voltage and current transformers, in-
cluding the possibility of CT saturation,

e frequency response of voltage measurement chains,

e accuracy of A/D conversion, etc.
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Different factors affect the accuracy of fault location methods. In general, without
specifying the fault location method, they can be listed as follows:

e Inaccurate compensation for the reactance effect in the case of fault location al-
gorithms using one-end measurements. This is so, if the vicinity of the line is inaccu-
rately represented in the algorithm, i.e., when providing impedances of equivalent
sources behind the line terminals, which do not match the actual strength of the
sources.

e Inaccurate fault type (faulted phases) identification for fault locating algorithms
based on considering the natural fault loops (phase-to-earth or phase-to-phase loops),
similarly as applied in distance relays.

e Inaccurate line parameters, which do not match the actual parameters. Note that,
even if the geometry of line conductors is accurately taken to calculate the line imped-
ances, the total line length might be known with some error.

e Uncertainty with respect to the line parameters, particularly for the zero-
sequence impedance. It is often difficult to obtain the accurate zero-sequence imped-
ance for the line. This is so, since this impedance is affected by soil resistivity, which
may be variable under the whole line route, and is dependent on weather conditions.

e Inaccurate compensation for the mutual effects on the zero-sequence compo-
nents. This takes place if current required to compensate for the mutual coupling is for
some reasons unavailable.

e Insufficient accuracy of the line model, i.e. if untransposed lines are represented
as being transposed, and line shunt capacitance is not considered.

o the presence of shunt reactors and capacitors, as well as the presence of series
capacitor compensating devices.

e Load flow unbalance.

e Errors of current and voltage instrument transformers and inaccurate reproduc-
tion of the primary signals due to their limited bandwidth.

e Insufficient sampling frequency and bit resolution of A/D system.

To improve the fault location estimation, it is important to eliminate, or at least to
reduce errors possible to occur in the method considered. Note that a particular factor
affecting fault location accuracy has to be considered strictly in relation to the method
analysed. If this factor appears important, then the way of its elimination or minimisa-
tion has to be considered when formulating the particular fault location algorithm.



3. Transmission network models
for fault location studies

3.1. Network configurations

Fault location in transmission networks is based on considering the flow of a fault
current. Depending on the availability of measurements for the fault locator, the flow
of a fault current within the faulted line itself or also in its vicinity has to be per-
formed. A particular fault location method has to be considered in strict relation to the
configuration of the power network and its model.

3.1.1. Networks with single-circuit overhead lines

Single-circuit three-phase overhead lines are the simplest means for transmitting
a power energy from the generation centre to the consumption region. Schematic dia-
gram of a power network with a single-circuit overhead line is presented in Fig. 3.1a
[B.1]. The line is marked with a graphic symbol typical of an impedance description.
Moreover, the description Z;, corresponding to general indication of the line imped-
ance is used. The line ends are denoted here by letters: S (sending end), R (receiving
end). The fault occurring on the line is marked with a common graphic symbol for the
fault and letter F. The vicinity of the line S—R under consideration is represented by
the external network. Assuming linearity of the whole circuit, the external network
can be equivalented [B.1], as shown in Fig. 3.1b. The obtained equivalent of the ex-
ternal network in a general case consists of:

e two equivalent sources behind the line terminals S, R — consisting of the emfs
(Es, Er) and source impedances (Zs, Zr),

o extra link (Zg) between the line terminals S, R.

Since the load and generation in a power network as well as the network topology
undergo changes, the equivalent network of the line external network also changes and
is not fixed. As a result, the source impedances (Zs, Zr) are considered in fault loca-
tion process to be the uncertain parameters. Therefore, the fault location algorithms
which do not require that the source impedances be known are generally more accu-
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rate than the algorithms for which this impedance data is used as the input data. The
one-end fault location algorithms require setting the source impedances and due to
dynamic changes of the network it is difficult to provide the actual values of these
impedances. Fortunately, in many applications it is sufficient to provide the repre-
sentative values of the source impedances, which are obtained for the most typical
conditions of the network operation. Possible mismatch between the provided repre-
sentative source impedances and the actual parameters in many applications does
not cause considerable errors in fault location. This is so especially in the case of
strong sources, which is the case when the source impedance is much smaller than
the line impedance.

If the line (Z.) considered is the only connection between the buses S, R, then
the extra link (Zg) does not exist, and there are only equivalent sources, as shown in
Fig. 3.1c. This is the well-known double-machine network.

a)
b)

Es ZS
c) 7

(EQS}A_S:T ——

Fig. 3.1. Transmission network with single-circuit overhead line:
a) generic scheme, b) general equivalent scheme,
¢) simplified equivalent scheme with the line being the only connection between buses S, R

3.1.2. Networks with double-circuit lines

Both fault location and protective relaying for double-circuit lines (also called par-
allel lines) are dealt with in numerous references [B.1, B.7, B.9, 3, 8, 34, 41, 47, 57,
58, 62, 63, 70, 76, 87, 114, 115, 123, 158, 163, 164, 167, 190]. Such lines are basically
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constructed due to constraints in obtaining new right-of-ways and are very common in
power networks. For such lines the two three-phase transmission circuits are arranged
on the same tower or follow on adjacent towers the same right-of-way. The circuits
may be either of the same or different voltage level. Also more than two three-phase
circuits can be arranged in such a way (multi-circuit lines) [B.23].

Due to the nearness of both circuits of a double-circuit line, they are mutually
magnetically coupled. The magnetic coupling is related with the effect of a current
flowing in one circuit, which influences the voltage profile in the other circuit, and
vice versa. This means that the voltage profile of a given circuit is not being entirely
dependent on the current flowing in this circuit.

The mutual coupling effect can be expressed in terms of various inter-circuit mu-
tual impedances. Using the symmetrical components approach to the line description,
the positive-, negative- and zero-sequence mutual impedances are considered. The
positive- and negative-sequence mutual impedances are usually a small fraction of the
positive-, negative-sequence self impedances and therefore are usually neglected in
the analysis. In contrast, the zero-sequence mutual impedance (Z,) is of relatively
high value and thus cannot be ignored in the analysis of single phase-to-ground faults.
The mutual coupling of double-circuit lines for the zero-sequence is thus important for
the fault location based on considering the natural fault loops [B.9].
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Fig. 3.2. Schematic diagram of power network with double-circuit overhead line
terminated at both ends at separate buses
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Different configurations of double-circuit lines [B.1, B.9, B.23] are met in power
networks. Figure 3.2 presents a general configuration of a power network with a double-
circuit overhead line terminated on both sides at the separate buses. The line circuits
are denoted by Z;;, Z;;; and their mutual coupling for the zero-sequence by Zo,. The
vicinity of the line circuits is represented with:

e cquivalent source behind the line terminal SI (emf: Eg;, impedance: Zg),

e cquivalent source behind the line terminal SII (emf: Egy, impedance: Zgy),

e cquivalent source behind the line terminal RI (emf: Eg;, impedance: Zg)),

e equivalent source behind the line terminal RII (emf: Egy, impedance: Zgy),

e links between the line terminals SI, SII, RI, RII in the form of a complete
tetragonal of impedances: Zs; si, Zsi ri> Zsi rus Zsu ri> Zsi riis ZR1_RIL-

Figure 3.3 presents the classical case of the network with two line circuits con-
nected at both ends to the common buses. This scheme is obtained from the general
scheme of Fig. 3.2, considering the following:

e cquivalent source (Es, Zs) obtained as the resultant for parallel connection of the
sources: (Esi, Zsi) and (Esu, Zsn),

e cquivalent source (Egr, Zr) obtained as the resultant for parallel connection of the
sources: (ERI, Zri) and (ERlla ZRII),

e extra link (Zg) obtained as the resultant for parallel connection of the following
impedances: Zg; ri, Zsi rit> Zsu ri> Zsii_Ril-

Bl - RI|

Sl —u RI

Fig. 3.3. Schematic diagram of power network with double-circuit overhead line
terminated at both ends at common buses

The extra link shown in the network of Fig. 3.3 is not always present, especially in
high voltage networks which are not highly interconnected.

Operating conditions of a double circuit line could change due to different reasons,
such as load dispatch, forced outage, scheduled maintenance, etc. The mutual coupling
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of double-circuit lines depends on the mode of operation of the healthy circuit (Z.y),
which is in parallel to the faulted line circuit (Z1;) considered. In order to present these
modes, the status of circuit breakers and earthing connectors of the healthy parallel
line has to be considered [112].

Figure 3.4 presents two modes for which the mutual coupling of parallel lines has
to be taken into account. In the case of the network from Fig. 3.4a the parallel line is
in operation, which is the normal operating mode. The mutual coupling of parallel
lines also exists if the parallel line is switched-off and earthed at both ends [58] (Fig.

3.4b).
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Fig. 3.4. Double-circuit overhead line modes with mutual coupling of parallel lines:
a) both lines in operation, b) parallel line is switched-off and earthed at both ends

Figure 3.5 presents three cases for which there is a discontinuity for the current
flow in the healthy parallel line, and therefore there is no mutual coupling between the

lines.
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Fig. 3.5. Double-circuit overhead line modes with no mutual coupling of parallel lines:
a) parallel line is switched-off at one end (RII) and not earthed, b) parallel line is switched-off
at both ends and not earthed, c) parallel line is switched-off at both ends and earthed only at one end
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In some cases [B.23, 57], the line circuits may run in parallel only for a part of the
route. The circuits for this part are mutually coupled, while for the remaining part of
the route, they are hanged on different towers and are terminated at distant substations.
Figure 3.6 presents two examples of power networks with partially parallel circuits.
The need for taking into account the mutual coupling effect depends on the fault posi-
tion: Fig. 3.6a — faults F1, F2; Fig. 3.6b — faults F1, F2, F3. Considering the fault loop
between bus SI and fault point F1 in the network of Fig. 3.6a, the mutual coupling has
to be taken into account along the whole distance. By contrast, as regards the fault
loop between bus SI and the fault point F2, the mutual coupling has to be considered
for the distance between bus SI and point MI, and not for the remaining part (MI-F2).

a)

Sl

Fig. 3.6. Examples of power networks containing partially parallel line circuits
with mutual coupling for: a) Zy; s, Zui s, b) Zii mns Zin mn
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3.1.3. Multi-terminal and tapped lines

It is for economy or environmental protection reasons that use is made of multi-
terminal and tapped lines [B.23]. Lines having three or more terminals with substan-
tial generation behind each are called multi-terminal lines. Depending on the number
of terminals we can distinguish three-terminal lines having three terminals, four-
terminal lines having four terminals, and so on.

Tapped lines are the ones having three or more terminals with substantial power
generation behind, at maximum two of them [B.23]. The number of taps per line var-
ies from one to even more than ten. The taps themselves feed only loads, which means
that they are terminated by the passive networks, while at the remaining terminals
there are active networks (with power generation) [B.23, 43].

Examples of power network configurations with single-circuit three-terminal line
are shown in Fig. 3.7. In the case of using double-circuit lines, typical configurations
are as shown in Fig. 3.8.

a) F C 7 E.
E, z A Fa F B z E;
St A L RAE
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| I | | I

Z Z

=LA =LB

b) 1
Z

=LAC
F E
s 2

A Zc
E F F B E
A 7 é A é B Z B
SN B

= Z, T Z, ©

Fig. 3.7. Examples of power network configurations
with single-circuit three-terminal line:
a) basic teed network, b) teed network with extra link between two substations
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Fig. 3.8. Examples of power network configurations
with parallel three-terminal line:
a) two line sections are of double-circuit type,
b) all three line sections are double-circuits

Figure 3.9 presents typical configurations of power networks with tapped line sup-
plying load in two different ways [B.23]: via a transformer connected to the tap point
through a circuit breaker (Fig. 3.9a) and additionally with overhead line section (Z.¢),
Fig. 3.9b.

Fault location on multi-terminal and tapped lines relies on:

e identifying the line section at which the fault (F4 or Fg or F¢) occurred,

e determining the distance to fault for the faulted section (usually measured from
the respective bus towards the fault point).
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a) C
loa
EA Z A FA I:B EB
=A | é é =B
© | Z, T zZ,
b)

E, Z

z, A Fa Z

Fig. 3.9. Typical configurations of power networks with tapped line supplying load through:
a) transformer, b) overhead line (Z;¢) and transformer

3.1.4. Overhead line and cable composite networks

In Figs. 3.10 and 3.11, examples of configurations of overhead line and cable
composite networks [119, 170] are presented. Fault location in such networks is con-
sidered to be a difficult task due to large differences in parameters of the line and cable.
Moreover, the problem of cable parameters changing, especially changes in its relative
permittivity occurring with aging, has to be solved [170].

=L ZCABLE

Fig. 3.10. Overhead line in series connection with cable

Fe C Z. E.
ZCABLE
E A F éF B E
A Z A B Z =B
£ =B
Z, T Tz, —

Fig. 3.11. Overhead line tapped with cable
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3.1.5. Networks with series-compensated lines

Power (P) transfer capability of a traditional uncompensated transmission line
(Fig. 3.1) is determined by the well-known formula (with line resistance and capaci-
tance being neglected):

P=—|\is|x'|\i‘* Lsin(3) (3.1)

L

where:

Vs, Vr — sending and receiving terminal voltage phasors, respectively,

X — line reactance,

) — electric angle between the terminal voltage phasors.

The maximum value of § is limited by the stability constraints, and thus an increase
in the power transfer capability can be obtained by reducing the line reactance. This
can be done by adding series capacitors to counteract series inductance. As a result,
the total reactance of the series compensated line (X)) is equal to:

X = X — X (3.2)

tota

where Xc is the capacitor reactance.
The compensation degree is expressed by the following ratio:

K =%100% (3.3)

L

and usually falls within the range of 50 up to 90%.

The capacitor compensation in high voltage transmission networks is performed by
adding series capacitors of the fixed value or of the value controlled with the thyristor
circuits.

Use of the series capacitors besides increasing the power transfer capability brings
about several advantages to power system operation [B.23], such as:

e improving power system stability,

e reduced transmission losses,

e enhanced voltage control,

e flexible power flow control.

The environmental concerns are also of importance here since instead of construct-
ing a new line, the power transfer capability of the existing line is increased. The cost
of introducing the series capacitor compensation is much lower than that of construct-
ing a new equivalent overhead power line [B.23].

Usually, only one three-phase capacitor bank is installed on a power transmission
line. As far as a single line is concerned, the one line circuit diagram of the series-
compensated line is as presented in Fig. 3.12. Series capacitors (SCs) are installed on
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the line at a distance dsc (p.u.) from the bus S. In order to protect SCs against over-
voltages they are equipped with Metal Oxide Varistors (MOVs). The SC and its MOV
are the main components of the compensating bank installed in each phase of the line.
Therefore, for the sake of simplifying the series-compensated transmission networks
presented, only these components are indicated in the schemes (Fig. 3.12 and further
figures showing configurations of series-compensated networks).

Sﬁs
E
Eg Z, S éFZ I F1 R Z, Ex
( ) I | L1 | MOVs |
dseZ; _¢'_ (1-dg)Z;,

Fig. 3.12. Single transmission line compensated with SCs&MOV:s installed at midpoint

a) b

> < air—gap

[OP| breaker L,

C) VX

1.4

1.2

0.8
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0.4 _
02 Imov

0 40 80 120 160

Fig. 3.13. Series capacitor bank: a) scheme of bank with fixed capacitor,
b) scheme of bank with thyristor controlled capacitor, c) typical voltage-current characteristic of MOV
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Figure 3.13a presents a scheme of the compensating bank from one phase of a line,
which contains a fixed series capacitor [88, 108, 145]. Besides the SC and MOV
there is a protection of MOV against overheating. This thermal (overload) protection
(OP) measures the current conducted by the MOV. If the energy absorbed by the
MOV exceeds its pre-defined limit the MOV becomes shunted by firing the air-gap.
Figure 3.13b presents a compensating bank with thyristor controlled capacitor [16,
22, 83, 186].

MOVs are non-linear resistors commonly approximated by the standard exponen-

tial formula:
. q
IMOV — ( Vx ] (34)

p VRrer

Figure 3.13c¢ shows the voltage-current characteristic for the following parameters
of the approximation (3.4): q =23, p =1 kA, Vrgr= 150 kV.

Series capacitors equipped with MOVs, when set on a transmission line, create cer-
tain problems for its protective relays [30, 39, 40, 44, 48, 67, 82, 84, 88, 128, 135, 139,
141, 147, 153, 154] and fault locators [B.7, B.9, 7, 32, 55, 125, 129, 140, 144, 145, 150,
151, 152, 155, 156, 157, 159, 186]. Under faults behind the SCs&MOVs (fault F1 in
Fig. 3.26), a fault loop seen from the bus S becomes strongly non-linear, and as a conse-
quence, the nature of transients as well as the steady state situation are entirely different,
compared with traditional uncompensated lines. In the case of faults in front of the
SCs&MOVs (fault F2 in Fig. 3.12) the SCs&MOVs are outside the fault loop seen from
the bus S, however they influence the infeed of the fault from the remote substation R.

Adequate representation of the SCs&MOVs has to be applied for both protective re-
lays and fault location. Form of this representation depends on the type of protection and
fault location algorithms. If these algorithms are based on phasor technique, then the
SC&MOV from a particular phase can be represented with the fundamental frequency
equivalent [B.7, 45, 55, 150, 151, 152, 156, 159] in the form of resistance-capacitive
reactance series branch with parameters dependent on an amplitude of the current (fun-
damental frequency component) measured in the phase of interest. When considering
protection and fault location algorithms based on a differential equation approach, the
SC&MOV from a particular phase is represented with use of the estimated instantane-
ous voltage drop across the compensating bank [7, 39, 40, 153, 154, 155].

Figure 3.14 shows operation of SCs&MOVs under the sample fault on a 400 kV,
300 km transmission line compensated at ksc = 80%. The parameters of the approxi-
mation (3.4) are as taken for plotting the voltage-current characteristic from Fig.
3.13c. A single phase-to-earth fault (a—E fault) with fault resistance of 10 Q was ap-
plied just behind SCs&MOVs. In Fig. 3.14a, the three-phase currents entering the
SCs&MOVs are shown. The voltage drops across the SCs&MOVs are shown in Fig.
3.14b. It can be observed that the voltage drop in the faulted phase (a) is limited to
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Fig. 3.14. Operation of SCS&MOVs under the sample a—E fault:

a) phase currents entering SCs&MOVs, b) voltage drops across SCs&MOVs,
¢) currents flowing in SC (ic) and MOV (iyov) from the faulted phase
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around =150 kV, which results from applying the MOVs with the reference voltage:
Vrer = 150 kV. The waveforms of the voltage drop from the healthy phases (b, c) are
distorted by sub-synchronous resonance oscillations. Such oscillations appear since
MOVs from these phases operate at the linear range, conducting low current. The sub-
synchronous resonance oscillations are also visible in currents entering the
SCs&MOVs from the healthy phases (Fig. 3.14a). Figure 3.14c shows division of the
fault current from the faulted phase (a) into the parallel branches of the SC and its
MOV. The SC and MOV conduct the fault current alternately, around for the quarter
of the fundamental period.

Figure 3.15 depicts series capacitors compensation of the transmission line using
the compensation banks installed at both ends [B.23, 151]. In the case of such com-
pensation, the placement of current and voltage instrument transformers (CTs — cur-
rent transformers, CVTs — capacitive voltage transformers) at the line ends is impor-
tant for considering fault location. The instrument transformers can be placed on the
bus side (Fig. 3.16a) or on the line side (Fig. 3.16b) [B.23].

SCsl SCs2
H Fool

' MOVsl| . 'MOV?2 |

B “L A

SCsl
s

' MOVs1 |

CVTs

Fig. 3.16. Placement of instrument transformers in the case of double-end series compensation:
a) on the bus side, b) on the line side
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Similarly, double-circuit transmission lines, analogously to the single line, can be
compensated using the capacitor compensating banks installed at the midpoint [155,
156, 157] (Fig. 3.17) or at the line ends (Fig. 3.18).

S(ljlsH
S dSCZLII I (l_dSC)ZLII RIl
= MOVsII L —1
ES ZS / Zom \ ZR ER
SCsl
4F2 | F1
— MOVsI |
st Ocku Lzl oz g
Fig. 3.17. Double-circuit transmission lines with capacitor compensating banks
installed at the midpoint in both circuits
SCsl SCs2
T T
Sl | z, [ RII
MOVsl, [ —T—1MOVs2,
ES ER
=g Z =R
SCs1, SCs2,
[] = []
I Il
MOVl .  MOVs2,

si L £ "+ RI

Fig. 3.18. Double-circuit transmission lines with capacitor compensating banks
installed at two ends in both circuits

3.2. Models of overhead lines

Models of overhead lines are considered in strict relation to a particular applica-
tion. Among different applications, the line models are considered in relation to the
following:

e representing a faulted line in the fault location algorithm,

e simulating faults for generating the fault data, which is used in evaluation of the
fault location algorithms under study [B.5, 28, 113, 116].
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In this section, the representation of a faulted line in fault location algorithms is
addressed. Assumption of the line model is a starting point for derivation of the fault
location algorithms.

In turn, the line models adopted in simulation of line faults are widely described in
reference manuals (theory books) of the well-known simulation transients programs,
such as ATP-EMTP [B.5] and others, and therefore are not considered here.

Overhead line parameters are calculated using supporting routines available in
simulation programs. Also, an on-line measurement of transmission line impedance
performed either during normal operation or during faults is used in practice.

In general, there are two-types of line models:

e lumped-parameter models,

o distributed-parameter models.

Lumped-parameter models represent a line by lumped elements, whose parameters
are calculated at a single frequency, predominantly the fundamental power frequency.
Using these models, steady-state calculations for fault location or transient simulations
in the neighbourhood of the frequency considered can be performed.

As opposed to the lumped-parameter, the distributed-parameter line models are
used for more accurate representation of the lines. Two categories of distributed-
parameter line models can be distinguished:

e constant-parameter model,

e frequency-dependent parameter model.

Series parameters: resistance (R), inductance (L), and shunt parameters: capaci-
tance (C) and conductance (G) characterize the line. Usually, line conductance, which
accounts for the leakage currents along the insulators and in the air, can be neglected,
except at very low frequencies. Shunt capacitance can usually be assumed as fre-
quency-independent. In turn, series resistance and inductance can be considered to be
frequency-dependent. However, this is considered rather for the simulation [B.5, 111]
and not for representing lines in fault location algorithms.

3.2.1. Lumped-parameter models

In the simplest lumped-parameter model of an overhead line, only the series resis-
tance (Rp) and reactance (X.) are included (Fig. 3.19). Such a model is considered
adequate for representing a short line, usually less than 80 km long [B.6].

lS RL = R'LZ _]XL ZjQ)ILLé lR

T

’\/S \LR

Fig. 3.19. Model of short unfaulted overhead line
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In Fig. 3.19, the following signals and parameters are used:

Vs, Vr — sending (S) and receiving (R) end voltage,

Is, Ir — sending (S) and receiving (R) end current,

R[, L —line resistance and inductance per unit length,

¢ —line length,

®, — angular fundamental frequency.

The circuit of Fig. 3.19 applies either to single-phase or completely transposed
three-phase lines operating under balanced conditions. For a completely transposed
three-phase line and balanced conditions, line resistance and inductance are consid-
ered for the positive-sequence. In turn, Vs, Vy are the positive-sequence line-to-neutral
voltages; Is, Ir are the positive-sequence line currents.

Under unbalanced conditions, mainly under faults, a three-phase line representa-
tion has to be considered. Figure 3.20 presents a faulted line together with the equiva-
lent sources behind the line terminals S, R. A fault (occurring at a point marked by F)
divides the line into two segments:

o S—F of the relative length d (p.u.),

e F-R of the relative length (1 —d) (p.u.).

All signals (voltages and currents) in the circuit of Fig. 3.20 are three-phase (note
that particular phases are marked in subscripts with letters: a, b, ¢), and thus are repre-
sented by 3x1 column matrices, as for example, the sending end voltage Vs:

\i

—Sa
Vs =V 3-5)
\iSc

All impedances are described by 3x3 matrices, as for example, the line impedance:

;Laa ;Lab ;Lac

Zi=\Zina Ziw Zine (3.6)
;Lca ;ch ;Lcc

where:

e diagonal elements present the self-impedances of the phase conductors,

e off-diagonal elements present the mutual impedances between two phase con-
ductors, for which the following is satisfied: Z ., =Z;.0> Z1ca =Z1ac» Zieb = Zibe

Note that the line in Fig. 3.20 is represented with only series parameters, while
shunt parameters are here neglected.

At the fault point there is a three-phase fault model marked by Zg, while I, Vi de-
note the total fault current and voltage at the fault, respectively. Detailed considera-
tions for the fault models are presented in Chapter 4.



44 Chapter 3

Eg Z S|S dz, = (1-d)z, |
—— 1 !
A IF
Z
VS F VF

Fig. 3.20. Circuit diagram of three-phase faulted line using matrices
for presenting components and column matrices for signals

The self and mutual impedances and admittances of each phase of overhead lines
are determined by line geometry and they are not identical for all phases. In general,
the line impedance matrix Z; is not symmetrical. For a symmetrical impedance matrix
the diagonal elements are equal and the off-diagonal elements are equal, too. This is
satisfied if the line is completely transposed. A complete transposition (Fig. 3.21) is
achieved by exchanging the conductor positions along the line in such a way that each
phase (a, b and c) occupies each position for one-third of the line length.

o a c b
o C b a_

Fig. 3.21. Completely transposed section of three-phase line

For a completely transposed three-phase line the impedance matrix is symmetrical:

;Ls ;Lm ;Lm
ZL = ;Lm ZLS ;Lm (37)
;Lm ;Lm ;Ls

where in the last position of the subscript for the matrix impedance elements the char-
acter of the impedance is denoted by s — self impedance of the phase conductor and
by m — mutual impedance between phase conductors.

If the transposition technique is not applied, the impedance matrix is no longer
a symmetrical one, however, the following simplification is sometimes made. It relies
on using the averaged value for the diagonal and the average for the off-diagonal ele-
ments. In this case, additional ramifications with respect to accuracy of the calculation
results occur. Applying this simplification one gets:

1
L= 5(; S AT AP (3.8)

Laa
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Z

21 =3 @+ Zie + 1) (3.9)

As a result, one obtains a symmetrical impedance matrix (3.7), whose symmetry is
of advantage, however one must accept certain deterioration of accuracy.

Owing to this symmetry, it is possible to apply a method of symmetrical compo-
nents, developed by C.L. Fortescue in 1918, which is now known from numerous
references. Based on this method, a linear transformation from phase components to
a set of symmetrical components, as for example for the sending end voltage Vs, is
performed according to:

\LSO 1 1 1 1 \iSa
Vi ZE 1 a §2 |V (3.10)
v 1 a° all|V

—Sc

where:
Vsa, Vsb, Vse — voltage from phases: a, b, c,
Vso, Vsi, Vsp — zero-, positive- and negative-sequence voltage,

a=1/120°= —%+ j% is a complex number with unit magnitude and 120° phase

angle.
Note that multiplying any phasor by a results in rotating it by 120° counter-

clockwise.

For the transformation (3.10) the sequence of phases: (a, b, ¢) is assumed to be the
base, in which phase (a) is considered as the first one in this sequence. Sometimes it is
convenient to apply the transformation from phase components into the symmetrical
components with assuming the other sequences of phases: (b, c, a) or (c, a, b), in
which the phase b or phase ¢ starts the sequence, respectively.

Transformation from symmetrical components into the phase components is de-
fined as follows:

\iSa 1 1 1 \LSO
Vo [=3]1 2 a ¥y (3.11)
Ve 1 a @2 Ve

Use of symmetrical components method to a three-phase network, which is repre-
sented by the symmetrical impedance matrix, such as (3.7), allows this network to be
decoupled into three sequence networks, which are simpler to analyse. These are
called the zero-sequence, positive-sequence and negative-sequence networks. The
sequence networks results can then be superposed to obtain three-phase network re-
sults by using (3.11).



46 Chapter 3

In the sequence networks, the line is represented by its respective sequence imped-

ances:
e positive- and negative-sequence impedance:

ZlL ZZZL :;Ls _;L

m

e zero-sequence impedance:

;OL = ;Ls + 2;Lm

(3.12)

(3.13)

Note that the positive- and negative-sequence impedances, as stated in (3.12), are
equal. This is so for linear, symmetric impedances representing non-rotating power

system items such as overhead lines and transformers.

a)
Es Zis Slsl dz,, F e (-d)Z, Iy,
—— 1
MSl MFl
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Lo 1, dZ, |:/ 1 (1=d)Zy Ixo Zo
——{ 1
Ve, Vio Vro

/I.FO

Fig. 3.22. Equivalent networks of single-circuit faulted line for:
a) positive-sequence, b) negative-sequence, ¢) zero-sequence
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Figure 3.22 presents models of a faulted single-circuit overhead line, together with
the equivalent sources behind the line terminals, for the respective sequences. There
are three circuits, which can be analysed separately. These circuits can be composed
into one resultant circuit by connecting them at points of unbalance and including the
fault path resistance Rg. At these points of unbalance, the respective sequence compo-
nents of the total fault current (lg, Ir,, Iro) flow into the sequence circuit, and flow out
of the respective circuit. The particular sequence networks are connected in such
a way as to satisfy the particular fault type constraints.

)
=3 L 8151 dz,, (1-d)Z,, 1,
——
Vs, Vi o
=5
I
\4 Th'-
“le _@
S T
Zys I dz,, —
v L T A
Vs, Ve, [i|3RF
11,
Zs J1, % -9y 1§ 2y
> I | e
Vso Vo Vo

Fig. 3.23. Connection of sequence networks for single phase-to-earth fault (a—E fault)
involving fault resistance Rp

Figure 3.23 shows the connection of the sequence networks for a single phase-to-
earth fault: a—E fault. The sequence networks are connected in series and the triple
fault resistance (3Ry) is included in series as well. The series connection of Fig. 3.23
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can also be applied for the remaining single phase-to-earth faults: b—E, c—E, however
this makes it necessary to use the following sequences of phases: (b, c, a) and (c, a, b),
respectively.

In Fig. 3.24, equivalent circuit diagrams of double-circuit line for the positive- and
negative-sequence are shown.

Y | z |
SH| “sm — R RII
E i —_— ) E
=s1 Z y4 =R1
: S =IR : :
I dZ] LI | ( l_d)zl u
<311 F/ Fl <RIl
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M51 MFI Mm
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st s Lo b |R1
> <
Z2s Z2R
—1
Lgp 92,1, F/ I, (1204, lppy
—— [
Sl RI
Msz MFz MRZ

/{Fz

Fig. 3.24. Equivalent networks of double-circuit faulted line for:
a) positive-sequence, b) negative-sequence

In Fig. 3.25, equivalent circuits of double-circuit line, with both circuits in opera-
tion [B.1, B.9, 58, 63, 76, 158, 163, 189], for the zero-sequence are presented. As
a result of mutual coupling of the line circuits, the current flowing in the faulted line
SI-RI influences the voltage profile in the healthy parallel line SII-RII, and vice
versa. In particular, in the faulted line (SI-RI) one can distinguish the following volt-
age drops (Fig. 3.25a):
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e voltage drops resulting from the flow of the faulted line current:
Vo =dZylg (3.14)
Vo =1=d)Z o (Lo~ Lro) (3.1)
e voltage drops resulting from the flow of the current in the healthy parallel line:
Vo =0dZom Lo (3.16)
Vo =(1=)Zy L (3.17)

In the healthy line (SII-RII) there are the following voltage drops (Fig. 3.25a):
e voltage drops resulting from the flow of the healthy line current:

\LOE =dZ i Lsmo (3.18)
Vo =1=)Zulsuo (3.19)

e voltage drops resulting from the flow of the current in the faulted line:
\ioG =dZ, Lo (3.20)
Vo =(1=t)Zy (Lo~ L) (3:21)
The circuit of Fig. 3.25a can be transformed to the form shown in Fig. 3.25b,
which is more convenient for use. For this purpose the voltage drop between the bus

SI and fault point F is determined, taking into account (3.14), (3.16):

Ve =dZoy s +dZomLsig (3.22)

Adding and subtracting the term dZ |, to the right-hand side of (3.22) leads to
the following alternative form of (3.22):

VO™ =dZ g (Lo + L) + A(Zos = Zom)Lsio (3.23)

Analogously, after taking (3.15) and (3.17), one obtains for the voltage drop be-
tween the fault point F and the bus RI:

VI = (1= d)(Zors = Zom) (Lo = Lpo) + (A=) Zom (Lsio + Lsio = Lgo)  (3.24)
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Similarly, for the healthy line path (between buses SII, RII) one obtains:
\LE)SIFRH) =dZ, (Lo + Lsio) + (Zown = Zom)sio + (A=) Z g, (Lo + Lsio —Lrg)  (3:25)

Taking into account (3.23)—(3.25), the circuit of Fig. 3.25b is obtained.

E \LOG vF Ve
Sl =0 ‘—‘ 0 TN RII
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R e
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b) f% Lo ZouiZonm
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;()S —? dZ()m (17d)Z01n ZOR
= H | H
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Sl Lsjo — F/‘O - RI

d (ZOLI_ZOm) ( 1_d)(ZOLI_;Om)

//lpo

Fig. 3.25. Equivalent networks of double-circuit faulted line with both lines
in operation for zero-sequence: a) general circuit, b) alternative circuit

In Fig. 3.26, the mutual coupling effect is depicted for a double circuit line with
the healthy parallel line switched-off and earthed at both ends [58]. The particular
voltage drops for both lines are expressed in the same way as for the case of both lines
in operation (3.14)—(3.21). Usual unavailability of the zero sequence current from the
healthy parallel line lgy causes difficulty in reflecting the mutual coupling effect in
the fault location algorithms for this mode of operation. Therefore, it remains to esti-
mate this current, based on other measurements available [58].
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//lpo

Fig. 3.26. Zero-sequence equivalent network for double-circuit line with faulted line
in operation and parallel healthy line switched-off and earthed at both ends

In the models presented so far (Figs. 3.19-3.20 and Figs. 3.22-3.26), only the se-
ries parameters of the line have been accounted for. These models can be used for
short lines. For medium-length lines, typically ranging from 80 to 250 km, it is com-
mon to incorporate the shunt admittance to the line model [B.6]. Shunt conductance is
usually neglected and only shunt capacitances of the line are considered for that. It is
a common practice to lump the total shunt capacitance and insert half at each of the
line section. In this way the nominal 7 circuit is obtained [B.6].

e/

E, (1-d)z,, Iy,

fi

Fig. 3.27. Equivalent circuit diagram of the network for the positive-sequence
with the use of nominal = circuit for faulted line

Figure 3.27 shows a positive-sequence circuit of the faulted line, for which both
sections (S—F and F-R) are represented using the nominal & circuits. The parameter
YL used in describing admittances of shunt branches denotes:

Y =joCpt (3.26)
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where:

C,. — line capacitance for the positive-sequence per unit length,

¢ —line length,

®, —angular fundamental frequency.

The equivalent circuit diagrams for the remaining sequences are obtained analo-
gously.

Figure 3.28a presents a model of the line section between the bus S and the fault
point F (as applied in Fig. 3.27). Note that a sought distance to fault (d) is used for
determining both the series impedance dZ;; and shunt admittance 0.5dY;;. However,
it is inconvenient for performing fault location calculations. In order to make the
calculation simpler, the iterative calculations are usually performed in such a way
that the unknown fault distance is left in the current iteration (n) as related to the se-
ries impedance dnZ;. (Fig. 3.28b). On the other hand, the shunt admittance is deter-
mined using the fault distance from the previous iteration (n — 1): 0.5dx-1)Y . at both
ends of the faulted section (Fig. 3.28b). When starting the iterative calculations (itera-
tion number: n = 1) one takes the fault distance obtained under neglecting the shunt
admittance (Y. = 0) as the fault distance from the previous iteration (iteration number:
n—1=0).

b
: s L d(n)ZIL lsi F

0.5d, )Y,

Fig. 3.28. Model of faulted line section from the side S for the positive-sequence:
a) basic model, b) model used in simple iterative fault location calculations

3.2.2. Distributed-parameter models

For short and medium-length lines using the lumped-model is usually sufficient. In
order to improve fault location accuracy, especially in the case of long-length lines,
the distributed nature of overhead line parameters has to be considered.

In the distributed parameter-parameter line model the voltage and current along the
line are functions of the distance x (point X) from the sending end (S) of the line and
the time t (Fig. 3.29). The voltage V(X, t) and current i(X, t) are related with the pa-
rameters of the line (R, L, C; — resistance, inductance and capacitance of the line

per unit length) by the so called Telegrapher’s Equations [B.2, B.11, 46]:
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v L, B
x +L P RiI(X, 1) (3.27)
c; YD Ay (3.28)

ot OX

Note that in (3.28) the line conductance is neglected, which is a common practice.

RLAX  LAX  RpAX LiAX g RAX  LiAx iy R

S
‘Vs C'LAxT CL A==V CLAX=T W

X /=X

Fig. 3.29. Distributed-parameter model of unfaulted long overhead line

Partial differential equations (3.27)—(3.28) can be solved using the method of char-
acteristics developed by Collatz [B.2]. For this purpose the modified Telegrapher’s
Equations are formulated:

uxt)  Haixt .
~ = ni(x.t 3.29
P L (3.29)
uxy _aixy (3.30)
ot OX
where:
U(X,t) = _CLV(Xat)a
x=+4LCi,

The travelling waves method is applied as the alternative to solving the partial dif-
ferential equations (3.29)—(3.30). In this method, the voltage and current are consid-
ered as two components: the forward and backward travelling waves [B.11].

A distributed-parameter model of an overhead line can also be applied for phasors.
In this case, the so-called equivalent 7 circuit [B.6] is utilised. In Fig. 3.30, two such
circuits are used for representing both line sections S—F and F—R. The model of
Fig. 3.30 is for the general case, i.e. for the i-th symmetrical component, where: i =
1 — positive-sequence, | = 2 — negative-sequence, i = 0 — zero-sequence.
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S . i X .
(‘: ;ci ;ci ,_‘)

=Fi

Fig. 3.30. Distributed-parameter model of faulted line for the i-th symmetrical component

In Figure 3.30, both the series and shunt parameters of the line are distributed-
parameters and are expressed using:
o surge impedance of the line for the i-th sequence:

z. == (3.31)

e propagation constant of the line for the i-th sequence:

= \/ZiLriL (3.32)

Using the equivalent 7 circuit model, the voltage and current, for example, from
the sending end S can be analytically transferred to the fault point F (Fig. 3.30) ac-
cording to:

Y.

Vi =cosh(y,d0)Vg —Z; sinh(y,d0)1 g; (3.33)

I .
lgsi= —Tsmh(zidf)\isi +cosh(y,df) I (3.34)

=cl

Alternative representation of the faulted line, based on the distributed-parameter
line model is depicted in Fig. 3.31 [B.6]. Both the series impedances and shunt admit-
tances are expressed as the lumped parameter multiplied by the respective correction
factor:

e correction factors for series impedances:

inh(y d/
_?:Eiﬁé—l (3.35)
" _ sinh(y, (1- d)/) (3.36)

- y,(1-d)/
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e correction factors for shunt admittances:

tanh(0.5y d?
_;‘“:—( 7,9 (3.37)
O.SXidE
tanh(0.5y (1-d)?
o _ tanh(05y, d-d)f) (3.38)

05y, (-d)

Using the correction factors (3.35)—(3.38) allows us to recalculate the lumped pa-
rameters into the distributed ones.

' h l. ' h
s L dlZi A I (1-d)Zy BY" 1y g
T
‘ Vi
A,

Fig. 3.31. Distributed-parameter model of faulted line for the i-th symmetrical component,
with use of the correction factors for representing series and shunt parameters

In Fig. 3.32, the distributed-parameter model of faulted line for the i-th symmetri-
cal component for application to simplified iterative fault location calculations is pre-
sented. The model of Fig. 3.32 is simpler in comparison to the strict model of Fig.
3.31. The unknown fault distance in the model of Fig. 3.32, which is calculated in the
current iteration (iteration number n): d,, is involved only to represent the series im-
pedances. The shunt parameters are represented by the fault distance value obtained in
the previous iteration: dg_;). Also this value of fault distance is used for calculating all
correction factors:

@ sinh(zid(n_l)é)

N (3.39)
(n-1) Xid(n_l)g
sinh(y (1-d,_;))¢
g - (v, (1=d)0) (3.40)
Y, (I=dgp))l
N _tanh(O.SIid(n_l)f) (3.41)

=iy T 0.5"_{id(n—1)£
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tanh(0.5y (1-d,_;))0)

th

Bi,, = (3.42)
O'SXi (l—d(nfl))f
sh
§ 1=Si d(n)éz iL Al(n 1) 1S=Si F/l}:i (1_d(n))fZ|LB|(n 1) lRi R
MS| Yo id yF| NNNNNNNNNNNNN yRi
0. 50|(n HYir A,(n ) 0.5(1=d )Y Bi"

A

=Fi

Fig. 3.32. Distributed-parameter model of faulted line for the i-th symmetrical component
for application to simplified iterative calculations in fault location

3.2.3. Modal transformation

The symmetrical components approach was used in the preceding sections for pre-
senting different line models. Yet, there is another technique based on modal trans-
formation which considers the general case of untransposed line [B.5].

Using the modal transformation [B.5, 74] the line impedance matrix Z and admit-
tance matrix Y are transformed into the matrices Zode, Y mode:

Z .=T'ZT (3.43)

mode

Y

mode

=T'YT, (3.44)

where the superscript (—1) denotes the matrix inversion.

The transformation (3.43)—(3.44) is performed in such a way that the matrices
Z.ode> Ymode are diagonal, which means that the three-phase coupled network becomes
decoupled into three decoupled single phase networks.

Three-phase voltage V and current | matrices are transformed into the modal ma-
trices Viodes Imode- This is performed using the matrices T;, T, (used in (3.43) and
(3.44)):

V

mode

=T,'V (3.45)

Lo =TI (3.46)

mode

For balanced (equally transposed) three-phase lines, both matrices T;, T, are iden-
tical and are composed of the different real value elements such as:
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e Clarke transformation (also called the a— transform):
1 1 0
T, =T =|1 1 ﬁ (3.47)
2 2
R )
2 2
1 1 1
T =T :% 2 -1 -1 (3.48)
0 3 -3
e Karrenbauer transformation:
1 1 1
T,=T, =1 =2 1 (3.49)
1 1 -2
1 1 1
T =T =% 1 -1 0 (3.50)
1 0 -1
e Wedepohl transformation:
1 1 1
T, =T, =1 0 -2 (3.51)
1 -1 1
1 1 1
TeT=l2 o 22 (3.52)
312 2
[
L2 2]

In the case of untransposed lines, there is also a possibility of determining the
transformation matrices Ty, T;, which are not identical. They can be applied for trans-
forming the coupled phase quantities to decoupled modal quantities based in eigen-

value/eigenvector theory [74].



4. Transmission line faults

4.1. Introduction

There are various causes of faults occurring in power systems. Breakdown of the
insulation can be caused by lightning strokes on overhead lines. As a result, the con-
nection with earth via an earth wire is established. Also such earth connection occurs
when a tree or a man-made object provides the connecting path. Some faults are also
caused by switching mistakes of the station personnel.

Power system faults can be shunt, series or a combination of shunt and series faults.
Under a shunt fault there is a flow of current between two or more phases, or between
phase(s) and earth. A series fault is an abnormality at which the impedances of the three
phases are not equal, usually caused by the interruption of one or two phases.

Most of the power system faults occur in transmission networks, especially on
overhead lines. Lines are the elements in the system that are in charge of transporting
important bulks of energy from generator plants to load centres. Due to their inherent
characteristic of being exposed to atmospheric conditions, transmission lines have the
highest fault rate in the system. Therefore, a number of researchers have devoted great
effort to the line protection and fault location.

There are known various fault statistics, which are related to different voltage lev-
els, technical and weather conditions. All of them unambiguously indicate that around
75% of the total number of power system faults occur in transmission networks. This
fact reveals very high importance of fault analysis for transmission networks.

4.2. Fault types

Faults on EHV/UHV overhead lines are in majority single-phase-to-ground arcing
faults and are temporary in most cases. Therefore, protective relays are provided with
the automatic reclosing function [6, 25, 166]. This function allows the line to be re-
closed and kept in operation after the fault has disappeared because the arc can self-
extinguish. The circuit breakers can operate on a single phase (single pole) or on all
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three phases. For applying a proper autoreclosing option the fault type is required to
be correctly recognized by the fault location techniques [27, 95, 101].

The main characteristic of faults is related with the fault impedance involved,
which can basically be considered as fault resistance. In this respect, the faults are
categorized as bold and resistive ones, respectively. Usually, for inter-phase faults,
fault resistances are small and in general do not exceed 0.5 Q2. They may, however,
become much higher during earth faults, because tower footing resistance may be as
high as 10 Q [98]. If there is a flashover of an insulator, the connection of towers with
earth wires makes the resulting fault resistance smaller. In practice, it seldom exceeds
3 Q. For some earth faults the fault resistances may become much higher, which hap-
pens in cases of fallen trees, or if a broken conductor lays on the high-resistive soil.

For formulating fault location algorithms mostly the basic linear models of faults,
such as presented in Fig. 4.1, are considered. The fault resistance involved is denoted by
Rr and the resistance connected to an earth in the case of inter-phase faults involving earth
(Fig. 4.1c, e) by Re. Note that it is assumed that the fault resistance Rg for inter-phase
faults (Fig. 4.1.b—e) is identical in all phases. Such basic fault models are considered for
both the symmetrical components approach and the phase co-ordinates approach as well.

a) b) ©)

1
=0
=
0
m

Fig. 4.1. Typical shunt faults: a) phase-to-earth, b) phase-to-phase,
c) phase-to-phase-to-earth, d) three-phase, e) three-phase-to-earth
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Besides numerous fault location techniques considering the basic linear fault mod-
els, there have also been developed some algorithms treating faults as of non-linear
character, i.e. considering the electric arc phenomenon [24, 26, 105, 106, 136]. Also,
this phenomenon is widely used in digital simulations [93, 94, 122] aimed at evaluat-
ing the performance of the algorithms based on the linear fault models.

Broken conductor or open conductor failure in one phase (phase a) is shown in Fig.
4.2a. However, such failure may also happen in two phases. Broken conductor failure may
also occur as coupled with this phase-to-earth fault (Fig. 4.2b, c). For such combined
faults, different sequences, as seen from the measuring point (M in Fig. 4.2b, c) can be
considered. For a fault from Fig. 4.2b, an open conductor failure is located outside the
fault loop seen from the measuring point, while inside it for the case of Fig. 4.2c. Such two
combined faults (Fig. 4.2b, c) impose different conditions on fault location [54].

a a
C
b) a c) a
M b M
——> ——>
C C

Fig. 4.2. Broken conductor faults: a) broken conductor failure alone,
b) phase-to-earth fault with broken conductor, c) broken conductor with phase-to-earth fault

a
b

C

F1 R F2

Fig. 4.3. Phase-to-earth fault combined with phase-to-phase fault

Sometimes more than one fault can occur simultaneously. For example, these may
all be shunt faults, as shown in Fig. 4.3, where phase-to-earth fault occurs in combina-
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tion with phase-to-phase fault for the remaining phases. In general, different fault re-
sistances (Rr1, Re2) can be involved in these faults.

Double faults [134] are considered as faults to earth, occurring simultaneously at
two different locations in one or several circuits. In Fig. 4.4a, such a fault, also called
a cross-country fault is shown as occurring on double-circuit line.

Flashover faults on double-circuit line (Fig. 4.4b) are usually caused by lightning
stroke to an earth wire or tower, or due to a direct lightning stroke to a phase conduc-
tor [B.3].

a) SIl Line Il ; RII
J&T
Line | ,

SI _EFI RI
Siil_ Line ll RII

b)

Hi
Line |

Sl RI

Fig. 4.4. Faults on double-circuit lines:
a) cross-country earth fault, b) flashover fault to earth

A fault involving two different nominal power system voltages is called an inter-
system fault. Such faults can occur on transmission lines hanged on the same tower
and rated at different voltages.

Besides the faults described, there are also multiple faults, as for example, faults to
earth occurring simultaneously at more than two different locations in one or several
circuits originated from a common source.

4.3. Fault statistics

Numerous statistics data concerning power system faults are available in the litera-
ture and internet. They differ depending on which power system element is considered
and on voltage level. In order to be acquainted briefly with the fault statistics for
power transmission lines, in Tables 4.1 and 4.2 the representative data [B.9], [B.10] is
provided. In general, the number of faults decreases with an increase of the voltage
level (Table 4.1). As regards the fault type, it is the single phase-to-earth faults that
most frequently occur (Table 4.2).
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Table 4.1. Number of faults on lines of different voltage levels (fault/year/100 km)

. . Voltage level
Source of information
200+250 kV 300+500 kV
Poland 3+5 1+3
CIGRE 0.4+10.4 0.4+4.68
IEEE 1.24 0.83
NORDEL 1.0 0.3
(Denmark, Norway, Iceland, Finland, Sweden)”
Former Soviet Union 15 1
" NORDEL statistics is available at: www.nordel.org

Table 4.2. Statistics of different fault types occurring on lines of different voltage levels

(fault/year/100 km)

Voltage level
Fault type
200+250 kv 300+500 kV
Single phase-to-earth faults 2.64 2.2
Phase-to-phase-to-earth faults 0.56 0.16
Faults involving more than one circuit of a line 0.11 0.06
Faults involving circuits of lines of different voltage levels 0.005 0.004

4.4. Models of resistive faults in symmetrical components

There is a wide group of fault location algorithms which require determining the
total fault current (Ig), i.e. the current flowing through the fault path resistance. These
are mainly fault location algorithms utilising one-end measurement. Also majority of
two-end or multi-end fault location algorithms, but not utilising complete three-phase
voltage and current measurements, belong to this group. Use of complete measure-
ments of three-phase voltage and current at both ends, or at all ends in the case of
multi-terminal lines, allows avoiding determination of the total fault current.

In general, since the total fault current (I¢) is immeasurable quantity, therefore it
can be calculated [59, 66] or estimated [B.9, 31, 63] by expressing it with the meas-
ured quantities, the network parameters and the unknown distance to fault. If the cur-
rents from all line terminals are available, then the total fault current can be calculated.
However, since the required total fault current is calculated with use of the distant
measurements, a special calculation method aimed at minimizing the influence of the
line shunt capacitances charging has to be applied [66]. In case the currents from all
line terminals are not available, then the total fault current has to be estimated.

However, for both the above mentioned cases (calculation or estimation of the to-
tal fault current) the total fault current can be expressed as the following weighted sum
of its symmetrical components:
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le=aglp+aplyg +aply, (4.1)

where:

aro, ar1, ar2 — Weighting coefficients (complex numbers), dependent on fault type
and the assumed priority for using particular symmetrical components,

Iro, Ir1, Ir2 — zero-, positive- and negative-sequence components of total fault cur-
rent, which are to be calculated or estimated.

Determination of the total fault current (4.1) is required for reflecting the voltage
drop across the fault path (Vg) in the fault loops considered in the fault location algo-
rithms:

Vo =Rl (42)

Depending on the fault type, the phase-to-earth or phase-to-phase fault loops are
considered, as for the protective distance relays [B.3, B.9, 31, 63].

It appears that there is some freedom in setting the weighting coefficients in (4.1).
Example 4.1 illustrates this for a phase ‘a’ to earth fault.

Example 4.1. Determination of the weighting coefficients for a—E fault

At the place of the fault occurring in the phase ‘a’ there is a flow of the total fault
current: Ig = I, While in the remaining phases I, = 0, Ir. = 0. Calculating the symmet-
rical components of the total fault current and taking into account the constraints for
the fault considered, one obtains:

lo| 01 10| [l
Ie —51 a a’| o =3 Ie
le 1a a|o le

which results in:

1

leg=lg =1 ==1
Tr=ln=1lp=71F.
3

It follows from the above that the total fault current (Ir = Ir,) can be expressed in
the following alternative ways, depending on which symmetrical component is pre-
ferred:

o lp=lpg+lg+lg,
o lp=3lg,
o =3,

i |_|: :slpo )
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e |- =15I.+15l,,and

e others not listed here.

Different priority with respect to using the particular symmetrical components
[B.9, 31, 63] can be applied, as for example:

o use of the zero-sequence is generally avoided since the zero-sequence impedance
for the overhead line is considered as uncertain parameter,

e use of the negative-instead of positive-sequence is preferred, because the line
shunt capacitance charging is more extensive for the positive-sequence,

e use of both positive- and negative-sequence, excluding the zero-sequence
(I-=151.+1.51, for the fault considered in the above example) is preferred, as it
allows the calculations to be made simpler [31, 62],

e instead of using the positive-sequence components, which for three-phase bal-
anced faults are present alone, the superimposed positive-sequence components are
recommended due to less shunt capacitance effect [2, 3, 4, 127].

Tables 4.3-4.6 gather alternative sets of the weighting coefficients for different
faults, depending on the assumed priority for using respective sequences.

Table 4.3. Set of weighting coefficients from (4.1) with eliminating zero-sequence
and giving priority to using negative- over positive-sequence

Fault
type Total fault current ar1 ar aro
a—E Ira 0 3 0
b-E [ 0 —15+j1.5v3 0
c-E [ 0 -15-j1543 0
a-b - 0 1.5-j1.5v3 0
b-c Iyl 0 j0.5V3 0
c-a lre—lra 0 -15-j0.53 0
a—b-E i 1.5+ j0.5v/3 1.5-j0.5v3 0
b-c-E [ -iv3 i3 0
c-a-E lec—lra ~15+j0.5v3 -15-j0.53 0
(a_i:té:‘é)* lealry 15+j0.5/3 1.5-j0.53** 0
* —inter-phase fault loop (a—b) is considered, however, the other fault loops
(b—c), (c—a) can be taken as well,
** — this coefficient is different from zero, however the negative-sequence is not
present in signals.
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Table 4.4. Set of weighting coefficients from (4.1) with eliminating zero-sequence

and giving priority to using positive- over negative-sequence

Fault type Total fault current ar ar, aro
a-E Ira 3 0 0
b-E Irp ~15-j153 0 0
c-E Ik ~15+j1.5y3 0 0
a-b Teatry 1.5+ j0.5v/3 0 0
b-c [T -3 0 0
c-a [ ~1.5+j0.53 0 0

a-b-E 1.5+ j0.5v3 1.5-j0.5v3 0
b-c—E Ieo-lee -3 i3 0
c-a-E lre—lra ~15+j0.5v3 ~15-j0.543 0
(a_f:)‘_bc‘_cE)* leatey 15+j0.53 15— j0.5/3** 0

*and ** — remarks as in Table 4.3.

Table 4.5. Set of weighting coefficients from (4.1) with eliminating zero-sequence

and using both positive- and negative-sequence

Fault type Total fault current ar: ar, aro
a-E Ira 15 15 0
b-E Irs ~0.75-j0.75v/3 ~0.75+j0.75v3 0
c-E [ ~0.75+j0.75/3 ~0.75-j0.75V3 0
a-b Tealep 0.75+ j0.25y/3 0.75-j0.25¢/3 0
b-c - - j0.53 j0.543 0
c-a lre—lfa 0.75- j0.25¢/3 ~0.75-j0.25¢3 0

a-b-E Tealep 1.5+ j0.5v3 1.5-j0.5v3 0
b—c-E Ieplee -3 i3 0
c-a-E [ ~15+j0.5v3 -15-j0.5v3 0
(a_ab‘_bc‘_CE)* [P, 15+ j0.543 1.5-j0.53 ** 0

*and ** — remarks as in Table 4.3.




66 Chapter 4

Table 4.6. Set of weighting coefficients from (4.1) with possible elimination of
using positive-sequence

Fault type Total fault current ar ar, aro
a-E Ira 0 3 0
b-E Iep 0 15+j15/3 0
c-E Ik 0 -15-j153 0
a—b Iralrp 0 1.5-j0.543 0
b-c Iep—Irc 0 j\/§ 0
c-a Irc—lra 0 -15-j0.5/3 0

a-b-E ealry 0 3-jV3 W3
b-c-E Irp—lre 0 243 W3
c-a-E leelra 0 -3-jV3 3
(a_i‘_té‘_CE)* [ 15+j0.53 15-j0.5/3** 0
*and ** — remarks as in Table 4.3.

In some fault location algorithms [23] the following relation between the zero-
sequence component of the total fault current and the remaining components for faults
involving earth is utilised:

Teo =bpl e +bpyl e (4.3)

where b.,, b, — coefficients dependent on fault type (Table 4.7). They are derived

taking into account the constraints of the particular fault (Example 4.2 for b—c-E fault).
There are two alternative sets (SET | and SET Il in Table 4.7).

Table 4.7. Coefficients used in relation (4.3)

Fault type SET I SET I

be be, be D,

a-E 0 1 1 0

b-E 0 ~0.5+j0.5¢3 ~0.5-j0.5v3 0

c-E 0 ~0.5-j0.53 ~0.5+j0.5v3 0
a-b-E 0.5-j0.5v3 0.5+j0.5v3

b—c-E -1 -1 asin SET |

c-a-E 0.5+j0.53 0.5-j0.53
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Example 4.2. Determination of the coefficients involved in (4.3) for b—c—E fault

At the fault place in the healthy phase ‘a’ there is no current, I, = 0. Taking this,
the symmetrical components of the total fault current are as follows:

I . 11 1§10 . Tep + 1k
1g =§ 1 a Qz Iey =§ alg, +Q21Fc
| 1 a% alfl a’l., +al
~F2 s pd —Fc Z ZFb T2 Fc

The sum of positive- and negative-sequence currents equals:
|41, =2 2 2
Intlp= 5((@ +a )l +(@° +a)lg)
Taking into account the identity 1+§+§2 =0, one obtains:
I+l = 3 (e —1r)

Finally, one obtains:
leo=—lp-1g

The coefficients for the b—c—E fault considered are thus: by, =-1, by, =-1.

4.5. Models of resistive faults
in phase co-ordinates

If a line considered is untransposed or if there are devices switched into the line
which during faults introduce additional asymmetry, a description of the faulted
network can be performed using the phase co-ordinates approach [74, 75, 121,
150]. Series capacitors equipped with metal-oxide varistors are such devices [45, 55,
150].

Figure 4.5 presents a general fault model [B.9, 151, 157, 158, 159]. It allows dif-
ferent faults to be represented by assuming for the resistors R:

¢ R = Rg, if the particular connection exists due to the fault (Rg denotes the fault re-

sistance),
¢ normally-open switch, if there is no such connection.
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b
C
R R
T
R
1

Fig. 4.5. General fault model

Using the phase co-ordinates approach, a fault can be described with the following
matrix formula:

1

lr=—KV, (4.9)
Re
where:
lFa \iFa
le=|1g |, Ve=|Vg | —total fault current and voltage drop at fault column ma-
I_Fc \LFC
trices,
aa kab ac
Ke=[Ks Ky Ky | — fault matrix, the elements of which are dependent on fault
kca kcb kcc
type,

Rr — fault resistance (Fig. 4.5).

Fault matrix Kg for different fault types is built in the following two-step proce-
dure:

Step | — calculate the diagonal and off-diagonal elements of the auxiliary matrix

(Ke):

-1, if phasesi, jareinvolvedin the fault .
ij:{ if phasesi, j areinvolvedin the fau i j=ab.c. 45)

0, otherwise
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Note that the diagonal elements of the auxiliary matrix, which is to be recalculated
in Step 11, are given in parentheses (...).
Step Il — substitute the result of summing of absolute values in the respective col-
umn for each diagonal element of the auxiliary matrix obtained in Step I:
j=c

ki = |kij |

i=a,b,c. (4.6)

J=a

Use of this two-step procedure is explained in detail in Example 4.3.

Example 4.3. Determination of the fault matrix K¢ for a—b—E fault

Phases ‘a’ and ‘b’ are involved in this fault and thus the following settings in the
auxiliary matrix (Kg) are made:

k,, =—1, k,, =—1 (since there are connections of phases ‘a’ and ‘b’ to earth),

k., =K,, =—1 (since there is an interconnection between phases ‘a’ and ‘b’),

while the remaining elements are set to zero.
As a result, one obtains the auxiliary matrix in the form:

<) -1 0O
K= -1 (<) O
0 0 (0

The sums of absolute values of the elements in the respective columns are substi-
tuted for the related diagonal elements of the auxiliary matrix:

e 1* column: |(<1)| + |-1| + 0 = 2 = Kaa,

e 2" column: |-1| + |(-1)| + 0 = 2 = Kpp,

e 3 column: 0+ 0 + (0) = 0 = k.

Making these substitutions, one obtains the final form of the fault matrix for
a—b-E fault:

2 -1 0
Ke=[-1 2 0
0 0 0

Table. 4.8. Steps | and 11 of determining fault matrix K¢ for different faults

Fault type STEP | (4.5) STEP 11 (4.6)
<) 0 O 100

a-E (KJ)=| 0 (© 0 Ke=|0 0 0
0 0 (0 000

(to

be continued)
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(Table 4.8 continued)

@ o0 o [0 0 0]
b-E (K)=| 0 (<) 0 K.=/0 10
L 0 0 (0 0 0 0]
f@© 0 0] 0 0 0]
c-E (K)=| 0 (© 0 Ke.={0 0 0
| 0 0 (-1 0 0 1]
[(0) -1 0] 1 -1 0]
a-b (Kg)=l-1 (0) 0 Ke=| -1 1 0
| 0 0 (0 | 0 0
[ o0 o [0 0 0]
b—c (Ke)=| 0 () -1 Ke=| 0 1 -1
| 0 -1 (0) | 0 -1 1]
[(0) 0 -1] 1 0 -1
c-a (Kg)=| 0 () O Ke = 0
-1 0 (0) -1 0
(<) -1 0] 2 -1 0]
a-b-E (Ke)=| -1 <) 0 Ke=| -1 2 0
. 0 0 (0 L 0 0 o0
[ (0) 0 0 [0 0 O]
b—c-E (Ke)=| 0 (=) -1 Ke=| 0 2 -1
L 0 -1 (D] | 0 -1 2
(<D 0 -1] [ 2 0 -1]
c-a-E (Ka)=| 0 (© o0 Kc=| 0 0 0
| -1 0 (-] -1 0 2|
0 -1 -1 2 -1 -1]
a-b-c (K)=|-1 (0 -1 Ke=|-1 2 -1
-1 -1 (0) -1 -1 2|
-y -1 -1 3 -1 -1]
a-b-c-E (K=l -1 (<) -1 Ke=[-1 3 -1
-1 -1 (<) -1 -1 3|

4.6. Arcing faults

According to the fault current state, the fault arc [73, 94, 166] is classified as:
e primary arc,
¢ secondary arc.
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Primary arc occurs during flash-over of the line insulator string, caused by light-
ning stroke or other reasons. Secondary arc follows the primary one when the faulted
phase circuit breaker trips, as is sustained by mutual coupling between the healthy and
faulted phases.

Primary arc appears after fault inception and lasts until single-phase tripping of the
faulted phase. It shows generally a deterministic behaviour as observed in the field
and laboratory arc tests [174]. After isolating the fault (by single-phase tripping) there
is a secondary arc, which is sustained by the capacitive and inductive coupling to the
sound phases. The secondary arc usually self-extinguishes. The secondary arc has
extremely random characteristics affected by the external conditions around the arc
channel.

A vast majority of fault location algorithms process current and voltage signals of
the fault interval (starting from the fault inception until the circuit breaker operation)
and in some cases of the pre-fault interval (just before the fault inception). For these
algorithms the primary arc is of interest. However, it mainly concerns simulations
performed for evaluating the fault location algorithms under study. This is so since
vast majority of fault location algorithms apply linear model of the fault path for their
formulation. Only few fault location algorithms take into account the primary arc
model.

In [169], it is shown that by measuring voltage on the line-side of a circuit breaker,
the location of a permanent fault can be calculated using the transient caused by the
fault clearing operation of the circuit breaker. Due to the fault clearing operation of the
circuit breaker, a surge is initiated and travels between the opened circuit breaker and
the fault, if the latter is still present. The distance to fault is determined by measuring
the propagation time of the surge from the opened circuit breaker to the fault. In this
relation, modelling the secondary arc is important.

4.6.1. Dynamic model of arc

The dynamic voltage-current characteristics of the electric arc have features of
hysteresis. Extensive studies in [73, 94, 166] have shown that the dynamic volt-
ampere characteristics of the electric arc can be exactly simulated by the empirical
differential equation:

dg, 1
—~=—(G, - 4.7
dt T, (G —94) (4.7)
where:
the subscript k indicates the kind of arc (k = p for primary arc, k = s for secondary
arc),

Ok — dynamic arc conductance,
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Gy — stationary arc conductance,

Ty — time constant.

The stationary arc conductance Gy can be physically interpreted as the arc conduc-
tance value when the arc current is maintained for a sufficiently long time under con-
stant external conditions. So, Gy is the static characteristic of the arc, which can be
evaluated from:

Gy :lél. (4.8)
(Vox + RTT DI
where:

i — instantaneous arc current,

Vox— arc voltage drop per unit length along the main arc column,

R — characteristic arc resistance per unit length,

I — arc length.

For the primary arc vy, is constant and equal to about 15 V/cm for the range of cur-
rent 1.3+24.0 kA [29] and |, may be assumed constant and somehow wider than the
length of the line insulator string. The value of the constant voltage parameter of the
secondary arc Vg is evaluated empirically on the basis of numerous investigation re-
sults in the range of low values of current, collected in [29]. For the range of peak

currents ls, from approximately 1+55 A it can be roughly defined as v, = 751.%
V/cm [166].

The arc length of the secondary current |s changes with time, and for relatively low
wind velocities (up to 1 m/s), it can be approximated as I, =10l t, for t, >0.1s but

when the secondary arc re-ignition time t, <0.1s: I =1,.
The secondary arc re-ignition voltage (in VV/cm) can be calculated using the em-
pirical formula [166]:

v, = 5+1620T, (4.9)
(2.15+ 1 )(t, -T,)
where:
T — secondary arc extinguishing time (when t. < Te, v, = 0),
Is — peak value of current on the volt-ampere arc characteristic.
Time constants are determined as follows [166]:
T, = % (4.10)

where ¢ — empirical coefficients.

The empirical coefficients ¢ can be obtained by fitting equation (4.7) with equa-
tions (4.8) and (4.10) to match the experimental dynamic volt-ampere characteristics
of the heavy- and low-current arcs, accordingly.
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The model (4.7) allows the arc conductance g(t) to be determined, from which the
arc resistance ra(t) = 1/g(t) is calculated.

Using the ATP-EMTP program [B.5] for arc fault simulation, the arc can be re-
flected with the non-linear resistor — defined in the ELECTRICAL NETWORK unit,
while the arc model — in the MODELS (Fig. 4.6). The arc current as the input quantity
is measured on-line and the non-linear differential equation (4.7) is being solved. As
a result, the arc resistance is determined and transferred for fixing the resistance of the
resistor modelling the arc.

ELECTRICAL
NETWORK

MODELS

ARC
MODEL

switch current

/JBE resistance

- o @

time varying
resistor

a) 15 ~ 15
ﬂ‘w’\iarc /’ Ky
10 é-y - 10
Vare 1 \ | \
3 ) [ l‘
5 PR : s
= ] 3
S —~
4
S 0 0%’
© ] 5
; -5 !1 ] ‘l ‘i" 53
A / \/ f <
-10 4 ¥\ ," -10
E Y { \\ /
-15 RK,JIJ . -15
il
0 10 20 . 30 40 50
Time (ms)

(Fig. 4.7 to be continued)
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Fig. 4.7. Modelling of primary arc with ATP-EMTP:
a) arc current and voltage, b) arc voltage vs. arc current (for a single cycle), ) arc resistance

4.6.2. Static model of primary arc

For many applications a simpler static model of the primary arc is utilised [24, 25].
Voltage drop across an arc is determined as:
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v(t) =V, signum[i(t)] + &(t) , (4.11)

where:
V, =V,l, —magnitude of rectangular wave (V, |, —as in (4.8)),

£(t) — Gaussian noise with zero average value.
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Fig. 4.8. Static model of primary arc:
a) arc current and voltage, b) arc voltage versus arc current

Figures 4.8a and b present typical shapes of the arc voltage and current, and the arc
voltage versus arc current, respectively.



5. Measurement chains of fault locators

5.1. Introduction

The input signals of fault locators bring information on a fault, which is an abnor-
mal power system state. Power system faults cause a change in the current and voltage
signals, with respect to both steady and transient states. These signals with the abrupt
steady state level change, and being contaminated with the transient components, are
delivered to fault locator inputs via the measuring chains.

Functional structure of voltage and current measurement chains of a fault locator is
shown in Fig. 5.1. Three-phase voltage and current from a power system are trans-
formed with use of instrument voltage and current transformers to the reduced level.
The secondary signals of these transformers are rated at around 100 V (voltage) and 1 A
or 5 A (current). Then, matching transformers provide adequate level of the signals to
electronic devices. Prior to the analogue to digital (A/D) conversion, analogue low-
pass filters are used for both voltage and current signals.

Yo VOLTAGE Vs MATCHING ALI\(;A\;VL_(;ESSE AD Vom)
TRANSFORMERS TRANSFORMERS FILTERS
POWER
SYSTEM
I CURRENT I MATCHING ?ﬁ%gﬁg AD )
TRANSFORMERS TRANSFORMERS FILTERS

Fig. 5.1. Structure of voltage and current measurement chains

Since in the majority of applications, classical electromagnetic voltage and current
instrument transformers are utilised, our attention will be solely paid to them. There is
a common opinion that a long time is still to pass before new unconventional instru-
ment transformers [96, 97, 99, 124] become predominant in transforming signals from
a power system to protection, monitoring, control and measuring devices.

Due to certain construction limitations both the instrument voltage (CVTs) and
current (CTs) transformers exhibit undesired dynamic behaviour under short-circuits
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in the power system. As a result, malfunction or substantial delay in the tripping of
protective relays may take place [37, 50, 51, 56, 86, 175, 185]. Undesired steady state
and dynamic behaviour of instrument transformers influence a fault location as well
[4, 65,100, 131, 137, 149]. A lot of effort has recently been taken towards compensat-
ing the protective transformers for their transient errors. The aim of such compensa-
tion is to obtain reasonably accurate replica of the primary currents and voltages. The
other possibility is based on minimising the influence of transient errors of instrument
transformers on operation of both relaying and fault location algorithms.

5.2. Voltage transformers

At transmission and sub-transmission voltage levels the instrument-level voltage
signals for protective, monitoring and measuring devices is provided by means of
capacitive voltage transformers (CVTs). A CVT provides a cost-effective way of ob-
taining secondary voltage for HV and EHV systems [56, 86, 90, 176]. Its functional
scheme is depicted in Fig. 5.2. Besides the primary (V,) and secondary (V) voltages
one can also distinguish the intermediate voltage (V;), which is usually at the level of
around 20 kV.

BURDEN

=1

AFSC| v,

l .
1

Fig. 5.2. Schematic diagram of CVT: C1, C2 — stack capacitors; CR — compensating reactor;
IVT — inductive step-down transformer; A-FSC — anti-ferroresonance suppressing circuit;
BURDEN — CVT burden imposed by connected protective and other devices

5.2.1. Transient performance of capacitive voltage transformers

The dynamics of a CVT is determined by two factors [56, 86]:

e non-linear oscillations under saturation of magnetic core of the CVT step-down
inductive voltage transformer,

e discharging of the CVT internal energy during short circuits on the transmission
line.
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Non-linear oscillations can appear when the operating point of the magnetizing
characteristic of the step-down transformer is shifted to the saturation region. CVTs
are therefore equipped with special anti-ferroresonance circuits (Fig. 5.3) for avoiding
stabilization of the sub-harmonics [90, 184]. In Figs. 5.4 and 5.5, examples of wave-
forms of CVT secondary voltage under interruption of the short-circuit of the secon-
dary terminals are shown. For a CVT unequipped with anti-ferroresonance circuit
(Fig. 5.4) intensive contamination with the third sub-harmonic component is observed.
Equipping a CVT with properly designed anti-ferroresonance circuit allows effective
damping of non-linear oscillations (Fig. 5.5).

a) l ° b)

GAP

IVT secondary
Py

IVT secondary

Fig. 5.3. Examples of anti-ferroresonance suppressing circuits: a) passive, b) active
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Fig. 5.4. Example of the waveform of CVT secondary voltage for CVT unequipped
with anti-ferroresonance suppressing circuit under interruption of short-circuit of secondary terminals
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Fig. 5.5. Example of the waveform of CVT secondary voltage for CVT equipped
with anti-ferroresonance circuit suppressing effectively ferroresonance
under interruption of short-circuit of secondary terminals

Anti-ferroresonance circuits, however, affect the transients of the second kind.
Discharging the CVT internal energy (accumulated in the stack capacitors and the
compensating reactor of a CVT during the pre-fault state) — to the level determined by
the reduced post-fault primary voltage — results in considerable distortion of the sec-
ondary wave [50, 56, 86, 90, 146]. The higher the reduction of the primary voltage,
the more extensive transients induced by the CVT itself occur (Figs. 5.6 and 5.7). Es-
pecially, faults at zero crossing of the primary voltage result in substantial transient
errors that, in turn, affect the operation of supplied protective relays. CVT transients
may occur during changes in system operating states either due to normal switching
operations or due to the occurrence of faults.

Among different CVT parameters, the stack capacitances influence the CVT-
generated transients. In reference [86], two types of a CVT are distinguished:

¢ “high-C CVT” — the sum of stack capacitances below some 100 nF,

e “extra high-C CVT” — the sum of stack capacitances above some 100 nF.

Typical CVT-generated transients for these CVT types are shown in Figs. 5.6 and
5.7. A detailed analysis of these transients is made in [86].
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Fig. 5.6. Sample transients for high- and extra-high-C CVTs
when primary voltage drops to zero under zero crossing
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Fig. 5.7. Sample transients for high- and extra-high-C CVTs
when primary voltage drops to zero from the voltage peak

5.2.2. Dynamic compensation of capacitive voltage transformers

In [56], it has been proposed to reject the CVT induced transients from the voltage
signal with the use of digital compensation algorithm based on inversion of the CVT
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simplified transfer function. In Fig. 5.8, a general CVT equivalent circuit diagram [90]
is shown. Simplifying this model one obtains a model as shown in Fig. 5.9.

HV

Ry
__C2
L
Fig. 5.8. General equivalent circuit diagram of CVT
o | | Y YY) 1 . o
A | | A
C.=C,+C, Lo=L+L,  R=R.+R, ,
Ry
Cl Vp Lf H Re Vs
C +C, .
Ly
e} O

Fig. 5.9. Simplified circuit diagram of CVT equipped with passive anti-ferroresonance circuit

The following simplifications have been made for obtaining a simplified circuit
diagram of Fig. 5.9, i.e. in order to facilitate the design of the compensating algorithm:

e The saturation of the step-down inductive transformer is neglected since short-
circuits result rather in reduction of the primary voltage, which moves the operating
point of the magnetic core down from the rated position.

e The ideal transformation of the step-down transformer is assumed, which means
that the parameters L,, R;, L, Rre, Ls, R and all stray capacitances in the equivalent
circuit diagram from Fig. 5.8 are neglected.

o All the remaining parameters are related to the primary side of the step-down in-
ductive transformer.

e The Thevenin theorem is applied to the primary voltage and the capacitor stack.

Under these assumptions, the model from Fig. 5.8 reduces to a simple circuit dis-
played in Fig. 5.9, for which the transfer function takes the form:
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AS’ + A8
4 3 2
B,s” +B;s” +B,s” +B;s+ B,

GCVT(S) = (5.1

where A, A;, By, B3, By, By, Bo— coefficients duly expressed by the equivalent circuit
diagram parameters.

In order to exactly reproduce the primary voltage, the ideal compensator at the
CVT output must be applied in such a way that:

1
G (8= — 52
COMP_ldeal( ) GCVT (S) ( )

Direct inversion of the transfer function (5.1) appears troublesome due to its dou-
ble zero at the origin. Therefore, the following modified transfer function of the com-
pensator has been proposed:

(B,s* +B;s’ +B,s” +B;s + By)
(A;S+A,)AS +AS> +AS+A,)

Geomr (8) = (5.3)

where A4, As, As, A7 — coefficients to be selected.

Applying the compensator of the transfer function (5.3) allows all the poles
of the CVT transfer function (5.1) to be compensated, while only the single zero
(s = —A,/A;) is cancelled. So, the double zero at the origin is left and some extra
three poles are added. In consequence, the transfer function between the primary
voltage and the secondary compensated voltage being the result of compensation in
as follows:

SZ

3 2
A8 +AS T +HASHA,

Geyr(8) Geomp () = (5.4

Selection of the coefficients A4, As, Ag, A; may be done in a number of ways with
the objective to obtain the desired dynamics of the compensated CVT [56]. Different
numeric procedures can be applied for obtaining a discrete form of the compensator
(5.3). In [56], the following trapezoidal rule was applied:

o, (-2

tan(0.50,T,) (1+27") ©-3)

where:
o, — fundamental radian frequency,
T, — sampling period,
7! — operator representing a time delay of a single sampling period.
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The advantage of using (5.5) is that it gives the gain and the phase displacement at
the fundamental frequency exactly the same as under continuous differentiation. After
applying (5.5) to (5.3) and transforming to the time domain, the following digital
compensator COMP (Fig. 5.10) in the form of a recursive filter is obtained:

i=4 i=4
— Ni Mi
V2CC(”) - ;M_Ovzm—i) - ;M_OVZCC(n_i) (56)

where:

n — current sampling instant,

v, —uncompensated secondary voltage (as supplied by an A/D converter),

Vaec — compensated secondary voltage — the output from the compensator (5.6).

The filter (5.6) constitutes the simplest compensator (COMP) for a CVT. This
compensator may be even more optimised. The improved compensator COMPj,.
(Fig. 5.10) is a cascade of the original compensator COMP, given by (5.6), and a short
window non-recursive digital filter (F3) added to its output, as shown in Fig. 5.10. The
self-explanatory assumptions for such a filter (F3) are summarized as follows:

e zero gain at half the sampling frequency,

e unity gain and zero phase displacement for the fundamental frequency,

e possibly short data window.

VOLTAGE v v y
MEASUREMENT [2® iyl comp |2y g3 2¢(n)
CHAIN

COMP,

impr.

Fig. 5.10. Generic scheme of digital series compensation of CVT (COMP — original compensator,
F3 — low-pass three-sample filter, COMP;,,, — compensator with improved frequency response)

In [56], a three-sample filter has been recommended. The output from the im-
proved compensator (V,.) is thus computed as:

VZC(n) = A(VZCc(n) + BVch(n—l) + CVch(nfz)) (57)
where:

_ 2cos(wT) C_ -1 A 1
1+2cos(o,T,)’ 1+2cos(wT,)’ 1+ Bcos(o,T,)+Ccos(20,T,)
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The cascade of the original compensator (5.6) and the low-pass filter (5.7) gives
the resultant compensation algorithm (COMP;y,,. ) of the following recursive form:
i=6 i=4
VZC(n) = z PiVZ(n—i) - Z in2c(n—i) (58)
i=0 i=1

where Pj, Q; — resultant coefficients of the improved compensator, dependent on CVT

parameters and sampling period.
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Fig. 5.11. Examples of voltage waveforms (staircase forms): v, — CVT secondary voltage,
V. — compensated secondary voltage
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Both the original (5.6) and the improved (5.8) compensators, as the recursive digi-
tal filters require a kind of a starting procedure. To initiate the filters (5.6) or (5.8) one
needs the last four samples of the compensated voltage. For this purpose the pure un-
compensated secondary voltage may be used. The initiation is done once just after
fault detection with the use of the frozen pre-fault data. However, to its advantage, the
algorithm may be launched with the zero initial conditions, but necessarily at the
maximum of the voltage wave.

Figures 5.11 through 5.14 present examples of performance of the improved com-
pensator (5.8) for the simulated CVT transients appearing under a decrease of the pri-
mary voltage during the transmission line fault. The applied compensation effectively
removes the CVT-generated transients (Fig. 5.11). As a result, improved performance
of the calculation of voltage magnitude (Fig. 5.12) and impedance components (resist-
ance: Fig. 5.13, reactance: Fig. 5.14) is achieved. An application of the compensation
to fault location is depicted in Fig. 5.15. The compensation of the CVT secondary
voltage results in decreased oscillations of the distance to fault (d.). Averaging the
fault distance exhibiting lower oscillations results in a more accurate final result. This
is especially important when the fault quantities are recorded from a relatively short
fault interval.
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Fig. 5.12. Full-cycle Fourier calculation of voltage magnitude:
V, — magnitude of CVT secondary voltage,
V,. — magnitude of compensated voltage
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Fig. 5.13. Full-cycle Fourier calculation of the fault loop resistance
using secondary current and CVT secondary voltage (resistance R)
or compensated voltage (resistance R.)
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Fig. 5.14. Full-cycle Fourier calculation of the fault loop reactance
using secondary current and CVT secondary voltage (reactance X)
or compensated voltage (reactance X.)



87

A
\
120

A
\
100

gl P

50

Ih\
]
|
1
[}
I
]
[
I
1
Iy
'I
I
T
v
|
o
o
80

40

30
Fault time (ms)

Measurement chains of fault locators

20
d. — with CVT compensation

10

a) three-phase voltage under single-phase to ground fault,

a)

L s A )
S S T R e SO S
-———_i /] . m d
ot S et 0 N
= mdmas -
............. g S{e s
z - — i_- B E
B S e VIII/ = )
e V
o N R S —
- = H||n|u\\l|\..||\\. _
— | —J____ = .
— ez o |
s S Tl .
—- il -
T [ ———i
R I =T
. . L \l.\
-4 —— " \u‘\
- B 5
o S - )
...... e Sl > S <
S 1Ay S I g V.d'lﬂﬁv )
P s e e i /
\LuVl\h..HlI\\\lﬂ\\ .n
< .=
(e (e 0 O < ~ - o "
) ~ — o — [ - < S 3 S g =
, | | T < e S S = < T

(A <01) 93e3107 ('ned) yney 03 sourysIq

b)

b) distance to fault: d — under no CVT dynamic compensation,

Fig. 5.15. Application of CVT compensation to fault location:
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5.3. Current transformers

5.3.1. Basics of current transformers

Instrument current transformers (CTs) transform power system currents to the sec-
ondary level rated typically at 1 A or 5 A. The CT secondary current is substantially
proportional to the primary current under normal conditions of operation, and differs
in phase from it by an angle which is approximately zero for an appropriate direction
of the connections. The steady state error of a CT is classified into two: the current or
ratio error, and the phase error. Both steady state and transient performance of CTs is
covered by IEC Standard, as well as by national standards.

Figure 5.16 depicts a CT circuit model [89, 176], which includes:

i, , I — primary and secondary (re-calculated to primary side) currents,

I, 1., I, —exciting current and its active and reactive components,

Rp, L, — primary winding resistance and leakage inductance,

R:, L; — secondary winding resistance and leakage inductance, re-calculated to
primary side,

Rm, L — iron loss equivalent resistance, magnetizing non-linear inductance,

R;, L) —load resistance and inductance, re-calculated to primary side.

Fig. 5.16. Generic CT circuit model

CTs are designed to operate under load conditions, i.e. on the lower part of the linear
region of the V—I characteristic of the magnetizing branch. The knee point of the mag-
netizing characteristic divides it into the linear and the non-linear regions. The knee
point voltage is understood as the point on the magnetizing curve where an increase
of 10% in the flux density (voltage) causes an increase of 50% in the magnetizing force
(current). For high fault primary currents without the DC component, the operating
point remains in the linear range without exceeding the knee point of the characteristic.
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However, if the fault conditions are such that the DC component is present in the CT
primary current, then a considerable increase of a flux in the CT magnetic core can take
place. As a consequence of such a flux increase, the CT magnetic core gets saturated.
Also, CTs can retain the remanent flux that may be left on the core after the fault is
cleared [B.22, B.24, 77, 78]. The remanent flux can either oppose or aid the build-up of
the CT core flux, depending on the remanent flux polarity.

When a CT gets saturated, its secondary signal becomes distorted. An example of
waveforms of primary and secondary currents under CT transient saturation is shown
in Fig. 5.17. Besides transient saturation CTs may suffer permanent saturation, under
which there is no linear CT transformation at all.
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Fig. 5.17. CT saturation — primary and secondary (re-calculated to primary side)
waveforms of currents

5.3.2. Fault location under saturation of current transformers

Many studies related to the analysis of the steady-steady and transient behaviour of
CTs have been reported so far. In the focus of attention is the problem of how dis-
torted secondary currents due to CT saturation can cause malfunction or operating
delays of protection relays and how to prevent saturation or to design protective algo-
rithm insensitive to the effects of saturation [14, 185]. An issue of fault location in
relation to CT saturation has been considered as well [183].

The remedies for assuring adequately high accuracy under CT saturation can be
categorized as follows:
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e use of hardware means for preventing CT saturation [11],

e use of voltage signals alone [12, 13, 130, 187],

e use of voltage signals and current signals, but excluding currents from saturated
CTs [65, 131, 149],

e minimizing fault location errors caused by CT saturation and application of digi-
tal algorithms for reconstructing the CT primary current [78, 81, 102, 137],

e allowing currents from saturated CTs to be used but only from intervals of linear
transformation (when there is no saturation) [85].

All the remedies listed, except intentional use of voltage signals alone, require
identifying the CT saturation. In general, the CT saturation identification (detection) is
understood as recognizing instants when the saturation starts and when it ends. For
this purpose saturation detectors are utilised.

In general, we distinguish two families of methods for saturation detection:

e Hardware oriented methods based on superimposing an extra low power, and
high frequency signal to the secondary circuit of a CT and monitoring the core induc-
tance using the superimposed signal. The value of the inductance indicates whether or
not and to what degree the supervised CT is saturated.

e Waveform oriented methods based on analysing only the waveform of the sec-
ondary current of a CT.

McLaren et al. [117] proposed a scheme in which a 15 kHz signal is superimposed
to the secondary current of a CT. The apparent impedance for this signal depends di-
rectly on the incremental inductance of the CT core, and consequently, on the degree
of saturation. Therefore, the amplitude of the high frequency current driven by an
external voltage source acts as the saturation detector.

A similar approach was presented by Sanderson et al. in [160]. The authors use
a 10 kHz externally driven signal to monitor the value of the equivalent magnetizing
inductance of a CT. Keeping the 10 kHz driving force constant, the authors use a 10 kHz
current as the indicator of saturation.

The obvious disadvantage of this family of methods is the need of connecting an ex-
tra circuit between the main CTs and the relay (fault locator). The methods from this
group process directly the waveform of the CT secondary current in order to distinguish
between the linear and saturated operation of a CT. They are investigated as numerical
procedures to be run exclusively on digital relays and fault locators. They call for com-
paratively high sampling frequencies in order to assure adequately short delays in de-
tecting instants when a saturation starts and when stops. Another saturation detector
which is based on processing the secondary current with use of an algorithm that evalu-
ates the first, second and third difference functions is presented in [79, 80].

Besides digital algorithms, also analogue (hardware) methods for compensating
the distortion in the secondary current have been developed.

In [11], an analogue circuit is connected to the secondary terminals of the CT and
used to generate a DC component equal and opposite to that seen in the primary one.
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Then, by injecting the generated DC component into the secondary winding compo-
nent prevents saturation of the CT.

A digital algorithm for compensating the secondary current is put forward in
[81]. Then, an advanced compensating algorithm of the distorted secondary current
immune to the remanent flux is proposed in [77, 78]. These algorithms estimate the
secondary current corresponding to the CT ratio under CT saturation using the flux-
current curve. In addition, it is stated that this approach allows for successful com-
pensation of the secondary current even when a smaller CT than the rated size is
used, resulting in secondary currents being more severely distorted. Moreover, it is
shown [77, 78] that the proposed compensating algorithm can be implemented in
real time into a digital-signal-processor hardware as part of the main protective re-
laying algorithm.

5.4. Analogue anti-aliasing filters

The sampling of analogue signals is performed in A/D converters. Digital informa-
tion contained in the set of samples obtained differs from that provided by analogue
signals [B.14, B.17]. Digital frequency is equal to analogue frequency if the frequency
of the sampled analogue signal is smaller than half of the sampling frequency (0.5 f;).
This threshold value is commonly called the Nyquist frequency. Sampling the sine
analogue wave of the frequency higher than this threshold value results in obtaining
a set of samples which represent the sine wave of the frequency different than that at
the input of the A/D converter. Figure 5.18 shows the digital frequency versus the
analogue frequency. Suppose that the calculations are based on fundamental frequency
(f;) components of the processed signals. It is seen (Fig. 5.18) that the sine analogue

waves of different frequencies: f,, f,— f, f;+ f;, 2f;— f;, 2f,+ f, ..., after sampling give
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Fig. 5.18. Illustrating the fact that digital data is no uniquely
related to a particular analogue signal with respect to frequency
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sets of samples representing the sine wave of the fundamental frequency ( f;). So, the
sampled sinusoids assume the frequency which is not their own. This phenomenon of
sinusoids changing frequency during sampling is called aliasing. The term ‘aliasing’
is originated here from comparing the effect of the frequency change to the crime on
an identity (an alias), which is understood here as the frequency of analogue sine
wave. In addition to the frequency change effect, the aliasing also changes the phase

of the signal by = for the respective ranges of frequencies of the analogue signal, as
shown in Fig. 5.19.
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Fig. 5.19. Digital phase versus analogue frequency
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Fig. 5.20. Example of sampling two analogue sine signals with sampling frequency f;= 1000 Hz:
sampled sine signals:  S;: signal of frequency f, = 50 Hz, samples denoted by circles,
e S,: signal of frequency f, = f, — f; = 950 Hz, samples denoted by squares
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Figure 5.20 shows an example of sampling two analogue sine signals. The sam-
pling frequency is f,= 1000 Hz. The first signal (S;) is of frequency f; = 50 Hz (thus,
below the Nyquist frequency) while the second signal (S,) has the frequency f, = f,—f;
= 950 Hz (thus, above the Nyquist frequency). The aliasing is present in the case of
sampling the signal S,. As a result, both sampled signals give the sets of samples
which represent the sinusoids of the fundamental frequency, shifted by angle n. The
set of samples for the signal S; allows its analogue form to be reconstructed, while
information contained in analogue signal S, is lost completely. Sampling the signal of
frequency 950 Hz at 1000 Hz sampling frequency creates new frequency of 50 Hz for
the digital signal. In this case, sampling destroys information encoded in the frequency
domain of the analogue signal S,.

In order not to lose information contained in analogue signals proper sampling fre-
quency of Analogue-to-Digital (A/D) converters has to be applied. Claude E. Shanon
in 1949 in his famous sampling theorem [B.14, B.17] proved that if the signal con-
tains no frequencies above f,,, then the continuous time signal can be reconstructed
from a periodically sampled sequence, provided that the sampling frequency f; satis-
fies the condition:

f>2f (5.9)

The sampling theorem indicates that a continuous signal can be properly sampled,
only if it does not contain frequency components above one-half of the sampling fre-
guency (the Nyquist frequency). The other possibility calls for removing the frequen-
cies higher than Nyquist frequency from the analogue signal. This can be obtained by
applying, prior to sampling, an analogue low pass filter, which is referred to as an
anti-aliasing filter.

Figure 5.21 presents a simple R—C four-port network of low-pass transfer function,
which can be applied as the anti-aliasing filter. Assuming for the circuit burden im-
pedance Z, — oc, the transfer function of the circuit from Fig. 5.21 is obtained as:

1
G(s)= 5.10
© (RC)?*s* +3RCs +1 (5-10)
The anti-aliasing cut-off frequency ( f.) of the filter is defined as:
: V2
\GAFO(DC)|=—2 (5.11)

where ©, =2xf..
From (5.11) one obtains:

o, (RC)*+70,(RC)*~1=0 (5.12)
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After solving (5.12) and taking the solution for which: (RC)* >0, the following
formula for the circuit parameters is obtained:

245314

4rf

C

RC = (5.13)

The time constant (RC) can be calculated from (5.13) after assuming the required
cut-off frequency, which is usually set in the range: one-third up to one-half of the

sampling rate: (l—l)f
356

o F——1 1

Vinput C=— C=—F— \ ZB

output

o

Fig. 5.21. R—C four-port network of low-pass transfer function

Figures 5.22 and 5.23 show common building blocks: Sallen—Key circuits with
operational amplifiers for analogue anti-aliasing filters and their transfer functions
[B.17].

3 1
C G(s)=
VinpuI &output ( ) RCs+1

) )

Fig. 5.22. First order Sallen—Key low-pass circuit

K
G(S) — Rl RZCICZ
- [ 1 1-K 1
ST+ + + S+
\/ R]Cl RZCI RZCZ Rl RZCICZ
output
} K = Ra + Ry
RA

Fig. 5.23. Second order Sallen—Key low-pass circuit
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Using the first order (Fig. 5.22) and the second order (Fig. 5.23) Sallen—Key low-
pass circuits one can build higher order anti-aliasing analogue filters. Another option
in this respect are the switched capacitor filters, which are composed of capacitors and
electronic switches.

Design of the analogue anti-aliasing filter with the given cut-off frequency requires
assuming the respective standard approximation of the transfer function and its order.
Three types of analogue filters are commonly used: Butterworth, Chebyshev, and Bes-
sel (also called as Thompson filter) [B.17]. A transfer function of each of them is ob-
tained as a result of optimising a different performance parameter.



6. One-end impedance-based fault location algorithms

6.1. Introduction

One-end fault location algorithms are designed for estimating the location of trans-
mission line faults with use of currents and voltages measured at one terminal of a line.
Also, there are some algorithms which use voltages or currents from one terminal
only. Besides the fundamental frequency voltages and currents at the terminals of a line,
the impedance parameters of the line are required for determining a distance to fault as
well. The one-end fault location algorithms are simple and economical compared to
two-end methods and those based on the travelling wave and high frequency compo-
nent techniques. Therefore, they are still popular among electric power utilities.

6.2. Fault location based on impedance measurement

The impact of fault resistance on one-end impedance measurement is a key factor
in deriving majority of one-end fault location algorithms. Let us start with considering
a single phase line (S—R) connected to a source at one end (S) only, i.e. the line which
supplies no load at the end R (Fig. 6.1). The line is affected by a fault (F), which is at
unknown distance d (p.u.) from the bus S, where the fault locator (FL) is installed. If
the line charging current is neglected, then the current at the fault locator (ls) is equal
to the current at the fault (Ig). The impedance seen from the fault locator terminal, i.e.
calculated from the measured voltage (Vs) and current (ls), can be mathematically
expressed as:

S=dZ, +R: (6.1)

Taking the imaginary part of (6.1) one obtains the distance to fault as:

d = magZp) 6.2)
imag(Z, )
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This formula is a predecessor of the one-end impedance-based fault location algo-
rithms [161]. It allows accurate determination of distance to fault in the case of one-
end supply of the fault (Fig. 6.1). This is so since the fault resistance (Ry) is seen from
the fault locator terminal as pure resistance, as shown in Fig. 1.2a.

|

Fig. 6.1. Fault location based on impedance measurement
for faulted line connected to the source at one end

However, if there is a two-end supply (Fig. 6.2), the current at the fault (If) is not
equal to the current at the fault locator (Is) since also the remote current (Ig) contrib-
utes to the total fault current (Ir = Is + Iz). As a result, there is a contribution of the
reactance in the impedance seen from the fault locator terminal (the reactance effect),
as shown in Fig. 1.2b, c.

S

s Zg dz, . (1-d)Z, Rz &
i (L =1+, Iy

FL
s R

F MF

Fig. 6.2. Fault location based on impedance measurement
for faulted line connected to the sources at two ends

Formulating Kirchoff’s voltage law for the fault loop seen from the terminal S, i.e.
the loop containing the faulted line segment (dZ;) and fault path resistance (Rg), one
obtains the complex scalar equation:

Vi—dZ, Ig—Rel=0 (6.3)
This equation can be resolved into the real and imaginary parts (two equations), how-

ever, there are four unknowns: d, Ry, real(lr), imag(lr) and thus the number of unknowns
exceeds the number of equations. In order to assure solvability of the fault location prob-
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lem, Takagi et al. in their original work [171] proposed to decompose, using the Thevenin
theorem, the faulted network (Fig. 6.3a) into the pre-fault network (Fig. 6.3b) and ‘pure
fault’, i.e. superimposed network (Fig. 6.3c). They started the fault location derivation
with considering the distributed parameter line model. However, they finally introduced
some simplifications, which correspond to use of the simple lumped line model. There-

fore, in what follows the lumped line model will be taken into account.

E E
a) 5z S dz (1-d)Z Rz =
e I & = =t | R
——{ | 1 I
— 1 —Q
2 Rel | e
b)
Eo zp S dz, F (1-d)z, Ff z, &
——{ 1 I
C [
\Lgre \Lgre
S R
©) Zs Al dz, = (1-d)z, | Ly
AV ¢
l\igre

Fig. 6.3. Application of the Thevenin theory to faulted network:

a) faulted network, b) pre-fault network, ¢) superimposed component network

The superimposed circuit (Fig. 6.3c) is a current divider of the fault current and thus:

_(-)Z, +Zy

Al
- Ls+Z +2Zy -

FAULT

PRE-FAULT

| SUPERIMPOSED | + |
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where Alg=1g - 15

— superimposed current determined from the moment of the
fault inception occurrence (thus in the fault interval), and obtained by taking the fault
current and subtracting the pre-fault current (present before fault inception). Note that
the recordings of the pre-fault current have to be available.

This allows the total fault current to be determined as:

1= Ak—ls (6.5)
where the fault current distribution factor (kr) [B.7, B.9, 31, 182] is determined as:
bl
Substituting (6.5)—(6.6) into (6.3) results in:
RSARS FT‘; Alg=0 6.7)
F

Multiplying (6.7) by the element (e”Al; ) and taking the imaginary part yields the
following formula for the distance to fault:

. * LY
:'1mag(\LsAlsi ) (6.8)
imag(Z, 1,Alse™)

where X" denotes the conjugate of X.

Takagi et al. [171] assumed that the current distribution factor is a real number
(y=0), which facilitates calculations. This simplification is applied since all the
impedances involved in (6.6) have approximately the same phases. Otherwise, itera-
tive calculations, which require knowing all the impedances from (6.6), have to be
performed.

The fault location algorithm (6.8) was derived for a single phase line. For three-
phase lines, the symmetrical components or phase co-ordinates approaches will be
considered in successive sections of this chapter.

6.3. Use of fault current distribution factors

6.3.1. Transmission network with single line

Current distribution factors for symmetrical components were introduced in [31].
According to the fault model (4.1), the total fault current (lf) is expressed as the
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weighted sum of its symmetrical components (Ig;, Ik, Irg), Wwhich can be determined
with the respective fault current distribution factors:

Al Iy, =157
1= k_51 - _51k LA (6.9)
£F1 L
I
L= (6.10)
Lr
I
Igo= Eﬁ (6.11)

In (6.9)—(6.11) and in Fig. 6.4, the respective subscript denotes: 1 — positive-, 2 —
negative-, 0 — zero-sequences. For determining the positive-sequence component (Ig;),
equation (6.9), the superimposed positive-sequence circuit (Fig. 6.4a) is considered.
For the remaining sequences ((6.10)—(6.11)), the pre-fault sequence currents are not
involved in the formulae since they are equal to zero for the completely symmetrical
network before the fault occurrence. This is the condition of using the symmetrical

components approach.

a)

(1_d)Z1L

=18

b)

(Fig. 6.4 to be continued)
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0 Z
:
S
Zos 1 dZy, Ty  (1-DZ, R Zpx
—— 1
| F
Vo

A

Fig. 6.4. Equivalent circuit diagrams of transmission network with single line (Z, ) and extra link
between the end buses (Z) for: a) superimposed positive-, b) negative-, c) zero- sequence

From the analysis of the circuits presented in Fig. 6.4, and taking into account the
fact that the respective network impedances for positive- and negative-sequences are
basically identical, one obtains the fault current distribution factors as:

Kd+L,

KFl ZKFz = M (6.12)
K,d+L

k., ==0_=0 6.13

Kro M, (6.13)

where:

K1, Li, M; — complex coefficients dependent on positive-sequence impedances of
the network (Table 6.1),

Ko, Lo, My — complex coefficients dependent on zero-sequence impedances of the
network, having analogous forms as for the positive-sequence but the positive-
sequence impedances are exchanged by the respective zero-sequence impedances.

Table 6.1. Transmission network with single line (Fig. 6.4a, b — complex coefficients used
for determining fault current distribution factor for positive- and negative-sequence (6.12)

Extra link Coefficients
Ki==Z, 2= (Zis+Zir)Z1
Li=Zu(Zs+Zip)+Zie(ZiL+Zr)
M =(Zs+Zi) (Zig+Z1 )+ 21 Zse
Ky=-Z,

Li=Z, +Zy

M =Zs+Z+Z,

Lyg #

(extra link exists)

L, o
(lack of extra link)
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6.3.2. Transmission network with double-circuit line

Figure 6.5 presents equivalent circuit diagrams of transmission network with double-
circuit line (Zy;, Zvy) for determining the fault current distribution factors for the super-
imposed positive-sequence (it is analogous for the negative-sequence). Different
modes of buses connection at the sending and receiving ends are reflected with the
switches: ws, wr (switch status: 0 — sections of buses are separated, 1 — sections of
buses are connected). Usually, the sections of buses are connected (wswg = 11).

Sl RII
Zl il Z] LI | Z1RH
WS WR
Sl 11: | RI
Z151 leLI / (l_d)zl LI Z1 RI
— 1> 1 1 I ey
Alg, F I

Fig. 6.5. Equivalent circuit diagram of transmission network with double-circuit line
(211, Z1yy) with different modes of buses connection for superimposed positive-sequence

From the analysis of the circuits presented in Fig. 6.5 the fault current distribution
factor (6.12) can be derived. In Table 6.2, the coefficients involved in this factor are
gathered.

The considerations for the network with a double-circuit line (Fig. 6.5, Table 6.2)
have been performed under the assumption that the current from the faulted circuit
(connected to the bus SI) only, i.e. Als;; — Fig. 6.5a, I, — Fig. 6.5b, is measured.
However, there are some applications [63, 158, 188, 190] in which the currents from
both circuits of the parallel lines (connected to the bus SI and to the bus SII) are avail-
able. Such an arrangement is shown in Fig. 6.6.

Comparing the voltage drops across two different routes in the circuit from Fig.
6.6: ROUTE 1, ROUTE 2, one obtains the following formula for the positive- and
negative-sequence component of the total fault current:

o — Ziy I
=SI1 =SII1
lo=—""4 (6.14)
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ZZLII

|_312 - I_suz

Z
lpy=— =2 6.15
I = (6.15)

Note that in (6.15) the negative-sequence impedances can be replaced by the respec-
tive positive-sequence quantities since they are identical.

Table 6.2. Transmission network with double-circuit line (Fig. 6.5) — complex coefficients used
for determining fault current distribution factor for positive- and negative-sequence (6.12)

Status of switches Coefficients
ﬁ] =-Z

=ILI

wswp =00 Li=Zx+Zyu
M =Zg+Ziu+Zy
Ki=-Z\u(Zisu +Zir +Zy11)
wgwg =01 Li=Z,Zw+Zisu +Zir) + Zin(Ziin + Zisu)
M, =(Z i +Zis) @i+ Zis) + Zig (i + Zigi + Ly + Zys)
Ki=-Z,u(Zys+Zigu +Zy1nr)
wswg =10 Li=Cn+2Zi) Cin+Zis+Zirn)
M, =(Ziu+Zip) Qs+ Zin + Zig) + Zis (i + Zigar)
Ki=-Zu(Zis+Zg +Zy1n)
wewg =11 L=Zu@Zs+Zr+Ziu)+ 2Lyl
M, =Z\uZiun+Zi+Zin) Eis +Zig)
Z . Z

Where: 2 =-=sss 7 o ZixiZirn
A +Z

+7Z 4

=181 T =isn =IRI =IRII

For the network with a single line (Fig. 6.4a) and with a double-circuit line, but with
the current from one circuit only (Fig. 6.5a), the positive-sequence component of the
total fault current was determined using the measured superimposed positive-sequence
current. Under the availability of measurements such as in Fig. 6.6a, it is possible to
determine the positive-sequence component of the total fault current with use of posi-
tive-sequence currents. However, it is possible to use also the superimposed positive-
sequence currents, obtaining the following formula, which is analogous to (6.14):

VA

Algy =M Al
e = = 6.16
I i (6.16)
The formula (6.16) can be utilised for fault location if the superimposed currents
can be determined, i.e. the pre-fault currents are registered. Use of (6.16), instead of
(6.14), in the fault location algorithm derivation is advantageous since for the super-
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imposed quantities the line shunt capacitances effect (not taken into account here) has
less influence on fault location accuracy, i.e. higher accuracy is achieved.

The advantage of using measurement of currents from both line circuits relies on esti-
mating the total fault current components (6.14)—(6.16) without involving source imped-
ances, as in the case of measuring a current from one circuit only (Table 6.2).

In (6.14)—(6.16), impedances of both line circuits are involved, however, in prac-
tice they are identical: Z,,, =Z,,,.

. siplsm T RII
E, Z ROUTE 2 Z. Ex
ROUTE 1 }Fl 3 _:'_@
Slu lSIl leLI F (l_d)zl LI RI
MSl
A,
b) st s Lo RII
ROUTE 2 —
ZZS | Z2R
1 ROUTE 1 :f?t
» F‘
SI lSIZ dZ2Ll (l_d)ZZLI RI

//le

Fig. 6.6. Equivalent circuit diagrams of transmission network with double-circuit line
(211, Z1y) for availability of measurements of currents from both line circuits:

a) for positive-sequence, b) for negative-sequence

The impedance of overhead line for the zero-sequence since it is affected by soil re-
sistivity (difficult to measure and changeable) is considered as uncertain parameter [B.7,
B.9]. Therefore, the fault current distribution factors for the positive-(superimposed
positive-) and negative-sequence are basically used in fault location algorithms. How-
ever, for example in case of the complete lack of measurement of current from the



One-end impedance-based fault location algorithms 105

healthy parallel line [58], there is a need for using also the fault current distribution factor
for the zero-sequence. Equivalent circuits of double-circuit line for the zero-sequence,
when both circuits are in operation, are presented in Fig. 3.25. The case where the paral-
lel healthy line (line: LII) is switched off and earthed is presented in Fig. 3.26.

Considering the mesh of the circuit from Fig. 3.25b (both line circuits in opera-
tion) containing the elements: [ZoLi — Z om]; [d(Zoci— Z om)]; [(1 — d)(Zor1 — Zom)] yields
the compact formula for the zero-sequence component of the total fault current:

loo— P 1
Ly = Lsi0 1__do_sno (6.17)
where:
E’O _ Zon =Zom (6.18)
;OLI _;Om

For the case of the parallel healthy line switched off and earthed (Fig. 3.26) the
consideration of the healthy line path (thus excluding impedances of the equivalent
sources) appears to be advantageous. Taking into account that the sum of voltage
drops defined in (3.14)—(3.17), across this path is:

E F G H

VE+VE+Ve +VE =0 (6.19)
yields:

Ly =250 = Fadsio _Egl‘sm (6.20)
where:

" Z
Py = ——E‘)L” (6.21)
=0m

6.4. Models of fault loops

The majority of one-end fault location algorithms are based on considering the
fault loops composed accordingly to the identified fault type, analogously as for the
distance relays. The distance protective relay, say at the sending line end S, measures
apparent impedance of the fault loop under consideration:

\
Zsp="5 (6.22)

B I_SiP
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where V. Sp lsiP — protective (subscript P) distance relay voltage and current signals, at

the sending (subscript S) line end, which are composed as presented in Tables 6.3—6.6.

For solid faults (fault resistance Rg = 0), the apparent impedance (6.22) is equal to
the positive-sequence impedance of the line segment of the relative distance d (p.u.),
i.e. from the measurement point to the fault. Thus, one obtains:

z,,-dz, (6.23)

Otherwise (for resistive faults), due to “the reactance effect” the apparent imped-
ance (6.22) is not a strict measure of the distance to fault. As opposed to protective
distance relays, the one-end fault location algorithms compensate for “the reactance
effect” by considering the fault loop model, in which the term (Rglr) represents the
voltage drop across the fault path resistance:

Vo, —dZ, 1, ~Relp=0 (6.24)

sP

Table 6.3. Composition of fault loop voltage and current signals for single line

Single line
Fault type Fault loop voltage: v Fault loop current: |
—sr S P
a-E !Sa lSa + Kolso
b-E \iSb le + KOlSO
cE Ve s +Kolg
a-b
a-b-E
a_b_c* Vi Ve T —1g
a—b—c—E*
b—c
b-c-E Vi~V Too —Lse
c-a
c-a-F \LSC _\LSa lSc - lSa
Where: | _ Zo—Zp .
%o
Zy
* — inter-phase fault loop (a—b) is considered, however, the other fault loops (b—c),
(c—a) can be taken as well.

In Table 6.3, the composition of fault loop signals (for the terminal S) for a single
line is shown. For example, for the fault loop voltage and current we assume:

— a—E fault:

e voltage from faulted phase ‘a’: V,,

e current from faulted phase ‘a’: |, and additionally the compensation for the

zero-sequence component: K, I,
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—a-b fault:
e difference of voltages from faulted phases ‘a’ and ‘b’: Vi, -V, ,
e difference of currents from faulted phases ‘a’ and ‘b’: I, — 1, .

In the case of single phase-to-earth faults on double-circuit line (Table 6.4) addi-
tionally the compensation for the mutual coupling of the circuits: k

cluded.

Tgpo 1s in-

Om

Table 6.4. Composition of fault loop voltage and current signals for phase-to-ground faults
on double-circuit line

Double-circuit line

Fault type Fault loop voltage: V Fault loop current: |

a-E Vi Vsta + Ko dsio + Ko Lsino

b-E Vi Tsi + Ko Lsio + Ko Lsio

cE V. Lsic + Ko Lsio + Ko Lo
Where: K, =M, K = Zow .

A =0m —

Zyy Zi

For the remaining fault types the composition of fault loop signals is analogous to the single
line case (Table 6.3).

In turn, in Tables 6.5 and 6.6, the fault loop signals are expressed in terms of the
respective symmetrical components of the measured voltages and currents (the last
subscript denotes the symmetrical component type):

\isfp =aVg +a,Vg +3,V (6.25)

Z
lS P alg +aylg +3a =1y (6.26)
- Zy

In the case of a double-circuit line the fault loop current:

Z Z
_ Zou A
Lo =alg +alg, +§o( Z Lsio+ =7 Lsuo (6.27)
- ZI1L1 ZI1LI

where a;, &, a9 — coefficients dependent on fault type, which are the same as for the
single line.
The circuit diagrams with the indicated symmetrical component signals used in

(6.25)—(6.27) are shown in Fig. 3.24 (single line) and in Figs. 3.25, 3.26 (double-
circuit line).
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The notation used in (6.25)—(6.27) appears convenient if the compensation for line
shunt capacitances is performed [63]. Of course, this notation is fully equivalent to the

description traditionally used for distance protection (Tables 6.3 and 6.4).

Table 6.5. Composition of fault loop voltage and current signals in terms

of symmetrical components for single line

Single line
Fault loop voltage: V. , =2,V +3,V, +8,Vg
Z
Fault type Fault loop current: 1, =a,1g, +2a,1, +2, %LSO
- £
a 5} N
a—F 1 1 1
b-E ~0.5-j0.53 ~0.5+j0.53 1
c-E —0.5+j0.5/3 ~0.5-j0.5y3 1
a-b
a-b-E 1.5+j0.543 1.5-j0.5v3 0
a—b—c*
a—b—cE*
b—c . .
b-c_F - J\E J\/§ 0
o8 ~1.5+j0.5V3 ~1.5-70.53 0
c—a—-E
* — inter-phase fault loop (a—b) is considered, however, the other fault loops:
(b—) and (c—a) can be taken as well.

Table 6.6. Composition of the fault loop voltage and current signals in terms of symmetrical components,

for phase-to-ground faults on double-circuit line

Double-circuit line

Fault loop voltage: V., =8,V +8,V, +3Vg,

e Fault loop current: ls,p =alg +a,l5, +3, [ioulsm + iomlsuoj
=318} Z=ILI
a 5] d
aE 1 1 1
b-E ~0.5-j0.5v3 ~0.5+j0.5¢3 1
c-E ~0.5+j0.5V3 ~0.5-j0.5/3 1

For the remaining fault types the composition of fault loop signals is analogous as for the
single line case (Table 6.5).
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6.5. Fault location algorithm by Takagi et al.

One of the earliest fault location algorithms has been developed by Takagi et al. [171].
Its form for a single-phase line was presented by the formula (6.8). An extension to
the three-phase application can be performed by utilising the general fault loop model
(6.24) and the general formula for a total fault current (4.1). Combining them gives:

Vsp— dllLI_S_P —Rp(@p Lp + 8 1 + 85 Lr) =0 (6.28)

Taking into account such a set of the weighting coefficients that for the zero-
sequence: ap, =0 (Tables 4.3, 4.4 or 4.5) and expressing the symmetrical components

of the total fault current with use of the current distribution factors (6.9)—(6.10) one
obtains:

Al [
Vsp—dZ; lsp— RF[QM k;SI +2ap, %j =0 (6.29)
Kp Kp

Considering that for the fault current distribution factors for the positive- and nega-
tive-sequence, with respect to their magnitude and angle, we have:

[Ke |=1Kp [ =K | (6.30)
y =angle(kg,) = angle(ky,) (6.31)
the formula (6.29) transforms to:
R
Vip—dZ, Is, _W@FIALSl +apls)=0 (6.32)
-F

Multiplying (6.32) by the term: (e (@pAlg, +a5,15,)*) and then rearranging it,
the resultant formula for the sought distance to fault (d (p.u.)) is obtained as follows:
imag(V p(apAlg +ap,15,)* e’")

=— : 6.33
imag(Z,; 15 p(apAlg, +ag,1s,)*e”) ( )

where xX* denotes the conjugate of X.

The signals involved in the fault location algorithm (6.33) are determined from
measurements acquired at one line terminal (here, the terminal S). Table 6.7 shows
how to set the coefficients.

In formula (6.33), the angle of the current distribution factor (for the positive- or
negative-sequence) is involved. Takagi et al. [171] proposed assuming that this angle
equals zero (y= 0), i.e. that the fault current distribution factor is a real number. In
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practice, this assumption is not fulfilled and thus there is a certain error due to this.
However, in the case of high voltage network these additional errors are not substan-
tial [B.7, 182].

Table 6.7. Description of signals and coefficients of the fault location algorithm (6.33)

Vs » — fault loop voltage Formula (6.25), and Table 6.3 or Table 6.5

Iy » — fault loop current Single line: formula (6.26),

and Table 6.3 or Table 6.5
Double-circuit line: formula (6.27),
Signals and Table 6.4 or Table 6.6
Alg, — superimposed Single line: Fig. 6.4a
Double-circuit line: Fig. 6.5a

positive-sequence current

ls, — negative-sequence Single line: Fig. 6.4b
Double-circuit line: Fig. 6.5b

current
ar|, ap; — weighting Tables 4.3-4.5, depending on the assumed
Coefficients coefficients preference with respect to using the respective

sequences

6.6. Fault location algorithm by Wiszniewski

The other fundamental fault location algorithm has been developed by Wiszniew-
ski [182], which is somehow similar to the algorithm by Takagi et al. [171]. However,
it is more related to the distance protection technique as impedance measured by
a distance relay is involved in the algorithm. The algorithm by Wiszniewski [182] was
derived utilising the general fault loop model (6.24) and the general formula for a total
fault current (4.1). The same assumptions, as in the Takagi method for obtaining for-

mula (6.32), were assumed. Dividing (6.32) by leP yields:

Zs,-dZ, - Re (8pAlg, +§F2lsz) —0 (6.34)
- K | Ig pe”
where:
\Y
Lsp= =P R p +jXg p — fault loop impedance (measured by a distance relay).
Isp
Resolving (6.34) into the real and imaginary parts results in:
RF
Ry p—dR ———a=0 (6.35)

| Ke |
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xsip—dle—ib=o (6.36)
| K |
where:
a = real (QFIAI_SI + %lesz } (6.37)
lsfpe
b= 1mag gFlAl_Sl +J%F2I_SZ (638)
I_SiPe

R, X, — positive-sequence line resistance and reactance, respectively.

One of the possible forms of the solution of the set of two equations (6.35)—(6.36)
is as follows [182]:

R X
X XS_P tg(o ) — XSJ)
d= XS—P - lLa L (6.39)
1L Btg(m)—l

where ¢, — angle of the positive-sequence line impedance Z,, =R, +jX,, .

The signals involved in the fault location algorithm (6.39) are determined from
measurements acquired at one line terminal (here, at the terminal S) and the coeffi-
cients are identical with those used in the algorithm by Takagi et al. (Table 6.7).

The formula (6.39) allows for a simple interpretation of the reactance effect. The
remarks concerning a need for making an assumption with respect to the angle of the
fault current distribution factor are identical with those written for the Takagi et al.
method (Section 6.5).

6.7. Fault location method by Saha et al.

In [31], an accurate one-end fault location algorithm has been introduced. High ac-
curacy of fault location is achieved due to taking into account the actual distribution of
a fault current in the transmission network. The initial assumptions for deriving this
algorithm are identical with those used in Sections 6.5 and 6.6.

The authors of [31] introduced into (6.34) the following form for the fault current
distribution factor for the positive- (negative-) sequence:

Kd+L,

ke =Kg |ejy = (6.40)

21
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where K, L,, M, — coefficients determined with use of impedances of the transmis-

sion network: Table 6.1 (network with a single line) and Table 6.2 (network with
a double-circuit line).
Substituting (6.40) into (6.34) yields:

M, (@apAlg +apls) 0
(Kd+L, )lsfp

;S_P -dZ, -Re (6.41)

where Zg , — fault loop impedance (measured by a distance relay).

After performing the relevant rearrangements of (6.41) one gets:

K, Z,d*+(L,Z, -K\Zgp)d -LZs, +R:M, (QFIAI_SII tanly) =0 (6.42)

Lsp

Equation (6.42) can be rewritten to the following compact formula for complex
numbers, with two unknowns (d (p.u.) — distance to fault, Rr — fault resistance):

Ad+ Ad+A, + ARy =0 (6.43)

The fault location formula (6.43) suits both single and double-circuit lines. The
signals involved here are determined from measurements performed at one line termi-
nal (here, at the terminal S) and the coefficients are identical with those used in the
algorithm by Takagi et al. (Table 6.7). The complex coefficients K;, L, M, are gath-
ered in the following tables:

e single line — Table 6.1,

e double-circuit line — Table 6.2.

The formula (6.43) can be written down separately for the real and imaginary
parts. Combining them in such a way that fault resistance is eliminated yields the
quadratic formula for a sought distance to fault:

B,d*+Bd+B,=0 (6.44)
where:
B, = real(A,)imag(A,,) —imag(A,)real(Ay) ,
B, =real(A,)imag(A,,) —imag(A,)real(A,)) ,
B, = real(A, ) imag(A,,) ~ imag(A, ) real(Ay) .

There are two solutions of (6.44):

-B, —+/B>—4B,B
d =— ! 20 (6.45)

- 2B,
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—B, ++/B> —4B,B
d, =—" ! 20 (6.46)

? 2B,

of which only one determines the real distance to fault (d), while the second solution
usually lies outside the line range, i.e. outside the range: 0 to 1 (p.u.).

For the specific fault cases it may happen that both solutions (6.45)—(6.46) indicate
the fault as occurring within the line range. In such rare cases one has to check the
sign of fault resistances Rgi, Rgp, which correspond to the calculated values of distance
to fault: d;, d,. In a natural way, the solution which results in negative fault resistance
has to be rejected. Fault resistance can be calculated by taking the real or imaginary
part of the formula (6.43). With the real part, one obtains:

_ —real(A,)d; —real(A))d, —real(A,)

R
o real(A,, )

(6.47)

- real(A,)d; —real(A)d, —real(A,)
real(A,,)

(6.48)

F2

It has been suggested in [23] that selection of the valid solution for a distance to
fault can also be performed by analysing the relation between the symmetrical com-
ponents of measured currents, such as presented in formula (4.3) and Table 4.7.

The signals involved in (6.39) are determined from measurements performed at
one line terminal (here, at the terminal S) and the coefficients are identical to those of
the algorithm by Takagi et al. (Section 6.5) and the Wiszniewski method (Section 6.6).
It is important that additionally the positive-sequence source impedances (for the local
source Z;s and for the remote source Z;r) are involved in the complex coefficients K,,

L,, M, (see (6.43)), and thus required for solving the resultant quadratic formula
(6.44).

The local source impedance can be determined from the superimposed positive-
sequence voltage and current:
AV
=——=5L (6.48)

=8N
Alg,

or for all the faults, except the three-phase balanced ones, from the negative-sequence
quantities:

\Y
Z,,=—-"2 (6.49)
Is,
The remote source impedance Z;y is the other parameter required by the fault loca-

tion formula (6.44). This impedance can be determined on condition that exact net-
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work topology and parameters are known. Otherwise, its “representative” value has to
be provided as the input data [31]. Some mismatch between the actual impedance and
the provided “representative” can appear. However, in strong meshed modern net-
works the equivalent system configuration is fixed [130] and the expected mismatch is
rather not too high. Moreover, it follows from the many years’ experience [31] that the
mismatch causes no problem. So, the need for providing the remote source impedance
(Z;r) cannot be considered as the algorithm limitation.

On the other hand, there is a possibility [49] for improving fault location accuracy
by sending the source impedance, which can be measured at the remote end devices
(for example, in the recording device RD), with use of simple and even slow commu-
nication means (Fig. 6.7).

Fig. 6.7. Improving the accuracy of the fault location by measurement of remote source impedance (Zr)
in recording device and usage of communication for sending it to fault locator (FL)

Figure 6.8 presents an example of fault location on a single 400 kV, 300 km line
for the following fault specifications:

e fault type: a—E,

e fault resistance: 10 Q,

e fault location: 0.7 p.u.
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(Fig. 6.8 to be continued)
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Fig. 6.8. Example of fault location on a single 400 kV, 300 km line with the following fault
specifications: fault type: a—E, fault resistance: 10 Q, fault location: 0.7 p.u.:
a) phase voltages, b) phase currents, c) estimated distance to fault, d) estimated fault resistance
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The estimated fault distance (averaged over the time interval lasting from 30 ms up
to 50 ms after the fault inception) equals 0.7079 p.u., and thus the error is 0.8%. The
accuracy obtained can be improved by introducing the compensation for the line shunt
capacitances (Section 6.15).

6.8. Fault location algorithm for a double-circuit line
with complete measurements at one line end

A schematic diagram of fault location (FL) on a double-circuit line and distance pro-
tection (DP) with measurements of three-phase voltage and three-phase current from
both faulted and healthy lines is shown in Fig. 6.9 [63, 158]. There is greater availability
of measured signals compared to the standard measurements, for which only zero-
sequence current is measured from the healthy parallel line.

" = "

~Jsu LINE: LII (healthy) _Zun
N

1

FL

Z 02,/ (102, Z,
LINE:LI \
Ay (faultedy ¥ F &

Sl dZLI 7 ( 17d)ZL1
S

EQ %L_Eida RI QE,
v

©OP) (2% . Z5%

Fig. 6.9. Schematic diagram of fault location (FL) on a double-circuit line
and distance protection (DP) with measurements of three-phase voltage
and three-phase current from both faulted and healthy lines

The fault current distribution factors for availability of measurements were deter-
mined on the basis of equivalent circuit diagrams from Fig. 6.6 and presented by the
formulae (6.14)—(6.16). Considering the fault model (4.1), with zero-sequence com-
ponent being eliminated (ary = 0), as in Tables 4.3—4.5, and substituting (6.14)—(6.15)
into the fault loop model (6.24) yields:

_—dﬂlz =0 (6.50)
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where:

Z Z
_ ZiLn SoLn
le - QFl(lSIl - 7 lsmj +§F2(1S12 - 7 lsuz) .

£iu £ou
Resolving (6.50) into the real and imaginary parts and then eliminating the com-
ponent (Rg/(1 —d)) yields the following formula for a sought distance to fault:

imag(\isip yreal(N,;,) — real&sip )imag(N ,)

= - (6.51)
imag(Z, lsfp yreal(N,) —real(Z,, lsfp yimag(N,,)

The fault location formula (6.51) can be written down even in a more compact al-
ternative form, which can be implemented with use of digital algorithms developed for
reactive power calculation:

imag@s_P ﬁrz )

d=- : (6.52)
imag(Z,, I_SiP N,)
where ﬂ; — conjugate of N,, defined in (6.50).
Table 6.8. Description of signals and coefficients of the fault location algorithm (6.52)
Vs p — fault loop voltage Formula (6.25), and Table 6.3 or Table 6.5
Is p — fault loop current Formula (6.27), and Table 6.4 or Table 6.6

sy — positive-sequence

current from faulted line Fig. 6.6a
et from Faahed ine | Fi&- 60
lsip — negative-sequence Fig. 6.6b

current from healthy line

Tables 4.3-4.5, depending on the assumed
preference for using the respective sequence
components

ar|, apy — weighting

Coefficients .
coefficients

Obtaining such compact first order formulae (as (6.51) or (6.52)) appears to be
very attractive for application to adaptive distance protection of parallel lines. It is
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important here that neither impedances of the equivalent sources are to be known nor
the pre-fault measurements are to be used.

It is worthwhile to note that the classic distance relay determines the fault loop im-
pedance from the fault loop signals (6.24), (6.26):

v
ZJ% =R+ X% = TS-P (6.53)

Isp

The impedance measurement (6.53) is affected by “the reactance effect”, rele-
vant for resistive faults, and presence of pre-fault power flow. In consequence, the
quality of protection can be adversely influenced. However, the fault loop imped-
ance measurement can be accomplished with the fault location algorithm derived
according to:

i N*
7FL _RFL iX FL _ Inag(\/sfp _122 7 (6.54)
Lsp=hRspTIAsp =7 N t

1mag(Zlu|_sfp_12)

Results for the sample fault, shown in Figs. 6.10 and 6.11 illustrate the effective-
ness of compensation for “the reactance effect”, when performing the measurements
according to (6.52) and (6.54). The main specifications for the 400 kV, 300 km double-
circuit line considered are as follows:

— fault type: a—E,

— fault resistance: 15 Q,

— fault location: 0.8 pu,

— pre-fault power flow: from the bus R to S (Eg leads Eg by 35°).

a) 4
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(Fig. 6.10 to be continued)
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Fig. 6.10. Example of fault location on a double-circuit transmission line with the fault location

algorithm (6.52): a) three-phase voltage, b) faulted line three-phase current,

c) healthy line three-phase current, d) estimated distance to fault



120 Chapter 6

The estimated value of the distance to fault in the example under consideration is
d=0.7806 p.u. (daeruar = 0.8 p.u.), and thus around 2% error is obtained. This result can
be improved by introducing compensation for the line shunt capacitances (Section

6.15).
Figure 6.11 presents, for the fault location example under study, the fault loop re-

sistance and reactance in two ways:
e classic distance protection principle (6.53) — resistance R¢",, reactance Xg'b,

o fault location-based method (6.54) — resistance RSF; , reactance X;LP .
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Fig. 6.11. Example of fault location on a double-circuit transmission line, with the measurement
of fault loop resistance (a) and reactance (b) being performed according to the classic distance
protection (6.53) and fault location-based (6.54) principles
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The impedance measurement of the classic distance protection (Rg%, Xg% ) de-
parts very much from the real values (dR,;;, dX,;). By contrast, using the fault loca-

tion algorithm presented, one obtains the fault loop impedance components (R,

XSFLP ), which coincide with the real values of resistance and reactance of the line

segment from the measuring point (S) to the fault place (F). The indicates that the
distance protection immune to “the reactance effect” can be readily achieved.

6.9. Fault location algorithm for a double-circuit line
with limited measurements at one line end

Figure 6.12 presents a schematic diagram of fault location on a double-circuit line with
measurement of three-phase voltage and current from faulted line only [58]. It is consid-
ered that the healthy parallel line is in operation or switched off and earthed at both ends.

T
||—/_ }

D—No—'ll

S LINE: LI 7 RII
Iy (healthy) £
L SO Z
LINE:LL  / E —

Ay (faulted) ¥/

S dz, ¥ (=dz

Es@ =Ll ( )—LI i @ ER

FL s

v

Fig. 6.12. Schematic diagram of fault location on a double-circuit line with measurements
of three-phase voltage and current from faulted line only, when healthy parallel line is in operation
(status of switches marked with solid line) or switched off and earthed
(status of switches marked with dotted line)

Taking the fault loop model (6.23) and expressing the total fault current with use
of the symmetrical components of this current and the fault current distribution factors
(6.9)(6.11) one obtains:

k

—F1 KF2 KFO

a., Al a., | a., |
\isp_dglulsp_Rl{_Fl —SI , ZF2-SI2 +_F0_SIOJ:O (6.55)
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In (6.55), the fault loop voltage (Vg ;) is determined by (6.24), while the fault

loop current can be expressed as:

SL Z
Isp =153 +3 o | o (6.56)
£

where the first component represents the fault loop current without taking into account
the mutual coupling effect, i.e. as used for the single line (hence the superscript SL):

SL Zowu
Isp =3, lg+a,15, +2

Ls0 (6.57)

=ILI

Since the zero-sequence current from the healthy line (1, ), which is required for

making the compensation for the mutual coupling (6.56), is considered here as un-
available from the measurement, it has to be estimated. For this purpose, one takes the
formula determining the relations between the symmetrical components of the total
fault current (formula (4.3) and Table 4.7), which can be expressed as:

Lsi0=Polsio - (O ALy + 05, L5 )M, (6.58)
1-d Kd+L,

which is obtained after substituting:

e formulae (6.17)—(6.18) or (6.20)—(6.21) for the zero-sequence current (lx), de-
pending on the mode of operation of the healthy parallel line,

e formula (6.12) for the fault current distribution factor for the positive- and nega-
tive-sequence.

The unavailable zero-sequence current from the healthy line (1, ) can be deter-

mined from (6.58) as equal to:

! { 1, (1= DCrAL, +bF21m>M1J 6.59)
0

Lo = —
—SII0 P ﬁld‘}‘Ll

Substituting (6.59) into the formula for the fault loop current (6.56) and then into
the fault loop model (6.55) one obtains the following quadratic complex formula:

Ad?+Ad+ Ay + AR =0 (6.60)
where:

Z m
Ay =2 K5 =S (K L = (BrAlsy +bpy 152)M,),

—0

Z m
A= ﬁl\is_P _;lelg]:P - _PO

0

LII_SIO'
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A= I:l\is_P >

Ay =M, (@pAlg, +ag, lgp,).
Solution of (6.60) is identical to the solution of the quadratic complex formula

(6.43).

Table 6.9. Description of signals and coefficients of the fault location algorithm (6.60)

V¢, — faultloop voltage Formula (6.25), and Table
- 6.3 or Table 6.5

1, — fault loop current (complete) Formula (6.56)

lng* fault loop current without taking into ac- Formula (6.57), and Table

count the mutual coupling effect, being the part of

6.6

Signals Isp

Alg,;, — superimposed positive-sequence current | Fig. 6.5a

from faulted line

1y, —negative-sequence current from faulted line |Fig. 6.5b

1o — zero-sequence current from faulted line Figs. 3.25 and 3.26

Line LII in operation Ié;rrlti:dn switched off and
Kiy=-Z,(Zig+Zix +Zyy) Ki=-Zy,

Li=-K+Z,Zy Li=Zy,+Zy
M1 = ;ILIZILII + (;ILI + zlLH)(;IS + ;H{) M1 = ;IS + ZIR + ;lLI
Coefficients P,=P = Zown = Zom P, :E/('J __Zoun
;ou B ZOm ;Om

a;,a,>a,: Table 6.6

sumed preference for using the respective sequence components

Ap > gy Apg! The sets with A =0 Tables 4.3—4.5, accordingly to the as-

bg» b, : formula (4.3) and Table 4.7

In Fig. 6.13, an example of fault location on a 120 km double-circuit line is shown.
The main specifications are as follows: a—E fault, dycs = 0.9 p.u., Rp = 10 Q, both
lines are in operation [58]. Without using the zero-sequence current from the healthy
parallel line, the compensation for mutual coupling of the lines is performed accu-
rately (according to (6.60)), ensuring exact location of the fault (Fig. 6.13c¢).

The zero-sequence current from the healthy parallel line (its real and imaginary
parts), estimated according to (6.59), is shown in Fig. 6.14, together with the actual
current. The difference between these currents is considerable only during the first
cycle after fault inception. However, after completing the data window of the filters
(within 20 ms) the difference between the estimated and the actual currents is very

small.
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Fig. 6.13. Example of a—E fault location on a 400 kV, 120 km double-circuit line (dyetua = 0.9 p.u.,
Rg =10 Q): a) three-phase voltage, b) three-phase current from faulted line, c) estimated distance to fault



One-end impedance-based fault location algorithms 125

a) 1000 T
s
3 g ",": estimated
8 5.500 foopeeet
? .5 Do
2= POAL
R 2 A
B g i
=z 0
S & actual
~ =
Q
Ml/ il
=500
0 20 40 60 80
Fault time (ms)
b)
8 ~ _I"
5 < 400 i 2 A Al
T AN A\RA A
gE \
Ng ac\tual
c & 05
IR AR
a o !
=
RN VIR VIR
&b (-
= | ——estimated

-800
0 20 40 60 80
Fault time (ms)

Fig. 6.14. Example of a—E fault location on a 400 kV, 120 km double-circuit line
(daetwar = 0.9 pou., Rp= 10 Q) — estimated zero-sequence current from the healthy parallel line:
a) real part, b) imaginary part

Figure 6.15 shows errors of estimation of the distance to fault for the parallel lines
of 120 km in length under single phase-to-ground faults applied at different locations
(0.1, 0.2, ..., 0.9 p.u.) with fault resistance of 10 Q. The errors in case of no compensa-
tion for mutual coupling between the lines are big, which is very well known. For far
end faults the error for such location exceeds 10% (Fig. 6.15a). On the other hand,
using the fault location algorithm (6.60), the errors are quite small, especially for the
case with the parallel line being in operation, for which the error does not exceed 0.3%
(Fig. 6.15b). If the parallel line is switched off and earthed at both ends the errors are
slightly bigger, but still acceptable.
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Fig. 6.15. Error in estimated distance to fault for a 120 km transmission line:
a) under no mutual coupling compensation, b) with the compensation according to (6.60)

6.10. Fault location algorithm utilising
only phase current phasors

Djuric et al. presented in [23] two fault location algorithms, which use only current
signals from one end of a single transmission line as input data. The first algorithm
utilises the relation between symmetrical components of the total fault current. As the
algorithm covers only the phase-to-earth faults, in order to extend it to the phase-to-
phase-to-earth faults, the formula (4.3) and its coefficients gathered in Table 4.7 are

recommended. After substituting (6.9)—(6.13) into (4.3) one obtains:

_|“|0 lSO —l“ll
—1= (b, Al +b 1) ———— 6.61
Kod+L, ©rAls +bpls) K,d+L, ( )
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The distance to fault can be determined from (6.61) as:

d= LiMglgy— LM, (bpAlg +bp, 1) ‘
KoM, (b Alg +bp1g) =K Mgl

(6.62)

where:
Alg,, I, Iy, — superimposed positive-, negative- and zero-sequence compo-

nents of current from the terminal S,
by, by, —complex coefficients dependent on fault type (Table 4.7),

K,, L,, M, — complex coefficients determined by the positive-sequence imped-

ances of the network (Table 6.1),
Ky> Ly, M, — complex coefficients determined by the zero-sequence impedances

of the network (in coefficients from Table 6.1 the positive-sequence impedances have
to be replaced by the respective zero-sequence impedances: Z, replaced by Zy, etc.).

The first algorithm from [23] covers only the faults for which an earth is involved
and thus the zero-sequence current is present. For the phase-to-phase fault one can
formulate a relation between the superimposed positive- and negative-sequence cur-
rents — the second algorithm from [23]. However, the distance to fault can be deter-
mined from this relation only for specific conditions with impedances of the network
for the positive- and negative-sequence being not identical. Normally, this is not so
and the fault current distribution factors for the superimposed positive- and negative-
sequence involved in the relation, being identical are cancelled and the relation be-
comes useless.

Evaluation of the fault location accuracy performed in [23] has shown the presence
of relatively big errors. Fortunately, the errors do not depend on fault resistance and
pre-fault power flow direction. Therefore, one can apply the correction factors, calcu-
lated in advance, for correcting the results obtained for the particular line and network
topology. The other possibility is to derive the relation formula (4.3) taking into ac-
count the distributed parameter line model.

The fault location method discussed does not cover all faults, and thus cannot be
considered as the only one suitable for implementing into the fault locator. It can be
used as the supplement of other methods. Due to the simplicity of the algorithm, it can
be utilised not only for fault location (off-line application), but also in the field of dis-
tance protection (on-line application).

6.11. Fault location with limited use of current phasors

The need for limiting use of current phasors is considered as one of the remedies
for assuring high accuracy of fault location under CT saturation.
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The relation between the symmetrical components of the total fault current (6.61)
can be used for formulating the fault location algorithm utilising only voltage phasors
[B.9]. For this purpose, the symmetrical components of the measured three-phase cur-
rent are expressed as follows:

—AV
Al = 2= (6.63)
Zis
-V
Iy, =—2 (6.64)
Zis
-V
|, = —==0 6.65
Yoo == (6.65)

=0s

Substituting (6.63)—(6.65) into (6.61) results in the following formula for the dis-
tance to fault:

_ ZisLM Vg~ Zs LM, (B AV, B,V )

Zos KoM (BpAV g +Dp,Vgy) = Z1sK M Vg,

(6.66)

Again, as for the fault location algorithm [23], all impedances of the network, for
the positive- and zero-sequence are required to be known and only the faults involving
earth are covered.

Pereira et al. presented in [130] an algorithm for fault location on transmission
lines, with fault distance calculation based on steady-state measured phasors in local
terminal. Voltage phasors from the fault interval only are required, while, the current
phasors only from the pre-fault time, when CT saturation does not occur. When use is
made of such input signals, the CT saturation does not affect the fault location accu-
racy. The algorithm covers all faults. It requires impedances of equivalent systems at
both line terminals to be known, as well as performing the fault classification, assum-
ing at the same time that the fault impendance is purely resistive.

The solution in [130] consists in comparing the voltage measured at the local ter-
minal (S) with the calculated one, taking into account the objective function of the
sum of errors modules:

F(d,Rp)= D IVE -V g™ (6.67)

i=a,b,c

Node voltages under fault condition are calculated [130] using three-phase injected
currents in the nodes (line terminals S, R and at the fault F), and a three-phase nodal
admittance matrix.

Unknown fault distance (d) and fault resistance (Rf) are obtained through an opti-
misation algorithm at the point of minimum of function (6.67).
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6.12. Fault location and arc voltage estimation algorithm

Arcing character of faults is reflected in the algorithm presented in [24, 26]. This
numerical algorithm is based on one terminal data and is derived in time domain. The
fault location and its nature, in terms of arcing or arc-less fault, are estimated using the
least error squares technique. The faulted phase voltage (Fig. 6.16) is modelled as
a serial connection of fault resistance (Rr) and arc voltage (V) — represented by the
model defined in formula (4.11). The algorithm is derived for the most frequent case

of single phase-to earth fault.

C kSc
7'y >
i
b Sb
2>
i
a Sa

Fa

<I

Fa

VSc
Vsp
V a
<
o0 o1
5 .
s}
FAULT

TERMINAL 'S’ d (pu)

\ s

Fig. 6.16. Schematic diagram of three-phase line under phase ‘a’ to-earth fault
with electrical arc and linear resistance

Considering the fault loop for the phase ‘a’ one obtains [24, 26]:

o e )
Vsa<t>{Ru(lsél(t)—nsoa)n w[ Isc;t(t)+k0 's;t(”ﬂd

+V, signum(ig, (1)) + Rig, (t) + & (1)
where:

= X=X

L R =Ry d+kR,, k=)

X Iso ()

RiL, XiL — positive-sequence resistance and reactance of the line,
RoL, XoL — zero-sequence resistance and reactance of the line,

o, — fundamental radian frequency,

iso(t) — zero-sequence current,

(6.68)
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V., — magnitude of the rectangular voltage wave: Vv (see equation (4.11)),

E(t) — Gaussian noise with zero average value.

Equation (6.68) involves three unknowns:

o d (p.u.) — distance to fault,

e V, — magnitude of the rectangular voltage wave,

e quantity R..

After transforming (6.68) into the discrete form, an estimation with the use of the
least error squares technique [24, 26] is carried out.

Besides the basic feature of the algorithm relying on determining the nature of the
fault also the distance to fault is obtained. Moreover, the approach does not require the
line zero sequence resistance as input data.

6.13. Fault location on untransposed lines

The symmetrical components approach can be effectively used for locating faults
on completely symmetrical lines, i.e. on transposed lines. However, the symmetry of
a line can be substantially disturbed, which is the case when there are long segments
of a line without transposition of the conductors (untransposed line). The other causes
are related with such installations as, for example, series compensating capacitors
equipped with MOV for overvoltage protection, which introduce asymmetry upon the
occurrence of unsymmetrical faults.

In order to take into account the asymmetry of a line, the phase co-ordinates ap-
proach [B.9, 121, 150, 156] has to be applied for representing a faulted line in the fault
location algorithm. Voltage drop across a three phase element, represented by a col-
umn matrix of three-phase voltage V, can be expressed as a product of an impedance
matrix (Z) and a column matrix of three-phase current (I):

V=2l (6.69)
where:
\ia la ;aa ;ab ;ac
V=V,|, I=|L|, Z=|Zy Ly L |-
\Lc I—c ;ac ;bc ;cc

For a power line, which is perfectly transposed, the diagonal components of the
impedance matrix Z (self impedances: subscript ‘s’) as well as all the off-diagonal
elements (mutual impedances: subscript ‘m”) are accordingly equal to each other:

Z2.=2,=2,=Z2

—S —aa — —Cc

(6.70)
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=m = ;ab = ;bc = ;ac (671)

and as a result, one obtains the following relations in which impedances of a line for
the positive- and zero-sequence are involved:

Z. +Z
Z = SoL T ZiL (6.72)
3
z. -7
Z, ==%—=L 3—‘L (6.73)

Models of a transmission network with a single line, for pre-fault and fault conditions,
respectively, are presented in Figs. 6.17 and 6.18. In Figs. 6.19 and 6.20, a double-circuit
line transmission network arrangement is presented. The voltages induced due to mutual
coupling of the line circuits are denoted by rhombus symbols, under which the value of the
particular voltage induced (contained in a dashed rectangle) is specified.

In the models from Figs. 6.17 through 6.20, only the longitudinal line parameters
are taken into account, while the shunt line parameters are neglected. Such simplifica-
tion is applied with the aim of obtaining compact formulae for the distance to fault.
Then, in order to improve fault location accuracy, as required for the lines stretching
over long distances, the compensation for the shunt line capacitances (Section 6.15:
Compensation for shunt capacitance effect) can be performed.

S R
Zg | Z | Zy
I ;re I I
|

(DE, E.(0)

Fig. 6.17. Model of transmission network with single line for pre-fault conditions

Z, 3 dz, (1-d)Z, T z,
— T — +—
Vs L=(1/R)K,V, |
~)E Ex(v
<> S VS VF R >

Fig. 6.18. Model of transmission network with single line for fault conditions
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Fig. 6.19. Model of a transmission network with double-circuit line for pre-fault conditions
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Fig. 6.20. Model of a transmission network with double-circuit line for:
a) fault F on line LI, b) fault F1 overreaching line length
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Transmission network with a double-circuit line, as a more general circuit, is taken
further for deriving the fault location algorithm. Location is considered as performed
on a faulted line LI, utilising the three-phase currents: 15, 15, lg, lg; and three-
phase voltage Vg (Figs. 6.19 and 6. 20). So, it is assumed that the one-end fault loca-
tor is installed at the terminal S. Besides these input signals of the fault locator, also
the total fault current I and the current lz; from the remote terminal RI are marked in
Fig. 6.20a. These currents are immeasurable for the one-end fault locator installed at
the bus SI-SII. However, the currents lg, Iz; will be involved in the fault location algo-
rithm derivation. During the derivation they will be eliminated as a result of being
expressed by means of the measurable quantities and network parameters.

Considering the path formed by emfs: Es, Er, and impedances: Zs, dZp,
(1-d)Z,,, Zg in the circuit of Fig. 6.20a, one obtains the following matrix formula:

AE=E—Eg =(Zs+dZ )l —(A-DZy + Ze)lg H(Zs + Zp) sy + Z sy (6.74)

where impedance matrices for the line LI (Zy;) and for mutual coupling between line
circuits (Z,,) are:

Z Z Z
;Llfaa ;Lliab ZLIfac —m_aa —mab —m ac
Z, = ;Ll_ab ZLI_bb ZLI_bc Z,= ;m_ab Zm_bb ;m_bc
;Llfac ;Llfbc ;Llfcc ;m ac ;m be ;m ce

For a completely symmetrical line, the elements of the impedance matrix Z;; are
determined as in (6.72), while all the components of the mutual coupling impedance
Z., are identical:

7 -7  —Zm (6.75)

mab — %Emac — Em be
e ST

Z = ;mibb = ;micc = ;

Zm aa

where Z

Z,,, — mutual coupling impedance for the zero-sequence.

Assuming that emfs of the sources do not change due to a fault, the column matrix
AE determined in (6.74) can be expressed based on the pre-fault model (Fig. 6.19) as
[156]:

AE=Es—Eg =(Zs + Zg +ZI§" +(Zs + 2, + Z)lGy (6.76)

The current at the remote substation R flowing in the line LI (lg;), which is im-
measurable, can be determined from (6.74) as:

Lo = (= )Zy; + Zp) (Zs +AZ )l +(Zs + Zg +Z,)l5y —AE)  (6.77)

Column matrices of the voltage across a fault path and total fault current (Fig. 6.20a)
are determined accordingly:
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Ve =Vs—dZlg —dZ,lg, (6.78)

. (6.79)

o

A general fault model with use of the matrix notation was described in Chapter 4:
formula (4.4) and Table 4.8. Taking into account the general fault model (4.4) and
equations (6.78)—(6.79) one obtains [156]:

1
R_KF(Vs*dZuISI*dZmlsu):|51+|R1 (6.80)

F

Combining (6.77) and (6.80), yields after the arrangements the following matrix
equation:

Ad?-Bd+C-DR; =0 (6.81)

where:

A=Z KeZ Mg+ ZKeZ gy,

B = ZLIKF(VS + ZLIISI) + ZRKFZLIISI + ZmKF(ZLI + ZR)ISH’

C=(Zy +Zp)K:Vs,

D= (Zs +ZLI +ZR)(ISI - Ig;e) +(Zs + ZR + Zm)(ISII - Ig; :

Transforming (6.81) into the scalar form one obtains the following quadratic for-
mula for complex numbers:

Ad*~Ad+A,-R. =0 (6.82)

where:
DT
D'D’

superscript T denotes transposition of the matrix.

The scalar quadratic equation (6.82) can be resolved into the real and imaginary
parts, from which one calculates the distance to fault (d) and fault resistance (Rg),
analogously as was presented for the formula (6.43).

In the case of a double-circuit line arrangement one ought to discriminate faults
overreaching a total line length, i.e. occurring in a remote system (Fig. 6.20b: fault
F1). This can be performed by analysing the following column matrix:

A,=PA, A=PB, A =PC, P=

Fl Z(Zu _Zm)ISI _(ZLII _Zm)lsu (6.83)

which for such faults has to possess all the components equal to zero. However, in
practice, due to the presence of measurement errors, some threshold has to applied.



One-end impedance-based fault location algorithms 135

Adaptation of the fault location formula (6.82) (derived for a double-circuit line) to
the case of a single line requires deleting all the components relevant to mutual coupling
of the line circuits (Z,,) as well as all the components involving currents from the

sound line (lg;, 1%7).

In [B.9], a quantitative evaluation of the fault location accuracy, with use of ATP-
EMTP generated fault data has been performed. It was shown that for the transmission
system studied there, the presented algorithm allows the fault location accuracy to be
improved up to 2%, compared to the symmetrical components approach (applied after
averaging the diagonal and off-diagonal elements of the line impedance matrix). Note
that such improvement was obtained for comparatively small asymmetry of the line
under consideration [B.9]. In the presence of larger asymmetry of the line, the ex-
pected improvement can be considerably higher.

6.14. Fault location on series-compensated lines

6.14.1. Representation of SC&MOV bank

Series capacitors equipped with MOVs (Fig. 6.21) create certain problems for
transmission line protective devices and fault locators. In order to cope with them,
adequate representations of SCs&MOVs have to be developed, being required for
both distance protection and fault location purposes.

S}’stem A 4(1:2) S|C|S 4(1:1) I System B
. | ©
MOVs
------- AIR-GAPs
FAULT LOCATOR
(PROTECTIVE RELAY) THERMAL
PROTECTION

Fig. 6.21. Scheme of transmission line with series compensation in mid-line

The fundamental frequency concept has been utilised for representing SCs&MOVs
for fault location purposes in [55, 150]. In turn, a digital algorithm for estimating
a voltage drop across the bank of SC&MOV has been considered for application to
fault location in [140] and for protective relaying purposes in [153]. This estimation
algorithm is based on the on-line solving of the strongly non-linear differential equa-
tion and is of recursive form.
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Fundamental frequency equivalenting of SC&MOV

Figure 6.22 presents the equivalenting principle [55, 150]. The parallel connection
of a fixed series capacitor (C) and its non-linear protecting resistor MOV (Fig. 6.22a)
is represented for the steady state by the fundamental frequency equivalent (Fig.
6.22b). The equivalent is of the form of a series branch with the resistance (R,) and the
capacitive reactance (X,), both dependent on the amplitude of a current (|l,|) entering
the SC&MOYV bank. Fundamental frequency currents and voltage drops denoted in the
original scheme (Fig. 6.22a) and in the equivalent (Fig. 6.22b) must match each other.
The equivalenting has to be done by scanning through different amplitudes of the fault
current entering the parallel connection of the SC and MOV. This can be achieved, for
example, by changing the voltage magnitude of the supplying source (Fig. 6.23).

a) \' b)
I, e
+ My
L L T
Lyot > I I
MOV XL R.(LD

Fig. 6.22. Principle of SC&MOV equivalenting:
a) original circuit, b) scheme of the fundamental frequency equivalent
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MODELS - ¢ |e
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e & 1
R, X, [ MOV
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" L
LO
ELECTRICAL NETWORK

Fig. 6.23. Principle of using ATP-EMTP for equivalenting

Figure 6.23 presents the principle of equivalenting performed with use of ATP-EMTP
[B.5] simulations. The circuit considered is supplied by a source for which the voltage
magnitude (E) is controlled in the MODELS unit. The inductive impedance (R, Xr)
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Fig. 6.24. Fundamental frequency equivalents under different compensation rates
for a 400 kV, 300 km line: a) equivalent resistance, b) equivalent reactance

represents the resultant impedance of the source and the line segment from the measur-
ing point up to the SC&MOYV installation point. The capacitance (C.) represents the
shunt capacitance of this line segment, while R, and X, — the equivalent impedance for
the remote faulted line segment, together with the remote supplying system. Exchange
of the signals, between the units of ATP-EMTP: the MODELS and the Electrical Net-
work, is shown in Fig. 6.23. The simulation time interval is subdivided into subintervals
with different magnitudes of the voltage source (the number of subintervals is equal to
the required number of points on the equivalent characteristics). The voltage magnitude
is determined in the MODELS unit and sent to the Electrical Network. Length of the
simulation subintervals is set in such a way that steady state measurement is achieved in
each subinterval. This requires setting wider subintervals for smaller voltage magnitudes
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when long lasting transients are present due to linear operation of MOVs. On the other
hand, for higher supplying voltage magnitudes, the MOVs operate in a non-linear range
and the transients are damped faster, and thus shorter subintervals can be designated.
Voltages at both terminals of the compensating capacitor (V,1, Vy2) and the current enter-
ing the SC&MOV complex (iy) are picked up from the Electrical Network and sent to
the MODELS unit. Then, these signals are transferred to Matlab program for determin-
ing fundamental frequency phasors of the processed signals: V,, I,. From these phasors
the equivalent characteristics (Fig. 6.24) are determined.

Results of the equivalenting for different rates of the capacitor compensation,
namely for 60%, 70% and 80% rates, applied to a 400 kV, 300 km transmission line
are shown in Fig. 6.24. When determining the equivalents presented in Fig. 6.24, it
was assumed that the MOVs have identical characteristics, while different SCs are
applied for providing 60%, 70% or 80% compensation of the line, respectively. It is
seen that the capacitance of the SC influences mainly the equivalent resistance (R,).
For the analysed compensation rates the equivalent reactance (X,) differs only for low
amplitudes of the fault current (when the MOVs operate linearly or almost linearly).

Using the phase co-ordinates approach, the three-phase equivalent of SCs&MOVs
can be presented with the following matrix [150]:

2,01, D 0 0
Z(1h=p 0 Zyw( 1D 0 (6.84)
0 0 Z,.(LD

Digital algorithm for estimation of voltage drop across SC&MOV

Let us consider a parallel connection of the series capacitor SC, and the MOV
shown in Fig. 3.13a and also in Fig. 6.21. Assuming the analytical approximation of
the MOV characteristic in the form of (3.4), the non-linear circuit of SC&MOYV can be
described by the following non-linear differential equation [153]:

q
e p[ | Li 2 (6.85)
dt (Vegr

In this equation, all the parameters are known and constant; the current i, entering
the bank is available (since neglecting the shunt parameters of the line, this is the current
in the substation where the fault locator is installed); while the voltage drop Vv, is to be
calculated. Thus, one needs to transform the continuous-time differential equation (6.85)
into its algebraic discrete-time form. The 2nd order Gear differentiation rule has been
taken for this purpose. The following substitutions apply to (6.85):

O =16 VOV (6.86)
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dv, (t
d;t() - D(3vv(n) —4vv(n_1) +vv(n_2)) (6.87)
where:
D= 2nf, or
N (1—cos(a))* + (2sin(a) - 0.5sin(2ar))*
Do 2nf, ’
/26 —32cos(@) + 6cos(2a)
a=2nfT,,

f; — rated fundamental frequency,

T, — sampling period,

n — discrete time index.

Substituting (6.86)—(6.87) into (6.85) yields the discrete-time equation:

F ()= AX" +AXq —A =0 (6.88)

in which:

Vv - A
Xy = s A =P, A=3DCVig, A =iy, +?(4X(n—l) — X(n-2))-

VREF
Equation (6.88) is to be solved for X (the p.u. value of the sought voltage drop
Vy(n at the current sampling instant n). The two parameters of this equation: A, and A,
are the constants, while Ay depends on the sample of the current (iyn) entering the
bank and the two historical samples of the p.u. voltage drop (X,_;y, X(n_»))- In order to

ensure good convergence of the algorithm, appropriately modified Newton—Raphson
method has been used. The form (6.88) of the equation is numerically efficient for
“small” values of Ay while for “large” values of A, it should be re-written to:

1

FY) = Aim + A Yo)® A =0 (6.89)

(where: Y, = X(qn)) and solved for Y.

The threshold value of A, alternating the two optimal formulae (6.88) and (6.89)
is:

A=A, (LJH LA [i}q_l (6.90)
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The formula (6.88) is solved iteratively with the Newton—Raphson method by ap-
plying the following algorithm:
A{X(n)oldq + AXmyord = A
Q'%X(n)omq_l + A

The formula (6.89) is solved iteratively with the Newton—Raphson method by ap-
plying:

Ximynew = X(nyold — (6.91)

1
AYmotd T AYoramd — A

- (6.92)
A+ 2 yold(n)[Tq]

y(n)new = yold -

Certainly, if (6.88) is applied, the sought voltage drop (in Volts) is eventually
computed from:

Vony = X(mVREr (6.93)

while, if (6.89) is applied, the voltage drop (in Volts) is obtained from:
Vym = (y(n))(qi Ve (6.94)

The algorithm is accurate and numerically efficient owing to the following factors
[153]:

¢ The difference in the signal levels (voltage in thousands while current in tens or
hundreds) is removed by applying the p.u. value of the voltage drop.

e The strong non-linearity of the equation is moderated by using either of the two
optimal formulae: (6.88) or (6.89), depending on the operating point on the character-
istic of the MOV.

e The algorithm ensures satisfactory accuracy for time steps as large as 1/20th of the
fundamental frequency cycle (it needs 2—3 iterations to find a solution). For shorter time
steps (sampling frequency over 1000 Hz) the algorithm performs even better.

It is assumed that the pre-fault current is available and the estimation algorithm
is started a posteriori, few samples before detecting the fault. Thus, the algorithm is
initiated in the pre-fault steady state using the zero conditions, i.e. assuming;:

Xy =0 Xz =0 (6.95)

In the pre-fault conditions, the compensating bank is a pure capacitance (since the
MOV almost does not conduct a current) and when using the algorithm with zero ini-
tial conditions (6.95), a certain constant offset to the accurate solution is added. In
order to remove this offset, it is recommended to apply the following filter:
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1

A :m(xm) =X Xn-2)) (6.96)

where angle a, as in (6.87).

Implementation of the estimation algorithm, for the case where only the first form
(6.88) is utilised, into the Matlab function [B.27] follows. The task of incorporating
the second form (6.89) to this Matlab function is left for the reader.

% Matlab function for estimating voltage drop across SC&MOV

function vMOVa=MOV _fun(ia); % ‘ia’ is the input current of the algorithm

n_iter=2; % here fixed number of iterations (for example: 2) for solving equation is
set

C=4.8119e-005; % capacitance of series capacitor

P=1000.0; % reference current of MOV characteristic
q=23; % exponent of MOV characteristic
V_REF=150000.0; % reference voltage of MOV characteristic
f=50; % rated power system frequency
fs=1000; % sampling frequency

omegal=2*pi*f; % rated power system angular frequency
a=omegallfs; % angle corresponding to single sampling interval
kF=0.5/(cos(a)-1); % gain for the filter used for rejecting the DC component

D=omegal/sqrt(26—32*cos(a)+6*cos(2*a)); % constant for the 2nd order GEAR
rule

A_g=P; % constant
A 1=3*D*C*V_REF; % constant
I=size(ia); % size of input current
x=[0;0;0]; % initial conditions
for n=1:1(1), % processing with time
A_O=ia(n)+A_1*[0 4 -1]*x/3; % quantity from the numeric formula
for k=1:n_iter, % perform iterative calculations
z=abs(x(1));
if z,
z=log(2);

z=A_g*exp(q*z);
if x(1)<0, z=-z; end;
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z1=qg*z/x(1);

else,
z1=0;
end;
xX(1)=x(1)—(z+A_1*x(1)-A_0)/(z1+A_1);
end,
if n<4, % reject the constant offset
XF(n)=kF*[1 -2 1]*x;
end,
if n==3,

XF(n)=kF*[1 -2 1]*x;
x(1)=ia(n)/A_1+(4*xF(n)—xF(n-1))/3;
X(2)=xF(n);
end,
X(3)=x(2);
X(2)=x(1);
vMOVa_pu(n,1)=x(1); % result in per units
end;
vMOVa=vMOVa_pu*V_REF; % result in Volts

Figure 6.25 illustrates operation of the presented estimation algorithm for a 400 kV
300 km line under a single phase-to-earth fault just behind the compensating bank (as
seen from the bus S), with 5 Q fault resistance.
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(Fig. 6.25 to be continued)
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Fig. 6.25. Sample fault: a) measured phase voltages, b) measured phase currents (input to the algorithm),
¢) voltage drops across SCs&MOVs from simulation, d) voltage drop across SC&MOV in the faulted
phase — from simulation, and estimated (output from the algorithm)
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In the measured phase voltages (Fig. 6.25a) and phase currents (Fig. 6.25b) one ob-
serves the characteristic distortion of the waveforms. It is distinctive that, in contrast to
uncompensated line case, there are no DC components in currents. Limiting of the volt-
age drop across SC&MOV from the faulted phase to the level equal to around the refer-
ence voltage of MOV (Vggr) is observed (Fig. 6.25¢). On the other hand, the MOVs
from the sound phases operate linearly, which results in slowly decaying sub-harmonic
oscillations (Fig. 6.25c). Figure 6.25d shows the actual voltage drop across the
SC&MOV from the faulted phase (EMTP simulation) and the signal estimated with the
algorithm presented. The accuracy of the voltage reconstruction is very high and the
difference between the actual and calculated values is very small. Note that the voltage
drop is calculated at the sampling instants only (1000 Hz sampling frequency was as-
sumed here) and therefore the calculated voltage drop is presented as a stair waveform.

6.14.2. Fault location algorithm for single series-compensated lines

Let us consider the one-end fault location on a single-circuit transmission line with
series compensation inserted at the mid-line: at the distance dsc (p.u.) from the termi-
nal S. It is assumed that the fault locator is installed at the bus S (Fig. 6. 21). For such
a configuration of the series-compensated line there is a need for applying two subrou-
tines, which are designed for locating faults:

e behind SCs&MOVs (fault F1, Fig. 6. 21) — the subroutine SUB 1,

e in front of SCs&MOVs (fault F2, Fig. 6. 21) — the subroutine SUB_2.

S

R
ZS dSCZL ZV(| Igre |) (lfdsc)ZL ZR
[ — —
| gre

(VE, E(D)

Fig. 6.26. Equivalent diagram for a transmission system with single line compensated at midpoint,
for pre-fault conditions (superscript: pre)

The position of a fault with respect to the SCs&MOVs (behind or in front of them)
is of random nature, therefore, in order to get the final result, the selection of the valid
subroutine, i.e. the subroutine which yields the result consistent with the real fault, is
necessary.

The fault location algorithm presented here belongs to the phasor-based category
[285]. In this algorithm, the SCs&MOVs are represented by the three-phase funda-
mental frequency equivalent (6.84). In the following circuit diagrams they are pre-
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sented by the rectangle impedance symbol, but drawn with double line, with the
equivalent impedance being specified. For example, in the equivalent circuit diagram
for pre-fault conditions (Fig. 6.26) the SCs&MOVs equivalent is denoted by

Z,(15° D -

Subroutine SUB_1 - for faults behind SCs

In this case (Fig. 6.27), the current flowing through the SCs&MOVs is directly
measured by the fault locator at the terminal S. The following applies to the faulted
network (Fig. 6.27):

Es—Er =(Z, +dZ  +Z (|1 DIs—((1-d)Z; +Z)ly (6.97)
Vs =Ve=(dZ, +Z (15l (6.98)
l=lg+1, (6.99)

where dsc < d; <1 is the sought fault distance (p.u.).
The pre-fault network (Fig. 6.26) is described by:

Eq—Ex =(Zg+Z, +Z (JI1E° )+ Z)IE" (6.100)

where the superscript ‘pre’ stands for the pre-fault values of three-phase current.
The fault equation (4.4) completes the model:
1

lp =KV, (6.101)
F1

where Rg; — unknown resistance involved in the fault.

S R
ZS dSCZL Z,(1s] (dl_dsc)ZL (1_d1)ZL | ZR
—1 H —I>—| F—1 — | —

A s g\\(/ R
%
2

QE Vs V, ”Uﬁ-b E. (V)
&

Fig. 6.27. Subroutine SUB_1 for faults occurring behind the compensating capacitors
— equivalent circuit diagram for transmission network with single line compensated at midpoint

Combining (6.97)—(6.101) results in the following matrix formula:
Ad} -Bd, +C-DRy, =0 (6.102)
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where:
A=Z KZ I,
B=Z Ki(Vs+(Z, -Z,([Is M) + ZxK:Z I,
C=(Z, +Zp)Kp(Vs =Z, (15 DIy),
D=(Zs+Z +Z)(s — 1)+ Z, (| s DIs = Z, (| 15 DIS®.
Transforming (6.102) into the scalar form yields the following quadratic formula

(for complex numbers) in two unknowns: distance to fault (d,), such that: dsc < d; < 1
(p.u.) and fault resistance (Rg):

Ad —Ad, + A, ~R; =0 (6.103)

where:
DT
D'D
superscript T denotes transposition of the matrix.
The scalar quadratic equation (6.103) can be resolved into the real and imaginary
parts, from which one calculates the distance to fault (d,) and fault resistance (R, ),

AZ = PA: Al = PB, AO = PC,

b

analogously to that presented for the formula (6.43)

There are, certainly, two roots of the scalar quadratic formula, but one of them be-
ing constant (depending only on the system parameters) can be easily identified and
rejected. Eventually, the first subroutine SUB_1 delivers the solution (d,, R;,) assum-

ing the fault behind the SCs&MOVs.

Subroutine SUB_2 - for faults in front of SCs

The case of a fault between the substation and the SCs&MOVs is more involved
because the current flowing through the SCs&MOVs (IR) is not directly available to
the locator (since here the one-end measurement at the terminal S is considered).

The following equations apply to the faulted network (Fig. 6.28):

Es—Es=(Zs+d,Z )l —((1-dy))Z + Z, (|1 N+ Zp)1k (6.104)
V-V, =d,Z, 1 (6.105)

but now, 0 < d, < dgc.

The model of the pre-fault network (6.100) and also the fault model (6.101), but
with fault resistance Rg, instead of Rg;, remain valid.

In this case, one also obtains the quadratic matrix equation:

Ad; -Bd, +C-DR,, =0 (6.106)
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where:
A=ZK.Z I,
B=Z KiVs+(Z +Z,(|1x D+ Zp)KZ, L,
C=(ZL+Zg +Z, (|1 DKV,
D=(Zs+Z  +Zp)(Is—15°)+ Z, (| 1x DIs = Z, (| 15 DIS™.

S R

Zs dzzL (dsc’dz)ZL Zv(| IR |) (I’dSC)ZL | ZR
— — |
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@),1_
&L

&

Fig. 6.28. Subroutine SUB_2 for faults occurring in front of the compensating capacitors
— equivalent circuit diagram for transmission network with single line compensated at midpoint

Transforming matrix formula (6.106) into the scalar form is performed analo-
gously as for the subroutine SUB_1. Then, the unknowns d,, Rr, are calculated, but an
iterative numerical solution (Fig. 6.29b) is required because the coefficients depend on
the unknown current from the remote substation R.

Eventually, the second subroutine delivers the solution (d,,Rp,) assuming the

fault in front of the SCs&MOVs.

a) b)

Recorded Data " Assume I
T T T
Calculate Z §
Subroutine Subroutine !
SUB_ 1 SUB 2 <z A
Calculate d, and R, || !
«, RFI)L,_| '_<J(d2, R:,) TE g
Selection: ‘\ . " Calculate I, g
{@.R) T

Fig. 6.29. Fault location algorithm: a) two subroutines compute two conditional fault locations
and resistances, which undergo selection, b) iterative solution applies to the subroutine SUB 2



148 Chapter 6

Selection algorithm

Locating a fault with respect to the SCs&MOVs in the system of Fig. 6.21, i.e.
selecting either SUB 1 or SUB 2 as a valid subroutine, is a separate issue. Here,
however, the problem narrows to the selection of the correct pair (d, R.) out of two

alternatives (d;,Rg;) and (d,,Ry,), as depicted in Fig. 6.29a. The simple and
straightforward algorithm:

if d; is out of [dsc, 1] and d, is in [0, dsc] then
accept (d,,Ry,) as the valid solution otherwise

if d; is in [dsc, 1] and d; is out of [0, dsc] then
accept (d;,Rg) as the valid solution otherwise select the alternative with lower
Rr as the valid solution.

This selecting algorithm works in most cases. In order to avoid false selection,
which could happen in some rare cases, an additional selection criterion has been pro-
posed. This criterion is based on calculating currents at fault place, according to both
subroutines: SUB 1, SUB 2, substituting the obtained distances to fault, d;, d,. Ide-
ally, for the valid subroutine the calculated currents from healthy phases at fault have
to be equal to zero (since in the healthy phases there is no current flow at all). In prac-
tice, due to the presence of the errors, certain threshold has to be assumed for indicat-
ing that these currents are close to zero (the valid subroutine) or far away from zero
(the false subroutine). Certainly, this criterion can be applied for all fault types, except
three-phase faults under which there are no healthy phases.

Improvements of the one-end fault location algorithm

The fault algorithm has been presented in its very basic form. The important en-
hancements for its field implementation may include:

e the impedance of the local system should be traced on-line based on the se-
quence voltages and currents; owing to this, the local impedance is always perfectly
matched,

e more involved techniques should be used for phasor estimation and dealing
with the off-nominal frequencies,

¢ advanced post-processing techniques for output filtering and elaborated methods
for selecting the final result from the available data window should be applied,

e the remote end source impedance may also be accurately measured by the re-
mote end relays or fault locators and transmitted to the local substation; no sampling
synchronisation is needed (the voltage and current act as reference for each other),

¢ the amplitude of the remote current may also be measured and transmitted ena-
bling iterative calculations to be avoided for the subroutine SUB_2 and improving
the accuracy.
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One-end impedance-based fault location algorithms

20

The following specifications of the fault on a 400 kV, 300 km transmission line,
4

compensated at 70% rate with the three-phase compensating bank installed at mid-line

Example of fault location (Fig. 6.30a—f):
(dsc = 0.5 p.u.) were assumed:

e fault type: a—E,

e distance to fault: d

e fault resistance: Rg
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(Fig. 6.30 to be continued)
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Fig. 6.30. Example of fault location (a-E fault, d = 0.5" p.u., Rg= 10 Q):
a) three-phase input voltage, b) three-phase input current, c) distance to fault, d) fault resistance,
e) magnitude of total fault current from healthy phase ‘b’ according to SUB_1 and SUB_2,
f) fault distance estimation error for valid subroutine (SUB_1)

The fault locator input signals are shown in Fig. 6.30a, b. Results for estimated dis-
tance to fault from both subroutines (Fig. 6.30¢) could be accepted and thus selection
of the valid result is required. Lower positive fault resistance (Fig. 6.30d) is yielded by
the subroutine SUB 1 and this supports selection of it as the valid subroutine. Also the
selection criterion based on calculating the healthy phase total fault current (Fig.
6.30e) indicates the subroutine SUB 1 as the valid one. The estimation error for the
fault distance (from the valid subroutine SUB 1) shown in Fig. 6.30f is definitely
acceptable, as it does not exceed 0.5% after around 1.5 fundamental frequency cycle
since fault incipience. Note: full cycle Fourier filtration was applied for determining
the phasors of the processed signals.

6.15. Application of distributed-parameter line model
to one-end fault location algorithms

The varieties of fault location algorithms presented above (Sections 6.2—6.14) were
derived assuming the lumped model of a transmission line and neglecting the line
shunt parameters (predominantly the shunt capacitances). The fault loop formula
(6.28) was used for deriving those algorithms. Introducing in (6.28) the fault loop
current for the single line (6.26) one obtains the following form for the fault loop for-
mula [63]:
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Z
Vsp— dllL(él'Sl +a,l5 +3, E_()Llsoj —Rp(@p Lp +8p I + 3o Lgg) =0 (6.145)

=1L

in which there are coefficients dependent on fault type (gathered in Table 6.5 and Tables
4.3-4.5).

Using (6.145) accurate location of faults on transmission lines of comparatively
short length can be performed. In order to keep the fault location errors in the case of
long lines (usually considered as exceeding 150 km) on the acceptable level, the dis-
tributed-parameter line model has to be incorporated.

Distributed-parameter model of faulted line for the i-th symmetrical component
from Fig. 2.25 will be utilised for simplified introduction of the distributed-parameter
line model into the fault loop formula (6.145). This model is simplified (not strict)
since in order to avoid solving non-linear equations, the iterative calculations are per-
formed. Performing the current iteration (the iteration number n), the shunt parameters
(capacitances) for the faulted line section are determined not by accurate value of the
distance to fault but by the value obtained in the last but one iteration (the iteration
number: (n — 1)). Also the longitudinal line impedance for the line section in the
model from Fig. 2.25 is determined using the distance to fault value obtained in the
previous iteration of the calculations. In order to start the iterative calculations, the
distance to fault obtained for the lumped line model has to be taken.

Introducing into (6.145) the distributed-parameter line model from Fig. 2.25 one
obtains:

sh comp com ZOL comp
Vsp d(n)zlL[a A | +a, A2(n 1)|sz +3, AO(n N7 Sl B0 ]
£

comp

comp comp
—Re @plp +83plE  +agly ) =0 (6.146)
where:

dny, dn-1y — distance to fault from current and previous iterations,

RFW — fault resistance from current iteration,

‘ , sinh(y d,_,¢)
_T(hn,l) :_Szl:n,” =— =t @7 correction factor for determining the positive-
7!

sequence (negative-sequence) longitudinal impedance of line section having the length
d(p.uw),

sh
—0¢n-1

~ sinh(xod(n_l)f)
Y-t

The positive-, negative- and zero-sequence currents after deducing the shunt ca-
pacitance currents equal:

— as above, but for the zero-sequence.
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comp __ 4 th

151 _lSI_O'Sd(n—l)gilLAIm,”\iSl
9™ =1, -0.5d oY, AM v
1s2 Tls2 ULt Do Yo

comp __ ! th
lso - lso - O-Sd(nfl)fi 0L Ao(n,l)\iso

where:

_F:M) = —t2h<n4> — correction factor for determining the positive-(negative-)sequence
shunt admittance of line section having the length d (p.u.),

A;‘:M — as above, but for the zero-sequence,

1™, 15™, 15y™ — symmetrical components of total fault current determined

with considering the distributed-parameter line model, however, it is a common prac-
tice [142, 143] that they are identical with the currents estimated using the lumped line
model.

The fault loop formula (6.146) is solved iteratively for the unknowns: dq), R

with checking the convergence of iterative calculations (this requires setting the con-
vergence threshold) or applying the pre-defined number of iterations. Usually, per-
formance of two iterations appears to be sufficient.

Analogously as for the symmetrical components approach (6.146), the distributed-
parameter line model can be introduced for the phase co-ordinates approach.



7. Two-end and multi-end fault location algorithms

7.1. Introduction

In this chapter, two-end and multi-end fault location algorithms are considered.
Both, synchronised [B.8, 33, 53, 71, 72, 91, 92, 133, 180, 181] and unsynchronised
[20, 60, 70, 103, 104, 126, 127, 132, 165, 177, 178] measurements are taken into ac-
count. In the case of unsynchronised measurements, different ways of dealing with the
unknown synchronisation angle are presented. Use of both complete (two-end volt-
ages and currents) and incomplete (two-end voltages and current from one end or two-
end currents and one-end voltage) measurements is considered. Also, use of measure-
ments from distance relays at both line terminals is considered for deriving a fault
location algorithm designed for post-fault analysis of operation of the relays [64, 69,
142, 143, 148].

Different options with respect to availability of measurements from the terminals
of three-terminal and multi-terminal lines are considered.

7.2. Fault location with use of two-end
synchronised measurements

7.2.1. Phasor-based approach

The distributed-parameter model of faulted line for the i-th symmetrical compo-
nent, with use of the correction factors for representing series and shunt parameters, as
in Fig. 3.30, is taken into consideration. Voltage at fault point (F), viewed from the
terminals S and R, respectively, is as follows:

Vi, =cosh(y, dO)V ; —sinh(y d0)Z L, (7.1)

Vi =cosh(y,(1=d))V g, =sinh(y, (1= d))Z I, (7.2)
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where V., I, V

Vii» Lg; — phasors of the i-th symmetrical component of voltages

and currents obtained from synchronous measurements at the line terminals.
After taking into account the following trigonometric identities:

cosh(zi (1-d)t)= cosh(zl_ﬂ) cosh(zl_df) - sinh(ziﬁ) sinh(zidﬁ) (7.3)
sinh(zi (1-d)t)= sinh(zlﬁ) cosh(zidf) — cosh(z/) sinh(zidf) (7.4)

and performing the rearrangements, the formula (7.2) can be presented as:
V', = A, cosh(y df)+ B, sinh(y d/) (7.5)
where:
A, =V g cosh(y )~ Z,, I, sinh(y ),
B, =V, sinh(yif) +Z 1y cosh(yl[) .
The voltages (7._1) and (7.5), as prgsent at the same point (F), are to be compared:
V=V, (7.6)
As a result of this comparison one obtains:
(£ sinh(xl[) —Z. 1y cosh(zif) -Z1) sinh(zidf)
= (Vg cosh(y () = Z Iy, sinh(y () = V) cosh(y dl) (7.7)

From (7.7) one obtains the following formula for the distance to fault for two-end
synchronous measurements of voltages and currents [74]:

d 1 tanh ! Vi COSh(L() —Zly; Sinh(xl[) -V
vl Vgisinh(y 0) =Z Iy cosh(y ()= Z 1

i

(7.8)

The obtained fault location formula (7.8) can also be applied for the modal quanti-
ties [74].

7.2.2. Time domain approach

In Chapter 3, the modified Telegrapher’s Equations of the long line model were
formulated. Such first order partial differential equations can be solved using the
method of characteristics [B.2]. This method discovers lines (called characteristic
lines or characteristics) along which the partial differential equation degenerates into
an ordinary differential equation.

Using the characteristics [B.2], the partial differential equations relating u and i
(3.29)(3.30) can be written as ordinary differential equations:
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du di i

= = 7.9
ds st 1+ 72 (7.9)
du di __—m (7.10)

Z_
dp “dp J1+ 27

where s, p — length along the two characteristics: ¢+ yx =const (straight lines in the

distance—time plane).

The solution of equations (7.9)—(7.10) requires the discretization of the continuous
time system. Assuming [46] that the distance (x) axis is discretized by the index j and
the time (¢) axis by the index £, the following expressions for the voltage and current
are obtained:

1 A R/ Ax . .
Vie= (V, Lot FV ) ) < 1 1,k+1)+LT(lj—1,k—l+lj—l,k+1)
R Ax
+2 (7.11)
) 1 R} Ax .
Lik= 27, — OVl Vit T3 (lj Lot F ) F——— 4z, (R P (7.12)

where Z, =/L; /C{ —surge impedance of the transmission line.

Starting from the ends of the line, one can compute the voltage and current profile
along the line, applying equations (7.11)—(7.12).

If in equations (7.11)—~(7.12), the series resistance R} is neglected, they will re-
duce to the well known Bergeron equations for a transmission line. Instead of comput-
ing the profile point by discrete point, the voltage and current at any point on the line
can be determined knowing the voltage and current at the end of the line and the dis-
tance to the point.

The Bergeron equations for the voltage and current at a point x; and time instant #;
are then given by:

1 Z. . .
Vik = E(Vo,k—j +Vous )t 7(10,1{-1 —lo g+ ;) (7.13)

. l . .
Lir= 2_ZC(VOJC7'/ +Voxs,) +E(10,k—_/ +igge)) (7.14)
Steps in Fault Location
Using the voltage and current profiles, calculated by means of the method of char-
acteristics, the fault location procedure described in [46] consists of the following

steps:
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e Modal decomposition used for obtaining three decoupled single phase transmis-
sion lines (from a three phase coupled system), to which the method of characteristics
can be applied.

e Discretization of the transmission line: Based on the sampling frequency of the
data acquisition, each mode of the transmission line is discretized into a finite number
of points.

e Location of the approximate fault point: For each discrete point determined
above, compute the voltage due to the sending end voltage and current. Then, the pro-
cedure using the receiving end data is repeated and the approximate fault point is
found (the point with the least error).

e Refining the fault location performed with use of reconstructed voltage and cur-
rent values transformed back to the phase domain.

7.3. Fault location with use of two-end
unsynchronised measurements

In the case the phasors of voltages and currents are obtained from digital meas-
urements acquired asynchronously at the line terminals, there is no common time ref-
erence. This happens when the GPS facility is not used or for some reasons the signal
from the GPS is not received. In order to make use of such measurements for fault
location, a common time reference has to be provided. Different approaches for that
follow in the next sections. The measurements from the terminal R will be assumed as
the base, while all phasors for voltage and current from the end S (acquired asynchro-

nously) will be multiplied by the synchronisation operator e'° .

7.3.1. Fault location with measurement of synchronisation angle

Application of (7.8) requires earlier determination of the synchronisation operator
e’®. This can be accomplished using the distributed parameter line model for the pre-
fault positive sequence quantities (superscript ‘pre’ and subscript ‘1’ in Fig. 7.1) [149].

In the pre-fault circuit (Fig. 7.1) there are the following phasors of signals meas-
ured asynchronously during pre-fault state, which after analytical synchronisation,
performed with use of the synchronisation operator ¢’ take the form:

e at the terminal R: 1%, K};;f >

o at the terminal S: 127", V2%e”.
Different options with regard to using these phasors can be considered, as presented
in the next sections. Note that in Fig. 7.1, the phasors which are to be calculated are
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marked by dashed boxes, in order to distinguish them from those obtained from meas-
urement.

s 1ot U I g
sinh(y_¢) t
‘ | [
1 tanh(0.5y ()
! Ze !

Fig. 7.1. Distributed-parameter model of line for the pre-fault positive-sequence
(the calculated signals are marked by dashed boxes)

Use of pre-fault positive-sequence voltage and current from two ends
Using the equivalent nt circuit model (Fig. 7.1), the current /%, is obtained by de-

ducing the shunt current from the current at bus S:

tanh(0.5vy, ¢ :
1 = pgyer - RO s (7.15)

el
Analogously, the current % is calculated as:

tanh(0.5y,0)

1 =gy - (1.16)

el

The currents determined (7.15)—(7.16) satisfy:
I =—1y (7.17)
From (7.17), one obtains the following formula for the synchronisation operator:

IPZ o+ tanh(0.5y, O™
o pil 051 )pre (7.18)
I — tanh(0. SVIE)V

Use of pre-fault positive-sequence voltage from two ends
and current from one end

The positive-sequence pre-fault voltage V) can be calculated by transferring sig-
nals from the bus S towards the bus R:
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Vo= cosh(xlf)zgrleej8 -Z, sinh(lflf)lgrfej8 (7.19)

The calculated voltage (7.19) is equal to the voltage at bus R:

Vo =Vii (7.20)
From (7.20), one obtains the following formula for the synchronisation operator:
) Vpre
8 = = —RI - o (721)
cosh(y OV §)" = Z,, sinh(y D)1,
Use of pre-fault positive-sequence current from two ends
and voltage from one end
Transferring signals measured at the bus S towards the bus R one obtains:
Te 1 : e j e j
= —Z—smh(zlﬁ)zgl e + cosh(y /)14, e (7.22)
Zcl
The calculated current (7.22) and that measured at the bus R satisfy:
17¢ =-Ixy (7.23)

From (7.23), one obtains the following formula for the synchronisation operator:
e i _ B ch!}plrle

~ —sinh(y (V2 +cosh(y NZ,, 1%

(7.24)

The unknown synchronisation operator can be determined from pre-fault positive-
sequence currents and voltages measured asynchronously at the line terminals, apply-
ing (7.18) or (7.21) or (7.24).

Alternatively, the synchronisation operator can be determined using only fault
quantities (measured within the fault period). For this purpose, the boundary condi-
tions of particular faults can be explored [65]. In the case of three-phase balanced
faults, the positive sequence components are the only ones present in the measured
currents and voltages. For this reason, the boundary conditions will be considered for
all faults, but except three-phase balanced faults, for which the synchronisation opera-
tor can be determined with use of pre-fault positive-sequence quantities, applying
(7.18) or (7.21) or (7.24).

Use of two-end voltages and one-end current

For analysis of boundary conditions of faults the symmetrical components of the
total fault current have to be determined. This will be done using the distributed pa-
rameter line model (Fig. 7.2).
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jo si Z . sinh(y (1-d)¢
g Ige”  Zgsinh(ydl) Lsi £/ Zeysinh(y, A ~d)6) Ly R
! (lss;_lw)
Vi
tanh(O.SLdé) tanh(O.Szl_ (1-d)0)
Z

Zci =ci

/ZF i

Fig. 7.2. Distributed parameter model of faulted transmission line for the i-th symmetrical component

Transferring analytically signals from the bus S towards the fault point F (Fig. 7.2)
one obtains:

V=V cosh(y dl) = Z L sinh(y d))e® (7.25)

Lgs; = (—(/Z,)V s;sinh(y d?) + L cosh( Ldf))ejs (7.26)

Taking (7.25) and (7.26), the voltage at the remote terminal R (Fig. 7.2) can be de-
termined as follows:

Vei =V COSh(L (-d)0)=Z;(Lss; — L) Sinh(zi (1-d)t) (7.27)

Substituting (7.25)—(7.26) into (7.27) and performing tedious manipulations on

hyperbolic functions (with use of the trigonometric identities (7.3)—(7.4)) one obtains

the following formula for the i-th symmetrical component of the total fault current
[65]:

Vi TN S.ej5
Iyy=—0——= (7.28)
Z,sinh(y (1 - d)0)
where:
ﬂSi = _KSi COSh(’Yl[) + chisj Slnh(Ylf) 5
Vs Vii» L — the i-th symmetrical component of the signals obtained from asyn-

chronous measurements of two-end voltages and one-end current.

The total fault current is a composition of its respective components, using the
share coefficients dependent on the fault type (in Tables 4.3—4.6, alternative sets
of the weighting coefficients for different faults are gathered, depending on the
assumed priority for using respective sequences). Two characteristic sets of the
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share coefficients for the phase-to-ground and phase-to-phase faults are collected in

Table 7.1.

Table 7.1. Two sets of share coefficients for phase-to-ground and phase-to-phase faults

SET I (from Table 4.3) SET II (from Table 4.4)
Fault type SETI SETI SET 1T SETTI

g ap; ap [42)

aE 0 3 3 0
b-E 0 —15+j1.5J3 ~15-j1.5v3 0
c-E 0 ~15-j1.5/3 ~15+j1.5/3 0
a-b 0 1.5-j1.543 1.5+ j0.5/3 0
b—c 0 W3 -3 0
c-a 0 ~15-j0.543 ~1.5+j0.5/3 0

Applying the share coefficients from Table 7.1, the total fault current can be ex-
pressed as follows:

SET I SET I

Ip=ap Ip+ap Ip (7.29)
or alternatively as:
Lp=dp "Iy +ap (7.30)

Considering (7.28) for i = 1 (positive-sequence) and i = 2 (negative-sequence) one
can take into account that for these sequences the propagation constants are identical,
and the surge impedances are identical, too. As a result of comparing (7.29) with
(7.30) one gets the following formula for the synchronisation operator, valid for all
faults listed in Table 7.1 (phase-to-earth and phase-to-phase faults):

SET1, SETIIy,
[ejé] _9 YroT"4p1  Yri (7.31)
ph—E, ph1-ph2 SET HN SETIN :
ap; N1 —dp LN

where:
Ng, =-Vq, cosh(ylé) +Z 1, sinh(ylﬁ),

N, ==V, cosh(y 0) + Z,, L, sinh(y £).

In (7.31), the positive- and negative-sequence quantities from a fault period are in-
volved. Thus, one avoids using the pre-fault measurements.

For phase-to-phase-to-ground faults the relation between the zero-sequence com-
ponent of the total fault current and the remaining components (formula (4.3) and
Table 4.7) is utilised. Substituting (7.28) into (4.3) gives:
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Vio MSO[ejs]phlfphZ—E _ bp Vi) + by Vgy + (b N, + QFzﬂsz)[eﬁ]pm—th

5 - (7.32)
Z, s1nh(z0 (1-d)0) Z, s1nh(Z1 a-d)o)

where:

by, by, — coefficients from Table 4.7,

Ngo =V gocosh(y £)+Z Ly sinh(y £),

Ng,, Ng, asin (7.31).

Direct determination of the synchronisation operator from (7.32), i.e. without
knowing the distance to fault (d), cannot be accomplished. Therefore, the solution of
(7.32) can be considered together with the fault location algorithm. Approximate de-
termination of the synchronisation operator from (7.32) can be performed by lineariz-

ing the formula, i.e. by applying the substitution for the positive- and zero-sequence
(i=1andi=0):

sinh(y (1-d)0) = (y,(1-d)0) (7.33)

Use of two-end currents and one-end voltage
Considering the line section (F-R) (Fig. 7.2) one obtains the following formula for
the i-th sequence of the remote bus current:

Iy, = %KF:‘ Sinh(xi(l —d)l)—(Lss; — lFi)COSh(Xi(I —-d)l) (7.34)

—cCi

Substituting (7.25)—(7.26) into (7.34) and performing tedious manipulations on
hyperbolic functions, with use of the trigonometric identities (7.3)—(7.4), one ob-
tains the following formula for the i-th symmetrical component of the total fault
current:

Iq +Nge®
Ly =—=" T Re® (7.35)
- cosh(xi (1-d)0)

where:

Ny, = I cosh(y, /) =~V sinh(y, ),

I, 1

=Si> =Ri?
from asynchronous measurements of two-end currents and one-end voltage.

Using (7.35) one can determine the synchronisation operator, analogously to the
method presented in the previous section, where formula (7.28) was used for deter-
mining the i-th symmetrical component of the total fault current.

V, — phasors of the i-th symmetrical component of the signals obtained
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7.3.2. Fault location algorithm with elimination of synchronisation angle
The algorithm presented here starts with considering the lumped model of the

faulted line (Fig. 7.3). Then, the distributed parameter line model (Fig. 7.4) is taken
into account.

; I
S I el dZ, F/_Fl (d-d)Z; Ly, R

Vge® Vii

/i,

Fig. 7.3. Lumped model of faulted line for the i-th symmetrical component

Comparing the i-th symmetrical component of voltage at fault point (Vg;), viewed
from both S and R sides gives:

Vs e’ —dZyIse” =V —(1=d)Z; Iy, (7.36)
From (7.36) one obtains the following formula for the synchronisation operator:
s KRi _ZiLiRi +dZ, 1

e’ = St (7.37)
KSi —-d ZiL£Si

Taking into account that for the absolute value of the synchronisation operator:
le® =1 (7.38)
after using (7.37) and tedious rearrangements one obtains:
Ay d® + A, d + 4y, =0 (7.39)
where:
Ay =\ Zy L [P = Zo Ly P
Ay =-2real(V(Zo 1)) + (Vg = Zo L) Zi L)),
Ay =V [P =V = Z Ly [

X" — conjugate of X.
Solution of (7.39), formulated with the i-th type of the symmetrical components,
yields two results for the distance to fault (p.u.): (di;, d»;). Usually, one of them lies in
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the line range: from 0 to 1 p.u., and in a natural way such result is selected as the valid
one, i.e. corresponding to the actual fault. In some rare cases it can happen that both
results (dy;, d»;) lie within the line range and in order to select the valid result, addi-
tional calculations, with use of another type of symmetrical components, have to be
performed:

Ay,d® + Ad + 4y, =0 (7.40)

where j — subscript denoting that the j-th type symmetrical components ( j # i) are util-
ised, i.e. in (7.39) the i-th type is replaced by the j-th type of symmetrical components.

In order to improve the fault location accuracy achieved using (7.39) or (7.40), the
distributed parameter line model has to be included into the formula (7.36), which was
used for deriving (7.39). Applying the distributed parameter line model suitable for
simple iterative calculations (as in Fig. 3.31), the circuit diagram as in Fig. 7.4 is ob-
tained and the following substitutions apply:

dZy —do,(Zy A3 (7.41)

Ly —>IS™ =1 —05d,, (Y A, Vs, (7.42)
(-d)Zy —(~d,,)IZy By, (7.43)

L > 1™ =1y —0.5(1~d, )Y 3 Bl Vi (7.44)

where:
d (), d(u-1y— distance to fault in the ‘current’ and “previous’ iterations,

éf?nfl) , 4?(1"71) , E.?nfl), E'(“nfl) — values determined in the ‘previous’ iteration us-
ing (3.39)—(3.42).

i

(]

% B Pk Ea &
s 2 X dwZy A5, /- du)!Zy Bityy 32 % g
Ve, 8 I N L v Ve
e h
O'5d(n*1)€XiLé;(n—l) 0.5(1- d(n 1)>€Y1LBl(n 1)

e}

(o]

/1

Fig. 7.4. Distributed parameter model of faulted line for the i-th symmetrical component suitable
for iterative calculations of distance to fault
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7.3.3. Fault location algorithm by Novosel et al.

In [127], a fault location algorithm utilising two-end unsynchronised measurement
has been introduced. It is formulated in symmetrical components. Since different types
of the components can be utilised, the algorithm will be presented in general form, i.e.
for the i-th symmetrical component (subscript 7). The algorithm is derived [127] by
substituting the synchronisation operator:

e’ = cos(8,) + jsin(3,) (7.45)
into (7.36), thus obtaining:
Vi (cos(d,)+ jsin(d;)) —d Zy Ls;(cos(8;) + jsin(d,)) =V, + (1=d)Z; Iy, =0 (7.46)

Resolving (7.46) into the real/imaginary parts and eliminating the unknown dis-
tance to fault results in the following compact formula for the unknown synchronisa-
tion angle:

A; cos(d,) + B;sin(d,) =C; (7.47)
where:
Ai = imag(ZiL ((KR,' - ZiL lRi )ls,' - Zslei)) 5
B; = real(—ZjL (Vi —Zy Ly, )1; + ZSil;i)) 5
Ci = imag(_Z;L ((KR,' - ZiL lRi )[1;1‘ - Ks,l;)) 5
x - conjugate of x.

Note that formula (7.47) is completely equivalent to the original formula from
reference [127]. However, it contains more compact description of the quantities:
A, B;, C..

In [127], the formula (7.47) is solved iteratively, applying the Newton—Raphson
method. The iterative calculations are stopped when the difference between the last
two values of the synchronisation angle is smaller than a pre-assigned limit. An initial
value for the unknown synchronisation angle is required. In [127], setting the initial
value to zero has been recommended. This is due to the fact that in practice, the syn-
chronisation angle is contained within a limited range around zero. The calculations
have been observed to converge rapidly in numerous cases.

Once the synchronisation angle is known, the distance to fault can be calculated
from the real or imaginary part of (7.46).

7.3.4. Optimal fault location algorithm

In order to avoid iterative calculations at the stage of using the lumped line model,
rewriting (7.46) to the following form has been proposed in [60]:
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. C.
sin(d; 5y + ;) =% (7.48)
- Ai2 + Bi2
where:
sin(a;) = cos(a;) =

4 B,
A’ + B’ ’ A’ + B’ .

Two solutions of the trigonometric equation (7.48) from the range (-, m) are as
follows (Fig. 7.5):

9, | =asin G —atan2(sin(e;), cos(a;)) (7.49)

l VA2 +B}

i

,/Aiz +Bi2

where ‘atan2’ — four-quadrant arctangent function for calculating the angle with set-
ting the sine and cosine values of this angle (note: ‘atan2’ is a function which is used
in Matlab program [B.13]).

Performing calculations according to (7.49)—(7.50) one has to:

o take the real part from the arcsine function since in the presence of transient er-

rors the term: C; / \ Ai2 + Bi2 could get out of the permissible range: (-1, 1),

e limit the values for the synchronisation angle 8, () to the range (—r, ) by add-
ing or subtracting 2x, should it happen that the values 8,12y get outside the range (—
T, T).

Limitation of the synchronisation angle to the range (-, 7) is reasonable, since the
synchronisation angle is considered to have a small value [3].

In Fig. 7.5, an illustration of the solution of trigonometric formula (7.48) is given.
In the case when only one solution is close to zero, while the latter is far away from
zero, the selection of the valid synchronisation angle becomes straightforward. The
solution being close to zero can be selected as the valid one (in Fig. 7.5a, the solution
;1) and further taken for determining the distance to fault. In contrast, if both solu-
tions lie close to zero (Fig. 7.5b), none of them can be rejected and there is a need for
performing the selection. This will be explained when presenting the fault location
example for the method from [60].

After determination of the synchronisation angle, the distance to fault can be cal-
culated:

9, , =—asin

1

—atan2(sin(e;), cos(e;))—m (7.50)
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Aé‘t 1(2
KSi e )_(KRi _ZiLlRi)

io;
Zy(lge "+ 1)

d; 5 =real

G
\/Ai2 + Bi2
7
JEUEPIUENINED W S K___.

o

1
______________________________
<—m > <-7, T>

Fig. 7.5. Illustration of the solution of trigonometric formula (7.48):
a) only one solution is close to zero, b) both solutions are close to zero

Again, there are two solutions for the distance to fault (d; 1, d; ). The solution,
which is obtained for the earlier selected valid solution of the synchronisation angle, is
the valid solution for the distance to fault. Otherwise, further selection is required.

Optimal fault location algorithm — use of distributed parameter line model

Applying the distributed parameter line model (Fig. 7.2), the voltage at the fault
point F for the i-th symmetrical component, viewed from the terminals S and R, is
determined as follows:

V3,(d,8) = (Vs cosh(y,df) = Z, I, sinh(y,d0))- (cos(8) + jsin(3)) ~ (7.52)
Vi(d) =V, cosh(y (1= d)0) = Z,, Ly sinh(y (1-d)0) (7.53)

Comparison of (7.52) with (7.53) does not result in direct solution for the synchroni-
sation angle and the distance to fault, as was the case for the lumped line model. This
can be obtained by performing iterative calculations utilising the Newton—Raphson
method. For this purpose, the following function of the sought unknowns is considered:

F(d,8)=V3,(d,8)~V(d)=0 (7.54)
The iterative calculations are performed according to the following matrix formula:

Xnew = Xold - J_I(Fold) * Fold (7.55)
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dnew do F;eal (dold 2 6old)
Xnew = ’ Xold = N ’ I:old = d S s
8new 8old Emag( old» o]d)
aF‘real (dold 2 6old) aF‘real (dold 2 6old)
adold 86old

J(Fe) = .
aF;mag (dold ’ 8old) aF;mag (dold ’ 8old)

adold 68 old

The respective elements of the vector F); are defined as follows:

Froa(dogs0014) = real[zii(dold’ Ooia) — KE[ (dg)] (7.56)

Emag (dold’ 8old) = imag[ZIE[(dold’ 8old) - Z: (dold )] (757)
After taking into account (7.52) and (7.54) one obtains:
Frea(d o> 6qa) = real[Zi?unsymhn (dg1a)]1c0s(Sy9) — imag[zifunsymhr' (dgia]sin(Sy4)

—real[V 1;(dyq)] (7.58)
Emag (doa> Og1a) = imag[i?umymhn (dgia)]cos(6,4) + real[KifunsynChr' (dyq)]810(014)
—imag[V 5,(dyy)] (7.59)

Applying (7.58) and (7.59), the respective components of the Jacobian matrix
J(F,,4) can be determined.

The results for the synchronisation angle (7.49) and (7.50) and the distance to fault
(7.51), obtained considering the lumped model of the line, are used as the initial val-
ues for o,,,d,, in the calculations according to (7.55), (7.58)—(7.59). The iterative
calculations are performed for the pre-defined fixed number of iterations or until the
required convergence for the sought results is achieved.

Example 7.1. Location with optimal fault location algorithm

In Figs. 7.6 through 7.8, the results for the fault location performed according to
the fault location algorithm from [60] are presented. The specifications of the fault on
a 400 kV, 300 km line are as follows:

e a—FE fault,

e distance to fault d = 0.8 p.u.,

o fault resistance Rp= 10 Q,
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e actual synchronisation angle & = 36° (obtained by introducing a delay of signals

from the side S by two samples at the sampling frequency f; = 1000 Hz and the fun-
damental frequency f; = 50 Hz).

The digital values for the synchronisation angle (Fig. 7.7) and distance to fault

(Fig. 7.8) are singled out by averaging (subscript: av.) within the interval lasting from
30 to 50 ms after the fault inception.

Using positive-sequence quantities the following averaged values of the synchro-
nisation angle have been obtained: 94.28°, 37.42° (Fig. 7.7a), while using the nega-

tive-sequence components: 36.11°, —143.78° (Fig. 7.7a). Of the four possible pairs of
the calculated angles:

® (94.28°,36.11°),

® (94.28°,-143.78°),

® (37.42°,36.11°),

0 (37.42°,—-143.78°),
the pair (37.42°, 36.11°) consists of the synchronisation angle values, which are the closest
to each other and do not differ too much. Such a pair with coincident results indicates the
valid solution for the synchronisation angle. Taking the values 37.42° for the positive-
sequence and 36.11° for the negative-sequence, respectively, the distance to fault
(Fig. 7.8) was determined. In the case of using the positive-sequence quantities one gets:

e for the lumped line model: 0.8964 p.u.

o for the distributed parameter line model: 0.8003 p.u.

Applying the negative-sequence components as the fault locator input signals, the
following results have been obtained:

e for the lumped line model: 0.7948 p.u.
o for the distributed parameter line model: 0.7998 p.u.

a) 4

a C
3RS 1y LAAY o A N
TR \ v

SIDE S — Phase voltages (10° V)
o -
TT T —-==_

0 20 40 60 80 100 120
Time (ms)

(Fig. 7.6 to be continued)
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Fig. 7.6. Example of fault location — input signals of the fault locator:

a) side S voltage, b) side S current, c) side R voltage, d) side R current
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Fig. 7.7. Example of fault location — determination of the synchronisation angle using:
a) positive-sequence components, b) negative-sequence components
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Fig. 7.8. Example of fault location — determination of the distance to fault applying lumped
and distributed parameter line models, using:
a) positive-sequence components, b) negative-sequence components

Applying the distributed parameter line model for both types of symmetrical com-
ponents accurate results for the distance to fault are obtained. When using the lumped
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line model, application of the negative-sequence components as the fault locator input
signals assures much more accurate result than for the positive-sequence components.

7.3.5. Fault location with analytical synchronisation of measurements
of distance relays from line terminals

Figure 7.9 presents the idea for the post-fault analysis of protective distance relays
(Relays, Relayg) installed at the terminals (S, R) of the line. The voltage and current
signals measured by the relays are sent to the computer performing the analysis. Versa-
tile methods for processing the input signals have been included in the post-fault analy-
sis program developed. Then, the fault loop impedance measurement performed in the
distance relays is taken into account. The other part of the program utilises the fault loop
impedance measurements which are based on the two-end fault location principle. Prior
to the fault location the processed two-end signals are analytically synchronised.

SIS A—|RII
O] 5 =
Van o
S RI
L 4 v
Relays_l |_RelayR
vy
| Processing of Input Data |
/\An;lytical
Impedance Synchronisation

Measurements of #
Relays Two-End Fault Location

\ Based Results

Comparison, Visualization

POST-FAULT ANALY SIS PROGRAM

Fig. 7.9. Structure of post-fault analysis program for protective distance relays
from transmission line ends

Distance relays measure the apparent impedance of the appropriate fault loop us-
ing the relaying voltage (Vs ) and current (I ) signals. These signals are com-

posed according to the identified fault type, as shown in:
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e Tables 6.3 and 6.5: for single-circuit line,

e Tables 6.4 and 6.6: for double-circuit line.

For the side S relay the fault loop can be described with the following formula for
the phasor notation:

stp - leLiSfP —Rel; =0 (7.60)

where:

d — distance to fault (p.u.), measured from the bus S up to fault point F,

Ry — fault path resistance,

Ir — total fault current.

The measurements of distance relays from both sides (S and R) are considered
as performed asynchronously. Assuming the measurements of the relay R as
the reference, the signals of the relay S are multiplied by the synchronisation op-

erator €.

a) b)

F (lid)ZlL lRfI’ R

<

Fig. 7.10. Models of fault-loop measurement for: a) relay at bus S, b) relay at bus R

In the models from Fig. 7.10a (for the relay S) and Fig. 7.10b (for the relay R)
there are longitudinal branches represented by the positive-sequence impedances of
the line sections S—F and F—R. The transverse branch in these models represents the
fault path through which the total fault current flows. Merging the models of meas-
urements of these two relays (from Figs. 7.10a and b), one obtains a general model
with a fictitious transverse branch (Fig. 7.11). Through this fictitious branch the fol-
lowing sum of the relaying currents flows:

I = Zsﬁpej6 +1gp (7.61)

It has been proposed in [64, 148] to define the impedance of this fictitious branch
Zg 1 as a function of the real fault path resistance Ry (see fault models in Fig. 3.1)

and the fault type coefficient Pgr:
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R
Zpr = —=

P

—FLT

(7.62)

The fault type coefficient Pr 1 has to be set to such a value that the voltage drop
(Vk) across the fault path in the model from Fig. 7.10a or Fig. 7.10b is identical with
the drop across the impedance Zg 1 (7.62) in the model from Fig. 7.11. This condition
results in the following formula:

Rply = R (!sf})ej5 +1gp) (7.63)

—FLT

From (7.63) one obtains:

i
Igpe™ +1gp

= i (7.64)

Pryr =

Expressing the relaying currents from the nominator of (7.64) and the total fault
current from the denominator of (7.64) in terms of the respective symmetrical compo-
nents allows the coefficient Py ; to be determined for different fault types, as gath-

ered in Table 7.2.

S lsﬁpej6 dZ, F (1-d)Z,, ZS_R R
o—p——1 ] '
A A - A
Isr = lsfpeJ +1g p
Iivs_Pej8 Ve Ry ZSfR
- Lyt = P—
Lgrr
O _ O

Fig. 7.11. General model of measurements of relays obtained by merging the models
from Figs. 7.10a, b, assuming the time reference of measurements of Relayy to be the base

Table 7.2. Coefficient Pp, 1 for different fault types

Fault type (Models: Fig. 4.1) Pyt
2Z]L + ZOL
a-E, b-E, c-E 32,
a-b, b—c, ca 2
a—b-E, b—c-E, c-a-E, a-b—, a-b-—c-E 1
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Example 7.2. Determination of P,  for a-E fault
According to Table 6.5, the relaying currents for the single-circuit transmission
line and a—E fault are determined as follows:

A 7 "
[iSiPeJS](afE) = (151 +1g + E_OLZSO Jeﬁ’

ZyL
Z

(g pla-p =Lt +1ro + =% Ik
ZyL

The total fault current for a—E fault can be expressed as the following sum of its
symmetrical components:

!F = £F1 + £F2 + !FO

Substitution of the above three formulae into (7.64) yields:

4 : V4
LI +1g,+ ?OL!SO Jeﬁ tlpy g + ?OLZRO
L. L

P =
[Prir]ae) Lpy+1p, + 1k

Taking into account that the symmetrical components of the total fault current can
be expressed as the respective sums of components of currents from both ends (with
shunt capacitances being neglected):

Ly = Ige" + Iy,
Iy =1ge" + 1y,
Ly = Lg€” + Iy
the fault type coefficient equals:
Lgy +1p, + @LFO

ZiL
Lpy+1py+ 15

[I—)FLT](a—E) =
Consideration of the boundary conditions for a—E fault:
Iyw=1Ip=0and I =1, #0

results in the following relation between the symmetrical components of the total fault
current:
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Finally, the fault type coefficient for a—E fault is equal to:

22, +Zy

[Prrr ](a—E) = 37
£

The same value of Pr 1 one also obtains for the other single phase-to-earth faults
(Table 7.2):

22, +Zy

[}—)FLT](a—E) = [I_)FLT](b—E) = [I—)FLT](C—E) =
32y

Since impedances of transmission lines for the positive- and zero-sequence, with
respect to both magnitude and phase angle, are not identical, thus the fault type coeffi-
cient Pr 1 for phase-to-earth faults is a complex number.

In the case of parallel (double-circuit) transmission lines the fault type coefficient
Pr 1 for single phase-to-earth faults is determined identically as for the single-circuit
line. This results from the fact that after taking into account that under neglecting
shunt capacitances of the line, the sum of the zero-sequence currents from both ends
of parallel healthy line equals zero:

ZIL =1L

The coefficient Pr .t for other fault types can be determined analogously (Table
7.2) and one also obtains identical values for both single and parallel lines.

Example 7.3. Fault location with analytical synchronisation of measurements

of distance relays from line terminals

Figures 7.12 through 7.17 present the results for the a—E fault on a 400 kV, 300 km
single-circuit transmission line (the EMFs at the bus R assumed as the leading EMFs
of the side S by 30°): distance to fault from the terminal S: d = 0.8 p.u., fault resist-
ance: Rp=10Q .

The distance relay at the terminal S using the input signals as shown in Fig. 7.12
determines the fault-loop resistance (Fig. 7.13a) and reactance (Fig. 7.13b). Due to the
presence of the reactance effect, the determined values differ from the actual resist-
ance and reactance of the transmission line section from the measuring point (S) up to
the fault point (F). A full-cycle Fourier filtering was applied to the measurement. Polar
plots of the impedance measurements are shown in Fig. 7.14a (for the first 20 sam-
ples) and Fig. 7.14b (for the next 20 samples). One observes that due to the reactance
effect the trajectory of the measured fault-loop impedance does not enter the MHO
impedance characteristic, for which the reach of 85% of the line positive-sequence
impedance was set. The reactance effect causes that the fault occurring at 80% of the
line length is not detected by the first zone MHO element set at 85%.
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Fig. 7.12. Example of fault location: a) voltage at side S, b) current at side S

Application of the two-end fault location algorithm allows accurate location of the
fault. It starts with determination of the synchronisation angle using the relaying signals

(fault-loop voltage and current), Fig. 7.15a, or the negative-sequence signals, Fig. 7.15b.
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This allows us to select the valid values for the synchronisation angle (18.47°, 18.15°),
which are very close to the introduced intentional de-synchronisation (8, = 18°). Taking
the synchronisation angle the distance to fault (d [p.u.]) was determined. Then, the fault-
loop impedance using the fault location principle (Fig. 7.16) was calculated: Z,, =dZ,, ,

the trajectory of which surely enters the MHO characteristic. Figure 7.17 shows a com-
parison of the fault-loop resistance (Fig. 7.17a) and reactance (Fig. 7.17b) determined
in two different ways (according to classic distance relay measurement and using the
two-end fault location principle). It is clearly shown that using the two-end fault location

principle, the influence of the reactance effect is fully compensated for.
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Fig. 7.14. Example of fault location: a) polar plot of fault-loop impedance measured by relay
at S — first 20 samples since fault inception, b) polar plot of fault-loop impedance measured by relay
at S — next 20 samples since fault inception
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Fig. 7.17. Example of fault location — comparison of fault-loop impedance determined by distance relay
measurement and by applying the fault location principle: a) fault-loop resistance, b) fault-loop reactance

7.3.6. Fault location with use of unsynchronised
measurements of distance relays from line terminals

Applying the general model derived, depicted in Fig. 7.11, one can describe the

measurements performed by impedance relays from both terminals of the faulted
line as:
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stp - leLlS_P - PRF (ls_P e+ lR_P) =0 (7.65)

—FLT

R .
Viep=(A=d)Z 1y » - P s (s » e+ Iz p)=0 (7.66)

—FLT

Introducing the apparent impedances measured by the impedance relays:

Ve e’
Zsp="" (7.67)
- I, e’
|4
Zyp=—5 (7.68)
Iy »
equations (7.65)—(7.66) transform to:
Ispe”+1
Zsp—dZ, - Ry Usee ng‘P) = (7.69)
Prir Ispe
Ispe®+1
Zpp—(-d)Z, - Re Usretine) 0 (7.70)

LpLr ZR)
Combining (7.69)—(7.70), and eliminating the fault loop currents, one obtains the

following quadratic formula for the complex numbers with the unknowns d, R:

R
D,d*+Dd+Dy+—N,=0 (7.71)

—FLT

where:
D,=2,2,,
D, = ZILZR_P —ZnyZ, - ZILZS_P >
D, = ZILZS_P - ZS_PZ
N, = ZS_P + ZR_P -Z

Z1L»

P . —asin Table 7.2.

—FLT

Analysis of the quantity N, from (7.71) allows for distinguishing the solid faults
(or involving comparatively low fault resistances) from those evidently resistive. In
the second case (resistive faults), after resolving (7.71) into the real and imaginary
components, respectively, the following quadratic formula for a sought fault distance
is obtained:

R P>
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F,(d)=Ad*+Ad+A =0 (7.72)

where Ay, A;, Ay — real number coefficients (derived accordingly from (7.71)), involv-
ing only the apparent impedances — defined in Equations (7.67)—(7.68), and the fault
type coefficient P, . (Table 7.2).

One of the roots of (7.72) gives the valid solution for a distance to fault. In some
cases it may happen that both roots are within the line length. In order to cope with
such troublesome cases an extra formula has to be derived. This can be accomplished
by combining (7.69)—(7.70) with elimination of the quantity Rp/Pg . As a result,
one obtains:

1— ;ZRP + ;ZSP W
d= —I\LN " l—lL (7.73)
where:
is
w15 e
Irp
W |= lsfpej8 _ lsfp
o |_pr I_RiP

1 Pej5 Is»p
W = angle| —= =angle] —— [+6.
Irp Irp

A sought distance to fault can be calculated from (7.73) if besides the apparent im-
pedances, defined in (7.67)—(7.68), the ratio of the phasors of the fault loop currents of
both relays (W) is provided. The magnitude of this ratio (|W]) is not affected by the
synchronisation angle (8). In contrast, calculation of the angle (W) requires knowing
this angle. There are different possibilities of measuring this angle, as for example,
with utilising the pre-fault measurements. However, setting the angle (w) in (7.73) by
trial and error method, so that the right-hand side of (7.73) is the real number, may be
a good alternative.

7.4. Fault location with use of incomplete two-end measurement

7.4.1. Fault location with use of two-end voltages

In [13], a fault-location method utilising only synchronised measurements of two-
end voltages was proposed. It has been assumed that currents should be excluded
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completely in order to obtain a fault location algorithm free from CT errors. Thus, the
fault location algorithm from [13] appears to be completely immune to CT saturation,
which is an important advantage of it. On the other hand, the need of providing source
impedances from both line ends is a serious drawback. This is so since a mismatch
between the data provided and the actual source impedances may happen and thus the
fault location accuracy can be deteriorated. The algorithm from [13] is formulated
using matrix description of the transmission network.

In [103], several algorithms utilising only the voltages, dispensing with current
transformers and thus eliminating the errors caused by saturation of current transform-
ers are presented. The algorithms are applicable to line to earth faults, line to line
faults, and line to line to earth faults. The algorithms utilise unsynchronised fault volt-
age measurements from two ends of a line and do not require pre-fault data. Shunt
capacitances of the line are fully considered.

In [187], a method for locating faults on two-terminal transmission lines based on
the fundamental components of fault and pre-fault voltage measured at the two ends of
a transmission line has been introduced. This methodology allows one to establish
a direct calculation procedure that is independent of fault and pre-fault currents, fault
type, fault resistance, synchronisation condition of register devices located on line
ends, and pre-fault condition, either balanced or not. This is achieved by defining
a new concept called ‘distance factor’ in relation to the circuit diagram of the trans-
mission network for the superimposed positive sequence:

AV ge”
AV g,

v

(7.74)

where AV, AVy, — superimposed positive-sequence voltage obtained from asyn-
chronous measurements of voltages at both line ends (S, R).

Taking into account that for the synchronisation operator we have |e’® |=1, one
can see that the distance factor (7.74) is a real number function of:

e positive-sequence impedance and admittance of the transmission line,

e positive-sequence impedances of the sources (S, R) and extra link between the
buses S, R (Fig. 7.18),

o distance to fault (d ).
In general, the distance factor can be expressed as the following function:

KV =f (;llL villL :;m;;n{ 9;1EQ9d) (7.75)

Knowing the impedance/admittance data involved in (7.75) one can draw the plot
for the distance factor as in Fig. 7.19: (Ky)meoretical- The same can be done with use of
a simulation tool, by applying faults at subsequent locations and calculating the dis-
tance factor according to the definition (7.74).
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Fig. 7.18. Equivalent circuit-diagram for two-end unsynchronised measurement
of superimposed positive-sequence voltage

The distance to fault can be determined by finding the intersection of the distance
factor obtained from theoretical considerations ((Ky)meoreticat) @and that measured ac-
cording to the definition (7.74), as shown in Fig. 7.19.
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Fig. 7.19. Plots of the distance factors determined theoretically and obtained from measurement

The fault location algorithm from [187], similarly to the algorithm proposed in
[13], is completely immune to CT saturation. However, also the source impedances
are required to be known.

7.4.2. Fault location with use of two-end voltages and one-end current

It is well known from the experience and literature [162] that if the CT saturation
occurs, it basically occurs at one side of the line only. Therefore, it appears favourable
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to include the secondary currents of the CTs from the line side with no CT saturation
to the fault locator input signals, besides voltages acquired at both line sides, which
were utilised in the methods introduced in [13, 187]. As a result, still incomplete two-
end signals are utilised, but more information can be gained from the signals. The
fault location algorithm utilising such incomplete two-end signals measured asynchro-
nously was introduced in [65, 149].

Let us present the fault location algorithm for the case with CT saturation occur-
ring at the line side R (the other case: saturation of CTs at the side S can be resolved
analogously). For the purpose of recognizing saturation, the algorithms known from
literature have to be applied. As a result of identifying the CT saturation at the line end
R, the three-phase current phasors measured at the side R {lg,, Iro, Irc} are further
rejected, regardless of how many CTs (only one, or two, or all three CTs) have
become saturated. Finally, the following three-phase phasors are applied for determin-
ing the distance to fault:

e voltages at the bus S: {Vs,, Vsp, Vsc!,

e voltages at the bus R: {Vra, Vrb, Vre},

e currents at the bus S: {ls,, Isp, Isc}.

Since asynchronous measurements are considered in this algorithm [65], an ana-
lytical synchronisation is performed by multiplying all phasors from the side S (the
side R measurement is assumed here as the basis) by the synchronisation operator e .

In relation to Fig. 7.2, where the distributed parameter model of faulted transmis-
sion line for the i-th symmetrical component is presented, the following generalised
model, describing the fault loop seen from the terminal S, can be formulated:

\LFJ’ (d, ejéi) —Rplp=0 (7.76)

where:
\iu,(d,ej‘s) — fault-loop voltage (composed accordingly to the fault type) after

having been transferred from the measuring point S to the fault point F (Fig. 7.2),
d — unknown distance to fault (p.u.), as measured from the terminal S,
R — unknown fault path resistance,
I — fault path current (total fault current).
The fault-loop voltage at the fault point F can be composed as follows:

Vip (d,e’)= Vg +a,V, +3pVp (7.77)

where a,, &,, 8y — weighting coefficients dependent on fault type (Table 6.5).
Applying the distributed parameter model of the line (Fig. 7.2), the i-th symmetri-
cal component of voltages at the fault point, involved in (7.77), equals:

Vi = (Vg cosh(y df) — Z, L sinh(y d))e” (7.78)
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Then, the total fault current ( l¢) is determined as a composition of its positive- and
negative-sequence components:
| = M, (ej5 )
" Z,sinh(y (1-d)0)

(7.79)

where:
M12(6J5) =ap (Vg + Ms@ﬁ) +ap Ve, "‘Mszejs),
Ng;» Ng, —asin (7.28),
ag,, @, — share coefficients dependent on fault type (any set taken from Tables

4.3-4.5 can be applied).
Substituting the total fault current (7.79) into the general fault loop model (7.76)
yields:

M, (ejs) _
" Z,,sinh(y, (1-d)0)

V. o(d,e®)-R (7.80)

In order to solve (7.80) for the distance to fault (d) and fault resistance (Ry), the

synchronisation operator ¢ has to be determined as well. In [65], it has been pro-
posed to determine this operator for particular faults as follows:

e single-phase and phase-to-phase faults — by utilising formula (7.31), obtained
from analysis of boundary conditions of the faults,

¢ phase-to-phase-to-ground faults — with use of formula (7.32), obtained by con-
sidering the relation between the zero-sequence component of the total fault current
and the remaining components,

e three-phase balanced faults — by utilising formula (7.21) involving pre-fault
positive-sequence voltages from both line sides and one-end current (from bus S).

Note that the most complex solution appears for the case of phase-to-phase-to-
ground faults since here the Newton—Raphson iterative calculations have to be applied
for the formulae (7.80) and (7.32). Resolving them into the real and imaginary parts
one obtains four real number equations, which have to be solved for the following
unknowns: d, Rg, sin(8), cos(d).

For the other fault types, i.e. all, except phase-to-phase-to-ground faults, the New-
ton—Raphson calculations are applied only to (7.80), which after having been resolved
into the real and imaginary parts gives two equations.

7.4.3. Fault location with use of two-end currents and one-end voltage

Modern microprocessor-based current differential relays exchange locally measured
current phasors over long distances. For this purpose different forms of communication
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means are utilised. The current differential protection principle requires synchronisation
of digital measurements performed at different line terminals. This is accomplished
using the well-known Global Positioning System (GPS) or other techniques [B.8].

This fault location method is aimed at application to current differential protective
relays of the two-terminal power transmission or distribution line, analogously as in
[66] for a three-terminal line. It is assumed that such a fault locator apart from three-
phase currents from both ends of the line is additionally provided with three-phase
voltages from the local line terminal (Fig. 7.20). The signals provided from both ends
of the line are considered as synchronised. In case this is not so, the synchronisation
angle can be determined with use of the already known algorithms.

Distinctive availability of the measurement signals for this method has been as-
sumed since the fault location algorithm (being of off-line regime nature) is designed
as the added feature for the current differential protection relay. The differential relay
when applied to protect the two-terminal line utilises phase currents measured syn-
chronously at both line terminals. Therefore, in order to incorporate the fault location
function additionally to the protection function itself, the local phase voltages (from
the terminal S in further considerations) have to be supplied to the relay. In this way,
the differential relay, with the fault location added, can identify the fault not only indi-
cating whether it has occurred within the zone or outside it (which is performed by the
differential relay principle itself), but also stating precisely at what distance from the
particular line terminal (performed with the fault location principle).

S . R
| az, é 1)z, |

SYSTEM S (I‘) [} 1 - LsYSTEM R
i } |

DIFF(] 1 i
I Is |oiFF
RELS R S R

RELg

FL —E»

Fig. 7.20. Fault locator added to the current differential protective relays of two-terminal line

The generalised fault loop model, expressed in terms of phasors, can be utilised for
deriving the fault location algorithm. This is a single universal formula covering dif-
ferent fault types, obtained with coefficients dependent on a fault type:

Vip— dZ; Isp—Rplz =0 (7.81)

where:
Vsp, lsp — fault-loop voltage and current, composed as shown in Tables 6.5

and 6.6,
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d — unknown distance to fault (p.u.), measured from the bus S,

Rr — unknown fault resistance,

|r — total fault current.

Since currents at both line ends are available (measured synchronously), the total
fault current (l¢) can be easily determined by adding, in particular phases (a, b, ¢),
currents flowing from both ends towards the fault:

lFa = lSa + I_Ra (782)
Loy =1g + gy (7.83)
ch = I—Sc + ch (784)

The respective phase current from (7.82)—(7.84) (for single phase-to-ground faults)
or respective difference of phase currents (for inter-phase faults) is then substituted to
(7.81).

As an alternative to the direct addition, as presented in (7.82)—(7.84), the total
fault current can be determined from the respective sequence currents from both line
ends.

For all the faults, but with exception of three-phase balanced faults, it is advanta-
geous to utilise the negative- and zero-sequence components, while avoiding the posi-
tive-sequence (choosing a set of share coefficients, for which a;, =0):

(L e Jon—k, phi-pha, phi-ph2—& = 8p2(Lso + 1go) + 8 (Lso + I o) (7.85)
where a,,
Table 4.6.

For three-phase balanced faults, there are no negative- nor zero-sequence quanti-

ties, and the total fault current can be determined from the positive-sequence compo-

nents, or alternatively and more accurately from the superimposed positive-sequence
components:

Ay, — share coefficients for all the faults except three-phase balanced ones,

[lF ]3—ph = §F1(A151 + A|_R1) (7-86)

where a;, — share coefficient for three-phase balanced faults from Table 4.6.

Having determined the total fault current (7.85)—(7.86), the generalised fault loop
model can be solved for the unknowns d and Rg.

The fault location accuracy of the method presented can be improved by introduc-
ing the distributed parameter line model, similarly as for the algorithm from Section
7.4.2 (fault location with use of two-end voltages and one-end current). The total fault
current (1) can be determined as the following composition of its positive- and nega-

tive-sequence components:
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MIZ

L =m (7.87)

where:
M, =ap(Ig; + Ng)) +ap,(Ig, + Ng,)
Ng,» Ng, —asin (7.35),

gFl ’

can be applied).

a, — share coefficients dependent on fault type (any set from Tables 4.3-4.5

7.4.4. Fault location with exchange of limited information

In [177, 178], a fault location system for two-terminal and also multi-terminal
transmission lines has been introduced. The algorithm used by this system is suitable
for inclusion in a numerical protection relay, which communicates with remote
relay(s) and exchanges information over a protective relaying channel. The data
volume communicated between relays is sufficiently small to be easily transmitted
using a digital protection channel. The algorithm does not require data alignment,
pre-fault load flow information, phase selection information, and does not perform
iterations to calculate the distance to the fault. Pre-fault load flow, zero-sequence
mutual coupling, fault resistance, power system non-homogeneity, and current in-
feeds from other line terminals or tapped loads do not affect the fault location accu-
racy.

In relation to Fig. 7.21, one can write down the formula, which comes from com-
parison of the negative-sequence voltage at the fault point F, viewed from both line
terminals S, R, respectively:

(Zys +dZy )l_szeja =Ly +(1-d)Z, ), (7.88)

Application of negative-sequence components in (7.88) implies that this algorithm
is for all faults, except three-phase balanced ones, for which the superimposed positive
sequence can be applied.

The absolute value of the negative-sequence current from the remote bus R is de-
termined from (7.88) as:

g | = | Zysly +dZy 1 |
B |Zyg +Zy —dZy |

(7.89)

This leads to cancelling the synchronisation operator. Finally, the following quad-
ratic formula for the distance to fault is obtained:

Ad*+Ad+A =0 (7.90)
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where Ay, A;, Ay — coefficients dependent on negative-sequence quantities measured
by each relay and impedance data of the network.

It is distinctive that the relay at each line terminal of the two-terminal line must
transmit a minimal amount of information. The information sent by the relay at side
S for a two-terminal application includes:

e magnitude of the negative-sequence current: |Isy|,

¢ magnitude of the negative-sequence source impedance: |Zys|,

¢ angle of negative-sequence source impedance: angle(Zs).

Using the above information combined with the negative-sequence quantities
measured by each relay, we can determine the fault location at each terminal without
iterations. However, the lumped line model is applied and thus acceptable accuracy is
achieved for lines being not too long.

This algorithm is also extended to three-terminal line application, which was pre-
sented in [177, 178].

S _ R
Zzs lSZ eJ6 dZZL E lFZ (l_d)ZZL le ZZR
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//in

Fig. 7.21. Circuit diagram of transmission network for negative-sequence

7.5. Fault location on three-terminal lines

7.5.1. Fault location on three-terminal lines
with use of three-end measurements

A circuit diagram of three-terminal line for considering a fault location using
three-end measurements is presented in Fig. 7.22 (synchronised measurements) and in
Fig. 7.23 (unsynchronised measurements). Different types of signals can be processed
and in Figs. 7.22-7.23 the type is marked by the subscript i.

In the case of unsynchronised measurements, the measurements at one end
have to be assumed as the basis (in Fig. 7.23: from the end B), while those from
the buses A and C have to be analytically synchronised, with use of the synchroni-

sation operators ¢ and e, respectively. Thus, two additional unknowns: syn-
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chronisation angles 8; and 0, appear in comparison to the case of synchronised

measurements.
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Fig. 7.22. Circuit diagram of three-terminal line for considering fault location
using three-end synchronised measurements
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Fig. 7.23. Circuit diagram of three-terminal line for considering fault location using three-end
unsynchronised measurements: the measurements from the bus B are assumed as the base,
while analytical synchronisation is performed for the measurements from the buses A and C

The fault may occur at any of the three line sections (faults: FA, FB or FC in Figs.
7.22 and 7.23). The distance to the particular fault, measured from the particular bus
(A, B or C) up to the fault point is denoted by da, dg, dc, respectively. So, there are
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three hypotheses regarding placement of the fault in particular line section: AT, TB or
TC. In general, one can distinguish the following approaches:

e all three hypotheses regarding indication of the faulted line section are consid-
ered and after calculating the distances to fault (da, dp, dc) with use of three sub-
routines, the judgement on selecting only one solution (the valid solution), which cor-
responds to the actual fault position is performed,

o first, the faulted line section is identified and then the distance to fault for this
section is determined.

In [42], a fault location method for two- and three-terminal lines has been pre-
sented. As the input signals of the fault locator, complete two- and three-terminal
measurements, both synchronised and unsynchronised, have been considered. Three-
phase voltage and current phasors from the line terminals are processed for determin-
ing the distance to fault (d) and the synchronisation angle (8) if unsynchronised meas-
urements are considered. So, there is one unknown (d) and two unknowns (d and &) in
the case of synchronised and unsynchronised measurements, respectively. However,
using complete three-phase voltage and current measurement at all line terminals,
a redundancy of the fault location equations is assured. For example, in the case of
two-terminal line and synchronised measurements, the distance to fault is calculated
applying the least-squares estimates from three complex equations or six real number
equations in one unknown, d. Similarly, the redundancy of the fault location equations
is assured for fault location on three-terminal line.

In the fault location method from [42], the line sections are represented with the
line series impedance matrix only. Thus, the line capacitances are neglected, which
could affect the calculation of the fault location. However, the authors of this method
state that the fault location error is minimised due to the redundancy of the fault loca-
tion equations, which leads to a squares estimate of the fault location. Important ad-
vantages of the fault location algorithm rely in that it is independent of fault type, in-
sensitive to fault resistance, and does not require any information on source
impedance. Neither does it assume transposition.

Another important contribution to fault location on three-terminal lines is due to
the authors of reference [3]. The technique described there makes use of superim-
posed, modal components (the phase values are transformed into three modes: an
Earth mode and two Aerial modes) of voltages and currents rather than total, phase
values, as it was for the method presented in [42]. Aggarwal et al. [3] base their ap-
proach on the accurate fault location method developed earlier for two-terminal line
[74]. Thus, the distributed parameter line model is fully utilised and the fault location
formula such as (7.8), developed for two-terminal line is applied.

The fault location algorithm [3] is designed for both synchronised and unsynchro-
nised three-end measurement of voltage and current. In the case of unsynchronised
measurement, the shifting of the data at the unsynchronised end(s) is considered. For
this purpose, the voltage at the tee point (T), based on the knowledge of the pre-fault
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power frequency voltage and current phasors at all the line terminals is determined,
applying the distributed parameter models of all line sections.

It is important to identify the faulted leg of the tee (the faulted line section) before de-
termining the distance to fault [3]. The technique consists in evaluating the voltages at the
tee point based on the knowledge of the fault current and voltage phasors at the three ends.
With reference to Fig. 7.22, one can state that the fault is in the section AT if the voltage at
the T point transferred analytically from the buses B and C (superscript: B and C):

Vi =cosh(y, )V g~ Zassinh(y, £15)]y (7.91)
V™ = cosh(y, eV —Zaiesinh(y, /1 0)lq (7.92)

1s identical, whereas that attained from the end A:

Vit = cosh(y, £ a )V ai = Zara sinh(y, £ 3]y (7.93)

is much different, indicating that the faulted line section is AT.
Note that in (7. 91) (7.93), the distributed parameters of the respective line sections
(having length: ¢, ,, ¢35, £, ) are used:

XiLA e

Zia» Leigs Lerc — surge impedance.

Yi s> Yy — Propagation constants,

The other faulted line sections can be similarly identified. If, however, there is no
discernable difference in the voltages attained with data from all three ends, then it can
be safely assumed that the fault is at the tee point itself [3]. Having identified the
faulted line section, the distance to fault can be calculated. As for example, for the
faulted section AT, the distance to fault (d,) is calculated using the signals from the

transf. transf

bus A (Vai, lai) and at the tee point T (V ;"
fer (Fig. 7.22):

) — obtained after analytical trans-

Vit eosh(y, £ia)=Zga g sinh(y, £, =V
dA = tanh71 tran’:; - CIL:&“SI‘I - = (7.94)
XiLAELA Vo smh('y ELA) Zalsi COSh('Y gLA) Zalai
where V™" — voltage transferred analytically to the tee point T, from the bus B
(7.91) or the bus C (7.92),
ransf. Sll’lh(’Y ELB)\LB'
ltTi - _IZLB_ I +COS(XiLB€LB)lBi
Z=ciLB

sinh(y. /;c)V

— e =S cos(y, L)L (7.95)

;ciLC
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Analogously to (7.94)—(7.95), the distance to fault in the section TB and in the sec-
tion TC is calculated.

. . . jo
In the case of unsynchronised measurements, the synchronisation operators (e’”,

') have to be determined. In [3], it is proposed to determine them by processing the

pre-fault quantities. The synchronisation operator ¢’ can be determined by compar-
ing the pre-fault voltage at the tee point T, transferred analytically from the bus A and
the bus B:

VR = (cosh(y, LAV —Za sinh(y,  £)150)e” (7.96)

re_transf. Te . re
VIR — cosh(y, £V B = Z g sinh(y, 0 p)1 (7.97)
Analogously, the other synchronisation operator ¢’ can be determined by com-

paring the pre-fault voltage at the tee point T, transferred analytically from the bus C
and the bus B.

7.5.2. Fault location on three-terminal lines associated
with current differential protective relays

In Section 7.4.3, the fault location method using two-end currents and one-end
voltage, aimed at application to current differential protective relays of the two-
terminal power transmission or distribution line was presented. Analogously, this
method can be applied in association with current differential relays protecting
a three-terminal line [66], as shown in Fig. 7.24. In this case, the fault location (FL)
function is supplemented to the current differential relay from the substation A (Fig.
7.24). For this purpose, phasors of three-phase current from all line terminals: I, Ig, Ic
— exchanged by the current differential relays A, B, C, together with the locally meas-
ured three-phase voltage phasor (V,) are taken as the fault locator input signals. In
a natural way, these measurements are considered as synchronised.

The fault location technique proposed [66] is based on using three subroutines:
SUB_A, SUB B, SUB C. They are designed for locating faults: FA, FB, FC at hy-
pothetical fault spots within particular line sections: AT, TB, TC, respectively. Note
that any of the sections may be faulted at random. Therefore, the position of a fault
i1s a random factor, and thus, the faulted line section is not known in advance. The
faulted section will be indicated using a special selection procedure.

The subroutine SUB_A, designed for locating faults (FA) within the line section
AT (Fig. 7.25), is based on the following generalised fault loop model:

v - dA;uﬂAlAfp —Rpalp =0 (7.98)

Yar
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where:
Vaps 14 p —fault loop voltage and current, composed as shown in Tables 6.5 and

6.6,
1 —total fault current (fault path current).
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Fig. 7.24. Fault location on three-terminal line included into one of the current differential relays

Before calculating from (7.98) the unknowns: d, — distance to fault, Rpy — fault
path resistance, one has to determine the total fault current lz. This can be accom-
plished analogously as for the two-terminal line (7.85)—~(7.86), but instead of adding
currents from two line ends, the respective symmetrical components of currents from
three line ends are added.

Li

TaZiya FAI=d0Z4 Zis

Fig. 7.25. Circuit diagram of three-terminal line under fault in section AT,
for the i-th symmetrical component
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The remaining subroutines SUB B, SUB_C complete the location procedures. An
illustration for deriving the subroutine SUB B is shown in Fig. 7.26. An analytic
transfer of three-phase measurements: Va, la, Ic to the beginning of the section LB,
with the distributed parameter line model being strictly taken into account, is per-
formed. The superscript ‘transf.” is used to distinguish the analytically transferred
signals from the measured ones. Certainly, such transfer has to be performed sepa-
rately for each of the i-th type symmetrical components of three-phase voltage and
current, as presented in (7.93) and (7.95).

transf.

Using the transferred signals V'™ and 17", the fault loop voltage V., and

current | , are composed. Then, as in (7.98), the fault loop model for the subroutine

SUB_B is formulated, and the unknown distance to fault dg and fault resistance Rgp
are determined. The subroutine SUB_C, desiged for locating faults on the line section
TC, is derived analogously to the subroutine SUB_B.

C
L
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I I transf.
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Vi \LTr?ns Veni
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Fig. 7.26. Circuit diagram of three-terminal line under fault in section TB,
for the i-th symmetrical component

Three fault estimates are calculated assuming the fault to be on the AT, TB or TC
segment of the line, respectively.

A selection procedure is required to indicate the faulted line segment, i.e. which of
the subroutines (SUB_A, SUB B or SUB_C) is valid, i.e. corresponds to the real fault.
In the first step of the selection procedure, the results of the fault distance and resistance
calculations are utilised. The subroutine which yields the distance to fault indicating the
fault as occurring outside the section range (outside the range: 0 to 1.0 p.u.) or/and the
calculated fault resistance of negative value, is surely rejected.

The second step of the selection is used when the first step is not sufficient. In the
second step, the remote source impedances (behind the terminals B and C — if it is
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considered that the fault locator is installed at the station A (Fig. 7.24)), are calculated
for different subroutines [66]. Having calculated the impedances of the sources behind
the remote buses B, C — in relation to both subroutines (SUB_B, SUB_C), first it is
checked in which quadrant of the complex plane they are placed. The actual equiva-
lent source impedance is of the form of R—L branch, i.e. is considered as placed in the
I quadrant of the impedance plane. If the calculated source impedance lies outside the
I quadrant, then this subroutine is false and has to be rejected. Otherwise, if at least
two subroutines (out of three) still remain, then the selection has to be continued. The
particular subroutine can be rejected also if the calculated value of the remote source
differs from the actual impedance. For this rare fault cases a certain knowledge about
the actual equivalent sources behind the line terminals is necessary. Note that in the
case of the other fault location algorithms which utilise incomplete three-end meas-
urements [12, 61, 107, 118], the impedances of the sources are involved even in calcu-
lation of the distance to fault.

7.5.3. Fault location on three-terminal lines
with use of two-end measurements

The demand and importance of developing fault locators for three-terminal lines
under the availability of two-end synchronised measurements of voltages and currents
(Fig. 7.27) has been introduced and justified in [107]. This is of practical importance
since the measurement infrastructure of the tapped line is usually rather poor, or there
are no communication channels for sending measurements from the end of the tapped
line.

FC C
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PMU 5 |PMU
A—Z—| FL "i’ Bles(H
GDv\?A" - v, A i A
|
| |
GPS! |FL RESULTS = !Gps

Fig. 7.27. Fault location on three-terminal line using two-end synchronised measurements
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It is considered in the fault location methods presented in [59] and [107] that pha-
sor measurement units from two line ends (PMU,, PMUp) provide the fault locator
(FL) with three-phase phasors of voltage and current (V,, 14, Vg, Ig) measured syn-
chronously (Fig. 7.27). Fault location is based on using three subroutines, designed for
locating particular faults (FA, FB, FC) and selecting the valid subroutine.

Comparison of the voltage at the tee point T, obtained by analytical transfer of sig-
nals measured at the end A (according to (7.93)) and at the end B (according to (7.91))
allows preliminary selection of the faulted line section. If these voltages match each
other, then there is a fault FC on the tapped line. Otherwise, there is a fault FA or FB
on the main route of the line (sections: A—T and T-B). Distinguishing between the
fault FA and FB can be performed on the basis of the calculated distance to fault
[59, 107].

|
- F—
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AV 4, I\ ‘AVBI

A

Fig. 7.28. Three-terminal line network — illustration for subroutine SUB_A
according to approach from [107]

Figure 7.28 shows a three-terminal line network with fault on the section A-T for
illustrating the subroutine SUB_A according to the approach presented in [107]. The
subroutine SUB B is derived analogously to the subroutine SUB_A, for which the
derivation follows. It was proposed in [107] to apply accurate fault location algorithm
(7.8), which applies complete two-end synchronised measurements for locating faults
on a two-terminal line. Lin et al. [107] proposed to apply (7.8) in order to locate faults
(FA) on the section A—T using as the input signals:

e superimposed positive-sequence components of signals from the side A: AVay,
Al
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e superimposed positive-sequence components of signals transferred to the tee
point T: AV ™" (obtained according to (7.91)), and Al3™" derived using a current

division theory as the following function:
AT = F (ALY, oY, o Zeas Zawes L CiesZissZic) (7.99)

The required current (7.99) is dependent on measured superimposed current: Al g,

the parameters of the line section T-B: Y Z.1p- !5, the line section T-C:

Y, > Zeirerfre and the source impedances behind the buses B, C: Z,Z,c. Inaccu-

racy in providing these source impedances is a source of certain additional fault loca-
tion errors. In order to assure the highest possible accuracy of fault location, a new
approach, not requiring these source impedances as the input parameters, was pro-
posed in [59]. This algorithm applies two-end voltages and one-end current and is
based on the generalised fault-loop model (7.76) and its final form (7.80), derived
with strict consideration being given to the distributed parameter line model. The for-
mula (7.80) applied to two-terminal line requires two-end voltages (Vs, Vr) and one-
end current (Is). When applying it to the subroutine SUB A for locating faults FA on
the section A—T of a three-terminal line (Fig. 7.27, Fig. 7.28) the following input sig-
nals are considered:
e signals measured at the bus A: Va, l4,

transf.

e voltage at the tee point T: V ;

the bus B with use of (7.91).

Analogously, the formula (7.80) can be applied to the subroutine SUB_B for locat-
ing faults FB on the section T-B.

Use of the fault location algorithm (7.80) for locating faults (faults FA, FB in
Fig. 7.27) on the main route of a three-terminal line [59] is advantageous since the
source impedances are for this algorithm not involved, in contrast to the method intro-
duced in [107].

Faults on the line section T-C (fault FC in Fig. 7.27) are located using the sub-
routine SUB_C, for which an illustration is given in Fig. 7.29. The signals measured
at the buses A, B are transferred analytically to the tee point T, applying the distrib-
uted parameter line section model, performing it separately for each symmetrical

, obtained after analytic transfer of signals from

component (positive-sequence: i = 1, negative-sequence: i = 2, zero-sequence: i = 0).
transf. \jtransf. \ , transf.
The transferred voltage: V™", V5", V™", and sums of transferred currents:

transf. transf. transf. transf. transf. transf. . .
(Lrap g ) (Lpay +11gy )y (Lpag +11ge ) are the input signals for the sub-

routine SUB_C. Thus, we deal with the one-end voltage and current in this case.
Two alternative formulations of the subroutine SUB C have been presented in
[59, 107].
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Fig. 7.29. Three-terminal line network — illustration for subroutine SUB_C
designed for locating faults on section T-C

7.5.4. Fault location on three-terminal lines
with use of minimal measurements

In [61], the fault location algorithm for three-terminal lines using the limited
measurements in comparison to the earlier known approaches has been presented.
One-end measurements of three-phase current and voltage, and additional information
on amplitudes of pre-fault currents, i.e. amplitudes of pre-fault positive-sequence cur-
rents under the symmetry assumption, from the remaining sections of the line are util-
ised as the fault locator input signals (Fig. 7.30). Moreover, detailed impedance data of
the network (for both the line sections and equivalent sources behind the line terminals)
has to be provided as the fault locator input data. The method is based on the symmetrical
components approach applied for formulating all three subroutines designed for
locating faults on the respective line sections.

The final step in the fault location algorithm relies on selecting a valid subroutine,
i.e. on indicating which of the subroutines yields results corresponding to the real dis-
tance to fault and fault resistance. The subroutine which yields distance to fault out-
side its line section, and/or negative fault resistance, is surely false and has to be re-
jected. If it is not so, other criteria have to be considered. In the study carried out the
following criteria quantities were utilised: — total fault currents in faulted phases
(ought to correspond to the measured currents), — amplitudes of the total fault current
in healthy phases (ought to be close to zero), — boundary conditions for faults involv-
ing earth.
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Fig. 7.30. Fault location on three-terminal line with use of minimal measurements

7.6. Fault location on multi-terminal and tapped lines

In Chapter 3, basic models of multi-terminal and tapped lines were introduced. The
networks presented there were limited to three-terminal line case (Figs. 3.7 and 3.8)
and the network with one tapped line (Fig. 3.9). In real power networks, however, we
can find lines with numbers of terminals higher than three and also lines with more
than one tap for feeding the load. Use of the fault location algorithms, which were
presented in Section 7.5 is limited to a three-terminal line or to a line with a single tap.

@_:?éTléTZQTSé?:@

«7- &7 &

i

Fig. 7.31. Fault location on a five-terminal line
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In Figure 7.31, a scheme of the multi-terminal line is shown. It has four terminals
with power generation, and thus not less than three, as required in the definition of
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multi-terminal lines given in [B.23]. In the case of five terminals there are three tap
points (T1, T2, T3) to which the tapped lines (T1-C, T3-E) are connected with the
sources of power generation, and the tapped line (T2-D) feeding the load. Distributed
generation included into distributed systems changes the power flow, normally radial
in distribution systems, to multidirectional one [43]. For the five-terminal lines there
are four hypothetical locations of faults on the main route of the line (A-T1-T2-T3-B)
and three hypothetical locations on the tapped lines (T1-C, T2-D, T3-E).

Figure 7.32 shows an example of the tapped line with a source of generation at the
bus A and alternatively also at the bus B [2]. Thus, generation is at two of the termi-
nals, which is in compliance with the definition of the tapped line given in [B.23].
There are also four tapped lines feeding the loads, which are usually balanced three-
phase ones, but also a single phase load can be met in distribution systems [17].

I

Fig. 7.32. Fault location on line A-B with four tapped lines feeding loads

A variety of algorithms for locating faults on multi-terminal and tapped lines have
been developed so far. For example, fault location on a multi-terminal line has been
reported in [123]. This method uses magnitudes of differential current at all terminals
for locating faults on multi-terminal two parallel lines. The method is based on
a three-terminal fault location algorithm and an equivalent conversion from an
n-terminal to a three-terminal system is applied.

Abe et al. [1] use synchronised three-phase voltages and currents at all terminals.
They apply the algorithm using voltage differentials at terminals to gradually reduce
a multi-terminal line into a two-terminal line containing the faulted section. Then,
a reactive power-based method is used to locate the fault.

Funabashi et al. [34] use synchronised current inputs from all terminals and use
two different methods to locate the fault on parallel double-circuit multi-terminal
transmission lines:

e impedance relay method (employs an impedance calculation),

e current diversion ratio method.

In [172], an analysis and evaluation of multi-terminal fault location have been pre-
sented. The technique proposed there uses the voltage from two terminals and the
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current data from all terminals of the line. The measurements are considered as per-
formed synchronously with use of the GPS.

Brahma in [12] delivers a fault location method for a multi-terminal transmission
line using synchronised voltage measurements. It contains a simple new procedure for
identifying the faulted line section first. Then, to exactly locate the fault on this sec-
tion, a method is described that uses the synchronised voltage measurements at all
terminals. The main advantage of this method [12] is that the current-transformer er-
rors in the current measurements can be avoided. The method assumes that the source
impedances are available. The method readily lends itself to untransposed lines and is
free from the pre-fault conditions.

Aggarwal et al. in [2] presented an interactive approach to fault location on distri-
bution overhead lines with load taps. However, the approach can be applied to trans-
mission networks as well. The cited paper presents a novel technique in single-ended
fault location for overhead systems based on the concept of superimposed components
of voltages and currents rather than total quantities. The superimposed fault-path cur-
rent at the assumed fault point is determined. In order to find the actual fault point, the
assumed fault position is shifted in an interactive fashion in such a way as to obtain
the minimum value of the fault-path currents from healthy phases. It is shown [2] that
the fault locator is highly insensitive to variations in source impedances (both local
and remote) and to the presence of taps with variable loads.
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Recommendations

In this book, a variety of impedance-based fault location algorithms have been pre-
sented. In Chapter 6, the one-end algorithms, and in Chapter 7, the two-end (multi-
end) fault location algorithms have been delivered. Which algorithm to choose for
a particular application depends on the configuration of the line considered and the
availability of measurement signals for the fault location.

Much superior algorithms are offered for the two-end (multi-end) measurements, as
presented in Chapter 7, especially when using synchronised measurements — Section 7.2.
In the case where only the one-end measurements are at one’s disposal, the choice of the
algorithm depends on the knowledge of the impedance parameters of the system in the
vicinity of the line. If the equivalents for the components from the vicinity of the line can-
not be reliably determined, then the simplified algorithms, as presented in Sections 6.5 and
6.6, are recommended. Otherwise, the flow of fault current in the whole network can be
fully accounted for, which is assured by the algorithm from Section 6.7. A very attractive
fault location on double-circuit line can be performed under availability of complete
measurements from one line end — the fault location algorithm delivered in Section 6.8.

For proper understanding of the majority of fault location algorithms from Chap-
ters 6 and 7, it is recommended to go through fault models presented in Chapter 4. The
author also believes that deep understanding of the fault models and fault location
algorithms presented will help those who intend to work on development and im-
provement of digital protective distance algorithms for transmission lines.

In relation to practical usage of fault locators one can emphasise that in the course
of faults occurring, the user will gain knowledge about the network, i.e. about its
points with the most frequent faults and also the network parameters. For example, use
of the two-end (multi-end) measurements allows, in addition to its fault location func-
tion, the line impedance to be determined. By this, the line impedance calculated from
the line geometry can be verified, which is also useful for setting protective relays.

Future of fault location
The author of this book is of the opinion that there is still much room for further
development of the fault location techniques; expresses his strong desire to participate
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in the future research. On the other hand, in today’s competitive market, manufactures
and utilities will try to maximise the benefit of technology undergoing permanent de-
velopment, while continually exploring new ways to implement advanced technolo-
gies and algorithms into products. Especially, rapid development of the communica-
tion means for sending the measurement data acquired at the remote line terminal
(terminals) to the fault locator device will promote usage of the fault location algo-
rithms based on the distributed (wide area) measurements.

Improvement in the accuracy of the fault location can be expected if new uncon-
ventional instrument transformers become predominant in transforming signals from
a power system to fault location devices. Also, one can expect that the fault location
techniques relying on knowledge-based approaches will come step-by-step into usage
in much wider range than at present.
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