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Abstract

The precise location of the fault in a series capacitive compensated transmission line (SC-
CTL) plays an integral part in limiting the maintenance time following its tripping due to the
occurrence of a permanent fault. Since, an SCCTL acts as a huge corridor of power, its outage
will result in huge monetary losses which are directly proportion to the time it remains out of
service. In worst case scenario, the tripping of an SCCTL might lead to the cascaded tripping
of the parallel transmission lines due to overloading. Therefore, the need for an accurate and
robust fault location algorithm for the SCCTLs becomes critical. Consequently, the focus of
this thesis is to develop new fault location algorithms for the SCCTLs.

First of all, the concept of fault location in conventional transmission lines and its appli-
cation to SCCTLs has been explained. The mathematical analysis of impedance-based fault
location algorithms for SCCTLs which are the most widely used fault location algorithms for
SCCTLs, is performed. The mathematical analysis enables a deeper look into the strengths and
deficiencies of the existing algorithms. After the identification of the innate limitations of the
existing fault location algorithms, three new impedance-based fault location algorithms have
been proposed with the aim of maximum utilization of the available measurements to improve
the accuracy of the fault location results in SCCTLs. The proposed impedance-based algo-
rithms are then tested for various fault scenarios using simulations carried out in Matlab, and
PSCAD. The comparative analysis of the proposed algorithms with the existing algorithms is
also performed.

The interest in traveling wave-based fault location algorithms has been renewed lately due
to the availability of commercial relays capable of sampling in the range of 1 MHz. Therefore,
the traveling wave theory which forms the basis of traveling wave-based fault location algo-
rithms is discussed. The mathematical analysis of reflection, and transmission of the traveling
waves from various points of discontinuity in an SCCTL has been performed which enables the
understanding of the shortcomings of the existing fault location algorithms. Thereafter, a new
single-ended traveling wave-based fault location algorithm has been proposed in this thesis.
The performance of the proposed algorithm has been verified through the simulations carried
out in PSCAD.

Keywords: Fault Location, MOV, Series Capacitor, Series Compensated Lines, Transmis-

sion Lines, Traveling wave.
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Chapter 1
Introduction

A robust transmission system is the backbone of a power system. Without the means of a secure
and dependable transmission system, the power generated at remote generating station cannot
be brought to the major urban load centers. With increasing demand of electrical power, the
capacity of the transmission system also needs to be increased along with the generation capac-
ity. There are two avenues to increase the capacity of the transmission system: 1-construction
of new transmission lines; 2-enhancing the capacity of the existing transmission lines. Since,
a transmission line is the biggest component of a power system which spans over hundreds of
kilometers, the construction of a new transmission line is very capital cost intensive due to the
vast amount of land (right of way) required, material costs and labor costs. The construction
of a transmission line is further complicated by the stringent environmental regulations.

The other way to increase the capacity of a transmission system is to enhance the trans-
mission capacity of the existing transmission lines. The transmission capacity of any 3-phase
transmission line is given by (1.1) [1],

P:3% sind (1.1)
where V5 and VX are the sending and receiving end phase voltages, respectively. X’ is the
reactance of the transmission line, and ¢ is the power angle. Three avenues could be identified

from (1.1) for increasing the power transfer across an existing transmission line:

1. Increasing voltage level (V5 and V%): In a transmission system as the voltage level is
increased the power transfer capacity of the transmission line also rises. The transmission
line voltages in North America have reached to 765kV [1]. Another benefit of higher
voltage levels is the transmission losses get reduced. However, the voltage level of any

transmission line is designed and set at the time of construction of a transmission line.
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Figure 1.1: Transient stability: (a) Case 1; (b) Case 2.

Once the transmission line is put into service the voltage level of a transmission line could
only be increased typically by 5%, increasing the power transmission capacity by 10%.
So, for an existing transmission line the power transfer capacity cannot be significantly

increased using the voltage levels.

. Increasing the power angle (6): The power transfer capacity of a transmission line
could alternatively be increased by increasing the power angle, i.e., 6. However, as ¢
increases the incremental change in power transfer capacity keeps becoming smaller as
can be observed from (1.2). In other words, same incremental change in 6 would have

more effect on increasing the power transfer capacity of the line when ¢ is small.

S| R
% :3% coso (1.2)
Another very important aspect of increasing the power transmission capacity through
power angle is that as the power angle increases the transient stability of the system gets
decreased. Figures 1.1 (a) and (b) show the plots of transmitted electrical power (P) vs.
power angle (6), and, the effect of using power angle for increasing power transfer across
transmission line on the transient stability of the system. A solid three-phase fault in
the transmission line is assumed to occur in the transmission line which produces the
shift of A¢ in the power angle when: (a) power angle (J,) and power transmission (P;)
are relatively smaller (Case 1); (b) power angle (6,) and power transmission (P,) are

relatively large (Case 2).

For a system to be stable during transient state, area A1 should be less or equal to the
area A2. In Case 1, area under A2 is quite large in comparison to A1, signifying that the
system would recover from the disturbance with a comfortable safety margin. When the
power flow is increased to P, by increasing power angle to 6, (Case 2), the system would

keep running in steady state. However, when the same disturbance as in Case 1 is applied
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Figure 1.2: Schematic diagram of series compensated transmission line.

to the system, it will not recover as A2<A1. This fact highlights the key point that any
considerable increase in power transmission capacity by using power angle would come

at the cost of decreasing the transient stability of the system considerably.

. Series capacitive compensation (decreasing X*): Another way to increase the power
transfer is to decrease the inductive reactance of the transmission line denoted by X*
in Figure (1.1). Inductive reactance of the line can be decreased by putting a capacitive
compensation (X) in series with the transmission line as shown in Figure 1.2. The series
compensation devices could be a Fixed Series Capacitor (FSC), Thyristor Controlled
Series Capacitor (TCSC), or a combination of both [1]. FSC as the name suggested has
fixed capacitive reactance and is the simplest and least expensive series compensation
device. On the other hand, the compensation level of a TCSC can be greatly varied
within few milliseconds depending upon the requirements by changing the firing angle
of thyristors. A combination of FSC and TCSC can be utilized to obtain inexpensive yet

variable series compensation.

In steady state the power flow across a series compensated transmission line would be

given by (1.3) [1].
3 [VS1IVE|

P
XF =X

sino (1.3)

where X€ is the steady state capacitive compensation of the compensating device. It
should be noted that from here onwards the elaboration of series compensated transmis-
sion lines is done using FSC as the standard series compensation device unless men-
tioned otherwise. The series compensated transmission lines are thus, referred to as
Series Capacitive Compensated Transmission Lines (SCCTLs). Figure 1.3 shows the
P-¢6 characteristics for a conventional line and a series compensated line with 50% series

compensation (X¢ = XTL). It can be seen that for the same power angle (6) the power
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Figure 1.3: Power transfer capacity of a conventional and an SCCTL with 50% series capacitive
compensation.

transferred through the SCCTL is double that of the power transferred through the con-
ventional line (i.e., P° = 2P’). Another benefit of the series capacitive compensation
of the transmission line is that it increases the steady-state and transient stability of the

power system [2].

Consequently, the series compensation has become a very attractive avenue for increas-
ing power transfer capacity of the existing transmission lines [3] [4]. Figure 1.4 shows
the Hydro-Quebec 765kV transmission network [5]. Note the wide usage of series com-
pensation in the network. Another example of wide application of SCCTLs is from [8]
which shows the 500kV Third AC Intertie Project in the Pacific Northwest by Bonneville
Power Administration (BPA) and other utilities as shown in Figure 1.5. In Ontario, two
SCCTLs have been added to the Hydro One network between Hanmer at Sudbury and
Essa at Barrie [2].

1.1 Significance of fault location in transmission lines

The fault is an abnormal operation of the power system which might be caused by natural
causes, equipment failure, or operator error [6]. The short-circuit is the most serious type of
fault in the electrical power system [7]. The transmission lines are the largest parts of a power
system that span across hundreds of kilometers, pass through variety of geographical features,

and are exposed to various elements of nature such as wind, rain, snow, lightning etc. As such,
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the probability of occurrence of a fault and consequent tripping of the faulted transmission lines
becomes relatively high. Though the tripping of any transmission line is a very serious event,
but due to large amount of power that an SCCTL transfers, the tripping of an SCCTL becomes
a very significant event. The tripping of an SCCTL in a best case scenario would result in large
monetary losses to the utility, or in a worst case scenario may lead to widespread black-out. The
amount of monetary losses due to the tripping of a transmission line are directly proportional
to the time that transmission line remains out of service. Moreover, the other transmission
lines will now have to carry the extra-load in the absence of the tripped transmission line. In
order to minimize the financial losses and to avoid the possible cascaded tripping of parallel
transmission lines, it is very important to rapidly locate the fault, complete the required repairs

and put the transmission line back in to the service.

Locating the fault in a transmission line through visual inspection is impractical due to the
shear length of the SCCTLs. Thus, arises a critical need to have a fault location algorithm
for SCCTLs which could pin-point the location of the fault by using the voltage and current
measurements. The maintenance crew could then be dispatched directly to that location. The
importance of fault location algorithm for transmission lines can be gauged from the fact that a
feature called ‘fault locator’ is available in almost all of the commercial protective relays used

for the protection of transmission lines.

For a conventional transmission line, a direct relationship can be established between the
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measurements (current and voltage) made at the line terminals and the distance of the fault from
the transmission line terminals, as the conventional transmission lines have uniform character-
istics along their length. Various fault location algorithms for conventional lines could be found
in literature [9]-[12]. However, the presence of series capacitor protection system (SCPS) in
an SCCTL introduces the non-uniformity to the properties of the SCCTL which makes the

process of fault location in SCCTL complicated as discussed in detail in the following section.

1.2 SCPS and fault location in SCCTLs

As we know, the voltage drop across the series capacitor is directly proportional to the current
flowing through the transmission line. Under fault conditions, the current flowing through se-
ries capacitor becomes excessively large (ranging from 2-10 times of the rated current), which
leads to dangerously high voltage drop across the series capacitor which may damage the series
capacitor [13]. Therefore, the protection system, i.e, SCPS is integrated to the series capacitor
to protect it from the over-voltages resulting from the fault current. The series capacitor along
with its protection system has been referred to as Series Capacitor Bank (SCB) in this thesis.
The schematic diagram of the most general configuration of SCB is shown in Figure 1.6.

To observe the effect of SCPS operation on the process of fault location it is important to
understand its principle. SCPS broadly consists of Metal-oxide Varistor (MOV), bypass gap,
bypass switch along with a protection and control system [13], [14]. The functionality of each

component of SCPS is as given below.

1. MOV: An MOV is a non-linear element which provides immediate over-voltage protec-
tion to the SCB. When the voltage across SCB reaches the protection level of MOV, the
fault current immediately gets bypassed from series capacitor to MOV. Thus, clamping
the voltage across SCB to the protection level of the MOV. The current is re-routed back
to the series capacitor only after the voltage has dropped below the protection level of
the MOV. This phenomenon could be observed from the waveform shown in Figure 1.7.
It can be observed that MOV and series capacitor conduct intermittently in each funda-
mental cycle after the occurrence of a fault. The period for which an MOV conducts
in each cycle depends upon the magnitude of the fault current. Thus, the behavior of
parallel combination of an MOV and series capacitor is highly non-linear and fault cur-
rent dependent. It should be noted that when MOV conducts the fault current it keeps
on absorbing the energy, which leads to the rise of temperature of the MOV. So, energy
accumulation capacity of an MOV is one of the design criteria that is taken into account

while selecting the MOV for an SCB. To protect MOV against overheating or thermal
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rundown due to excessive fault current or due to elongated conduction period, the energy
accumulated in an MOV is continuously monitored. The accumulated energy is esti-
mated by measuring the current flowing through MOV branch of the SCB through CT in
the MOV branch as shown in Figure 1.6. If the accumulated energy in an MOV reaches
its threshold value, the MOV is bypassed by local protection and control system through
bypass gap and bypass switch.

2. Bypass gap: A bypass gap is incorporated in SCPS to immediately bypass the MOV by
striking a spark across its air-gap until the bypass switch has closed its contacts. Bypass
gap is triggered: 1-to avoid unnecessary heating of MOV if the fault current is too high
and will likely result in MOV reaching its energy accumulation limit [13], [15]; 2-if the
heated MOV is re-closed on to a fault [15]. However, with the increase in the energy
absorption capacity of MOV and reduction in the closure time of the bypass switch, the
newer installation of SCBs are increasingly implemented without using the bypass gap.
In this thesis, the configuration of SCB with a bypass gap is called as bypass gap config-
uration of SCB while the configuration without a bypass gap is called gapless configura-
tion of SCB. The configuration of SCB shown in Figure 1.6 is bypass gap configuration
of SCB.

3. Bypass switch: Bypass switch protects MOV in gapless configuration, while protects
MOV and bypass gap in bypass gap configuration of SCB, respectively; against the elon-
gated conduction period if the protection system of the transmission line fails to operate
[13], [14]. In newer installations, bypass switches are replacing the bypass gaps alto-
gether.

It is clear from the above discussion that the behavior of SCPS is highly non-linear and fault
current dependent. The non-linearity so introduced hinders the analytical estimation of the
voltage drop across an SCB during the fault period which in turn makes the fault location
in SCCTLs a cumbersome process. As a matter of fact, the location of SCB relative to the
capacitor voltage transformer (CVT) is a determining factor in deciding that if a specialized
fault location algorithm for SCCTLs is needed, or a fault location algorithm for conventional
lines would suffice. An SCB can be located anywhere in a transmission line, ranging from
one of the transmission line ends to the middle of the transmission line. When an SCB is
located at a line end and the corresponding CVT is located on the line side of SCB as shown
in Figure 1.8 (a), the SCB lies outside the zone between CVTs located at the transmission line
ends. The only power system component that lies between the two CVTs is a transmission

line which has uniform characteristics along its length. In such cases, the conventional fault
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Figure 1.8: Location of SCB with respect to CVTs in an SCCTL with SCB lying: (a) outside
the zone between CVTs, (b) inside the zone between CVTs.
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location algorithms such as [9]-[12] can be applied to SCCTLs [26]. However, in all other
configurations, the SCB will always lie in the zone between two CVTs as shown in Figure 1.8
(b). Now, due to the existence of a non-linear device between the two CVTs, the fault location
algorithms for conventional transmission lines cannot be applied to such cases. Therefore, the

dedicated fault location algorithms for SCCTLs are needed.

1.3 Existing types of fault location algorithms for SCCTLs

Dierent types of fault location algorithms for SCCTLs have been proposed in the exiting litera-
ture which can be classified into three different categories based upon the domain in which the

fault location algorithm works:

1. Instantaneous time-based fault location algorithm:
The instantaneous time-based fault location algorithms utilize the instantaneous values
of the measured voltage and current signals to solve the differential equations represent-
ing transmission line, and compute the location of fault in an SCCTL [16]-[19]. How-
ever, the instantaneous time-based algorithms are susceptible to the noise and harmonics

present in the measured signals. Moreover, instrument transformers are unable to exactly
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replicate the rapidly changing instantaneous measurements required for the implemen-
tation of instantaneous time-based fault location algorithms. Consequently, the practical
application of such algorithms has been highly limited and not much research has been

reported in this area.

2. Impedance-based fault location algorithm:
Impedance-based fault location algorithms use the phasors of the voltage and current sig-
nals to obtain the seen impedance of the transmission line from its terminals. The seen
impedance of the transmission line is then compared to the impedance of the transmission
line to obtain the fault location result. The phasor estimation algorithms like the Discrete
Fourier Transform (DFT), and Cosine algorithm attenuate noise significantly and remove
the integer harmonics from estimated phasors, thus making impedance-based fault loca-
tion algorithms immune to the effects of noise and harmonics. Since, the phasors are
readily available from the numerical relays present at the line terminals, the impedance-
based algorithms can be easily implemented in the protective relays. Additionally, the
vast installed base of impedance-based relays in the power system makes the impedance-

based algorithms the most widely used fault location algorithms.

3. Traveling wave-based fault location algorithm:
The incidence of fault acts as an application of a step input at the point of fault, which
produces a traveling wave which propagates in the transmission line in both directions
with speed almost equal to the speed of the light. Since, the traveling wave consists
of high frequency components to which series capacitor offers very low impedance, the
traveling wave-based fault location algorithms can be applied to SCCTLs. The travel-
ing wave-based fault location algorithms compute the fault location by noting the time
difference between two successive traveling waves arriving at the terminal and relating
it to the distance covered by the traveling waves in that time period. However, in order
to obtain the exact arrival time of the traveling waves, the relays are required to have
very high sampling frequency. For example, a relay with 1 MHz frequency would have
an accuracy limit of 300 meters. However, 1 MHz is very high sampling frequency with
respect to the ‘normal’ phasor-based digital relays which have sampling frequencies in
the range of about 1900-5600 Hz. Consequently, limited application of such algorithms
is reported in industry. However, with the advent of relays with very high sampling fre-
quency in last two to three years such as T400L by Schweitzer Engineering Laboratories,

the traveling-wave based fault location algorithms are being explored actively.

The fault location algorithms for SCCTLs could also be classified as single-ended fault location

algorithm, or double-ended fault location algorithm depending upon the number of terminals
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of the transmission line from which the measurements are utilized for the purpose of fault

location:

1. Single-ended fault location algorithm:
If the fault location algorithm uses the voltage and current measurements from only one
terminal (or local measurements) of the SCCTL, it is called as a single-ended fault lo-
cation algorithm such as the algorithm given in [20]. The single-ended fault location
algorithm of [20] utilizes MOV model for computing the fault location results. The al-
gorithm of [20] has two subroutines, one for each faulted section of the transmission
line. Moreover, one of the subroutines is iterative. The correct fault location result is
thereafter identified using a special procedure also mentioned in [20]. Due to their de-
pendence on MOV-model and iterative nature, the single-ended fault location algorithms

are not usually used for fault location in SCCTLs.

2. Double-ended fault location algorithm:
The double-ended or sometimes called as PMU-based fault location algorithms [22]-
[25], utilize measurements from both (local and remote) ends of the transmission lines.
The double-ended fault location algorithms are usually based on the fault loop model and
do not use the MOV model. Fault loop-based algorithms estimate the fault voltage and
fault current in terms of the unknown fault location, and then solve for the fault location
under the constraints which vary from one publication to the other. For double-ended
fault location algorithms to yield accurate results, it is very important that the measure-
ments from each terminal of an SCCTL correspond to the exact same time instant. Thus,
the measurements from each terminal of an SCCTL are required to be synchronized. If
the protective devices present at each end of an SCCTL are synchronized using GPS or
other means, the measurements are already synchronized. If however the relays are not
synchronized, then the measurements from both ends of an SCCTL are needed to be
synchronized post-fault as shown in [22]. The double-ended fault location algorithms

are widely used for fault location in SCCTLs.

Due to the wide application of phasor-based relays in the field, and the ability of double-
ended fault location algorithms to yield fault location results without using MOV-model, the
attention is focused on double-ended impedance-based fault location algorithms in this thesis.
Also, with the recent advancement in the protective relay technology, the traveling wave-based
commercial relays are being introduced which rejuvenated the interest in the traveling-wave
based fault location algorithms. Therefore, the traveling-wave based algorithms are also the

subject of research in this thesis.
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1.4 Challenges and motivations

1.4.1 Impedance-based fault location algorithms
Challenges

As already discussed in Section 1.2, MOVs are present in an SCCTL as part of SCPS. After
the occurrence of a fault in an SCCTL the MOV in the faulted phase starts conducting the fault
current to limit the over-voltage across the SCB caused by the high fault currents encountered
in an SCCTL. However, due to the non-linear behavior of MOV, the impedance of the SCB in
the faulted phase cannot be estimated accurately. This is a major hurdle before any impedance-
based fault location algorithm for the SCCTLs. The existing impedance-based fault location
algorithms have taken one of the two routes to overcome this challenge: 1-use a linearized or
an EMTP-derived MOV model as given in [20] and [21]; 2-use fault loop based fault location
algorithms such as [22]-[25]. However, each type of fault location algorithms has its strengths

and shortcomings which have been explored later in this thesis.

Another challenge that impedance-based fault location algorithms for SCCTLs face is the
accuracy of the estimated phasors of the measured voltages and currents. It is due to the fact
that SCCTL is essentially an under-damped RLC circuit, and any disturbance such as fault in
the SCCTL leads to the injection of sub-synchronous frequency components in addition to the
decaying-DC components in the measured signals, which in turn make the estimated phasors
oscillatory and imperfect. The oscillatory and imperfect phasors further impact the accuracy
of the fault location results. A Prony analysis-based phasor estimation technique has been
proposed in [26] which yields consistent estimated phasors. However, it has been shown in
[27] that if the fault location results obtained from oscillatory phasors are averaged over the
entire period of the fault duration, its accuracy becomes comparable to the Prony analysis-
based phasor estimation technique. The details on the aspect of phasor estimation for fault

location in SCCTLSs could be found in [27], which is also the previous work of the author.

The presence of a parallel transmission line is another factor that has to be taken into ac-
count by the impedance-based fault location algorithms for SCCTLs. It can be seen from Fig-
ure 1.4 that it is very common for an SCCTL to have parallel transmission lines which could
either be a series compensated or a conventional transmission line. If the proposed fault loca-
tion algorithm for the SCCTLs does not take into account the zero sequence mutual-coupling
between the parallel transmission lines, the accuracy of the fault location results obtained will
be compromised. Thus, factoring in the presence of parallel transmission lines is very impor-

tant while proposing a new impedance-based fault location algorithm for SCCTLs.
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Motivation

The fact that only the MOV located in the faulted phase conducts the fault current while the
series capacitor is exclusively responsible for the conduction of current in non-faulted phase,
has not been used in any of the existing impedance-based fault location algorithms. Thus, the
voltage drop across SCB in non-faulted phase can be analytically estimated. This extra piece

of information can be used toward proposing a new fault location algorithm for SCCTLs.

Another information that is available but has not been utilized by the existing algorithms
is the MOV current measurement. It has been mentioned in the Section 1.2 that in order to
estimate the accumulated energy in an MOV, the current through MOV is measured in each
phase and is used by the protection and control system of the SCB to decide if the MOV
needs to be bypassed or not. The total current that flows through an SCB is the summation
of the currents flowing through series capacitor, and MOV. The total current that goes into an
SCB could be easily estimated using the measurements from transmission line terminals, while
MOV current is known from the current measurement at SCB. Therefore, the current flowing
through the series capacitor, and hence, the voltage drop across SCB in the faulted phase could
be obtained by subtracting MOV-current from the total current flowing through SCB. The usage
of MOV current measurement would also result in new fault location algorithms that would not

use natural fault loop for the purpose of fault location.

All the existing impedance-based fault location algorithms found in literature are based
on the assumption that the series compensation is applied at only one location in an SCCTL.
Therefore, at the time of fault there will be one terminal of the SCCTL which would see the
fault directly, without SCB being in between the fault and the SCCTL terminal. Thus, the fault
voltage equation can be written from this particular end of the SCCTL. However, in practice
there are transmission lines in which series compensation is applied at more than one location.
None of the existing impedance-based fault algorithms can be applied to such SCCTLs. It
is due to the fact that the fault voltage equation cannot be written from any of the SCCTL
terminals if the fault lies in the zone between any of the two SCBs. An SCCTL with two SCBs
is shown in Figure 1.9 with fault lying in the zone between the two SCBs. Now, the equation
for fault voltage cannot be written from any of the terminals of the SCCTL, i.e., Bus S and
Bus R, as the unknown voltage drop across SCB1 would be encountered if the attempt is made
from Bus S, while the unknown voltage drop across SCB2 would prevent compiling the fault
voltage equation from Bus R. Thus, rendering the fault loop-based fault location algorithms
useless for the configurations of SCCTLs in which series compensation is applied at multiple
locations. Therefore, opportunity arises to present the first ever impedance-based fault location
algorithm applicable to SCCTLs with SCBs located at multiple locations in the SCCTL.
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Figure 1.9: Diagram depicting series compensation applied at multiple locations in an SCCTL.
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1.4.2 Traveling wave-based fault location algorithms
Challenges

As explained earlier, in order to limit the the uncertainty in the fault location results to 300
meters, the digital relays with sampling frequency close to 1 MHz are required. Though with
higher sampling frequencies the the uncertainty in the fault location results, however due to
technological limits the usage of1 MHz sampling frequency has been reported in the commer-
cial products. The traveling wave-based fault location algorithms like impedance-based algo-
rithms could be double-ended or single-ended algorithm. For the implementation of double-
ended traveling wave-based fault location algorithms, the time instances of the arrival of the
first traveling wave at each terminal of the SCCTL are required. In order to obtain accurate re-
sults from double-ended traveling wave-based fault location algorithms the measurements from
both terminals of the SCCTL have to be synchronized. However, the synchronization of the
relays operating at 1 MHz is a very tedious task to accomplish. On the other hand single-ended
traveling wave-based fault location algorithms do not require the time synchronization. How-
ever, single-ended traveling wave-based fault location algorithms require the time instances
of the arrival of the first and second traveling waves arriving at the same terminal of the SC-
CTL, along with the origination point of the second traveling wave. It is given in [28] that the
point of origin of the second traveling wave cannot be determined in all the configurations of
the SCCTL, therefore, limiting the applicability of the single-ended traveling wave-based fault

location algorithms.

Motivation

The methodology to identify the point of discontinuity in the SCCTL from which the second
traveling wave arriving at the terminal of the SCCTL originated, as presented in existing single-
ended traveling wave-based fault location algorithms such as [28], [29], [30], and [31] is based

on the empirical observations from the EMTP simulations. No mathematical analysis has been
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carried out regarding the reflection of the traveling waves in an SCCTL. The mathematical
analysis of the phenomenon of reflection and transmission of the traveling waves at various
points of discontinuity in an SCCTL would enable the identification of point of discontinuity
responsible for the origination of the second traveling wave arriving at a terminal of the SCCTL
for all configurations of the SCCTLs.

1.5 Research objectives

1.5.1 Proposition of new impedance-based fault location algorithms for
SCCTLs

1. In this thesis, it is aimed to present three new impedance-based fault location algorithms
for SCCTLs which are as follows:

(a) The first impedance-based fault location algorithm would be based on the fact that

in the non-faulted phase(s) the current is conducted by the series capacitor only.

(b) The second impedance-based fault location algorithm would utilize the phasor of
the MOV current which is measured at SCB to estimate the energy accumulated in
the MOV.

(c) The third impedance-based fault location algorithm would utilize only magnitude
of the phasor of the MOV current.

2. To extend the application of the first proposed algorithm to the SCCTLs with series
compensation applied at multiple locations, making it the first and the only impedance-
based algorithm to be able to locate faults in SCCTLs with series compensation applied

at multiple locations.

3. To present the derivation, advantages, and limitations of the proposed algorithms through

detailed mathematical analysis.

4. To study the impact of CT and CVT errors, phasor estimation error, and magnitude of
fault resistance on the accuracy of the proposed algorithms using the fault scenarios
simulated in PSCAD and Matlab covering various fault locations, fault types, and fault

resistance.
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1.5.2 Proposition of a new single-ended traveling wave-based fault loca-
tion algorithm applicable to all configurations of the SCCTL
1. To derive the equations governing the reflection and transmission of the traveling waves

from any point of discontinuity in the SCCTL such as fault point, SCB, presence of an

inductive source, or another transmission line at the terminals of an SCCTL.
2. To identify the limitations of the single-ended fault location algorithms.

3. To derive and propose a new single-ended traveling wave-based fault location algorithm

which does not suffer from the deficiencies of the existing fault location algorithms.

4. To validate the derived mathematical equations and proposed single-ended traveling

wave-based fault location algorithm through simulations carried out in PSCAD.

1.6 Contributions

The main contributions of the research presented in this thesis are given as below:
1. The proposition of three new impedance-based fault location algorithms.

(a) The first algorithm will only utilize the phasors of voltages and currents from both
terminals of the SCCTL. The methodology of this algorithm will be applied to

SCCTLs with series compensation applied at multiple locations.

(b) The second algorithm will utilize the phasors of the currents in the MOV branches
of the SCB, in addition to the phasors of voltages and currents from both terminals
of the SCCTL.

(c) The third algorithm will utilize the phasor magnitudes of the currents in the MOV
branches of the SCB, in addition to the phasors of voltages and currents from both
terminals of the SCCTL.

2. Derivation of the equations governing the reflection and transmission of the traveling

waves from different points of discontinuity in an SCCTL.

3. The proposition of a new single-ended traveling wave-based fault location algorithm
based on the derived equations.
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1.7 Thesis outline

This thesis has been organized into eight chapters as described below.

In Chapter 1, an introduction is provided regarding the significance of series compensation
of the transmission lines, the technique of fault location in conventional transmission lines
as well as SCCTLs, and the types of fault location algorithms. The working of protection
system of the series capacitor, and the need for having specialized fault location algorithms for
SCCTLs is explained in Chapter 1. The areas in which the research is carried out in this thesis
are also identified in Chapter 1.

The existing impedance-based fault location algorithms for SCCTLs are discussed in Chap-
ter 2. It is presented in Chapter 2 that the earlier impedance-based fault location algorithms
for SCCTLs attempted to utilize the MOV model. However, the modeling of MOV tends to
be imprecise due to the variety of reasons which include highly non-linear nature of the MOV,
aging of MOV, ambient temperature, and other environmental conditions. It is presented in
Chapter 2 that the focus in later years shifted towards the fault loop-based impedance-based
algorithms, which found wide application. It is shown in Chapter 2 through mathematical anal-
ysis that all of the impedance-based algorithms that utilize natural fault loop are conceptually
equivalent to each other, and entail similar advantage and disadvantages. Chapter 2 shows that
under specific fault conditions in an SCCTL, all the fault loop-based impedance-based fault
location algorithms will lose accuracy. The findings reported in Chapter 2 are verified through
the simulations results which are also incorporated in Chapter 2.

Chapter 3 presents the first impedance-based fault location algorithm which yields accurate
results without using the natural fault loop or the model of MOV for single-phase to ground,
and double-phase to ground faults which form majority of the faults in a transmission lines
(75%-90%) [32]. The proposed algorithm uses synchronized measurements from both ends
of the SCCTL. The fault location algorithm presented in Chapter 3 is proposed using the dis-
tributed model of the transmission line, which is one of the most accurate models of the trans-
mission line that could be used for analysis in phasor domain. The derivation, advantages, and
limitations of the proposed algorithm have been elaborated through mathematical analysis, and
simulations carried out in PSCAD, and Matlab.

In Chapter 4, the concept that was derived in Chapter 3 is used to propose a fault location
algorithm for the SCCTL with series compensation applied at multiple locations in an SCCTL.
The applicability of the proposed algorithm is shown for N number of SCB locations in an
SCCTL using the simpler model of the transmission line, i.e., lumped model of transmission
line. The usage of lumped model of transmission line avoids the resulting complexity from

the application of a detailed transmission line model to N + 1 segments of the transmission
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line. However, the distributed-model of transmission line is utilized to elaborate the proposed
algorithm of Chapter 4 when applied to an SCCTL with SCBs present at two locations. The
performance of the proposed method has been tested on variety of metrics through simulations
run in PSCAD and Matlab.

Two new impedance-based fault location algorithms for SCCTLs are presented in Chapter
5. The fault location algorithms proposed in Chapter 5 are based on the utilization of the MOV
current measured at SCB for the purpose of fault location in the SCCTL. One of the fault
location algorithms proposed in Chapter 5 uses the complete phasor of the MOV current while
the other algorithm uses only magnitude of the phasor of the MOV current (‘second’ and ‘third’
algorithms mentioned in Section 1.5 point 1. (b) and (c), respectively). Both algorithms are
derived using the distributed model of the transmission line. The comparative analysis of the
results obtained from both algorithms is also performed using the simulations in PSCAD and
Matlab.

In Chapter 6 introduction to traveling wave theory, the modeling of transmission line based
on traveling wave theory, methodology to detect the arrival of traveling wave, i.e. discrete
wavelet transform (DWT), and the working of existing single-ended traveling wave-based fault
location algorithms is presented. The factors limiting the application of single-ended traveling
wave-based fault location algorithms to SCCTLs have also been identified in Chapter 6. In
Chapter 7, the equations for the traveling waves reflected and transmitted from various points
of discontinuity in an SCCTL are derived. Thereafter, the applicability of existing single-ended
traveling wave-based fault location algorithms to various configurations of the SCCTL is in-
vestigated using the derived equations. A new single-ended traveling wave-based fault location
algorithm which is applicable to all the configurations of the SCCTL is presented in Chapter 7.
The basis of the proposed algorithm is explained analytically using derived expressions, and it
is verified using the simulations carried out in PSCAD. The summary, conclusions, and future

work for the research carried out in this thesis is given in Chapter 8.

1.8 Summary

In this chapter various avenues of increasing the power transmission capacity of the transmis-
sion network have been discussed including the series capacitive compensation of the transmis-
sion lines. The importance of fault location algorithms for locating faults in transmission lines
has also been highlighted. Thereafter, the need for fault location algorithm designed specif-
ically for SCCTLs is explained along with the various challenges faced by such algorithms.
Then the broad classification of the existing fault location algorithms for SCCTLs is presented

in this chapter. Thereafter, the area of research i.e., the impedance-based and traveling wave-
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based fault location algorithms have been identified. The research opportunities and research
objectives in the field associated with the fault location in SCCTL have also been presented in

this chapter. Then the outline of the presented thesis is given in this chapter.



Chapter 2

Fundamentals and analysis of
Impedance-based algorithms and analysis

of existing fault location algorithms

2.1 Introduction

The impedance-based fault location algorithms compute the fault location by comparing the
seen impedance at the transmission line terminal to the transmission line impedance. The seen
impedance at the terminal of the transmission line is calculated using the phasors of the mea-
sured current and voltage. Due to the easy availability of phasors from the numerical relays
installed in the field, the impedance-based algorithms are the most widely used fault location
algorithms. Moreover, the process of phasor estimation attenuates noise and harmonics present
in the measured signals, significantly. Thus, making the fault location results obtained from
impedance-based algorithms immune to the adverse effects of noise and harmonics [34]. A
brief discussion on the most popular phasor estimation techniques DFT, and the Cosine algo-

rithm has been provided in Appendix A.

In this chapter, Section 2.2 discusses the impedance-based fault location algorithms for
conventional lines, and the factors preventing their application to the SCCTLs. The fault loca-
tion algorithm for SCCTLs that utilize the MOV-model for yielding fault location results are
discussed in Section 2.3. A detailed analysis of the fault location algorithms based on natural
fault loops is presented in Section 2.4. Key features and limitations of the fault loop-based fault
location algorithms have been identified in Sections 2.5 and 2.6, respectively. The discussion

of the simulations carried out in PSCAD and Matlab are given in Section 2.7.

22
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Figure 2.1: Occurrence of a fault in (a) a conventional transmission line, (b) an SCCTL.

2.2 Conventional fault location algorithms and their appli-
cation to SCCTLs

For the fault scenario in a conventional transmission line as shown in Figure 2.1 (a), the equa-

th

tions for the i"" sequence fault voltage (VI.F ) as estimated from Bus S and Bus R could be written

as Equations (2.1) and (2.2), respectively.

VE = V¥cosh(y,ld) — Zc,I? sinh(y,ld)
VE = VReosh(y,l(1 = d)) — Z¢,IRsinh(y;l(1 — d))

2.1)
(2.2)

where i attains the value of 0, 1 and 2 for zero, positive, and negative sequence, respectively;
Vl.S and II.S are the i”* sequence sending end voltage and current, respectively; VR and IF are the
i™ sequence receiving end voltage and current, respectively; Z,., is the characteristic impedance
of the line for i sequence; v; is the propagation constant of the line for i sequence; [ is the
length of the transmission line; d is the p.u. distance of the fault from Bus S.

There are two unknowns in Equations (2.1) and (2.2) which are V[.F and d. By combining

Equations (2.1) and (2.2), V/ could be eliminated. Thus, yielding the fault location equation
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for calculating d as shown in (2.3).

1
d =—tanh™' (
vil

VERcosh(yil) — Zc I®sinh(y;l) — V¥ )

2.3
VERsinh(y;l) — Zc,IRcosh(y;l) — Z¢,I? @.3)

Moving on similar lines the fault location equation for a fault lying in an SCCTL could be

written as (2.4) for the fault scenario shown in Figure 2.1 (b).

. 1 canh! VEcosh((1 — m) y;l) — Z¢,Ifsinh((1 — m) y;:l) — VM + AVMN 0.4)
S d-mi" VESinh((1 — m) i) — Ze,IFcosh((1 — m) yil) — Ze, 1" '
where
M _ /S S :
V" = V7 cosh (my;l) — I} Z¢,sinh (my;l) (2.5
s 1 Y2 ginh omy.
I;" = I? cosh (my;l) Z sinh (my;l) (2.6)
C;

VM and IM represent the i"" sequence component voltage and current phasors at Node M cal-
culated from Bus S measurements using (2.5) and (2.6), respectively; AVMY is i’ sequence
component of the voltage drop across series capacitor bank (SCB) from Node M to Node N;
m 1s the p.u. distance of SCB from Bus S; d is the p.u. distance of the fault as measured from
SCB.

Note that d cannot be obtained from (2.4) since the term AVM*" is unknown. The term
AVMN cannot be calculated analytically due to the conduction of the fault current by the metal-
oxide varistor (MOV) in the faulted phase which is present as part of the protection system of
the SCB as shown in Figure 2.2. An MOV is a non-linear device which starts conducting fault

current when the voltage drop across SCB exceeds its threshold value. When MOV conducts,
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Figure 2.3: Protective action of MOV at fault occurrence: (a) voltage across SCB, (b) current
flowing through various series capacitor and MOV in phase A SCB for an AG fault.

the fault current is bypassed from the series capacitor to the MOV as shown in Figure 2.3,
therefore, providing the over-voltage protection to series capacitor. However, the action of
MOV causes the impedance of SCB in the faulted phase to become non-linear and dependent
on the level of fault current, as already discussed in Section 1.2. Hence, the fault location
cannot be calculated from Equation (2.4) for an SCCTL. So there arises the need to have fault

location algorithms applicable to SCCTL.

However, a significant observation that can be made from Figure 2.3 which is that the
total fault current remains sinusoidal while the voltage across SCU though not a perfect si-
nusoid, still contains great amount of fundamental frequency component. Therefore, it led
to the proposition that equivalent impedance for fundamental component can be defined for
the parallel combination of series capacitor and MOV [35]. This led to the proposition of the
MOV-model based fault location algorithms which aim at providing fault location results by

using the equivalent model of the MOV as discussed in the following section.
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Figure 2.4: Fault Location in SCCTLs: MOV model based.

2.3 MOV-model based fault location algorithms for SCCTLs

An empirical formula for the current dependent equivalent impedance of the parallel combina-

tion of series capacitor and MOV has been derived in [35] as represented by (2.7) and (2.8).

RC =Xx¢ (0.0745 +0.49 ¢33 1 — 3507301 — 0,674 1) (2.7)
XS =X€(0.1010 - 0.005749 1,,, + 2.088 ¢85 /) (2.8)

where XC is the reactance of the series capacitor; X¢ and R¢ are the equivalent reactance and
resistance, respectively, of the parallel combination of MOV and series capacitor; I, is the per

unit current flowing through SCB.

On the similar lines, an attempt has been made in [20] and [21], to predetermine V-I char-
acteristics of MOV for fundamental frequency using ATP-EMTP simulations. It essentially
implies the modeling of an MOV as a current dependent impedance which is then used for
fault location in SCCTLs using measurements from only one end of the transmission line as

shown in Figure 2.4.

However, apart from the challenge of predicting the behavior of MOV for variety of fault
scenarios, the algorithms of [20] and [21] are also unable to account for the effects of aging
of MOV, ambient temperature and different manufacturer of MOV's on the behavior of MOV.
In order to avoid the limitations of using the MOV-model for fault location, the algorithms
proposed in [22]-[25] utilized natural fault loops to obtain the fault location results for faults
in SCCTLs. As a matter of the fact, most of the commercial relays of today intended for

protection of SCCTLs are utilizing the fault loop-based algorithms.



CHAPTER 2 27

Bus S Bus R
SR 1
» SCB | ¥ <
F
VS : A
(1-m).Ld | (1-m).1.(1-d)
m.l (1-m).1

Figure 2.5: Schematic diagram showing the fault scenario in an SCCTL.

2.4 Non-MOV-model or Fault loop-based fault location al-
gorithms for SCCTLs

In fault loop-based fault location algorithms, the equations are written to find the actual phase
voltage and current at the fault point in terms of the unknown fault location, instead of com-
puting the fault location from sequence components of voltages and currents [22]. Thereafter,
the equations for fault voltage and fault current are solved for the unknown fault location using
different constraints mentioned in each publication [22]-[25].

Another point to be noted is that the presence of SCB in an SCCTL divides the transmission
line into two sections. For example, in Figure 2.5 SCB divides the transmission line to two
sections: section between Bus S and SCB, and section between SCB and Bus R. Any fault
occurring in a transmission line could be lying in either of the sections. So, the fault loop-
based algorithms use two subroutines for locating the fault with each subroutine yielding one
fault location result assuming that fault is lying in ‘their’ section. The appropriate subroutine
is then selected using the procedure given in each publication. It should be noted that the
existing fault location algorithms are elaborated using faults lying between SCB and Bus R in
this chapter as shown in Figure 2.5. The equations for the faults lying between Bus S and SCB

can be derived analogously.

24.1 Yu Algorithm

The fault location algorithm of [23] is referred to as “Yu Algorithm” based on the author’s

name for our reference.

The analytical expressions for obtaining the sequence components of fault voltage and
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current in the terms of unknown fault location (d) have been derived in [23] as shown in (2.9)
and (2.10), respectively. It can be observed from (2.9) that the expression for the sequence
components of fault voltage uses the measured current and voltage only from one end of the
transmission line, i.e., Bus R. Equation (2.9) essentially represents the analytical estimation
of sequence fault voltage using the distributed transmission line model from measurements at
Bus R only. Similarly, the expression for estimating the sequence components of the total fault
current is derived as shown in (2.10) using the distributed model of transmission line. It could
be observed from (2.10) that the measurements from both ends of the transmission lines, i.e.,

Bus R, and Bus S, are utilized for estimating sequence components of the total fault.

V[F(d) :FV(VIR’ IlRa Yis ch,d)

VR 4+ IR7. VR _[R7.
_Yi 21 Ci pril(=-m)(1~d) 4 i 21 Ci pmvil(1=m)(1=d) (2.9)
]lF(d) :ﬁ(VlSa];ga VlR9 IlRa ')’i, ZCl’d)
R R R R
:L wewla—m)(l—@ _ Vi — 1 Zc, o Yil(1=m)(1=d)
Zc, 2 2
S S S _ S
L M yil(1-m)(1-d) _ Vi — B Zc, —yi [ (1=m)(1~d) 210
+ZC. 2evil ¢ 2evil ¢ (2.10)

Now the expressions for fault voltage (V¥) and fault current (I¥') are obtained by combining
the sequence components of fault voltage and current from (2.9), and (2.10), respectively, as
per the type of the fault that has occurred in the SCCTL. The expressions so obtained for V¥
and I” are then solved for d under the assumption that the argument of the current and voltage

will be same at the fault point as depicted in (2.11).
(VEd) = 2IF(d) (2.11)
Since, V¥ and I can be separated into real and imaginary parts:
Vi(d) =R (VI (@) +j 3 (V@)
I"(d) =R (I"(d)) + j 3 (I" (d))
and the Equation (2.11) could be rewritten as:

g (VF(d)) 3 (IF(d))

R (VE(d) R UF(d))
— 9 (VF(d)) x R (IF(d)) =9 (IF(d)) x R (VF(d)) (2.12)
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Now, d could be calculated from the Equation (2.12).

Selection of the subroutine

Two subroutines i.e. Subroutinel and Subroutine2 of Yu Algorithm are run for any partic-
ular fault scenario, therefore, yielding two fault location results for each fault scenario. It
necessitates a criterion to select the appropriate subroutine which would yield the actual fault
location. In [23], it is claimed that for some of the fault scenarios, the fault location results
obtained through the incorrect subroutine will be highly oscillatory and may not converge. For
obtaining a definite solution to this problem, it is presented in [23] to calculate the equiva-
lent impedance of the faulted phase SCB by using the fault location results yielded by both
subroutines. The equivalent impedance of the faulted phase SCB for Subroutine 1 (Zgyg;) is
calculated by estimating the voltage drop across SCB corresponding to fault location result
yielded by Subroutine 1 (AVsyg;) and dividing it by sending end current (I°) as shown in
(2.13).

AVsugi
IS

Zsup) = (2.13)

Similarly, the impedance of the faulted phase SCB for the Subroutine 2 (Zsyg,) is calculated
by dividing voltage drop across SCB corresponding to the Subroutine 2 with the receiving end

current (I%).

AVsuga
IR

Zsupa = (2.14)

It is claimed in [23] that the resistive part of the impedance yielded by the correct subroutine
would be positive while the incorrect subroutine would yield a negative resistive part for the
equivalent impedance of the faulted phase SCB. In other words, for the faults lying in the region
between SCB and Bus R the following would hold true:

R (ZSUBI) .+ ve
R (Zsusz) : — ve

while for the faults lying in the region between Bus S and SCB following would hold true:

R (Zsyp1) : — ve
R (ZSUBZ) :+ve.
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Table 2.1: Coefficients for finding total fault current for Izykowski Algorithm.

Fault Type a a ao
AG 0 3 0
BCG —a|a-a*| 0
BC 0 a—-a*| 0
ABC 1-a? 0 0

a = 1/120°

2.4.2 Izykowski Algorithm

Another fault loop-based fault location algorithm for SCCTLs has been presented in [22] which
has also been patented in [36]. It has been referred to as “Izykowski Algorithm” using the
name of the first author for our reference. In [22] the authors have derived the expressions
for analytical estimation of fault current (/*) and fault voltage (V) as the functions of fault
location. The analytically obtained expressions are then solved for fault location under the

assumption that faults in transmission lines are purely resistive in nature.

Equations (2.15) and (2.16) represent the fault current and voltage, respectively, for the
fault lying between SCB and Bus R at per unit distance of d from SCB, as shown in Figure 2.5.

L& Icosh(yim) — sinh(ydm) + Icosh(yid(1 = m) = 5-sinh(yid(1 = m)
I d)= ) q ' |
d)=>a cosh(y:l(1 — m)d)

i=0

(2.15)

2
Vi) = Z af; [V,Rcosh(yil(l —d)(1 —m)) — Z¢,IRsinh(y;[(1 — d)(1 - m))] (2.16)

i=0
where a; and af; are the coefficients for calculating total fault current and fault loop voltage,
respectively, and attain different values depending upon the fault type as represented in Tables
(2.1) and (2.2).

The expressions so obtained for I© and V¥ in (2.15) and (2.16) are substituted in the fault
loop model given in (2.17). The Equation (2.17) is then solved under the constraint that the

faults in a transmission lines are always resistive in nature i.e., R' is a pure real number.

VEd) -RF I"(d) =0 (2.17)
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Table 2.2: Coefficients for finding fault loop voltage for Izykowski Algorithm.

Fault Type | af; af, afo
AG 1 1 1

BCG ?-a | a-a?

0
BC -ala-a*| 0
0

ABC 1-a? 0

a = 1/120°

Selection of the subroutine

Now, the other area where the authors have focused their attention is how to identify the faulted
section of the line as any fault event can be thought of lying in the region between Bus S and
SCB or between SCB and Bus R. It is proposed in [22] that for any particular fault scenario
both of the subroutines be run, therefore, yielding two fault location results. In order to find
the correct fault location, firstly, the subroutine yielding results lying outside the section range
or the negative value of fault location is rejected. Thereafter, the equivalent impedance of the
SCB in the faulted phase is calculated using the voltage drop across SCB and the fault current
through SCB for both the subroutines. The equivalent impedance of SCB corresponding to
the valid subroutine has to be resistive-capacitive in nature due to the presence of MOV and
series capacitor in the transmission line. Also, the capacitive part of the SCB impedance in the
faulted should be less than or equal to the reactance of the series capacitor at the steady state
[22].

2.4.3 Kang Algorithm

A fault loop-based fault location algorithm for double-circuited SCCTLs has been presented in
[24]. The expressions for the i sequence of the fault voltage (V) and the total fault current
(If ) are derived as functions of unknown fault location (d). Thereafter, d is solved using fault
location equations which are composed of different combinations of V" and I/ depending upon

the fault type.

For the faults lying in the section between SCB and Bus R for a single-circuited SCCTL,
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the expressions for I/ and V[ become (2.18) and (2.19):

I? cosh(y;lm) — Z—isinh(yilm) + I*cosh(yl(1 — m)) — ;—fsinh(yil(l —m))

F_
= cosh(y; /(1 — m)d) 19

VE = VRcosh(yil(1 — d)(1 — m)) — Z¢ IFsinh(y;I(1 — d)(1 — m)) (2.19)

It could be observed that the expressions for Vf and II.F derived in [24] are identical to the
ones derived in [22]. Once the expressions for V! and I are obtained, fault location equations

comprising of different combination of sequence components are solved for d.

e AG Faults:
For AG faults, d is obtained by solving the equation:

VEd) + VE(d) + VEd
(o i) o0
1f(d)
e BCG Faults:
The fault location equation for BCG faults is:
VE(d) - VE(d
g (M) =0 (2.21)
1y (d)
e BC Faults:
For BC faults, d is obtained by solving the following equation:
VEd) - Vi
N (M) =0 (2.22)
Ii(d)
o ABC Faults:
For ABC faults, d is obtained by solving the equation:
Vi
g ;( N\ _o (2.23)
If(d)

Selection of the subroutine
The authors of [24] have suggested using following metrics for selecting the correct subroutine:

1. The fault location estimate should lie within the assumed range.

2. The fault resistance takes a non-negative value.
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3. The equivalent impedances of the series compensation device for all three phases have a

non-negative real part and negative imaginary part.

2.4.4 Zhang Algorithm

The analytical expressions for sequence components of fault voltage (V) and fault current (IF)
in terms of d are derived in [25] for double-circuited series compensated line. A “‘six-sequence
component method” is utilized in [25], and a fault location applicable to all fault types is de-
rived and solved for d. It should be noted that for a single-circuited transmission line (which
is the case under consideration) the six-sequence component method becomes traditional se-
quence component method.

For the faults lying in the section between SCB and Bus R for a single-circuited SCCTL,
the expressions for I/ and V| become (2.24) and (2.25):

I? cosh(y;lm) — Z—jsinh(y,»lm) + IRcosh(yl(1 — m)) — ;—fsinh(y,»l(l —m))

If = (2.24)
! cosh(y;I(1 — m)d)

VE = VRcosh(yil(1 — d)(1 — m)) — Z¢ IFsinh(y,;I(1 — d)(1 — m)) (2.25)

The fault location equation for Zhang algorithm which would yield d is:

g (Vj (@A)} (d) + VEDIL(d) + VE)IL (d)) =0 (2.26)

where, V', represents the conjugate of the phasor quantity.

Vi@ 11 1]|[Vi@
VEd| =1 o ||VF@)
VE@| |1 @ ol|Vi@

1£(d) 11 1|[H@
Ed)| =1 al|Ifd)
) 1 a ||l

Selection of the subroutine

The authors of [25] infer that when one subroutine will have a solution, the other subroutine
would have no solution. There is no need to select the appropriate subroutine, since, only one

subroutine yields the fault location.
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2.5 Key Observation: Equivalence of the fault loop-based

fault location algorithms

It could be witnessed from the above discussion that the expressions for V¥ and I* in each algo-
rithm are very similar to each other. It should be noted that all the fault loop-based algorithms
discussed above except Yu algorithm, are proposed for double-circuited SCCTLs. The differ-
ence in the expressions of each algorithm lies in the fact that how each algorithm ‘handles’ the
mutual zero-sequence coupling between the parallel or double-circuited lines. However, when
we are considering a single circuit SCCTL, that difference goes away and we are left with the

identical expressions.

In this section, it is shown through brief mathematical analysis that the basic principle of

the algorithms presented in [22]-[25] is also equivalent to each other.

e Yu Algorithm: In Yu algorithm, after the expressions for V¥ and I” in terms of the
unknown d are obtained, they are solved for d using the fact that at the fault point the

angle of fault voltage and fault current would be same, i.e.,

(VE@d) = 217 (d) (2.27)

o Izykowski Algorithm: In [22], the expressions for V¥ and I are substituted in (2.28).
VE@) -R I"(d)=0 (2.28)

The methodology for solving (2.28) as presented in [22] is to separate it into real and

imaginary parts (see (2.29)) and solve for fault resistance (R") and fault location (d).

R (V@) - R" R (IF(d)) =0
g (VF(d)) ~RFY (IF(d)) =0 (2.29)

The set of equations in (2.29) when rearranged results in (2.30), which shows that the
way of solving the Equation (2.28) by separating it into real and imaginary parts es-
sentially makes the fault location algorithm presented in [22], an argument comparison

algorithm which compares the arguments of analytically obtained fault voltage (V¥) and
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fault current (I7).

g (VF(d)) g (IF(d))

R(VI)  RUF()

g (VF(d))] - [5 (IF(d))]

-1 N 7 N 7
— [% (VF@) R (7))

= Vi) = 1A' (d) (2.30)

o Kang Algorithm: Following given relations are known facts for their respective fault
types:

AGFault: Vi =Vi+Vi+Vv)

1" =317
BCG Fault: VF=V] -Vvf
1" =31

BC Fault: V' =(a” - o) (V] - VJ)
I" = (o - a)If

ABC Fault: V' =V/
" =1

When the fault Equations (2.20) to (2.23) are seen in lieu of the above facts one thing be-
comes clear that the Equations (2.20) to (2.23) depending upon the fault type are different
forms of the Equation (2.31).

Vi) _
S(IF(d) ) =0 (231)

Now multiplying denominator and numerator in the Equation (2.31) with the conjugate
of IF ie., IF we get:
VE)IF(d
3 [ (DI ( )) 0
IF(d)IF(d)
= I (VI dIF(d) =0
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Expanding the above equation:

I (V@) R (I"@) - R (V@) I (I"(@) =0
I(Vid) I(I" @)

R (VEW)  RUIF())

g (VF(d))] - [ N (IF(d))]

R (VE(d)) R (IF(d))
= Vi) = A" (d) (2.32)

— tan”! [

Thus, the fault location algorithm presented in [24], i.e., Kang algorithm is based on the

argument comparison of the analytically obtained fault voltage and fault current phasors.

e Zhang Algorithm: The fault location equation given in [25], i.e., Zhang algorithm is:

3 (V}j DI (d) + VE@IEd) + VE (d)lg(d)) =0 (2.33)

The fault location Equation (2.33) takes following forms for different types of fault.

AG Fault: vE=vE r=r I =15=0
Fault Location Eq: 3 (VF—wl)IF (d)) =0

BCG Fault: viE=vp=V{ " =1+ 1 15 =0
Fault Location Eq: N (VF—@J)IF (d)) =0

BC Fault: vE=vE-Vv{ " =1 =~ Ik =0
Fault Location Eq: N (VF—@l)I F (d)) =0

ABC Fault: vE=vE=vEi=VvE F=I1+I1}+1I.

Fault Location Eq: J (VF—wl)IF (d)) =0

It is seen from above discussion that for each fault type, the fault location equation be-

comes:

g (VF—(d)IF(d)) =0
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Now expanding the above equation:

R (VF(@) 3 (I"(d) - I (VI (@) R (I"(d) =0
I(Vid) I(I" @)

R (VEW)  RUIF())

g (VF(d))] - [ N (IF(d))]

R (VE(d)) R (IF(d))
= Vi) = A" (d) (2.34)

— tan”! [

The Equations (2.27), (2.30), (2.32), and (2.34) show that underlying principle of algorithms
presented in [22]-[25] is same. The fault location algorithms proposed in [22]-[25] for SC-
CTLs, estimate the arguments of fault voltage (V¥) and fault current (I©) as the function of
fault location (d). Thereafter, the value of d for which the arguments of both the analytically
estimated quantities (V¥ and I”) match, is considered as fault location result. Therefore, only
the algorithm presented in [22] which is one of the most widely cited algorithm is used here-

after to elaborate further on the fault loop-based fault location algorithms.

2.6 Limitation of the fault loop-based algorithms for SCCTLs

For the fault scenario shown in Figure 2.5, the expressions for I© and V¥ as per [22] are given
in (2.35) and (2.36), respectively.

2 Scosh(ylm) — Y-sinh(yilm) + IRcosh(yil(1 — m) = »-sinh(yl(1 — m))

F — .
'@ = ZO: ai cosh(y (1 — m)d) 2.35)

2
VE(d) = Z af; [VEcosh(yl(1 = d)(1 = m)) = Z¢ Ifsinh(y;l(1 - d)(1 — m))] (2.36)

i=0
It is worth noting that the only term that contains d in (2.35) is the denominator, which
is cosh(y;l(1 — m)d), where y; represents the propagation constant of the line for i sequence
and is a complex number with relatively a large imaginary part as compared to its real part.

Therefore, y; can be represented as jk;, where k; is a real number and j = V—1. Consequently,
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the denominator of (2.35) becomes:

D,, = cosh(jk;l(1 — m)d)
el kill=myd = jkil(1-m)d
2
= D, = cos(k;l[(1 — m)d) (2.37)

which shows that D, is a real number. As we know that the argument of real number is zero,
therefore, «D, = 0. The fact that D, = 0 implies that the argument of I (d) will be equal
to the argument of the numerator of (2.35), which is independent of d. In other words, for
any value of d between 0 and 1 ‘plugged’ in (2.35), the argument of I7(d) would not change
and remain constant. It is so because the argument of the I7(d) will be the argument of the
numerator of (2.35). The value of denominator and, consequently, the value of d only acts as a

scaling factor for the magnitude of 7.

So, now only V¥ remains a function of d as seen from (2.36). The process of fault location,
thus, gets reduced to the following: The Equation (2.36) ‘scans’ the transmission line from Bus
R to SCB and the value of d where the argument of V¥ (d) matches the constant argument of
I7 is yielded as the location of fault. This process would yield high error in the fault location
results if the argument of V¥ is very close to the argument of I (and consequently, V7). It
is due to the fact that if the argument of VX and V¥ are close then a very narrow band of the
argument variation stretches over the section between Bus R and the fault point; and any error
in the measurements or phasor estimation will result in an amplified error in the fault location
result d. Hence, under some circumstances even Equation (2.36) becomes insensitive to the
value of d. This source of error is intrinsic to the fault location algorithms that are based on the

comparison of arguments of current and voltage.

2.7 Evaluation of the fault loop-based fault location algo-

rithms

In order to evaluate the performance of the fault loop-based algorithms, a test power system
is simulated in PSCAD while fault location algorithm is implemented in Matlab. The Cosine
algorithm is the phasor estimation technique utilized for obtaining phasors in the presented

analysis to take care of decaying DC.
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Figure 2.6: Single-line diagram of simulated system in PSCAD; (a) System A, (b) System B.
2.7.1 Test System

A 500 kV, 350 km SCCTL simulated in PSCAD is considered as a test case in this thesis. To
simulate the transmission line, a frequency-dependent model of transmission line available in
PSCAD is utilized. As shown in Figure 2.6, 70% series compensation which corresponds to an
equivalent capacitance of 29.11uF (91.1Q) is assumed at the sending end of the line for System
A and in the middle of the line for System B. The line positive and zero-sequence impedances
are Z;; = (0.0155 + j0.3719) Q per km and Z;y = (0.3546 + j1.0670) Q per km, respectively.
The line positive and zero-sequence admittances are Y;; = (0 + j4.4099 x 107°) S per km,
Yo = (0+ j2.7844 x 107%) S per km, respectively. The positive and zero-sequence impedances
for sending end source are Zg; = (0.5 + j7.5) Q and Zsy = (1.2 + j12.5) Q, respectively.
The positive and zero-sequence impedances for receiving end source are Zg; = (1.2 + j18) Q
and Zgy = (2.6 + j26.5) Q, respectively. Load angle is 30° with receiving end source voltage
lagging.

Further, current and voltage signals are obtained by using CT and CVT models, respec-
tively, available in PSCAD. A 4" order anti-aliasing filter with a cutoff frequency of 1536 Hz
is applied to the output of each instrument transformer, and its output is recorded with the
sampling rate of 20 kHz. The recorded signal is then imported to Matlab and downsampled to
3840 Hz. In order to avoid aliasing, the frequencies higher than 1920 Hz need to be sufficiently

attenuated before sampling, and that is the reason behind the use of anti-aliasing filter with a
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cut-off frequency of 1536 Hz at the output of instrument transformers. The resultant voltage
and current signals are then applied to the Cosine algorithm for phasor estimation, the results
of which are fed to the fault location algorithm. The fault location algorithm yields a fault loca-
tion result at every sampled point. However, one value for a fault location result is obtained by
averaging fault location results over the entire time period of fault after accounting for Cosine
filter response time (=20.83ms). The fault clearance time (total time from fault inception to

fault clearance) is considered as 4 cycles of 60Hz.

2.7.2 Simulation results

Most of the algorithms found in literature have been tested on the system when SCB is located
in the middle of the transmission line assuming that it is more general configuration of the
SCCTLs such as the System B shown in Figure 2.6 (b). However, any fault in System B
is located at 50% or greater length of the transmission line from the bus that sees the same
fault current as flowing through SCB. For example any fault lying in between SCB and Bus
R in System B configuration would lie at least 50% or higher line length away from Bus S
which is the bus that sees the same fault current as SCB. In the same way, any fault that lies
between Bus S and SCB will lie at least 50% or greater line length away from Bus R which
is the bus that sees the same fault current as SCB. Hence, the faults in the range of 0-50% of
the line length from the bus which will see the same fault current as SCB, are not possible
in System B configuration of an SCCTL. On the other hand, the faults in System A lying
between 0-50% of the transmission line length as measured from Bus S will always lie less
than 50% of the transmission line length away from the Bus S. Thus, System A offers more
varied fault conditions as compared to System B. Moreover, higher amount of transients will
be encountered in measured signals in System A as compared to System B due to the proximity
of the faults to the source seen through series capacitor, which in turn could affect the accuracy
of the fault location results in System A configuration of SCCTL.

Table 2.3 shows the fault location results obtained from Izykowski Algorithm for the var-
ious types of solid faults simulated in System A and System B configurations of the SCCTL.
It could be observed that the maximum error encountered in System B configuration is 4.71%
while it is 24.1% in System A. Also for almost all of the fault scenarios, the error in System B
remains below 2% while the numerous fault scenarios in System A lead to an error higher than
2%.

Another observation that could be made from Table 2.3 is that that as the fault moves from
100% towards 50%, the error in fault location results keep on increasing in System A as well

as System B. However, as the fault moves from 50% to 0% the error in System A keeps on



CHAPTER 2 41

Table 2.3: Error (%) in fault location results obtained from Izykowski Algorithm for various
solid faults in System A and System B configurations of the SCCTL.

Fault | System Actual Fault Location (%)
Type | Type 0 10 20 30 40 50 60 70 80 90 100
AG A 253 390 528 24.1 11.5 500 271 1.51 0.73 0.29 0.01
B 002 0.19 042 0.79 125 471 257 146 0.76 0.31 0.01
BCG A 0.05 0.02 0.03 0.04 695 243 121 062 030 0.12 0.05
B 0.04 0.01 0.04 0.09 021 220 1.14 060 0.29 0.12 0.05
BC A 0.04 0.02 002 458 1.89 1.04 0.59 031 0.15 0.05 0.04
B 0.04 001 0.04 0.09 022 234 1.18 0.61 029 0.12 0.05
ABC A 0.04 0.04 930 2.81 153 092 0.56 031 0.17 0.08 0.05
B 0.04 003 0.05 0.10 0.19 195 1.07 0.58 030 0.13 0.04

growing until it reaches its maximum for the faults lying around 20%-40%, while in System
B, the error keeps on decreasing as the fault location moves from 50% to 0%. The reason
behind this divergence in error in fault location results of System A and System B is that due to
the location of the SCU in the middle of the SCCTL in System B the faults in 0%-50% range
are almost equivalent to the faults lying in 50-100% range. Therefore, the error peaks for the
faults lying at 50% line length in System B. While in System A as the fault location moves
from 100% towards 0% the severity of fault keeps on increasing until it reaches its maximum
for the faults located in the range 20%-40%. As explained earlier, the faults lying in the range
0%-50% in System A are not possible in System B. In the existing fault loop-based algorithms,
only System B configuration of the SCCTLs has been studied, thus, the loss of accuracy of
fault loop-based algorithms for System A was not discovered. However, as shown in Figure
1.4 most of the transmission lines in Hydro-Quebec system are of System A type. Thus, System
A has been selected to elaborate the key points about the performance of the fault loop-based

algorithms hereafter.

A total of 176 cases of the fault scenarios covering different fault types, fault resistance, and
locations of fault in System A have been generated in PSCAD. The error in the fault location
result for each fault scenario has been listed in Table 2.4. It is important to note here that
the error in fault location results not higher than 2% is generally accepted limit. However, in
Table 2.4 only the fault scenarios for which the fault loop-based algorithm yields higher than
5% error have been highlighted. A 5% error in 350 km transmission line translates into the

uncertainty of 17.5 km in location of fault in the transmission line.

It could be noted from Table 2.4 that the error in the fault location results is higher than
2% for almost half of the cases. The number of fault cases in which error is higher than 5%

are also significant. Another observation that can be made from Table 2.4 is that that for the
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Table 2.4: Error (%) in fault location results obtained from Izykowski Algorithm for different
fault scenarios in System A configuration of the SCCTL.

Fault | Fault Actual Fault Location (%)
Resist. | Type | 0 10 20 30 40 50 60 70 80 90 100
AG | 253 390 528 24.1 11.5 500 271 151 0.73 029 0.01
BCG | 0.05 0.02 0.03 0.04 6.95 243 1.21 0.62 0.30 0.12 0.05
BC | 0.04 0.02 0.02 458 1.89 1.04 0.59 0.31 0.15 0.05 0.04
ABC | 0.04 0.04 930 2.81 1.53 092 0.56 0.31 0.17 0.08 0.05

0Q

AG | 0.78 351 6.85 165 246 726 332 1.69 0.81 0.30 0.01
BCG | 223 0.13 1.01 224 7.18 549 151 066 031 0.13 0.03
BC | 199 076 1.09 3.22 103 3.52 1.34 062 029 0.11 0.04
ABC | 240 0.19 133 3.19 173 388 145 0.67 031 0.12 0.02

10Q

AG | 686 3.14 352 133 250 345 50.7 28.6 17.0 859 4.07
BCG | 836 581 255 195 829 173 29.7 443 56.0 40.6 13.1
BC | 489 383 033 552 124 184 38.6 19.0 13.8 8.04 3.36
ABC | 8.12 557 1.87 3.09 9.77 187 30.0 415 478 375 133

50Q

AG | 226 18.1 114 208 121 354 482 340 265 74.1 36.2
BCG | 227 193 154 11.0 593 0.34 841 20.8 709 368 343
BC | 143 12.1 7.72 0.04 106 253 453 69.7 67.8 728 27.2
ABC | 222 183 13.6 834 213 537 148 288 727 393 36.2

100Q2
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low impedance faults (fault resistance of 02 and 10€2) the Izykowski Algorithm suddenly loses
the accuracy when the location of the fault in an SCCTL is closer to 40% of the line length as
measured from Bus S. For example, for 10Q2 AG, BCG, BC, and ABC faults occurring at 40%
of the line length as measured from Bus S, the errors in the fault location results are 24.5%,
7.18%, 10.3%, and 17.3%, respectively. As the fault resistance increases, the area in which the
Izykowski algorithm loses accuracy also increases, eventually covering the entire transmission
line when the fault resistance reaches 100Q2. To understand the reason behind this sudden loss
of accuracy of the Izykowski Algorithm it is important to remember the working principle of
the fault loop-based algorithms as explained in Section 2.6 which states that the fault loop-
based algorithms ‘scan’ the section of transmission line between Bus R and the fault point
using Bus R measurements (see Equation (2.36)), and yield that value of d as fault location
for which the argument of fault current and fault voltage become equal. Now for the faults
lying at 40% consider the following two factors in lieu of the working principle of the fault
loop-based algorithms. Note that Figure 2.7 shows the various phasor quantities and calculated
fault location by Izykowski Algorithm for a solid AG fault at 40% line length measured from
Bus S.

1. Condition 1: When the fault is located close to 40%, the SCB is almost completely
compensating for the combined inductance of the source and the faulted transmission line
segment (series compensation is effectively reduced from 70% due to MOV conduction).
Thus, resulting in a very high and almost resistive fault current contribution from Bus S
as compared to the fault current contribution from Bus R. It could be observed from
Figure 2.7 (a) that the fault current contribution from Bus S side (/) is more than 3
times higher than that from the Bus R (/®). The fault current from Bus S will now form
predominant part of the total fault current at the fault point, and it along with the total
fault current will be very close in phase with the Bus S voltage (and consequently with
voltage at Bus R which lags Bus S by 30°). Since, the faults are assumed to be purely
resistive in nature, therefore, the voltage at the fault point will be very close in phase
with the Bus R voltage. This phenomenon could be observed from Figure 2.7 (b) which
shows that the phase angles of the Bus S voltage (V5), Bus R voltage (V¥), total fault
current or fault voltage (I¥/VF) are very close to each other while the argument of Bus
R current lies far away. Thus, a very narrow band of argument variation stretches over
the section of the transmission line between the fault point and Bus R. In other words,
very small error in the estimation of argument of the fault voltage will result in relatively

large error in the calculation of d.

2. Condition 2: Considerable amount of transients including sub-synchronous frequency
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Figure 2.7: The estimated phasors for an AG fault at 40% line length from Bus S: (a) estimated
phasor magnitude of fault current at Bus S (/%) and Bus R (I%), (b) estimated phasor arguments
of Bus S voltage (V¥), Bus R voltage (V), fault point current or voltage (I /V*), Bus R current
(I®), (c) calculated fault location.
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components (SSFCs) get introduced in the voltage and current signals following the oc-
currence of fault in an SCCTL, which adversely impact the accuracy of the estimated
phasors including the phasor of the total fault current. Therefore, a considerable error

will always exist in the argument of the estimated phasor of the total fault current.

Therefore, two factors have combined: 1-a very narrow band of argument variation stretches
over the transmission line between fault point and Bus R making the Izykowski Algorithm
insensitive to the values of d; 2-there is a considerable error in the estimated argument of the
total fault current. Now, the Izykowski Algorithm ‘scans’ the transmission line from Bus R
towards the fault point and ‘tries’ to find the value of d for which the argument of the fault
voltage would become equal to the erroneous argument of the total fault current. Since, the
argument of voltage changes very less as the d changes, the error in the argument of the total
fault current would result in a large error in d. Figure 2.7 (c) shows the calculated fault location
by Izykowski Algorithm fluctuates between 50%-60% range while the fault lies at 40% line
length as measured from Bus S. It should be noted that there will always be some error in
the argument of the total fault current which means that Condition 2 will always hold true.
It is simultaneous occurrence of Condition 1 and Condition 2 that will cause the Izykowski
Algorithm to lose accuracy.

As the fault moves away from the 40% towards Bus R, the fault current contribution from
Bus R rises and contribution from Bus S is no longer the predominant component of the total
fault current. Thus, the argument of the total fault current and the fault voltage will not remain
close to that of the Bus R voltage. The Condition 1 is not met, thus, relatively lower error in
the fault location results. This phenomenon could be observed from Figure 2.8 which shows
various phasor magnitudes and arguments for a solid AG fault at 80% line length as measured
from Bus S. It could be seen from Figure 2.8 (a) that the magnitude of Bus S and Bus R
fault currents are close to each other, so Bus S fault current would not remain the dominant
part. As a result, the arguments of the fault voltage or total fault current would not be close
to that of the Bus R voltage as seen from Figure 2.8 (b). The resulting higher accuracy of
Izykowski Algorithm in this case could be witnessed from the fact that the calculated fault
location remains within the band of 80.5%-81% for a fault at 80% line length from Bus S.

However, when the fault impedance rises, the reduction in the fault current contribution
from Bus R is more profound than that from Bus S. It is so because any decrease in fault
current level from Bus S will decrease the conduction by MOV, thus, increasing the effective
series capacitive compensation which in turn again increases the fault current contribution from
Bus S which is also highly resistive in nature. Therefore, for high impedance faults the fault
current contribution from Bus S will be predominant part of the total fault current irrespective

of the fault location, and also causes the argument of the total fault current to be close to the
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Figure 2.8: The estimated phasors for a solid AG fault at 80% line length from Bus S: (a)
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Bus R voltage. Thereby, satisfying the Condition 1 and causing the Izykowski Algorithm to

lose accuracy for all the high impedance faults irrespective of the location of the fault.

2.8 Conclusion

In this chapter, the insufficiency of the conventional impedance-based algorithms for their ap-
plicability to SCCTLs has been shown. Thereafter, the two types of fault location algorithms
for SCCTLs found in literature, i.e., the MOV-model-based, and fault loop-based impedance-
based algorithms have been discussed. It is shown in this chapter through mathematical anal-
ysis that the most widely used impedance-based algorithms for SCCTLs, i.e., fault loop-based
algorithms are equivalent to each other, and are based on the argument comparison of the fault
voltage and fault current for obtaining the fault location results. The simulations covering var-
ious fault types, fault resistances, and fault locations have been carried out on two different
configurations of SCCTL. It is observed that the configuration of SCCTL when the series ca-
pacitor is located at a side of transmission line is more challenging for the fault loop-based
algorithms. This configuration of SCCTL has not been evaluated in the previous publications,
thus, the existing fault location algorithms stand untested for such configuration of SCCTL.
The simulations results have shown that when the series capacitor is present at the side of a
transmission line the fault loop-based algorithms lose accuracy for almost all the possible fault
locations in an SCCTL for high impedance faults. The reason for the loss of accuracy as iden-
tified in this chapter is the limitation of the concept of argument comparison for the purpose
of fault location. Since, all the fault loop-based fault location algorithms are based on the ar-
gument comparison of the fault voltage and fault current, all the fault loop-based algorithms
are prone to yield high errors. Thus, arises a need to have a robust impedance-based algorithm

which does not suffer from the innate shortcomings of the fault loop-based algorithms.



Chapter 3

A new impedance-based fault location

algorithm for ground faults

3.1 Introduction

As discussed earlier that MOV introduces non-linearity in the voltage drop across SCB, and
the existing fault loop-based fault location algorithms avoid using the voltage drop across SCB
by using the fault loop-based fault location algorithms. However, the fact that has remained
ignored so far is that MOV conducts only in the faulted phase. For healthy phase the series
capacitor is responsible for the conduction of the current exclusively. Thus, the voltage drop
across SCB in healthy phase could be estimated and used towards proposing a new fault lo-
cation algorithm. In this chapter, a radically new double-ended fault location algorithm is
proposed for single phase to ground and double-phase to ground faults. In the proposed tech-
nique, the fault location equations based on each sequence component (positive, negative and
zero) are compiled and in each equation the impedance of faulted phase SCB appears as an
unknown quantity. Thus, resulting in two unknowns in each equation i.e., fault location and
impedance of SCB in the faulted phase. Thereafter, the methodology to remove the unknown
impedance of faulted phase SCB from the expressions is presented, which then leads to the fault
location results. The advantages of the proposed technique lie in the facts that it overcomes
the problem of excessively higher errors observed in fault location results obtained from nat-
ural fault loop-based algorithms of [22]-[25], and it is accomplished without using the model
of MOV. Another important feature is that the proposed technique unlike the pre-existing al-
gorithms does not require specialized subroutines for determining the faulted segment of the
transmission line. The proposed technique is also able to yield accurate fault location results

irrespective of the MOV status in the faulted phase, i.e., the fault location can be performed

48
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using the proposed method even if MOV is conducting, idle, or bypassed. In this paper, the
measurements from both ends of the transmission line are obtained through synchronized sam-
pling, so no time delay compensation is required. If however, the measurements from both ends
are not synchronized, the synchronization techniques such as the ones proposed in [22], [24],
[25], and [37] could be used to achieve synchronization before passing on the measurements

to the proposed fault location algorithm.

3.2 The proposed technique

Figure 3.1 (a) shows a fault scenario in an SCCTL in which a fault is located in between
Bus R and Node N at per unit (p.u.) distance d from SCB. The voltage and current signals
are measured at terminals of the SCCTL, i.e., at Bus S and Bus R. From hereafter, the zone
between Bus S and Node M is referred to as Zone-SM while that between Node N and Bus R is
called as Zone-RN. It should be noted that the proposed fault location algorithm for SCCTLs is
derived and elaborated for the faults lying in Zone-RN and it is called as Subroutine-RN in this
chapter. For the faults lying in Zone-SM (see Figure 3.1 (b)) i.e., Subroutine-SM, the equations
can be obtained analogously.

Now, d could be obtained using i sequence measurements and parameters of the transmis-
sion line from (3.1) [38].

B ) h_l Ki + AViMN (3 1)
yd—mi J; |
where
Ji = VEsinh((1 — m) y;l) = Z¢, IR cosh((1 — m) y,l) — Z¢ 1
K; = VRcosh((1 — m)y;l) — Z¢ IRsinh((1 — m) y;l) — VM
VM = V2 cosh (my;l) — I} Z¢,sinh (my;l) (3.2)
VS
1M = I cosh (my;l) - Z—’sinh (my:l) (3.3)
C;

i attains the value of 0, 1 and 2 for depicting zero, positive, and negative sequence components,

respectively; V? and I? represent i sequence component voltage and current phasors at Bus S;

VM and IM represent i” sequence component voltage and current phasors at Node M (calculated
from Bus R measurements using (3.2) and (3.3), respectively); AVM" is i sequence component
phasor of voltage drop across SCB from Node M to Node N; Z, and y; are the i sequence

characteristic impedance and propagation constant of the transmission line, respectively; [ is
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Figure 3.1: Faults in the subsections of the SCCTL: (a) Zone-RN, (b) Zone-SM.

the total length of the transmission line; m is p.u. distance of SCB from Bus S.

In (3.1), AVM" is another unknown besides d. Now owing to the highly non-linear behavior
of MOV, the estimation of AVMV is not straightforward. In order to overcome this limitation,

the fault location equation (3.1) is rearranged to:
J,-tanh((l - m) ’ylld) - Ki - AVZ.MN =0

Now, multiplying the above expression with g; and adding each term for all sequence compo-

nents, (3.4) is obtained.

2

2 2
Z a:Jitanh((1 — m) y;ld) — Z aK; - Z a: AV = 0 (3.4)
i=0

i=0 i=0

where q; is a coefficient for i sequence component which depending upon the fault type at-

tains different values that are derived later in this chapter. The advantage of using the fault

location equation represented in (3.4) is that though AVM¥ still remains unknown, but the term

Ziz:o a,-AViMN can be estimated as will be shown in this chapter. Thereafter, the fault location
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equation (3.4) can be solved for obtaining d.

In order to estimate the term Y7 a;AVMY

, consider the SCB bank as a series impedance
connected in the transmission line. Therefore, the sequence impedance of the SCB bank can

be defined using (3.5).

[Zs] = [A]"'[Zp][A] (3.5

111
where [A]=[1¢* a |; @ = 1£120°; [Zs] is the sequence impedance matrix of SCB bank; [Zp]
l o«

is the phase impedance matrix of SCB bank. Equation (3.5) can now be expanded to yield the

expressions for sequence impedances of the SCB bank as:

1111zA00111
[ZS]:§1a/ 2110 zz 0|1 @ @
1l «

a
2all0 0 Z:||1 @ o

Za+Zp+Zc ZA+Q’ZZB+Q’ZC ZA+CYZB+CYZZC
=3 Zi+aZp+a*Ze Za+Zg+Zc Za+a*Zp+aZc (3.6)
ZA+Q’ZZB+Q’ZC ZA+G’ZB+CZ2ZC o+ 2Zp+Zc

where Z,, Z, Z¢ are the impedances of SCBs in phase A, phase B, and phase C, respectively.
Now under balanced steady state conditions, only the series capacitors are responsible for the
conduction of the current. Therefore, the impedance of SCB in each phase would be identical
and equal to the reactance of the series capacitor, i.e., Zy = Zg = Z¢ = —jX¢. The sequence

. . .. —-jXe 0
impedance matrix under balanced steady state conditions becomes: [Zg]=| 8 —J(‘)Xc (')x ]
—J&c

Now, the i"-sequence voltage drop across SCB (AVMY) could be obtained by multiplying

the sequence impedance matrix with the sequence currents flowing through SCB:
[aviY] = |z ][] (3.7)

When a fault occurs in an SCCTL, the MOV located only in the faulted phase conducts. While
in the healthy phase, the series capacitor is exclusively responsible for the conduction of cur-
rent. Therefore, the impedance of the SCB in the healthy phase is equal to the reactance of the
series capacitor. On the other hand, the impedance of the SCB in the faulted phase remains
unknown. In lieu of the above facts, the expressions for AViMN obtained from (3.7) would take

different forms depending upon the fault type as shown in the following sections.

Since the faulted phases can be arbitrarily labeled as phase A, B, or C; therefore, the pro-
posed technique is elaborated using only phase A to ground (AG), phase B to phase C to ground
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(BCG), and phase B to phase C (BC) faults for the single-phase, double-phase to ground, and

phase to phase faults, respectively.

3.2.1 Single-phase to ground (AG) faults

For an AG fault, the impedances of SCB in each phase can be represented as: Z, = Z (un-
known), Zg = Z¢ = —jX¢, where X¢ denotes the series capacitor reactance. The expression
(3.7), thus, gets reduced to:

AVMN (Z =2jXe) (Z + jXo) (Z + jXo||I
AVMN| = 3 (Z + jXc) (Z -2jXc) (Z + jXo)||1M
AVMY Z +jXo) (Z +jXo) (Z =2jXoll1y

The simplification of the above matrix yields:

1 7’

AV = |Z @y + 1+ 1 - jXe@ly - 1" - B (3.8)
11 .

AV = 2 |Z @y + 1+ 1 - jXe@n)! - 1 - 1)h)] (3.9)
1 7

AV = 2 [Z A+ 17+ B - jXe@ - 1 - 1) (3.10)

It can be observed that an unknown term Z' (I} + I + I)') appears in (3.8), (3.9), and (3.10)
which prevents the estimation of AVMY. However, Z can be eliminated by subtracting (3.9)
from (3.8):

AVIN — AVIN =— X (1) - 1)) (3.11)

The value of the term AV)"N —AV"" as obtained from (3.11), can now be used for fault location
in (3.4) with the coeflicients a; as: ay = 1, a; = —1, a, = 0. Thus, the fault location equation of
(3.4) becomes (3.12):

Jotanh(myyld) — Jy tanh(my,ld) — Ko + K, + jXc(I)' = IM") = 0 (3.12)

The only unknown in (3.12) is d, which could be solved for by using numerical methods such
as Newton-Raphson, to obtain fault location result for an AG fault. It is important to note
that similar to (3.12), two more fault location equations can be written which would utilize the
information from (3.13) and (3.14), which like (3.11) are also obtained using (3.8), (3.9), and
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(3.10).

AVIN — AVIN =—jiX (1) - 1)) (3.13)
AV — AVIIN =—jX (1) - ) (3.14)

The fault location equation based on (3.13) could be used an alternative for (3.12), however,
the fault location equation compiled based on (3.14) cannot be utilized for fault location as

explained below.

It is shown in [22] that:

I Ieosh (1 = m) d) = y-sinh (1= m) yid)
IF = :
i cosh ((1 — m) y;ldRN)

The denominator of the expression given in [22] is cosh(my,l(1 — d)) while in the above ex-
pression it is cosh ((1 — m) y;ld®N ) The reason for this difference is that d is measured from
terminal of the transmission line in [22] while in this chapter d is measured from SCB. Also,
the p.u. length of the faulted section in this study is (1 — m) (Zone RN) while in [22] the p.u.

length of the faulted section is m.
By the definition of J; from (3.1), the above equation can be written as:

F —Ji
I =
" Zc,cosh((1 — m)yld)
= Jitanh((1 — m)y,ld) = —I Z¢ sinh((1 — m)y,ld) (3.15)

Now consider the fault location equation based on the positive and negative sequence mea-

surements and parameters of the line:
Jytanh((1 = m)y,ld) - Jytanh((1 = m) yald) - Ky + Ky + jXc (1" = 1) = 0 (3.16)
Using the expression derived in (3.15), the equation (3.16) can be rewritten as:
~I{ Zc,sinh((1 = m) yrld)+15 Zc,sinh((1 = m) y2ld) — Ky + Ky + jXc (I = 1Y) =0 (3.17)

where, 1T, and I} are the positive and negative sequence components of the total fault cur-
rent, respectively. It is a known fact that the positive and negative sequence parameters of the
transmission line are identical, 1.e., Z¢, = Z¢, and y; = ;. Also, for a single phase to ground

fault If = I; as shown in Figure 3.2(a). In view of the above facts, the expression of (3.17)
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Figure 3.2: Sequence diagram for different faults in an SCCTL: (a) AG Fault, (b) BCG Fault,
(c) BC Fault, (d) ABC Fault.

becomes:
0- Ky +Ky+ jXc (I = 1) = 0 (3.18)

It can be seen from (3.18) that the term containing d disappears from the fault location equa-
tion. Hence, for a single phase to ground fault, the fault location results have to be obtained
from the fault location equations based on 1-positive and zero sequence, or 2-negative and zero

sequence measurements and parameters of the transmission line.
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3.2.2 Double-phase to ground (BCG) faults

For BCG faults, the impedances of SCB in each phase becomes: Z, = —jX¢, Zg = Zc = 7
(unknown) for BCG faults. Therefore, for a BCG fault the expression for AVI.MN becomes:

AV [ CZ=jXe) ~Z + jXe) ~Z + jXo)|[
AVMN| = 3 —(Z' + jXc) (Z-jXc) —(Z + jXo) ||
AVMN ~(Z +jXco) —(Z + jXo) (Z-jXc) ||
| .
AV = 2 |Z @r) - 1" = B — Xy + 1 + 13| (3.19)
| .
AV = 2 [Z @Y~ 1 - ) — XU + 1+ ) (3.20)
1y .
AV = S [Z @B - 1 - 1Y) = XU + 1Y+ 1] (3.21)

The unknown term Z  appears in (3.19), (3.20) and (3.21) which can be eliminated by adding

all the equations:

2 2
DAV = —jxe > (3.22)
i=0 i=0

Hence, the fault location equation for BCG fault becomes as shown in (3.23), with ay = 1,

Cl]zl,azzl.

2 2 2
Z Jitanh((1 — m) y;ld) — Z K + jXc Z M=0 (3.23)
i=0 i=0

i=0

Thus, the value of d can be obtained by solving (3.23) for BCG faults.

3.2.3 Phase to phase (BC) faults

For BC faults, the impedances of SCB in each phase becomes: Z, = —jX¢, Zg = Zc = Z
(unknown), as was the case for BCG faults. Thus, the process of obtaining the term Z% aiAVlM N
and fault location d for BC faults remains same as for BCG faults as derived in (3.22) and

(3.23), respectively.

However, the equation (3.23) is unable to yield fault location result for BC faults as shown



56 CHAPTER 3

hereafter. Equation (3.23) can be written as (see Appendix):
2 2 2
= 3 Zesinh((1 - m) yild) = Y Ki+ jXe Y I =0 (3.24)
i=0 i=0 i=0

It can be observed from Figure 3.2(c) that for BC faults, I{ = —If, I'' = 0, and also for a

transmission line Z¢, = Z¢,, and y; = y,. In lieu of these facts, (3.24) becomes (3.25).

2 2
O—Z(;K,-+jXCZ(;I{”:O (3.25)

It can be observed from (3.25) that the term containing d vanishes for BC faults. Thus, implying
that the fault location cannot be obtained from (3.23) for BC faults.

3.2.4 Three phase faults

For a three phase fault MOVs located in all three phases would be conducting fault current,
which means that the impedances of SCB in each phase will remain unknown Z4 = Zp = Z¢ =
Z . Since, three phase faults are symmetrical faults, the negative and zero sequence components
of the current through SCB bank will be zero i.e., I’ = 0, I}/ = 0 as also depicted in Figure

3.2(d). In light of the above facts, the expression for AV" becomes:

AVYNT [z 0 o[ 0
AVMNI =10 Z oM =|1"Z
AVINT 1o 0 Z|[n! 0
= AVIN = M7 (3.26)

Since, only one equation is available, the unknown term I/ Z cannot be eliminated from (3.26).
Thus, preventing the application of the proposed fault location algorithm for three phase faults
in transmission line. Table 3.1 lists the values attained by a; for different types of fault where
a=1£120°.

It is worth pointing out that the proposed methodology can be extended for double-circuit
line, for which an extra term (I3"Zyy0) corresponding to voltage drop due to zero-sequence

mutual coupling between parallel lines would appear in fault location equation, which then
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becomes:

2 2 2
Z aiJi tanh(l - m’)’,ld)—z aiKi_Z Cll'AViMN-l' ClolgPZM() =0

i=0 i=0 i=0
where I is the zero sequence current in the parallel transmission line measured at Bus R;

Zyo 1s the zero sequence mutual impedance between two parallel lines. The values of a; would

remain same for the double-circuit lines as well.

3.3 Equivalence of Subroutines

The fault location equation for the faults lying in Zone-RN (Subroutine-RN) is shown in (3.4).
If my;ld®" is small then, tanh(my;ld®") ~ my;ld®". Note that superscript RN is added to differ-
entiate the variables of Subroutine-RN from that of Subroutine-SM (S M), which is presented
later. In light of the above approximation, the p.u. fault location as calculated by Subroutine-
RN (d®") is obtained from:

2 2
Y aK™ ~ jXe 3 ail)"
gry = 20 - =0 (3.27)
(1 -m)lY ary;J®
i=0

where
VS
MS _ ¢S i
" = I cosh (my;l) - Z—smh (my;l) (3.28)
C;
JIN = VRsinh((1 — m)y;l) — Z¢ IRcosh((1 — m)y,l)
+ V3 sinh(my,l) — Z¢,I? cosh(my;l)
K = Vicosh((1 — m)yil) — Z¢ Ifsinh((1 — m)y;l)
— V¥ cosh(myl) + Z¢,I? sinh(my;l)

Note that J®V and K*V are obtained when the values of V¥ and I from (3.2) and (3.3) are
substituted in J; and K; of (3.1). The superscript S in /, lMS represents that / lMS is estimated using

measurements at Bus S. Once d®" is known, the distance of the fault from Bus S as computed
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by Subroutine-RN (D®") can be estimated as follows:

DN = ml + (1 — m) 1d®

2 2 2
ml ), a,-yiJl.RN+ > a,-KlRN—jXC > aiIlMS
i=0 i=0 i=0

DY = (3.29)

2
> aiyiJY
i=0
Similar to (3.27), the equation for finding p.u. fault location for the faults in Zone-SM
(Subroutine-SM) can be written as (3.30) where d° is the p.u. fault distance from SCB as

yielded by Subroutine-SM.

2 2 .
> aKM — jXc Y alY
i=0 i=0

M = . (3.30)
ml Z aiyiJfM
i=0
where I)Y " is the sequence current at Node N estimated from measurements at Bus R.
R 1%
1IN = Ifcosh (1 = m) yil) — Z—’sinh (1 = m) ;) (3.31)

i

JM = Visinh(my;l) — Z¢,I? cosh(my;l)

+ VEsinh((1 — m)y,l) — Z¢, IRcosh((1 — m)y;l)
KM = V¥ cosh(my;l) — Zc,I? sinh(my;l)

— VEcosh((1 — m)y;l) + Z¢ IRsinh((1 — m)y;l)

The total distance of the fault from Bus S as yielded by Subroutine-SM (D5") can be estimated

as shown below:

DM = ml — mld*™

2 2 2
ml zo ary JSM — 20 aiKSM + jXc zo alN*
SM _ 1= 1=l i=
DM = - - (3.32)
ayyiJ;

It is worth noting that for any particular fault scenario irrespective of the faulted zone (RN or
SM), JRN = J¥M and K*¥ = —K*™. When the equations of (3.29) and (3.32) are compared in
lieu of the above fact, it is observed that (3.29) and (3.32) are identical to each other except for

the terms Y7, al-IlNR and Y7, aiIlMS. It is important to note that Subroutine-RN estimates the
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Table 3.1: Coeflicients for obtaining fault location.

Fault Type a a ao
-1 0 1
AG
0 -1 1
-a? 0 1
BG
0 - 1
- 0 1
CG
0 -a? 1
BCG 1 1 1
ACG a? @ 1
ABG @ a? 1

current going through Nodes M and N as IlMS , using Bus S measurements assuming that fault
is lying in Zone-RN. On the other hand Subroutine-SM estimates the current flowing through
Nodes N and M as I{V R, which is estimated from Bus R measurements assuming the fault is
in Zone-SM. Now in order to obtain relationship between IIMS and IINR consider the expression
derived (for faults lying in Zone-RN) in Appendix, i.e.,

1+ Ifcosh ((1 = m) ) = 5-sinh (1 = m) yil)

JF= 3.33
i cosh ((1 = m) y:ldRN) (3.33)

Since, (1 — m) y;ld®N is small, therefore cosh((1 — m) y;ld®) ~ 1. Also using (3.31) the above

expression (3.33) can be written as:

It can be observed from Figs. 3.2 (a) and (b) that for the values of @; in Table 3.1, the term

2
Y a;If =0, thus, resulting in:
i=0

2 2

>adl == al” (3.34)

i=0 i=0
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Figure 3.3: Simulated power system in PSCAD: (a) System A, (b) System B.

The significance of the relation derived in (3.34) lies in the fact that the expressions for obtain-
ing total fault distance for both subroutine as given in (3.29) and (3.32), become identical for
any specific fault scenario. Similarly, the equivalence of both subroutines can also be shown for
faults lying in Zone-SM. Thus, the proposed algorithm eliminates the requirement of special

procedure for identifying the faulted section of the line before locating the fault.

3.4 Evaluation and Simulation Results

3.4.1 Test System

For the performance evaluation of the proposed fault location algorithm, a 500kV test power
system as described in Section 2.7.1 has been simulated in PSCAD while the fault location al-
gorithms have been simulated in Matlab. Two configurations of test power system 1.e., System
A and System B are simulated. As shown in Figure 3.3, the SCB is located at Bus S and at
the midpoint of the transmission line for System A and System B, respectively. The MOV is
rated at 273kV after considering an overload factor of 1.5. The detailed procedure of sizing the
MOV can be found in [39]. The phasors of the measured current and voltage signals are also

obtained as per the methodology presented in Section 2.7.1.
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3.4.2 Accuracy and the effect of fault resistance

The fault scenarios covering different locations of fault over the full length of the line with
different fault resistances are run in PSCAD for both system configurations, i.e., System A
and System B. In System A there is wider range of possible locations of fault (0-100%) as
compared to System B (50-100%) as all the faults in System B lie at least 50% of the line
length away from the bus that sees the same fault current as passing through SCB. Hence, to
elaborate the performance of the proposed algorithm System A is utilized, while System B is
used to demonstrate the equivalence of the fault location results obtained by both subroutines.
The fault location results obtained from the proposed algorithm and the algorithm of [22] are
compared to each other for comparative analysis. The proposed algorithm is referred to as
Algorithm PM (i.e., Proposed Method) while the algorithm of [22] is called Algorithm EM
(i.e, Exiting Method) hereafter. Another point that is worth highlighting here is that the error

of 2% and less is acceptable for the fault locators available in the commercial relays [40].

Tables 3.2 and 3.3 show the fault location results for AG and BCG faults in System A (see
Figure 3.3 (a)), respectively obtained using Algorithm PM and Algorithm EM. The distance
of fault is measured from Bus S as percentage of the total line length. As already shown in
Section 3.2.1, Algorithm PM yields the fault location results for AG in two different ways as
shown in Table 3.2 with (ap =1, a; =-1, a, = 0), and (ap =1, a; =0, a, = —1). The high
accuracy of the Algorithm PM can be witnessed from the fact that error in the results obtained
from Algorithm PM remains below 1% for almost all fault scenarios as seen in Tables 3.2 and
3.3. On the other hand the results from Algorithm EM exhibit higher than 2% error for nearly
half of the fault scenarios. Furthermore, the highest error in fault location results is 1.45% for
Algorithm PM while for Algorithm EM it exceeds 20% for many fault cases.

Another peculiar observation that can be made from Tables 3.2 and 3.3 that when fault
resistance is 0 Q, Algorithm EM loses accuracy when fault is located close to 40%. Figure
3.4 shows the voltage and current waveforms for an AG fault at 40% line length. Note the
relative large fault current contribution from Bus S as compared to Bus R contribution (Figure
3.4 (b), and (d)). Also note that it is in phase with Bus S and Bus R voltage (Figure 3.4 (a),
(b), and (c)). It so happens that when the fault is located close to 40%, the SCB is almost
completely compensating for the inductance of the faulted line segment and source (series
compensation is effectively reduced from 70% due to MOV conduction). Thus, resulting in a
very high and almost resistive fault current contribution from Bus S as compared to the fault
current contribution from Bus R. Note that fault current measured at Bus S is more than double
of that measured at Bus R (see Figure 3.5 (b)) and note also that the fault current from Bus

S is very close in phase with the voltage at Bus S (see Figure 3.5 (c) and (d)). Now, any
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Table 3.2: Error (%) in fault location results for AG faults.

Algorithm PM
Fault Actual Fault ap=1 ap=1 )
Resistance Location (%) a;=—1 a;=0 Algorithm EM
ar= 0 612:—1

0 0.80 0.52 2.53
20 0.94 0.87 5.28
00 40 0.92 0.79 11.5
60 0.68 0.55 2.71
80 0.28 0.19 0.73
100 0.21 0.24 0.18
0 0.76 0.46 0.70
20 0.89 0.84 6.89
100 40 0.92 0.80 24.6
60 0.69 0.55 3.25
80 0.30 0.19 0.81
100 0.11 0.16 0.01
0 0.29 0.08 6.88
20 0.67 0.72 3.52
500 40 0.82 0.73 25.0
60 0.62 0.48 50.7
80 0.01 0.11 17.0
100 0.21 0.30 4.07
0 0.09 0.27 22.6
20 0.60 0.70 11.5
1000 40 0.65 0.59 12.1
60 0.13 0.01 47.8
80 0.32 0.49 26.8
100 0.19 0.33 36.2

CHAPTER 3
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Table 3.3: Error (%) in fault location results for BCG faults.

Fault Actual Fault . .
Resistance Location (%) Algorithm PM  Algorithm EM
0 0.08 0.05
20 0.99 0.03
40 0.54 6.95
0e 60 0.04 1.21
80 0.47 0.30
100 0.44 0.05
0 0.50 2.23
20 1.45 1.01
100 40 0.78 7.19
60 0.22 1.51
80 0.20 0.31
100 0.23 0.03
0 0.53 8.36
20 0.95 2.55
500 40 1.26 8.29
60 0.82 29.7
80 0.13 56.0
100 0.23 13.1
0 0.66 22.7
20 0.38 154
1000 40 0.86 5.93
60 0.25 8.41
80 0.46 70.9
100 0.18 343
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fault location algorithm that is based on the argument comparison of analytically obtained
fault voltage and current (like Algorithm EM) is inherently prone to yield high errors when
the fault current contribution from the segment of transmission line containing SCB becomes
increasingly higher as compared to the contribution from the other end as seen in Figure 3.5 (e).
As the fault resistance increases, the zone in which the Algorithm EM yields excessively high
errors keeps getting greater in length eventually covering the whole line when fault resistance
increases to 100 . On the other hand, the proposed algorithm i.e., Algorithm PM is immune to
such conditions. The waveforms of measured voltages and currents, and the estimated phasors

for more fault scenarios are given in Appendix B.

3.4.3 Equivalent subroutine results

The derivation presented in Section 3.3 shows that irrespective of which section of the trans-
mission line does the fault lie, both subroutines of Algorithm PM would yield accurate and
almost equal fault location results as long as tanh(my;ld) ~ my;ld holds true. In System B
shown in Figure 3.3 (b), the fault location results for faults lying in Zone-RN and Zone-SM
are yielded by Subroutine-RN and Subroutine-SM respectively for both algorithms. The fault
resistance for the fault scenarios shown in Table 3.4 is 0 Q2.

It can be seen from Table 3.4 that for Algorithm EM only one subroutine would yield accu-
rate fault location result (as highlighted) depending upon the faulted section of the transmission
line. So a specialized algorithm is needed to select the appropriate subroutine for Algorithm
EM as presented in [22]. Even the error in the ‘correct’ subroutine could be as high as 2%-5%
for Algorithm EM. On the other hand, both subroutines of Algorithm PM yield less than 1%
error for almost all the fault scenarios, irrespective of which section of the transmission line is
faulted. However, it should be noted that for the faults lying at the ends of the transmission line
(represented by 0% and 100%), the error in one of the subroutines comes in the vicinity of 1%
while the error in the other subroutine remains below 0.5%. For example for AG fault at 100%
line length (fault lying close to Bus R), the error yielded by Subroutine-RN (assumes fault lies
in Zone-RN) is 0.92% whereas the error in Subroutine-SM (assumes fault lies in Zone-SM) is
0.15%.

Therefore, to minimize the maximum error that can be encountered in Algorithm PM, the
‘correct’ subroutine should be selected. So when both subroutines point out that fault lies in
Zone-RN, the result of Subroutine-RN should take precedence over Subroutine-SM, whereas
when the both subroutines indicate Zone-SM as the faulted zone, the results of Subroutine-
SM should be treated as more accurate. In light of the above discussion, the selection of the

appropriate subroutine for the fault located close to SCB (around 50% line length) becomes
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Figure 3.4: Voltage and current waveforms for a solid AG fault at 40% line length from Bus S:
(a) Bus S voltage, (b) Bus S current (c¢) Bus R voltage, (d) Bus R current.
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Figure 3.5: (a)-(d): Estimated phasors of phase-A voltage and current signals measured at
Bus S and Bus R for a solid AG fault at 40% line length from Bus S; (e) fault location result
obtained from Algorithm PM and Algorithm EM.
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Table 3.4: Error (%) in fault location results of both subroutines of Algorithm PM and Algo-
rithm EM.

Fault Actual Algorithm PM Algorithm EM
Type FaultLoc (%) Sub-RN  Sub-SM  Sub-RN  Sub-SM

0 0.28 1.04 0.02 58.2

20 0.01 0.31 0.42 50.9

40 0.57 0.53 1.25 43.5

AG 50° 0.73 0.73 1.92 39.4

50* 0.71 0.71 36.4 4.71

60 0.52 0.57 39.6 2.57

80 0.06 0.23 43.8 0.76

100 0.92 0.15 48.6 0.01

0 0.14 0.91 0.04 70.4

20 0.51 0.22 0.04 60.1

40 0.87 0.85 0.21 49.2

BCG 50° 0.86 0.88 0.40 43.9

50" 0.37 0.39 353 2.19

60 0.05 0.11 38.2 1.41

80 0.65 0.37 45.1 0.29

100 1.17 0.41 543 0.05

critical as the fault is lying very close to the ‘boundary’ of each subroutine. In Table 3.4 the
fault at 50~ % signifies the fault is very close to SCB on Bus S side of SCB, while 50" % means
that the fault is close to SCB on the Bus R side of SCB. It can be observed from Table 3.4 that
for the faults lying at 50% the error in fault location results yielded by both algorithms is very
close to each other, e.g., for BCG fault at 50~ % line length the errors in results of Subroutine-
RN and Subroutine-SM are 0.86% and 0.88%, respectively. It can thus be inferred that no

specialized criteria is required by Algorithm PM for selecting the ‘correct’ subroutine.

3.4.4 Effect of errors in zero sequence parameters of the transmission
line

The error in the fault location results discussed so far has been due to: 1-error that creeps into
the phasor estimation due to the high amount of transients present in the measured voltage
and current signals; 2-error due to the approximations made during the proposition of the
algorithm; 3-due to the modeling of the transmission line. Other sources of error that could
impact the accuracy of the fault location results are the error in the estimation of zero sequence
transmission line parameters, or, the error originating from the measuring devices, i.e., CT and

CVT. In this section the effect of error in transmission line parameters on the accuracy of the
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Table 3.5: Effect of error in zero sequence transmission line parameters (%) on the error in
fault location results (%) yielded by Algorithm PM for solid faults in the SCCTL.

AG BCG
Fault Parameter Error (%) Parameter Error (%)

Location (%) | 0% 5% 10% 15% | 0% 5% 10% 15%
0 0.80 0.01 070 129 1 0.08 0.84 149 1.94

20 094 0.88 0.84 0.82]0.99 028 0.31 0.83

40 092 1.04 1.16 128 | 0.54 038 025 0.14

60 0.68 094 1.17 137 |0.04 0.12 0.27 0.39

80 028 0.64 094 1.21 | 047 0.11 0.19 0.44

100 021 0.18 052 081|044 0.04 029 0.59

Table 3.6: Effect of CT and CVT error on the error in fault location results (%) yielded by
Algorithm PM for solid faults in the SCCTL.

AG Fault BCG Fault

Fault CT CVT CT CVT
Location (%) | 0% 2% 5% 2% 5% | 0% 2% 5% 2% 5%
/0% «0° z3° «0° /3° | «0° «0° /3° /0° /3°

0 0.80 0.09 1.90 0.77 0.57{0.08 0.39 2.04 0.12 0.28
20 094 1.73 147 095 092]099 1.60 0.04 098 0.87
40 092 1.78 095 092 090|054 1.23 0.56 0.53 0.49
60 0.68 1.45 0.22 0.68 0.70|0.04 049 1.48 0.03 0.01
80 0.28 0.82 0.27 0.29 033|047 0.17 1.75 046 0.40

100 0.21 0.07 0.20 0.21 0.210.44 030 0.73 0.44 0.44
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proposed algorithm is investigated.

The zero-sequence parameters of a transmission line depends upon the resistivity of the
ground, which in turn is highly dependent upon the environmental conditions such as precip-
itation, soil moisture etc. On the other hand the positive sequence parameters of the trans-
mission line depend upon the geometrical arrangement of the conductors, physical character-
istics, etc which practically remain constant and does not change with change in environmen-
tal conditions. Thus, there always remains some ambiguity in the accuracy of the estimated
zero-sequence parameters of the transmission line. Thus, the effect of error in zero-sequence
parameters of the transmission lines on the performance of the proposed algorithm has been
evaluated in this section.

In order to observe the effects of imperfect estimation of zero sequence parameters of the
transmission line on the accuracy of Algorithm PM, various amounts of errors are added to
the zero sequence parameters of the transmission line. Thereafter, the results of Algorithm PM
are observed in lieu of the amount of error added to the transmission line parameters for solid
AG and BCG faults in the SCCTL (see Table 3.5). It could be observed from Table 3.5 that
when there is no error in the zero sequence parameters of the transmission line the error in fault
location results remain below 1% for all locations of the fault. When the error in zero sequence
parameters is gradually increased to 15%, the error of more than 1% is yielded by Algorithm
PM in 4 out of 6 fault scenarios for AG faults. On the other hand the error in fault location
results yielded by Algorithm PM for BCG faults the error remains below 1% for most of the
fault scenarios irrespective of the error in the zero sequence parameters of the transmission line.
The highest error of 1.94% for BCG faults is seen when the error in zero sequence parameters
is 15% and the fault located at 0% line length. It could be seen from Table 3.5 that the error for
all the fault scenarios remains below 2% which is the industrially accepted limit of the error in
fault locators of the commercial relays.

Thus, the proposed algorithm maintains its accuracy even with significant error in the zero-
sequence parameters of the transmission lines. The effect of error in zero sequence parameters
of the transmission line on the performance of Algorithm PM could further be minimized by
using the algorithms for estimating the zero sequence transmission line parameters such as the

one proposed in [41].

3.4.5 Sensitivity to CT and CVT errors

The instrument transformers (CT and CVT) are unable to perfectly replicate the primary side
signals after the occurrence of the fault. As a result, the estimated phasors for current and

voltage signals become imperfect. In order to emulate the effect of CT and CVT errors on the
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Algorithm PM, deliberate errors are added to the magnitude (2%, 5%) and phase angle (0°,
3°) of the faulted phase current and voltage phasors. Table 3.6 shows the fault location results
results yielded by Algorithm PM for solid AG and BCG faults after various amounts of error
are added to the voltage and current signals of the faulted phase. It could be observed from
Table 3.6 that the addition of error in faulted phase current produces higher error in the fault
location results as compared to the case when the error is added to the voltage. For example,
the maximum error in fault location results for AG and BCG faults are 1.90% and 2.04%,
respectively and in both cases the error of 5%/3° is added to the CT measurements. On the
other hand the fault location error remains below 1% for all the fault scenarios of AG and
BCG faults irrespective of the error in the CT or CVT measurements. Therefore, it could be
concluded that error in CT measurements impacts the accuracy of Algorithm PM relatively
more than the error in CVT measurements. However, the error in fault location results remain
below 2% even with addition of considerable error of 5%/3° in CT and CVT measurements,
thus, highlighting the robustness of the Algorithm PM with respect to the error in CT and CVT

measurements.

3.4.6 Need to reduce computational burden for practical implementation

The Algorithm PM has been proposed using distributed model of the transmission line which
results in the exponential functions appearing in the fault location equation. As can be observed
from equation (3.4), the unknown fault location d appears as an exponential. The solution to
such equations would have to found using numerical methods, which are very time consuming.
For example, for the sampling rate of 64 samples per fundamental cycle, and total four cycles of
fault time period, we have 256 samples. After ignoring the first 80 samples due to transient time
period the Cosine filter, it took MATLAB about 30 seconds for yielding fault location results
for remaining 176 samples. Such type of computing power is not available in the numerical
relays, thus, arises need to reduce the computational burden of the proposed algorithm. The
usage of the simpler model of the transmission line would reduce the computational burden but
will also impact the accuracy of the fault location results. Therefore, a very careful approach
would be needed to simplify the transmission line models for decreasing the computational

burden, and at the same time to limit the degradation in the accuracy of the Algorithm PM.

3.5 Conclusion

A new fault location algorithm is presented in this chapter for single-phase to ground and

double-phase to ground faults in SCCTLs. The proposed algorithm provides accurate fault lo-
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cation results while avoiding simultaneously, the modeling of MOV and the use of natural fault
loop. It has also been shown that proposed algorithm does not lose accuracy for specific fault
scenarios for which fault loop-based fault location algorithms would yield high errors. The
equivalence of the fault location results from both subroutines regardless of the faulted section
of the transmission line is mathematically proved as well as using simulations. Additionally,
it has been demonstrated that the maximum error in the proposed algorithm can further be
reduced by selecting the corresponding subroutine to the faulted section of the transmission
line. Another salient feature of the proposed technique is that for the selection of appropriate
subroutine no specialized procedure is needed. The performance and the features of the pro-
posed algorithm have been verified through simulations in PSCAD and MATLAB. The future
avenues for research in the this field could focus into the effects of non-ideal transposition
of the transmission line, error in estimation of transmission line parameters, error in phasor

estimation on the performance of the proposed fault location algorithm.
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Impedance-based fault location algorithm
for ground faults in SCCTLSs compensated

with multiple series capacitor banks

4.1 Introduction

As shown in Section 2.4, the fault loop-based impedance-based fault location algorithms like
[22]-[25] estimate the fault voltage as function of the unknown fault location (d) using mea-
surements from that end of the transmission line which does not see SCB between itself and the
fault. For example, for the fault scenario shown in Figure 4.1 the fault voltage function (V' (d))
is not written using Bus S measurements as the SCB falls in between Bus S and the fault point,
and the impedance of SCB is unknown. Therefore, the fault voltage function will be compiled
using the measurements of Bus R. Thereafter, the V¥ (d) is solved for d under the condition

that at the fault point the arguments of fault voltage and the fault current will be same, i.e.,

Bus S SCB Bus R
[ N |
s i i IR
> : : f <
VS i __________ i VR
(I-m) 1 d (I-m)I(1-d)
ml (I-m) [

Figure 4.1: Diagram depicting a fault in an SCCTL located between SCB and Bus R.
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Figure 4.2: Non-applicability of fault loop-based fault location algorithms: (a) series compen-
sation applied at multiple locations, (b) the fault lies in the SCB

(VE(d) = £IF. Apart from the shortcomings of fault loop-based algorithms as listed in Section
2.6, the fault loop-based fault location algorithms are inapplicable if: 1-series compensation
is applied at more than one location in an SCCTL, and the fault is lying in between the two
SCBs as shown in Figure 4.2 (a); 2-the fault lies in the SCB, even if there is only one SCB in
an SCCTL as shown in Figure 4.2 (b). It is worth noting here that SCB rather than consisting
of only one series capacitor is a combination of multiple capacitors connected in parallel and
series (see Figure 4.2 (b)). For both fault scenarios shown in Figure 4.2 (a) and (b), the MOVs
will be present on both sides of the fault, preventing the derivation of the fault voltage function,
VF(d) from either terminal of the SCCTL. Therefore, the application of the fault loop-based
algorithms to both fault scenarios shown in Figure 4.2 (a) and (b), will yield erroneous fault
location results. Thus, no impedance-based fault location algorithm exists that is applicable
to the SCCTLs with multiple series compensating devices, and to the faults occurring in the
SCBs. In this chapter, it is shown that the fault location algorithm proposed in Chapter 3 for
ground faults could be modified and applied to the SCCTLs with SCBs located at multiple

locations, and to the faults occurring in SCB.

The proposed algorithm is firstly presented for N-number of series compensating devices

using lumped element model of transmission line in Section 4.2. Thereafter, the application
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Figure 4.3: Fault scenario in an SCCTL compensated with N number of SCBs.

of the proposed algorithm to the double-circuited transmission lines is presented in Section
4.3. In Section 4.4 the algorithm is presented using more accurate model of transmission line,
i.e., distributed model of transmission line for two SCBs in an SCCTL. The simulation results

showing the performance of the proposed fault location algorithm are given in Section 4.5.

4.2 The Proposed Algorithm

Consider a transmission line of total length / units, compensated with the total number of N
SCBs as shown in Figure 4.3. Let the fault be located at distance d units from Bus S, and
lying between the n and (n + 1) SCB as counted from Bus S. Now, the equations for the i
sequence of the fault voltage, i.e., V! could be written from Bus S and Bus R as given in (4.1)

and (4.2), respectively.

VE VS~ ISzd - AV “.D
k=1
N
VE=VE-IRa-d)- Y AV, (4.2)
k=n+1

Equating (4.1) and (4.2) we obtain:

n N
V= VE—Izd+If(-d)= ) AVig+ D AVig =0 4.3)
k=1

k=n+1

n N
‘/f - ‘CR +'IfZﬁl - }: ZX‘/ik + E: Zx‘/ik
k=1

k=n+1

— d= (4.4)

(15 + %)z,

where i attains the values of 0, 1 and 2 for representing zero, positive, and negative sequence

components, respectively; V? and I° represent i sequence component voltage and current
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Table 4.1: Coeflicients for obtaining fault location.

Fault Type a a ao
-1 0 1
AG
0 -1 1
-a? 0 1
BG
0 - 1
- 0 1
CG
0 -a? 1
BCG 1 1 1
ACG a? @ 1
ABG @ a? 1

phasors at Bus S; VX and I¥ represent i sequence component voltage and current phasors at
Bus R. AV, is i sequence component phasor of voltage drop across k”* SCB as counted from
Bus S; z; is the i sequence impedance of the transmission line per unit distance; [ is the total
length of the transmission line.

In the fault location equation (4.4), there are two unknowns: firstly, the voltage drop across
k™ SCU bank, i.e., AV, is unknown; secondly, the number n which is the number of SCUs
lying between Bus S and fault point is also unknown, thus, preventing the estimation of d.

It is shown in Chapter 3 that though the term AV;; would remain unknown, however, the

2
term ), a;AV;; could be estimated for the values of a; listed in Table 4.1. Now, in order to
i=0

2
utilize the term ), a;AV;;, the fault location equation (4.4) needs to be modified. It is done by
i=0

multiplying (4.3) with the constant g;, through out and adding each term for all the sequence

components. As a result, the Equation (4.5) will be obtained.

Zzl a;(VE = Vf =B zd + Ifz(1 - D)) - Z Zzl a:AViy + ZN: Zzl aiAViy =0

i=0 k=1 i=0 k=n+1 i=0
2 n 2 N 2
Z a; (VIS - VlR + IIRZ,l) - Z Z (liAVl"k + Z Z (l,'AVi’k
i=0 k=1i=0 k=n+1i=0
— d= (4.5)

2
3 ai (15 + %)

2

Now, the term ), a;AV;; could be evaluated as per the methodology presented in the previous
i=0
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chapter, but n still remains unknown. The method to eliminate n from Equation (4.5) for various
types of fault is presented in the following sections. Since the faulted phases can arbitrarily be
labeled as phase A, B, or C, therefore, the proposed algorithm is explained using only phase A
to ground (AG), phase B to phase C to ground (BCG), and phase B to phase C (BC) faults for

the single-phase, double-phase to ground, and phase to phase faults, respectively.

4.2.1 Single-phase to ground (AG) faults

It can be observed from Table 4.1 that for an AG fault, two sets of a; could be used. The
derivation of the fault location presented in this section is based on @y = 1, a; = -1, a, = 0.

For the other set of values of a;, the fault location equation can be derived analogously.

As per the Equation (3.11), derived in Section 3.2.1, following expression could be obtained
for the k™ SCU for an AG fault:

2
Z ailAVig = AVoy — AV = —jXc, (Iox — 11 )
i=0

n 2 n
= Z Z CliAV,"k = —j Z Xck (IO,k - I]’k) (46)
k=1 =0 k=1
where ap = 1, a; = -1, a» = 0; X, denotes reactance of the series capacitor in the k™ SCB;

Io and I, ; are the zero and positive sequence currents flowing through the K SCB.

For all the SCBs lying between the Bus S and the fault point, the current flowing through
each SCB will be same and equal to II.S ,1.e., fork € [0,n], I, = IiS . Thus, the Equation (4.6)

becomes:

zn: Zzl aihVy = —j(I§ - 1) Z Xe, (4.7)
k=1

k=1 i=0

N 2

Similarly, for the SCBs lying between SCB and Bus R, the term ), }’ a;AV;; could be esti-
k=n+1i=0

mated from Equation (4.8).

N 2 N
D> adVie=—j(I§ - 1F) > Xe, (4.8)

k=n+1 i=0 k=n+1

Substituting the values of g; i.e. ap = 1, a; = —1, a, = 0, and Equations (4.7), and (4.8) in
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37Zr

(c) (d)

Figure 4.4: Sequence diagram for different faults in an SCCTL: (a) AG Fault, (b) BCG Fault,
(c) BC Fault, (d) ABC Fault.
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Equation (4.5) the following is obtained:

(V2 = V) = (v = VE)+ (20 = 1h20) ) + 5 (1 = 1) £ X, =i (1 - 1) 2 X
d= k=1 k=n+1 (49)
20 (Ig + I{f) -2 (If + If)

Tt can be observed from Figure 4.4 (a) that (4.10) holds true for an AG fault.

I +1§ =1 +1If (4.10)
= IL-I= —(Ig—lf) 4.11)

Substituting (4.11) in (4.9):
(Vs = v3) = (VB = VE) + (120 - If21) 1) - j (I - I¥) (é Xe, + kil Xck)
20 (15 + Ig) -z (If + IF)

(V5 =)= (v = Vi) (= 1£2)0) - 05 ) 5 e

d =

= d= 4.12)

20 (15 +18) =21 (5 + IF)
All the terms on the R.H.S of the Equation (4.12) are known, thus, d could be obtained from
(4.12) for an AG fault.

Similarly, fault location equation utilizing negative sequence measurements and parameters
could be obtained as (4.13) withag =1, a; =0, a, = —1.

e O M i A B) £ Xa "
20 (15 +18) = 2 (1§ + IF) '

Therefore, the fault location result for an AG fault could be calculated from two different Equa-
tions (4.12) and (4.13). A question might arise that why not derive the fault location equation
which utilizes the positive and negative sequence component measurements and parameters,
ie,ap = 0,a, =1, a, = —1. However, the denominator of such a equation will become zero
because of the fact that for a transmission line the positive sequence impedance is equal to its

negative sequence impedance, i.e., 7; = z,. Thus, the value of d would become indeterminate.
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4.2.2 Double-phase to ground (BCG) faults

The values of a; for a BCG fault are ay = 1, a; = 1, a, = 1, as can be observed from the Table
4.1. Thus, the Equation (4.5) for a BCG fault becomes (4.14).

n 2
(VS = VE+Ifgl) = 3 5 AViy + S 3 AV

k=1i= k=n+1i=0

M

0

(=]

1

— d= (4.14)

Using the relation derived in Equation (3.22) in Section 3.2.2, following expression could be
derived for the k" SCB.

— i -=—JZ(X@ZLI<] (4.15)

For all the SCBs lying between Bus S and the fault point, the current flowing through each

SCB will be equal to the IS 1e., fork € [0,n], I;; = IS Since the current is equal for all the
2
SCBs, the term Z I could be taken out of the summation and replaced with the term Z IS in

i=0
(4.15), thus yleldmg the Equation (4.16).

ZZAV,k_—]ZISZXCk (4.16)

k=1 i=0

For the SCBs lying between fault point and Bus R, the current through each SCB will be I¥,
re.,forke[n+1,N], I;; = IiR. The Equation (4.17) could be derived analogous to (4.16).

N 2 5 N
DD AVi=—j ) I Y Xq (4.17)

k=n+1 i=0 i=0 k=n+1

n 2 N 2
Substituting the values of the terms ), > AV, and ). >, AV;; from Equations (4.16) and
k=1i=0 k=n+1i=0
(4.17) in (4.14), the following expression is obtained:

M

(vs vR+1Rz,)+JZIS zlxq—]zIR % X,

0 k=n+1

d=" (4.18)

;0 u(I5 + IF)
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The only unknown in the Equation (4.18) is n. Considering the Figure 4.4 (b), it can be

seen that:

L+IE+E+I0+5 +I5=0

= I+ + 5 =-(I§ +If + I5)
2 2

= Y F=->1IF (4.19)
i=0

i=0

Substituting (4.19) in (4.18), the Equation (4.20) is obtained. Since all the terms on the R.H.S
of (4.20) are known, d could be calculated from (4.20) for BCG faults.

2 N
(VS = VR4 IRgl) - j S IR Y, X,
0 i=0 k=1

2
%a@+¢)

M

d=" (4.20)

4.2.3 Phase to phase (BC) faults

Though not listed in Table 4.1, the set of values of @; for BC faults remain same as that for the
BCG faults. Therefore, the fault location equation for BC faults will remain same as that for
BCG Faults, i.e., Equation (4.20).

However, the zero sequence circuit does not see the fault as shown in Figure 4.4 (c), which
implies that Ig + I{f = 0. As aresult, the denominator (D,) of the Equation (4.20) is reduced to

0 as shown through the following analysis.

D, =z|13 +I§] +2 (If +If)+Z2(1§ +1§)
=0
= Do=u (1} + 1)+ (1 +1F) @2

For a transmission line, the positive and negative impedance are identical, i.e., z, = z;. Also
for a BC fault the (Iig + I‘f) = — (Iig + I§), as evident from Figure 4.4 (c). In lieu of these facts
the Equation (4.21), becomes (4.22).

D, =0 (4.22)

Since, the denominator of the Equation (4.20) becomes 0 for a BC fault, the value of d cannot
be determined from (4.20) for a BC fault. Thus, the proposed method cannot be applied to BC
faults.
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4.2.4 Three phase faults

For a three phase fault, no combination of values of a; could be derived which would make

2

the term ), a;AV;; independent of the unknown impedance of MOV as shown in Section 3.2.4.
i=0

Thus, preventing the estimation of d using the proposed algorithm for a three phase fault.

4.2.5 The general equation

The general form of fault location equation for locating ground faults in an SCCTL with series
compensation applied at multiple locations, will be as given in (4.23) with values of @; given in
Table 4.1.

2 2 N
3 a (VS = VE+Ifzl) + j % ailf 3 Xe,

d= (4.23)

2
i;)aiz,- (I;g + IIR)

One of the peculiar advantage of the proposed algorithm is that it directly yields d, without

depending upon the number of SCBs lying on either side of the fault as it is independent of n.

4.3 Application to double-circuited transmission lines

In case of the double-circuited transmission lines, the effect of zero sequence mutual coupling
has to be considered. The equations for zero sequence component of the voltage at fault point

from both ends of the transmission line considering zero sequence mutual coupling could be

written as:
VE =Vs = Bzod = ) AVox = I znd (4.24)
k=1
N
Ve =VE = I§zo (U= d) = " AVoy = 1§72, (1= d) (4.25)
k=n+1

where Ig P and If* are the zero sequence currents in the parallel transmission line measured
at Bus S and Bus R, respectively; z,,, is the zero sequence mutual impedance per unit length

between two parallel lines.
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Equating (4.24) and (4.25):

n N
Ve = VE = I320d + Iz (U= d) = )" AVou+ > AVoy = I3 2pyd + 2, (1= d) = 0 (4.26)
k=1 k=n+1

Since the fault does not lie in the parallel transmission line, therefore I§” = —I5”. The Equation
(4.26) becomes:

n N
Ve = Ve = ISzod + I§zo (= d) = )" AVog+ D AVyy = 1372, = 0 4.27)
=1 k=n+1
Since the mutual coupling phenomenon is observed only in zero sequence network, the equa-
tions for positive and negative sequence components remain unchanged. As a result, the fault

location equation becomes as (4.28) considering the effect of zero sequence mutual coupling.

2
Y ai (VS - VE+ Ifz0) -
i=0 k=1i=0 k=n+1i=0

d=2 .
(TS R
;‘)alzl (Il. +Il.)

i

N 2
Z Cll‘AVi,k + 2 Z a,'AV,-,k — aolgPZmol

(4.28)

It is to be noted that values of a; remain same as given in Table 4.1.

4.4 Implementation of the proposed algorithm on distributed

model of transmission line

So far, the lumped model of the transmission line has been utilized to elaborate the proposed
fault location algorithm. The usage of lumped model the transmission line offered the simplic-
ity in elaborating the principle of the fault location algorithm, at the expense of accuracy of
the algorithm. As a matter of fact, the elimination of the unknown variable n that appears in
the Equations (4.9) and (4.18) could only be eliminated from the subsequent equations due to
the usage of lumped model of the transmission line. Now, the implementation of the proposed
fault location algorithm using distributed model of the transmission line would be presented,
in order to increase the accuracy of the fault location results. However, the complexity of the
equations will increase with the usage of distributed model of the transmission line.

Figure 4.5 shows a fault located between the two SCBs at p.u. distance d as measured from
SCB1. The voltage and current are measured at Bus S and Bus R, respectively. The expression

for d could be derived in terms of i”* sequence voltages and currents at Nodes M and Q as
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Bus S SCB1 SCB2 Bus R
IS IM IN IQ IP IR
> oM No—> “«—9(Q Poe—<
S |
S R
v Inod Ino(1-d) v
Loy Ino Ipg

Figure 4.5: Fault located between two SCBs in an SCCTL containing two SCBs.

(4.29).

1 4 ViQCOSh (’)/,'ZNQ) - ZC,.IiQSiIlh (’)/,-INQ) - VlN
tanh

d= 0 0
(YilNQ) Vi sinh (’)/llNQ) - ZC,-I[ cosh (’)/llNQ) - ZC,-I,N

(4.29)

where i attains the value of 0, 1 and 2 for depicting zero, positive, and negative sequence
components, respectively; ViQ and IZ.Q represent i sequence component voltage and current
phasors at Node Q; V" and I represent i”" sequence component voltage and current phasors at
Node N; Z¢, and ; are the i sequence characteristic impedance and propagation constant of
the transmission line, respectively; [y, is the length of the transmission line between Node N
and Node Q;

Now, the voltages and currents at Nodes N and Q will have to be estimated using the

measurements at Bus S and Bus R, respectively as shown in (4.30)-(4.33).

VN = VScosh (yilg ) — I Z¢sinh (y,ls ) — AVMY (4.30)
A
IZN = IlM = I?COSh (’}/ilSM) — Z—lSinh ('}/ilSM) (431)
C;
V€ = VRcosh (yilgp) — I¥Z¢,sinh (y,lgp) — AV'? (4.32)
R
I? = I} = If'cosh (yilge) — sinh (yilgy) (4.33)
C;

where V? and I° represent i sequence component voltage and current phasors at Bus S; VX
and I represent i sequence component voltage and current phasors at Bus R; AVMY and
AVf 2 represent the i’ sequence voltage drop across SCB1 and SCB2, respectively; Isy, is the
distance between Bus S and Node M; Igp is the distance between Bus R and Node P.
Substituting the Equations (4.30)-(4.33) in (4.29), the Equation (4.34) is obtained.

d tanh

~ (vilno) J; — AVP%sinh (yily
i 0

1 K; + AVMN _ AV"Ccosh (vl
-1 i i (7 NQ) (434)
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where,

Jl' = VlRSIHh (’)/, (lRp + lNQ)) - ZCI.[l-RCOSh (’)/l (lRP + lNQ)) + VlS sinh (yilSM) - ZCI.I;S cosh (’)/ilSM)
K; = Vicosh (y; (Irp + Ing)) = Zc IFsinh (y; (Irp + Ivg)) — V7 cosh (yils ) + Zc,I? sinh (y,ls )

In Equation (4.34), the terms AV", AViPQcosh (vilvg), and AVZ.P sinh (vilyo) are unknown.

It is shown in Chapter 3 that though the i sequence voltage drop across any SCB, i.e., AV,
2

cannot be estimated individually, but the composite sum (2, ¢;AV;) could be estimated for the

i=0
values of a; given in Table 4.1. Accordingly, the Equation (4.34) is rearranged to obtain (4.35).

2

2
Z aiJitanh ((’)/ZINQ)d) - Z a,'AVl.PQsinh (’)/,'ZNQ) tanh (’yilNQd)

i=0 i=0

1

2 2 2
= D aiKi= > @AV + Y aAV Ceosh (yilng) =0 (4.35)
i=0 i=0 i=0

n I

Focusing our attention on the terms I and III in (4.35), it could be seen that though the term

2 2
> aiAVl.P 2 could be estimated, but the composite terms Y] a,-AVl.P sinh (7ilno) tanh (y;lyod) and
i=0 i=0

i aiAViP 2cosh (7ilng) cannot be estimated with the available measurements. Therefore, ap-
;ﬁoximations are needed for the terms I and III, while term II could be evaluated as it is. It
should be noted that the approximations to the terms I and III might affect the accuracy. It
might seem that the implementation of the proposed algorithm using the distributed model of
the transmission line is a self-defeating purpose, however, the simulation results show that even
with the approximations, the results obtained from distributed model based implementation of
the proposed algorithm are considerably more accurate than those obtained from the lumped
model of the transmission line.

In term I, the factor sinh (y,ly) tanh (y;lyod) could be taken out of the summation only if
the propagation constant y; is same for all the sequences, i.e., y; = ¥, = yo. However, for a
transmission y; = y,, but yy # y; and yy # y,. Therefore, v; is replaced with (W—”) in term L.

Now the term sinh ((70;7‘ ) lNQ) tanh ((7‘);7l ) lNQd) becomes common for all the szequences and

can be taken out of the summation, as shown in (4.36).

2 2

Z (l,’AV[PQSinh (’)/ilNQ) tanh (’)/ilNQd) x [sinh ((70 ; b4 ) lNQ) tanh ((70 ; b4 ) lNQd)] Z a,’AViPQ

i=0 i=0

(4.36)
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Moving on a similar lines, the term III is estimated as shown in (4.37).

2 2

> @iV eosh (yilg) ~ [cosh ((70 ; " ) zNQ)] > aisv?? 4.37)

i=0 i=0

Substituting Equations (4.36) and (4.37) in (4.35), the Equation (4.38) is obtained. Now,
all the variables in (4.38) are known except d, which can be obtained by solving (4.38).

2

2 2
> aiitanh ((yilno)d) ~G Z aAVi? =" aki- > aaV™ = (4.38)
i=0 i=0

i=0

where,

+ + +
G = sinh ((70 . )lNQ)tanh ((70 2 )lNQd) _cosh ((70 2 )INQ)

2 2 2 R
VK
D atV/? = —jXe, Y If = —jXc, ) (Ifcosh (vilgr) = —sinh (yilRp))

=0 i=0 i=0 C;

2 2 2 VS
Z al-AV[MN = _jXC1 Z IlM = _jXC1 Z (IIS cosh (yllSM) - Z—'sinh ()/ilSM))
i=0 i=0 i=0 Ci

It is worth noting that the fault location equation (4.38) is derived for the fault lying between
SCBI1 and SCB2 in the SCCTL. Similarly, the fault location equations for the faults lying in the
sections between 1-Bus S and SCB1, 2-SCB2 and Bus R could be derived. This might lead to
a question that why three different fault location equations are needed for locating faults in dif-
ferent regions of SCCTL when the distributed model is utilized, while only one fault location
equation i.e., (4.23) was derived irrespective of the faulted region when utilizing the lumped
model. The answer lies in the fact that due to the simplicity of the lumped model of transmis-
sion line, the fault location equation for each section of the transmission line became identical
to each other. The fault location equations based on distributed model for different sections of
the SCCTL are also similar to each other. As a matter of fact, one fault location equation is
sufficient to locate the fault in all sections of the transmission line. This phenomenon has also

been illustrated through the simulation results presented in Section 4.5.

4.5 Evaluation of the proposed algorithm

A 500kV, 350km long SCCTL with series compensation applied at two locations has been
simulated in PSCAD. The transmission line and source parameters are as per given in Table

4.2. In System A configuration of the SCCTLs, a series compensation equivalent of 35%
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Table 4.2: System Parameters.

Source Impedance

Positive Seq. Zero Seq.
Sending End (€2) 1.6 +j18.5 2.8+j324
Receiving End (Q2) 1.2 +j13.8 2.1+j24.5
Transmission Line
Positive Seq. Zero Seq.
Impedance (€/km) | 0.0155 +j0.3719 | 0.3546 + j1.0670
Admittance (S/km) | j4.4099x107° j2.7844x107°

(b)

Figure 4.6: Presence of two SCBs in an SCCTL: (a) System A, (b) System B.
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(C = 58.22uF) is present at each terminal, while in System B, two SCBs equivalent to 35%
series compensation each are present at 30% and 70% of line length as measured from Bus S of
the SCCTL. The schematic diagrams showing System A and B configurations of the SCCTL
are shown in Figure 4.6 (a) and (b), respectively. The System A offers wider variations in the
location of fault while System B is utilized to elaborate the fact that one subroutine is sufficient
to locate the fault in the three subsections of the SCCTL which are: 1-Bus S-SCB1; 2-SCB1-
SCB2; 3-SCB2-Bus R. The load angle across the length of the SCCTL is 30° with Bus S
voltage leading Bus R voltage.

The CT and CVT models available in PSCAD have been utilized to measure the current
and voltage signals. The output of CTs and CVTs is passed through a 4" order filter called
anti-aliasing filter, and is then recorded with the sampling frequency of 20kHz. The recorded
voltage and current signals are imported into Matlab, where they are resampled at 3840Hz.
Thereafter, the resampled current and voltage signals are passed onto the phasor estimation
algorithm, i.e., the Cosine algorithm. The estimated phasors are then applied to the proposed
fault location algorithm to obtain the fault location results. The total time period from the
inception of the fault to the opening of the transmission line circuit breakers is assumed to be
4 cycles of the fundamental frequency. The final fault location result is obtained by averaging
the fault location results over the entire duration of the fault after discarding the 1% cycle worth

of results which correspond to the transient time period of the Cosine filter.

4.5.1 Relative accuracy of the proposed algorithm using lumped and dis-

tributed model of transmission lines

The total number of 88 cases covering AG and BCG faults for different locations of fault and
fault resistances have been simulated in PSCAD in System A configuration of the SCCTL.
Table 4.3 shows the error in fault location results for each of the 88 cases. It could be observed
from Table 4.3 that the proposed algorithm using distributed model consistently yields the error
below 2% except for 5 fault cases. The highest error encountered in the fault location results
obtained from distributed model of the proposed algorithm is 2.96% for a 100Q2 BCG fault
located at Bus S. On the other hand, the proposed algorithm using lumped model yields the
error greater than 2% for 45 cases out of the total 88 cases. In particular, the errors yielded
by the proposed algorithm using lumped model become increasingly excessive for the high
impedance faults lying in the region of 60%-100% of the transmission line length as measured
from the Bus S. The highest errors encountered for AG and BCG faults in the results obtained
from the proposed algorithm using lumped model are 9.68%, and 9.97%, respectively. On the
other hand, the highest errors for AG and BCG faults obtained from proposed algorithm based
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Table 4.3: Error (%) in fault location results obtained from the proposed algorithm using
lumped and distributed model of transmission line for different fault scenarios in System A
configuration of the SCCTL.

Fault Fault Lumped Distributed
Type | Location(%) | 0Q 10Q 50Q 100Q | 0Q 10Q 50Q 100Q
0 0.81 0.14 228 239 [0.58 0.73 2.15 2.89
10 204 1.74 090 1.11 [0.64 068 0.13 0.82
20 231 212 177 222 (050 055 022 0.66
30 1.85 1.69 146 197 |040 048 027 0.58
40 091 080 0.58 0.81 [0.35 037 0.17 045
AG 50 023 0.33 0.71 122 [0.32 028 0.13 0.10
60 127 1.66 247 354 [0.07 034 041 0.62
70 1.95 235 4.00 573 [ 045 025 046 0091
80 243 288 499 7.63 [0.79 066 026 1.03
90 236 292 526 894 |1.01 093 0.14 0.89
100 1.40 220 4.89 9.68 |1.07 1.04 051 0.60
0 1.04 041 234 223 [140 070 237 296
10 261 253 1.19 147 | 147 153 076 0.77
20 267 269 202 256 | 155 153 1.11 0.38
30 1.77 159 151 208 |1.65 1.81 1.16 0.13
40 1.16 0.06 0.31 091 |[0.63 2.09 1.01 0.18
BCG 50 0.17 046 122 1.19 [0.27 0.38 0.80 0.19
60 1.06 1.39 297 3.81 [094 069 0.69 0.75
70 263 281 477 622 [092 091 0.77 1.06
80 348 3.69 554 824 [1.00 1.17 007 122
90 323 389 572 951 | 130 125 050 1.11
100 1.68 270 526 997 |1.28 121 0.51 0.80

on distributed model of the transmission line are 2.89%, and 2.96%, respectively.

It is worth noting that the acceptable limit for the error in the fault location results is 2% or
below in the commercially available numerical relays [40]. In order to achieve the performance
closer to this benchmark, the proposed algorithm needs to be implemented using distributed
model of the transmission line. Therefore, all the fault location results presented hereafter have
been obtained from the proposed algorithm based on the distributed model of the transmission

line.
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Table 4.4: Error (%) in fault location results obtained from the proposed algorithm using dis-
tributed model of transmission line for different fault scenarios in System B configuration of
the SCCTL.

Fault AG Faults BCG Faults

Location(%) | 0Q 10Q2 50Q 100Q2 | 02 10Q 50Q2 100Q
0 1.22 124 1.03 0.84 | 097 121 1.03 0.80
10 1.20 133 124 1.11 | 049 046 138 1.16
20 091 1.13 135 142 |0.10 036 1.73 1.61
30 049 0.75 134 1.61 [0.62 077 196 201
30" 047 055 047 0.17 | 1.64 208 1.55 0.39
40 041 041 032 027 |055 209 1.28 0.20
50 041 037 0.19 0.15 {023 040 0.97 0.26
60 0.13 042 047 059 |082 052 076 0.71
70" 0.22 0.01 062 092 |0.87 081 093 1.05
70" 046 052 039 035 (033 027 124 0.17
80 0.12 0.18 0.07 0.59 [0.76 0.18 0.60 0.49
90 0.29 0.19 045 0,52 [1.11 056 0.17 0.51
100 0.73 058 071 034 |[1.18 080 0.70 0.34

4.5.2 Sufficiency of one subroutine for fault location throughout SCCTL

In System B configuration of the SCCTL, a fault may lie between any section of the SCCTL
which are: 1-Bus S-SCB1, 2-SCB1-SCB2, 3-SCB2-Bus R. Table 4.4 shows the error (%) in the
fault location results for different locations of AG and BCG faults in System B configuration
as measured from Bus S, and for different fault resistances. However, the point worth noting
here is that the fault location results shown in Table 4.4 are yielded by only one subroutine,
which assumes that the fault is lying in the section of the SCCTL between SCB1 and SCB2.
Total of 104 cases of the fault scenarios were simulated in PSCAD. The signs ‘-’ and ‘+’ in
super scripts for the faults at 30% and 70% denote the faults lying on the left and right side,
respectively of the SCB1 and SCB2.

It could be seen from Table 4.4 that except for 3 cases, the error in the fault location results
for all other cases is below 2%. As a matter of fact, for majority of the cases the error is blow
1.5%. The 3 fault scenarios for which the error is higher than 2% are 100Q2 BCG fault at 30~ %,
10Q2 BCG fault at 30" %, and 10Q BCG fault at 40%,with errors are 2.01%, 2.08%, and 2.09%,
respectively. However, the only fault scenario with error higher than 2% that lies outside the
zone of the used subroutine is the BCG fault at 30~ % with fault resistance 1002 with error of
2.01%, which exceeds the commercial acceptable limit of 2% by a negligible amount. Thus,

underscoring the fact that only one subroutine of the proposed algorithm is sufficient to locate
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Table 4.5: Effect of errors in zero sequence parameters of the transmission line on the fault
location results yielded by the proposed algorithm for solid AG and BCG faults in the SCCTL.

AG Faults BCG Faults

Fault Parameter Error (%) Parameter Error (%)
Location (%) | 0% 5% 10% 15% | 0% 5% 10% 15%
0 0.83 041 0.05 0.05]1.40 0.88 0.44 0.06
20 0.50 029 0.12 0.12 | 1.55 1.20 090 0.65
Error in 40 035 026 0.18 0.18 |0.63 042 0.23 0.05
Zero Seq. 60 0.07 0.02 0.13 0.13 {094 095 0.99 1.03
80 0.79 0.78 0.78 0.78 | 1.00 0.85 0.75 0.68
100 1.07 0.76 049 049 | 1.28 0.88 0.55 0.27

the faults in the SCCTL, irrespective of the faulted section of the SCCTL.

4.5.3 Effect of errors in zero sequence parameters of the transmission

line

In order to observe the effects of imperfect estimation of zero sequence parameters of the
transmission line on the accuracy of the proposed algorithm, the deliberate errors of 5%, 10%,
and 15% are introduced in zero sequence parameters of the transmission line, and the variation
in the fault location results is noted as shown in Table 4.5. The maximum error noted for
AG faults is 1.07% when the fault is located at 100% line length, while for BCG faults the
maximum error of 1.55% is observed when the fault is located at 20% line length. Out of the
total 48 cases, the error higher than 1% is observed in only 7 cases. The most significant point

to note here is that the errors in all cases is below the industrially accepted limit of 2% [40].

Another metric to observe the immunity of the proposed algorithm to the error in zero
sequence parameters of the transmission line is the variation in the error in fault location results
as the error in zero sequence transmission line parameters changes. For example, for the case of
AG fault at 100% line length, when the error in the zero sequence parameters is increased from
0% to 15% the error in fault location results decreases from 1.07% to 0.49%. The significance
of this observation lies in the fact that with over the course of change in error from 0% to
15%, the variation in the fault location result has only been 0.58% between 1.07% to 0.49%.
Similarly, for an AG fault at 60% line length, the maximum variation in the fault location results
1s 0.11% between 0.02% and 0.13% as the error in transmission line parameters changed from
0% to 15%. From the above discussion, it could be concluded that the proposed algorithm is

relatively immune to the error in the zero sequence parameters of the transmission line.
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Table 4.6: Effect of CT and CVT error on the error in fault location results (%) yielded by the

proposed algorithm for solid faults in the SCCTL.

91

Fault | Fault Error in Fault CT Error (%) CVT Error (%)
Type | Location | Location with Bus S Bus R Bus S Bus R
(%) zeroin CT\CVT | 2% 5% 2% 5% | 2% 5% 2% 5%
error (%) £0° £3°  £0°  £3° | £0° £3° £0° /3°
0% 0.83 0.81 0.80 0.83 0.240.83 0.83 0.83 0.80
20% 0.50 0.85 1.09 041 0.83]0.50 0.50 0.50 0.46
AG 40% 0.35 090 1.04 0.06 1.39]035 035 035 0.34
60% 0.07 0.56 0.59 036 1.41]0.07 0.07 0.08 0.09
80% 0.79 042 0.19 1.07 1521079 0.79 0.79 0.76
100% 1.07 0.85 047 1.05 1.04]1.07 1.07 1.08 1.07
0% 1.40 1.37 133 142 082]140 1.40 1.39 1.35
20% 1.55 1.88 2.06 1.47 0.02|1.55 155 1.54 147
BCG 40% 0.63 1.17 1.30 0.32 1.22]0.63 0.63 0.63 0.60
60% 0.94 0.36 043 1.30 2.36[094 094 094 0091
80% 1.00 0.51 0.73 1.24 1.75]1.00 1.00 0.99 0.93
100% 1.28 1.05 096 126 1.23]1.28 128 129 1.27

4.5.4 Sensitivity to CT and CVT errors

Another potential source of error that might affect the performance of the proposed algorithm
is the error in signal measurements, i.e., CT and CVT error. The magnetizing current, leakage
reactance and relay burden are some of the factors that limit the accuracy of the instrument
transformers. The occurrence of a fault introduces considerable amount of transients into the
current and voltage signals. As a result the instrument transformers are unable to faithfully

replicate the primary side measurements at the secondary side especially under fault conditions.

In order to observe the effect of errors emanating from CT and CVT, two sets of deliberate
error have been added to the estimated current and voltage phasors of the faulted phases. The
two sets of the errors that have been used in this section are: 1- 2% error in phasor magnitude
and no error in phase angle; 2- 5% error in phasor magnitude, and 3° error in phase angle.
Each set of error is applied separately to Bus S and Bus R current and voltage phasors, which
are then passed onto the proposed fault location algorithm. The fault location results for each
scenario has been listed in Table 4.6.

It could be observed that addition of error in CT measurements affects the fault location
results relatively more than the errors in CVT measurements. For example, for an AG fault at
40% line length the error in fault location result without any CT\CVT error is 0.35%. When

an error of 2% /0° is added to CT measurement at Bus S and Bus R the errors in fault location
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result become 0.90% and 0.06%, respectively. When an error of 5%/3° is introduced to Bus S
and Bus R CT measurements, it produces the errors of 1.04% and 1.39%, respectively. How-
ever, when the same errors are added to the CVT measurements to either Bus S or Bus R, the
error in fault location results remains at 0.35% or very close to it (=0.34%). This trend also
holds for all other fault scenarios including BCG faults. The highest variation in fault location
error for CVT error is noted for a BCG fault at 80% line length where the error of 5%/3°
produces an error of 0.93% in the fault location results while the error in fault location result
1s 1.00% when there is no CT and CVT error. In all of the the scenarios shown in Table 4.6,
there is only one fault scenario for which the error in the fault location result is higher than 2%
which is a BCG fault at 60% line length with 5% /3° error in the CT measurement at Bus R.
From above discussion, it could be concluded that the proposed algorithm is highly immune
to CVT errors that could be encountered in the faulted phase. On the other hand, the effect of
CT error on the proposed algorithm is noticeable, however, the proposed algorithm is able to

maintain adequate accuracy even under considerable error in CT measurement.

4.6 Conclusion

The impedance-based fault location algorithm proposed in this chapter is the first and only one
of its kind that yields correct results for ground faults in the SCCTLs in which series com-
pensation is applied at more than one location in an SCCTL. A general case of the proposed
algorithm with N SCB locations in an SCCTL has been derived using lumped model of the
transmission line. Thereafter, the proposed algorithm has been presented for two SCBs in an
SCCTL using more accurate distributed model of the transmission line. Thereafter, the pro-
posed algorithm has been evaluated for its performance on various metrics such as equivalence
of the subroutines, the effect of errors in zero-sequence transmission line parameters, CT and
CVT measurements on the fault location results yielded by the proposed algorithm through
simulations carried out in PSCAD and Matlab.
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New MOV current measurement enabled

impedance-based fault location algorithms

5.1 Introduction

As already discussed in previous chapters, the MOV located in the faulted phase conducts
the fault current to protect SCB from the over-voltage caused by the fault current. During
the process of fault current conduction, MOV in the faulted phase starts accumulating energy
which results in the heating of the MOV. As an example, consider the Figure 5.1 which shows
the MOV accumulated energy and the MOV current. Note that the accumulated energy in an
MOV increases (see 5.1(a)) with each period of current conduction by the MOV (see 5.1(b)),
leading to abrupt heating of MOV. This process lasts till the fault is cleared by the opening
of the breakers located at the ends of the transmission line which is about 60-100ms. Any
meaningful dissipation of energy from MOV cannot be achieved irrespective of the cooling

mechanism employed in such a rapid process.

Therefore, the energy accumulated in MOV needs to be estimated to avoid the runaway
heating of MOV. The estimation of the energy accumulated in an MOV is accomplished by
measuring the current flowing through it [14] as shown in Figure 5.2. Note the presence of CT
to measure the current flowing through the MOV. It may seem from Figure 5.2 that the current
going through bypass switch and bypass gap will also be measured by the CT. However, the
bypass gap and bypass switch only conduct in case of MOV failure or the transmission line
protection failure. For ‘normal’ fault conditions, MOV alone provides over-voltage protection
to the series capacitor. The estimation of the amount of energy accumulated in an MOV using

the current flowing through it is accomplished using one of various ways listed in [14].

From the prospective of fault location, the most important point to be noted from above dis-
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Figure 5.1: Heating of MOV due to fault current conduction: (a) accumulated energy in phase-
A MOV, (b) current flowing through various elements of SCB in phase A for an AG fault.

Bypass Switch
ypm

: a
— Series Capacitor

Figure 5.2: Series capacitor bank with current transformer in the MOV branch.
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cussion is that the current flowing through MOV is measured. The measured MOV current can
be used to propose new fault location algorithms which would only utilize positive sequence
measurements and parameters of transmission line.

In this chapter, two new fault location algorithms are proposed which utilize the MOV
current measurement from the SCB bus in addition to the SCCTL terminal measurements. The
first fault location technique assumes that complete phasor information (magnitude and phase
angle) is available from the CT located in MOV branch. The second fault location algorithm
presented in this chapter is based on the scenario when only magnitude part of the phasor of
the MOV current is known. It is important to note here that for the calculation of the MOV
accumulated energy only the magnitude is needed. Therefore, in scenarios when phase angle of
the current phasor of MOV current is not available, the second fault location algorithm would
be applied. The fault location algorithm utilizing complete phasor is referred to Algorithm CP
while the algorithm based only on magnitude of phasor is called Algorithm MP.

Firstly, Algorithm CP is presented in Section 5.2. Thereafter, Algorithm MP is presented
in Section 5.3. The evaluation of the proposed algorithms through simulations carried out is

presented in Section 5.4. The conclusion of the chapter is presented in 5.5.

5.2 Algorithm CP

As shown in Figure 5.3, the presence of the SCB in an SCCTL divides the transmission line
in two sections: 1-se<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>