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Abstract

Designing reliable and accurate fault locating algorithms is still considered a
challenge despite the intense research and development efforts transcribed in
literature. Modern power system networks have grown in complexity and the
increased deregulation of utility markets have helped dedicated fault locator systems
garner much attention. Traditional electro-mechanical distance relays can be
considered the first in a series of attempts to realize the aim of fault distance location.
However, these were designed to provide rapid and reliable indication of the general
faulted area rather than furnish fault distance estimates with pin-point accuracy. On
the other hand, fault locator systems are expressly designed to provide accurate,
reliable and reproducible fault distance solutions that might work with single-ended or
two-ended data measurements. The two-ended data measurement provides far more
accurate results. However data synchronization between protective relays at both ends
is another issue that demands careful consideration. More often than not, modern fault
locating algorithms incorporate integrated communication capabilities with
sophisticated computational routines to furnish fault location estimates within an
acceptable range of accuracy. In this thesis, the solution to transmission line
protection problem is modeled as a fault locating algorithm that utilizes
unsynchronized measurements. Two new fault locating algorithms are designed for
two fundamental power system topologies: multi-terminal or multi-tap transmission
line systems and compensated power transmission lines. Compensated transmission
lines might incorporate fixed series compensation (FSC) or shunt reactor
compensation. Evaluations of the algorithms substantiate enhanced fault location
accuracy and robustness against power system transients. Moreover, the accuracy of
fault location solution and synchronization procedure is not dependent on the mode of
operation of non-linear FSC devices and copes well with temporary turbulences

caused by power system transients.

Search Terms: Fault Location, Distance Protection, Transmission Lines,
Unsynchronized Measurements, Power System Transients, Multi-terminal

Transmission Line, Compensated Transmission Line.
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Chapter 1

Introduction

Power system protection is a branch of power engineering concerned with the
application of protective relaying and ensuring the reliability of system operation. The
traditional building blocks of protection systems have been fuses, current and voltage
transformers, protective relays and circuit breakers. The operational reliability of
electric power systems and mass power transfer corridors is dependent on the
reliability of attached protection systems to a large extent. Relaying technology has
developed and changed rapidly over the last few decades but the principle objective
has remained the same; that is to keep the power system stable by detecting and
isolating only the faulted components or affected portions of the system whilst leaving
the healthy network intact.

1.1. Role of Protection in Modern Power Systems

A typical electrical power system consists of generators, transformers and
distribution transmission lines. Power systems are often subjected to temporary
disturbances and occasionally, short circuits that at times represent an abnormally
destructive operating condition [1]-[3]. The sudden and heavy influx of current
associated with short circuits is likely to cause permanent damage to power system
components if circuit breakers and protective relays are not installed to effectuate
preventive measures. Once a fault is detected in a section of a power system, an
automatic protective device is required to swiftly isolate the affected element to
maintain the healthy portion of the power system in normal operation. If a short
circuit is allowed to persist for a longer period of time, particularly on strongly
sourced power systems, the heavy current flow might damage critical power corridors
of the system. The large fault current might also exceed the thermal capacity of the
conductors and cause a fire accident. Uncleared faults might spread to other parts of
the system and cause a dip in voltage to a level untenable for electric generators to
maintain synchronism. Thus, an uncleared heavy short circuit fault can lead to total

operation failure that is often characterized by cascaded tripping of transmission lines

[1].
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The fundamental requirements of a protective system are selectivity, reliability,
sensitivity, stability and fast operation. Selectivity is the ability of a protective system
to differentiate between a fault in the protected system and normal operating
condition. Additionally the relay should also be able to identify whether the fault lies
within its designated zone of protection or outside the zone. Fine tuned selectivity also
enables a relay to discriminate between faults and transient conditions such as power
surges or a transformer’s inrush current that superficially resembles a fault condition.
Therefore, selectivity is lost when a relay can no longer discriminate between
instances when instantaneous tripping is required and those for which no operation is
justified [1]-[2].

Reliability of a protective system is the ability to act when a fault occurs in its
zone of protection. The failure of a protective system might be caused due to the
failure of one or more of the supporting elements. The important elements of a
protective system include relay, circuit breakers and voltage and current transformers.
A high degree of reliability can be achieved by periodic maintenance and testing of
the installed protective elements [1]. Sensitivity of a protective system is the ability to
operate when the voltage or current exceeds a certain threshold or the pick-up value.
Current-based relays should not operate when the present current is below the pick-up
value. A protective system should also remain stable and operational when a large
current flows through its protective zone due to external faults. The external faults
outside of its protective zone are supposed to be cleared by the concerned circuit
breakers. The protective system acts as a back-up and operates only if the protective
scheme of the zone in which the fault has occurred fails to clear the fault. A protective
system should be designed to act fast enough to quickly isolate the affected segments
of the power system in order to minimize material damage and maintain system
stability. The stability and fast response criteria are of vital importance for modern
power systems to ensure that faults are cleared without exceeding the critical clearing
time [1].

1.2. Historical Background and Evolution of Protective Relays

Fuses are one of the earliest automatic protective devices that were used in the

power industry for isolating faulty equipment. They were proven to be effective and
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provided satisfactory performance for small power systems. However, they did suffer
from the serious disadvantage of requiring frequent replacement along with being
oblivious to directionality. A part of the inconvenience was overcome with the
introduction of electro-magnetic protective relays and circuit breakers. These relays
provided fast, simple and economical implementation of protection schemes that saw
them become a main-stay in the industry. The electromagnetic relays successfully
combined the over-current protection feature of fuses with the much sought-after
directional protection for fast and accurate operation [1]. The popularity of electro-
magnetic relays has continued to endure mostly because of their simplicity and low-
cost maintenance. The growth in size and complexity of modern power system
networks demanded fast, accurate and reliable protective schemes. The development
of the transistor led to the rise of static solid-state relays. Solid-state relays provided
the advantage of low burden on current and voltage transformers combined with faster
operation, complete absence of mechanical inertia and contact wear-and-tear that
plagued the traditional electro-mechanical relays. Break-through in semiconductor
technology and the advent of microprocessors provided a greater leap in protection
technology due to their limit-less range of applications. Microprocessors increased the
overall flexibility of relays due to its programmable approach which meant that a

number of relaying characteristics could be realized using the same interface [1].
1.3. Transmission Line Protection

A protection scheme might be used to protect equipment or a segment of a line.
They usually incorporate one or more relays of the same or different types. Some of
the important relay types include over-current, under-voltage, under-frequency,
directional and impedance relays [4]-[6]. These relays are classified into categories
depending on the function they are required to perform. The following are some of the

most common protections schemes utilized for protecting modern power systems.

e Over-current protection

o Differential protection

e Phase comparison based protection
e Directional distance protection

e Dedicated fault locators with Digital Fault Recorder (DFR)
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Over-current protection scheme is mainly used for protection of distributed lines,
large motor systems and power system equipment. This scheme usually includes one
or more over-current relays which operate when the current exceeds the pick-up
value. Over-current relays need to be commissioned carefully to avoid problems with
cold load pick-up. This is because the line current sometimes remains considerably
higher than the steady-state load current due to sporadic spikes in power demand. The
sustained high load current might be picked up by the over-current relay leading to
false tripping. It is standard practice to include a safety margin when using over-
current relays to preempt mal-operation [6].

The differential protection scheme is a unit protection system that is primarily
used for the protection of generators, transformers, large sized motors and
transmission lines. This scheme has its zone delimited by the location of current
transformers (CTs) that are placed on both sides of each winding of a machine. The
output of the secondary windings of CTs is applied to the relay coil. During normal
condition or external fault, the current entering and leaving the winding is equal. But
in the case of an internal fault, a current differential is formed which is compared to a
restraint value by the relay. The comparison is carried out on the basis of a multi-
slope percentage characteristic to render the relay immune to increased loading of the

protected line or equipment [6].

Phase comparison protection utilizes phase comparison relays that are designed to
respond to phase relation between the currents at all terminals of a protected line. The
phase angle relation between line currents is checked by monitoring the time
alignment between the measured currents. Phase protection schemes often make use
of communication channels and are backed up by over-current and/or distance relays

in case of loss communication [4], [6].

Distance relays have been used for protection of high voltage transmission lines
for many years. They have steadily progressed from the electro-mechanical type to
static analogue electronic type, and then on to the digital relay type that can be
implemented entirely on digital signal processors (DSPs). The distance relays are
usually designed to operate with three zones of protection in a time-stepped manner

that cover the primary zone of protection and also provide remote back-up protection
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for extended lengths of adjacent transmission lines. Zone 1 is usually set to cover 80-
90 % of the primary transmission line to be protected and the zone 3 of the distance
relay has the largest reach setting of the three zones covering up to 120% of the
longest adjacent line. Zone 2 provides protection for a region that is intermediate
between zones 1 and 3 [4].

A common problem associated with all zones of the distance relay is that of the
under-reaching effect. Most distance relays are designed to work using sampled
values of phase voltages and currents only of the buses they are attached to. That is,
most distance relays and their algorithms work with only single-sided measurements
without having a sense of currents being fed from other buses that contribute to the
total fault current. A large in-feed current emanating from the opposite bus will cause
the relay to under-reach since the impedance presented to the relay would be larger
than its actual value [2], [4]. On the other hand, a large out-feed of the current would
cause a distance relay to over-reach since the impedance calculated would be smaller
than the actual value. Both these effects are explained in the sections that follow.

In-feed and out-feed are not the only factors that might cause a distance relay to
mal-operate. Fault impedance, which is usually resistive in nature, also plays a part in
fault determination. Based on the fault resistance value, and the magnitude and phases
of all remote in-feed currents, the fault resistance might get magnified or diminished
accordingly. Therefore, the complex impedance presented to the distance relay may
fall in the wrong zone of protection or move entirely out of the protected zone in the
R-X plane. Events related to voltage stability such as parts of power system nearing a
voltage collapse or over-loading of the power system with heavily inductive load that
causes voltage dips might result in the apparent impedance settling in any one of the
three protective zones of the distance relay and thus cause a false tripping of the
circuit breakers [2], [4].

Fault location on power system transmission lines is an area that has been
researched intensively over the years and is a common theme that is closely
associated with the application of distance relays to achieve zone protection, [8]-[14]
and [16]-[61]. Fault locators, in contrast to distance protection, are expressly devised

to pin-point the exact location of short-circuit faults on transmission lines which can
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be crucial for expediting the process of repair and restoration of power system
operation. Numerous fault detection and location schemes have been proposed in the
literature that can be categorized in several types based on method of data
measurement, power system network topology, synchronization of measured signals
and domain preferences. Some of the algorithms presented use local terminal
measurements, while others utilize measurements from two terminal-ends
encapsulating the entire transmission line and form the basis for pilot relaying

schemes.
1.4. Thesis Objectives

In this thesis, the solution to power system protection problem is modeled as a
fault locating algorithm for aiding the operation of primary protection relays such as
distance relays. In light of the short-comings associated with distance relays utilizing
single-sided measurements to calculate the apparent impedance, fault locating
algorithms are designed as pilot relaying schemes for two different fundamental
power system topologies. The fault location algorithms are designed to mimic the real
life system dynamics as closely as possible and enable feasible implementation on

digital processors that coordinate relay operations.
The objectives of this thesis are to:

e Develop a digital fault location algorithm for long transmission lines operating
at various voltage levels.

e Develop a fault location algorithm for multi-terminal transmission lines using
unsynchronized measurements in which the natural shunt capacitance of
transmission lines and the resulting charging currents are taken into account.

e Develop a fault location algorithm for series and shunt-compensated lines
using unsynchronized measurements.

e Design robust fault locating algorithms that are able to perform under post-

fault events of instability such as power system transients.
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1.5. Thesis Organization

The rest of the thesis is organized as follows. In Chapter 2, a detailed literature is
presented. The literature review focuses on the relaying characteristics of the standard
MHO distance relay as well as modeling and its implementation. The effects of fault
impedance, current in-feed and charging current on distance relays and fault locators
are explained. Various fault locating schemes based on transmission line

characteristics are also presented in the literature review.

In Chapter 3, models of the power system and problem formulation are presented.
Chapter 3 also details the required synchronization procedures and the fault locating
schemes both for the multi-terminal transmission lines and compensated transmission

lines using unsynchronized measurements.

Chapter 4 illustrates the performance of the proposed algorithms by presenting
detailed simulation results and analysis and finally, Chapter 5 concludes the thesis and

suggests recommendations for future work.
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Chapter 2

Literature Review

The advent of the microprocessor based protective systems incorporating new
features and facilities has made immediate post-fault analysis of all transient
phenomena a reality. The distance relaying functions can now be implemented as
numerical algorithms on programmable digital signal processors and installed on
remote high-voltage lines as stand-alone computers with or without communication
capabilities. Micro-processor based relays allow protection engineers to immediately
calculate the distance to the fault and store pre-fault and post-fault data on phase
voltages and currents. This information can be extremely valuable to maintenance
teams carrying out on-site inspection following the tripping of circuit breakers or
clearance of faults on long distance transmission lines. The reduction in fault
clearance times and fast fault location techniques mitigate the need for visual
evidence of faults and provide savings on logistics in difficult terrains [1].

Distance relay based protection is a non-unit system of protection that provides
economic and technical advantages when installed on critical high-voltage power
transmission lines. Unlike over-current relays, the fault convergence of distance relays
is independent of source impedance variations [1]-[2]. Distance protection based
relays are also comparatively simple to apply and they provide protection for both its
primary zone and other extended zones within a single scheme. The basic principle
that all distance relays work on is the linear relationship between transmission line
impedance and its length [3]. Since the impedance of a line is proportional to its
length, a distance relay can be used to measure the impedance of a line to its set point
or the reach point. The distance relay is designed to operate for faults occurring within
the protected segment of a transmission line by measuring the impedance between
relay and the point of the fault. If the apparent impedance calculated is less than the
reach point setting, the relay assumes that a fault has occurred on the protected line
and a trip command is issued to the connected circuit breaker. Since the calculated
apparent impedance is dependent on the ratio of the voltage and current phasors, the
complex impedance can then be plotted on an R-X diagram and compared against the

loci of the protected zone impedance.
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2.1. Zones of Protection and Reach Settings.

The reach settings and tripping times of the three zones enable correct
coordination on a power system. A basic distance relay comprises of an instantaneous
zone 1 protection and one or more time-delayed protection zones. More advanced
numerical relays can have up to 5 zones and some are set to measure faults in the
reverse direction [3]. For digital or numerical relays, the reach setting of zone 1 is set
to cover about 85% of the primary protected line. A safety margin of about 15% is
left to ensure that the zone 1 protection does not over-reach due to errors in the
measurement of the voltage and current transformers. Zone 2 of the protection is set
to cover the remaining 15% of the primary line. Zone 2 is usually set to cover the
entire protected line along with 50% of the shortest adjacent line. Both the zone 1 and
zone 2 of the distance relay are coordinated using a time delay to allow zone 1 to react
before zone 2 does. Zone 3 usually has the largest reach setting of the three zones and
is used to provide remote backup protection for adjacent lines. A diagram of the plain
impedance characteristics is depicted in Fig. 2.1.
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Fig. 2.1 - Plain impedance characteristic [3]

On an inter-connected power system, current in-feed from other sources causes the
impedance presented to the distance relay to be larger than its actual value, and this
needs to be taken into account while setting zone 3 reach. Non-directional impedance

zones are sometimes used to provide protection for close-up faults. These plain

23



impedance relays do not take into account the phase angle between the voltage and
current phasors. When their impedance characteristics are plotted on an R-X diagram,
the loci forms a circle with the origin as its center. Since the measured impedance
angle does not play a role in fault discrimination, this type of distance relay issues a
trip command as long as the impedance magnitude falls within the perimeter of the
protected zone impedance.

2.2. MHO Impedance Relays.

MHO impedance relays are called as such because its characteristics can be seen
to be a straight line on the admittance diagram. It has qualities of both reach
magnitude control and directional control that are missing in the plain impedance
relay. MHO relays are still widely used in power systems that are protected by
electro-mechanical relays as well as digital numerical relays. The impedance
characteristics of an MHO relay when plotted on an R-X diagram is a circumference
that passes through the origin. A typical MHO relay characteristic is shown in Fig.
2.2.
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Fig. 2.2 - MHO Characteristic [4]

The above diagram illustrates that the MHO relay is inherently directional and
operates for faults only in the forward direction that lie in any of the three protected
zones. The MHO relay can be used to provide more or less of resistive coverage by
controlling the angle of displacement of the diameter and the ‘R’ axis. This is done to

compensate for faults that might have a fault resistance (R¢) value [4].
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2.3. Distance Relay Implementation.

A distance relay protective function can provide protection for three distinct zones
since the impedance to the fault point is a simple function of length. The impedance

measured by a distance relay is dependent on several other factors as well:
e The magnitudes of current and voltage.
e The fault impedance loop being considered.
e The type of the fault itself.
e The symmetry of line itself, whether it is ideally transposed or not.

e The configuration of the transmission system, whether it is a single or multi-

terminal circuit.

e The unseen in-feed current from remote sources that contribute to the fault

current.

It should also be noted that protection against earth/ground faults may also require
different characteristic settings when compared to phase faults. For a MHO relay with
three distinct zones, a total of 18 impedance measurement units would be required to
cover all the different fault types. For a phase-to-earth fault, the phase to ground
voltage at the fault location is zero. However, the voltage drop to the fault is not the
simple product of the phase current and the line impedance. The current in the fault
loop depends on a number of factors such as number of earthing points, the method of

grounding and the sequence impedances of the system.
2.4. Modeling of Distance Relays.

Ever since the classical publication on the use of symmetrical components for the
transient analysis of symmetrical networks in [5], various venues in signal processing
have been exploited to model the operation of distance relays. Symmetrical
components remain at the heart of all analytical representations for poly-phase power
systems [3]. The distance relay models suggested in the vast amount of literature can

be broadly classified in to two categories:
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I.  Time-domain based models that use instantaneous values of sampled voltages

and currents.

ii.  Frequency-domain based modeling of distance relays that utilize filtered

phasor representation of voltages and currents.

Time domain based models of distance relays include state-space representations
such as those found in [1], [4], [7] and [8]. Other time domain methods include fault
detection using travelling-wave formulation such as those described in [1], [6] and the
use of recursive least square algorithms detailed in [11]. Frequency domain methods
that involve extraction of the fundamental phasor quantities have been suggested and
adopted much more extensively in the literature surveyed. The fundamental phasor
quantities are calculated from the sampled data using well established techniques such
as application of Kalman filters, Full and Half-cycled Discrete Fourier Transforms
and variable window length Fourier techniques. These concepts are explored have
been thoroughly explored in [12]-[22] and [24]-[27]. Novel frequency domain
techniques such as application of Wavelet Transforms are described in great detail in
[9], [10] and [23]. A concise overview of the most popular techniques is presented in

this section.
2.4.1. Time-domain based Modeling of Distance Relays.

The design and operating behavior of a numerical distance relay that uses single-
sided measurements of voltages and currents for calculating values of resistance and
inductance up to the fault point is described in [4]. The distance relay modeled was

used for a generic single-source radial system as shown in Fig. 2.3.

100 km 100 km 100 km 100 km
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Fig. 2.3 - Single Source Model, 400 Km [4]

The relationship between the instantaneous samples of voltage and phase current is

described by a simple first order ordinary differential equation:
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R;(t) + L%(Ii) = v;(t) (2.1)

where L and R are the unknown values that are to be calculated using the measured
samples of v; and I; The relationship described above is valid provided that shunt
capacitances are small enough to be ignored. Since there are two unknowns to be
calculated, equation (2.1) and its first derivate can be used to form a system of two
independent equations. Successive values of R and L can then be solved for each
sample set of voltage and current using:

d
I[ i(®) Ei(tﬂl . v ()

la a2 |ll™ iv(t)] (2:2)
l&l(t) Fl(t)J dt

The calculated R and L values are based on the assumption that the fault voltage, Vr,
is near zero and that the fault resistance is negligible. This method models the
transmission line as having lumped resistance and inductance and does not consider
the effects of mutual inductance and zero sequence currents. A more detailed model
of a time-domain based distance relay using sequence components is described in [8]
and is used as a basis for establishing later on as to why distance relay functions might

fail when the natural shunt line capacitances are ignored.
2.4.2. Distance Relay Functions using Phasors and Sequence Components.

The performance equations for distance relays can be derived using the theory of
symmetrical components [3]. One equation for each type of fault, namely phase to
ground, phase to phase, three phase and double-phase-to-ground faults can be used for
each of the three phases of the power system. Fig. 2.4 depicts models of each of the

four fault types used for derivation of performance equations [16].
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Fig. 2.4 - Models of the four fault types [16]

Distance relays operate based on the measured impedance at the relaying point. In the
absence of any out-feed of current and for zero fault resistance, the measured
impedance between relay and the fault point depends only on the length of the line
segment joining the two [13]. The equivalent sequence circuits for a phase A to
ground (SLG) fault is shown in Fig. 2.5 [2].
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Fig. 2.5 - Sequence network connections: SLG

The voltage seen at the relay, Va, can be calculated as follows:

V,=Vi+V,+V, (2.3)
Where,

Vi =0LZ,, + Vi

Vy, = I,Z + Vys
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Vo = IoZyo + Voy (2.4)
Adding equations in (2.4) results in:
Vo =LZp + 1,21 + 1oZyo+ Vip + Vop + Vs (2.5)
Since the resistance Ry is assumed to be zero, equation (2.5) simplifies to:
Vo= Uy + 1)Z11 + 10Zy (2.6)

It is clear from equation (2.6) that the voltage seen at relay side is not just made up of
the voltage drop in the positive sequence impedance of the line like it is in a three
phase fault, but also includes contribution from the zero sequence network that is

proportional to zero sequence current and zero sequence impedance.

Using a similar methodology of sequence network representation, the voltage seen at
the relay for a three phase fault is given by:

The term Vi is zero for when the fault resistance is zero. For a phase A to ground fault
described by equation (2.6), the positive sequence impedance measure by the distance

relay can be obtained with a little algebraic manipulation to yield:

Va
21 = i, 28)
Where Kj is called the zero-sequence compensation factor and is given by:
K, = ZoL=Z1L (2.9)

Z1L

The voltage and current phasors are used to estimate the impedance seen between the
relay and fault point. The impedance estimates can be determined using six relay
elements; three for phase faults and three for ground/earth faults. Similar to the
sequence network approach used earth and three phase faults, the positive sequence
impedance seen by the relay during phase-to-phase faults can be expressed using a
similar method. For a phase B-to-C fault, the positive sequence impedance is given by

equation (2.10) below:
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ZIBC == Y5—Vc (210)

The positive sequence representation for phase A-B and A-C can also be represented

in a similar fashion using sequence components:

Va—B

Zipp = La—1g (2.11)
V-V
Zica= S0 (2.12)

2.5. Effect of Fault Resistance and Current In-feed.

The effect of fault resistance on estimations of fault location on transmission lines
is of particular interest to protection engineers since most distance relay functions are
designed to work on single sided measurements. Earlier design of distance relays
worked on the assumption of transmission lines being energized from one end only
and fault resistances small enough to be ignored. Such fault locating procedures are
now generally accepted to produce excessive errors [12]. Fault resistance is not the
only source of error in fault location calculations, inter-connected system of buses can
have multiple sources feeding a fault. The total complex impedance presented to a
distance relay is a function of the cumulative in-feed current, the magnitude and phase
of which is also in turn dependent on impedances of the sources feeding the fault. A

typical interconnected system with two sources is shown in Fig. 2.6.
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Fig. 2.6 - Two source system

For such a system with a distance relay attached at point A, the total resistance

presented to the system is given as:

ZT = mZL + Ker (2.13)
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Where ‘m’ is the fractional distance to the point of fault and ‘K’ is a function of
network current distribution factors, the location of fault and the type of short-circuit
that occurs. It should also be noted that the coefficient ‘K;’ is usually a complex
number and therefore when multiplied with the fault resistance Ry, it makes the fault
resistance appear as a complex impedance which might be inductive or capacitive

depending on the angle of K..
2.6. Impedance Trajectories due to Current In-feed and Fault Resistance.

To explain the combined effect of fault resistance magnitude and the in-feed
current, consider the system in Fig. 2.7 with sources and a phase to ground fault [4].

ICDI la%2"2%)

15000_MVA3 |

Fig. 2.7 - Fault resistance and current in-feed [4]

Both terminals of the transmission line are connected to a source and the fault current
flowing through fault resistance might be greater than the current flowing between the
points A and F. This means that the total impedance seen by the relay at point A is not
the simple sum of Z¢ and Ry. The error in calculation of the relay impedance is due to
the current in-feed from the source at the opposite terminal. The total fault current is

given by:
=1+ 1, (2.14)
The voltage drop measured by the relay is therefore:
V,=1Zp + R (I +1,) (2.15)

As a result, the impedance measured by the relay is given by:

Zo="2=7Z,+R; (%+ 1) (2.16)
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It is usually the case that the current I, is not in phase with current I. The typical
impedance phasors presented to the distance relay in such a scenario are described in
Fig. 2.8.

Fig. 2.8 - Impedance phasors [4]

In the diagram above, Z; = Zg, and m is the fractional distance to the earth fault at
point F. Z, is the equivalent impedance presented to the relay. 6, is the angle of the
coefficient of Rg in equation (2.16). If the angle 0, is negative as shown in Fig. 2.8a,
the total impedance seen has a lower magnitude than the sum of (Zr +Rg) and the
relay might over reach if the distance to the point F was outside of the protected zone
in an R-X diagram. In Fig. 2.8¢c, 0, is positive and therefore causes a greater
impedance to be seen by the relay than the actual and the relay might under-reach if
line impedance to point F was inside the protected zone of the relay. Fig. 2.8b shows a
scenario where the angle 0, is zero and the impedance seen by the relay is equal to the
actual fault path impedance. The system shown in Fig. 2.7 was simulated using
various values of fault resistance in [4] and the impedance trajectories were plotted

against MHO relay characteristics as shown in Fig. 2.9.
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Fig. 2.9 - Impedance Trajectory for Ry = 20 [4]
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It is shown that when fault resistance has a low non-zero value of 20Q for a double
fed circuit, the impedance trajectory barely settles inside the MHO characteristic
circle. For a value of 40Q, it was shown in [4] that the impedance trajectory settles

just outside the protected impedance zone.
2.7. Fourier Filtering and Discrete Fourier Transform

Digital filtering algorithms are applied to obtain the required voltage and current
phasor quantities for phasor based digital distance relays. The speed and accuracy
with which the phasors are calculated plays an important role in fast fault detection
and clearance times. When a fault occurs, the voltage and current waveforms become
severely distorted due to the presence of higher harmonics and a significant decaying
DC component [3], [24], [26] and [28]. The presence of higher harmonics makes the
fast estimation of fundamental phasor quantities to be very difficult and ultimately
affects the performance of the relays. A large variety of phasor estimations techniques
have been presented in the reviewed literature and Discrete Fourier Transform based
filtering remain the most popular and most widely used. This is because the
computational cost of DFT is very low and it also provides good harmonic immunity.
The DFT based algorithms can be classified as of two types; fixed window length
algorithms and the relatively new adaptive window length algorithms. Fixed window
length DFT algorithms remain the most widely adopted and comprise of Full Cycle
DFT (FCDFT) and Half Cycle DFT (HCDFT) algorithms [22], [24]. The filtering
capabilities of DFT based filters are dependent on the window length. A short data
window gives an estimate of the phasor quantity very quickly but includes the
possibility of an unstable output. Full length DFT computation gives a very stable
output but comes at the cost of delayed response time. Despite the apparent short-
coming of the full length DFT algorithm, it still remains popular since the delay
induced in fault detection and the computation of fault location is at most one power
cycle [1], [3]. The delay induced in the detection of fault can be compensated by
using the FCDFT in conjunction with a fast fault detection algorithm and utilizing the
DFT algorithm just for fault distance calculation. This method has been used to design

most of the distance relay algorithms presented in literature.

The fundamental phasors from the full cycle DFT are calculated as follows:
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Consider a phasor that represents the fundamental component with V, and Vy being its
real and imaginary parts. If N number of samples are taken per cycle of the
fundamental component with At being the sampling time interval, then the real part of
the fundamental phasor is given by the following summation:
V, = % N Lvcos (%) (2.17)
Where v; is the i" sample taken. Similarly, the imaginary part Vy of the
fundamental phasor can be computed as follows:

N

2 _ . 2mi
V, = EZ?{:OI v;sin (ﬂ) (2.18)

The phase angle of the fundamental phasor can be obtained by the following
expression:

5= tan™* (2) (2.19)

X

The coefficient (2/N) for the real and imaginary part is the scalar required to obtain
the peak values of the fundamental frequency component, it can be readily replaced
with (V2/N) to obtain the RMS values of the fundamental component [1]. Following
the same derivation procedure shown above, the half-cycle DFT can also be evaluated
in a similar manner. The real part, Vi1, of the fundamental phasor is given by the
following expression:

V12 = %Zﬁvz/oz_l v;COS (%) (2.20)

The imaginary part, Vy1» of the fundamental phasor is given by:
4 N/2-1 . (2mi
Vy1/2 = ﬁzi=o v;sin (T) (2.21)

The above expressions are used to compute the peak values of the fundamental
phasor. The coefficients 4/N can be replaced with 4/\2N to obtain the RMS value of
the phasor. The phase angle of the phasor can be computed in a similar manner as
stated in equation (2.19). It can be seen in equations (2.20) and (2.21) that the half

cycle window algorithm requires only half the number of samples than those required
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for full window DFT. This algorithm appears to be the faster alternative but it has the
possibility of being erroneous especially due to the presence of aperiodic components
or odd and even harmonics [1], [25].

2.8. Voltage stability and Protective Relays.

According to the publication from IEEE joint task force on Stability, voltage
stability is defined as the ability of a power system to maintain steady state voltages at
all buses in the system after being subjected to a disturbance from a given initial
operating condition [29]. It also refers to the system capability to maintain and restore
equilibrium between the load demand and load supply from the power system. One
possible outcome of voltage instability in a power system is the loss of service to load
in an area. Other problems associated with voltage instability is the tripping of
transmission lines by protective equipment such as over and under voltage relays and
distance relays which have in the past contributed to cascaded power blackouts. Loss
of synchronism in connected source generators is also a serious consequence of
voltage instability. Voltage instability in a power system is observed when the
reactive power available to a portion of a power grid falls below what is required by
the connected transmission lines, power components such as transformers and the
consumers. One possible mechanism of voltage collapse described in [30] is the
stalling of industrial motors. Motors typically stall when the voltage drops below 70%
of the nominal voltage at the motor terminals. At the reduced voltage levels the torque
of motors falls below the load torque and the industrial motors slow down to a halt
where they continue to consume large amounts of reactive power which further
depresses the voltage on the power grids. One of the problems in predicting or
detecting voltage collapse is that the voltage itself is not a good indicator of voltage
instability. This has led to the development of stability indexes called System Status
Indicators (SSI) and Voltage Stability Indexes (VSI) to gauge the possibility of an

impending voltage collapse as discussed in [14] and [20].
2.8.1. Use of Voltage Stability Index (VSI) During Voltage Collapse
A new technique to prevent the false tripping of distance relays in the event of

voltage instability is discussed in [14] and [20]. This is done by integrating the
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adaptive setting of the zone 3 distance relay, rate of change of voltage at the buses and
the use of VSI. The false tripping command issued by zone 3 element of distance
relays has caused cascaded events and wide-area voltage collapse in the past. During
voltage instability where the bus voltage is seen to dip, the impedance seen by the
relay decreases and might enter zone 3 since it has the highest set reach point to
provide backup protection. There is a need to develop an indicator that can
differentiate between faults and other temporary events such as overloading and
voltage instability. The impedance seen by the relay can be expressed as a function of
active and reactive power measured at the relay bus. The impedance Z, in terms of the

complex power is given by:

Pij +j Qij

Z, =
a 2 2 2 2
PE+QF; P7+QF;

Vil> = Ry + jXa (2.22)
The polar characteristics of the three zone distance relay are shown in Fig. 2.10.
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Fig. 2.10 - Apparent impedance before & during fault [20]

During the normal operating conditions of the power system, the measured impedance
Z, lies outside zone 3 of the relay. Once a fault occurs in one of the protective zones
of the relay, the value of Z, significantly reduces and enters one of the three zones.

The VSI is developed on the idea that during a voltage collapse, any increment in the
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apparent power S at the sending end does not produce any increment of apparent
power at the receiving end [20]. The VSI is developed using apparent power relation

with voltage and current magnitude.
IS| = VIl (2.23)
Increase in apparent power also lead to an increase in voltage and current magnitude:
|S + AS| = (V[ + AV (I + AlI]) (2.24)
Assuming AVAI ~ 0, (2.24) simplifies to:
|S + AS| = [VI[|I| + AlIl|V] + AlV][I] (2.25)

Subtracting (2.25) from (2.24) and rearranging give:

AS AWV
AlIllvl AV

+1 (2.26)

The voltage stability index can now be expressed as:

_ A
VSl = {t 1 (2.27)

From equation (2.27), the VSI would shoot to infinity if the operating conditions do
not change and the current remains constant. To offset this possibility, a very small
constant ‘o’ is added to the denominator.

AV
AlllV|+a

VSI = (2.28)

Where a = 107,

In [14], a multi-bus power system was simulated to see the performance of the VSI as
an additional indicator to help the relay to differentiate between a fault and voltage
collapse. Fig. 2.11 shows the VSI plotted against time and voltage at one of the buses

nearing voltage collapse just after a fault.
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Fig. 2.11 - VSI versus time [14]

In Fig. 2.11, a fault was initiated after 5 seconds which is obvious from the bus
voltage taking a sharp dip from 1pu to 0.2 pu. The threshold VSI value defined for
this system was 0.2, which meant that for VSI less than 0.2, the system was nearing a
voltage collapse and the distance relay trip signals should be blocked. It can be seen
from the curves that VVSI does not fall below 0.2 at the instant when a fault occurs and
the bus voltage falls. This means that the fall in voltage was caused by a fault and not
because of the bus nearing a voltage collapse. Voltage collapse conditions were
purposely induced at the bus after 10 seconds to gauge the performance of VSI. The
VSI responds as expected and falls below the threshold value of 0.2. At this point, all

relay trip signals were blocked since no fault had occurred.
2.8.2. Relationship between Voltage Sag Location and Apparent Impedance

The information available to a distance relay can also be utilized for locating the
source of voltage sag and indicate on which side of the measurement unit a voltage
sag has occurred. A simple procedure is described in [15] for voltage sag source
detection based on the principle of apparent impedance. The impedance seen by the

relay in the event of a fault is given by:

Va

== 2y + Az (2.29)

ZS€€TL

Where zi1 is the positive sequence impedance up to the fault point and Az is a function
of fault resistance and other in-feed currents. The above relation refers to impedance

seen in the forward direction. However, in case of a fault occurring behind the relay,
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the current direction is reversed and the resulting impedance will change both in
magnitude and direction. Therefore, the magnitude and angle of the impedance can be
used to identify faults occurring in front or behind the relays. A simple rule for

detection of voltage sag occurring in front of a relay is described as follows:

if |Zsag| < |Zpresag| and 2Zsq4 > 0, then the sag source is in front of the relay.

Otherwise, the sag source is behind the relay.

The above condition was tested for a two terminal, radial and a multi-bus system to
check for its validity. Fig. 2.12 shows the multi-bus system tested in [15].

Load-1
Bus-2

Line-1 Line-4

Bus-1 Bus-3

Line-3

Gen-1 M; | Gen-2
<5, Fi[zy
Line- 2
Bus-4
Blls-ﬁ_
ina. Load-2
Load-3 Line- 6 M,

Fig. 2.12 - Five bus system [15]

The five bus system shown above was tested for voltage sag detection by inducing
faults at points F; and F,. The data collected from monitor Ms was then used to
identify whether voltage sag had occurred in front or behind it. The Table 2.1 shows
the impedances for fault F; (in front of Ms) and F, (behind Ms).

Table 2.1 — Impedance magnitude and angle

Sag Position Impedance | Impedance
Magnitude(Q) | Angle(rad)
Presag 925.8 -1.3
In front of the monitor 451.9 1.2
Behind the monitor 67.8 -2.16
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The two voltage sag situations were observed by monitor Ms. For the fault in front of
the monitor, the impedance angle has a positive value and for the fault behind Ms, the
impedance angle is negative. In both the cases, the impedance magnitude is also seen
to decrease from the pre-sag magnitude. The test above proves the validity of the
principle and can be used as an additional indicator to confirm whether a fault has
occurred in the protected zone of the distance relay.

2.9. Application of Phasor Measurement Units (PMU) with Protective Relays.

A phasor measurement unit (PMU) is a device which measures electrical
quantities of voltage and current using a common time reference for synchronization.
In power applications, PMUs are also known as synchrophasors and play a very
important role when incorporated in to protective relays. The outputs of PMUs
provide truly synchronized measurements which enable synchronized comparison of
two differing quantities in real time. Real time comparison of synchronized data can
then be used for assessing power system conditions [31]. In relaying applications,
transmission line faults occurring on Ultra/Extra High Voltage lines need to be
located quickly to isolated the affected region and reduce outage time. Fault locators
on distance relays produce the most reliable results when the measured system data is
synchronized to a common reference point. Other fault locating methods that do not
require phasor measurement units and can work on unsynchronized data have also
been presented such as the one in [16]. However, this method requires that the
synchronization phase angle be calculated first before the relay can calculate the fault
distance. The algorithms developed in Chapter 3 are based on the assumption that
synchronized measurements are not available to the relay through the use of PMUs,
representing a more generalized case. This is due to the fact that the use of PMUs is
still not as common as it could be, especially on mature (legacy) transmission line
systems or where the installation of synchronized devices might hinder economic

implementation of protective relays.
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2.10. Relay Performance and Fault Location without Charging Current
Compensation (CCC).

One of the challenges of the application of distance protection to long distance
transmission lines is the influence of line capacitance. When a fault occurs on a long
over-head line with sizeable shunt capacitance, large magnitude harmonic
components of voltage and current evolve that are super-imposed on the fundamental
frequency components [32]. Distance relaying function can be derived using both
time-domain methods and phasor-based methods as stated in [1]. Both these methods
offer certain advantages in terms of the time required for fault detection and the
accuracy of fault distance calculation. The time domain method, which uses
differential equations to express the relationship between phase voltage and phase
current, provides fast fault detection. This is because the relay does not need to wait
one complete cycle to determine voltage and current phasors using Fourier filtering
for impedance determination. However, due to the presence of harmonics in the
current waveform shortly after fault inception, the resistance and inductance values
being calculated become very sensitive to lower harmonics. They may start oscillating
while converging which makes uncompensated time-domain method unreliable for
fault distance determination [1], [32]. It is therefore imperative to establish as to how
the performance of a distance relay might be affected when relaying functions are

devised assuming minimal charging current.
2.10.1. Distance Relay Function.

Consider a typical two-source system shown in the Fig. 2.13 with a single
transmission line protected by relays A and B. To better study the effects of charging
current, a pilot-relaying scheme using synchronized measurements from both

terminals of the protected line is considered.

©
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©

Fig. 2.13 - Two source system [58]
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This is done to calculate the actual impedance between relay A and the point of fault
and eliminate disturbances due to in-feed current and variable fault resistance. Time-
domain based method is used to derive the relay function using differential equations.
To achieve better accuracy, sequence components of the transmission line are used
rather than lumped parameter values while the shunt capacitances are completely
ignored. For a phase a-to-ground fault, the sequence circuit with distributed
parameters is shown in Fig. 2.14.

R =L (DR (o4

Rt

<R sl (D-s4R0 (D3l

Y Py R Ry Y Y

Fig. 2.14 - Sequence circuit diagram

It should be noted that:
X — fractional distance to the fault, 0 <x <1.

R1 =Ry, L1 = L, — positive and negative sequence resistance and inductance for entire

line.

Ro, Lo — zero sequence resistance and inductance for entire line.
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Rs - fault resistance.
D =1.
Terms and abbreviation for side 1 of system:
l12 — side 1 phase A current
V1, — side 1 phase A voltage
l1o — side 1 zero sequence current
V1ar — fault voltage on side 1 phase A
l12” — first derivative of side 1 phase A current
s — for s domain
Similar terms are used for side 2 of system as well.
For side 1 of system:
Vie(s) = x[Ry + sLi]l14(s) + x[Rg + sLo — Ry — 5Lq]110(s) + Vi4(5)
For side 2 of system:

Voa(s) = (1 = x)[Ry + sLy]1,,(s) + (1 = x)[Ry + sLy — Ry — sL1]15(s)
+ VZaf(S)

Viag(8) = Vaqr(s) = 3(I1o + I20)Ry

(2.30)

(2.31)

(2.32)

Subtracting (2.31) from (2.30) and rewriting terms with coefficient ‘X’ as given

below:

R;x = R,,L;x = Ly, and so on.

It should also be noted that for each differential element of the transmission line, the

ratio between Ry and R4, and Ly and L; is a constant. This can be used to reduce the

numbers of variables in equation (2.30) and (2.31) to 2 from 4. The transmission lines
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used in the test system are 3, three-phase pi-sections each of length 100km. The

numerical values of the sequence parameters are given in Table 2.2.

Table 2.2 - Line Sequence Parameters

Positive sequence/ | Zero sequence/
Km Km
Resistance 0.01273 0.3864
Inductance 0.9337x10° 4.1264x10°
Capacitance 12.74x10™% 7.751x10™%

Each parameter is multiplied by 300 for a 300km line. Using these parameters and

defining two new constants where:
k=20 p,=l (2.33)

Using the data above, and defining the coefficient ‘s’ as d/dt in time-domain,
subtracting (2.31) from (2.30) yields the following:

Via = Vaa — Ril—=La + Lol + Roloo — Ly[—134 + I3o] + Lol3o = Ry[l1, +
F1—1710+12a+(#1—1)/20+L1[11a"+(k2—1)I10"+12a"+(#2—1)720" (2.34)

After algebraic manipulation, it can be seen that equation (34) has two variables only.
To solve for the two unknowns, one more equation is required. This can be done by
taking the derivative of equation (2.34) to obtain two independent equations which

can be expressed in matrix form as shown:

4 2 - 1 =

For each point in time, the system of equations can be solved to obtain a solution for

R and L. Since the instantaneous values of resistance and inductance can now be
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calculated, this method can be used to detect if the impedance has fallen to any one of
the three zones of the distance relay. Once the numerical values of the positive
sequence resistance and inductance are available, the presence of a fault can be
determined by comparing complex impedance to the relay characteristic. The per-unit
distance to the point of fault can then be easily calculated using phasors as:

Voa—Via—Z1l2a—I20[Z0—21] (2 36)

le =
—2z111a+[20=2Z1][~T10—120] - 21124

Where xz; is a complex number. Once the value of xz; has been calculated, the

following relation can be used to accurately estimate the point of the fault on the line:

d(km) = L 22 (2.37)

|Z1]

The zone elements of the MHO distance relay are shown in Fig. 2.15.

ZONE 1,2 & 3 of MHO Distance Relay

160+ : —
/ \
140 ZONE 3
/_/_/—/—’_kﬁ
120
ZONE 2

100 / /
80 E——

ZONE 1 /
40 = ‘
20
: NN =
-20° : ; ‘
80 60 40 20 0 20 40 60 80 100
R

Fig. 2.15 - Zones of MHO relay
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2.10.2. Relay Performance With and Without Charging Current.

Equation (2.35) is used to calculate values of R and L for each set of sampled data
in time and compared against zone 1 reach settings in Fig. 2.15 to check if a fault has
occurred. The resistance and inductance values calculated will not be used for
distance calculations but only to gauge whether the impedance between the relay and
the fault point has fallen within zone 1 reach. Once a fault is detected, a flag is raised
and the algorithm uses Fourier filtering to calculate the phasor values of all required
voltages and currents which are then used to calculate the accurate distance to the
fault using equations (2.36) and (2.37).

The system was tested with a single-line to ground, high resistance fault of 100Q
placed after 0.1 seconds. The fault was placed at a distance of 200kms and the
resulting waveforms were recorded. Plots for the calculated distance and impedance
trajectory are shown Fig. 2.16. In this case the impedance settles in the outer

boundary of zone 1.

Actual Impedance trajectory

£ £
Zone 1
200 Zone 2 i
Zone 3
Impedance
150
100
|
50 | )
0
-200 -100 0 100 200 300 400 500

Fig. 2.16 - Impedance Trajectory
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Fig. 2.17 - Fault distance and resistance estimation

0.19

Fig. 2.17 shows that the impedance to the point of fault, the per-unit distance and fault

resistance can be accurately estimated when the line charging current is negligible.

The system was tested again for a transmission with similar R L parameters but with

significant distributed line capacitance. The new line parameters are given in Table

2.3.

Table 2.3 - Modified line sequence parameters

Positive sequence/

Zero sequence/

Km Km
Resistance 0.01273 0.3864
Inductance 0.9337x10° 4.1264x10°
Capacitance 12.74x10° 7.751x10”
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The inclusion of line capacitance completely cripples the performance of the relay and
the fault location algorithm. The relay erroneously signals the presence of a fault
despite the fact no fault was placed on the system as evident from Fig. 2.18.

Fault Flag
1.5¢

Signal

0.5

(6] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Time(s)

Fig. 2.18 - Fault flag

The distributed line capacitance causes significant oscillation of the calculated
impedance. This oscillation caused the distance protection to over-reach due to the
fact that a certain proportion of the line current measured by the relay sinks into the

capacitance as charging current. The over-reaching phenomenon is illustrated in Fig.
2.19.

Actual Immpedance trajectory
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Fig. 2.19 - Over-reaching effect of distance relay
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2.11. Fault Location on Transmission Lines.

Fault location on transmission line is an attractive and desirable feature in any
protection scheme [32]-[47]. Distance relays installed for protection of transmission
lines are able to furnish some information on the general area where a fault occurred,
but are not purpose-built to pin-point the exact location. The distance to the point of
fault can be calculated offline from the recorded data if required whereas the distance
relaying function must be carried out online for fast response. The ability to locate a

fault on a transmission line offers several incentives:

e Locating the fault accelerates transmission line restoration and maintains
system stability.

e It improves system availability and potentially reduces operating costs.

e |t saves the time and cost of sending out a repair crew to search for the fault

point in bad weather or unfriendly terrain.

Numerous fault locating algorithms have been proposed in the literature that can be

broadly categorized as:

e Single-ended algorithms.

e Two-ended algorithms.

Each of the two fault locating procedure types can be further sub-categorized as one

of the following:

e Procedures based on the fundamental frequency voltages and currents
(impedance based principle).

e Time-domain based procedures such as travelling-wave fault locators.

e Non-conventional fault locating procedures such as those based on Atrtificial
Neural Networks [46].

The fundamental frequency based fault locating procedures are the most popular
and widely used in real applications. The travelling-wave procedures take into
account voltage and current waves that travel back and forth along the line from the

point of disturbance. This type of fault locating procedure is typically more costly due
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to the high sampling rate requirements. A diagrammatic classification of the various

fault locating procedures is shown in Fig. 2.20 [1].

Fault location methods

.

! !

Travelling wave Impedance measurement
External wave (Fenetated Wave Single end Double end
mjection Analysis data infeed data infead
;' Douhle Smw[e Drouble LuEPE'Ij Dizributed LILEEPH Distributad
end end and end parameters  ParEmedErs parameters  parameters

Fig. 2.20 - Fault location methods [1]

2.11.1. Fault Location Schemes.

The gradual development of standardized means of communication between relay
line terminals has opened up a new front for improved fault location accuracy. Fault
locating algorithms that utilize two-ended measurements can have signal data fed
from either synchronized samplers, with aid of Global Positioning System (GPS), or
unsynchronized digital fault recorders. Synchronized sampling of data from the two
ends of a transmission line facilitates simple and accurate fault location. Modern
PMUs can reportedly achieve synchronization accuracy of 0.5 us [48]. A schematic
diagram of two-ended, synchronized fault locating procedure is shown in Fig. 2.21.
Satellite based GPS has the salient ability of providing a common time reference
signal. This enables accurate synchronization of geographically separated substations

where three-phase data measurements are recorded.
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Fig. 2.21 - Fault location using GPS [48]

Where d is the per-unit distance to the point of fault and Rgis the fault resistance.

When the GPS based synchronization mechanism is unavailable, the
measurements from the two line terminals are performed asynchronously. Data
measurements performed asynchronously do not have a common time reference and
consequently, the sampling instants at points A and B do not coincide. As a result of
the mismatched sampling instants, a certain phase shift, &, exists between the

waveforms recorded by the A/D converters on either ends.

In case of unsynchronized sampling of three phase data, the collected
measurement data is generally shifted in time. The phase delay can be caused by a

number of factors:

e Relays at two terminals of the transmission line detect the presence of a fault
at two slightly different instants.

e The lack of a synchronization mechanism such as GPS for harmonizing
analog to digital converter clocks.

e Different sampling rates of A/D converters on line terminals.

e Phase shifts introduced due to measurement channels.

Fault locators, compared to protection relays, are expressly designed to pinpoint
the exact location of faults on transmission lines to expedite the process of repair and

restoration of the power system. Two-ended measurement algorithms collect signals
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from both ends of a transmission line and offer far superior performance as opposed
to single-end algorithms due to their apparent insensitivity to source impedance, fault
resistance and remote-end in-feed [37].

A simple protection approach for multi-terminal transmission lines using
synchronized voltage measurements is presented in [35]. The process can be applied
to both transposed and un-transposed lines but requires source impedance data. Also,
fault distance calculation results in [35] indicate the dependence on the type of fault
and the fault resistance involved. Generally, the percentage error in distance
calculation increases with higher fault resistance. Fault location algorithms for two-
terminal systems using unsynchronized data measurements are presented in [37]-[39]
and [59]-[61].

An iterative procedure is developed in [37] where the unknown synchronization
angle can be found using the Newton-Raphson technique. A similar iterative
procedure is presented in [39] where a modified secant method is used to obtain the
value of the unknown synchronization angle. A non-iterative fault location and
synchronization procedure is developed in [38] using incremental positive sequence
quantities for symmetrical faults, and simultaneously using positive and negative
sequence quantities for unsymmetrical faults. All of the procedures presented in [37]-
[39] result in multiple pairs of synchronization angle and fault distance values. The
multiple solutions must be carefully treated with specially developed conditions to

select the correct pair of angle and distance.

The PMU-based fault location schemes provide the advantage of being
insusceptible to source impedance behind the relay, fault resistance involved and any
remote in-feed from far end terminals [47]. However, the fact remains that GPS
assisted PMUs are still not as widely adopted as they could be due to economic

considerations.

The common occurrence of compensating elements on transmission lines has
made reliable protection of power systems a challenging and difficult task. Series
compensation of transmission lines increases the power transfer capability of the

network and also improves the overall stability of the system. Despite the obvious
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advantage of using series compensation, it has been observed that series capacitors
generally result in an increase in the fault current level due to the reduced line
impedance and may also cause sub-synchronous resonance. Compensated
transmission lines present unique challenges to power system engineers who design
protective relays such as differential, directional and distance relays because the
transient response of series capacitors cannot be preconceived. The protective relays
of a given transmission line are affected by the reactance change and the sub-
harmonic frequencies generated by the series capacitor, in addition to the high
frequency transients that may also emanate in the event of a short-circuit. Fortunately,
the digital filters implemented on micro-processor-based numerical relays have the
ability to attenuate these high frequency components to a large extent. Generalized

models of compensated transmission lines are shown in the Fig. 2.22.

Un
Im In
I Un. L R Un'l

Fig. 2.22 - Compensated transmission lines

Protective relays installed on transmission lines are influenced by a number of
factors which need to be carefully considered to mitigate the adverse effects of
compensating elements. Protective devices that respond to phase quantities are
affected by voltage inversion phenomenon which is a change of 180° in voltage phase
angle. This usually occurs for a fault near the series capacitor and when the
impedance between capacitor and the fault point is capacitive rather than inductive.
Relays that use phase information from the fault side of the line will be able to detect
the fault successfully whereas the relays on the adjacent side of the capacitor might
not be able to correctly declare the fault location. In addition to the voltage inversion

phenomena, series compensated transmission lines also affect directional and
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differential type relays and those that respond to sequence voltage and current
quantities [51]-[53].

Numerous fault location algorithms have been proposed for series compensated
transmission lines that utilize one-ended or two-ended measurements. A one-end
fundamental frequency based technique is proposed in [49] where an equivalent
model for series capacitor and MOV is utilized and represented as current-dependent
variable impedance. The algorithm is tested for short circuit conditions with low fault
resistances. The algorithm also requires data on local and remote end sources
impedances and any mismatch of the assumed parameters is likely to affect distances
estimates. Being a one-end data algorithm, significant current in-feed from remote

sources is also likely to exacerbate distance estimation error.

A PMU-based fault location algorithm for series compensated lines that avoids
using the series capacitor device model by utilizing a two step algorithm is proposed
in [50] and [51]. A pre-location subroutine is designed to first obtain a crude estimate
of the fault location. The distance estimate is then refined using a correction
subroutine by iteratively calculating the series capacitor voltage drop and hence the
fault location and device impedance. The complex algorithms makes use of
synchronized data sampling and cannot be used on systems where GPS-assisted data

recorders are not present.

Fault location algorithm for double-circuit series compensated lines using
unsynchronized data is described in [53]. This solution is a multi-stage algorithm
where data synchronization can be achieved using three separate procedures. The
algorithm makes use of aggregate sequence voltages and currents to estimate the

distance to the point of fault as well as the fault resistance and SC/MQOV impedance.
2.11.2. Transmission Line Models.

Over-head transmission lines considered in relation to particular applications are

generally of two types:

e Lumped-parameter line models, and

e Distributed-parameter line models.
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Lumped parameter models are lines represented by lumped impedance elements. The
impedance parameters are calculated using a single frequency, usually the
fundamental power frequency. The simplified models are utilized for steady-state
fault location calculations or other transient simulations in the vicinity of a particular
frequency under study. A simple lumped-parameter model of an over-head line is
shown in Fig. 2.23.

I, R=Rf X =jeLl

Us Usg

(=

-]

Fig. 2.23 - Lumped parameter model [21]

Where | is the per-unit distance and w; is the fundamental frequency.

The per-phase self and mutual impedances of the model are dependent on line
geometry. For a transmission line with symmetrical impedance matrix, both the
diagonal and off-diagonal elements are equal. This is a condition which is satisfied

when the line is completely transposed as illustrated in Fig. 2.24.
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Fig. 2.24 - Section of a three phase transposed line [1]

The method of symmetrical components enables linear transformation of phase
components to a set of symmetrical quantities. This allows a three-phase network to
be decoupled in to three sequence networks which can be analyzed independently. A
short-circuit fault on a typical lumped-parameter transmission line is represented in
Fig. 2.25.
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Fig. 2.25 - Fault on lumped-parameter line [16]

Application of sequence transformation on the per-phase voltage, current and
impedance quantities allows the system to be resolved into positive, negative and zero
sequence networks as shown in Fig. 2.26.
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Fig. 2.26 - (a) Positive, (b) Negative and (c) Zero sequence networks [16]
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Transformation from symmetrical components into phase components is defined as:

V. 1 1 171[Y%
V=11 a*> al|W1 (2.38)
|74 1 a a?lll,

Where a is defined as e?°,

The distributed-parameter model is a more accurate representation of a
transmission line. The distributed model consists of series RL impedance along with
shunt admittance. For medium to long distance transmission lines, shunt admittance
need to be incorporated to account for the leakage current. A generalized distributed-
parameter model of transmission line is depicted in the figure below.

R Ay LA R Ay LiAx ; RiAx L Ax s B

LUy C]'_L*LT—‘? CL_\H:: i C:_J'Ll e g

Fig. 2.27 - Distributed-parameter line model [37]

For a distributed-parameter transmission line, the voltage and current along the line
are functions of both the distance x and time t. Since the distributed model can be
applied to phasors as well, the equivalent & circuit representation in Fig. 2.28 is used

more commonly for impedance-principle based fault locating procedures [53].
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Fig. 2.28 - Distributed = model for i symmetrical component [38]
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Where y;and Zare the i™ symmetrical component propagation constant and surge

impedance respectively.
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Chapter 3

Problem Formulation and System Modeling

In this chapter, the solution to the transmission line protection problem is modeled
as a fault locating algorithm. The mathematical models for the proposed systems are
developed assuming unsynchronized three-phase voltage and current measurements.

Two new fault locating algorithms are formulated in this thesis:

1- Fault Location Scheme for a Multi-Terminal Transmission Line System Using

Unsynchronized Measurements

A fault location algorithm for multi-terminal transmission lines using
unsynchronized measurements from one fault data recorder placed on each voltage
source terminal is developed. The multi-terminal system used is a four generator EHV
system with five transmission lines that need to be protected. The basic principles of

two and three-terminal line protection are extended to a multi-terminal system.

The data synchronization procedure presented here also doubles as a fault
detection scheme and is immune to power system transients such as load and
capacitive switching. The proposed fault location method is independent of high fault
resistance and the variation of source impedance behind the fault. The delivered fault
detection and location algorithm is then extensively tested for all major fault types

and large fault resistances.

2- Fault Location on Series and Shunt-Compensated Lines Using
Unsynchronized Measurements

A simple but effective fault location algorithm for both series and shunt
compensated transmission lines using unsynchronized two-ended measurements is
proposed. The data synchronization is achieved using post-fault data samples which
enhance the performance of the delivered algorithm. Fault location is achieved by
simultaneously processing the positive and negative sequence fault impedance loops
for unsymmetrical faults, and the positive and superimposed-positive sequence fault

impedance loops for symmetrical faults. The algorithm is able to deliver accurate
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results post power system transients such as abrupt load switching. The algorithm is

extensively tested for all major fault types and large fault resistances.

3.1. Fault Location Scheme for a Multi-Terminal Transmission Line System

Using Unsynchronized Measurements

Fault location on overhead power transmission lines remains a subject of great
interest and has been researched intensively over the years [33]-[47]. Fault location
algorithm for teed-feeders that carries out data synchronization by selecting a
common reference and equating the voltages at the teed-point is proposed in [33].
Super-imposed component extraction and modal transformation is used for fault
distance calculation. However, the authors assume synchronization mismatch of only
a few data samples and the delivered algorithm wasn't tested for large or obtuse
synchronization angles. The three-terminal protection scheme that uses Clarke
transformation to decouple the inter-phase quantities and develop a fault detection
index is proposed in [34]. The algorithm offers high-speed response but needs
synchronized data measurement from Phasor Measurement Units (PMU) and Global

Positioning System (GPS).

The fact remains that GPS assisted PMUs are still not as widely adopted as they
could be due to economic considerations. Therefore, data obtained from asynchronous
fault recorders need to be corrected by using a complex synchronization operator
(e’®), where § is the synchronization angle. Moreover, the application of two-end
fault location algorithms on multi-terminal lines would require 2n fault data recorders,

where n is the number of transmission lines.

In this research, a simple alternative fault location algorithm is developed using
unsynchronized measurements from one fault data recorder placed on each voltage
source terminal as shown in Fig. 3.1. The multi-terminal system used to apply the
developed fault location algorithm is a four generator EHV system with five

transmission lines.
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Fig. 3.1 - Five line multi-terminal system

The basic principles of two and three-terminal line protection are extended to multi-
terminal systems devising the delivered algorithm. The distributed parameter line
model is strictly used to represent high voltage transmission lines such that their

behaviors resemble real-life system dynamics.

A non-iterative data synchronization procedure is developed using known pre-
fault measurements. Data synchronization can be carried out in a single-shot fashion
without any constraints on the amount of synchronization required by the system.
Different from algorithms presented in [37]-[39], the data synchronization procedure
presented here provides the additional advantage of doubling back as a fault detection
method as well, which obviates the need for Clarke transformation based detection
methods as described in [33]-[35]. The formulation for the fault locating procedure
results in five distance functions, one for each line, which can not only identify the
faulted leg but also clearly point out the correct tee-point in the event of a fault

evolving at points M or N of the system in Fig. 3.1.
3.1.1. Data Synchronization Procedure.

The synchronization procedure begins with designating one of the buses as the
common reference point. In this case, bus 4 is used as the common reference. The

technique is designed such that data from other ends can be synchronized without any
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restriction on the amount of synchronization needed by the system before the fault
location process can be initiated. That is, the synchronization procedure works for
both acute and obtuse synchronization angles. The various types of faults differ in the
type of sequence component quantities present in voltages and currents during faulted
operation. Of all the different fault types, the presence of positive sequence quantities
is common for both symmetrical and non-symmetrical faults. Therefore, only positive
sequence phasors are used for the data synchronization process and fault location
scheme. It should also be noted that the synchronization procedure developed in this
section is highly suitable for implementation on a digital micro-processor.

Once the three-phase quantities are decoupled using symmetrical component
transformation, the relationship between positive sequence voltage and current at

location x from any bus can be expressed as [39]:

v,
ox - Ah
al

where V; and |, are the positive sequence voltage and current respectively, Z; is the

positive sequence impedance and Y is the positive sequence admittance.

The solution of the above two decoupled equations can be written in a two port

network form by applying the boundary conditions as follows:

2] = Lamtr 2 cvamrn M 62)

where Vs; and Ig; are the sending end positive sequence voltage and currents , and Vg
and Igr; are the receiving end positive sequence voltage and current. y, is the positive

sequence propagation constant and | is the line length.

It is helpful to express (3.2) in terms of the sending end quantities to calculate voltage

and current at a distance x from line terminal.

11/211 ] N [— S;:I?fsl}(ly(l)gl/)ch ccolssllln(};/l(ly)ll)] [ I ] (3.3)
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The voltage and current phasors calculated from data measurement at buses 1, 2 and 3
need to be corrected by using the synchronization operator [5]-[7]:

Va1 (6p) = anean
Ih1(6y) = Inlejsn (34)

where Vy; and 13 are the positive sequence voltage and current measured at bus n and

&, 1S the synchronization required for bus n.

Evaluating the pre-fault positive sequence voltage and current phasors from buses 3
and 4 at the tee-point M results in the following expression:

V179 cosh(y;Ls) — Iz;€7/%Z;y sinh(y;L3) = Vyf = Vyy cosh(y;L,) —
I41Z 1 sinh(y;L,) (3.5)

In general, V1 and Iy represent the positive sequence voltage and current at bus x. V1
and 11" represent positive sequence voltage and current at tee-point M or N. Ly

represents line length x.

The total current at tee-point M from buses 3 and 4 using (3.3) can be expressed as:

I 1 , . 1
Liaa = —V3,€/% sinh(y; L3) 7l + I3;€7% cosh(y,L3) — Vyy sinh(y; L,) 7 +

Iy cosh(y1Ls) (3.6)

The projected voltage at the tee-point M using the reference bus voltage and current in
(3.3) gives:

Var = Vaq cosh(yLy) — I4y Zcq sinh(yLy) (3.7)

Using the expressions for the positive sequence voltage and current at the tee-point M
in (3.6) and (3.7), the positive sequence voltage at the tee-point N can be calculated

using the two-port network equation in (3.3).

VN = Vyi cosh(yLs) — I3 4Zc1 sinh(yLs) (3.8)
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The positive sequence voltage at tee-point N in (3.8) is also equal to the voltage

projected from buses 1 and 2. This can be expressed as:
Vi = V,,e/91 cosh(yL,) — I,,e/%1Z,, sinh(yL,)

Vi = V5,792 cosh(yL,) — I,,e/92Z,, sinh(yL,)

(3.9)

(3.10)

With some mathematical manipulation, expressions in (3.3), (3.9) and (3.10) can be

re-arranged and expressed in a concise matrix form as shown below:
el%[My3] = by
e/%2[My,] + e/%3[My3] = b,

e/91[M3,] + €/93[M33] = by

where,
My3 = V3 cosh(y,L3) — I31Z¢qsinh(y;L3)
M;; = =V cosh(y,Ly) + [p1Z ¢4 5inh(y Ly)
M,3 = V34 sinh(y, L) sinh(y; Ls) — I31Z¢1sinh(y;Ls) cosh(y; L)
M3y = —Vyq cosh(yyLy) + I Z i sinh(yLy)
M35 = V34 sinh(y, L) sinh(y; Ls) — I31Z¢1sinh(y;Ls) cosh(y; L)
and,

by = Vyy cosh(y;Ly) — 141 Z 4 sinh(y,L,)

b, = —V,4 cosh(y;L,) cosh(y;Ls) + I,Z 4 sinh(y;L,) cosh(y;Ls)
— V, sinh(y, L,) sinh(y,Ls) + 1,Z ., cosh(y,L,) sinh(y,Ls)

Equations (3.11), (3.12) and (3.13) can now be expressed as:
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My My, My ej53 b1
M21 MZZ M23 8162 = b2 (314)
M33 b3

M31 M32 ej61
where
Myy =My, =My = M3, =0

The synchronization angle vector §, required for synchronizing data measured at
buses 1, 2 and 3 with respect to bus 4, can now be calculated from (3.14) and is given

by the following expression:

83 My My M) 7 by
50 = 62 = Ar'g M21 M22 M23 bz X% (315)
61 M31 M32 M33 b3

where the angle vector § is in degrees given as obtained from (3.15).

The required synchronization operator can be solved for by using (3.15) for each
incoming voltage and current data sample after calculating the positive sequence
phasors. Equation (3.15) when expressed in the given form makes it possible to
calculate all the required synchronization angles at once and is convenient for

implementation on a digital computer.

The fault detection schemes described in [33] and [34] utilize Clarke
transformation of inter-phase signals to obtain the decoupled ground and aerial mode
quantities. A fault detection index is formulated and used with a threshold to detect
the faulted leg in the teed system. The fault detection scheme described in [35]
evaluates each bus voltage at the tee-point and observes large differences that indicate
a faulted leg. The fault detection scheme used in this algorithm is inherent in the data
synchronization process. An overview of the complete algorithm which details the
various stages involved is shown in Fig. 3.2. The system calculates and records the
synchronization angle during the steady-state pre-fault condition. Once a fault occurs
on any of the five protected transmission lines, evaluating (3.15) results in a deviation
from the steady state synchronization angle values. This deviation is used to
determine if the system is operating under a fault condition. The detection scheme is

formalized in the pseudo-code below:
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|6(6) — Ssteady—state| = threshold
then

locate fault

(voltages and

e Sampled data ]
currents)

e DFT filter for fundamental components]

e Sequence transformation
of voltages and currents

Transformation

e synchronization angle calculation

Synchronization

¢ Detection and fault Iocation]

Fault Détection

Fig. 3.2 - Fault locator algorithm

3.1.2. Fault Location Scheme.

The fault location scheme involves reducing the multi-terminal system to a two-
terminal system such that the faulted leg is contained in the reduced two-terminal line.
The fault location function developed here is for the ground fault on line L; as shown
in Fig. 3.3. The use of positive sequence voltage and current phasors ensure that the

scheme would work for other fault types as well.
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Fig. 3.3 - Fault on line L; with assumed current directions

To reduce the four-terminal system that contains a faulted leg to a two-terminal one
the voltage and the total current entering tee-point N need to be calculated. The

voltage at N is given by (3.8) and the total current entering N is given by the
following expression:

Vi sinh(y;Ls)

Iy = 7 + Iiy(s.4) cOsh(y; L)
cl

—Vy, —S‘"hz(“LZ) + I,,€/92 cosh(y, L) (3.16)
cl

where Iy is the positive sequence current entering N. Using (3.8) and (3.16), let:

A1:V1\-]|-
Blzll-\ll-

The voltage at the fault point is given by the following two equations:

Vey = Ajcosh(y,L;(1 —dy)) — BiZ¢y sinh(y; L, (1 — dy)) (3.17)

Ver = Vi1e/% cosh(y Lyd,) — 1116791 Z, sinh(y; Ly d;) (3.18)

where d; is the per-unit distance to the fault point from Bus 1.
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Subtracting (3.18) from (3.17) and rearranging gives the expression for the per-unit

distance to the fault point.

A h(y1L1)-B1Z¢q sinh(y{L1)— jo1
arctanh( ; 13%512(V1+£ '1hfl sLm) ()];1 Z1) Vlte( - ))
—11€ sin - cos
dl = Real 11 c1 1yL Y1L1)—=B1Zca y1Ll1 (3.19)
161

Using the synchronization operator calculated during steady-state, the per unit
distance to the fault point can be calculated using (3.19). Using similar reductions,
distance functions for the other four transmission lines can also be derived which
would result in a total of five distance functions. The distance functions are evaluated
once the fault detection scheme described in the previous section determines a fault
condition. Evaluating the five distance functions will result in one function yielding a
per-unit value less than one, which would help single out the faulted transmission
line. Moreover, if a fault occurs on line 1 then the sequence voltages projected at M
from buses 3 and 4 should be equal, in additional to satisfying equation (3.8). Hence,
logical conditions can be developed to identify faults on line 1 which are presented

here as a pseudo-code:
if
[M(Vs;) = M(V,)] & [(3.10) = true] & [0 < d; < 1]
then
faulted line = linel

where i is the i sequence component. Similar logical conditions can be developed to
identify other fault legs as well. The compound logical conditions ensure that right
fault line is always identified. Additionally, for faults on the tee-point M, distance
functions ds, d, and ds will indicate a per unit value of 1. Whereas for a fault on the

tee-point N, ds will indicate a per unit value of zero.
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3.2. Fault Location on Series and Shunt-Compensated Lines Using

Unsynchronized Measurements

A simple but effective fault location algorithm is proposed for both Fixed Series
Compensated (FSC) and shunt compensated transmission lines using unsynchronized
two-ended measurements. The data synchronization is achieved using post-fault data
samples which enhance the performance of the fault locating procedure. Additionally,
the developed algorithm is also able to deliver accurate fault location estimates post

power system transients.

Most of the fault-locating algorithms presented in literature are highly complex
due to the fact that the voltage drop across the series capacitor or its current-controlled
dynamic impedance cannot be predetermined and need to be estimated. A typical
Fixed Series Compensation (FSC) and its nonlinear overvoltage protection such as
metal-oxide varistor (MOV) have three modes of operation [49]-[51]:

e Large fault current mode — where the series-capacitor is almost completely

bypassed and short-circuited by the MOV.

e Low fault current mode — where most of the current flows through the series

capacitor due to high impedance faults.

e Intermediate fault current mode — where the device voltage is above the MOV
threshold voltage and both the SC and MOV partially conduct the fault

current.

A large portion of the computational effort in [49]-[51] and [53] is spent on
estimating the behavior of the series compensation device when both the series
capacitor and MOV partially conduct. In addition, the presented algorithms do not
cater to the situation when alternate compensating elements, such as shunt reactors,
are installed on the transmission line, which play a vital role to voltage and system
stability. Shunt reactors are installed to absorb reactive power and help reduce the
over-voltages during light-load conditions. Moreover, shunt reactors also help reduce
over-voltages that occur due to switching and lightening surges. The algorithms

presented in literature would do well if a dedicated procedure existed to remove the

69



dependency on FSC/MOV mode of operation. This would help save the burgeoning
computational effort and improve the accuracy of the fault locating procedure.

Fixed Series Compensation (FSC) provides one of the simplest and most cost-
effective types of series compensation as compared to Flexible AC Transmission
Systems (FACTS). A generalized model of FSC with a parallel connection of series
capacitor (SC) and metal-oxide varistor (MOV) is depicted in Fig. 3.4.

Series
Capacitor

|
AN T

l :
MO
Discharge g Triggered Air

Reactor ‘/ Gap
—20 o—

o

Bypass
Switch

Fig. 3.4 - Generalized SC/MOV model [53]

An FSC device consists of actual three-phase capacitor banks in parallel connection
with MOVs. Triggered spark-gaps and circuit breakers (bypass switches) are also part
of the construction on FSC devices [53]-[54]. MOVs are non-linear elements that
protect the capacitor bank from over-voltages. The triggered-spark gaps are included
to protect the MOVs against excess heat dissipation and circuit breakers in turn
protect the spark gap. The v-i characteristic of the non-linear MOV is often
approximated by an exponential function as [55]-[56]:

imov = P(=2)4 (3.20)

VREF

Where ivov and vy are the MOV current and voltage respectively; P and Vger are
reference constants and ¢ is the exponent of the characteristic. A typical characteristic

curve of an SC/MQOV device is shown in Fig. 3.5.

70



1.4

]
P

-t

=]
0.8
&
= L. -
5 06
0.4
0.2 , 1
oy 20 40 60 80
current, pu

Fig. 3.5 - Sample characteristic curve of an FSC [55]

A lot of effort in literature is focused on calculating the series capacitor voltage
using the approximate exponential model which requires a large amount of
calculations to get the accurate result. There can also be considerable error when the
FSC bank is not close to the relay because the current flowing in the FSC device is
different from what is measured at the line terminal due to charging current [56]. In
this thesis, the traditional method of approximating the series capacitor voltage from
the relay line terminal is abandoned in favor of the state-of-the-art FSC monitoring

systems that can accurately measure three-phase current and voltages.
3.2.1. Fixed Series Compensation Monitoring System

Fixed series compensation monitoring systems are expressly designed to gather
real-time information on the physical state of FSC devices and have integrated
communications capabilities. The use of FSC monitoring systems has been a growing
trend since the 1980s to allow programmed maintenance and avoid unnecessary mass
power transfer interruptions. A typical FSC monitoring system comprises of data
acquisitions units and several other protection, control and supervision systems
(PCSS) [56]-[57]. A single line diagram of an integrated FSC platform and

monitoring system is shown in Fig. 3.6.
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Fig. 3.6 - Single line diagram of FSC platform [57]

The data signal flow from the platform to the monitoring system is illustrated in Fig.

3.7.
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Fig. 3.7 - Data flow between FSC and monitoring system [57]
The data acquisition unit of the monitoring system gathers and transmits data on
incoming transmission line current, capacitor bank and MOV leakage current and

phase voltages of the FSC device. The MOV element essentially remains in an open-

circuit condition as long as the MOV voltage (equal to capacitor voltage) remains
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below the threshold reference voltage, usually an 80% margin. Since the series
capacitor and MOV leakage current measurements are available through the
monitoring system, the phase voltages of the series capacitor can be easily calculated

by the onboard processing units with reference to the diagram in Fig. 3.8.
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Fig. 3.8 - SC/MQV bank structure
The capacitor voltage is given by:

ve(®) = ¢, ic(t) + ve(to) (3.21)
where,

ic(t) = ipine(t) — imov (1)
The discrete-time solution to the continuous-time differential equation is given by:

ve(n) = ZT—Z(iC(n) +icn—1)+vc(n—1) (3.22)

where,

ic(n) = ipme(M) — imov(n)

The FSC monitoring system can provide accurate phase voltage and current
measurements in real-time and will be used for the fault locating algorithm proposed
in this section. Albeit, synchronization between the data measured at the FSC unit and
the primary reference bus cannot be guaranteed and is taken into account by the fault

locating procedure.

73



3.2.2. Fault Location Scheme.

The algorithm proposed in this thesis uses unsynchronized measurements from the
two ends of the transmission line and the FSC unit. The algorithm works for all fault
types and fault impedances. In general, the synchronization required for the data
measured at one of the relay terminals and the FSC device may not be equal. As with
most other algorithms, information on the type of incident fault and the faulted phases
is provided by external diagnostic procedures which are not explicitly detailed here.
The proposed algorithm successfully extends the concept presented in [38] to series
and shunt compensated transmission lines. The fault locating procedure involving
FSC is essentially a three variable problem that has not been addressed before in

literature. A single line diagram of a series-compensated line is shown in Fig. 3.9.

-

Wscamow

Fig. 3.9 - Series-compensated line

Bus N is selected as the reference terminal for the purpose of data
synchronization. The three variables that need to be calculated for a short-circuit fault

on a series-compensated line are:
e )y, the synchronization angle required for terminal M measurements.
e §., the synchronization angle required for FSC measurements.
e d, the per-unit distance to the point of fault.

A special non-iterative procedure was developed for calculating the
synchronization angles and the fault distance. This was achieved by simultaneously
processing the positive and negative sequence fault impedance loops for

unsymmetrical faults, and the positive and superimposed-positive sequence fault
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impedance loops for symmetrical faults. The data synchronization procedure is
inherent in the fault location scheme and is carried out using post-fault data samples
for enhanced accuracy. A Fault location scheme was also developed for shunt
compensated lines along with a novel relay trip-blocking index. The model of shunt-

compensated transmission line is shown in Fig. 3.10.

M

lline

O iata

Fig. 3.10 - Shunt-compensated transmission line

The data obtained from the asynchronous data recorders need to be corrected by
using a complex synchronization operator(e/%), where § is the synchronization angle.
While deriving the proposed algorithm, the distributed parameter line model is strictly
used to represent transmission lines such that their behavior closely resembles real-
life system dynamics. The proposed fault locating algorithm does not depend on the
mode of operation of the non-linear series compensation devices and can be used for

all types of short-circuit faults and fault resistance variations.

With low fault-current levels, none of the phase MOVs or the air-gap conduct and the
series capacitor bank is equivalent to its pure nominal reactance value. The phase

reactance of the capacitor bank is given by:
ZA = ZB = ZC = __]XC (323)

Where X is given by ﬁ As per the theory of sequence components, the sequence

impedances of the series capacitor device is given by

—jX. 0 0
Zo1z = 0 —jX. 0 (3.24)
0 0 JjX.
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When the fault current level exceeds the threshold, the MOVs begin to partially
conduct which induces mutual coupling between the sequence impedances of the
series capacitor which cannot be accurately predicted. Hence, accurate phase voltage
and current measurements are instead utilized by the fault locating procedure. Once
the asynchronously measured three-phase quantities are decoupled using symmetric
transformation, the relationship between the sequence voltages and currents at
location x is given by the partial differential equation in (3.1). The solution of the
above two decoupled equations can be written in a two port network form and is
given by (3.3). The fundamental voltage and current phasors calculated from the data
measured at bus M need to be analytically synchronized with respect to bus N. This
can be done using a synchronization operator and applying it to the resulting voltage

and current sequence quantities.
Vin1 (8) = Vippe/om (3.25)
In1(8) = I;p1e/%M (3.26)

Where V1 and I are the positive sequence voltage and current measured at bus M

and &, is the synchronization required for bus M.
3.2.2.1. Fault Location for Series Compensated Lines.

An accurate fault locating algorithm is developed using unsynchronized
measurements. The sequence voltage drop across the FSC unit can be calculated using
the measurements from the monitoring system. Table 3.1 shows the various sequence
current and voltage components that emanate in the system for various types of short-

circuit faults.

Table 3.1 - Sequence components in various fault types

Current & Voltage Sequence Components
Fault Positive Sequence | Negative Sequence Zero
Type Seqguence
SLG N N N
L-L N N
L-L-G N N N
3-phase N
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Positive sequence quantities are common to all fault types whereas negative sequence
quantities evolve in unsymmetrical faults. The fault locating algorithm for an
unsymmetrical fault is developed using positive and negative sequence quantities
simultaneously. Fig. 3.11 shows the unsymmetrical fault condition which would be
common for both positive and negative sequence fault loop impedances. The
algorithm is designed to estimate the per-unit distance, d, to the fault with respect to
location of series device which can be installed at any known arbitrary point from the
buses.

Um, Im \/—\>% } V2
G- LLW }-©-—

Fig. 3.11 - Unsymmetrical fault on right side of FSC unit

The measurements obtained at the line terminal M and the FSC unit are
unsynchronized with reference to bus N and the synchronization mismatch might not
be necessary equal. The required synchronization compensation (e/c) for the FSC
unit measurements cannot be directly calculated in absolute terms since the fault is
between the series compensation and the line terminal N at a yet unknown distance d.
A novel skillful synchronization procedure that calculates the relative synchronization
mismatch between bus M and FSC measurements is proposed. This is done by
introducing a new synchronization operator term, e/dr, to synchronize bus M
measurements with respect to the FSC measurements. The subscript r stands for
relative. At the onset of a short-circuit fault, it was noticed that the positive sequence
quantities undergo a period of disturbance before settling to a new steady-state value.
Therefore, negative sequence quantities are utilized in the calculation of the
synchronization mismatch. Since the line current measurements are available, the
negative sequence current entering FSC unit must be equal to the negative sequence
current leaving terminal M corrected for the charging current. The negative sequence

current entering the FSC device is given by:
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e - 3.27
I = Ing = Z_mSinh(]/1L1) + I, COSh(ylLl) elor ( )

c

In general, V},and I, represent the positive sequence voltage and current from bus x
to side Y of the compensation device (right R or left L). ‘i’ represents the type of
sequence used, ‘+’ indicates positive and ‘-° indicates negative components. L;
represents the total line length from Bus M to the compensating device. Positive
sequence propagation constant, y;, is equal to the negative sequence propagation
constant y,. It is also known that the series compensation device does not affect the
through-current and the current leaving the FSC unit is equal to the current entering.
Therefore,

Lo = g (3.28)
Equation (3.27) can be rearranged to solve for the synchronization operator e/%r.

mL (3.29)

e]aT =
-V .
[ ZZ" sinh(y;L,) + I, cosh(ylLl)]

The unsynchronized positive sequence voltage to the left of series device is given by:

Vr;:L = [Vn-{ cosh(y;L1) — I}, Z, Sinh(ylLl)] (3.30)

Since the positive sequence voltage can be calculated from the known FSC

measurements, the line voltage on the right side of SC device is then given by:

Vie = Vit edor = V] (3.31)

Where V! is the positive sequence line voltage on the right side of the SC device as

seen from bus M and V.* is the positive sequence voltage drop across the capacitor.
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With reference to Fig. 3.11, the synchronized positive sequence fault voltage is then
expressed as:

Vit = Viiped® cosh(y,Lid) — I pe/®Zsinh (y;L,d) (3.32)

where Vi is fault point voltage in terms of the sequence quantities measured at bus
M and d is the per-unit distance to the fault with reference to the SC device. The fault
point positive sequence voltage as seen from bus N (reference bus) can also be
expressed in a similar way yielding the following expression:

Vi = Vit cosh(yy L, (1 — d)) — I} Zsinh (y;L, (1 — d)) (3.33)

Where V.. is the positive sequence fault voltage as seen from bus N. Combining
(3.32) and (3.33) and rearranging results in the following hyperbolic expression:

tanh(y, L d) [~Iize’®Z, + Vit sinh(y;L,) — I} Z. cosh(y; L,)] (3.34)
= V; cosh(y;L,) — I+ Z sinh(y, L) — Viipe/®

Equation (3.34) has two variables that need to be solved for, namely the per-unit

distance d and the synchronization operator e/9.

Following through the same derivative procedure presented for positive sequence
guantities, a second hyperbolic expression in terms of the per-unit distance and

synchronization operator can be obtained for negative sequence quantities.

tanh(y; L, d) [~Ingre’®Z. + V7 sinh(y;L;) — I; Z. cosh(y; L,)] (3.35)
= V; cosh(y;Ly) — Iy Zc sinh(y; Ly) — Ve

Taking the ratio of (3.34) to (3.35) eliminates the function dependency on the fault

distance d and rearranging yields the following expression:
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~Ihge%Z + ki kyp — Vipgel® (3.36)
—1%Zc + ki Koy —Vypel?

where the constants kq,, k,p,, k1, and k,,, are defined as follows:

kip = V" sinh(yL,) — I Z cosh(y;Ly)

kop = V" cosh(y,Ly) — I3 Z sinh(y; L)

ki, = Vy; sinh(y;L,) — I; Z. cosh(y;L;)

kyn = Vi cosh(yiLy) — I; Z. sinh(y;L;)

Simplifying (3.36) and rearranging Yyields the following quadratic equation with only

the synchronization operator as the variable.
eZ8[Al + e/S[B]+C =0 (3.37)
where the constants A, B and C are defined as follows:
A= I‘;lRZCV‘r;Il-R - Vn_levjﬁRZc
B = Vprkon + ImrZc K1p — Vinrkop — ImpZc kin
C= klkan - klnkZp
Equation (3.37) can now be solved for e/ using the quadratic formula given in

(3.38).
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—B +vVBZ —4AC (3.38)

The solution to (3.38) yields two complex values for the synchronization angle §. The

criterion for selecting the correct synchronization angle is described below.
l—e<|eff|<1+¢ (3.39)

where ¢ is a small deviation in the magnitude of e/®. The per-unit distance to the
point of fault can then be calculated by using either (3.34) or (3.35) and recording the
real value of the complex distance d. The distance between the compensating device
and bus N was taken as per-unit value of 1.0, therefore if total line-length between
buses M and N is rescaled to be 1.0 p.u and the SC device is connected in the center,
the per-unit distance from bus M is given by:

Real(d) 1 (3.40)
M=ty

Where d,, is the distance with respect to bus M. Once the synchronization operators

e/ and e/® are known, the absolute synchronization mismatch with respect to the

reference bus N can then be calculated as follows:
eldc = ¢Jd (3.41)
eidM = i8_ gidr (3.42)

The fault locating procedure for the faults occurring to the left side of the
compensating device can be developed in a similar fashion and operated concurrently
with the right-sided fault locating procedure. Results show that only one of the
procedures results in an acceptable per-unit distance due to the distance selection

logic that will be described later. The fault locating procedure for symmetric three-
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phase faults can be derived with slight alteration to the previous subroutine meant for
unsymmetrical faults. Negative sequence quantities cannot be utilized for symmetrical
faults since these are absent as per Table 3.1. Instead super-imposed/incremental
positive sequence quantities can be used as described in [58]. This results in a similar
quadratic relation for the synchronization operator and is not explicitly derived here.

3.2.2.2. Algorithm for shunt-compensated lines.

The algorithm for shunt reactor compensated lines, shown in Fig. 3.12, is devised
by approximating the reactor sequence currents. Positive and negative sequence
impedance loops are used for unsymmetrical faults and incremental positive sequence
quantities are utilized for balanced three-phase faults. Moreover, the shunt reactor
bank installed on the line might have inter-phase coupling and must be taken into

account.

Um, Im w2
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Fig. 3.12 - Fault on shunt-compensated line

Considering a fault on the right side of shunt reactor as shown in Fig. 3.12, the
unsynchronized positive sequence voltage at the reactor tie-in point as seen from bus

M is given by:
Vg = Vmu = [V cosh(y,L,) — I7,Z sinh(y, L,)] (3.43)
The sequence current to the left of the shunt reactor from bus M is given by:

-t 3.44
Zm sinh(y,L,) + I}, cosh(y,L,)] ( )
c

Ir;L:[

The positive sequence current flowing in to the shunt reactor can be approximated as:
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Vin (3.45)

I;(Ll = X,

where I3, is the inductor current and X, is the reactor impedance defined as:
Xy =jw(Ls — L)

Ls and L, are self and mutual inductances respectively. The current to the right of the

shunt reactor can then be expressed as:
Ir-|r-lR = (IT—|r-lL - 1;1) (3.46)

Similarly, the unsynchronized negative sequence voltage and current to the left of the
shunt reactor can be defined by:

'mr = Vi = [V cosh(y,L,) — I, Z. sinh(y;L,)] (3.47)

mr = (Um — Ixy) (3.48)

Where V,» and I rare the negative sequence voltage and current to the left of the
shunt reactor, respectively. Once the former two quantities are available, the
procedure developed using equations (3.32) through (3.39) can be used to calculate
the synchronization operator and the per-unit distance with respect to the
compensating device. The procedure for the three-phase balanced phase faults is
similar to the one used for FSC device using both positive and super-imposed positive

sequence quantities.

The fault locating algorithm for faults occurring on either side of the
compensating device consists of the two subroutines developed in the previous
section. The two procedures are run concurrently and only one will yield an

acceptable value for the per-unit fault distance. The procedure for selecting the
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appropriate distance value is developed here. While selecting the correct per-unit
distance d from the right-sided and the left-sided fault locating procedures, both the
real and imaginary components of d need to be carefully considered.

The correct solution for the complex fault distance d will abide with the following two
conditions:
0—e<Real(d)<1+¢ (3.49)

0—e<Imag(d)<0+e (3.50)

where ¢ is a small tolerance taken to be of the order 10™ for this system. The real
value of the fault distance d will need to lie between 0.0 and 1.0 whereas the

imaginary value will ideally be zero.

The next chapter comprises of extensive performance evaluation of the fault locating
algorithms for multi-terminal lines and series and shunt-compensated transmission

lines.
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Chapter 4

Performance Evaluation and Simulation Results

In this chapter, the solution to power system protection is modeled as a fault
location problem. The four-terminal system shown in Fig. 3.1 is simulated first using
unsynchronized measurements and tested for various types of faults and fault
impedances. Series and shunt-compensated systems shown in figures 3.9 and 3.10
were also simulated using unsynchronized measurements and tested for various types
of faults on either side of the compensation device. Results of fault location and
impedance trajectory are presented in this chapter. The results verify the efficacy of

the proposed solutions.
4.1. Algorithm Evaluation for Multi-terminal System.

The four-terminal line shown in Fig. 3.1 is simulated in MATLAB SIMULINK.
The transmission lines simulated have different lengths but similar impedance
characteristics for simplicity. The transmission line parameters are shown in Tables
4.1 and 4.2. The system was simulated with 735 kV voltage sources at different

angles as shown in Table 4.3.

Table 4.1 - Line Impedance Parameters

Parameter Positive sequence / Km Zero sequence / Km
R 0.011223 Q 0.30079 Q
L 0.00086848 H 0.002988 H
C 1.34E-08 F 8.59E-09 F
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Table 4.2 - Line lengths

Line Length / Km
1 100
2 140
3 180
4 200
5 50

Table 4.3 - Voltage sources in simulated system

Source Angle / Degrees
1 15
2 10
3 5
4 0

4.1.1. Synchronization and Fault Detection

The signals obtained from the SIMULINK simulations are naturally synchronized.
In order to evaluate the performance of the proposed algorithm, the signals obtained
from buses 1, 2 and 3 were delayed by 96, 30 and 45 degrees, respectively. Signals
from bus 1 was delayed by 96 degrees to show that the algorithm works for large
synchronization angles as well. Fig. 4.1 shows a comparison of delayed phase-A
voltage and current waveforms for line 1 against the original un-delayed versions.

This holds true for the rest of the phases and transmission lines as well.

The calculated synchronization angles during steady-state operation, using (3.15),
are shown in Fig. 4.2. A phase-to-ground, 50Q fault was placed on line 1 at 0.1s and
at a distance of 0.5 per-unit. As a safety measure, the algorithm registers a fault
condition only if the synchronization angle deviation persists for more than three data
samples. The apparent deviation of synchronization angles from their steady state

value is shown in the Fig. 4.3.

86



x 10 Phase A wiltage and Current waveforms

1 F T T 19 T T 19 15 T
Original
a) N K £y LY ™ N » 9

— 0.5 \ ) % \ \ Y x V| mm—— Delayed |1
= LY 4 n A [ A 11 N A AT
@ AW L4 I I3 IR A J " )1 " H 2 B A N H
S R Y N Y N AR AR R R R RY R RY R RN N 7
= L TAr R AT A WY AR URY AP UL Y A WV AU ¥ A WRY A WY A W
2 i ) ¢ ] I ; 2} ) )

0.5~ N ! V) (%Y 1Y v % < ! LY 7

_1 E r r r r r r r r r
o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Current (A)

(o] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
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Fig. 4.2 - Calculated synchronization angles

The calculated steady-state synchronization angles precisely reflect the sample delays

introduced in each of the bus measurements. All synchronization angles can be
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calculated at once using (3.15) instead of sifting through numerous permutations of
signal data shifts as proposed in [33] to achieve synchronization. The apparent
deviation of synchronization angles from their steady-state values during a fault

condition is shown in the Fig. 4.3.
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Fig. 4.3 - Apparent deviation of synchronization angles

4.1.2. Evaluation of Fault Locating Procedure.

Different types of faults with varying fault resistances were simulated on different
sections of the five transmission lines and the performance of the fault locating
functions was evaluated for all the fault types to cover all possibilities. The fault
resistance was varied from 1 to 200 Q which covers a large variance and captures

high resistance faults. Performance plots for three of the test cases are presented here.
4.1.2.1. Single Line to Ground Fault on Line 1.

A single line to ground fault was placed on line 1 at 0.1 seconds (6" cycle), 0.5
per-units away from bus 1 with a fault resistance of 120Q. The real and imaginary
values of the calculated per-unit distance, d, are plotted in Fig. 4.4 and agree well with

the expected theoretical results. The trajectory of the actual positive sequence
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impedance is also plotted in Fig. 4.5 against the three zones of an MHO relay set to
cover 85, 120 and 150 percent of line 1. The current wave-forms from measurements
at bus 1 are shown in Fig. 4.6.
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4.1.2.2. Phase A-B-Ground Fault on Line 2

A phase-to-phase-to-ground fault was placed on line 2 at 0.1 seconds (6™ cycle),

0.5 per-units away from bus 2 with a fault resistance of 10Q. The real value and

imaginary value of the calculated per-unit distance d are plotted along with the actual

impedance trajectory and current waveforms in Figures 4.7, 4.8 and 4.9 respectively.
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Fig. 4.7 - Distance d, A-B-G fault
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4.1.2.3. Three-phase Fault on Line 3.

A symmetrical three-phase fault was placed on line 3 at 0.1 seconds (6" cycle),
and 0.7 per-units away from bus 3. The real and imaginary components of the
calculated per-unit distance d are plotted along actual impedance trajectory and
current waveforms in Figures 4.10, 4.11 and 4.12 respectively.
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The results show that the percentage error of fault location for all fault types is

well within the 1% margin and do not exhibit any particular trend. In all cases the

algorithm is able to identify the faulted transmission line since real value of the

calculated per-unit distance was less than 1 using the method previously described in

Chapter 3. The fault locating algorithm is tested for various combinations of fault

types and distances and

the summarized results are presented in Table 4.4.

Table 4.4 - Performance of fault locating scheme

Fault
Faulted 0
Line Type Location Rr(Q) Y Error
AG 10% from Bus 1 1 0.012
Linel
BC 30% from Bus 1 50 0.024
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ABG 50% from Bus 1 100 0.015
ABC 85% from Bus 1 200 0.019
AG 10% from Bus 2 1 0.045
BC 30% from Bus 2 50 0.031
Line 2
ABG 50% from Bus 2 100 0.014
ABC 85% from Bus 2 200 0.016
AG 10% from Bus 3 1 0.041
BC 30% from Bus 3 50 0.019
Line 3
ABG 50% from Bus 3 100 0.039
ABC 85% from Bus 3 200 0.028
AG 10% from Bus 4 1 0.052
BC 30% from Bus 4 50 0.017
Line 4
ABG 50% from Bus 4 100 0.027
ABC 85% from Bus 4 200 0.021
AG 10% from N 1 0.021
BC 30% from N 50 0.019
Line 5
ABG 50% from N 100 0.026
ABC 85% from N 200 0.038

94




4.1.3. Power System Transients and Fault Detection.

Power systems are often subjected to high-speed transients that fade away within
the span of a few fundamental power cycles. Studying the response of protective
devices to transient conditions is crucial for avoiding malfunctioning and false
tripping of relays. The fault locating scheme developed in this thesis is highly robust
and can provide accurate fault distance estimates if a fault closely follows a power

system transient event.

Bus1 Lineb

V4
N M
V1 Line 1 Line 4 BUS
Line 3
Line 2
Switch Bus 3 mu
+Bu52
Capacitive Load @ V3
V2 I
j L

Fig. 4.13 - Multi-terminal line with load
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o
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The algorithm presented in Chapter 3 was tested with the system subjected to load
switching transients. A 50 MV AR capacitive load was attached to bus 1 as shown in
Fig. 4.13 and the fault detection scheme was analyzed for erroneous false-positive
response. The attached load was switched on after the fourth power cycle (0.0667

seconds) and its effect on the voltage and current waveforms measured at bus 1 was
observed.

Figures 4.14 and 4.15 clearly show the effect of load switching on the voltage and
current waveforms at bus 1, respectively. Despite the waveform distortion, the fault

detection scheme is able to correctly ignore the altered system operating condition
without giving a false positive response.
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The performance of the fault detection scheme is shown in Fig. 4.16. The calculated

synchronization angles do not show any discernible deviation from their steady state

values.
Calculated synchronization angles
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Fig. 4.16 - Synchronization angles during transients

The utility of the detection scheme is obvious from the fact that the algorithm was
able to carry out data synchronization during power system transients. The test was
repeated with varying load levels and by placing the load at buses 2, 3 and 4. It is
worth noting that the fault detection scheme performed well consistently. The
algorithm was tested more stringently by placing a high resistance phase-a to phase-b
phase fault on line 1 shortly after a load switching transient occurred. The attached
load was switched on after cycle number five (0.0833 seconds), whereas the fault was

initiated one cycle later at 0.1 seconds.

Table 4.5 - Fault location estimate after transients

Faulted Fault %
Line Type Location Re(Q) | Error
Line 1 AB 50% from Bus 1 100 0.08
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The fault location estimate for the test is shown is Table 4.5 and is consistent with the
results shown in Table 4.4.
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The current waveforms measured at bus 1 during transients and post-fault are
shown in Fig. 4.17. The synchronization angles calculated during transients and post-
fault are shown in Fig. 4.18. The fault detection scheme was able to successfully
differentiate and identify the fault that was placed just one power cycle after
initializing switching transients on line 1. This clearly indicates the robustness of the
proposed algorithm.

4.2. Algorithm Evaluation for Series and Shunt Compensated Lines.

The two-terminal compensated line system was tested using MATLAB
SIMULINK. The 735 kV transmission line used has a length of 200 Km with the
compensation devices installed at the mid-point of the line. The transmission line

sequence parameters are shown in Table 4.6.

Table 4.6 - Line sequence parameters

Parameter | Positive sequence / Km | Zero sequence / Km

R 0.011223 0.30079
L 0.00086848 0.002988
C 1.34E-08 8.59E-09

The data signals collected from SIMULINK are naturally synchronized. In order to
test the performance of the algorithm, the data signals from bus M were deliberately
delayed by a few samples equivalent to a lag of 30°, whereas data measurement from

the FSC device were delayed by a lag of 15°.

The total line positive sequence reactance as per the table above is 65.5Q. The
FSC device simulated with the system is setup to provide 65 percent compensation.
Series capacitor and MOV parameters are summarized in Table 4.7. The MOV
protection level required to protect the capacitor is set at 2.5 the nominal capacitor
voltage. The FSC device is also equipped with damping elements and spark gaps to

protect the capacitor against excess heat dissipation with a set point of 30 MJ. Fig.
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4.19 shows the SIMULINK model used to simulate series compensation on

transmission lines.
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Fig. 4.19 - FSC model in Simulink

Table 4.7 - FSC/MOQV parameters

Device Impedance MOV protection level

Series Capacitor 42.24Q (62.8 F) 411840 V

4.2.1. Evaluation of Synchronization and Fault Locating Procedure

The algorithm was first tested with a series compensated device for variable fault
impedance and both symmetrical and unsymmetrical faults. A single-phase fault on
phase-A with a ground resistance of 150 Q was placed on the system at 0.1 seconds
and at a distance of 0.5 p.u to the right of the FSC. The synchronization angles
calculated using post-fault data samples were recorded. The right and the left-sided
fault locating procedures were run concurrently each yielding two sets of values. The
synchronization angles calculated from the left-sided fault locating procedure are
completely rejected by the algorithm due to the conditions described in (3.39), (3.49)
and (3.50). At the onset of a fault, the relative synchronization angle &, was

calculated first and is shown in Fig. 4.20. Only one solution from the two
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synchronization angles calculated using the right-sided fault locating subroutine, is
corresponding to the actual synchronization angle needed as shown in Fig. 4.21.

Relative Synchronization Angle for FSC Measurements
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Fig. 4.20 - Relative synchronization angle &, for fsc device
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Synchronization angle solutions
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Fig. 4.21 - Synchronization angle solutions for &

One of the two solutions shown in Fig. 4.21, is again rejected as it does not conform
to the conditions described earlier. Using the correct solutions, the absolute
synchronization mismatch with respect to bus N can be calculated using (3.41) and
(3.42).

e]SC e e]a e ej150

ejSM = ejaejaR = ej300

The calculated per-unit distance with respect to the location of the SC device using
the two angle solutions from the right-sided subroutines is plotted in Fig. 4.22a and
Fig. 4.22b. The wrong synchronization angles can be easily rejected based on the
conditions described in (3.39), (3.49) and (3.50). The actual real and imaginary
components of the per-unit distance to the fault are plotted in the Fig. 4.22b.
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Real and imaginary components of per-unit distance using the two angle solutions
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Fig. 4.22 —a) Rejected distance estimate, b) Correct distance estimate

As can be seen from Fig. 4.22, the distance estimates using the first angle can be
easily discarded since the imaginary component of distance d exceeds the bounds
established in (3.50). The distance estimate using the second angle solution is the
actual solution to the fault location problem and complies with the selection

procedure.

A similar test was carried using the transmission line compensated with shunt
reactor installed midway. The system was tested with a single phase to ground fault
on the right side of the shunt reactor and the correct synchronization angle was
selected based on the required criteria. Fig. 4.23 shows the correct synchronization

angle (6,,) calculated after the onset of the fault.
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Fig. 4.23 - Correct synchronization angle solution for Bus M

It can be seen from the previous plots that the delivered algorithm can accurately
calculate the synchronization angles and pick out the appropriate one with the aid of

strong exclusion conditions developed in the earlier section

The corresponding per-unit distance to the fault tested with shunt compensation is

plotted in the Fig. 4.24.
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Real value of fault distance
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Fig. 4.24 - Real and imaginary values of correct fault distance estimate, shunt compensated lines

Fig. 4.24 clearly shows that the actual per-unit distance to the fault abides by the
criteria devolved in (3.49) and (3.50). Different types of faults with various fault
resistances were simulated on the transmission line at various distances with respect
to the compensating device. For faults occurring on the right side of the device, the
distance calculated is with respect to the device itself. For faults occurring on the left
side of the compensating device, the distance calculated is with respect to bus M in
Fig. 3.12. Results from two of the test cases are presented in this section. For each of
the fault test cases presented, the phase current waveforms, series capacitor voltage
and MOV leakage current waveforms, if applicable, and distance estimates are
plotted.

4.2.2. Two-phase-to-ground Fault with FSC Device Installed.

A two-phase-to-ground (A-B-G) was placed on the transmission line with the FSC
device installed. The fault was initiated at 0.1 s with a ground resistance of 50 and at
a distance of 0.5 per-units to right of the compensating device. The resulting wave-

forms and distance estimate are shown in Figures 4.25 and 4.26.
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Phase currents, Bus M
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Fig. 4.25 - Phase currents, bus M
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Fig. 4.27 — SC/MQV phase voltages and MOV phase currents

Fig. 4.25 clearly shows the turbulence in phase current wave-forms after the onset
of the fault due to the harmonic distortion caused by the FSC device. Despite the
turbulence, the fault locating scheme was able to accurately pin-point the distance to
the fault in Fig. 4.26 where the solution complies with the selection criteria described
in (3.49) and (3.50). Fig. 4.27 shows collapse in phase A and phase B voltages as

expected along with the MOV leakage phase currents.
4.2.3. Symmetric Three-phase Fault with Shunt Reactor Installed.

A symmetric three-phase fault at 0.1 s was placed on the line with the shunt
reactor installed. The fault was placed at a distance of 0.6 per-unit from the shunt
reactor. The resulting phase current waveforms measured at bus M and the distance
estimates are plotted in the Figures 4.28 and 4.29, respectively. The distance estimate

is again consistently accurate.
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Fig. 4.29 - Fault distance estimate
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More tests were carried out including all major fault types with a wide variance of
fault resistances. In all cases, the algorithm was able to accurately calculate and pick
the appropriate synchronization angle and the corresponding fault distance. The test

data is summarized in the Table 4.8.

Table 4.8 - Performance of fault location scheme

. Fault %

Compensation Average

Device | rvne | Location (pu) | Re(Q) Agsrcr’(')‘;te

AG +0.2 1 0.012

Shunt BC -0.3 50 0.024

compensation | \g +0.4 100 | 0.015

ABC -0.25 200 0.019

AG +0.2 150 0.045

. BC -0.3 200 0.031
Series

Compensation | g~ +0.4 120 | 0.014

ABC -0.25 250 0.016

Locations with a positive sign indicate faults occurring on the right side of the device
and those with a negative sign indicate that faults were placed on the left side of the

compensation device.
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Chapter 5

Conclusion and Recommendations for Future Work

This Thesis proposes an alternative simple fault detection and location scheme for
multiple-terminal transmission lines which can, in principle, be extended to any N-
terminal system. The algorithm carries out data synchronization using the known
steady-state measurements and utilizes the apparent deviation in synchronization
angles to determine a faulted state of operation. The fault location scheme gives
accurate estimates for fault distances which are well within the one percent margin.
The transmission lines are modeled using distributed-parameter line model to mimic
real life system dynamics as closely as possible and substantiate the efficacy of the
proposed algorithms. Additionally, the method remains unaffected by power system

transients and high fault resistances.

An accurate, non-iterative fault detection and location scheme for series and shunt
compensated transmission lines is also proposed in this thesis that utilizes
unsynchronized measurements from the two terminals of a transmission line and from
the monitoring system if a fixed series compensating (FSC) device is installed. The
algorithm carries out data synchronization using the measured post-fault data samples
for both symmetrical and unsymmetrical faults. The fault location scheme gives
accurate estimates for fault distances which are well within the one percent margin. In
principle, the two-end fault locating algorithm can be easily adapted for operation on
any standard interconnected power bus system; as long as the transmission line that
needs to be protected is enveloped by fault data recorders on line terminals. In case of
transmission lines operated with series compensation for enhanced power delivery,
the solution to line protection is defined as a three-variable problem that has not been
addressed by solutions presented in the literature. Moreover, the fault locating
algorithm also caters to scenarios where the system might have alternative

compensating devices installed such as shunt reactors.

The main contributions of this thesis can be summarized as:
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e Transmission line protection as a fault locating problem: The problem of
efficient transmission line protection is modeled as a fault locating procedure
that work with unsynchronized measurements.

e Two new fault locating algorithms are developed: A fault locating algorithm
for multi-terminal transmission line with an in-built fault detection
mechanism; and a fault locating scheme for series and shunt compensated
transmission lines.

e The accuracy of the proposed fault locating schemes is not affected by fault
location, fault type and the level of pre-fault power flow. Neither is it affected
by source impedance variations behind the relay terminals.

e The works done in this thesis has been presented in two journal papers
submitted to IEEE Transactions on Power Delivery and are currently under
review. The third research paper submitted to IEEE Power & Energy Society

General Meting 2013 has been accepted for publication.

The fault locating algorithms also perform well in the vicinity of power system
transients as well as in the presence of non-linear over-voltage protection devices such
as metal oxide varistors (MOVs) that are commonly installed with series

compensating capacitors.

Future work on the topic of transmission line fault location could focus on
designing algorithms to work with un-transposed transmission lines. Transposition of
transmission lines ensure that the sequence components of the line’s impedance are
not mutually coupled which enables the circuit sequence networks to be dealt with
independently, as was shown in the literature review. Un-transposed lines have the
effect of inducing inter-network coupling between sequence impedances which
convolutes the fault location process. It would be necessary to resort to phase voltage,
current and distributed impedance parameters when designing fault locators for un-

transposed lines.

Most of the fault locating schemes designed to work with series-compensated
lines utilize the exponential function described earlier to approximate the phase-
voltage drop across the capacitors. The use of FSC monitoring devices for fault

locating algorithms obviates the need for predictive impedance functions and
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enhances the accuracy of fault distance estimations. The error in the calculated phase-
voltage drop using the current mathematical model accentuates as the FSC device is
placed further away from the reference line terminal. This is due to the fact that the
dynamic impedance of the FSC device is a function of the through-current which
cannot be pre-determined analytically for various short-circuit conditions. The
problematic issue of dynamic FSC impedance can be tackled by designing an accurate
predictive impedance function which can track the behavior of series-compensated

devices more closely.
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